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Foreword

The 6th International Ion Chromatography
Symposium was held at the Inner Harbour in
Baltimore, MD, September 12-15, 1993. Over
230 scientists from 21 countries participated in
the meeting, which featured special symposia on
pharmaceutical applications, process monitoring
and control, carbohydrate separations, forensic
applications, and ion analysis in the electrical
generating industry. Several other topics were
also addressed, and interaction between partici-
pants was encouraged via the introduction of
workshop/discussion sessions and evening post-
er/social sessions. A highlight of the meecting
was the opening plenary address by Dan Lee,
who was the 1993 recipient of the Ion Chroma-
tography Achievement Award, an award given
annually to a person who has made significant
contributions to the field of ion chromatography
(IC). In his award address Dan outlined his past
work in the development of polymers for IC
applications. This presentation was followed by a
plenary lecture by Chris Pohl, who outlined the
experimental and theoretical factors that must be
considered in the design of new stationary phases
for IC.

An important trend at these IC meetings has
been the significant increase in the number of
papers dealing with the development and appli-
cation of capillary electrophoresis (CE). In just
three years the CE content of this meeting has
increased from 0 to over 30%, and most of the
CE papers have dealt with analytical problems
that would previously have been considered to
be areas for IC. The Scientific Committee will
monitor this development, but the focus of the

SSDI 0021-9673(94)00240-A

meeting will remain the separation and determi-
nation of species that have been traditionally

separated by IC methods.

The success of this meeting was to a large
extent due to the cooperation from all commer-
cial equipment manufacturers who contributed
high-quality scientific papers where emphasis was
placed on new approaches and procedures rather
than on new commercial equipment. In addition,
the financial and organizational support from
Dionex Corporation and the Waters Chromatog-
raphy Division of Millipore is gratefully acknowl-
edged. Recognition must also be made of the
contributions of the Scientific Committee (Wolf-
gang Buchberger, James Fritz, Douglas Gjerde,
Paul Haddad, William Jones, John Lamb,
Donald Pietrzyk, Corrado Sarzanini, Gabriella
Schmuckler, Hamish Small and John Stillian)
and the Organizing Committee (Betsy Baer,
Mike Bedford, Rosemary Gaffney, Kelly Har-
gadon, Robert Kelly, Jay Nair, and Costas
Stathakis). Specific thanks must also be given to
Costas Stathakis, who organized the workshop
sessions, and to Janet Strimaitis of Century
International for her excellent organizational
skills.

The Chair of the 1994 meeting, Professor
Corrado Sarzanini, at the University of Turin,
has organized an exciting program for the next
meeting, September 19-22, 1994. This meeting
will be held in the new Incontra Congress Cen-
tre, Turin, Italy, and we look forward to seeing
you there.

R.M. Cassidy

Saskatoon, Canada
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Abstract

Retention volumes have been measured for a variety of inorganic and organic (both aliphatic and aromatic) bases
on a quaternary ammonium functionalized styrene—divinylbenzene stationary phase using dilute sodium hydroxide
as eluent. The retention behaviour of the inorganic bases and some of the aliphatic bases could be explained on the
basis of ion-exclusion effects alone, with strong bases (which are cationic at the eluent pH) being co-eluted at the
column void volume and very weak bases (which are neutral at the eluent pH) being co-eluted at the sum of the
column void and inner volumes. Solutes intermediate between these extremes were eluted in order of increasing
pK,, and their retention could be varied by changing the eluent pH. A mixed retention mechanism involving
hydrophobic adsorption and steric effects was observed for other aliphatic amines. Aromatic amines were found to
be retained almost solely by a reversed-phase mechanism involving interaction of the solute with the unfunctional-
ized regions of the stationary phase. For such solutes, retention could be manipulated most easily by addition of

acetonitrile to the eluent.

1. Introduction

Ion-exclusion chromatography, first intro-
duced by Wheaton and Bauman in 1953 [1], has
been used predominantly for the separation of
organic acids and some inorganic weak acid
anions using a sulphonate-type cation-exchange
stationary phase (usually in the hydrogen form)
with an eluent comprising a dilute solution of a
mineral acid. Several studies [2-7] have been
devoted to the elucidation of the mechanism of
ion-exclusion chromatography under these con-
ditions. Tanaka et al. [3] found that the retention
volume of an acidic solute was dependent pri-
marily on the first acid dissociation constant
(pK,;) of the solute. They showed that the

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(93)E0073-4

dependence between the sample retention vol-
ume and its pK,, value could be explained, at
least to a first approximation, by the magnitude
of the charge on the solute. That is, all solutes
which were fully ionized at the eluent pH were
unretained by virtue of their repulsion by the
anionic functional groups of the stationary phase
and were eluted at the column void volume. On
the other hand, solutes which were neutral were
all co-eluted at a retention volume equal to the
sum of the void and inner volumes of the column
since they are able to partition freely between
the eluent and the inner volume (that is, the
occluded liquid trapped within the pores of the
stationary phase). Solutes having intermediate
charge exhibited retention volumes which fell
between the above extremes.

This behaviour considers only the effects of

© 1994 Elsevier Science B.V. All rights reserved
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solute charge and has been described quantita-
tively by Glod and co-workers [4,5]. Further
studies [2,4,6,7] have identified other factors
which can influence the solute retention, includ-
ing hydrophobic adsorption of the solute on the
underivatized regions of the stationary phase
resin and a size-exclusion effect which mediates
the ability of the solute to penetrate the pores of
the stationary phase. The magnitude of the
effects of these factors depends on such solute
parameters as the length of the molecular chain,
molecular mass, solubility in water, etc. A com-
prehensive review of these effects may be found
elsewhere [2]. The existence of these factors
results in significant departures from the reten-
tion behaviour predicted on the basis of solute
charge alone. For example, some neutral solutes
show retention volumes which are much greater
than expected due to the additional retention
caused by hydrophobic adsorption.

Ion-exclusion chromatography may also be
used for the separation of basic compounds using
a quaternary ammonium anion-exchange resin
and an alkaline eluent [8]. In this case, a depen-
dence between the retention volume and the
pK,, value of the solute would be anticipated,
along similar lines to those observed for acidic
solutes. To our knowledge, no detailed study of
the retention behaviour of basic solutes has been
reported and the aim of the present paper has
been to examine the factors contributing to the
retention of such solutes. These factors included
solute characteristics such as the pK,, value,
length of aliphatic chain, presence of aromatic
groups, and degree of substitution, together with
eluent characteristics such as concentration, pH,
and presence of organic modifiers.

2. Experimental
2.1. Instrumentation

The chromatographic instrumentation com-
prised a Millipore-Waters (Milford, MA, USA)
Model 510 chromatographic pump, Model U6K
universal injection valve, Model 430 conductivity
detector and Model TCM temperature-control

module. A Shimadzu (Kyoto, Japan) model
SPD-6AV UV-Vis photoabsorbance detector
was also used in tandem with the conductivity
detector and was operated at either 214 nm (for
aliphatic amines) or 254 nm (for aromatic
amines). The ion-exclusion column used was a
Bio-Rad (Richmond, CA, USA) Model HPX-
72-0, 300 X 7.8 mm I.D., packed with 11-um
particles of polystyrene—divinylbenzene co-poly-
mer (8% cross-linking) derivatized with quater-
nary ammonium groups. Chromatograms were
recorded using a Goerz—Metrawatt (Vienna,
Austria) SE-120 dual-pen chart recorder.

2.2. Reagents

The mobile phase comprised water with vary-
ing concentrations of analytical reagent-grade
sodium hydroxide (BDH, Port Fairy, UK) and
HPLC-grade acetonitrile (Millipore-Waters).
The aliphatic amines were obtained from Sigma
(St. Louis, MO, USA) and aromatic amines,
pyridines and inorganic bases were from Fluka
(Buchs, Switzerland) or from Ega-Chemie
(Steinheim, Germany). All reagents were of
analytical-reagent grade and were used without
any further purification.

2.3. Procedures

Water was triply distilled and was passed
through a Millipore (Bedford, MA, USA) Milli-
Q water purification apparatus. Eluents were
filtered through a 0.45-pm membrane filter and
were degassed in an ultrasonic bath, boiled and
purged with nitrogen prior to use. Eluent reser-
voirs were fitted with a sodium hydroxide trap to
exclude carbon dioxide from the air. All experi-
ments were performed using an eluent flow-rate
of 1 ml/min. The column was conditioned with
the mobile phase for 30 min prior to the record-
ing of chromatographic data and the column
temperature was maintained at 25°C.

Stock solutions of solute bases were prepared
as 10 mM solutions in Milli-Q water and diluted
to the required concentrations before use. In-
jections (20 wl) of sample solutions were made
using a 100-ul syringe (Hamilton, Reno, NV,
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USA), and chromatograms were recorded
simultaneously on the conductivity and UV-ab-
sorbance detectors.

The void and the inner column volumes for
the Bio-Rad column were determined by the
method described [3] and were found to be 3.8
and 6.5 ml, respectively.

3. Results and discussion
3.1. Ion-exclusion effect
Retention data for a wide variety of organic

(both aliphatic and aromatic) and inorganic
bases using 10 mM sodium hydroxide as eluent

are listed in Table 1, together with the pK,,
value for each solute. It can be seen that the
strong inorganic bases were eluted at or close to
the column void volume (3.8 ml) since they are
excluded from the resin by electrostatic repulsion
from the positively charged quaternary ammo-
nium functional groups. Very weak aliphatic
bases which are neutral at the eluent pH,
together with methanol which was used as a
neutral marker compound, can partition freely
into the inner volume of the resin and were
eluted at or close to a retention volume equal to
the sum of the dead and the inner column
volumes (10.3 ml). Most of the other aliphatic
amines were eluted between these boundaries,
with the exception of higher alkylamines, di-

Table 1

Retention data for basic compounds

Solute pK,, Vi (ml) Ky ; Solute pK,, Vi (ml) K,

Inorganic bases Aromatic amines
KOH —-10.00 3.90 0.02 Pyridine 8.79 22.40 2.86
NaOH —5.00 3.90 0.02 2-Picoline 8.08 33.10 4.51
Ca(OH), 2.43 4.00 0.03 3-Picoline 8.48 4178 ~  5.84
Zn(OH), 3.02 3.80 0.01 4-Picoline 7.92 39.36 5.47
Pb(OH), 3.02 4.00 0.03 2,3-Lutidine 7.43 66.92 9.71
AgOH 3.96 3.80 0.01 2,4-Lutidine 7.01 66.40 9.63
As(OH), 3.96 3.95 0.02 2,6-Lutidine 7.28 51.36 7.32
NH,OH 4.75 6.96 0.49 3,4-Lutidine 7.51 81.76 11.99

3,5-Lutidine 7.85 90.40 13.32

Organic bases 3-Aminopyridine 7.97 27.40 3.63
Hydrazine 5.77 6.20 0.37 4-Aminopyridine 4.89 35.16 4.82
Hydroxylamine 7.97 10.40 1.02 Aniline 9.39 114.00 16.95
Urea 13.82 10.32 1.00 2-Methylaniline 9.56 206.70 31.22
Thiourea 14.26 10.40 1.02 3-Methylaniline 9.30 223.20 33.75
(CH,;),NOH —15.00 3.80 0.00 4-Methylaniline 8.89 200.88 30.32
Methylamine 3.34 6.60 0.43 2,4-Dimethylaniline 9.11 394.30 60.08
Ethylamine 3.30 7.15 0.52 3,5-Dimethylaniline 9.09 456.20 69.60
Propylamine 3.40 8.00 0.65 2-Aminoaniline 9.51 70.80 10.31
Butylamine 3.37 14.56 1.66 4-Aminoaniline 7.84 19.56 2.42
Pentylamine 3.37 28.00 3.72 Benzylamine 4.67 49.06 6.96
Hexylamine 3.36 62.70 9.06 4-Methylbenzylamine 4.64 104.92 15.56
Trimethylamine 4.19 7.36 0.55 2-Phenylbenzylamine 4.16 84.56 12.42
Diethylamine 2.96 8.60 0.74 2-Methylbenzylamine 4.81 87.12 12.82
Triethylamine 3.00 16.70 1.98
Dibutylamine 2.99 81.42 11.94
Triethanolamine 6.24 7.00 0.49
Ethylenediamine 4.07 5.30 0.23
Methanol 15.00 10.30 1.00

A Bio-Rad HPX-72-O column (300 X 7.8 mm I.D.) was used with 0.01 M NaOH as mobile phase. K, = Distribution coefficient.
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butylamine and triethylamine which, together
with the aromatic bases, were eluted at retention
volumes greater than 10.4 ml.

Values of the distribution coefficient for each
solute were calculated from the retention vol-
umes and are presented in Table 1. The strong
bases are characterised by a distribution coeffi-
cient close to zero, whilst the very weak bases
show a distribution coefficient close to unity.
Since we are considering the distribution of the
solutes between two phases with the same chemi-
cal composition, the largest theoretical value that
the distribution coefficient can attain is unity;
that is, when an equal solute concentration exists
in both phases. When the distribution coefficient
exceeds unity (as is the case, for example, for the
aromatic bases), this indicates that a retention
mechanism other than ion exclusion is in oper-
ation.

Fig. 1 shows a plot of pK,, vs. retention
volume for the inorganic and aliphatic solutes
shown in the left-hand column of Table 1. Many
of the data points (those represented as open
circles in Fig. 1) can be joined by three straight
lines characteristic of ion-exclusion behaviour in
which the retention volume can be predicted
from the pK,, of the solute. This part of Fig. 1 is

1517

W
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.15+ O v T
0 5 10 15
Retention Volume (ml)
Fig. 1. Plot of pK,, versus retention volume for the inorganic
and aliphatic organic bases listed in Table 1. A 10 mM
sodium hydroxide eluent was used with a Bio-Rad HPX-720
ion-exclusion column. Solutes: 1= methylamine; 2= ethyl-
amine; 3 = propylamine; 4 = butylamine; 5 = trimethylam-
ine; 6= diethylamine; 7 = triethylamine; 8 = hydrazine; 9=
triethanolamine.

identical to a plot of pK, vs. retention volume
obtained previously for aliphatic carboxylic acids
[3]- The remaining data points do not follow the
ion-exclusion model. Linear alkylamines (A) and
the secondary and tertiary amines ([J) show
greater retention than expected, whilst tri-
ethanolamine and hydrazine (O) show less re-
tention than expected. The retention behaviour
of these species will be rationalised below.

Apart from the general shape of Fig. 1, the
existence of an ion-exclusion mechanism for
those data points falling on the lines can be
confirmed by the influence of other factors which
affect the degree of ionization of the solute.
When water alone was used as the eluent, the
retention volume was found to decrease when
the amount of injected solute was decreased.
This behaviour can be attributed to increased
ionization of the solute at low concentration, in
accordance with theoretical prediction [5], and
results in the appearance of fronted peaks. The
dependence of retention volume on the amount
of solute injected is eliminated when sodium
hydroxide is used as eluent since the degree of
solute dissociation is maintained at a constant
value regardless of solute concentration.
Symmetrical peaks are also obtained with this
eluent. Solute dissociation can also be manipu-
lated by changing the concentration (and hence
the pH) of the sodium hydroxide eluent, with an
increase in retention volume being observed with
an increase of eluent concentration. Other al-
kaline buffers such as carbonate buffers might be
used as well but have not been investigated
during this study.

3.2. Hydrophobic interaction between solute and
stationary phase

The retention volumes for the linear
alkylamines and the secondary and tertiary
amines in Fig. 1 are larger than those predicted
on the basis of their pK, values alone. Re-
tention volumes increase steadily for the .
homologous series of alkylamines as the alkyl
chain length increases, despite the fact that all
have very similar pK,; values. Similarly, tri-
ethylamine has a much greater retention volume
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than diethylamine, without any significant
change in pK,,. As mentioned previously, hy-
drophobic interaction between the solute and the
stationary phase has been observed in ion-exclu-
sion chromatography of carboxylic acids [4,6,7]
and is clearly also a factor in ion-exclusion
chromatography of aliphatic bases.

This effect is even more pronounced for aro-
matic amines, as seen from their anomalously
large distribution coefficients listed in Table 1
and can be attributed to strong -electron inter-
action with the aromatic rings of the solute and
the resin. In order to determine whether such
hydrophobic adsorption effects were the pre-
dominant cause of solute retention, two further
experiments were performed. First, the depen-
dence between the logarithm of the solute
capacity factor and the number of the carbon
atoms in the solute molecule was determined and
is shown in Fig. 2. A linear dependence was
observed for higher (propyl to hexyl) aliphatic
amines and is indicative of hydrophobic adsorp-
tion, but was not observed for the lower aliphatic
amines (methyl and ethyl), suggesting that the
retention of these latter species occurs through a
mixed retention mechanism combining ion-exclu-
sion and hydrophobic adsorption.

The second experiment involved measurement
of retention volumes after addition of an organic
solvent to the eluent. Organic solvents are usual-
ly characterised by a smaller dielectric constant

3.07
2.0
= 107
0.0; °
°
1.0 . — . - : v
0 1 2 3 4 5 6

Number of Carbon Atoms

Fig. 2. Effect of the number of carbon atoms on retention
volume for aliphatic amines. Chromatographic conditions as
in Fig. 1.

>

than water so that, if one considers only the
ion-exclusion mechanism, an increase in the
retention volume might be anticipated as the
percentage of organic modifier in the eluent
increases. The observed relationship between the
logarithm of capacity factor of some aromatic
amines and the concentration of acetonitrile in
the eluent is given in Fig. 3, from which it can be
seen that the addition of acetonitrile caused
solute retention to decrease. This fact, together
with the linearity of the plots, is again indicative
of reversed-phase behaviour wherein the hydro-
phobic interaction of the solute with the station-
ary phase is diminished as the percentage of
acetonitrile is increased. Separation of aromatic
amines in ion-exclusion chromatography can
therefore be manipulated most conveniently by
adjusting the percentage of organic modifier in
the eluent and the magnitude of this effect is
illustrated in Fig. 4 which shows chromatograms
obtained with 1 mM sodium hydroxide made up
in water and in 30% acetonitrile.

3.3. Other factors influencing retention
Fig. 1 reveals that some solutes (e.g. tri-

ethanolamine) show retention volumes which are
somewhat smaller than those predicted from

35

Ink'
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Fig. 3. Dependence of the logarithm of capacity factor on
percentage of acetonitrile (ACN) in the eluent for some
aromatic amines. Chromatographic conditions as in Fig. 1,
but with the indicated percentages of acetonitrile added to
the eluent. A =3,5-Lutidine; O = 3,4-lutidine; O =23-
lutidine; A = 2,6-lutidine; @ = 2-picoline; O = pyridine.
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Fig. 4. Chromatograms showing the effect of acetonitrile
added to the eluent on the separation of some pyridine
derivatives. Eluent: (a) 1 mM sodium hydroxide, (b) 1 mM
sodium hydroxide containing 30% (v/v) acetonitrile. Detec-
tion was by UV absorbance at 254 nm. Solutes: 1= pyridine;
2 = 2-picoline; 3 = 4-picoline; 4 = 3-picoline; 5 = 2,6-lutidine;
6 =2,4-lutidine; 7 =2,3-lutidine; 8= 3,4-lutidine; 9=3,5-
lutidine. Other conditions as in Fig. 1.

consideration of the ion-exclusion mechanism
alone. In the case of organic acids, this be-
haviour has been attributed to size-exclusion
effects [3] and this appears to also be a factor in
ion-exclusion chromatography of bases. Tri-
ethanolamine is a relatively large molecule in
comparison to other solutes in Fig. 1 and can be
partially excluded from the pores of the station-
ary phase through size-exclusion effects. This
effect occurs in competition with enhanced hy-
drophobic adsorption anticipated as the size of
the solute molecule is increased. However, a
decrease in retention is apparent for tri-
ethanolamine since it is quite hydrophilic and
would show little reversed-phase adsorption.

A second factor which could be considered in
the prediction of retention volume is the effec-
tive charge of the solute. Only the first ionization
constant has been plotted in Fig. 1 and where the
solute has more than one amine functionality it
might be necessary to consider further ionization
steps if these are significant at the eluent pH. In
the case of ethylenediamine (pKy, = 4.3, pK,, =
6.8, Vi = 5.3 ml) the retention volume is predict-

Retention volume [ml)

Fig. 5. Separation of aliphatic amines by ion-exclusion chro-
matography. Chromatographic conditions as in Fig. 1. Sol-
utes: 1 =methylamine; 2 = ethylamine; 3 = propylamine; 4 =
butylamine; 5 = pentylamine; 6 = hexylamine.

able from consideration of pK,, alone since the
second ionization does not occur under the
conditions used.

3.4. Separation of amines

The above-mentioned factors which have been
shown to contribute to the retention of bases in
ion-exclusion chromatography can be applied to
their separation. Two examples of such sepa-
rations are presented in Fig. 5 (aliphatic amines
with different chain lengths) and Fig. 6

|:8mAU . /

\\.

10
Retention volume (ml)

Fig. 6. Separation of ethylamines by ion-exclusion chroma-
tography. Conditions as in Fig. 1. Solutes: 1= ethylamine;
2 = diethylamine; 3 = tricthylamine.
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(ethylamines) and these chromatograms show
that symmetrical peaks are observed.

4. Conclusions

The relationship between the retention volume
and the pK,, value of the solute using sodium
hydroxide as eluent and a quaternary ammonium
functionalized styrene—divinylbenzene stationary
phase has been found for inorganic and some
aliphatic amines to be analogous to the previous-
ly reported behaviour exhibited by carboxylic
acids. This dependence made it possible to
establish the dead volume and the inner column
volumes and permitted prediction of retention
volume for many amines on the basis of their
pK,, values. Solute retention increased with an
increase in the concentration of sodium hydrox-
ide in the eluent due to decreased ionization of
the solute, enabling penetration into the resin
network. Again, this effect was similar to that
observed for acidic compounds separated using
acidic buffers.

As the hydrophobicity of the solute was in-
creased, retention volume also increased such
that the retention behaviour no longer fitted the
ion-exclusion model. This increased retention
was due to hydrophobic interaction (adsorption)
of the solute on the underivatized portions of the
stationary phase resin. For the aliphatic amines,
retention increased with the length of the alkyl
chain and with the number of alkyl groups

connected to the amine nitrogen. Very large
retention volumes were observed for aromatic
amines and were attributed to 7-electron inter-
actions between the solute and the stationary
phase. The existence of reversed-phase behav-
iour for both longer chain aliphatic amines and
aromatic amines has been confirmed. The mag-
nitude of this hydrophobic adsorption effect for
aromatic solutes was such that ion-exclusion
played very little part in the retention process for
these solutes. Some compounds were eluted
earlier than predicted from their pK,, value and
this was attributed to size-exclusion (or steric)

effects.

5. References

1] R.M. Wheaton and W.C. Bauman, Ind. Eng. Chem., 45
(1953) 228.

[2] P.R. Haddad and P.E. Jackson, Jon Chromatography:
Principles and Applications, Elsevier, Amsterdam, 1990,
pp- 195-220.

[3] K. Tanaka, T. Ishizuka and H. Sunahara, J. Chroma-
togr., 174 (1979) 153.

[4] B.K. Glod and W. Kemula, J. Chromatogr., 366 (1986)
39.

[5] B.K. Glod, A.K. Piasecki and J. Stafiej, J. Chroma-
togr., 457 (1988) 43.

[6] K. Kihara, S. Rokushika and H. Hatano, J. Chroma-
togr., 410 (1987) 103.

[7] B.K. Glod and R. Nowakowski, in preparation.

[8] HPLC Columns, Methods and Applications, Bio-Rad
Labs., Richmond, CA, 1989.






Journal of Chromatography A, 671 (1994) 11-14

JOURNAL OF
CHROMATOGRAPHY A

“Heart-cut” column switching techniques for the determination
of an aliphatic amine in an organic matrix and for low levels
of sulfate in an anion matrix
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Abstract

A “dilute-and-shoot” approach to ion chromatographic analysis employing ‘“heart-cut” column switching
techniques has been demonstrated to be a powerful tool to solve a variety of analytical problems. This paper
describes various refinements of this technology for a cationic “slice” method for the determination of an aliphatic
amine in an organic matrix and an unprecedented example of low level anion analysis in an anion matrix: sulfate

analysis in sodium phosphate.

1. Introduction

The ‘“‘heart-cut” technique and its application
as a tool for dealing with matrix interferences
has been previously described [1,2]. This paper
describes some refinements to this basic technol-
ogy in an attempt to make the technique more
user-friendly. The most significant problems en-
countered include determining retention times of
the analyte on the “pre-column” in the sample
matrix and dealing with the dramatic pressure
changes for the analytical pump during column
switching. A systematic automated approach to
attaining optimal retention time parameters has
been developed. The latter complication, pres-
sure changes, is dealt with by toggling the pump
off and on. It should be noted that these column
switching systems may take as much as two days
to fully equilibrate and analysis times can be as
long as an hour; however, this technique is a
powerful tool to deal with matrix interference
problems and in some instances affords results
that would otherwise be impossible to attain with

0021-9673/94/$07.00
SSDI 0021-9673(93)E1244-T

conventional ion chromatography (IC), as well
as other analytical techniques.

2. Experimental

The IC system used for the analyses was a
Dionex 4500i dual channel chromatograph with
an automated sampler and a pulsed electrochem-
ical detector (PED), utilized in the conductivity
mode. The aliphatic amine analyses were con-
ducted employing three CS-3 cation-exchange
columns (Dionex) with a 0.3 mM 2,3-diamino-
propionic acid (DAP) in 10 mM HCI eluent at 1
ml/min. Two CS-3 columns constituted the pre-
column. A single CS-3 column served as the
separator column. Instrumental details of the
“heart-cut” technique are described in ref. 1.
The rest of the system consisted of a 200-u1 loop
and a CMMS Dionex suppressor with 50 mM
tetrabutylammonium hydroxide, TBA-OH, re-
generant at 3 ml/min.

The sulfate analysis in sodium phosphate was

© 1994 Elsevier Science B.V. All rights reserved
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conducted using four AS-4A (Dionex) anion-
exchange columns with a 2.0 mM sodium
carbonate—0.75 mM sodium bicarbonate eluent
at 1 ml/min. The pre-column and separator
column were each comprised of two AS-4A
columns. The rest of the system consisted of a
50-p1 loop and an AMMS Dionex suppressor
with 50 mM sulfuric acid at 3 ml/min.

2.1. Chemicals

All chemicals were Mallinckrodt AR and the
water that was used was polished (deionized
water further purified through a Millipore Milli-
Q filtration system). The sample for the amine
analysis was a large organic compound. The
sample for the sulfate analysis was sodium phos-
phate dibasic (ACS grade).

2.2. Sample preparation

Amine sample preparation

About 1 g of sample was accurately weighed
into a 100-ml volumetric flask, vigorously mixed
and sonicated in about 95 ml of eluent to
dissolve. The solution was allowed to cool to
room temperature then diluted to volume with
eluent.

Sulfate sample preparation

About 10 g of sample was accurately weighed
into a 100-ml volumetric flask, vigorously mixed
and sonicated in about 95 ml of water. The
solution was allowed to cool to room tempera-
ture then diluted to volume with water.

3. Results and discussion

The valve configuration for the IC “heart-cut”
system was previously described for sulfite analy-
sis in food and drug items [1,2]. Fig. 1 shows the
time events program for the “heart-cut” analysis.
The initial configuration of the valves consists of
Valve A ON, Valve B OFF. The ‘‘heart-cut”
itself occurs at 5.8 min, Valve B ON. Note that
the gradient pump is toggled off and back on in
concert with the “heart-cut” to accommodate the

Step Time Description
Init CDM-2 AutoOffset ON
Init CDM-2 Recorder Mark OFF
Init CDM-2 Temp. Comp. = 1.7 / Deg C
Init CDM-2 Recorder Range = 1.00 us
Init CDM-2 Cell ON
Init CHA Heater = 25 Deg. C
Init Valve A ON
Init Valve B OFF
Init Inject Valve OFF
Init ACI ASM OFF
Init ACI HLD/RS OFF
Init ACI PGM+L OFF
Init ACI ON/OFF ON
Init ACI TTL OFF
Init ACI Regen ON
Init GPM Start
Init GPM Hold Gradient Clock
Init GPM Reset ON
1 0.0 ACI ASM ON
1 0.0 GPM Reset OFF
2 0.1 ACI ASM OFF
3 2.2 Inject Valve ON
4 S.7 GPM Stop
S S.8 Valve B ON
5 5.8 GPM Start
6 7.7 GPM Run Gradient clock
7 7.8 Valve A OFF
7 7.8 Valve B OFF
7 7.8 Start Sampling
8 9.9 CDM-2 AutoOffset Off
9 10.0 CDM-2 AutoOffset ON

Fig. 1. Time events program for sulfite heart-cut analysis.

dramatic change in pressure experienced by the
gradient pump. The final configuration, Valve A
OFF and Valve B OFF, which occurs at 7.8 min,
by-passes the pre-column and completes the
analysis. The system is very reproducible and
works quite well once it's set up and fully
equilibrated; however, good analytical results
are generally not attained immediately after
setting up the system. Due to minor differences
in eluent or when using different columns, the
parameters for the timing of the “heart-cut” will
need to be optimized. The optimization process
can be automated through repeated analysis with
varying retention time windows of a sample with
a reasonably high analyte content or a spiked
sample. The optimum parameters are evaluated
based on maximum peak area with minimum
interference.

A “slice” analysis consists of a ‘“heart-cut”
analysis minus the last step, late eluters to waste.
The chromatograms in Fig. 2 show the effect of
varying the “slice” parameters. The variable
slice parameters analyses were conducted using a
spiked reference sample. Fig. 3 and Table 1
show a standard additions analysis of an actual
production sample using the optimized system.
Attempts to develop GC or LC procedures for
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Table 1
Standard additions analysis of amine in organic compound

Spike (ppm)

0 50 100 200

105 166 210 287

104 167 209 290

102 158 205 286

106 165 205 282

108 163 210 283

Average 105 164 208 286
S.D. 2.32 3.82 2.67 3.03
R.S.D. (%) 2.21 2.33 1.28 1.06

this analysis proved unsuccessful, as did a con-
ventional IC approach.

ACS-grade sodium phosphate dibasic has a
limit of 50 mg/kg sulfate maximum [3]. The
recommended ACS test involves preparing an
acidic 10% solution, adding barium chloride,
digesting on a steam bath overnight, and filtering
to weigh back any precipitate formed. The usual
complications of gravimetric sulfate determina-
tion are further exacerbated by the limited
solubility of barium phosphate. Copious amounts
of precipitate are frequently formed during the
filtration step. An alternative IC method was
developed in response to the need for another
means of analysis to referee borderline results.

An IC approach to analyze for a low level
anion in an anion matrix presents a formidable
analytical challenge, considering that a selective
chemical pretreatment scheme to reduce the
phosphate content without affecting the sulfate
level has yet to be realized. A “dilute-and-
shoot”, mechanical, on-line sample preparation
approach using ‘“heart-cut” column switching
techniques was developed in response to this
challenge.

A 10% solution was chromatographed using a
pre-column and a separator column, each of
which was comprised of two anion-exchange
columns. The bulk of the phosphate was diverted
to waste. Fig. 4 shows a standard addition
analysis. The chromatograms also show two
upsets at about 22 and 32 min. The upsets are
associated with the column switching. The first
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Fig. 4. Sulfate spikes in sodium phosphate. (a) Unspiked; (b)
25 ppm; (c) 50 ppm; (d) 100 ppm.

40 min of the analysis would normally not be
recorded; however, the entire chromatogram
was shown here to demonstrate the effect of
column switching on the conductivity detector.

4. Conclusions

Our column switching technique has been
demonstrated for a cationic system, namely
amine analysis. Previously, only anion examples
were published. The optimization of the “heart-
cut” or “slice” parameters can be automated;
however, the system may require a couple of

days to fully equilibrate prior to optimization. A
series of methods in which the retention time
window of the “heart-cut” or “slice” was the
only variable was used to analyze a given sample
with a relatively high level of analyte present.
Typically, the analyses were set-up for an over-
night schedule of runs. The following day the
timing of the requisite parameters were finalized
and the requisite analyses begun.

The aforementioned column switching tech-
niques for IC have been utilized to address some
very difficult analytical problems. Column
switching does possess some disadvantages, in
particular the complexity of the system and
lengthy equilibration and analysis times. These
shortcomings must be weighed against alterna-
tive means of analysis, which in some cases may
be non-existent.
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Determination of anions at the ng/l level by means of
switching valves to eliminate the water-dip interference
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Abstract

It is well known that anions, such as chloride, nitrate an

d sulphate can be determined relatively easily at the ug/l

level using an on-line concentrator column. In recent years, however, ultra-pure water containing only ng/1 levels
of anions or cations is demanded by the most advanced semiconductor factories or power generation plants. For the
determination of anions and cations at the ng/l level in such ultra-pure water, higher sensitivity is required. To
achieve this, it is necessary to eliminate the water-dip which interferes with the determination of chloride at the
ng/1 level. We developed and tested a water-dip cutting system consisting of switching valves and a water-dip
cutting column. When we combined this with an on-line concentration system, we were able to determine chloride,
nitrite, bromide, nitrate, phosphate and sulphate at the ng/l level.

1. Introduction

Ton chromatography (IC) is a popular method
for ion analysis (especially anions) for several
reasons. First, many anions can be determined
quickly with high precision. Second, since ICisa
chromatographic technique, many anions or cat-
jons can be determined simultaneously, and
different chemical species of same element (e.g.
chlorite, chlorate and chloride) can be separated.
Third, low level ion analysis can be done rela-
tively easily [1-5]. This third feature is important
for semiconductor factories and power genera-
tion plants that use ultra-pure water in manufac-
turing process and heat transfer systems [6].

In recent years, these industries have de-
manded even purer water, allowing only ng/l
levels of anions and cations. There are two
approaches to achieve the levels of sensitivity
required. The first is to improve the signal-to-

* Corresponding author.
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noise (S/N) ratio, and the second is the use of an
on-line concentration column, which increases
the amount of ions introduced into the sepa-
ration column, a widely used technique for p g/l-
level ion analysis [1-3]. Unfortunately, both
techniques are sometimes insufficient to deter-
mine ng/l-level anions, because the large nega-
tive water peak (water-dip) interferes with the
determination of ng/l levels of fluoride and
chloride. Since ng/l levels of chloride are espe-
cially important in semiconductor factories and
power-generation plants, the development of a
method to avoid water-dip interference is par-
ticularly significant. Some methods for avoiding
water-dip interference have been already re-
ported [7-9], but they are not satisfactory for the
determination of ng/l-level chloride or polyval-
ent anions, such as phosphate or sulphate.

This paper describes the development of a new
method for avoiding water-dip interference to
determine ng/l-level chloride and other anions
eluted after chloride. The method uses a system

© 1994 Elsevier Science BV. All rights reserved
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consisting of a water-dip cutting column and two
column-switching valves. Using this system cou-
pled with the well-known on-line concentration
technique, ng/l levels of chloride were deter-
mined.

2. Experimental
2.1. Instrumentation

A Model IC7000 ion chromatographic ana-
lyzer (Yokogawa Analytical Systems, Tokyo,
Japan) with a conductivity detector and au-
tomatic switching high-pressure six-port valves
was used in all experiments. A Model WS 7000
data station (Yokogawa Analytical Systems) was
used for data acquisition. The columns used
were an Excelpak ICS-A44 (polystyrene based,
150 mm X 4.9 mm 1.D.) as a separation column,
and an Excelpak ICS-ANC (polyvinyl alcohol
based, 20 mm X 4.6 mm I.D.) as an on-line
concentration column. The water-dip cutting
column (75 mm X 4.9 mm 1.D.) was packed with
the same anion-exchange resin as the Excelpak
1CS-A44. HPS-SA1, which was made from Nafi-
on tube, was used as a suppressor. The separa-
tion column, the cutting column and the suppres-
sor were kept at 40°C. The eluent and the
regenerator were degassed by an on-line vacuum
degassing unit. All columns and the suppressor
were manufactured by Yokogawa Analytical
Systems.

2.2. Reagents

Sodium carbonate (Japan Industrial Standards
primary standard-grade, Asahi Glass, Tokyo,

concentrator column

eluent
waste

Japan) was used for preparing the eluent, and
sulphuric acid (reagent-grade, Wako Pure
Chemicals, Osaka, Japan) was used to regener-
ate the suppressor. Highly purified sodium car-
bonate is necessary for determining ng/l1 levels of
anions, because inorganic contaminants interfere
with the determination of samples. For example,
when a sample contains a smaller amount of
chloride than the eluent, a negative peak appears
at the same retention time as chloride.

Standard stock solutions of chloride, nitrite,
bromide, nitrate, and sulphate were prepared by
dissolving appropriate amounts of sodium salts
(IC grade, Kanto Chemical, Tokyo, Japan) in
water. Samples were prepared by diluting stock
solutions with purified water. Water used in the
analysis was purified with a Millipore (Bedford,
MA, USA) Milli-Q water purification system.

All samples and the eluent were prepared in
aged vessels made of polyethylene or poly-
propylene. The Vessels were aged by soaking
them in ultra-pure water for 3 days, and replac-
ing ultra-pure water every day.

2.3. Eluent and regenerator

The eluent, 4.0 mM Na,CO,—4.0 mM
NaHCO;, was prepared daily and filtered before
use. The flow-rate was 1.0 ml/min. The re-
generator 15 mM H,SO,, was used at a flow-rate
of 1.0 ml/min.

2.4. Procedure
The sample was passed by the sampling pump
into the concentration column, where anions

were concentrated. During this step, the posi-

loop

cutting column

separator column

Fig. 1. Sample concentration and water-dip cutting procedure: concentration of sample on the concentration column.
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concentrator column

eluent

waste

loop

cutting column

Fig. 2. Sample concentration and waster-dip cutting procedure: the water-dip cutting process. Separation of chloride and other

anions from water and early-eluting anions.

tions of valve 1 and valve 2 were as shown in Fig.
1.

After a concentration period of normally 5-20
min, the positions of valve 1 and valve 2 were
changed, as in Fig. 2. The eluent flowed through
the concentration column, and anions were
eluted from this column to the cutting column.
On the cutting column, water and anions eluting
before chloride were separated from chloride
and anions eluting after chloride.

Water and the early-eluting anions were car-
ried to the loop, and the position of valve 2 was
then changed as in Fig. 3 (normally 1.5 min after
the switching of valves 1 and 2 in Fig. 2). Then
chloride and the anions eluting after chloride
were carried to the separation column. On this
column, chloride and the other anions were
separated from each other, and detected by the
conductivity detector. After this determination,
positions of valve 1 and valve 2 were changed as
in Fig. 2, and the water and early-eluting anions

concentrator column

eluent

waste

were carried to separation column from the loop
and discharged.

3. Results and discussion
3.1. Effects of the water-dip cutting column

A typical chromatogram of anions obtained
using a common on-line concentration system is
shown in Fig. 4. This shows that the water-dip
clearly interferes with the determination of chio-
ride and nitrite. The volume of the water-dip
depends on the volume of the sample introduced
into the separation column. The most effective
way of reducing the volume of the water-dip is to
reduce the volume of the concentration column.
There is a limit to this, however, because it
reduces the loading capacity of the concentration
column. Increasing the sample volume increases

_the peak signal, but, because the volume of the

water-dip does not change, the quantifiability of

cutting column

separator column

Fig. 3. Sample concentration and water-dip cutting procedure: determination of chloride and anions eluted after chloride.
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Fig. 4. Chromatogram of low-level anions obtained using an on-line concentration method. Analytical conditions were as in
Experimental. The concentration time was 10 min at a sample flow-rate of 2.0 ml/min. Peaks: 1 = chloride (0.5 pg/1); 2 = nitrite
(0.75 ng/1); 3 =phosphate (1.5 ug/1); 4 = bromide (0.5 pug/1); 5= nitrate (1.5 ug/1); 6 = sulphate (2.0 ug/1).

chloride is not improved. In addition, a very long
pre-concentration time is required. Using a sepa-
ration column with a large ion-exchange capaci-
ty, or controlling the anion retention time by
adding a modifier to the eluent, will separate
chloride from the water-dip, but these changes
would result in such a long analysis time that
phosphate would not elute [5]. It follows, there-
fore, that the most effective way to remove the

(nS/cml 450 -

water-dip is to prevent the introduction of water
into the separation column.

A chromatogram obtained using the water-dip
cutting column and the on-line concentration
column is shown in Fig. 5. The sample was as
same as in Fig. 4. In this system (see Figs. 1-3),
water and fluoride are separated in the cutting
column from chloride and the anions eluting
after it. After this cutting step, chloride and the

8 10 12 16 18 20
Retention Time (min}

Fig. 5. Chromatogram of low-level anions obtained using the water-dip cutting system and on-line concentration method. The
analytical conditions were the same as for Fig. 4, with the addition of the water-dip cutting column. Peaks: 1= chloride;
2 = nitrite; 3 = phosphate; 4 = bromide; 5 = nitrate; 6 = sulphate; the concentrations of all the ions were same as in Fig. 4.
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anions eluting after it are carried to the separa-
tion column.

When using a concentration column with a
large volume (producing a large water-dip),
adjustment of the cutting time (valve-switching
time) is all that is required to eliminate the
water-dip.

3.2. Sampling and sample preparation

Sampling and sample preparation techniques
are important when determining anions at the
ng/l level, because contamination at the pgl/l
level may frequently occur from the atmosphere
[1] and the measurement system. Contamination
from the system can be prevented by using
pumps equipped with a self-washing mechanism,
which automatically washes the plunger and
plunger seal with ultra-pure water. On the other
hand, preventing contamination from the atmos-
phere is very difficult. On-line sampling is the
best solution for this problem, but on-line prepa-
ration of calibration samples is not easy. It is
necessary, though, to use samples immediately
after preparation to minimize the contamination
from the atmosphere.

Another important consideration when pre-
paring calibration samples is how to prepare the
zero concentration sample. Very small amounts
of contamination from water is unavoidable, thus
a zero concentration sample cannot be prepared,
but this contamination is serious problem when
determining anions at the ng/l level. Therefore,
water for ng/l-level anion analysis must be
contaminant certified. External contamination
for the “blank” was minimized by direct con-
nection of a Milli-Q water purification system to
the pre-concentration sampling pump.

Good linearity was obtained for chloride (0.1-
1.0 ug/l) -and sulphate (0.1-1.0 ung/l) using
calibration samples prepared as described above.
The R® value of the calibration curves were
0.998 (chloride, peak height) and 0.992 (sul-
phate, peak height). Under the conditions of
Fig. 5, the detection limit for chloride was 2 ng/1
at a signal-to-noise ratio of 3.

The coefficients of variation for 0.5 ug/l of
chloride was 1.2% (peak area) and 0.8% (peak

height); those for 1 pg/1 of sulphate were 1.0%
(peak area) and 0.7% (peak height). Thus this
system can be regarded as having good repro-
ducibility.

3.3. Life of the cutting column

In this system, water is separated from chlo-
ride by the cutting column, which is packed with
anion-exchange resin. Thus, if the anion-ex-
change capacity changes within a short period, it
is necessary to change the time-sequence pro-
gramme of the switching-valve positions. This
becomes a problem for continuous measurement
in industrial applications. However, because the
samples and the eluent contain very low levels of
anions, the reduction of the anion-exchange
capacity of the cutting column was negligible.
The cutting column could be used for a minimum
of three months without any significant deterio-
ration.

3.4. Determination of anions in some actual
samples

The chromatogram of anions in the recycling
water of a boiler system in a thermal power (Fig.
6) shows that ng/l levels of chloride, nitrite,
nitrate and sulphate were detected. The large
negative peak that appeared just before chloride
was due to ammonium hydroxide, an additive in
recycling water. In this case, chloride could not
be determined without a water-dip cutting sys-
tem.

Fig. 7 is a chromatogram of a semiconductor
water rinse. In this chromatogram, the concen-
tration of nitrite was relatively high. It is specu-
lated that this is due to atmospheric contamina-
tion during the rinse process. Nitrite is a typical
air contaminant. Because nitrite increases direct-
ly with increasing exposure of the sample to air,
the sampling method is of importance when
determining low levels of nitrite.

Fig. 8 shows a chromatogram of anions in the
washing water of the inner surface of pipes for
an ultra-pure water delivery system. By measur-
ing chloride and several anions at the ng/l level,
it is possible to estimate the cleanliness of the
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Fig. 6. Chromatogram of anions in the recycling water of the boiler system in a thermal power-generation plant. The analytical
conditions were the same as for Fig. 5. Peaks: 1= chloride (70 ng/1); 2 = nitrite (30 ng/1); 3 = nitrate (20 ng/l); 4 = unknown;

5 = sulphate (25 ng/l); 6 = unknown.

pipes. Chloride, nitrite, phosphate, bromide,
nitrate and sulphate were determined at the sub-
ng/l or ng/l level. By controlling the anion
elution time, it is possible to separate chloride
from the water-dip, but then sulphate or phos-
phate take a long time to elute or are not eluted

{nS/cml |

20 H

-5

at all. However, by using this water-dip cutting
system, monovalent anions and polyvalent an-
ions, such as sulphate or phosphate, can be
determined simultaneously.

Fig. 9 shows the measurement of anions in
CO, gas used in the electronics industry. The

iR

10 12 14 16 18 20

Retention Time (min)

Fig. 7. chromatogram of the anions in the washing water of a semiconductor. The analytical conditions were the same as for Fig.
5. Peaks: 1 = chloride (16 ng/l); 2 = nitrite (22 ng/1); 3 = sulphate (8 ng/l1).
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{nS/cm)

110

21

Retention Time (min]

Fig. 8. Chromatogram of anions in the rinsing water of the inner surface of a stainless steel pipe. The analytical conditions were
the same as for Fig. 5. Peaks; 1= chloride (150 ng/1); 2 = nitrite (30 ng/I}; 3 = phosphate (10 ng/1); 4 = unknown; 5 = bromide
(50 ng/1); 6 = nitrate (50 ng/1); 7 = sulphate (10 ng/1); 8 = unknown.

sample was prepared by bubbling CO, into ultra-
pure water, therefore very large amounts of
carbonate and hydrogencarbonate are found in
this sample. These ions interfere with the de-
termination of chloride, in the same way as

nS/cml fl Y
100 }

90 H
80 H
70 H
60 H
50 H

40 |

30H

20 {

water. The water-dip cutting system can be used
to prevent the interference of carbonate and
bicarbonate. This example shows that the water-
dip cutting system is also useful for avoiding the
influence of sample matrixes.

=4
[

10 12 16 20 22

Retention Time [min}

14

Fig. 9. Chromatogram of the anions in CO, gas. The analytical conditions were the same as for Fig. 5. The sample was prepared
by bubbling CO, into ultra-pure water. Peaks: 1= chloride (240 ng/1); 2 = nitrite (180 ng/l1); 3 = nitrate (50 ng/1); 4 = sulphate

(150 ng/1).
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4. Conclusions

Using a water-dip cutting column and an on-
line concentration column, connected by au-
tomatic-switching valves, chloride and the anions
eluting it were determined at the ng/1 level with
good precision. This system was useful for de-
termining chloride and the anions eluting after it
in ultra-pure water, such as that used in semi-
conductor factories or power-generation plants.
This system is also useful for eliminating the
influence of sample matrixes.
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Abstract

This paper describes the series of studies on low-pressure ion chromatography (LPIC), including its operating
principle, distinguishing feature, Technology Index, and its application in analysis of acid rain, blood, oil field water

and medicines etc.

1. Introduction

Ion chromatography (IC) first appeared in the
mid-1970s [1] and has become highly developed
in the last 10 years. At present, IC is operated
with a high-pressure system, using a high-pres-
sure pump to make the mobile phase flow
through the separation column. The trend in IC
has been a steady increase in the operating
pressure (OP), e.g., the Dionex Model 14 with
OP 800 p.s.i. (1 p.s.i. =6894.76 Pa), the 2000i
series in the mid-1980s with OP 2000 p.s.i. and
the present 40001 and 5000i series with OP 4000
and 5000 p.s.i., respectively.

We began to study IC in 1979 and devised
low-pressure IC (LPIC) in 1985 [2]. Two kinds
of instrument, “low-pressure fast analysis ion
chromatograph” (LPFAIC) and “low-pressure
transition metal ion chromatograph” (LPTMIC),
were developed in 1988 and 1992, respectively.
Both of them can be operated at a low pressure
of 1.96-10°-2.94-10° Pa (30-40 p.s.i.).

When a conductivity detector is used, the
former can measure Li*, Na*, NH,, K", Rb",

* Corresponding author.
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Cs*, Mg?*, Ca’*, Sr** and Ba’" cations, inor-
ganic anions such as haloides, NO; , PO;~, SO;”
and CO2” and numerous organic acid ions.
When combined with an optical detector, the
latter can measure metal ions such as Fe*,
C112+, Ni2+, Zl’l2+, C02+’ Pb2+, Fez+’ Cd2+,
Mn2*, Cr**, Cr**, AP* and Zr’" and SiO]7,
$*7, H,PO;,, phenol, salicylate, etc. Detailed
studies of LPIC are described in this paper.

2. Experimental
2.1. Instrumentation

The ion chromatographs used in this work
were a ZJ-1 LPFAIC and a ZJ-2 LPTMIC.

Figs. 1 and 2 show the flow systems of the
LFAIC with a conductivity detector and the
LPTMIC with an optical detector, respectively.

Instead of the separation column 4 shown in
Fig. 2, a 30 mm X 0.5 mm I.D. PTFE tube is
used to allow flow-injection analysis to be carried
out. Placement of a concentration column at the
position of the injection loop will permit on-line
concentration and analyses for ultra-trace ele-
ment components. Elution pump 2 and reaction

© 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Schematic diagram of the flow system of the
LPFAIC. 1=Eluent; 2=low-pressure pump; 3 = injection
valve; 4 =separation column; 5= suppressor column; 6=
conductivity cell; 7 = detector; 8 = computer.

pump 6 shown in Fig. 2 can be replaced with a
two-way low-pressure pump.

2.2. Reagents
Dilute nitric acid solutions were prepared from

analytical-reagent grade concentrated nitric acid.
Sodium carbonate solutions were prepared from

wasle

Fig. 2. Schematic diagram of the flow system of the
LPTMIC. 1=Eluent; 2,6=low-pressure pumps; 3=
injection valve; 4=separation column; 5=mixer; 7=
chromogenic reagent; 8 =reaction coil; 9="flow cell; 10=
optical detector; 11 = computer.

analytical-reagent grade Na,CO,. Distilled,

deionized water was used throughout.
2.3. Main chromatographic conditions

The conditions were as follows: for the de-
termination of alkali metals and NH; , eluent
1.44-107> mol/l HNO,, column C, (30 mm X 5
mm [.D.), flow-rate 0.8~1.0 ml/min, conductivi-
ty detector and single-column system; for the
determination of alkaline earth metals, eluent
6.0-10"* mol/l ethylenediamine-8.0 x 10~*
mol/l citric acid, column C, (30 mm X5 mm
I.D.), flow-rate 0.8-1.0 ml/min, conductivity
detection and single-column system; for the
determination of anions, eluent 2.0-107> mol/l
Na,CO,, low-pressure anionic column (60 mm X
6 mm I.D.), flow rate 1.0 ml/min, conductivity
detection and double-column system; for the
determination of organic acids, eluent 1.0-107*
—7.2-10"* mol/l HNO,, low-pressure organic
acid column (100 mm X 6 mm I.D.), flow-rate
0.4-0.6 ml/min, conductivity detection and sin-
gle-column system; for the determination of
Cu®", Ni**, Zn*", Co®*, Pb** and Fe’", eluent
0.02 mol/l oxalic acid-0.02 mol/l citric acid,
column C; (40 mm X 5 mm 1.D.), optical detec-
tion at 520 nm and postcolumn reaction system;
and for the determination of Zn*", Pb**, Fe**,
Cd®*, Mn’", eluent tartaric acid—citric acid,
column C; (40 mm X 5 mm 1.D.), optical detec-
tion at 520 nm and postcolumn reaction system.

3. Results and discussion
3.1. Operating principle

Instead of a high-pressure pump, a low-pres-
sure pump is adopted to transmit the ecluent.
After the ions to be measured have passed
through the low-pressure column at a low pres-
sure of 1.96 - 10°~2.94 - 10° Pa they are separated
efficiently by ion-exchange equilibrium. The de-
tection and determination of alkali metal, al-
kaline earth metal and inorganic anions and
other numerous organic ions can be achieved
using a conductivity detector with a unique, jet-
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formed structure conductivity cell. For the mea-
surement of transition metal ions, postcolumn
derivatization is helpful to allow the ions to react
with coloured material in the postcolumn mixer
and the reaction coli. An optical detector can
then be used for the determination.

The separation principle of the LPIC column
is mainly based on rapid ion exchange (organic
acid based on ion exclusion) on the surface of the
resin particles. The principle of the dynamics is
membrane broadening and that of conductivity
detection is based on the formation of ions of the
ionic material in the aqueous solution to produce
conductivity. Changes in ion concentration are
converted into conductivity signals, which are
recorded by a computer or a recorder.

With visual photometric detection, after sepa-
ration in the column, the ions to be measured
enter the postcolumn mixer and mixed with a
postcolumn chromogenic reagent, resulting in
the formation of a coloured chelate, the concen-
tration and absorbance of which are linearly
related. The concentration of the metal ions can
thus be measured.

3.2. Investigation of the technique

The replacement of the high-pressure pump
with a low-pressure one decreases the problems
of leakage and blockage, etc., and results in high
performance at low pressure. To establish why
LPIC can be carried out at such a low pressure
as 30-40 p.s.i. with excellent efficiency we con-
sider mainly the following aspects.

A series of packings for low-pressure use were
developed through several years of investigation.
The technique for making these special packings
is different from that for packings for high-pres-
sure IC. An LPIC packing has the advantages of
low capacity, excellent dynamic performance and
rapid mass-transfer ability.

The packing for the cation-exchange separa-
tion column in LPIC consists of round-shaped
particles of ion exchanger. There is a very thin
covering of ion exchanger with an inert nucleus
in the centre. The exchange capacity is 0.012
mequiv./g. The packing of the anion-exchange
separation column for LPIC is also a sort of

round ion exchanger with exchange capacity
0.015 mequiv./g.

The LPIC columns used in the separation of
organic acids employ an H™ cation exchanger as
packing material, with a particle diameter of
15-20 wm and an exchange capacity of 4
mequiv./g.

Very short columns are used, the length being
only 30 mm, whereas that of a high-pressure 1C
column is 250-500 mm. The effusive conductivi-
ty cell, of novel design, has an electrode at the
solution entry end. The ions to be measured are
effused directly to the opposite electrodes, so a
much higher sensitivity can be achieved. The
dead volume is only 1 wl which is much less than
that of HPIC conductivity cells (usually 5 ul). It
also has the advantages of no dead-angle, easy
air removal, low interference of the flow stream
and low baseline drift and noise. Fig. 3 shows the
construction of the LPIC conductivity cell.

3.3. Development of LPIC postcolumn reaction
system

In the postcolumn system in high-pressure IC,
a steel nitrogen bottle is needed to provide
pressure to transport the reaction solution. In
our method, only a two-way pump is used,
without the requirement for any all-plastic high-
pressure pump, a large-volume steel nitrogen
bottle, a pressure-reducing value, a one-way
valve or a buffer valve.

In addition to its use in IC analysis, LPIC can
also be applied with flow-injection analysis,
whereas high-pressure IC cannot.

/
77772224 -——

/ N

Fig. 3. Construction of LPIC conductivity cell 1= Exit of
solution; 2 = cell body; 3 = entry of solution (an electrode);
4 = second electrode.
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cr

NO;
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0 6 12 min

Fig. 4. Analysis of acid rain.

The detection limit for each ion is generally
<107° g/ml. Both the baseline noise and drift
are very low. LPIC also has the merits of small
volume, low mass (one tenth of that in high-
pressure IC), low cost and easy maintenance.

3.4. Application of LPIC
Chromatograms obtained in the analysis of

various types of samples are shown in Figs. 4-9.
Details of some analyses are given below.

SOt

F~iNo; :

.'L POy

——r———
0 6 12 min

Fig. 5. Analysis of Chengdu tannery waste water.

Mglo» C'lu’

0 6 12 min

_Fig. 6. Analysis of river water.

0 6 12 min

Fig. 7. Analysis of acid rain. Concentrations: Mg>* 0.4 ug/
ml and Ca’* 1.0 pug/ml.

NH;

e

———r——
0 6 12 min

Fig. 8. Analysis of oilfield water.

Analysis acid rain

Standard US EPA (Environmental Protection
Agency) samples prepared for the WMO (World
Meteorological Organization) were analysed and
the results were compared with the stated values
(which were not known to us prior to the
analyses).

The results agreed well (Table 1). A com-
parison made by the Atmospheric Laboratory of
the Chinese Academy of Meteorology Science
with statistical data from the 7th International

12 min

0 6

Fig. 9. Analysis of tobacco. Peaks: 1 =inorganic acid; 2=
lactic acid; 3 = formic acid; 4 = succinc acid; S = acetic acid;
6 = propionic acid; 7 = butyric acid.
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Comparison of US EPA values and LPIC results
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Ion Series No. EPA value LPIC result
(pg/ml) (ng/ml)
Na* 1313 0.185 0.18
2026 0.241 0.29
3286 0.490 0.49
NH; (as N) 1313 0.083 0.084
2026 0.627 0.613
3286 0.798 0.761
K* 1313 0.066 0.08
2026 0.094 0.10
3286 0 094 0.10

Rainfall Chemistry Analysis Results of the 38
Laboratories of BAPMoN (Background Air Pol-
lution Monitor Net of WMO) confirmed that the
accuracy of the LPIC analyses corresponded to
the average accuracy obtained by the 38 interna-
tional laboratories.

Analysis of blood [3]

Measurement of Na*, K* and Cl~ in fourteen
samples of human serum provided by the Medi-
cal University of West China by LPIC gave
results very close to those obtained using a
Beckman E4A instrument with ion selective
electrodes. One of the fourteen samples was
injected successively twelve times to determine

Table 2
Comparison of LPIC and ICP results for oilfield water

the accuracy of the LPIC method and the rela-
tive standard deviation was 1.2%. The resuits
indicate that LPIC has a high sensitivity and with
its easy operation it can be widely used in clinical
medicine.

Measurement of oilfield water

The results for the determination of Fe’",
Zn°" and Mn®" in oilfield water are given in
Table 2 and compared with those obtained using
a Jarrell-Ash ICAP9000 (N + M) inductively
coupled plasma atomic emission spectrometer.

The results given by the two methods agreed
well. Recovery experiments showed that the

Series No. Methods Fe’* Zn** Mn**
(pg/ml) (pg/ml) (png/ml)
18 ICP 0.59 9.14 5.17
LPIC 0.60 9.21 5.00
80 ICP 0.31 10.7 5.59
LPIC 0.36 10.5 5.50
46 ICP 1.16 7.70 3.70
LPIC 1.10 7.53 3.90
9 ICP 0.30 - 0.025
LPIC 0.50 -~ 0.030
36 ICP 0.92 - 0.020
LPIC 0.83 - 0.030
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recoveries of Fe?*, Zn?>" and Mn*" in oilfield
water by LPIC are between 94 and 105%.

Analysis of medicines

Using LPIC, samples provided by the
Medicines Institute of the Medical University of
West China were analysed as follows: measure-
ment of the content of nitrate and sulphate in the
inorganic medical carbon, magnesium silicate
and the organic medical methoxyestrone (OPC-
8212) and measurement of the content of related
elements in the medical Li,CO, and KCl which
contain lithium, fluorine and chlorine. The re-
sults were similar to the data in the Chinese
Pharmacopoeia.

The following medicines were also analysed by
LPIC: measurement of trace Zn’" in insulin,
providing results in agreement with the Chinese
Pharmacopoeia but much faster and more easily
way than by the stipulated method; and mea-
surement of zinc gluconate content, giving a
result close to that obtained with by the standard
method of the National Hygiene Department.

Measurement of zinc gluconate particulate
reagent in abundant blood syrup (a blood tonic
made in China) gave a recovery between 96 and
105.3%. Owing to the high sensitivity and small
injection volume with LPIC, the sample need
not be pretreated. Also, there is no interference
with the measurement from the matrix.
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Abstract

The separation of alkaline earth and transition metal cations was performed on the reversed-phase sorbent
Silasorb C,, modified under static conditions with dodecylbenzenesulphonic acid and cetyltrimethylammonium
bromide. Mixtures of ethylenediamine, citric acid and tartric acid without addition of an ion-pair reagent and of
dipicolinic and oxalic acid with an ion-pair reagent were used as eluents. The selective separation of twelve cations
(Fe’", cu®*, Ni**, Zn?*, Pb*>", Co®*, Cd*>*, Fe’*, Mg”*, Ca’*, Sr** and Ba’") in 15 min was obtained. The
lifetime of this dynamically coated column was found to exceed that of a column packed with silica gel with

sulphonic functional groups.

1. Introduction

The determination of alkaline earth and transi-
tion metals is an important part of the determi-
nation of the ionogenic content of natural and
waste waters. Jon chromatography (IC) is suc-
cessfully applied for this purpose and can com-
pete with inductively coupled plasma and atomic
absorption spectrometric methods for the de-
termination of alkaline earth and transition met-
als [1]. Conventional reversed-phase columns
and LC instruments have been increasingly used
to separate metal ions [2—4].

In this paper, we propose techniques for the
determination of alkaline earth and transition

* Corresponding author.
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metal cations using ion-pair and ion-interaction
chromatography.

2. Experimental

The separation column for ion-interaction
chromatography was prepared as follows. The
reversed-phase sorbent Silasorb C,; (7.5 pm)
(Tessek, Prague, Czech Republic) was treated
with an excess of aqueous dodecylbenzenesul-
phonic acid solution under static conditions. The
column was filled with the resulting aqueous
suspension of the sorbent with a column packing
device. The column packing efficiency was evalu-
ated by determining the number of theoretical
plates per metre for the K* peak in suppressed
IC. The eluent contained 5 mM HNO, and 0.2

© 1994 Elsevier Science B.V. All rights reserved
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mM dodecylbenzenesulphonic acid. The ef-
ficiency of a well packed 100 X 3 mm I.D. col-
umn. was about 30000 theoretical plates per
metre. This, column has been applied to the
determination of alkaline earth and transition
metal cations [5].

The determination of anionic complexes of
transition and alkaline earth metals by ion-pair
and ion-interaction chromatography was per-
formed on a standard glass column (100 X 3 mm
I.D.) containing Silasorb C,4 (7.5 pm). The ion-
pair reagents used included tetrabutylammonium
hydroxide, sodium iodide and -cetyltrimethyl-
ammonium bromide.

3. Results and discussion

The method for determining transition and
rare earth metal cations proposed initially by
Cassidy and co-workers [2,3] requires post-
column reaction with 4-(2-pyridylazo)resorcinol
(PAR) or Arsenazo-III and UV-Vis spectro-
photometric detection. In addition, relatively
high-concentration solutions of sodium tartrate,
citrate and oxalate (pH 3-4) are used as the
eluent. This does not permit the use of conduc-
timetric detection and does not allow the de-
termination of the transition and the alkaline
earth metals simultaneously.

We used solutions of ethylenediamine with

tartric, citric and oxalic acid as eluents. Because

of the strong eluting ability of ethylenediamine,
the eluent concentration can be considerably
decreased. Analogous eluents are used for the
separation of metal cations on functionalized
sulphonic cation exchangers. In this way the
background conductivity is sufficiently low for
conductimetric detection to be practicable. The
alkaline earth and transition metal cations were
separated on the 100 X 3 mm L[.D. column
packed with the dynamically coated sorbent
described.

With the use of the ethylenediamine-contain-
ing eluent comes the column stability is of
concern. It was demonstrated experimentally
that the column lifetime is more than 300 sample
injections. The column’s operational stability

was evaluated by the separation efficiency of the
metals and by the theoretical plate number for
Ca®". The sufficiently long column lifetime can
be explained by assuming that one ethyl-
enediamine cation is sorbed by two molecules of
dodecylbenzenesulphonic acid via an ion-ex-
change mechanism. The associate produced is
strongly sorbed by the hydrophobic surface of
the reversed-phase sorbent. The addition of
dodecylbenzenesulphonic acid to eluent is not
helpful, because its ethylenediamine salts are
hardly soluble.

The addition of small amounts of 0.05 mM
sodium dodecyl sulphate to the eluent and the
use of guard and precolumns increases the ana-
lytical column lifetime. The precolumn filled
with reversed-phase sorbent is placed between
the pump and the injector for elimination of
eluent contamination. The guard column is
placed between the injector and the analytical
column. It protects the analytical column from
sample contaminants and is packed with the
same sorbent.

The optimum conditions for the determination
of the alkaline earth and transition metal cations
on the dynamically coated sorbent were estab-
lished from the results of the experimental work.
A mixture of Fe’*, Cu®*, Ni**, Zn**, Pb*",
Cd**, Co**, Fe**, Mg**, Ca®*, Sr** and Ba®”
was selectively separated using an eluent consist-
ing of 2.5 mM ethylenediamine-2.5 mM citric
acid-2.5 mM tartric acid (Fig. 1). The most
rapid separation of alkaline earth metals was
obtained with 1.5 mM ethylenediamine—-1.5 mM
oxalic acid. Fig. 2 shows the separation of a
mixture of Be’", Mg”>*, Ca®", Sr** and Ba®".
The detection limit for all of the alkaline earth
and transition metals using conductimetric detec-
tion is ca. 0.5 mg/l.

The technique developed for the determina-
tion of alkaline earth and transition metal cations
on the dynamically coated column using indirect
UV detection might be of interest. A 1 mM
Ce(NO,), solution was used as the eluent and
UV detection at 254 nm was applied. The analy-
sis time for a mixture of Mg>*, Ca’", Sr** and
Ba’" under these conditions did not exceed 5
min. This technique for the determination of



M.L. Livina et al. | J. Chromatogr. A 671 (1994) 29-32 31

10 ¢

0 10 R0 Min

Fig. 1. Separation of transition metal ions on a dynamically
coated column. Column, 100x3 mm I[.D., packed with
Silasorb C,,, coated with dodecylbenzenesulphonic acid;
eluent, 2.5 mM ethylenediamine—2.5 mM citric acid-2.5 mM
tartric acid (pH 3.2); flow-rate, 1 ml/min; detection, conduc-
timetric. Peaks: 1=Fe*"; 2=Cu®"; 3=Ni*"; 4=Pb*"; 5=
Zn®*; 6=Co®*; 7=Fe®"; 8=Mg"’"; 9=Cd*"; 10=Ca’>";
11 =Sr’"; 12 = Ba’". Metals concentrations, 1-10 mg/l.

10 ¢ R
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A . . .
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0 3 6 9 10 Min
Fig. 2. Separation of alkaline earth metal ions on a dy-
namically coated column. Eluent, 2.5 mM ethylenediamine—
3.5 mM oxalic acid (pH 3.4); other conditions as in Fig. 1.
Peaks: 1=Be?"; 2=Mg®"; 3=Ca’"; 4=5r""; 5= Ba®*.

L

alkaline earth metals is more sensitive than that
with conductimetric detection. The determina-
tion limit of alkaline earth metal cations is 0.01
mg/l. Unfortunately, the determination of tran-
sition metals by this technique is not possible, as
the selectivity of the separation of these cations
is low when a Ce(NO;),-containing eluent is
used.

A technique for determining transition metals
in the form of their anionic complexes was
worked out. The separation is carried out on the
standard reversed-phase Silasorb C,; column.
The eluent used permits the production of the
anionic metal complexes in the analytical column
and these complexes can be detected by direct
UV methods. An analogous technique has been
proposed for the determination of metals in the
form of their cyanide complexes with UV detec-
tion at 214 nm [6]. We used an eluent consisting

004 ¢

AV

|
0 2 4 6 8 Hin

Fig. 3. Separation of transition metals by ion-pair chroma-
tography. Column, 100 x 3 mm 1.D., packed with Silasorb
C,,; €luent, 5 mM sodium oxalate-0.3 mM pyridinedicarbox-
ylic acid-1 mM tetrabutylammonium hydroxide (pH 5.5);
flow-rate, 0.5 ml/min; detection, UV at 254 nm. Peaks:
1=Pb>; 2=Fe’"; 3=Cu’"; 4=Ni*"; 5=2Zn*"; 6=Co"";
7=Mn’"; 8=Cd*"; 9=Hg"".
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Fig. 4. Chromatogram of Moscow drinking water obtained
by direct sample injection. Column, 100 X 3 mm 1.D., packed
with Silasorb C,,, dynamically coated with cetyltrimethyl-
ammonium iodide; eluent, 2 mM sodium oxalate—0.2 mM
pyridinedicarboxylic acid—1 mM tetrabutylammonium iodide
(pH 5.2); flow-rate, 0.5 ml/min; detection, UV at 254 nm.
Peaks: 1=Fe®" (0.2 mg/l); 2=Cu’" (0.04 mg/1); 3=Ni**
(0.02 mg/1); 4=2Zn>" (0.1 mg/l).

of 2 mM sodium oxalate—0.2 mM dipicolinic
acid—1 mM tetrabutylammonium hydroxide. Di-
picolinic acid has been shown to be a convenient
eluent for the separation of heavy and transition
metals with postcolumn PAR reaction detection
[7]. The eluent used in this technique permits
direct UV detection at 254 nm. The limit of
determination of the transition ‘metals is 0.005
mg/l.

Fig. 3 shows the separation of a mixture of
transition metal cations obtained by ion-pair
chromatography. The selective separation of
Pb2+, Fe“, Mn2+, Cu2+, Ni“, Zn2+, C02+,

Cd*" and Hg®* was achieved. All the inorganic
ions were eluted before the system peak caused
by the sorption of dipicolinic acid. The high
sensitivity of the technique makes it possible to
perform the determination of some transition
metals in natural water samples without pre-
concentration. Fig. 4 shows a chromatogram for
Moscow drinking water obtained by direct sam-
ple injection. This separation was carried out on
the Silasorb C,; column treated with cetyltri-

_ methylammonium bromide.

Ion-pair and ion-interaction chromatography
are practical methods for determining cations of
metals and their anionic complexes. The tech-
nique described can be successfully used in
routine analyses for heavy, transition and al-
kaline earth metal cations and also for inves-
tigations of unknown samples. The developed
techniques utilize direct and indirect conduc-
timetric and UV detection. The ability to use all
of these detection modes enhances the usefulness
of LC for the determination of cations in en-
vironmental samples.
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Abstract

The possibility of applying differen separation sorbents to those traditionally used in ion chromatography, having
the structure of surface-layer ion exchangers, is considered. The theoretical possibility of using a new class of
separation sorbents having the structure of centrally localized ion exchangers for highly efficient ion chromato-
graphic separations is shown. The principles of the synthesis of centrally localized ion exchangers and the properties
of representative materials, KanK sorbents, are outlined. Examples of the application of KanK sorbents to the
analysis of mixtures of anions, metals and ammonium are presented.

1. Introduction

The rapid progress of ion chromatography in
analytical chemistry is largely based on successful
syntheses and applications of special fon ex-
changers as packings in separation columns. As a
rule, they are fine-grained, narrow-fraction poly-
meric or silica gel materials, with granules having
a thin ion-exchanging surface layer [1]. Such a
structure of the separating sorbent grains confers
two very important chromatographic properties
on the sorbent: a low capacity and rapid kinetics
of ion exchange.

The first property permits rapid analysis and
the second makes chromatographic separation
highly efficient. The separation selectivity is
completely determined by the chemistry of the
ion-exchange process: by the nature of the func-
tional groups and by the elution power of the
mobile phase, which is in no way connected with
the special structure of the sorbent particles.

0021-9673/94/$07.00
SSDI 0021-9673(94)00023-3

2. Theoretical aspects of selection of separation
sorbents

In deciding on a separation sorbent, the basic
question is whether the above-mentioned struc-
ture of the grains of the so-called surface-layer
ion exchanger (SLIE) is necessary for making
chromatographic separations rapid and efficient
or whether there are alternative ways of achiev-
ing these purposes. For example, can the fairly
fine fraction of a uniformly localized ion ex-
changer (ULIE), which finds extensive applica-
tion in technology, be used or not? Calculations
based on the sorption dynamics theory [2] have
shown that the nature of the relationships be-
tween the packing capacity, its grain size and the
efficiency of columns filled with it is such that in
order to obtain the necessary characteristics of
chromatographic separation of an ordinary series
of inorganic anions, a pressure differential of
several hundred bars builds up in the separation

© 1994 Elsevier Science B.V. All rights reserved
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columns. Such a pressure destroys polymeric ion
exchangers. A decrease in the density of the
ULIE functional groups does not change the
result because of the proportional decrease in
the specific efficiency of the packing (it should be
noted that the ULIE capacity can be decreased
only to a lower limit of 0.1 mequiv./ml as the
further decreases in functional group density
generally lead to deterioration of the ion-ex-
change selectivity [3]). In our opinion, the only
way to use ULIE for ion chromatographic pur-
poses is the proposal of Small et al. [4} to mix
ULIE sub-micrometre particles with large (tens
of micronmetres) grains of an inert material. It
was thus required that the ULIE particles be
firmly bonded to the grain surface (Fig. 1).
However, can such a packing be considered to
be structureless?; it cannot. It has the SLIE
structure and this fact considerably lowers the
requirements both for the separation system and
for the separation conditions needed to obtain
the necessary results. Hence our conclusion is
not unexpected: the ULIE does not make an
efficient separation medium for ion chromatog-
raphy. ’

The example cited does not cover all alter-
natives to separation sorbents of the SLIE type.
Let us consider a sorbent characterized by a
non-uniform distribution of functional groups
located, in contrast to SLIE, not on the surface

Fig. 1. Structure of surface-layer ion exchangers. (a) Surface-
functionalized anion exchanger; (b) agglomerated anion
exchanger [4].

d

Fig. 2. Structure of centrally localized ion exchangers. 1=
Ion-exchanging nucleus; 2 = inert envelope.

but in the centre of the grains; let us call such a
sorbent a centrally localized ion exchanger
(CLIE) (Fig. 2). Needless to say, the CLIE inert
envelope will be permeable to separated ions
and it is desirable that their diffusion through the
CLIE envelope be as rapid as possible. In ion
chromatography, this sorbent has the general
advantage over the ULIE that by decreasing the
size of the CLIE ion-exchanging nucleus, it is
possible to minimize the ion-exchange capacity
and diffusion resistance area in the CLIE grains
(it is common knowledge that in ion-exchange
materials the diffusion coefficients of ions are
several orders of magnitude smaller than in non-
ion-exchanging materials having the same porosi-
ty [5]). Obviously, a change in the CLIE nucleus
size has no effect on the hydrodynamic charac-
teristics of the packing. In other words, conceiv-
ing CLIE as an enveloped ULIE nucleus makes
it possible to see that CLIE has virtually the
same equilibrium and kinetic characteristics at a
much lower pressure in the column bed.

The properties of SLIE and CLIE used as
packings in separation columns for ion chroma-
tography can be evaluated quantitatively [2].
Based on the structure geometry, for the capaci-
ty of these sorbents we have

ay s = 0Ax/d 1)
4ocLIE = Ax’ld’ (2)

where x is the size of the grain area saturated
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with functional groups, A is its local capacity and
d is the diameter of a grain. Chromatography
uses low concentrations of the sample compo-
nents compared with those of the eluent. In this
area, the ion-exchange isotherms are approxi-
mately linear and characterized by constant ion
distribution factors I, which depend on the
structural parameters of the grains, similar to the
capacity in Eqs. 1 and 2.

To determine which kinetic stage is the slowest
and limits the speed of ion exchange in the
sorbent grain, the criterion H equal to the ratio
of the characteristic times of particle and film
diffusion is used:

H=B,d*/(60DT)) (3)

where D, and B, are particle diffusion coefficient
and film diffusion factor, respectively. To large
H values there correspond particle diffusion
kinetics and to H <1 there correspond film
diffusion kinetics. In the area of hydrodynamics
characteristic for ion chromatography, the film
diffusion factor is expressed in terms of ion
kinetic constants, «;, and the linear velocity of
the mobile phase, v:

B =ap’’ld"’ (4)

where «; is the well known function of ion
charges and equivalent conductivities (ref. 2, p.
28).

Let us find in which kinetic area the SLIE and
CLIE work. Assuming that the factor of particle
diffusion in Eq. 3 relates only to the size x and
the distribution factor is subject to the laws in
Egs. 1 and 2, we obtain from Egs. 3 and 4 that
the criterion H is proportional to the expression
xv*?/Dd*> for SLIE and to d'*v"*/Dx for
CLIE. To decrease the capacity, investigators
usually try to lower the ratio x/d. For example,
for SLIE it is usually =<0.01. Therefore, film
diffusion is characteristic for SLIE and particle
diffusion for CLIE. According to this conclusion,
the SLIE packed column efficiency (the number
of theoretical plates) can be expressed by

Ngi siie = 0.5e40/d' *v°? -
and the CLIE packed column efficiency is

Ng; cuie = 30D, FjIx/d’v (6)

where I'] is the local distribution factor of the ith
ion in the CLIE nucleus, which does not depend
on the structural parameters of the grain, [ is the
separating column length and B and i are index-
es.
Analysis of Eqs. 5 and 6 shows that by
decreasing d at a fixed x/d it is easier to improve
the efficiency for CLIE (the proportionality d ~2)
than for SLIE (the proportionality d ~'~). How-
ever, a more detailed analysis of the kinetic
dispersion of ion zones in ion chromatography
leads to the conclusion about the existence of
arcas of the chromatographic separation con-
ditions where one or another type of separation
sorbent structure has advantages with regard to
separation efficiency [2]. In Eq. 6, the efficiency
as a function of x/d [at a fixed value of the
envelope thickness: y = (d — x)/2 #0; Fig. 3] has
the maximum at 4 = 3x, which is equal to

max{Ny; e} = 1.11D, T/ x*0 (7)

[N=0 for x/d =1 only when x and d >y, but
this does not mean that ULIE sorbents (with
x/d=1) have N =0 because they have y =0).
According to Eq. 2, at this point the capacity is
1/27th of the functional groups density in the
CLIE nucleus (A).

The fraction of the feedstock that is chemically
modified into SLIE or CLIE is usually made up
of particles of various sizes. The functional group

6. x /=) g o300 L/
k/‘/BL,CUE‘_'%,—Z' 71 0’) , 6 ©r
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Fig. 3. Efficiency of CLIE bed as a function of x/d [with
fixed y = (d ~ x)/2].
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bonding required to produce SLIE or CLIE is
carried out under the same conditions for the
variously sized particles of the feedstock frac-
tion, so the particles of the sorbents synthesized
acquire envelopes of equal thickness which,
according to Eqs. 1 and 2, results in the in-
dividual values of the capacities of the particles
being dependent on their diameters (Fig. 4). For
SLIE this dependence is a decreasing one and
for CLIE it is an increasing one. It has been
shown [6] that such dependencies lead to an
additional dispersion of chromatographic peaks,
which increases with increasing sorbent fraction
width. In CLIE this effect is more pronounced.
Taking this so-called capacity broadening into
account, we obtain the following expression for
the efficiency of the separation column:

NAizNBi/(1+5aVNBid/l)z (8)
where

da = |a0(dmax) - aO(dmin)l/[aO(dmax) + aO(dmin)]

and d_;, and d,,, are the values of the fraction
limits obtained by approximating the particle size
distribution by rectangles with height and area
corresponding to the distribution. Ny; is deter-
mined from Eqns. 6 and 7.

The dependences illustrated in Fig. 4 can be
used to identify the sorbent structure and de-
termine the structural parameters of grains. We
have used this approach to study the structure of

a strongly basic anion-exchanger sulphonation

0%, 243 d

Fig. 4. Dependence of capacity of individual particles on
diameter for the various kinds of ion exchangers. 1 = ULIE;
2=SLIE (x = constant); 3= CLIE (y = constant).

aa,
/uezuiv-/ﬂl

150

400

7/8/ 9
50 o
()
0 20 ) 40 T A
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Fig. 5. Dependence of capacity of individual particles on
diameter for SAV sorbent. O = experimental points; lines =
theoretical curves for y=7, 8 and 9 um.

product (Sulfirovanniy Anionit Vysokoosnovniy,
SAV; Fig. 5). Comparison of the experimental
data with Eq. 2 indicated that the experimental
conditions permit the production of CLIE char-
acterized by grains not smaller than 16 xm and
an envelope thickness of 8 £1 um.

3. Synthesis of centrally localized ion
exchangers

As has been pointed out above, the CLIE
grain has, in its centre, a nucleus with ion-
exchanging groups, enveloped with a layer of a
material inert to the ions being exchanged. The
main function of such a layer is, first, to impart
to the grain the necessary rigidity and make it
sufficiently large to prevent a high pressure
build-up in columns; second, to ensure rapid
transport of ions to the ion-exchanging nucleus
and to distribute uniformly the ionic flow on the
boundary between the envelope and nucleus;
and third, to decrease the sorbent capacity to the
necessary level. The first and third properties
develop automatically if the particle of ion ex-
changer is covered with a polymeric or another,
sufficiently strong layer of the necessary thick-
ness, and has no affinity for the ions being
separated. To possess the second property, the
inert envelope should be a porous hydrophilic
membrane. One of the candidates for the CLIE
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envelope material is an ion exchanger with
polarity opposite to that of the functional groups
of the nucleus. For example, if the nucleus is an
anion exchanger, a macroporous cation ex-
changer may be used as the envelope. Obvious-
ly, the selectivity of such a bipolar sorbent has
two components, the anion-exchanging selectivi-
ty of the nucleus and the cation-exchanging
selectivity of the envelope. In further discussion
of the selectivity of CLIE as an ion-chromato-
graphic separation sorbent, we mean the former
component.

In our opinion, the most acceptable of the
great variety of ways to synthesize chromato-
graphic sorbents is chemical treatment of the
grain surface layer. For example, it is possible to
prepare CLIE by taking as the starting material
an ion exchanger whose properties allow it to be
used as the nucleus and whose grains are of the
size necessary for the product and removing the
functional groups from the surface layer through
the required depth. It should be remembered
that the envelope should have the above-men-
tioned properties.

In developing the CLIE preparation method,
we were guided not only by the foregoing consid-
erations, but also by the following facts: (1)
strongly basic ion exchangers prepared from a
styrene—divinylbenzene (SDVB) copolymer par-
tially lose their capacity with time at tempera-
tures around 100°C; (2) in this temperature
range it is possible to sulphonate SDVB with
concentrated sulphuric acid; (3) the sulphuric
acid neutralizes the quaternary ammonium base
split off from the anion-exchanger. In addition,
the high viscosity, high boiling temperature and
weak dissociation of sulphuric acid in the con-
centrated state promote the formation of a sharp
front of the reaction. The sulphonation reaction
front makes a boundary between the nucleus and
envelope of CLIE, and therefore the ratio of the
nucleus size to the envelope size depends on
when the reaction front was stopped.

All the necessary parameters of the product
(SAV) synthesis and the means of controlling its
properties were found experimentally [7]. On the
basis of the procedure for SAV preparation used
in this Institute, a series of sorbents (KanK) for

ion chromatography were developed. These sor-
bents are manufactured by the Sojuz Lyubertsi
Research and Production Association (Lyubert-
si, Moscow Region, Russian Federation). Rus-
sian ion chromatographs (TSVET-3006, KHPI-1:
DOKBA, Dzerzhinsk, Nizhny Novgorod Re-
gion, Russian Federation) have utilized KanK
sorbents since 1989.

4. Applications of KanK centrally localized ion
exchangers

4.1. Conventional applications

The KanK sorbents come in three modifica-
tions: KanK-ASt, KanK-ASR and KanK-BP.
The fraction size varies from 10 to 16 pm and
the fraction dispersion is 20-40%. Each of the
sorbent modifications is oriented to its own
group of ionic mixtures. Thus, KanK-ASt is
intended for ion chromatographic analyses of
mixtures of medium-retained anions (F~, Cl™,
Br~, NO,, NO;, SO:", SO:7, 8,03, CrO:™,
PO;”, HCOO~, C,0. , etc.). Examples of
separations of various mixtures of these anions
are given in Figs. 6 and 7. The KanK-ASt

t,min 20 10 0

Fig. 6. Typical chromatogram for the separation of an anion
mixture. 1=F ; 2=Cl"; 3=NO;; 4=HPO>; 5=Br;
6=NO,; 7=SO;  (several mg/l of each). Conditions:
separation column, 120 X5 mm 1.D. containing KanK-ASt
(15 wm); suppressor column, 200 X 6 mm I1.D. containing
Dowex 50-x8 (H" form); eluent, 2.4 mM Na,CO,-3.0 mM
NaHCO,-4.0 uM KCNS; flow-rate, 2.3 ml/min.
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Fig. 7. Reversed separation of the same mixture as in Fig. 6.
Conditions as in Fig. 6 except eluent, 9.0 mM Na,CO;-4.0
mM NaOH-5.0 uM KCNS; flow-rate, 1.7 ml/min.

capacity is 5-20 pequiv./ml. KanK-ASR sorbent
is intended for the analysis of mixtures of strong-
ly retained anions (I”, SCN~, ClO;, S,0%,
CrO.~, W02~ etc.) (Fig. 8); its capacity is 0.05—
1 wpequiv./ml. KanK-BP sorbent, featuring an
increased anion-exchange capacity (100-300
pequiv./mi), is intended for the analysis of
mixtures of weakly r;tained anions (HCOO ™,
CH,COO ", etc. (Fig. 9).

4.2. New applications

Recently, we have developed highly selective
methods for the simultaneous ion chromato-
graphic determination of anions and cations,
based on the bipolarity of the KanK sorbents.
The methods are based on executing selective
reactions in two-column anion chromatographic
experiments, which convert the cations under
study into either non-conducting substances or
anions. : ’

The technique of ammonium ion determina-

1
P
[) 1b Mminy

Fig. 8. Typical chromatogram for the separation of a strongly
retained anion mixture. 1= CrOi'; 2 =WO§"; 3=1"; 4=
CNS™ (10 mg/l of each). Conditions: separation column,
120 X 5 mm I.D. containing KanK-ASR (15 pm); suppressor
column, 200 x6 mm I.D. containing Dowex 50-X8 (H"
form); eluent, 3.0 mM Na,CO,-3.0 mM NaHCO,; flow-
rate, 1.7 ml/min.

LU

————y
0 10 min

Fig. 9. Typical chromatogram for the separation of a weakly
retained anion mixture. 1 = F; 2 = CH,COO7; 3 =
HCOO™; 4=Cl" (several mg/l of each). Conditions: sepa-
ration column 120 x 5 mm L.D. containing KanK-BP (15
pm); suppressor column, 200 X 6 mm [.D. containing Dowex
50-x8 (H* form); eluent, 1.0 mM Na,CO,; flow-rate, 2.0
ml/min.



A.M. Dolgonosov | J. Chromatogr. A 671 (1994) 33-41 39

tion uses a selective reaction between ammo-
nium and nitrous acid, forming nitrogen and
water molecules [8], and is executed using the
H™ form of the suppressing sorbent. The eluent
is selected so that the retention of ammonium
ion of the cation-exchanges layer of the KanK-
BP separation sorbent and on the sodium form
of the Dowex 50 suppressing sorbent was in-
significant, but sufficient for resolving the am-
monium peak from the water peak. The eluent
contains both hydroxide ions to convert most of
the ammonium ions into molecular ammonia and
nitrite ions to execute the above reaction. Thus,
in this technique the suppressing column serves
as a postcolumn reactor for ammonium ions. On
the basis that the system is anion exchanging, it
is also possible to determine the weakly and
medium-retained anions (Fig. 10). To perform
the rapid routine determination of ammonium
ions, sample anions can be separated by ion
exchange, which decreases the time of analysis to
2-3 min and permits an analysis selectivity with
respect to the other cations of about 100 and an
ammonia detection limit of about 0.1 mg/l.
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Fig. 10. Chromatogram for highly selective ammonium de-
termination. 1 =NH; (0.2 mM); 2=Cl". Conditions as in
Fig. 9, except eluent, 1.0 mM NaNO,-4.0 mM NaOH-
0.03% formaldehyde; flow-rate, 1.0 ml/min.

Two other techniques are used to increase
considerably the selectivity and sensitivity of the
determination of metal ions. They may be de-
fined as methods of anion chromatography using
controlled on-column conversion of the analyte
cations into anions.

The principles on which the methods are based
are as follows:

(1) separation of ions according to the charge
sign: stopping of cations and elution of anions;

(2) injection of a reactant that converts metal
cations into anions, in an amount necessary for
effecting quantitative conversion of the compo-
nents under analysis;

(3) elution of the resultant anions after the
sample anions.

The properties that the system must have are
as follows:

(1) the separation sorbent should be bipolar
and be highly efficients as regards the separation
of anions;

(2) under the conditions maintained in the
separation system, the injected reactants should
either form strong anion complexes or oxidize
the metal ions to the corresponding oxoanions;

(3) the eluent should efficiently separate an-
ions and not given rise to rapid metal hydrolysis.

Let us consider the first method, the con-
trolled on-column formation of anionic complex-
es of metals {9]. One of the most widespread
universal complexing agents having a multiply
charged ligand, ethylenediaminetetraacetic acid
(EDTA), can be used as the reactant. EDTA
and transition metals (M2+), such as Pb, Cd, Zn
and Cu, form strong doubly charged anionic
complexes, MEDTA?". When an excess amount
of EDTA is injected into the system, quantita-
tive conversion of metal cations, pre-stopped in
the starting layer of the separation column, into
anionic complexes occurs. To elute the anions
thus produced, and also accompanying sample
anions, a carbonate eluent is used. It is dis-
tinguished from the usual eluents by containing
ammonium ions, which hinder metal hydrolysis
(Fig. 11a).

The principle just considered permits the high-
ly sensitive and selective determination of transi-
tion metals, which is clearly demonstrated by the
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Fig. 11. Simultaneous determination of anions and metal
ions. (a) Separation of anion and metal ion mixture. Mixture:
1=F7; 2=Cl"; 3=N0O;; 4=HPO;; 5=Br"; 6=NO;;
7=802"; 8=EDTA; 9=CdEDTA>; 10=ZnEDTA’";
11 = CuEDTA®". (b) Black Sea water analysis. 1 =Sample
anions; 2= Cd + Pd (<2.0 uM); 3=Zn (<5.0 uM); 4=Cu
(<4.0 uM). Conditions: separation column, 120 X 5 mm I.D.
containing KanK-ASt; suppressor column, 200 X 6 mm L.D.
containing Dowex 50-x8 (H® form); eluent, 3.3 mM
Na,CO,-1.5 mM NH,HCO,-4.0 uM KCNS; flow-rate, 2.0
ml/min; reactant, 5.0 mM Na,EDTA; injection volume, 30
wl.

example of a Black Sea water analysis shown in
Fig. 11b.

The second method involves controlled on-
column oxidation of tranmsition metals to the

corresponding oxoanions. Hydrogen peroxide
can be used as the reactant; under basic con-
ditions, it has an oxidation potential of —0.88 V,
which, in some instances, is sufficient for oxi-
dizing transition metal cations to oxoanions. For
example, the oxidation—reduction potential of
the reaction

Cr(OH), + SOH™ = CrO;™ +4H,0 + 3e~

is 0.13, which makes it possible to use the above
reagent to oxidize Cr(III) to Cr(VI) in a basic
eluent. When 20-40% hydrogen peroxide is
injected into the eluent flow, the quantitative
conversion of pre-stopped chromium cations into
chromate ions occurs. To elute the chromate
ions, and also accompanying anions in the solu-
tion under analysis, a carbonate eluent of ap-
proximately double strength containing a small
amount of a weak oxidant is used to neutralize
the reducing potential of the separation column.
It is convenient to use iodate ion as the oxidant
additive.

The difficult task of the separate determina-
tion of jointly present forms of chromium can be
simply solved with the aid of the proposed
method. A sample containing both chromium
forms is injected unchanged into a flow of the
eluent described above. The ion chromatograph-
ic system includes a separation column packed
with KanK-ASt bipolar sorbent and a suppress-
ing column packed with Dowex 50 in the H”
form. The chromium cations are detained by the
starting layer of the separation sorbent and the
anions, including chromate ions, participate in
the chromatographic separation process and
their peaks are recorded on the chromatogram.
After all the anions have been eluted and the
baseline established, the oxidant is injected into
the system and quantitatively converts the pre-
stopped chromium cations into chromate ions,
the peak of which is well resolved from the
oxidant anion peaks and is registered together
with appropriate retention time counted from
the time of injection of the oxidant (Fig. 12).
The described method has very good sensitivity
and selectivity for the determination of chro-
mium forms in various water solutions.
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Fig. 12. Determination of different forms of chromium.
Mixture: 1=Cl"; 2= SOif; 3=NO,; 4= CrOf_ (12 mg/1);
5 = system peak; 6 = Cr** (0.5 mg/1). Conditions: separation
column, 100 X 3 mm I.D. containing KanK-ASt; suppressor
column, 120X 5 mm LD. containing Dowex 50-X8 (H"
form); eluent, 5.0 mM Na,CO,-0.22 mM KIO,; flow-rate,
0.9 ml/min; reactant, 20% H,O,; injection volume, 30 ul.
The time scales are plotted with a shift in accordance with
injections.
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Abstract

Transition metals are traditionally analyzed by cation-exchange or ion-pair chromatography. Divalent metal ions
are separated on sulfonic acid cation stationary phase using various eluents along with conductivity detection. An
alternative method is reversed-phase ion-pair chromatography coupled with conductivity detection. This method of
detection is not very sensitive for transition metals. For better separation and sensitivity, UV-Vis detection along
with pre- or post-column derivatization with an absorbing ligand is the most common method applied. This method

is messy and complicated.

This paper describes the separation of transition metals on a polybutadiene maleic acid stationary phase. This
cation-exchange stationary phase has been successfully applied for the simultaneous separation of mono- and
divalent cations. Several cations including group I and group II cations along with transition metals can be analyzed
using complexing acid eluents. Detection limits and the effect of different eluent concentrations are discussed.

1. Introduction

Traditional ion chromatography techniques for
the determination of transition metals are based
on ion-pair chromatography, cation-exchange
chromatography or coordination chromatog-
raphy. Reversed-phase ion interaction chroma-
tography or ion-pair chromatography is the most
common method used for the determination of
transition metals {1]. The transition metals are
separated on a reversed-phase stationary phase
using an eluent containing an ion-pairing reagent
and detected by conductivity or post-column
derivatization and UV-Vis detection. Conduc-
tivity detection provides detection sensitivity for
transition metals in the ppm (mg/l) range. Post-
column derivatization along with UV-Vis detec-
tion is free of interferences and is more sensitive.

* Corresponding author.
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A light-absorbing chelating reagent such as
pyridilazoresorcinol (PAR) is used to complex
the metal ions which are then detected at 520
nm. However this method requires messy re-
agents and complicated instrumentation.
Cation-exchange chromatography along with
conductivity detection is another method used
for the determination of transition metals. Dival-
ent metal ions including heavy metal ions are
separated on conventional sulfonic acid columns
and detected by conductivity detection. For
effective elution of divalent metal ions, an eluent
containing a divalent cation is required. For
example an eluent containing ethylenediam-
monium tartrate is used to separate several
divalent metal ions on the conventional sulfonic
acid columns [2]. Usage of such a complexing

~eluent along with the addition of a complexing

reagent to the sample has also been reported [2].
For example, ethylenediamine tetraacetic acid

© 1994 Elsevier Science BV. All rights reserved
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(EDTA) and nitrotriacetic acid (NTA) are
added to the sample to improve the separation
[2]. Cation exchange separation along with post-
column UV detection is another common meth-
od used to determine transition metals [3]. Even
though this method improves the sensitivity of
metal ions as mentioned earlier, requirement of
stringent instrumentation and messy post column
reagents makes it less desirable.

A convenient and frequently used method for
the determination of metal ions is by coordina-
tion chromatography. Metal ions are separated
on a stationary phase made of resin or silica
material in which a suitable ligand is immobil-
ized. One of the most common chelating station-
ary phase is a silica-based imminodiacetic acid
(IDA) stationary phase, which exhibits different
complexing abilities towards different transition
metals [4]. A weak carboxylic acid is the func-
tional group on this stationary phase. The re-
tention of cations are controlled by the con-
centration of the complexing agent and the pH
of the eluent. Weak complexing acids such as
citric acid, tartaric acid or strong complexing
acids such as pyridine-2,6-dicarboxylic acid or
nitrilotriacetic acid are used for the separation.

This paper describes the application of an
alternative stationary phase made of poly-
butadiene maleic acid (PBDMA) coated on silica
material for the determination of transition met-
als. The column has been successfully used for
the simultaneous separation of mono and dival-
ent cations. This report focuses on the separation
of several transition metal ions on this stationary
phase using a mixture of two different complex-
ing acids. By changing the eluent concentrations,
different metal ions can be separated along with
mono and divalent cations.

2. Experimental

The Alltech modular ion chromatography sys-
tem (Alltech Associates, Deerfield, IL, USA)
which includes Model 325 HPLC pump, Model
320 conductivity detector, Model 330 column
heater and Model 9125 injection valve was used
for all applications. The temperature of the

column and the detector cell were maintained at
35°C. All data were recorded by a Model SP
4400 chromjet integrator (Spectra-Physics, Santa
Clara, CA, USA). A column packed with
PBDMA coated on silica material (Alltech Uni-
versal Cation Column, 100 mm X 4.6 mm) was
used for the separation of metal ions.

All eluents and standards were prepared from
reagent grade chemicals (Aldrich, Milwaukee,
WI, USA) and deionized (18 M) water. Stock
solutions of 100 mM tartaric and oxalic acids
were prepared and these solutions were diluted
to prepare mixtures of tartaric and oxalic acid
eluents.

2.1. Sample preparation

The fermentation broth and cooling tower
water samples were diluted with deionized water
before injection. To prepare the plant material
for ion chromatographic analysis, 1 g of bean
leaves was ashed at 600°C for 6 h and 0.1 g of
this sample was dissolved in 100 m! of deionized
water containing 0.2 ml of 12 M hydrochloric
acid. This sample was then diluted five times and
injected on the jon chromatograph. The brass
ferrule was dissolved in concentrated nitric acid
and 0.5 ml of this sample was diluted in 50 ml of
deionized water before injection.

3. Results and discussion

Separation of mono- and divalent cations on
the PBDMA stationary phase using various
eluents and electrical conductivity detection has
been reported by several authors. Some of these
eluents are organic complexing acids such as
citric acid, tartaric acid, phthalic acid, salicyclic
acid and pyridine- 2,6-dicarboxylic acid and
mineral acid eluents such as hydrochloric acid
[5]. Mineral acid eluents are not suitable for
transition metal analysis because many transition
metals do not form complexes with chloride or
nitrate and will not be eluted from the stationary
phase. Organic acid eluents such as citric, tar-
taric or phthalic acid eluents can separate a few
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Fig. 1. Citric acid eluent on PBDMA stationary phase.
Peaks: 1=lithium (0.2 mg/l); 2=sodium (1.5 mg/l); 3=
ammonium (1.5 mg/l); 4=potassium (2.5 mg/l); 5=
magnesium (2 mg/1); 6 =iron(II) (5 mg/l); 7= calcium (2
mg/l). Column: Universal Cation (100 mm X 4.6 mm);
eluent: 7 mM citric acid; flow-rate: 1 ml/min; detector:
conductivity; injection volume: 100 ul. N

B

transition metals on the PBDMA stationary
phase.

Fig. 1 shows the separation of iron(II) on the
PBDMA stationary phase using 7 mM citric acid.
With this eluent, iron(Il) is eluted between
magnesium and calcium. If other transition met-
als such as zinc, manganese, cobalt or nickel
were present in the sample they all will be eluted
at the same retention time as iron(II). The same
results were obtained with tartaric, phthalic or
salicyclic acid eluents. These organic acids ex-
hibit similar properties hence changing the
eluents from citric to tartaric, phthalic or salicylic
acids did not affect the retention time of the
metal ions [6].

Oxalic acid was also investigated as an eluent
for the separation of transition metals on the
PBDMA stationary phase. Fig. 2 shows the
separation of transition metals along with mono-/
divalent cations using oxalic acid eluent on the
PBDMA stationary phase. Under these condi-
tions the transition metals eluted before the
divalent cations and some are co-eluting with the

b
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Fig. 2. Oxalic acid eluent on PBDMA stationary phase.
Peaks: 1=lithium (0.2 ppm); 2=sodium (1.5 mg/l); 3=
ammonium (1.5 mg/1); 4 = zinc, nickel, cobalt; 5 = potassium
(2.5 mg/1); 6 = magnesium (2 mg/l); 7 = calcium (2 mg/I).
Column: Universal Cation (100 mm X 4.6 mm); eluent: 2 mM
oxalic acid; flow-rate: 1 ml/min; detector: conductivity;
injection volume: 100 ul.

monovalent cations. The metal complexes of
oxalic acid are more stable than those of divalent
cations and hence they elute first [7]. Another
drawback with this eluent is that the retention
time of divalent cations is too long.

A mixture of tartaric and oxalic acids was
investigated as a possible eluent for the sepa-
ration. Fig. 3a shows the separation of transition
metals on the PBDMA stationary phase using a
combination of 2 mM tartaric acid and 1 mM
oxalic acid. Fig. 3b shows the separation of
mono- and divalent cations using the same con-
ditions. If the above sample had manganese or
cadmium they will co-elute with magnesium and
calcium, respectively. However, the separation
of lithium, sodium, ammonium, potassium,
nickel, zinc, cobalt, magnesium and calcium is
very good.

To solve the co-elution problem of manganese
and cadmium with divalent cations a different
type of eluent was developed. By adding
pyridine-2,6-dicarboxylic acid (PDCA) to tar-
taric acid, a change in selectivity for the divalent
cations was found as shown in Fig. 4. Under
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Fig. 3. (a) Separation of transition metals using a mixture of
tartaric and oxalic acid eluent. Peaks: 1= lithium (0.1 ppm);
2 =sodium (0.75 mg/l); 3 =ammonium (0.75 mg/l); 4=
potassium (1.3 mg/1); 5 = nickel (5 mg/1); 6 = zinc (5 mg/1);
7 = cobalt (5 ppm); 8 = manganese (5 mg/1); 9 = cadmium (5
mg/l). Column: Universal Cation (100 mm X 4.6 mm);
eluent: 2 mM tartaric acid-1 mM oxalic acid; flow-rate: 1
ml/min; detector: conductivity; injection volume: 100 wl. (b)
Mono- and divalent cation analysis using a mixture of tartaric
and oxalic acid eluent. Peaks: 1=lithium (0.2 ppm); 2=
sodium (1.5 mg/1); 3 = ammonium (1.5 mg/1); 4 = potassium
(2.5 mg/l); 5=magnesium (2 ppm); 6 = calcium (2 ppm).
Column: Universal Cation (100 mm X 4.6 mm); eluent: 2 mM
tartaric acid—1 mM oxalic acid; flow-rate: 1 ml/min; detec-
tor: conductivity; injection volume: 100 pl.

0 5 10 15 20 25 30Min

Fig. 4. Separation of cadmium and manganese on PBDMA
stationary phase peaks: 1= cadmium (10 mg/l); 2 = lithium
(0.2 ppm); 3 =sodium (1.5 mg/l); 4= ammonium (1.5 mg/
1); 5 = potassium (2.5 mg/l); 6 = manganese (10 mg/l); 7=
calcium (2 mg/1); 8 = magnesium (2 ppm). Column: Univer-
sal Cation (100 mm X 4.6 mm); eluent: 3mM tartaric acid—
0.5mM PDCA,; flow-rate: 1.5 ml/min; detector: conductivi-
ty; injection volume: 100 pl.

these conditions, calcium eluted before mag-
nesium. This is due to the formation of strong
complexes of Ca—PDCA which is much more
stable than Mg-PDCA [8]. Magnesium and
manganese can be separated by this eluent. The
same eluent is useful for the separation of
cadmium which elutes before lithium as shown in
Fig. 4. If the sample contain other transition
metals they may co-elute with cadmium.

By changing the concentrations of tartaric and
oxalic acids different transition metals can be
separated on the PBDMA column. For example,
Fig. 5 shows the separation of copper, sodium,
ammonium, potassium, zinc, cobalt, magnesium,
calcium and lead with an eluent containing 1.5
mM tartaric and 1 mM oxalic acids. Under these
conditions retention time for lead is excessive. A
combination of 3mM tartaric-2 mM oxalic acid
eluent was found suitable for the determination
of lead. Fig. 6 shows the separation of copper,
sodium, ammonium, potassium, zinc, mag-
nesium, calcium and lead. Under these condi-
tions retention time for lead is reduced to 25
min.

The separation and retention of metal ions on
the PBDMA stationary phase is greatly influ-
enced by various eluent concentrations. The
elution ability of the organic acids in the cluent
dependent upon their dissociation and complex-
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Fig. 5. Separation of transition metals using tartaric and
oxalic acid eluent. Peaks: 1= copper (10 mg/l); 2 = sodium
(0.75 mg/1); 3 = ammonium (0.75 mg/1); 4 = potassium (1.3
mg/l); 5=zinc (10 -mg/l); 6=cobalt (10 mg/l); 7=
magnesium (2 mg/l); 8=calcium (2 mg/l); 9=lead (10
mg/1). Column: Universal Cation (100 mm X 4.6 mm);
eluent: 1.5 mM tartaric acid—1 mM oxalic acid; flow-rate: 1.5
ml/min; detector: conductivity; injection volume: 100 pl.

ing stability constants as well as the concen-
trations used. The eluent pH also affect the
retention of metal ions on the PBDMA station-
ary phase. An increase in pH dramatically de-
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Fig. 6. Effect of higher eluent concentration on PBDMA
column: Peaks: 1= copper (10 mg/l); 2 =sodium (0.75 mg/
1); 3=ammonium (0.75 mg/l); 4= potassium (1.3 mg/1);
5= zinc (10 mg/1); 6 = magnesium (2 mg/1); 7= calcium (2
mg/1); 8 =lead (10 mg/1). Column: Universal Cation (100
mm X 4.6 mm); eluent: 3 mM tartaric acid—2 mM oxalic acid;
flow-rate: 1.5 ml/min; detector: conductivity; injection vol-
ume: 100 wl.

creases the retention time for transition metals
and other cations. When the eluent pH was
increased from 2.4 (eluent pH unadjusted) to
3.4, all transition metal ions and other cations
were co-eluted with each other. This may be due
to the strong complex formation of metal ions at
a higher pH which causes the metal ions to move
rapidly through the column. For complete sepa-
ration of metal ions, the eluent pH should be
kept low so the complexation is only partial [8].

The detection limits (calculated as a signal-to-
noise ratio of 3) obtained for transition metals
using tartaric acid—oxalic acid eluent, based on a
100 wl injection are shown in Table 1. The
detection limits vary from 45 to 410 ug/l. Even
though post-column derivatization is more sensi-
tive for the determination of transition metals,
the simplicity of the methods described here are
much more desirable. The plots of peak area vs.
concentrations of zinc and cadmium gave linear
calibration curves over two orders of magnitude.
Correlation coefficients (r) for peak area re-
sponse against ionic concentrations for zinc and
cadmium ions were 0.999 and 0.998, respective-

ly.
3.1. Applications
Many samples contain transition metals and

mono-/divalent cations and by choosing op-
timum conditions, PBDMA stationary phase can

Table 1
Method detection limits for transition metals

Transition Method detection
metals limit® (mg/1)
Zinc 0.045

Cobalt 0.120

Manganese 0.040

Copper 0.150

Cadmium 0.035

Lead 0.410

Nickel 0.150

Iron(1I) 0.060

“Injection volume 100 ul; calculated as 3 X signal-to-noise
ratio.
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separate these species simultaneously. Some
examples of applications are given here. Fig. 7a
shows the ion chromatographic separation of
sodium, potassium, zinc, magnesium and calcium
in cooling tower water. Separation of copper and
zinc in brass ferrule is shown in Fig. 7b. Figs. 7¢
and d show chromatograms of plant extract and
fermentation broth, respectively.
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4. Conclusions

PBDMA stationary phase provides a simple
ion chromatographic method for the separation
of transition metals. By using a mixture of two
complexing acids, tartaric and oxalic acids, vari-
ous metal ions can be separated along with
mono- and divalent cations. The method is
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Fig. 7. (a) Cooling tower water. Peaks: 1= sodium; 2 = potassium; 3 = zinc; 4 = magnesium; 5 = calcium. Column: Universal
Cation (100 mm X 4.6 mm); eluent: 1.5 mM tartaric acid-1 mM oxalic acid; flow-rate: 1.5 ml/min; detector: conductivity;
injection volume: 100 ul. (b) Brass ferrule. Peaks: 1= copper; 2 = zinc. Column: Universal Cation (100 mm X 4.6 mm); eluent: 3
mM tartaric acid-2 mM oxalic acid; flow-rate: 1.5 ml/min; detector: conductivity; injection volume: 100 ul. (c) Manganese in
soybean leaves. Peaks: 1 = sodium; 2 = potassium; 3 = manganese; 4 = unknown; 5 = calcium; 6 = magnesium. Column: Universal
Cation (100 mm X 4.6 mm); eluent: 3 mM tartaric acid—0.5 mM PDCA; flow-rate: 1 ml/min; detector: conductivity; injection
volume: 100 wl. (d) Fermentation broth. Peaks: 1=sodium; 2=ammonium; 3 = potassium; 4 = magnesium; 5 = calcium;
6 = lead. Column: Universal Cation (100 X mm X 4.6 mm); eluent: 3 mM tartaric acid—2 mM oxalic acid; flow-rate: 1.5 ml/min;

detector: conductivity; injection volume: 100 ul.



L.M. Nair et al. | J. Chromatogr. A 671 (1994) 43-49 49

simple and less complicated compared to many
existing methods. The detection limits for transi-
tion metals are in the ng/l range. The ability of
PBDMA stationary phase to separate transition
metals from mono-/divalent cations is useful for
routine analysis of many samples.
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Abstract

A silica gel-based sorbent with chemically bonded amidoxime functional groups was applied to the determination
of transition and heavy metals. The sorbent has both complexing and anion-exchanging properties. The separation
of transition and heavy metals showed high selectivity. Solutions of complexing acids (oxalic and dipicolinic) were
used as eluents. The dependence of metal retention on pH and the concentration and nature of the complexing
agents was studied. For Mn”*, Cd**, Pb>", Co®*, Ni**, Zn®", Cu®" and Hg’" selective separation was achieved
by gradient elution with oxalic acid as the eluent on a 100 X 3 mm I.D. column in 10 min. The interference of Fe®*
was completely eliminated, as this metal is very strongly retained on the sorbent. UV detection with postcolumn

reaction with 4-(2-pyridylazo)resorcinol was used.

1. Introduction

The use of complexing sorbents in ion-ex-
change chromatography has led to considerable
progress in the analysis of transition and heavy
metals. Sorbents with iminodiacetic [1-3] and
dithiocarbamate [4] functional groups have been
successfully used for metal separations. In this
work, a silica gel-based sorbent with chemically
bonded amidoxime functional groups was ap-
plied to the determination of transition and
heavy metals. The sorbent structure is

NOH
| |
=$i—O0—Si—(CH,),C

NH,

* Corresponding author.
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Previously this sorbent was used only for the
sorbent was used only for the sorption and
separation of Fe’*,V>", Cu’* and Mo’™ cations
[5-7}. The amidoxime NH, groups are respon-
sible for both the sorbent’s anion-exchange and
complexing ability. An amidoxime complexing
sorbent can be applied to the selective ion
chromatographic (IC) determination in waters of
Mn’", Pb*", Cd*", Co™", Ni*", Zn*", Cu*" and
Hg”".

2. Experimental

The chromatographic system consisted of a
double-piston pump (Dokba, Russian Federa-
tion), a reagent-delivery module for postcolumn
derivatization and a UV-Vis detector (LCD
2563; Prague, Czech Republic). Sample injection
was carried out with a Rheodyne (Berkeley, CA,

© 1994 Elsevier Science B.V. All rights reserved
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USA) Model 7125 valve equipped with a 100-u1
loop. The separation was carried out on 50 X 3
mm I.D. and 100 X 3 mm L.D. stainless-steel
columns packed with Amidoxim (Elsiko, Rus-
sian Federation) amidoxime-based sorbent.

Solutions of 5 mM oxalic acid with several pH
values, solutions of 5—-15 mM oxalic acid and a
solution of 8 mM oxalic acid—0.5 mM dipicolinic
acid were used as eluents. The pH of the oxalic
acid solutions was adjusted by the addition of
sodium hydroxide. The eluent flow-rate was
maintained at 1.0 ml/min. After leaving the
analytical column, the eluate stream was mixed
with a postcolumn reagent, which was delivered
by nitrogen pressure providing of flow-rate of 0.3
ml/min. The postcolumn reagent contained 0.5
mM sodium 4-(2-pyridylazo)resorcinol (PAR) in
3 M ammonia solution and 1 M acetic acid. The
coloured complexes of metal ions were moni-
tored for absorption at 540 nm. All solvents were
of analytical-reagent grade.

3. Results and discussion

Solutions of tartaric, citric, oxalic and di-
picolinic acid were tried as eluents. It was found
that tartaric and citric acid did not provide a
good simultaneous separation of the transition
metal cations. The low selectivity of separation
with these eluents is analogous to that obtained
with 3 mM HNO, (Fig. 1). As can be seen, only
Cu®" cations show sufficiently strong retention
on this sorbent; Zn**, Ni’*, Co**, Cd** and
Pb>" are weakly retained on the amidoxime
sorbent under these conditions. However, all
these metals are separated on the amidoxime
sorbent-packed column using an eluent contain-
ing 5 mM oxalic acid or a mixture of 8 mM
oxalic and 0.5 mM dipicolinic acid. This pre-
sumably occurs because of the higher stability of
the anionic metal complexes produced by these
acids in the eluent than the stability of such
complexes in the case of tartaric and citric acid.
The anionic metal complexes are sorbed by the
amidoxime basic groups and are separated (Fig.
2). The eluent pH exerts affects the degree of
separation and the order of elution. '

005 v

AV

0 { 2 3 Min

Fig. 1. Chromatogram of *ransition metals on the Amidoxim
column with nitric acid as eluent. Column, 50 X3 mm I.D.
packed with Amidoxim sorbent; eluent, 3 mM HNO, (pH
2.5); flow-rate, 1 ml/min; detection, UV-Vis; postcolumn
reaction with PAR. Peaks: 1=Cd**, Ni**, Co’*, Pb*";
2=7n*"; 3=Cu*".

The graphs for the dependence of some transi-
tion metal retention times on oxalic acid eluent
pH value are shown in Fig. 3. The sorbent’s
chelating properties and its anion-exchange
properties contribute to the retention of the
metals. With a decrease in pH, the chelating
ability of the sorbent and oxalate also decreases,
which leads to a decrease in the metal retention
times. With an increase in pH, the anion-ex-
change capacity of the sorbent decreases and the
eluting ability of oxalate increases, which also
leads to a decrease in the metal retention times.
These facts explain the presence of maxima on
the curves (Fig. 3).

The eluent pH exerts a very strong influence
on the retention time of Cu’*, which may be due
to the especially powerful complexing ability of
Cu’". As Fig. 3 shows, the best and fastest
separation of the metals is achieved using an
eluent of pH 3.6. The separation under these
conditions is shown in Fig. 4. An increase in
eluent concentration produces a decrease in the
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Fig. 2. Separation of transition metal ions on the Amidoxim
column using oxalic acid as eluent. Eluent, 5 mM oxalic acid
(pH 2.2); other conditions as in Fig. 1. Peaks: 1=Cd*";
2=Pb*"; 3=Co%"; 4=2Zn*"; 5=Ni**; 6= Cu*".
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Fig. 3. Graphs of retention time versus oxalic acid eluent pH
for some transition metals. Column, 50 X 3 mm I.D. packed
with Amidoxim sorbent; eluent, 5 mM oxalic acid with
various pH values; flow-rate, 1 ml/min; detection, UV-Vis;
postcolumn reaction with PAR. 1=Cd*"; 2=Co*"; 3=
Zn’*; 4=Ni**; 5=Cu*".
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Fig. 4. Separation of transition metals on the Amidoxim
column with sodium oxalate as eluent. Eluent, 5 mM sodium
oxalate (pH 3.6); other conditions as in Fig. 1. Peaks:
1=Cd**;2=Co*"; 3=2Zn""; 4=Cu’"; 5= Ni*".

retention times of the anionic metal complexes.
For this reason, on acceptable retention time for
the Hg”" cation, which is very strongly retained
on the amidoxime sorbent, can be obtained (Fig.
5).

The application of gradient elution noticeably
decreases the analysis time, preserving the multi-
component character of the analysis.

One of the specific features of the amidoxime
sorbent is the weak affinity to Mg and Ca and
the very strong affinity to Fe. This makes it
possible to eliminate their interference in the
determination of Zn’**, Co®>", Ni**, Cu®** and
Hg’".

The amidoxime sorbent-filled column has a
long lifetime. The degree of separation on the
amidoxime column increases on adding di-
picolinic acid to the oxalic eluent, as more stable
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Fig. 5. Determination of Hg’" on the Amidoxim column
with oxalic acid as eluent. Eluent, 15 mM oxalic acid (pH

1.8); other conditions as in Fig. 1. Peaks: 1 =2Zn**; 2=Ni*";
3=Cu*"; 4=Hg™".

0

and strongly retained metal dipicolinic complex-
es are formed. In this instance direct UV detec-
tion of the separated metal complexes at 254 nm
was applied (Fig. 6).

The elution conditions developed may be used
for quantitative analysis. For example, the re-
sults for Cu®* determination were certified value
5.0 ppm and found (mean * $.D.) 5.1 =0.1 ppm
(n=5). Chromatographic conditions for the
rapid separation and determmatlon of Zn*",
Co**, Pb**, Cd**, Hg?" and Cu’" in water
samples were established. The technique in-
volves the application of standard spectrophoto-
metric conditions for the detection of metals with
postcolumn reaction with PAR.
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Fig. 6. Determination of Cd** and Zn’>* on the Amidoxim
column using oxalic acid—dipicolinic acid as eluent. Eluent, 4
mM oxalic acid-4 mM sodium oxalate—0.5 mM dipicolinic

acid (pH 3.4); detection, UV at 254 nm; other conditions as
in Fig. 1.
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Abstract

Macrocycle-based ion chromatographic columns can provide fast and effective separations of inorganic anions.
Chromatographic columns based on nitrogen-containing macrocycles such as cryptand decyl-2.2.2 (D222) and
didecyl-diaza-18-crown-6 (DD22) have high affinities for transition metal cations. This work compares the
chromatographic separation of anions using transition metal cation eluents in columns based on the macrocyclic
ligands DD22 and D222 adsorbed on two different polystyrene resins, MPIC and AS10 (Dionex). When a transition
metal ion, e.g. Cu®*, Ni’*, or Co>", was present in the mobile phase flowing through an MPIC column loaded with
didecyl-diaza-18-crown-6, anion separations of differing selectivities were obtained. Separations of anions were
achieved with these columns even when only a cation that has low affinity for the macrocycles, such as Li*, was
included in the mobile phase. This is due to protonation of the nitrogen atoms in the macrocycles. Columns based
on the AS10 type resin produced much higher efficiency and shorter retention times than did columns based on the

MPIC resin.

1. Introduction

The unique selectivity of crown ethers and
cryptands has been widely used in performing
many types of separations including chromato-
graphic separations [1-5]. Anions as well as
cations can be separated on macrocycle-based
columns. Because most macrocycles are un-
charged, anion separator columns can be gener-
ated when macrocycle-cation complexes form on
the column and serve as anion exchange sites.
Anions must be associated with the positively
charged complexes to maintain electrical neu-
trality on the column. Since macrocycles are
generally hydrophobic and are associated with
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the hydrophobic environment of the column, the
more hydrophobic anions are retained most
strongly [6-9].

In our laboratory, we have developed a mac-
rocycle-based anion separation system that in-
volves an ion-exchange mechanism (as opposed
to a ligand-exchange mechanism, described
below) by the inclusion of an alkali metal hy-
droxide in the eluent [10-13]. Eluent alkali
metal cations form cationic complexes with the
neutral column macrocycles. Gradient separa-
tions of anions have been performed by changing
the eluent alkali metal cation from one with a
high affinity for the column macrocycle to one of
lower affinity. In such a gradient system, the
column anion exchange capacity decreases dur-
ing the course of the separation [11-13].

Transition metal cation—-macrocycle complexes

© 1994 Elsevier Science B.V. All rights reserved
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have the potential to function in this type of ion
chromatographic system not only by an ion
exchange mode, but also by a ligand-exchange
mechanism. This latter mechanism involves the
temporary association of sample anions with the
inner coordination sphere of the bound transi-
tion metal. Since these interactions involve more
specific coordination than simple charge—charge
interactions, variations in selectivity from one
transition metal cation to another might be
expected. The ligands didecyl-diaza-18-crown-6
(DD22) and cryptand decyl-2.2.2 (D222) (shown
in Fig. 1) have an affinity for transition metals
and are sufficiently hydrophobic to remain ad-
sorbed indefinitely on reversed-phase columns.
In, this research we have studied the use of DD22
and D222 for anion separations in this way,
when loaded onto one of two different poly-
styrene-based reversed-phase columns, namely
MPIC or AS10 (Dionex).

One goal of this research was to determine
the extent to which macrocycle-based separa-
tions using transition metal jons involve a
ligand-exchange mechanism. When this mecha-
nism prevails, a change in selectivity is ex-
pected when compared to separations achieved
with alkali metal cations, reported earlier [10-
13]. The performance of such systems in
separating anions was examined in three ways:

a g0/_\0
‘\_/3
b

A
L/

Fig. 1. Structures of (a) didecyl-diaza-18-crown-6 (DD22)
and (b) decyl-2.2.2. (D222).

(1) changing the eluent cation, (2) changing
the macrocycle adsorbed to the column, and
(3) changing the type of reversed-phase resin.
In the following sections we report anion
separations with transition metal eluents on
columns packed with MPIC and AS10 resin
loaded with DD22 or with D222.

2. Experimental
2.1. Materials

DD22 was obtained from Parish Chemical
(Provo, UT, USA). D222 was obtained from
EM Science (Gibbstown, NJ, USA). All chemi-
cals used for eluent preparation were reagent
grade. The eluents were made with water
purified to 18 M) resistivity with a Milli-Q water
purification system (Millipore). Each eluent was
degassed by sparging with helium.

2.2. Instrumentation

A Dionex 4000i series ion chromatograph was
used in all chromatographic separations. A
Shimadzu variable wavelength UV-vis detector
was used for anion detection at 214 nm. The
chromatograph was controlled and the data
collected on a personal computer using the
Dionex AI400 control software.

2.3. Column preparation

The MPIC column loaded with DD22 or D222
was prepared as previously described [10,11] by
recirculating the ligand in a methanol-water
(60:40 v/v) solution through the column for a
period of 12 h. The AS10 resin loaded with
DD22 or D222 was prepared by slurrying the
appropriated macrocycle with the resin in a
MeOH-water (60:40) solution and then
evaporating off the methanol. The resin thus
prepared was then packed into chromatographic
columns.
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3. Results and discussion

The purpose of this research was to explore
the possibility of employing transition metal
containing eluents to perform anion separations
in macrocycle-based ion chromatography. Three
different parameters were studied for their effect
on the separation of anions: the type of macrocy-
cle adsorbed onto the column; the identity of the
eluent cation; and the type of reversed-phase
resin substrate. Each of these parameters was
evaluated on the basis of column capacity, selec-
tivity, and efficiency.

3.1. Effect of macrocycle type

Macrocycles have been noted since their dis-
covery for their ability to selectively complex
metal ions. The selectivity of cation-macrocycle
complexation is often determined by the ability
of the metal ion to fit into the macrocyclic cavity.
Cations that fit more closely are often bound
more strongly than cations that do not fit as well.

The selectivity of cation binding by macrocy-
cles is also a function of the types of heteroatoms
in the macrocyclic ring. Oxygen-only crown
ethers show affinity for alkali metal and alkaline
earth cations, but little interaction with transition
metal cations. Nitrogen-containing macrocycles
show much higher affinities for transition metals
than for alkali metal and alkaline earth cations.
The binding of transition metal cations by 2.2.2
and dimethyi-diaza-18-crown-6 (Me,2.2), the
water soluble parent macrocycles analogous to
those employed in this study, but without the
hydrophobic aliphatic substituent groups, is
shown in Fig. 2, in which the log of the aqueous
binding constant is plotted versus metal ion.
These nitrogen containing crown ethers show
very high affinity for copper ions among the
transition metal ions studied.

The bicyclic cryptand 2.2.2 shows slightly
higher affinity for the metal ions than the mono-
cyclic crown ether derivative dimethyl-2.2
(Me,2.2). For this reason, columns incorporat-
ing cryptands have higher capacities than col-
umns containing crown ethers due to the ability

7

Log K

2 l T

Co2* Ni 2t Cu2t Zn2*

Cation

Fig. 2. Aqueous binding constants of selected transition
metal cations by Me,2.2 (A) and 2.2.2 (@) (from refs. 14
and 15).

of the cryptands to form more stable cation
complexes [13].

The effect of macrocycle type on anion separa-
tions using NiSO, eluent is shown in Fig. 3. The
same amount of each macrocycle was loaded
onto separate MPIC columns. The separation of
an 8 anion standard is shown using a 1 mM
NiSO, eluent on each of these columns. The
column loaded with D222 shows higher capacity
than the column loaded with DD22. Specifically,
with the D222 column the separation took 70
min; with the DD22 column, 45 min were
required to elute all species. This effect can be
attributed to the higher affinity of the cryptand
column for eluent metal ions, yielding a column
of higher capacity. Similar results were obtained
with eluents containing copper, zinc, and
cobalt —in all cases retention of anions on the
D222 column was greater than on the DD22
column.

The selectivity among anions was observed to
be a function of the column macrocycle type, as



58 John D. Lamb et al. | J. Chromatogr. A 671 (1994) 55-62

'|||1111|11|111111111111111||||||||I:|||l||||]

0 20 40 60 80
Min

Fig. 3. Effect of macrocycle on anion separations with 1 mM
NiSO, (pH =7.8) eluent. Columns: MPIC columns loaded
with DD22 (top chromatogram), D222 (bottom chromato-
gram). Peaks 1=10;, 25 ppm (w/w); 2=BrO;, 50 ppm;
3=NO,, 5 ppm; 4=Br", 25 ppm; 5=NO;, 10 ppm; 6 =
Cr,027, 50 ppm; 7=MoO>", 25 ppm; 8=1", 10 ppm.

evidenced by Fig. 3. The DD22 column provided
greater selectivity and resolution than the D222
column, with at least partial resolution of all 8
anions in the standard. In contrast, with the
D222 column there was coelution of nitrite and
bromide, and of dichromate, molybdate and
iodide. The elution order was the same with both
of these macrocycle-based columns. Improved
resolution of anions was also observed in the
DD22 column as compared with the D222 col-
umn when comparable cobalt or zinc eluents
were used.

An important criterion in the evaluation of a
separation is column efficiency. The efficiencies
measured for several anions on both the DD22
and D222 columns using NiSO, eluent are listed
in Table 1. The efficiency of the D222-based
column is generally double that of the DD22
column. Specifically, an average efficiency of
2200 theoretical plates was obtained for the four
anions listed using the D222 column as compared
to 1300 for the DD22-based MPIC column. The
higher efficiency of the D222 column is probably

Table 1
Effect of macrocycle and column substrate on efficiency of
anion separations using 1 mM NiSO, eluent

Anion Column efficiency (Theoretical plates)
MPIC-DD22 MPIC-D222 AS10-DD22

10; 1380 2460 7360

NO, 1150 2220 10870

Br- 1470 2220 11110

NO; 1100 1500 10870

due to the structures of the macrocycles them-
selves. DD22 is tethered to the resin surface by
two hydrophobic side chains on either side of the
ring. Thus, it probably sits very close to the
hydrophobic resin surface, so that the mass
transfer of anions into and out of the stationary
phase is hindered. D222, on the other hand, is
tethered by only one side chain. Thus, it is
probably not as closely bound to the resin
surface, resulting in faster mass transfer and
higher efficiency.

3.2. Effect of eluent cation

As shown in Fig. 2, the nitrogen containing
macrocycles DD22 and D222 have affinity for
transition metal cations. Since the stationary
phase macrocycles contain nitrogen in the ring,
they also can be protonated under the proper pH
conditions. This is an additional way positively
charged anion exchange sites may be generated.
The pK values for these nitrogens are 10.0 and
7.5 for 2.2.2 and 9.5 and 7.5 for Me,2.2, the
water soluble parent compounds of the macrocy-
cles used in this study. Thus at the neutral pH
employed with these eluents, the macrocycles
can have a +1 or +2 charge due to the protona-
tion of the nitrogens in the macrocyclic ring. The
effect of macrocycle protonation is demonstrated
by the observation that anions are separated
even in the presence of a lithium sulfate eluent
(the top chromatogram in Fig. 4). Li* ion has
very little affinity for either of the ligands and
hence little column anion capacity can result
from the formation of metal ion-macrocycle
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Fig. 4. Effect of eluent cation on anion separation on MPIC—
DD22 column. Eluents (from top to bottom): Li,SO, (pH
7.2), CoSO, (pH 6.9), NiSO, (pH 7.8), CuSO, (pH 7.8),
ZnSO, (pH 7.5); each 1 mM. Peaks as in Fig. 3.

complexes. Yet with the Li” containing eluent,
significant retention of anions was observed. This
column capacity must be due to the protonation
of the macrocycle nitrogens. Since the binding of
metal ions by the macrocycle occurs in competi-
tion with the protonation reaction, we must
consider the degree to which protonation occurs.

The reactions that can take place in the
column to form anion exchange sites are (1) the
protonation of each of the macrocyclic nitrogens
and (2) the binding of a metal ion. These
reactions can be written as:

H,, +L,=HL
H,, +HL; 2H,L"
Ml +L 2ML;"

where L, denotes the macrocyclic ligand ad-
sorbed on the resin and Mi;’ is the eluent cation.
Each of these reactions has a corresponding
expression for the equilibrium constant that can
be written:

L]
L)

L]
* [HL]H,]

ML
M [Lf,s][M§+]

q

where K, and K, are the first and second
protonation constants, K, the equilibrium con-
stant for the binding of the metal ion by the
macrocycle, and L, the amount of free ligand
on the stationary phase. The extent to which the
macrocycles are bound to metal ions can be
found by combining these three equilibrium
expressions:

KylLy,JM;,]
1+ K, [H,] + K K[H ” + KM

[ML:"}=

where L, , is the total amount of ligand adsorbed
on the column. The protonation constants and
the binding constants of a variety of metal ions in
homogeneous aqueous solution with the parent
compounds of these ligands have been tabulated
[14,15]. Calculations using these values can be
made as an indirect method to determine the
relative population of complex and protonated
species if the water soluble parent compounds
were used. Although not directly applicable to
our system, this exercise may be useful in ex-
plaining some of the trends in our results.
Indeed, extraction equilbria often follow pat-
terns similar to those observed in homogeneous
solution data, although the absolute values of the
association constants differ. For Me,2.2, with a 1
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mM CuSO, eluent at a pH of 7.8, the majority
(approximately 98%) of the macrocycles would
contain Cu®" ions. 2.2.2, which also has high
affinity for Cu®*, would be bound to a similar
degree by Cu®" ions. The other transition metals
have lower affinities for both Me,2.2 and 2.2.2,
and would be bound to a much lower degree
relative to protons. For example, with a 1 mM
Ni** (pH 7.8) eluent, only 9% of the Me,2.2
and 3% of 2.2.2 macrocycles would contain a
metal ion. Zinc and cobalt would be bound even
less, with 2.4% and 1.3% of Me,2.2 macrocycles
containing a metal ion for 1 mM Zn** (pH 7.5)
and Co’" (pH 6.9) eluents, respectively. For
2.2.2, the degree of binding of Zn** and Co®*
ought to be even lower, with 0.2% of 2.2.2
macrocycles containing metal ions for either of
these ions at a concentration of 1mM. The
degree of complexation could be increased by
raising the eluent pH, but this approach is not
feasible due to the precipitation of the metal ion
hydroxide at pH values greater than 7. To the
extent that these solution data can be used to
predict species distributions in our multiphase
system, one would expect Cu®" to be the transi-
tion metal ion most likely to yield the highest
number of stationary phase complexes.

When comparing eluents with different metal
ions, two effects on retention were observed in

“our experiments. The first was the increase in
retention of all the anions with eluents con-
taining cations with higher affinity for the col-
umn macrocycle. This effect is shown in Fig. 4.
Cu’*, which has a much higher affinity for both
DD22 and D222, showed the longest retention,
with only 5 of the anions eluting within 1 h. The
other transition metal cations exhibited only
small differences in affinities for the macrocycles.
Eluents containing Co>", Ni** and Zn®"* all
showed similar capacities, as expected by their
binding constants and by the likelihood that
many of the column macrocycles contain protons
rather than metal cations.

The second effect of transition metal-contain-
ing eluents involves differences in anion selectivi-
ty, due to complexation interactions between the
metal ion and the analyte anion. This effect is
illustrated by changes in the retention of MoQ?2~
and I~ with the Cu®" eluent. Specifically, the

retention times of these two anions increased
dramatically over the other anions. One possible
explanation for this increased retention is inner
sphere complex formation between MoO3™ or I~
and the Cu’"-macrocycle complex. These lig-
ands are known to form complexes with cop-
per(II) [16]. With the Zn>* eluent there was also
a change in selectivity, with molybdate eluting
before dichromate. For other anions the overall
separations were very similar, with some slight
variations. This is not unexpected since it is
likely that many of the column macrocycles
contain protons rather than metal ions with the
Zn®" eluent.

The effect of the eluent cation on the separa-
tion of anions can also be examined by com-
parison to separations achieved with alkali metal
cations. DD22 has little affinity for alkali metal
cations, and thus little retention was observed
with these ions under alkaline conditions. On the
other hand, D222 has a high affinity for alkali
metal ions, and we have reported excellent
separations of anions on D222 columns with
alkali metal hydroxide eluents. The separation of
anions on the D222 column using a NaOH eluent
is similar to the separation observed with the
LI,SO, eluent in this work. We have concluded
that the separation using Li,SO, eluent resulted
from retention of amions by the protonated
cryptand, as shown in Fig. 5. With both the
protonated macrocycle and the alkali metal cat-
ion-macrocycle complex, separation is postu-
lated to occur by purely electrostatic interaction
between the anion and the positively charged
stationary phase complex. In contrast, with Ni**
eluent, a noticeable effect on the selectivity of
anion retention was observed, particularly with
the retention of iodide and molybdate. Similar
variations were seen with Co’" and Zn**
eluents. In addition, the copper eluent showed a
dramatic increase in retention, with only five of
the eight anions eluting within 90 min.

3.3. Effect of column substrate

Two different polymeric substrates were used
in this research, both based on a polystyrene—
divinylbenzene copolymer. The Dionex MPIC
resin is designed to perform ion-pairing and
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Fig. 5. Effect of eluent cation on separation of anions on
MPIC-D222 column. Eluents (from top to bottom): Li,SO,
(pH 7.2), NaOH, NiSO, (pH 7.8), CuSO, (pH 7.8); each 1
mM except NaOH (20 mM). Peaks as in Fig. 3.

reversed-phase HPLC separations. The MPIC
resin is a macroporous, high surface area resin
with a particle size of 10 um. The AS10 resin
used in this study is the resin used to make for
Dionex AS10 anion separator columns, but
which has not yet been derivatized to introduce
the ionic functionality. This resin is also a re-
versed-phase macroporous resin, but of a much
lower surface area than the MPIC resin. The
average particle size of the AS10 resin is 8.5 um.

The effect of the column packing substrate is
shown in Fig. 6. The same amount of DD22 was
loaded onto each of the columns, and the separa-
tion was performed with a 1 mM NiSO, eluent
in both cases. The AS10 based column provided
much higher efficiency than the similar separa-
tion performed on the MPIC-based column. For

45 8
1 IO.(X)IAU
7
6 L
ceea bt e teraa b vrsa byl o sl
0 10 20 30 40 50
Min

Fig. 6. Separation of anions on MPIC (top) and AS10
(bottom) columns, each loaded with DD22 and 1 mM NiSO,
(pH 7.8) eluent. Peaks as in Fig. 3.

example, the peak for nitrate on the MPIC resin
has a measured efficiency of 1100 theoretical
plates, while the same peak on the AS10 column
shows a separation efficiency of 10870 theoret-
ical plates, an increase in efficiency by more than
a factor of almost ten.

While the efficiency of the separation is greatly
improved with the AS10 resin, the column
capacity is also significantly decreased. This is
evident from the fact that the retention times of
all of the analytes are significantly lower on the
AS10 column, with all 8 anions eluting in 20 min
on the AS10 column, as compared to 45 min on
the MPIC-based system. Similar results are seen
with the D222-based system, with an increase in
column efficiency and decrease in analysis time.
This effect may be due to crowding since the
same amount of ligand was loaded onto each
column and the AS10 resin has a much lower
surface area.

4. Conclusions

The use of transition metal containing eluents
in conjunction with macrocycle-based columns
can impart an extra selectivity on anion separa-
tions. The retention of MoO;~ and I~ is greatly
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increased with Cu®" eluents. However, in cases
where the column may be largely protonated
rather than bound with metal cations, no major
changes in selectivity were observed, indicating
that the ion-exchange mechanism is the pre-
dominant retention mechanism. The column
substrate can play an important part in the
efficiency of the separations, even among similar
polystyrene-based resins. The use of AS10 resin,
a reversed-phase resin intended for anion
separator columns that has not yet been deriva-
tized to introduce the ion exchange functionality,
greatly improves the efficiency of separations of
anions in macrocycle-based ion chromatography.
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Abstract

Organic solvents play an important role in ion chromatography. The advent of solvent-compatible ion-exchange
stationary phases permit all proportions of organic eluents to be employed. Selectivity mediation for the
ion-exchange process is the most important usage of solvents. Changing the retention characteristics of the column
packing toward the analyte permits the analyst to alter retention order, peak efficiency and resolution to optimize
the separation. Column clean-up of organic molecules is also dramatically enbanced by addition of solvent. Several
examples are offered to describe the utility of organic solvents in modern ion chromatography.

1. Introduction

Ion chromatography (IC) has made great
advances since the early days of the technique
when it was used as a method of determining
chloride and sulfate. The modern ion chro-
matographer has a variety of detectors and
separation modes to perform analyses of inor-
ganic and organic ions in a broad range of
matrices. Ion-exchange separations followed by
suppressed conductivity detection is still the
mainstay of IC, and it remains a very powerful
and versatile technique.

The advent of chemically suppressed conduct-
ance made IC practical. Beginning with the
packed-bed suppressor developed by Small et al.
[1] and proceeding through several. generations
to the current state-of-the-art device, an electro-
chemical suppressor that generates its own re-
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generant in situ from water in the detector cell
effluent [2], suppression has advanced to the
point where it is essentially invisible, can sup-
press very strong eluent concentrations including
solvent-containing eluents, and creates very
quiet baselines to further lower detection limits.

Ion-exchange column packings have also im-
proved over the years since the inception of IC.
Higher-capacity, higher-efficiency and faster col-
umns have been developed [3], often in tandem
with increased capacity and efficiency of the
suppression devices. Stationary phases for IC
have also become organic solvent compatible
through development of highly cross-linked sub-
strate beads which minimize swelling.

Solvents can play an important role in the
modern day practice of IC. Column clean-up,
sample solubility and selectivity optimization
may all be enhanced through addition of solvents
to the aqueous phase. This paper will discuss the
use of solvents in IC, including description of the
ion-exchange process as mediated by organic

© 1994 Elsevier Science B.V. All rights reserved
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solvents, column clean up techniques and several
examples of separation optimization.

2. Experimental
2.1. Chromatography systems

The chromatography systems used in this
study were Dionex DX-300 and System 4500i ion
chromatographs. The DX-300 uses a Dionex
AGP quaternary gradient pump fitted with pis-
tons to generate flow-rates compatible with
either 2 or 4 mm 1.D. columns. The System 4500i
is equipped with Dionex GPM-2 quaternary
gradient pump. Detectors for these systems were
a Dionex CDM-II conductivity detector and a
Dionex PED pulsed electrochemical detector
operating in the conductivity mode. All data
were collected and processed on Dionex AI-450
software.

2.2. Columns

Separation columns used in this study included
the Dionex lonPac CS14 for cation determi-
nations, and the Dionex IonPac AS4A-SC,
ASSA, AS11, OmniPac PAX-500 and OmniPac
PAX-100 for anion determinations. Mobile phase
ion chromatography (MPIC) separations were
performed with the Dionex IonPac NS1 column.
Suppressors for this work included the Dionex
CSRS, ASRS (both operating with external
water feed for regeneration) and AMMS-II (with
sulfuric acid regeneration).

2.3. Reagents

Methanesulfonic acid (MSA) eluents for cat-
ion determinations were prepared from the 99 +
% puriss. acid (Fluka, Ronkonkoma, NY,
USA). Sodium hydroxide eluents for anion sepa-
rations were prepared by dilution from the
certified grade 50% solution (Fisher, Pittsburgh,
PA, USA). Tetrabutylammonium hydroxide
(TBAOH; Dionex, Sunnyvale, CA, USA) was
diluted from the MPIC-grade 0.10 M solution.
Acetonitrile and methanol (both Optima grade,

Fisher, Pittsburgh, PA, USA) were used as
received. Deionized water (18 M(2) was obtained
from a Millipore (Bedford, MA, USA) Milli-Q
water purifier.

Note: Non-spectral-grade acetonitrile (Burdick
& Jackson, suitable for GC and pesticide analy-
sis) was found to be unsuitable for IC. This
solvent contained ionic impurities that caused
poor separations and intolerably high back-
grounds in the conductivity traces.

3. Results and discussion
3.1. Stationary phase development

In the early days of IC, stationary phases were
not solvent compatible. The polymer beads that
formed the substrate to which the ion-exchange
latex were attached was lightly cross-linked
(<5%) polystyrene—-divinylbenzene. The conse-
quence of this was that the polymer beads would
swell dramatically in the presence of even small
amounts of organic solvent, creating high back-
pressure on the column and also creating head-
space when the column had water pumped
through it after use with the solvent. To produce
a more solvent-tolerant resin, i.e. with reduced
swelling characteristics, the degree of cross-link-
ing had to increase. Today, advances in polymer
chemistry yields greater than 50% cross-linked
substrate beads that are 100% compatible with
all common HPLC solvents [4]. Columns pro-
duced with these substrates exhibit very little
swelling when exposed to solvents. These ad-
vances now allow the use of solvents for various
purposes with IC.

3.2. Uses of solvents with IC

Selectivity mediation

Perhaps the most important usage of organic
solvents for IC is mediation of the ion-exchange
selectivity of a column. Changing the retention
characteristics of a particular column may be
important in separating otherwise co-eluting
species, reducing the overall run time of the
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chromatogram, or helping to reduce peak
asymmetry and increase efficiency.

Ion exchange is a very complex process. Add-
ing solvents to the eluent greatly increases this
complexity as there are several competing effects
that govern the overall retention. This section
will discuss the major constituents that mediate
jon exchange in the presence of organic solvents.

Solvents are commonly used to alter retention
characteristics of ion-pair chromatography,
where they have a long history {5]. While the use
of organic modifiers to alter ion-exchange selec-
tivity for IC is relatively new, it was not un-
known before the advent of solvent-compatible
stationary phases. Some ion chromatographers
were willing to tolerate the high backpressures
and swelling to get the advantages that solvent
mediation had to offer [6]. With solvent-compat-
ible columns, swelling is minimized, allowing
the full use of solvents up to 100% concentra-
tion.

In solution, ions are surrounded by a solvation
sphere, that is, a relatively ordered group of
solvent molecules oriented around the ions in
equilibrium with the bulk solvent phase [7]. In
aqueous solution, ions are surrounded by water
molecules (hydration). In a mixed aqueous—or-
ganic solvent system, however, the organic mole-
cules can disrupt this hydration sphere, allowing
intrusion of the organic solvent molecules in the
solvation matrix. The degree of this intrusion is
based upon several factors, most notably hydro-
phobicity, ability of the solvent to hydrogen
bond to the ion, and polarizability of the ion [8].
This solvation sphere determines the ability of
the ion to move in solution, as it must tow these
molecules along with it. As the nature of the
solvent sphere changes, so changes the move-
ment of the ion in solution. For an ion to adsorb
on an ion-exchange site, it must first rearrange
and eventually, partially shed its solvation sphere
to allow close approach to the ion-exchange site.
The greater the degree of shedding, the closer
the ion can approach the site; the closer it can
approach, the more tightly bound it becomes.
Likewise, the ion-exchange site must reorient its
solvation sphere (it is essentially a permanently
bound ion) to permit the ion to approach.

Therefore, the ability of an ion to shed a part of
its solvation sphere plays an important role in
the ion-exchange process [9]. Combining these
concepts leads to the notion of selectivity media-
tion. The degree of solvation and ability of an
jon to remove the surrounding solvent molecules
would then alter the affinity that ion has for the
ion-exchange site, a significant part of the overall
selectivity. Another related factor is the affinity
that the eluting ion exhibits toward the station-
ary phase. These eluting ions are also solvated,
and subject to the same effects that govern
retention of the analyte. In essence, observed
selectivity is a competition of relative affinities of
the analyte and eluent ions for the ion-exchange
sites, i.e. how easily can the eluent elute the
analyte and vice versa.

Selectivity mediation is influenced by several
factors, including choice of solvent mediator,
concentration of solvent, and nature of the
analyte. All of these factors can be exploited to
enhance the IC separation.

The choice of solvent can be an important
parameter when performing a separation. Solvat-
ing power and hydrophobicity of the solvent can
influence the retention mechanism. Stillian and
Pohl [4] have looked at different solvent types on
the separation of various inorganic anions with a
hydroxide eluent on a Dionex OmniPac PAX-
100 column. They concluded that if a longer
chromatogram with improved resolution is de-
sired, a methanol-containing eluent should be
used. The highly hydrated hydroxide ion would
tend to lose waters of hydration less readily than
the stationary phase or the analyte in the pres-
ence of methanol, thus decreasing the selectivity
of the ion-exchange sites for hydroxide. For
shorter retention times, acetonitrile can be used.
They contend that swelling of the latex con-
taining the ion-exchange sites is greater in ace-
tonitrile, therefore creating a lower effective
cross-link of the latex, which would spread out
the ion-exchange sites, effectively reducing the
number of these sites per unit area of ion-ex-
change polymer. To a much lesser degree, ace-
tonitrile mediates the ion-exchange process due
to a decrease in dielectric constant of the bulk
solvent relative to water; this phenomenon is
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Fig. 1. Effect of methanol on retention on an IonPac AS11
column. Eluent: NaOH gradient: 0.5 to 5 mM in 5 min, to 38
mM in 15 min. Flow-rate: 2.0 ml/min. Detection: suppressed
conductivity, ASRS suppressor. Peaks: 1=acetate; 2=
chloride; 3 = nitrate; 4 = glutarate; 5 = succinate; 6 = malate;
7 =malonate; 8 = tartrate; 9 = maleate; 10 = fumarate; 11 =
sulfate; 12 =oxalate; 13 =phosphate; 14 =citrate; 15=
isocitrate; 16 = cis-aconitate; 17 = rrans-aconitate. Top:
NaOH gradient with aqueous eluent; bottom: NaOH gra-
dient with eluent containing 16% methanol.

more pronounced in longer-chain solvents such
as isopropanol.

These effects are demonstrated in Figs. 1 and
2. Fig. 1 is a separation of various organic and
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Fig. 2. Effect of acetonitrile on retention on an OmniPac
PAX-100 column. All chromatograms contain 40 mM NaOH.
(A) 5% MeCN; (B) 20% MeCN; (C) 40% MeCN. Flow-
rate: 1.0 ml/min. Detection: suppressed conductivity, AM-
MS-1I suppressor. Peaks: 1=fluoride; 2 =chloride; 3=
nitrite; 4 = sulfate; 5= bromide; 6 = nitrate; 7 = phosphate.

inorganic anions on an IonPac AS11 column with
a NaOH gradient. The top chromatogram does
not contain methanol, while the bottom chro-
matogram contains 16% methanol. A longer
retention time results with addition of methanol,
yielding better resolution of closely eluting ions.
In Fig. 2, various inorganic anions are eluted off
of an OmniPac PAX-100 column. The first chro-
matogram contains 5% acetonitrile, the second
20%, and the third has 40% acetonitrile, all with
40 mM NaOH. As the acetonitrile concentration
increases, the retention time decreases.

One thing to beware of when performing
anion chromatography with a hydroxide eluent
and acetonitrile is eluent decomposition. In the
presence of base, acetonitrile slowly hydrolyzes
to acetate and ammonia [10]. Acetate in par-
ticular is troublesome as it causes higher back-
ground conductivity and changes eluent composi-
tion; if running a gradient, acetate could build up
on the column, then elute causing a large
baseline disturbance. Therefore, to avoid eluent
degradation, it is best to keep hydroxide and
acetonitrile in separate bottles and proportion
them together in the desired ratio(s) rather than
mixing them together.

Other solvents can be used to enhance anion
separations. Ethanol and isopropanol can be
used as alternatives. The longer-chain, more
hydrophobic alcohols such as isopropanol would
tend to swell the matrix polymer to a greater
degree than methanol. It has been reported [4]
that addition of isopropanol to hydroxide eluents
increases the k' for many ions at low alcohol
concentrations, and then decreases k' as the

‘isopropanol concentration increases. At low con-

centrations, isopropanol is more like methanol in
its ion-exchange mediation properties, and at
higher concentrations, it becomes a swelling
solvent as is acetonitrile. Ethanol has properties
midway between methanol and isopropanol. As
depicted in Fig. 3, addition of ethanol to sodium
hydroxide gives a shorter run time chromato-
gram than adding methanol. This can be ex-
plained in terms of solvation and dielectric
constant effects. The dielectric constant for etha-
nol is significantly lower than methanol [11],
therefore a solution of ethanol in water would be
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Fig. 3. Effect of solvent type on retention. Column: Om-
niPac PAX-500. Eluent: NaOH gradient—isocratic solvent;
(top) 30% methanol, (bottom) 27% ethanol. Flow-rate: 1.0
ml/min. Detection: suppressed conductivity, AMMS-II sup-
pressor. Peaks: 1=fluoride; 2= acetate; 3 =lactate; 4=
glycolate; 5= formate; 6= gluconate; 7 = chloride; 8=
galacturonate; 9 = glucuronate; 10 = nitrate; 11 = succinate;
12 = malate; 13 = sulfite; 14 = maleate; 15 = carbonate; 16 =
tartrate; 17 = sulfate; 18 = phosphate; 19 = citrate.

less polar than an equivalent methanolic solu-
tion, which in turn affects the degree of solvation
and ability of ions to exchange.

The selectivity of cation chromatography can
also be mediated by addition of organic solvents,
for much the same reason as for anions. Fig. 4
shows two separations on a Dionex CS14 cation-
exchange column. The top chromatogram con-
tains no solvent, the bottom has half the acid
concentration plus 1% acetonitrile. The reten-
tion times are nearly the same, yet peak res-
olution of the early eluting ions and tailing of the
organic amines is greatly enhanced in the bottom
chromatogram.

Cation-exchange columns with carboxylate
functionality such as the Dionex IonPac CS12
and CS14 are difficult to use with alcohols. This
is because the ion-exchange sites esterify in the
presence of alcohol. This process is reversible,
however it makes the use of alcohols impractical
with this type of columns. Acetonitrile is the
recommended solvent to use with carboxylate-
functionalized resins.

There are some other effects of solvents on
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Fig. 4. Effect of solvent on separation of cations. Column:
TonPac CS14. (Top) Eluent A: 40 mM MSA. (Bottom)
Eluent B: 20 mM MSA + 1% acetonitrile. Flow-rate: 1.0
ml/min. Detection: suppressed conductivity, CSRS suppres-
sor. Peaks: 1=lithium; 2 =sodium; 3 = ammonium; 4=
potassium; 5= magnesium; 6 = calcium; 7= propylamine;
8 = terr.-butylamine; 9 = sec.-butylamine; 10 = isobutylamine;
11 = n-butylamine.

jon-exchange columns that play a small part in
the mediation process. While solvent-compatible
columns exhibit greatly reduced swelling relative
to their lightly cross-linked predecessors, they
still do swell to some degree, which would cause
a slight increase in retention time as the ion-
exchange sites are spaced further away.

Selection of column types in combination with
solvents is dependent upon the type of analysis
to be performed. As a general rule, hydrophilic
ions are better separated on hydrophilic column
packings, and hydrophobic analytes are better on
hydrophobic packings. Ion-exchange capacity
also can play an important role. For example, in
a high-ionic-strength matrix, use of a high-ion-
exchange-capacity column for overload preven-
tion is desirable.

Column clean-up

Another important use of organic solvents
with IC is for column clean-up. Many com-
pounds, both ionic and non-ionic, can adsorb
strongly on the ion-exchange sites and polymer
backbone, respectively. These materials can
cause loss of resolution and capacity, thus having
a deleterious effect on the separation. While
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pre-removal of these species through filtration or
adsorption is always preferable, sometimes this is
not possible and they find their way onto the
column packing.

Before the days of solvent-compatible station-
ary phases, once the column became fouled,
little could be done to recover it. High con-
centrations of acid or base could be used, some-
times with a small amount of organic modifier,
but these often did not work, particularly if the
fouling material was a bulky organic molecule.
The use of solvents, however, allows another
dimension in column clean-up as a combination
of high ionic strength and organic modifier can
often elute the fouling species from the station-
ary phase.

Humic acids have long presented a difficult
analytical problem for IC because the acids
adsorb strongly onto the ion-exchange stationary
phases, gradually causing a loss of efficiency and
capacity due to fouling of the ion-exchange sites.
An example of this is shown in Fig. 5. Chro-
matogram A shows an injection of seven anions
on an AS4A-SC column. After fouling with
humic acid, chromatogram B demonstrates that
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the retention time and efficiency have dramati-
cally decreased. After the first clean up step,
some of the capacity has been recovered as
shown on chromatogram C. Treatment with the
final clean-up step gives nearly 100% recovery of
both efficiency and retention time as depicted in
chromatogram D.

Suppressed conductivity detection with solvents

Chemical suppression for IC serves three pur-
poses: it increases the conductivity signal due to
the analyte while reducing the background noise,
thus it dramatically increases the signal-to-noise
ratio to enhance sensitivity, as well as removing
counterions, which serves to improve the res-
olution of early-eluting species. Until the advent
of flat membrane suppressors such as the Mi-
croMembrane Suppressor [12], solvent com-
patibility of suppressors was not possible due to
solvent swelling effects encountered with the
older devices. Today, modern suppressors are
solvent compatible, allowing the combination of
benefits that solvents have to offer regarding
selectivity mediation with signal-to-noise en-
hancement of suppression.

-zl T
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Fig. 5. Humic acid fouling and clean-up. Column: IonPac AS4A-SC. Eluent: 1.8 mM Na,CO,, 1.7 mM NaHCO,. Flow-rate: 2.0
ml/min. Detection: suppressed conductivity, AMMS-II suppressor. Peaks: 1 = fluoride; 2 = chloride; 3 = nitrite; 4 = bromide;
5 = nitrate; 6 = phosphate; 7 = sulfate. Detection: suppressed conductivity. Clean-up steps: (1) 12 mM HCI, 50% acetonitrile for
1 h; (2) 200 mM HCI, 80% tetrahydrofuran for 1 h. Chromatograms: (A) before fouling; (B) after fouling; (C) after clean up step

1; (D) after clean up step 2.
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The state-of-the-art suppression device, the
Self Regenerating Suppressor (SRS), produces
its own regenerant ions in situ from the elec-
trolysis of water. The original design of the unit
prevented use of organic solvents with electro-
chemical operation [13]. Design improvements
now permit the use of all commonly employed
IC solvents in all proportions while taking advan-
tage of the ease of use of water electrolysis.

To operate the SRS when using solvents, a
sufficient supply of water must be delivered to
the suppressor to ensure good hydration of the
membranes. To do this, an external supply of
water must be supplied to the unit at flow-rates
of 5-10 ml/min either by a pressure bottle,
pump, or connection directly to a deionized
water source. The other operational mode of the
SRS, where the conductivity cell effluent is
recycled back to the suppressor as the water
source for electrolysis cannot be used with sol-
vent-containing eluents. A sufficient supply of
water must be available for the electrolytic
reaction; addition of solvent to eluent reduces
the bulk water concentration. Methanol is able
to oxidize electrolytically, so the presence of this
species in the electrolysis chambers would have a
deleterious effect on suppression.

Following are several examples of separations
using organic containing eluents and electrolytic
suppression. Polarizable anions such as thiosul-
fate and perchlorate have long been a difficult
separation problem due to their strong affinities
for ion-exchange sites. Addition of methanol to a
sodium hydroxide eluent on an lonPac AS11
allows easy separation of these species as shown
in Fig. 6. Without addition of methanol, the
more polarizable ions would have long run times
and would exhibit greatly increased peak tailing.
Kraft black liquor samples contain a substantial
amount of thiosulfate. A separation shown in
Fig. 7 demonstrates elution of thiosulfate in less
than 10 min with good resolution of other
oxyanions and chloride.

Ion-pair or mobile phase ion chromatography
(MPIC) can also benefit from solvent gradients
and electrolytic suppression. In the past, mem-
brane suppression for anion MPIC separations
required a specialized suppressor, the AMMS-
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Fig. 6. Separation of polarizable anions. Column: IonPac
AS11. Eluent: 45 mM NaOH, 40% methanol. Flow-rate: 1.0
ml/min. Detection: suppressed conductivity, ASRS suppres-
sor. Peaks: 1=fluoride; 2=chloride; 3=nitrate; 5=
phosphate; 6=iodide; 7= thiocyanate; 8 = thiosulfate; 9=
perchlorate.

MPIC. With the introduction of a solvent-com-
patible ASRS, MPIC can now be performed with
the same device used for anion-exchange de-
terminations. A demonstration of this is shown
in Fig. 8. An acetonitrile gradient is used to elute
various alkanesulfonic acids from C; to C; in less
than 25 min. An ASRS is used in electrolytic
mode with external water delivery to suppress
the TBAOH eluent.

Organic solvents can aid cation determinations
as well. Morpholine is a common additive to
power plant waters to increase pH. The presence
of morpholine often creates problems for de-
termining other trace cations as it can coelute
with ions of similar retention times, as well as
exhibiting substantial band broadening and tail-
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Fig. 7. Analysis of Kraft black liquor. Column: IonPac
AS11. Eluent: 30 mM NaOH in 40% methanol for 3 min;
gradient to 60 mM NaOH in 40% methanol at 5 min.
Flow-rate: 1.0 ml/min. Detection: suppressed conductivity,
ASRS suppressor. Peaks: 1=chloride; 2=sulfite; 3=
oxalate; 4 = sulfate; 5 = thiosulfate.
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Fig. 8. Separation of sulfonic acids by MPIC with electrolytic
suppression. Column: IonPac NS1. Eluent: 10 mM TBAOH,
20% acetonitrile to 40% acetonitrile in 20 min. Flow-rate: 1.0
ml/min. Detection: suppressed conductivity, ASRS suppres-
sor. Peaks: 1=2-propanesulfonic acid; 2 = 1-butanesulfonic
acid; 3 = hexanesulfonic acid; 4 = heptanesuifonic acid; 5=
octanesulfonic acid.

ing. The use of 5% acetonitrile in a methanesul-
fonic acid eluent can reduce the peak width and
tailing to the point where determination of the
other analytes is greatly simplified (see Fig. 9).
One thing to keep in mind when using conduc-
tivity detection with solvent-containing eluents is
that peak response for ions will decrease some-
what as the solvent concentration increases. This
is a function of the reduction of the dielectric
constant of the overall solvent mixture. As the
dielectric constant of the solvent system de-
creases, the resistance of the bulk solution in-
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Fig. 9. Determination of trace cations in morpholine-treated
power water. Columns: IonPac CG14, CS14 (2 mm). Eluent:
8 mM MSA, 5% acetonitrile. Flow-rate: 0.25 ml/min.
Injection volume: 1.0 ml concentrated on a CG14 (2 mm)
column. Suppressor: CSRS, external water supply. Peaks:
1 = lithium (0.5 pg/1); 2 = sodium (2.0 pg/1); 3 = ammonium
(150 pg/l); 4 = potassium (2.0 pg/l); 5= morpholine (2000
ug/1); 6 = magnesium (2.0 pg/1); 7= calcium (10 pg/l).

creases [7], hence the specific conductivity of this
solution decreases. Signal reduction is more
pronounced in weak acids or bases, where the
presence of solvent suppresses the dissociation of
the ions relative to that of pure water. The
decrease in peak response is offset somewhat by
lower detector noise; unfortunately, however,
sensitivity will suffer somewhat when using sub-
stantial amounts of organic solvent in IC eluents.

4. Conclusions

Organic solvents are an important addition to
one’s IC “toolbox”. Using solvent to mediate
selectivity allows one to get maximal value from
just a few columns. Through reduction of sec-
ondary effects, organic solvents also serve to
improve chromatographic performance by de-
creasing tailing and peak broadening. Coupled
with suppressed conductance, they provide a
powerful problem-solving tool for the modern
ion chromatographer.
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Abstract

Linear alkylbenzenesulfonate (LAS) homologues and positional isomers are separated on C,; and polystyrene—
divinylbenzene reversed stationary phases using an acetonitrile~water + sodium chloride mobile phase. Retention
of the LAS surfactants and separation selectivity, efficiency, and resolution are enhanced according to the mobile
phase ionic strength and the ionic strength electrolyte cation. The enhanced column performance is due to
Stern—Gouy-Chapman double layer interactions at the reversed stationary phase surface. The optimum mobile
phase cations of those studied are Na*, Mg>* and Ba®". Isocratic or gradient elution can be used with detection by
either UV absorbance (2.5 pmol detection limit at signal-to-noise ratio of 3) or by conductance following
postcolumn anionic micromembrane suppression (130 pmol detection limit at signal-to-noise ratio of 3). Resolution
of the LAS positional isomers is most favorable by using a gradient where acetonitrile increases and sodium
chloride decreases simultaneously in an acetonitrile—water + sodium chloride mobile phase.

1. Introduction

Anionic surfactants, such as branched and
linear alkylbenzenesulfonates (LASs), alkane-sul-
fonates (RSO; ) and alkyl sulfates (ROSO; ) are
used industrially and in consumer products in
large quantities because of their detergent ac-
tion. Thus, sensitive analytical procedures for
their determination are essential to these appli-
cations. In addition the anionic surfactants are
often discharged into the environment and there
is growing concern about their residue levels in
plants, foods, and river and waste water. Identi-
fication and determination of anionic surfactants

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00128-V

in these samples are particularly difficult because
the surfactants are present at trace levels in a
complex sample matrix.

Traditional methods [1] for the determination
of anionic surfactants, such as precipitation and
color formation and quenching procedures, are
not applicable to these more complex samples
for two major reasons. First, the sample matrix
causes significant interference. And second,
these methods provide poor selectivity. That is,
they will not distinguish between different types
of anionic surfactants, between members of a
homologous series of a surfactant family, or
between isomeric anionic surfactants. Modern
separation techniques, such as gas chromatog-
raphy (GC), high-performance liquid chroma-
tography (LC), and capillary electrophoresis
(CE), are powerful discriminating techniques for

© 1994 Elsevier Science B.V. All rights reserved
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separating anionic surfactants. They often pro-
vide low detection limits and permit anionic
surfactants to be determined and identified at a
trace level in a complex sample matrix. This is
particularly true when the separation procedure
can be combined with mass spectrometric (MS)
detection.

Anionic surfactants have low volatility and GC
procedures require surfactants to be converted
into volatile hydrocarbons through desulfonation
{2,3] or conversion into volatile compounds, such
as sulfonyl chlorides, sulfonyl fluorides or methyl
esters [4-10]. Interfacing GC with MS signifi-
cantly enhances identification of anionic surfac-
tants particularly in complex matrices [5,6,11].

LC has been widely used to separate RSO, ,
ROSO;, LASs and related anionic surfactants.
LC procedures for the separation and determi-
nation of RSO; and ROSO; surfactants, which
are reviewed elsewhere [12-14], do not require
precolumn derivatization, however, postcolumn
derivatization, postcolumn anionic suppression,
or indirect detection strategies are required to
obtain the lowest detection limits. Since LAS
surfactants contain a benzene chromophore, they
are readily detected at favorable detection limits
by UV absorption and fluorescence.

LAS surfactants are commonly used as mix-
tures of alkyl homologues and alkyl phenyl
positional isomers over the alkyl chain length
range of C, to C,,, although in some applica-
tions the chain length can be extended to C,,.
LC procedures for the separation and determi-
nation of LAS surfactants employ reversed-
phase chromatography usually with C; or Cq
columns and organic-water mobile phases often
containing an electrolyte [12,14-26], anion ex-
changers [27], or reversed stationary phases in
combination with mobile phases containing ion
interaction reagents such as quaternary ammo-
nium salts [28-34]. Solid-phase extraction, for
example by a reversed stationary phase
[12,18,19] or an anion exchanger [12,23], to
isolate and concentrate LAS surfactants prior to
LC separation has been successfully used for
environmental type samples, particularly for
waste, river and treated water. Mobile phase

conditions are optimized in most studies to yield
resolution of LAS homologues, however, partial
resolution of isomeric LAS surfactants is possible
by reversed-phase chromatography, particularly
when an electrolyte [15-19] or an ion interaction
reagent [28-31,34], are in the mobile phase.
Interfacing L.C to MS for LAS surfactant iden-
tification and analyses has also been successful
[33]. .
LAS homologues can be separated rapidly and
with high efficiency by CE strategies [35-37]. CE
separations with an acetonitrile~aqueous boric
acid-borate, pH 9 buffer were compared to
micellar electrokinetic chromatography (MEKC)
by including sodium dodecyl sulfate in the buffer
[36]. When different mono- and divalent cations
(Mg>* is optimum) are added to a pH 7 phos-
phate buffer the CE resolution of the LAS
surfactant homologues is significantly enhanced
because the cation decreases the electroosmotic
flow [37]. However, resolution of LAS structural
isomers by CE is not improved [36,37] even in
the presence of the cation electroosmotic flow
modifier and MEKC [36] appears to be the
better strategy for separating LAS positional
isomers.

Recent studies {13] demonstrated that a high
mobile phase ionic strength and the ionic
strength and the ionic strength electrolyte cation
(Li" and Mg®" are optimum) significantly en-
hance the retention, column efficiency, and res-
olution for the reversed-phase separation of
RSO; and ROSO; surfactants. By using a
postcolumn anionic micromembrane suppressor
and a conductance detector the detection limit
was 0.3 nmol of injected anionic surfactant. For
a mobile phase gradient where CH,CN con-
centration increases and the LiOH ionic strength
electrolyte concentration decreases in the
CH,CN-water mobile phase solvent, multicom-
ponent mixtures of even-numbered RSO; and
ROSO; surfactants from C, to C,; are baseline
resolved. This report establishes how mobile
phase ionic strength and the ionic strength elec-
trolyte cation influences retention of LAS surfac-
tants on reversed stationary phases. When these
parameters and mobile phase solvent composi-
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tion are optimized, resolution of complex mix-
tures of LAS surfactant homologues and posi-
tional isomers is significantly improved.

2. Experimental
2.1. Reagents and instrumentation

Sodium salts of 2-nonyl-, 2-decyl-, 2-tetrade-
cyl- and 2-pentadecyl-benzenesulfonate were ob-
tained as pure samples from Procter & Gamble.
The absence of other positional isomers was
verified by LC and the samples were used as
standards. The C,, and C,; LAS surfactants
were obtained from Chem Service and Aldrich
and were shown to contain positional isomers by
LC. These samples were used as received. Com-
mercial LAS mixtures composed of C,, to Cy,
homologues and positional isomers were sup-
plied by Procter & Gamble, Vista Chemical, and
Pilot Co. and were used as received. Acetonitrile
(EM Science) was LC grade and all inorganic
salts and acids were analytical-reagent grade. LC
water was obtained by passing water distilled in
our laboratory through a Millipore Milli-Q Plus
water-treatment system. All reversed stationary
phases were purchased as prepacked columns.
PRP-1, a polystyrene—divinylbenzene copolymer
stationary phase, was obtained from Hamilton as
a 10 pm, 150 mm X 4.1 mm column while
Zorbax ODS, a silica-bonded phase, was ob-
tained from Mac Mod Analytical, as 6 wm, 150
mm or 250 mm X 4.6 mm columns.

The LC system consisted of two Beckman
110A pumps, a Beckman 332 gradient controller,
a Rheodyne 7125 injector with a 20-ul fixed
sample loop, and either a Spectra-Physics Model
SP 8450 variable-wavelength detector or a
Dionex AMMS-12 anionic micromembrane sup-
pressor coupled to a Waters 430 conductivity
detector. Chromatograms and all related data
were collected and handled with a Spectra-
Physics 4270 integrator and computer loaded
with Spectra-Physics WINner chromatographic
software.

2.2. Procedures

Analyte solutions of LAS standards were
prepared by dissolving a known quantity of LAS
in LC water at a concentration of 0.01 to 0.1
mg/ml. Known mixtures of LAS homologues
were similarly prepared to contain each analyte
within this range. Mobile phases were made by
combining known volumes of CH,CN and LC
water with a known mass of electrolyte and
diluting to volume with solvent mixture to yield
the desired composition. Solvent composition is
expressed in % (v/v). All mobile phases were
degassed by water aspiration for about 5 min
prior to use. Columns were conditioned by
passing 100 to 150 ml of the mobile phase prior
to sample injection. Sample aliquots of 5 to 10 ul
were injected with a 10-pl syringe. Column
performance was determined during the study
with a benzene and toluene test sample and a
CH,CN-water (9:1) mobile phase. A new col-
umn was used when column efficiency and
capacity factor for the two analytes deteriorated
with respect to manufacture certification and our
initial column evaluation.

Retention time, capacity factor, and other
column performance data determined in the
presence of the electrolyte were the average of
three or more measurements. Retention order
and peak identity were established by compari-
son of unknown retention times to those for the
injection of single, known LAS standards except
where noted. Calibration curve data were ob-
tained by using samples prepared by dilution of a
standard LLAS solution. Peak areas were de-
termined and an average of at least three mea-
surements were used to establish each data
point. Linear regression was performed with
Slide Write software. Flow-rate was 1.0 ml/min,
ambient temperature was 25°C, inlet pressure
was 700 to 900 p.s.i. (1 p.s.i. = 6894.76 Pa), and
column void volume (determined by a KNO,
sample) was 0.9 to 1.0 ml depending on the
column and mobile phase. Absorbance detection
was at 225 nm. For conductivity detection the
anion micromembrane suppressor was regener-
ated with 25 mM H,SO, at 1.0 ml/min.
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3. Results and discussion
3.1. Effect of solvent

LAS surfactants, which contain both a hydro-
phobic and an anionic center, are retained on
both reversed-phase and anion exchange col-
umns. Retention on the former follows reversed-
phase interactions in that the LAS surfactant
retention decreases as the mobile phase organic
modifier concentration increases and increases as
the hydrophobicity or the alkyl chain length in
the LAS homologue increases. This is illustrated
in Fig. 1 where the capacity factor for the
retention of 2-positional C, and C,, LAS stan-
dards on a Zorbax ODS column is plotted as a
function of the CH,CN-water mobile phase
composition.

3.2. Effect of ionic strength electrolyte
The —SO; group reduces LAS retention on a
reversed stationary phase compared to the corre-

sponding hydrocarbon and also causes LAS
retention to be sensitive to mobile phase ionic

30
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Fig. 1. Effect of CH,CN-water composition on the retention
of LAS surfactants on a Zorbax ODS column.
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Fig. 2. Effect of mobile phase electrolyte concentration on
the retention of LAS surfactants on a Zorbax ODS column.
A CH,CN-water (35:65) + NaCl mobile phase at 1.0 mi/
min.

strength [13,38]. This is illustrated in Fig. 2
where capacity factors for 2-positional C, and
C,, LAS standards are shown to increase as
NaCl concentration increases in a CH,CN-water
(35:65) mobile phase. The effect of ionic
strength is consistent with a double-layer-type
interaction [38,39].

When electrolytes that differ only in the cation
are used in the mobile phase at identical mobile
phase ionic strength, LAS retention changes
depending on the cation provided by the ionic
strength electrolyte. This is illustrated in Table 1
where capacity factors for the 2-positional C,
and C,, LAS standards are listed for both the
PRP-1 and Zorbax ODS stationary phases in the
presence of monovalent and multivalent charged
cations. Ionic strengths of the different mobile
phases are identical assuming that the elec-
trolytes are completely dissociated. A similar
cation dependence was observed in previous
studies using RSO, and ROSO; surfactant
analytes [13].

The enhancement in retention on the two
reversed stationary phases due to the cation (see
Table 1) follows the order: AI>* > Ba®" > Mg**
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Table 1
Effect of mobile phase cations on LAS retention on reversed
stationary phases

Electrolyte Capacity factor, k'

PRP-1 Zorbax ODS

G, Cp G, Cio
LiCl 4.51 778 2.87 5.88
NaCl 5.54 9.54 4.49 9.15
NH,Cl 5.75 9.59 4.67 9.62
(CH,),NBr 5.70 9.97 5.52 1.2
MgCl, 6.47 11.1 7.70 15.5
BaCl, 8.02 13.7 7.89 16.0
AICI, 9.46 16.1 9.64 19.4

CH,CN-water (35:65) mobile phase containing electrolyte at
0.0010 M ionic strength at 1.0 ml/min, 2-positional C, and
C,, LAS standards as analytes, and 150 mm X 4.6 mm
Zorbax ODS column.

> (CH,),N" > NH; > Na" > Li". In general,
the trivalent cation has the largest effect while
the monovalent cation has the least effect on
enhancing LAS retention. The increase in the
enhancement correlates linearly to the ratio,
cation hydrated radius to cation charge. As this
value decreases LAS analyte retention increases
according to the equation k'= —4.72 (cation
hydrated radius/cation charge) + 31.44 with a
correlation coefficient of 0.9827.

Enhanced column efficiency, resolution, and
selectivity for LAS surfactant retention are also
dependent on the mobile phase electrolyte cation
and its concentration. As mobile phase NaCl
concentration increases, column efficiency in-
creases. This is illustrated in Fig. 3 using a 2-
positional C, LAS standard and both the Zorbax
ODS (solid line) and the PRP-1 (dashed line)
columns. The enhanced efficiency, which was
also determined with other LAS standards, is
much greater on the Zorbax ODS column by a
factor of about 3. Selectivity, for example for the
separation of a mixture of C,,/C, 2-positional
LAS standards, undergoes only a small increase
on both columns and does not contribute ap-
preciably to the improved resolution. Thus, the
sharp increase in resolution as NaCl concen-
tration increases, which is shown in Fig. 3 only

10 15

Efficiency (X1000)
Resolution

NaCil, mM

Fig. 3. Effect of mobile phase electrolyte concentration on
efficiency and resolution. Conditions as in Fig. 2; solid
lines = Zorbax ODS column; dotted line = PRP-1 column;
analytes are 2-positional C, and C,, LAS standards.

for the separation of a mixture of C,,/C, 2-
positional standards and the Zorbax ODS col-
umn, occurs because of the significant peak
narrowing.

Enhanced column efficiency, resolution, and
selectivity are cation dependent. Table 2 surveys

Table 2
Effect of different cations on efficiency, resolution and
selectivity for a Zorbax ODS column

Electrolyte® Efficiency” Resolution® Selectivity®
None 590 0.41 1.89
LiCl 7040 9.52 2.05
NaCl 8420 11.0 2.04
NH,CI 7640 10.8 2.06
(CH,) ,NBr 8370 10.8 2.03
MgCl, 7790 10.7 2.01
BaCl, 7670 10.8 2.03
AlCL, 3940 7.30 2.01

“ A CH,CN-water (35:65), 0.0010 M ionic strength mobile
phase.

® The analyte was a 2-positional C, LAS standard; efficiency
is expressed as plates/column.

“Data are for separation of 2-positional C,,/C, LAS stan-
dards.
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how individual cations enhance these three key
column properties for the Zorbax ODS column.
In Table 2 the mobile phase solvent is CH,CN-
water (35:65) and each electrolyte as the chlo-
ride salt, except for the tetramethylammonium
cation which was used as the bromide salt,
provides an ionic strength of 0.0010 M assuming
the electrolytes are completely dissociated. Ef-
ficiency data are for a 2-positional C, LAS
standard and selectivity and resolution data are
for the separation of a mixture of C,,/C, 2-
positional LAS standards. The mobile phase
cation also enhances efficiency, resolution, and
selectivity on the PRP-1 column, but to a much
lesser extent compared to the Zorbax ODS
column. For example, PRP-1 column efficiency
was lower by a factor of three to four, resolution
was less by two to three, and selectivity was
lower by about 10% depending on the cation.

3.3. Role of the cation

Retention of the LAS surfactants on the
reversed stationary phase follows the Stern—
Gouy-Chapman electric double layer model
[38,39]. The LAS anions are retained on the
stationary phase surface through a hydrophobic
interaction between the alkyl chain of the
anionic surfactant and the stationary phase. This
creates a negatively charged primary layer at the
stationary phase surface and a secondary diffuse
layer of cations to maintain electrical neutrality.
This is shown in Eq. 1

'SP + R-phenyl-SO; +M* —
SP- - - R-phenyl-SO; M™ —
SP- - - R—-phenyl-SO,M ey

where SP is the reversed stationary phase. As

mobile phase ionic strength increases, the inter-
action between the cation and the retained LAS
increases which decreases the diffuse nature of
the cation. This reduces the anionic character of
the LAS surfactant anionic group, thus increas-
ing the interaction between the LAS surfactant
and the stationary phase.

The influence of different cations provided by
the ionic strength electrolyte on anionic surfac-
tant retention and the linear correlation between

the hydrated radius of the cation and retention
of the LAS surfactant can be explained by
considering the change in the surface charge
density. Because the hydrated cations have a
finite size, they cannot approach the charged
surface any closer than the hydrated radius. The
plane of closest approach of cations in the
double layer is the Outer Helmholz Plane
(OHP) (see ref. 39) and the region between the
charged surface and the OHP is a compact layer.
The compact layer can be treated as a capacitor
consisting of the ILAS anion and the cation. The
surface charge density, o°, is related to the
capacitance, c¢, of the compact layer by:

o°=C(¥ — Youp) (2)

where ¥, is the potential difference between the
stationary phase surface and the bulk solution
and ¥, is the potential difference between the
OHP ‘plane and the bulk solution. As the hy-
drated radius of the hydrated cation decreases,
the capacitance of the compact layer increases,
thus o° increases. Since the surface charge is due
to the LAS anions, there would be more LAS
anions retained on the stationary phase surface
and a longer retention time would occur.

When an inert electrolyte such as NaCl is
added to the mobile phase, both surfactant
anions and electrolyte anions will be adsorbed on
the stationary phase surface as potential deter-
mining ions and they are responsible for the
potential difference, ¥, between the station-
ary phase surface and the bulk solution. Since
the concentration of the added electrolyte is
high, the electrolyte anions are largely respon-
sible for establishing W,;p. As a result, Wy p is
independent of anionic surfactant concentration
and the equilibrium constant for the retention of
the surfactant anion is constant and a linear
adsorption isotherm is obtained. Thus, under
these conditions of high ionic strength, chro-
matographic peaks are more symmetrical and
well defined which results in a sharply improved
column efficiency and resolution.

3.4. Separations

Comparison of the data included here and
elsewhere [40] indicates that the Zorbax ODS
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column provides a significantly improved column
performance, particularly in column efficiency,
over the PRP-1 column. Since the better detec-
tion limit is obtained by UV absorption over
postcolumn anionic micromembrane suppression
and conductivity detection, a basic mobile phase
is not required for the lowest detection limit [13],
thus, this also favors the C,; column over the
PRP-1 column and increases the flexibility in
optimizing the mobile phase conditions. For
these reasons separation examples shown here
focus only on the Zorbax ODS column. No
attempt was made to study other C,; columns of
similar or microbore diameters.

Tables 1, 2 and other data [40] demonstrate
that Na*, Mg®’" and Ba’" are the optimum
cations of those studied while Figs. 1-3 indicate
the optimum mobile phase and cation concen-
tration to use to separate LAS mixtures efficient-
ly and effectively at a reasonable analysis time.
Since a potential solubility problem may occur
between Mg®>* or Ba’* and the higher-alkyl-
chain LAS analytes, Na® was selected as the
optimum cation and NaCl was used as the
electrolyte to provide both the cation and the
mobile phase ionic strength.

Mixtures of homologous LAS analytes are
readily separated by isocratic elution when the
benzenesulfonate is located at the same position
on the alkyl chain and the alkyl chain covers a
small range of carbon chain lengths. Fig. 4
illustrates the separation of 2-positional C,, C,,,
C,, and C,5 LAS standards from an isomeric C,,

0.005 AU

Cis

Absorbance

Volume. mt

Fig. 4. Isocratic separation of an isomeric mixture of C,,
LAS and 2-positional C,, C,,, C,, and C,; LAS standards.
CH,;CN-water (3:2) + 100 mM NaCl mobile phase at 1.0
ml/min and 150 mm X 4.6 mm Zorbax ODS column.

LAS sample using an isocratic CH;CN-water
(3:2) + 100 mM NaCl mobile phase and a
Zorbax ODS column. For the conditions re-
ported in Fig. 4 a linear correlation was found
between log k' and alkyl chain carbon number
for the 2-positional C,, C,,, C,, and C,5, LAS
standards and corresponds to the equation log k’
= 0.190 (alkyl chain carbon number) — 1.71 with
a correlation coefficient of 0.9991. When these
chromatographic data for each 2-positional LAS
standard were compared to the chromatographic
data for the separation of the corresponding
isomeric mixture of each LAS, the 2-positional
isomer peak occurred at the longest retention
time. Based on these studies and others [30] it is
concluded that the peak of highest retention in
the C,, isomeric peak region in Fig. 4 contains or
is the 2-positional C,, isomer. Other positional
LAS standards where not available, however, it
is expected that other positional isomer homo-
logues should also yield linear log k’—carbon
number retention—structure correlations.

More complex mixtures of LAS surfactants
and/or resolution of isomeric LAS homologues
in a favorable analysis time require a gradient
elution. Three gradient strategies examined
when using the Zorbax ODS column were: (1) a
solvent gradient where CH,CN concentration
increases in a CH;CN-water + constant NaCl
mobile phase, (2) an electrolyte gradient where
NaCl concentration decreases in a NaCl + con-
stant CH,CN-water mobile phase, and (3) a
combined solvent and electrolyte gradient where
CH,CN increases and NaCl decreases simulta-
neously in a CH;CN-water + NaCl mobile
phase. Preliminary studies demonstrated that the
combined solvent, electrolyte gradient was op-
timum for the separation of a complex mixture
of homologues and positional isomers. In addi-
tion the combined gradient provided a minimum
absorbance background change during the
course of the gradient and this yielded the best
detection limit for the LAS peaks. The back-
ground changes for the three gradients and the
Zorbax ODS column are shown in Fig. 5. For
the solvent gradient (Fig. 5A), at fixed NaCl the
absorbance increases with an increase in CH;CN
concentration while for the NaCl gradient (Fig.
5C), at fixed CH,CN-water, absorbance de-
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Absorbance

I 0.002 AU

Volume, ml

Fig. 5. Effect of gradient change on absorbance background.
A= A solvent gradient where solvent 2 of CH,CN-water
(60:40) is added. to solvent 1 of CH,CN-water (40:60).
B = A solvent and electrolyte gradient where solvent 2 of
CH,CN-water (60:40) is added to solvent 2 of CH,CN-
water (40:60) + 100 mM NaCl. C= An electrolyte gradient
where solvent 2 of CH,CN-water (40:60) is added to solvent
1 of CH,CN-water (40:60) + 100 mM NaCl. In all cases the
gradient is 0 to 90% solvent 2 in 25 min at 1.0 ml/min and a
150 mm X 4.6 mm Zorbax ODS column was used.

creases as the NaCl concentration decreases.
When the combined NaCl + solvent gradient was
employed with the UV detector used in these
studies, the two opposing effects partially cancel
and provide a mere favorable, small background
absorbance change. (see Fig. 5B).

- Several industrial-grade LAS mixtures were
separated on the more efficient Zorbax ODS
column. Fig. 6 illustrates the effectiveness of

] 0.005 AU

Absorbance

Volume, mt
Fig. 6. Effect of mobile phase electrolyte on resolution of a
commercial LAS mixture. In (A) the gradient free of elec-
trolyte listed in Fig. 5A was used while for (B) the gradient
listed in Fig. 5B was used. Flow-rate was 1.0 ml/min and a
150 mm X 4.6 mm Zorbax column was used.

adding an electrolyte to the mobile phase. In the
absence of the electrolyte and elution by a
CH,CN-water mobile phase (Fig. 6A), bands
are broader, resolution is less complete, and
positional isomers are poorly resolved. In the
presence of NaCl and elution by a combined
solvent and electrolyte gradient similar to that
used in Fig. 5B, retention, efficiency and res-
olution of the LAS homologues and positional
isomers are significantly improved as shown in
Fig. 6B. Fig. 7 illustrates the separation of two
other industrial LAS surfactant mixtures that
differ in homologue ratio on the 150 mm X 4.6
mm Zorbax ODS column. In Fig. 7A the longer
alkyl chain homologues are in the majority while
in Fig. 7B the shorter homologues dominate. A
combined solvent and electrolyte gradient was
used for both separations in Fig. 7. For Fig. 7A
the gradient was the same as Fig. 5B while for
Fig. 7B the gradient change to 85% solvent 2
occurred over 30 min. The peaks for the C,,, C,,
and C,, LASs were identified by comparison to"
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Fig. 7. Separation of two different commercial LAS mix-
tures. The gradient and column used in A and B are the same
as listed in Fig. 5B except in B the change is 0 to 85% solvent
2 in 30 min.
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2-positional LAS standards while C;; and C;
isomeric peaks were predicted based on hydro-
phobic considerations of the LAS derivatives. In
both Figs. 6 and 7 the LAS sample solution was
made by dissolving 0.5 mg of the commercial
LAS mixture per ml of CH,CN-water (2:3) and
was injected as a 5-ul aliquot. When the column
length was increased from 150 mm (see Fig. 6B)
to 250 mm (see Fig. 8), resolution of the posi-
tional isomers is increased. For these separations
the peak of highest retention for each homo-
logue was shown to be the 2-positional isomer by
comparison to retention data determined for 2-
positional C,, C,y, C,, and C,5 LAS standards.
Based on hydrophobic considerations the other
homologue isomeric peaks are believed to corre-
spond to shorter retention times as the ben-
zenesulfonate group is positioned towards the
center of the alkyl chain. Standards, however,
were not available to confirm this prediction.
Calibration curves were prepared for 2-posi-
tional C,, and C,, LAS standards using detec-
tion by UV absorbance at 225 nm and by
conductance following postcolumn anionic mi-
cromembrane suppression. The former, which
provides the better detection limit was estab-
lished using the gradient outlined in Fig. 6B
while in the latter the elution was isocratic at a
CH,CN-water (45:55) + 10 mM Mg(OAc), mo-
bile phase. The linear calibration curve for the
C,, LAS standard and the absorbance detection
corresponded to the equation peak area=1.1-

100

Absorbance
Percent B

0 10 20 30 40 50
Volume, mi
Fig. 8. Separation of a commercial LAS mixture from Fig. 7
on a 250 mm Zorbax column. The gradient is the same as
Fig. 5B except the gradient change from 0 to 90% solvent 2
occurred over 40 min.

10> (pmol LAS)—9.8-10> with a correlation
coefficient of 0.9995 and provided a detection
limit (at a signal-to-noise ratio 3) of 2.5 pmol of
injected C,, LAS standard in a 10-ul aliquot
while for conductance detection the linear cali-
bration curve corresponded to peak area =1.25-
10 (pmol LAS) — 5.46-10° with a correlation
coefficient of 0.9995 and yielded a detection limit
of 130 pmol for the same injection and signal-to-
noise ratio. Similar results were also obtained
with a C,, LAS standard.

4. Conclusions

Retention of LAS surfactants increases on
reversed stationary phases according to mobile
phase ionic strength and ionic strength elec-
trolyte cation. A major improvement in ef-
ficiency and resolution is also ionic strength and
cation dependent while selectivity is only mod-
estly increased. The optimum mobile phase
cations are Na*, Mg”>" and Ba®" with Na™ being
the most convenient to use. LAS homologues
are resolved conveniently by isocratic elution
while resolution of LAS positional isomers re-
quires a mobile phase gradient. The most favor-
able gradient is one where the CH,CN con-
centration increases and the NaCl concentration
decreases simultaneously in a CH,CN-water
solvent mixture.
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Abstract

Retention characteristics of various anion-exchange columns were studied, using combinations of sodium
hydroxide and carbonate—bicarbonate as eluents. A Dionex 4000i unit was utilized for this work. Dionex AS4A
and AS11 columns for determining inorganic anions were evaluated, both using suppressed conductivity detection.
Also investigated were CarboPac PA1/AS6 columns, which are used with pulsed amperometric detection to
separate saccharides. Eluent components were proportioned via the mixing capabilities of the gradient pumps.

1. Introduction

Dionex anion-exchange columns are used with
a variety of eluents, including sodium hydroxide
and sodium carbonate—sodium bicarbonate. The
AS11 and CarboPac PA1/AS6 columns are de-
signed primarily for use with the first solution,
while the AS4A often is used with the second.
When sodium hydroxide is used, it is traditional-
ly kept free of carbonates, as they act as
“pushers” [1,2]. Any leakage of carbon dioxide
into the eluent will lead to irreproducible re-
tention times and altered resolution of analytes.

Somé chromatographers have separated an-
ions on the AS4A using mixtures of these three
solutions. To optimize chromatography of vari-
ous samples, Gros and Gorenc [3] studied a wide
range of carbonate-bicarbonate eluents, but
they never introduced hydroxide. Balconi and
Sigon [4] combined sodium hydroxide and sodi-
um bicarbonate, but their main goal was to
separate chloride from the “water dip”, while
eluting sulfate in ten minutes or less. Talmage
and Biemer [5] used a specific ratio of sodium

0021-9673/94/$07.00
SSDI 0021-9673(94)00025-5

hydroxide and sodium carbonate to optimize
resolution of fluoride, nitrate, monofluorophos-
phate, sulfate, and phosphate in toothpaste sam-
ples. None attempted to determine the general
behavior of the column under a wide range of
eluent mixes. For the AS11 and PA1/AS6 col-
umns, no evidence was found to suggest that
these mixed eluents have been tried at all.

The goal of this work was to determine if
controlled mixing of the above eluents could give
desirable retention characteristics on these col-
umns (e.g., faster run times, better resolution).
Parameters monitored were: (1) retention time,
(2) retention order, and (3) peak shape. Also,
the ability to remove carbonate from the col-
umns was tested.

2. Experimental

2.1. Materials

The chemicals used in preparing standard
solutions and eluents were obtained from various

© 1994 Elsevier Science B.V. All rights reserved
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suppliers. Sodium hydroxide was purchased in
carbonate-free solution form from Fisher Sci-
entific (Pittsburgh, PA, USA); all other chemi-
cals were the highest purity available. All water
was from the in-house system, available at a
resistivity of 18 M(). In varying concentrations as
needed, separate solutions of sodium hydroxide,
sodium carbonate, and sodium bicarbonate were
prepared for use as eluents. Water for eluents
was sparged with helium before solutions were
prepared; sparging continued for the life of the
mixtures. Analyte solutions were prepared in
concentrations that provided an adequate re-
sponse on the chromatogram. For the conduc-
tivity work, values ranged from 1 to 6 ppm
(w/w); sugars were made up at 50 ppm each.

2.2. Apparatus and columns

A Dionex (Sunnyvale, CA, USA) Series 4000i
ion chromatograph was utilized for all work. All
columns were from Dionex and were 4 mm [.D.
In analyses of inorganic anions, post-column
eluent suppression was accomplished with a
Dionex Anion Self-Regenerating Suppressor
(ASRS-I); detection was via a Dionex CDM-2
conductivity detector at an output range of 1 uS.
Column sets employed were: (1) IonPac AG11
guard and AS11 analytical, and (2) IonPac
AG4A guard and AS4A analytical columns. In
both cases, the eluent flow-rate was 2.0 ml/min.
A 50-u1 sample loop was used.

Sugar separations were effected using: (1)
HPIC-AG6 guard and HPIC-AS6 analytical, or
(2) CarboPac PA1 guard and PA1l analytical
column sets. In both cases, the flow-rate for the
mobile phase was 1.0 ml/min. A Dionex PAD-2
pulsed amperometric detector with a gold elec-
trode was used at an output range of 30 000 nA;
applied potentials were 0.05 V for 420 ms, 0.80
V for 180 ms, and — 0.10 V for 360 ms. Sample
loop size was 10 ul.

To remove carbonate-bicarbonate from the
columns, 500 mM sodium hydroxide was
pumped through (bypassing any suppressor and
the detector) for 30 min, followed by deionized
water for 30 min. Flow-rates were the same as
for the applicable eluent. For all work, instru-

ment control and data collection were performed
with a personal computer and the Dionex AI-450
software.

3. Results and discussion
3.1. CarboPac PA1 (formerly AS6)

This research centered on lactose and sucrose,
two of the saccharides this column was designed
to separate (see Table 1 for a summary of
retention times vs. eluent composition). With the
typically used eluent of 100 mM sodium hy-
droxide, lactose eluted before sucrose (the “nor-
mal” order), with a run time of 17 min (Fig. 1a).
Hydroxide mobile phases between 100 and 500
mM were tried, and all gave this same sequence.
When the eluent concentration was dropped
below 100 mM, retention times lengthened, as
expected. By 60 mM, though, the two sugars
essentially coeluted in around 20 min. A further
reduction to 40 mM resolved the pair again, but
in reverse order. However, sucrose and lactose
were retained for 25 and 28 min, respectively.

Carbonate solutions of 0.5 and 1.0 mM were

Table 1
Retention times vs. eluent composition for the PA1 column

Eluent composition Retention times (min)

NaOH Na,CO, Lactose Sucrose

(mM) (mM)

100 - 13.8 16.0
80 - 15.2 16.6
60 - 19.6 19.6
40 — 28.0 24.7

100 0.5 6.7 7.4
80 0.5 6.6 6.8
60 0.5 5.9 5.8
40 0.5 4.9 4.4

100 1.0 5.2 5.7
80 1.0 5.0 5.2
60 1.0 4.6 4.6
40 1.0 3.7 3.4

Experimental conditions are those detailed in the Experimen-
tal section.
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Lactose

Sucrose

Minutes

b Lactose

Sucrose

Minutes

Fig. 1. (a) shows the normal retention order of lactose and
sucrose (both at 50 ppm, w/w) on the CarboPac PA1 or AS6
column, using 100 mM NaOH as the eluent. In (b), the order
is reversed with a mobile phase of 40 mM NaOH-0.5 mM
Na,CO;. This sequence was seen for pure 40 mM NaOH as

well, but run times were about 30 min.
!

added to various levels of sodium hydroxide
(between 40 and 100 mM). The retention order
was always the same as seen for the sodium
hydroxide alone, but the retention times were
reduced. (Fig. 1b illustrates the results for 0.5
mM sodium carbonate with 40 mM sodium
hydroxide.) In addition, the resolution often was
not altered significantly. For a given concen-
tration of carbonate, though, the retention times
increased as the sodium hydroxide molarity
increased, presumably because less carbonate
“pusher” could remain on the column with
higher amounts of hydroxide.

When carbonate—bicarbonate eluents were
tried in various ratios (total molarity: 1.5 to 5.5
mM), the two sugars coeluted in approximately
1.5 min. Also, the response was poor, since the

PAD requires a high pH for maximum sensitivity

[6]-
3.2. AS1I and AS4A

Ten anions were chromatographed on the
AS11. They always eluted in the order: fluoride
(off first), acetate, formate, chlorite, bromate,
chloride, nitrite, bromide, nitrate, and chlorate.
The first seven of these were tested on the
ASA4A; elution order was the same. All reported
concentration values for eluents are net of the
reaction: NaOH + NaHCO,; — Na,CO, + H,0.
This process appeared to be essentially instanta-
neous and complete in the gradient pump.

AS11

Typically, a sodium hydroxide gradient [7] is
used with this column. The above ten anions are
well resolved within 9 min. However, a gradient
pump is required and reequilibration time (5 to
10 min) is necessary. In this work, isocratic
eluent mixtures of hydroxide and carbonate were
tested to see if similar chromatography could be
achieved (see Table 2). When 0.48 mM sodium
hydroxide was tried, all ten ions were resolved
quite nicely (Fig. 2a), but chlorate eluted only
after 29.5 min. An increase to 1.1 mM gave run
times similar to the gradient run, but fluoride
and acetate essentially coeluted. However, when
a hydroxide—carbonate ratio of 0.43 mM:0.05
mM was used, chlorate’s retention time was 14.9
min; separation of fluoride and acetate suffered
somewhat (Fig. 2b). Further reductions in the
eluent ratio continued to decrease retention
times, but at the expense of resolution (fluoride
and acetate, bromate and chloride). Also, a
“water dip” eventually appeared right before
fluoride.

Bicarbonate—carbonate eluents alone were not
able to achieve the chromatography shown in
Fig. 2b. As seen in Fig. 2c, an eluent ratio of
0.12 mM:0.36 mM (bicarbonate—carbonate)
could not resolve fluoride and acetate, or bro-
mate and chloride. Ratios of 0.24 mM:0.24 mM
and 0.36 mM:0.12 mM did not improve res-
olution, even though retention times lengthened.
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Table 2
Retention times vs. eluent composition for the AS11 column

Eluent composition

Retention times of peaks® (min)

Na,CO, 1 2 3

NaOH NaHCO, 4 ) 6 7 8 9 10
(mM) (mM) (mM)

b 2.2 2.4 33 4.6 5.7 5.9 6.4 8.2 8.3 8.5
0.48 - - 2.1 2.4 31 4.4 7.6 8.6 11.4 24.8 27.0 29.5
1.10 — - 1.4 1.4 1.8 2.4 3.7 4.2 5.4 11.1 12.0 13.1
0.43 - 0.05 1.4 1.6 1.9 2.5 4.1 4.4 5.9 12.2 13.5 14.9
0.33 - 0.10 1.3 1.4 1.7 2.2 3.6 3.8 5.1 10.4 11.5 12.7
0.24 - 0.24 1.2 1.2 1.4 1.8 2.9 2.9 3.8 7.6 8.4 9.3
- 0.12 . 0.36 1.1 1.1 1.4 1.8 2.8 2.8 3.6 7.1 7.9 8.7
- 0.24 0.24 1.2 1.2 1.5 2.0 31 3.1 4.2 8.1 9.1 10.2
- 0.36 0.12 1.4 1.5 1.8 2.4 4.0 4.0 5.5 10.5 13.0 14.1
- 0.48 - 2.7 3.0 4.3 6.8 12.2 12.2 17.6 36.6 41.0 46.3
- - 0.48 1.1 1.1 1.3 1.7 2.6 2.6 33 6.4 7.0 7.8

Experimental conditions are those detailed in the Experimental section.
“ Peak identification: 1= fluoride, 2 = acetate, 3 =formate, 4 = chlorite, 5= bromate, 6 = chloride, 7 = nitrite, 8= bromide,

9 = nitrate, and 10 = chlorate.

® These retention times are for the typical eluent scheme (a sodium hydroxide gradient) on this column; see Ref. 7 for gradient

details.

In addition, peak shapes for bromide, nitrate,
and chlorate often were poor. Similarly poor
chromatography was seen with either 0.48 mM
carbonate or (.48 mM bicarbonate eluents.

Eluents with total molarity less than 0.3 mM
gave excellent separations in most cases, but
retention times became quite long (e.g., chlorite
did not elute for at least 9 or 10 min). Once the
total concentration exceeded 0.5 mM, retention
times became very short for all species and
coelution was a problem (fluoride with acetate,
chloride with bromate).

AS4A

The standard eluent conditions on this column
are 1.7 mM sodium bicarbonate—1.8 mM sodium
carbonate. The run time for the first seven
anions listed above was only two min, but
fluoride and acetate coeluted and were not
resolved from the ‘“water dip” (see Table 3).
When 0.48 mM sodium hydroxide was used,
chromatography was excellent, but nitrite did

not elute until 22.2 min (Fig. 3a). However, if
0.05 mM sodium carbonate was added to 0.43
mM sodium hydroxide, resolution remained high
and nitrite eluted in 7.1 min (Fig. 3b). In neither
case was the “water dip” a problem.

Mixing carbonate and bicarbonate (each at
0.24 mM) shortened nitrite’s retention time to 4
min, but at the expense of resolution of the first
four peaks. Pure carbonate produced a poor
separation as well. Bicarbonate alone could
resolve all seven ions, but the last one remained
on the column for 15.7 min.

It should be noted that with the pure sodium
hydroxide (Fig. 3a), two to three days were
needed to bring the retention times to equilib-
rium. Seven hours after the system was changed
from the post-cleaning rinse to the hydroxide
eluent, nitrite still was being retained for 40 min.
By equilibrium, though, the anion was eluting in
half that time.

As with the AS11, long retention times were
seen with eluents totalling less than 0.3 mM
(nitrite at 10 min or greater). Coelution (fluoride
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Fig. 2. Chromatograms showing the retention characteristics
of inorganic anions on the AS11 column, using mixtures of
NaOH (A), NaHCO, (B), and Na,CO, (C) as the mobile
phase. Eluent ratios (A~B-C, all values in mM) are: (a)
0.48:0:0; (b) 0.43:0:0.05; (c) 0:0.12:0.36. Peaks: 1 = fluoride,
1 ppm; 2 = acetate, 5 ppm; 3 = formate, 6 ppm; 4 = chlorite,
2 ppm; 5 = bromate, 3 ppm; 6 = chloride, 1 ppm; 7 = nitrite,
2 ppm; 8 =bromide, 3 ppm; 9= nitrate, 4 ppm; and 10=
chlorate, 4 ppm (all ppm values are w/w ratios).

with acetate) again was a factor if total molarity
was above 1.0 mM.

4. Conclusions and summary

On all three columns, results show that con-
trolled proportioning of hydroxide, carbonate,
and bicarbonate mobile phases can affect re-
tention characteristics beneficially. Retention
times are stable and reproducible for any given
eluent mix. Also, run times can be reduced,
usually without sacrificing resolution.

Elution order of the inorganic anions remains
unchanged with these mixes. However, on the
AS11, mixing of carbonate and hydroxide offers
the possibility of isocratically separating early-
eluting anions in reasonable lengths of time. It
also permits broader application of the widely
used AS4A. With proper ratios on this latter
column, fluoride can be resolved completely
from both the “water dip” and from acetate, an
achievement impossible with the standard car-
bonate-bicarbonate eluent.

Lactose and sucrose can be eluted in reverse
order, depending on the sodium hydroxide con-
centration. However, with pure hydroxide, hav-
ing sucrose first requires a run time of 30 min.
Adding between 0.5 and 1.0 mM carbonate
maintains separation, but reduces retention
times to around 4 min. This phenomenon will be
beneficial in cases where one sugar is present in
much greater concentration than the other. By
controlling the eluent mix, the minor constituent
can be eluted first and thereby be resolved from
the large peak that follows. Also, retention times
can be adjusted as desired.

Carbonate can be removed easily from all
exchangers by using strong sodium hydroxide,
thereby restoring original selectivity. However, if
any formerly used mixture then is reintroduced,
the previously seen chromatography again is
obtainable. All of the above results indicate that
combining carbonate and hydroxide in specific
proportions gives the chromatographer another
useful means of managing his separations.
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Table 3

Retention times vs. eluent composition for the AS4A column

Eluent composition

Retention times of peaks® (min)

NaOH NaHCO, Na,CO, 1 2 3 4 5 6 7
(mM) (mM) (mM)

- 1.7 1.8 1.0 1.0 1.1 1.2 1.4 1.6 1.9
0.48 - - 5.0 5.8 7.6 9.4 13.6 15.9 22.2
0.43 - 0.05 2.0 2.3 2.8 3.3 4.5 5.2 7.1
- 0.24 0.24 1.4 1.6 1.8 2.0 2.7 3.1 4.0
— - 0.48 1.3 1.4 1.6 1.8 2.3 2.6 3.3
- 0.48 - 3.7 4.2 5.4 6.7 9.6 11.2 15.7

Experimental conditions are those detailed in the Experimental section.
“ Peak identification: 1 = fluoride, 2 = acetate, 3 = formate, 4 = chlorite, 5 = bromate, 6 = chloride, and 7 = nitrite.
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Fig. 3. Chromatograms showing the retention characteristics
of inorganic anions on the AS4A column, using mixtures of
NaOH (A), NaHCO, (B), and Na,CO, (C) as the mobile
phase. Eluent ratios (A-B-C, all values in mM) are: (a)
0.48:0:0; (b) 0.43:0:0.05. Peaks: 1=fluoride, 1 ppm; 2=
acetate, 5 ppm; 3 =formate, 6 ppm; 4= chlorite, 2 ppm;
5 = bromate, 3 ppm; 6 = chloride, 1 ppm; and 7 = nitrite, 2
ppm (all ppm values are w/w ratios).
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Abstract
Macrocycle-based ion-exchange columns have been used in our laboratory for the separation of anions. Column

anion capacity is determined by the degree to which column macrocycles are bound with mobile phase cations.
Capacity gradient separations have previously been performed by gradually changing the eluent cation from one
with a high affinity for the macrocycle to one with a lower affinity over the course of the separation. In this work,
we demonstrate that gradient separations can also be performed in step rather than linear fashion by switching
eluent cations at the start of the separation and allowing the more strongly bound cation to slowly bleed from the
column, reducing the column capacity during the separation. The column capacity is reduced at a rate determined
by the rate of loss of the first cation from the column. Two different substrates were used as the basis for the
macrocycle-based columns, Dionex MPIC and unsulfonated ASI10 resins. The MPIC-based column showed
retention characteristics similar to those that we have previously described with ramp gradients, while the
AS10-based systems showed improved column efficiencies. Separations achieved with step gradients on these two
substrates are comparable to linear gradients achieved with the same chemical systems, eliminating the need for
pumps with gradient capabilities. Fourteen anions of widely varying character were separated on the AS10-based
D222 column using a step gradient from NaOH to LiOH in just over 10 min.

1. Introduction . . . .
gradients [1,2]. Gradients in unsuppressed ion
chromatography have been performed using a
. . . - concentration gradient between two isoconduc-
tography was considered incompatible with con- : .
L . s tive eluents [3]. Improvements in suppressor
ductivity detection, which is the most common : .
R technology have allowed gradient separations
mode of detection in ion chromatography. The . .
. . with hydroxide eluents. All of the above types of
changes in eluent strength required to elute . . .
. . gradients are based on an increase in eluent
strongly retained anions caused severe changes ) . L .
. . o . strength (gradient elution). This increase in
in the baseline. With improvements in column . .
) . eluent strength can cause baseline disturbances
and suppressor technology, gradient separations . . .
. . with conductivity detection.
have become more feasible. Salts of weak acids .
- . In our laboratory we have performed gradient
have been used to perform gradient anion sepa- - . .
. . separations of anions by changing the column
rations, and protonated cations of weak bases or - .
. . . . capacity rather than the eluent strength during
amino acids have been used as eluents in cation . . .
the course of the separation (gradient capacity).
- These gradients employ macrocycle-based ion-
* Corresponding author. exchange columns [4-7]. Macrocycle-based col-

Until recently, gradient elution anion chroma-

0021-9673/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
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umns have been used to separate cations with
purely aqueous mobile phases based on the
ability of macrocycles to selectively complex
cations. Cations that are more tightly bound by
the macrocycle are retained longer on the col-
umn {8-10]. Anions have also been separated on
macrocycle-based columns with water as eluent.
In this case, anions that facilitate closer inter-
action between the cation and the macrocycle
are retained longer than other anions [11-14].

In our laboratory we have separated anions by
an ion-exchange rather than a ligand-exchange
mechanism using an alkali metal hydroxide in
the eluent. The metal ion undergoes complex-
ation with the neutral macrocycle on the station-
ary phase, creating a positively charged anion-
exchange site. The hydroxide ions serve to elute
the anions from the column. The number of
ion-exchange sites is dependent on the degree to
which the macrocycle complexes the eluent cat-
ion. Thus, eluent cations that are more strongly
bound by the macrocycle generate higher column
.capacities than cations that are less tightly
bound.

Capacity gradient separations have béen per-
formed based on the effect of eluent cation on
column anion-exchange capacity. This effect is
accomplished in macrocycle-based systems by
changing the eluent cation from one with a high
affinity for the macrocycle to one of a lower
affinity during the separation. Column capacity
decreases as the number of exchange sites di-
minishes due to loss of the strongly bound cation
from the column [10-12]. The eluent ionic
strength remains more or less constant as only
the identity, rather than the concentration, of
the eluent cation is changed. Resulting gradient
separations show the ability to elute a wide
variety of anions with little or no change in
baseline.

In the past, capacity gradients of the type
described have been performed by gradually
changing from one cation to another over a
period of time in a linear mode, with the column
capacity changing slowly. In this work we de-
scribe gradient separations performed in a step
mode, which requires no gradient programming

with its associated hardware. Excellent separa-
tions were achieved with these step gradients.
The type of column polymer substrate plays an
important role in the type of separation achieved
in the systems we have developed. All of our
previous work has been done using Dionex
MPIC columns, which contain a polystyrene—
divinylbenzene polymeric resin. We recently
began using columns based on the resin used in
Dionex AS10 anion separator columns, but
which has not yet been derivatized to produce
the anion-exchange functionalities. Macrocycle
columns made using this resin show better ef-
ficiency and faster separations than the MPIC
resin-based columns used previously.

2. Experimental
2.1. Materialis

Cryptand n-decyl-2.2.2 (D222), whose struc-
ture is shown in Fig. 1, was obtained from EM
Science (Gibbstown, NJ, USA). All compounds
used in making eluents and standards were
reagent grade or better. Water used in making
eluents was purified to 18 M) resistivity using a
Milli-Q purification system and was degassed by
sparging with helium. Eluent purity and degas-
sing is crucial to prevent baseline disturbances in
gradient separations. Underivatized AS10 type
resin was obtained from Dionex. Both the MPIC
and AS10 substrates are macroporous, ethyl-
vinylbenzene~divinylbenzene copolymeric resins
with 55% cross-linking. The AS10 resin differs
from the MPIC resin in particle size (8.5 pm
versus 10 uwm) and that it has a much lower
surface area (100 m’/g compared to 300 m*/g)
due to increased pore size.

o
CAAL,
v

Fig. 1. Structure of the cryptand D222.
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2.2. Apparatus

A Dionex 4000i series ion chromatograph was
used in conjunction with Dionex anion mi-
cromembrane suppressors (AMMS) prior to con-
ductivity detection with a Dionex CDM-2 con-
ductivity detector. The suppressant was 12.5 mM
H,SO, flowing at 3-5 ml/min. Prepacked col-
umns used were Dionex NS-1 MPIC columns.

2.3. Column preparation

Two different methods were employed to
prepare macrocycle-based columns. Columns
based on MPIC resin were prepared in the
manner described previously [9] by circulation of
a methanol-water (60:40) solution containing
the appropriate amount of cryptand through the
column for a period of 12 h.

Columns based on the underivatized AS10
resin were prepared by slurrying a methanol-
water (60:40) solution containing the cryptand
with the resin, also in a methanol-water mix-
ture. The methanol was evaporated, and the
resulting resin was packed into a 25 cm X 0.4 cm
column.

3. Results and discussion
3.1. Macrocycle-based separation system

In macrocycle-based anion chromatography,
the cation in the eluent has a great influence on
the column capacity, and hence anion retention,
as shown in Fig. 2. With the cryptand D222,
lithium hydroxide eluent shows little retention of
anions; all fourteen anions elute within 5 min.
With a sodium hydroxide eluent at the same
concentration, a high capacity results with only
eight anions eluting in 60 min. This change in
column capacity results from the much higher
affinity of the Na" cation for the cryptand. The
effect of the eluent cation on anion retention has
been used to perform linear gradient separations
by changing from an eluent that displays high
capacity at the beginning of the separation, such
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Fig. 2. Separation of 14 anion standard on D222-MPIC
based column. Eluent: top chromatogram: 30 mM LiOH;
bottom chromatogram: 30 mM NaOH; both at 1.0 ml/min.
Peaks: 1 =F~, 1.5 ppm (w/w); 2 = acetate, 10 ppm; 3 = Cl,
3 ppm; 4=NO;, 10 ppm; 5=Br", 10 ppm; 6=NO;, 10
ppm; 7=S0:", 10 ppm; 8 = oxalate, 10 ppm; 9= Cro: , 10
ppm; 10=1", 10 ppm; 11 =PO}", 10 ppm; 12 = phthalate,
10 ppm; 13 = citrate, 10 ppm; 14 = SCN~, 10 ppm. From ref.
5.

as sodium, to an eluent cation that shows lower
capacity, such as lithium, during the course of
the separation [5,7].

3.2. Step gradients

Gradient separations of anions have been
performed using linear gradients between two
different eluents over a period of time to gradu-
ally increase eluent strength while lowering col-
umn capacity and provide separations of anions
with widely varying affinities for the stationary
phase. Such gradients require pumps that are
capable of proportioning different eluent concen-
trations over the course of the separation. This
need for high-pressure pumps with the capability
to proportion eluents increases the cost and
complexity of separations.

Step gradients have been reported for the
separation of cations with widely different af-
finities for the stationary phases used in cation
exchange chromatography, such as the separa-
tion of alkali metal and alkaline earth cations
[15,16]. Anion selectivities do not show the same
grouping of behavior as do the group I and II



92 R.G. Smith, J.D. Lamb | J. Chromatogr. A 671 (1994) 8994

cations. Rather, selectivities vary more smoothly
between mono- and divalent anions. Hence,
little has been reported on the use of step
gradients in anion separations due to the need to
more gently increase the eluent strength in order
to provide optimum resolution of anions.
Capacity gradient separations with macro-
cycle-based ion chromatography are possible due
to the bleeding from the column of the strongly
bound cation employed at the beginning of the
separation as the cation with lower affinity is
introduced into the column. Since the strongly
bound cation slowly bleeds from the column,
step gradients in which the capacity of the
column changes slowly are possible. Such a
gradient is shown in Fig. 3, where a corre-
sponding linear gradient is shown for compari-
son. The top chromatogram shows the separa-
tion of a fourteen-anion standard with a linear
gradient between sodium and lithium hydrox-
ides, each 30 mM, over the first 20 min of the
separation. Good separation of the early eluting
anions is achieved, with strongly retained anions
eluting in a reasonable period of time. The lower
chromatogram shows a step gradient between
the same two eluents, but with the eluent

Is ps

o by gy b e b v o Iy e by ler ety

0 10 - 20 30 40
Time (min)

Fig. 3. Gradient separations of 14 anion standard on MPIC
column loaded with D222. Gradient conditions: top chro-
matogram: linear gradient from 30 mM NaOH to 30 mM
LiOH from 0 to 20 min; bottom chromatogram: step gradient
from 30 mM NaOH to 30 mM LiOH at time of injection.
Peaks as in Fig. 2.

switched from sodium to lithium at the time of
injection. The resulting separation strongly re-
sembles the linear gradient, with only minor
differences in elution times, and some improve-
ment in overall analysis time.

3.3. Effect of column substrate

To date, we have reported cryptand stationary
phases based on Dionex MPIC resin, a cross-
linked, polystyrene—divinylbenzene substrate
used for ion-pairing separations. In order to
increase column efficiency, we have recently
employed a new type of substrate for cryptand-
based columns. This substrate is the underiva-
tized resin used by Dionex as the basis for AS10
anion separator columns. This resin, while
chemically similar to MPIC resin, differs in
particle porosity and surface area. The resin is
normally sulfonated and agglomerated with ami-
nated latex to form AS10 anion separators. The
underivatized resin, containing no ion-exchange
sites, was combined in a slurry with the
cryptand, and the resulting resin was packed into
columns.

The effect of the column substrate on the
separation of a seven-anion standard is shown in
Fig. 4. The top chromatogram shows the seven-
anion standard separated on the MPIC-based

1 4
2
3 5 p 7
4
Is ps 13
25
7
N\
b e e e les s bea el et oa e bieasl
0 10 20 30 40
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Fig. 4. Comparison of D222 on (top) MPIC resin and
(bottom) AS10 resin. Eluent: 30 mM NaOH at 1.0 ml/min.
Peaks: 1 =F~, 1.5 ppm; 2 = acetate, 10 ppm; 3=Cl", 3 ppm;
4=NO;, 10 ppm; 5=Br", 10 ppm; 6=NO;, 10 ppm;
7=S0;", 10 ppm.
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D222 column used in the previously mentioned
separations with a 30 mM NaOH eluent. The
lower chromatogram shows the separation of the
same standard on the AS10-based D222 column
with the same 30 mM NaOH eluent. The AS10-
based system shows higher efficiency and a
shorter separation time (10 min as compared to
more than 20 min for the MPIC-based resin).

3.4. Gradients on AS10 resin macrocycle
columns

Gradients, both linear and step mode, can be
performed on the AS10 based column. Fig. 5
shows the separation of a fourteen-anion stan-
dard on the AS10-D222 column. The top chro-
matogram shows a linear gradient between 30
mM NaOH and 30 mM LiOH over the first 10
min of the separation, with good resolution of all
fourteen anions in less than 20 min. The step
gradient performed between these two eluents,
with the eluents switched at the time of in-
jection, is shown in the bottom chromatogram.
All fourteen anions are resolved in just over 10
min, a factor of four times faster than similar
separations on the MPIC based systems such as
those shown in Fig. 3.

T ps

Fig. 5. Gradient separation of 14 anions on ASIO resin
loaded with D222. Gradient conditions: top chromatogram:
linear gradient from 30 mM NaOH to 30 mM LiOH from 0
to 10 min; bottom chromatogram: step gradient from 30 mM
NaOH to 30 mM LiOH at time of injection. Peaks as in
Fig. 2.

The difference between the two types of
gradients can be explained by the rate at which
the column capacity is changing. The rate of
bleed of sodium from the column was measured
by performing both linear and step gradients on
the AS10 based column. The eluent was col-
lected in 1-ml fractions before it entered the
suppressor, where the eluent cations are re-
moved from the eluent stream prior to detection.
These samples were analyzed for the concen-
tration of sodium present in the eluent as it left
the column. The results are plotted in Fig. 6,
with the concentration of sodium present in the
eluent plotted against the time elapsed since the
start of the gradient. Also included is the calcu-
lated gradient profile that should be observed if
there were no macrocycle on the column. This
plot shows that the sodium concentration in the
eluent drops much more rapidly in the step
gradient case than in the linear gradient case,
resulting in a more rapid decrease in column
capacity and faster elution of anions from the
column. In both the linear and step gradient
cases the concentration of sodium present in the
column effluent is higher than predicted by the

P
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Fig. 6. Effect of gradient type on bleed of sodium from D222
column. Gradient conditions as in Fig. 3. § =Step; A=
linear; O = theoretical step; [J = theoretical linear.
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theoretical gradient profile due to the bleed of
sodium bound to the macrocycle as the sodium
in the eluént is replaced by lithium. The amount
of sodium decreases rapidly in the early part of
the gradient, but there is still some bleed of
sodium from the column even after the sodium
in the eluent has been completely replaced by
lithium.

It should be noted that the baseline in both the
linear and step gradient systems is unaffected by
the gradient conditions; i.e. there is little change
in the baseline during the course of the separa-
tion.

4. Conclusions

Gradient anion separations, in both linear and
step mode, can be performed on macrocycle-
based systems by changing only the identity of
the eluent cation. Step gradients with these
systems show resolving power similar to the
linear gradients, with slightly reduced separation
times. These step gradients simplify separations
as compared to linear gradients, with less com-
plex pumping equipment required. Such systems
are highly dependent on the polymeric substrate.
Specifically, the use of underivatized Dionex
AS10 resin allows faster, more efficient separa-
tions than columns based on the chemically
similar MPIC resin.
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Abstract

The possibility of the conductimetric detection of transition metals following separation with a linear pH gradient
was demonstrated. Such detection is possible owing to the constant conductivity of the polyampholyte eluent over a
wide pH range due to the use of a starting buffer with the same conductivity as the polyampholyte eluent. The
separation of metals was performed on a column packed with tetracthylenepentamine-bonded silica.

1. Introduction

Chromatofocusing is a widely used ion-ex-
change chromatographic technique applied to
the separation and purification of biological
macromolecules owing to the difference in their
isoelectric points [1]. The high resolving ability
of the method is connected with the property of
primary and secondary amino groups at the
surface of a polybuffer ion exchanger (PBE) to
form a linear pH gradient in the chromatograph-
ic column. Recently, it was shown that the
principle of chromatofocusing can be modified
and used for the concentration and high-per-
formance separation of transition metals [2,3].
Such an ability is based on the property of
functional amino groups at the surface of the
PBE to form complexes of transition metals at a
high pH of the eluent and their consequent
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destruction with a decrease in the pH gradient.
Good separation was obtained with tetra-
ethylenepentamino-bonded silica and a commer-
cially available polysaccharide-based ion ex-
changer, PBE-94 [3].

A problem with the reliable detection of the
separated metals arises in the separation of
transition metals with an induced pH gradient.
Spectrophotometric detection in a flow of ef-
fluent with postcolumn reaction with 4-(2-
pyridylazo)resorcinol (PAR), as usually used,
does not provide the reliable results, for the
following reasons: (i) the difficulty of maintain-
ing the optimum pH in the postcolumn reactor
for quantitative complexation of metals with
PAR during the pH gradient; the buffer capacity
for polyampholyte eluents used in chromato-
focusing is 75 wmol/pH unit/ml, which produces
a significant decrease in the pH of the mixture by
1.0-1.5 after mixing the column effluent with the
postcolumn reagent; (ii) the appearance of a

© 1994 Elsevier Science BV. All rights reserved
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ghost peak at the end of the pH gradient due to
the shift in the acid-base equilibrium of PAR
(Fig. 1); and (iii) the significant complexing
ability of the polyampholyte eluent used in
chromatofocusing [4].

The determination of the separated metals in
each fraction may solve the above problem, but
it significantly complicates the detection proce-
dure and affects the resulting profile of the
chromatogram.

Another possible solution to the problem is to
use conductivity detection. This is connected
with the property of polyampholyte eluents to
provide a constant conductivity in solutions with
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ge of eluent
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Fig. 1. Chromatogram of model mixture of metals. Column,
250 X 4.6 mm L.D. Tetren-SiO,, particle size 10 wm; capaci-
ty, 0.28 mmol/g; starting buffer, 0.01 M Tris—HCl (pH 7.5);
eluent, 1:20 Polybuffer 74 (pH 3.4); flow-rate, 1 ml/min;
spectrophotometric detection at 540 nm with postcolumn
reaction with PAR.

varying pH. The aim of this work was to show
the potential of conductimetric detection for this
chromatographic technique.

2. Experimental
2.1. Apparatus

An isocratic chromatographic system, consist-
ing of a Beckman (Berkeley, CA, USA) Model
114M high-pressure pump, a Rheodyne (Cotati,
CA, USA) Model 7125 injection valve, a Con-
ductolyzer 5300B conductimeter (LKB, Brom-
ma, Sweden), a Model 204 variable-wavelength
spectrophotometric detector (Linear, Reno, NV,
USA), a DP-700 integrator-recorder (Spectra-
Physics, San Jose, CA, USA) and a RediRac
2112 fraction collector (LKB), was used. The
stainless-steel chromatographic column was
slurry packed with the silica-based polybuffer ion
exchanger Tetren-SiO, from 2-propanol-water
(1:3). The measurement of conductivity and
conductimetric titration of the starting buffers
and polyampholyte eluents were performed with
a Model MM-34-04 conductimeter (Moscow,
Russian Federation) equipped with smoothed
platinum electrodes. The concentration of transi-
tion metals in the fractions was determined
spectrophotometrically by reaction with PAR as
described [5].

2.2. Reagents

The polybuffer ion exchanger Tetren-SiO, was
prepared by modification of silica (Silasorb
Si300, 10 wm; Lachema, Brno, Czech Republic)
surface with 3-glycidoxypropyltriethoxysilane fol-
lowed by treatment with tetraethylenepentamine
(both reagents from Reachim, Moscow, Russian
Federation) according to slightly modified pro-
cedure [6]. Aqueous solutions of Tris,
glycylglycine and r-histidine (Serva, Heidelberg,
Germany) were used as starting buffers. Dilute
solutions of Polybuffer 74 (Pharmacia, Uppsala,
Sweden) were used as polyampholyte eluents.
The required pH of the eluents was adjusted
with 0.1 M HClL. Stock solutions of transition
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metals were prepared from the corresponding
nitrates [sulphate for iron(IT)].

3. Results and discussion

A number of papers have reported applica-
tions of different zwitterionic eluents such as
N-substituted-aminoalkanesulphonic acids and
aminocarboxylic acids for the determination of
anions by ion chromatography [7-10]. The main
advantage of these eluents in their low conduc-
tivity, providing sensitive detection in the “non-
supressed” mode. Another advantage is the
simplicity of suppression of the conductivity of
zwitterionic eluents for their concentration gra-
dient required for the elution of strongly re-
tained solutes.

It is also known that carrier ampholytes used
in isoelectrofocusing and the polyampholyte
eluent Polybuffer 74 u<ed in chromatofocusing
are zwitterionic substances with higher molecular
masses. They both have the following main
properties [1,11,12]: background conductivity as
low as 2-10 uS/cm; constant value of conduc-
tivity over a wide pH range; and good and
constant buffer capacity in the same pH range.

The first step, conductimetric titration of Poly-
buffer 74 diluted 1:8 with 0.025 M histidine was
performed to ensure the above-mentioned
characteristics of Polybuffer 74. It was found that
the conductivity of the 1:8 diluted solution of
Polybuffer 74 and the buffer capacity are virtual-
ly constant over the pH range 3.9-7.1. The
conductivity of the solution was 8-10 uS/cm. It
should be noted that the same interval of pH
covers the range of the pH gradient formed in
the column.

The properties of Polybuffer 74 provide the
possibility of forming an isoconductive linear pH
gradient in the chromatographic column and
consequently of performing conductimetric de-
tection. Evidently, in this instance the Tetren-
Si0O, ion exchanger acts as a solid-phase suppres-
sor with limited capacity. The initial chromato-
gram of a model mixture of transition metals
obtained with a pH gradient is shown in Fig. 2.
A good separation of manganese(Il), cad-
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Fig. 2. Separation of standard mixture of metals. Column as
in Fig. 1. Starting buffer, 0.025 M histidine—HCI (pH 7.5);
eluent, 1:8 Polybuffer 74 (pH. 3.4); flow-rate, 1 ml/min;
conductimetric and spectrophotometric detection at 540 nm
with PAR in collected fractions (V=35 ml).

mium(I1), zinc(II) and cobalt(II) was obtained.
The chromatographic peaks of the metals were
detected by on-line measurement of the conduc-
tivity of the effluent and also by the spectro-
photometric determination in the collected frac-
tions by reaction with PAR. The sensitivity of
detection in both instances is virtually identical.
However, the background conductivity of the
effluent during a chromatographic run is de-
creased corresponding to the pH profile. This is
connected with the difference in the conductivity
values of the starting buffer and the polyam-
pholyte eluent. This difference can be minimized
by optimization of the nature and concentration
of the starting buffer and the polyampholyte
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eluent. The relationship between the conductivi-
ty of various starting buffers and the polyam-
pholyte eluent and their concentration was in-
vestigated for this purpose (Fig. 3). The dilution
of the starting buffer made on the basis of Tris,
glycylglycine or histidine produces a greater
decrease in conductivity in comparison with the
dilution of Polybuffer 74. Hence during the
optimum dilution good correspondence of the
conductivities was achieved for the pair 0.004 M
histidine-1:50 Polybuffer 74. As a result, no
significant disturbance of the baseline was ob-
served for this system of eluents during a blank
chromatofocusing run.

The chromatogram of the model mixture of
metals obtained under the optimum conditions
(Fig. 4) demonstrates the straight baseline and
the suitability of conductimetric detection of
transition metals with the use of a pH gradient.

There are no data available on the chelating
properties of Polybuffer 74. However, assuming
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Fig. 3. Relationship between the conductivity of the starting
buffers and of the polyampholyte eluent and the concen-
tration and pH. O=Tris; A = histidine; V = glycylglycine;
O = Polybuffer 74.
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Fig. 4. Chromatogram of model mixture of metals using an
isoconductive pH gradient. Column as in Fig. 1. Starting

buffer, 0.004 M histidine (pH 7.6); eluent, 1:50 Polybuffer 74
(pH 3.4); flow-rate, 1 ml/min; conductimetric detection.

complexation for the polyampholyte eluent used
and taking into account its low background
conductivity, one can suggest a direct detection
mode of the separated metals in the form of
complexes with aminopolycarboxylic fragments
of the zwitterionic molecules of polyampholyte
eluent. In comparison with the results of the
determination of the negatively charged com-
plexes of transition metals with EDTA by “non-
supressed” IC at a fixed pH of the eluent with
conductivity detection [13,14], the sensitivity of
detection was the same. The detection limits of
metal ions with the isoconductive pH gradient
system using 0.004 M histidine—1:50 Polybuffer
74 as the eluent were Fe(II) 10, Co(II) 10,
Mn(I1)15, Zn(II) 7 and Cd(II) 5 pg/l. More-
over, the sensitivity of the proposed chromato-
graphic method can be simply improved by
increasing the sample volume with preconcen-
tration of transition metals on the same column.
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4. Conclusions

The properties of different eluents used in
chromatofocusing were investigated. An isocon-
ductive pH gradient system consisting of 0.004 M
histidine (pH 7.5) starting buffer and 1:50 Poly-
buffer 74 (pH 3.4) polyampholyte eluent is
proposed for the separation of transition metals
on a column of tetraethylenepentamine-bonded
silica. The possibility of conductimetric detection
of separated metals without “suppression” was
demonstrated for a linear gradient from pH 7.5
to 3.5 formed during the separation.
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Abstract

Three practical examples are presented to demonstrate the utility of element-selective detection for ion
chromatography (IC). The determination of As species in a liquid health food supplement by IC with inductively
coupled plasma atomic emission spectroscopy (IC-ICP-AES) is shown to confirm results obtained for total As.
IC-ICP-AES is also used to investigate the identity of an unknown peak in a sample of shrimp commercially
treated with tripolyphosphate. Finally, results are presented for the determination of residual bromate in baked
goods by IC with inductively coupled plasma mass spectrometry detection.

1. Introduction

The combination of ion chromatography (IC)
with inductively coupled plasma atomic emission
spectroscopy (ICP-AES) or inductively coupled
plasma mass spectrometry (ICP-MS) provides a
powerful analytical technique. In comparison to
total element determinations by atomic spec-
trometric techniques, this hyphenated technique
provides information regarding the chemical
form of a particular element. The chemical form
or nature of an element can greatly affect its
function, bioavailability and toxicity. In addition,
the ability to monitor a specific element(s) can
eliminate chromatographic interferences associ-
ated with difficult matrices. This permits accur-

* Corresponding author.
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ate, reliable analyses even when the separation
of analyte from matrix is incomplete. ICP-AES
and ICP-MS have high elemental sensitivity and
are capable of monitoring more than one ele-
ment simultaneously. The coupling of ICP-AES
and ICP-MS with chromatography has been
reviewed by several groups [1-4]. Arsenic, lead,
mercury, selenium, tin and chromium have been
the subject of the majority of studies involving
element-specific detection for HPLC and IC [1-
4]. In this paper, three applications of element-
specific detection for food analysis will be dis-
cussed.

The Food and Drug Administration is respon-
sible for ensuring that food products in the
marketplace are safe; this includes health food
supplements. The determination of toxic trace
elements such as arsenic in mineral supplements
is thus of interest. The use of IC-ICP-AES for
the determination of As provides important



102 D.T. Heitkemper et al. | J. Chromatogr. A 671 (1994) 101-108

toxicity information since various species have
widely differing toxicities. The technique can
also be used to confirm the results obtained for
total As. ‘

Arsenic has been the element most studied by
element-selective detection using both ICP-AES
and ICP-MS. These studies have been reviewed
elsewhere [2,3]. The advantage of element-
specific detection in the IC determination of
As(IIT) and As(V) has been demonstrated using
a direct-current plasma [5,6]; however, no appli-
cations were reported.

Polyphosphates are added to seafood products
to provide protection from moisture loss during
processing [7]. However, the amount of poly-
phosphate used must be controlled in order to
prevent the uptake of excess water by treated
products. The potential for economic fraud
through mislabeling or excessive use necessitates
the development of analytical methodology for
polyphosphates and their hydrolysis products.
There are reports of both ICP-AES and ICP-MS
detection for phosphates separated by HPLC
[8,9]. In this work, ICP-AES detection is
used in the investigation of an unknown peak
found by IC with UV detection in samples
of shrimp processed with sodium tripolyphos-
phate.

There is some concern regarding the health
effects of residual bromate in bakery products.
Potassium bromate is used in the baking industry
as a dough conditioner. The majority of bromate
is reduced to bromide during the baking process;
however, residual bromate has been found in
some baked goods. The determination of re-
sidual bromate using IC with conductivity detec-
tion is complicated because of inadequate sen-
sitivity and the presence of interfering matrix
species such as chloride [10]. The combination
of gel-permeation liquid chromatography and
ICP-MS has been used in the determina-
tion of several inorganic halogen species
including bromate, but was not applied to
bakery products [11]. IC-ICP-MS detection of
bromate at m/z 79 and/or 81 provides excellent
sensitivity and freedom from matrix interfer-
ences.

2. Experimental
2.1. Apparatus

The chromatographic system used consisted of
a Dionex (Sunnyvale, CA, USA) system 4500i
equipped with a gradient pump Module-2, liquid
chromatography Module-3, variable-wavelength
detector and an ASM autosampler. Analytical
columns used in this work were the IonPac
AS4A, IonPac AS7 and IonPac AS10 (250 x 4
mm, Dionex). Guard columns used were the
IonPac AG4A, TonPac NG1 and IonPac AG10
(50 X 4 mm, Dionex).

A Thermo Jarrell Ash Model 1140 Plasma
Atomcomp Polychromator ICP-AES system was
used. The instrument was operated in an intensi-
ty vs. time data acquisition mode. The acquisi-
tion time was 3 s/point for the As detection
work and 7.5 s/point for the P detection work.
The acquisition time used depends on the length
of the chromatographic run because the maxi-
mum number of time slices allowed in this
operating mode is 100. The operating conditions
were as follows: Ar coolant gas flow, 20 1/min;
Ar auxiliary gas flow, 1.5 I/min; Ar nebulizer gas
flow, 0.75 1/min; forward power, 950 W; P line
monitored, 214.9 nm; As line monitored, 193.9
nm.
The ICP-MS system used was a VG/Fisons
PlasmaQuad Model PQ2+ Turbo. The operating
parameters used were as follows: Ar coolant gas
flow, 14 1/min; Ar auxiliary gas flow, 1.1 1/min;
Ar nebulizer gas flow, 0.82 1/min; forward
power, 1350 W; resolution 0.8 u. For chromato-
graphic sample introduction, the instrument was
operated in the single ion monitoring mode with
a 1-s integration time per data point. For the
determination of bromate in baked goods, the
7Br isotope was monitored.

The interface between the IC system and the
ICP-AES or ICP-MS detector consisted of a ca.
48 in. (1 in. =2.54 cm) length of 0.010 in. I.D.
polyether ether ketone (PEEK) tubing. The
tubing connected either the outlet of the UV cell
or the conductivity detector cell to the inlet of a
concentric nebulizer which is used for sample
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introduction to both the ICP-AES and ICP-MS
systems.

Chromatographic data obtained for both ICP-
AES and ICP-MS were converted to ASCII
files and imported into a spreadsheet program
for evaluation of peak heights and retention
times.

2.2. Reagents and standard solutions

The water used throughout this work was
distilled and deionized (DDW). Sodium hydrox-
ide used in preparing mobile phases was a 50%
(w/w) solution (Fisher Scientific, Fair Lawn, NJ,
USA). Nitric and perchloric acids used were
double distilled (GFS Chemicals, Columbus,
OH, USA). Sulfuric acid and ferric nitrate 9-
hydrate were reagent grade.

Sodium arsenite and sodium arsenate stan-
dards were prepared from reagent-grade chemi-
cals (Fisher) dissolved in DDW. Food-grade
sodium tripolyphosphate was obtained from
Monsanto (St. Louis, MO, USA). Sodium pyro-
phosphate decahydrate was obtained from Al-
drich (Milwaukee, W1, USA) and sodium phos-
phate monobasic was obtained from EM Science
(Gibbstown, NJ, USA). Stock standards of
each (10000 pg/ml) were prepared in DDW.
Potassium bromide and sodium bromate stock
standards (1000 pg/ml) were prepared from
reagent-grade chemicals (Aldrich) dissolved in
DDW.

3. Results and discussion

3.1. Determination of inorganic arsenic species
in a liquid health food supplement

Element-specific detection has been used
extensively in the analysis of arsenic because
of large differences in the toxicity of various
arsenic-containing species [2-4]. The use
of conductivity detection for As(IIl) is diffi-
cult because of the low ionization constant of
arsenous acid [6]. In this work, IC-ICP-AES is
used to determine the oxidation state of inor-
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ganic As found in a liquid health food supple-
ment.

Samples were simply diluted 1:10 with DDW
and filtered through a 0.2-um nylon syringe
filter. Fig. 1 shows the separation of arsenite
and arsenate spiked into a sample of the health
food supplement at the 5 ug/ml level. A single
standard addition was used to quantitate arse-
nate found in the samples. No arsenite was
detected. The solution detection limits were
0.16 and 0.14 wg/ml for arsenite and arsenate,
respectively. Ten background points were mea-
sured in a blank solution at the analyte re-
tention time; and the detection limit was calcu-
lated as three times the standard deviation of
these ten points divided by the sensitivity ob-
tained for a 4 ug/l analyte standard.

Four samples were analyzed and good agree-
ment was obtained with total As results de-
termined directly by ICP-AES. The average and
standard deviation for the total As measure-
ments of four samples was 9.0+ 0.1 pg/ml. In
comparison, the IC-ICP-AES result was 9.1+
0.5 pg/ml of arsenate.
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Fig. 1. As-specific detection in a liquid heaith food supple-
ment. Peaks: 1 =5 pg/ml As(III) spike; 2=35 pg/ml As(V)
spike. Column, Dionex lonPac AS4A. Mobile phase, 40 mM
sodium hydroxide. Flow-rate, 1.0 ml/min. Injection volume,
100 ul. Suppressor, Dionex AMMS-1. Regenerant, 12.5 mM
sulfuric acid. Regenerant flow-rate, ca. 5 ml/min. Detection,
ICP-AES 193.7 nm.
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3.2. Investigation of polyphosphates in
processed shrimp by IC-ICP-AES

A method for the determination of tripoly-
phosphate and its hydrolysis products in pro-
cessed shrimp using IC with post-column re-
action UV detection has been described else-
where [12]. The presence of a peak of unknown
identity when using UV detection was cause for
some concern. The unknown peak eluted be-
tween peaks for tripolyphosphate and pyrophos-
phate and near the retention time for sulfate.
However, a sulfate spike of the sample solution
showed that the unknown was not sulfate. It was
important to show that the peak was not a
phosphate-containing species such as tri-
metaphosphate which is a known impurity in
some commercially available sodium tripolyphos-
phates [13].

Shrimp samples were composited and pre-
pared as described in ref. 12. Composited sample
(0.5 g) was diluted 1:100 with DDW and shaken
for 30 min. A portion of the extract was then
filtered through a nylon syringe filter and a C,
sample preparation cartridge in series. Fig. 2
shows UV and ICP-AES chromatograms ob-
tained for a sample of cooked processed shrimp
which had been treated with tripolyphosphate.
In this case, the outlet of the UV cell was
connected directly to the ICP-AES instrument;
thus the column effluent and the UV post-col-
umn reagent (0.1% ferric nitrate in 2% per-
chloric acid) were introduced to the plasma. The
unknown peak (3) is only detected by the UV
detector. Based on the strong ICP emission
signal obtained for orthophosphate, pyrophos-
phate and tripolyphosphate peaks, it can be
concluded that the unknown peak does not
contain phosphorus and should not affect the
analysis of tripolyphosphate and its hydrolysis
products.

3.3. Determination of bromate and bromide in
baked goods by IC-ICP-MS

Investigations into the health risks associated
with the use of potassium bromate in bread
require the development of analytical meth-
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Fig. 2. Determination of polyphosphates in shrimp. (A) UV
detection at 330 nm; (B) ICP-AES detection of P at 214.9
nm. Peaks: 1= orthophosphate; 2= pyrophosphate; 3=
unknown; 4 = tripolyphosphate. Column, Dionex IonPac
AS7. Guard column, NG1. Mobile phase 70 mM nitric acid.
Flow-rate, 0.5 ml/min. Injection volume, 100 wul. Post-col-
umn reagent for UV detection, 1 g/l ferric nitrate in 2%
perchloric acid. Post-column reagent flow-rate, 0.5 ml/min.

odology capable of quantitating bromate at the
low ng/g level. Conductivity detection is ham-
pered by insufficient sensitivity and interference
from high chloride levels in baked goods [10].
IC-ICP-MS provides sufficient sensitivity and
freedom from interferences to accurately quanti-
tate bromate in a relatively straightforward man-
ner.

Five slices of bread from different areas of the
same loaf were cut (or torn) into small pieces
approximately 1 cm’, placed into a plastic zip-
lock bag, and mixed thoroughly. A 25-g sample
of the composite was accurately weighed into a
clean 250-ml Nalgene HDPE bottle and 200.0-
225.0 g of DDW were added. The sample was
then homogenized using a Kinematica Polytron
homogenizer for approximately 2 min. A portion
of the sample solution was then centrifuged at
2500 g for 5 min (in later work, the centrifuge
step was omitted). Finally, a portion of the
supernatant was passed through a 0.45-um nylon
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syringe filter and an activated Alltech Maxi-clean
C,, sample preparation cartridge. This solution
served as the sample solution. The C,4 cartridge
was activated by passing through 20 ml of metha-
nol followed by 20 ml of DDW. The first 3 ml of
sample through the syringe filter and C,g column
were discarded.

A similar procedure was followed for bun and
roll samples. One or two buns (or rolls) were
sampled and treated in the same manner as the
five slices of bread. In more recent studies, a
single bun or roll has been cut into small pieces
and the entire sample is diluted 1:10 with DDW,
after which the sample is prepared as described
above.

Samples should be stored frozen prior to
preparation and analysis. Prepared samples
should be analyzed as soon as possible after
preparation.

A Dionex AS10 analytical IC column and
AG10 guard column with a mobile phase of
150-180 mM NaOH at a flow-rate of 1 mi/min
has been found to provide good separation of
bromate, bromide and some unidentified inter-
ferences. A micromembrane suppressor, Dionex
Model AMMS-II, has been utilized to reduce the
amount of Na which reaches the ICP-MS system.
Large amounts of Na introduced to the ICP-MS
system can cause suppression of analyte signal
and response drift. Bromate and bromide elute
at retention times of approximately 6 and 17
min,  respectively. In bread matrix, both the
bromate and bromide peaks elute at slightly
shorter retention times than found with stan-
dards presumably because of matrix effects.
Peak height was used for quantitation due to
difficulties associated with integrating peak areas

Table 1
Figures of merit

using the present method of data collection and
evaluation.

Peak height response was found to be linear
over the range 1 to 1000 ng/ml for bromate and
2 to 500 ng/ml for bromide. The solution detec-
tion limit for bromate was 0.6 ng/ml. This
corresponds to a method detection limit of
approximately 6 ng/g in baked goods. For bro-
mide the solution detection limit was 1.0 ng/ml.
Detection limit was defined as the concentration
of bromate which would result in a peak height
equivalent to three times the standard deviation
of 30 background points for a blank solution
taken at the retention time of the analyte. For 10
consecutive injections of a 10 ng/ml bromate
standard, a R.S.D. of 2.1% was obtained. Fig-
ures of merit obtained using the 150 mM sodium
hydroxide eluent are summarized in Table 1.

Initially, an eluent of 180 mM sodium hy-
droxide was used. Four replicate injections of a
fully prepared sample extract from hot dog buns
resulted in an average of 80 ng/g bromate and 44
wg/g bromide with R.S.D.s of 7.9 and 5.0%,
respectively. In a similar experiment with
“brown and serve’” bread sticks, five portions of
extract were filtered through five syringe filters
and C,, cartridges and analyzed. This resulted in
an average of 8.2 ug/g bromate and 37 ug/g
bromide with R.S.D.s of 8.2 and 7.0%, respec-
tively. Thus in both cases the repeatability of
sample injections was less than 10% R.S.D. for
both bromate and bromide.

This chromatographic system (AS10 column
with 180 mM NaOH eluent) was used to analyze
several different sample types. Table 2 shows the
results obtained for seven samples of buns and
rolls. Bromate was found in six of the seven

Bromate Bromide
Solution detection limit (ng/ml) 0.6 1.0
Short-term precision (10 ng/ml) 2.1% (n = 10) 32% (n=4)
Linear range (ng/ml) 1-1000 2-500
Correlation coefficient 0.9999 0.9998
Sensitivity (slope) 909 cps/ng/ml 483 cps/ng/ml
Log-log slope 0.98 0.99
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Table 2
Results for buns and rolls, 180 mM NaOH eluent

./ J. Chromatogr. A 671 (1994) 101-108

Description Bromate concentration

Bromide concentration

(ng/g) (ng/g)
Steak rolls 1.6,1.1 37,33
Twist rolls 0.7,0.3 39, 36
Hot dog buns 1.1,0.08 45,44
French rolls <0.04 16, 14
Hot dog buns 0.08,0.09 14, 14
Hot dog buns 0.8,0.7 23,23
Brown and serve 10.5 35,36

bread sticks

samples at concentrations ranging from 0.8 to
10.5 ng/g. Table 3 shows the results obtained for
ten samples of sliced bread. The determination
of bromate using this separation system is still
somewhat hampered by the incomplete resolu-
tion of bromate and an interference. Based on
the amount of interference seen in these ten
bread samples, a conservative estimate of the
bromate detection limit (0.04 pg/g) was made.
None of the sliced bread samples analyzed was
found to contain bromate at a concentration
above the detection limit. Spike recoveries for a
0.1 wg/g bromate spike into three of the samples
are also reported in Table 3. Recoveries for the
three spiked samples were 78, 86 and 134%.
The use of 150 mM NaOH was found to

Table 3
Results for sliced bread, 180 mM NaOH eluent

provide adequate separation of the bromate
peak and unidentified interference. Fig. 3 shows
a spiked and unspiked chromatogram for a
sample of white bread. The spike concentration
was 1 ng/ml bromate (roughly 10 ng/g of sam-
ple). The bromate peak is well resolved from any
interfering peaks. The same ten sliced bread
samples as listed in Table 3 were analyzed using
the 150 mM NaOH. In each case bromate was
not detected.

The chromatogram shown in Fig. 4 was ob-
tained from a sample of “brown and serve”
Italian rolls. Ten separate rolls were prepared by
homogenizing the entire rolls. Bromate was
present at an average concentration of 3.5 ug/g
of sample. The average bromide concentration

Description Bromate concentration Bromide concentration
(ng/g) (ng/g)

Buttermilk <0.04 7.0,6.6

‘Whole wheat <0.04 6.6,6.3

Multigrain <0.04 5.8,5.8

Whole grain <0.04 (134%) 5.9,5.9

White <0.04 7.0,6.0

Rye <0.04 (86%) 6.4,6.6

Light white <0.04 (78%) Not determined

White <0.04 7.0,6.8

Light white <0.04 32,32

White <0.04 5.8,5.3

Numbers in parentheses are recovery values for a 0.1 pg/g bromate spike (10 ng/ml in solution).
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Fig. 3. Chromatograms of spiked and unspiked samples of
white bread using ICP-MS detection. (A) Unspiked sample;
(B) spiked sample, 1 ng/m! bromate spike. Peaks: 1=
unknown; 2= bromate; 3 =bromide (off scale). Column,
Dionex IonPac AS10. Guard column, AG10. Mobile phase,
150 mM sodium hydroxide. Flow-rate, 1.0 ml/min. Injection
volume, 100 ul. Suppressor, Dionex AMMS-II. Regenerant,
25 mM sulfuric acid. Regenerant flow-rate, ca. 5 ml/min.
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Fig. 4. Chromatogram of “brown and serve” Italian roll
using ICP-MS detection. Peaks: 1= bromate; 2 = bromide.
Chromatographic conditions as for Fig. 2.

was 36 pg/g of sample. The R.S.D.s for the 10
samples were 8.1% and 8.9% for bromate and
bromide concentrations, respectively.

4. Conclusions

Element specific detection for ion chromatog-
raphy by ICP-AES or ICP-MS has been shown
to resolve persistent separation problems in food
analysis as well as provide additional confirma-
tion of peak identity. The oxidation state of
inorganic arsenic in a liquid health food supple-
ment was determined by IC-ICP-AES. While
ICP-AES is generally more tolerant of the
eluents used in IC, ICP-MS provides enhanced
sensitivity. The combination of IC and ICP-MS
allows the requisite sensitivity and freedom from
chromatographic interferences which are neces-
sary to make an informed decision on the po-
tential health risks associated with ingestion of
bromate from baked goods.
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Abstract

The magnitude of signal obtained during d.c. and pulsed amperometric detection using a thin-layer type cell is
dependent on several factors, two of which are controlled by the cell design. These two factors are the surface area
of the working electrode and the mobile phase velocity over the surface of the working electrode. Mobile phase
velocity is controlled by the thickness and width of the thin-layer channel gasket. In this report, the effect of
varying working electrode size and gasket dimensions are studied. Using 1 mm diameter working electrodes and a
25 wm x 1.3 mm gasket, the minimum detection limit for dihydroxybenzylamine is about 6 femtomoles and for

glucose, about 200 femtomoles.

1. Introduction

The most commonly used amperometric detec-
tor cell design is the thin-layer cell. In a typical
construction, a thin gasket with a slot cut in the
middle is sandwiched between two blocks: one a
metal which forms the counterelectrode and the
other a flat disk working electrode surrounded
by insulating plastic. The block containing the
working electrode is made by force-fitting a rod
of working electrode material into the plastic
block and polishing the surface to a flat finish.
The slot cut in the gasket forms the thin-layer
channel. The column effluent enters the thin-
layer channel, rapidly develops laminar flow, and
flows across the surface of the working electrode
where the analytes are detected. The reference
electrode is placed downstream from the work-
ing electrode.

* Corresponding author.

Other amperometric detector designs include
the use of tubular working electrodes and the
“wall-jet” design, in which the column effluent
impinges directly on (perpendicular to) the
working electrode. Compared to these and other
designs, the thin-layer cell has several advan-
tages: (1) Construction is simple, requiring only
a means of clamping the two blocks together
without the gasket leaking. (2) The thin channel
produces high mobile-phase linear velocity over
the surface of the working electrode, which
produces high signal magnitude. (3) The working
electrode is easily cleaned by polishing. (4) The
internal volume of the thin-layer channel can be
made very low, thus minimizing peak dispersion
contributed by the detector and efficiently
sweeping out of the cell high-concentration com-
ponents. (5) Cell resistance is very low due to
the short distance between the working and
counterelectrodes. This prevents voltage drop
from lowering the actual potential on the work-
ing electrode and increases the linear calibration

0021-9673/94/%07.00 © 1994 Elsevier Science B.V. All rights reserved
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range. (6) Any conductor available in rod form
can be used as the working electrode.

Several studies have been published on the
signal magnitude from thin-layer type am-
perometric detector cells using d.c. amperometry
at a glassy carbon working electrode [1-9].
Equations are derived from fundamental princi-
ples of hydrodynamics and then compared to
actual data. Eq. 1 has been derived and tested
[6] and appears to be an accurate predictor of
cell current (). It is applicable to a thin-layer cell
with a circular working electrode whose diameter
is the same as the channel width, in which flow is
laminar, and for analytes where the current is
diffusion controlled; i.e. the reaction rate is
limited by the rate of diffusion of analyte mole-
cules to the surface of the working electrode and
not by the rate of the electron transfer reaction.

i=1.47nFU"*(DA/R)?3C 1)

The number of electrons transferred in the
redox reaction is n, F is the Faraday, U is the
volume flow-rate, D is the analyte diffusion
coefficient, A is the working electrode surface
area, h is the height of the thin-layer channel;
i.e. the thickness of the gasket, and C is analyte
concentration. The equation parameters can be
divided into two categories. Parameters n, U, D
and C are determined by the analyte and mobile
phase characteristics. Working electrode surface
area A and thin-layer channel thickness & are the
only cell parameters which control detector re-
sponse. That signal is dependent on electrode
surface area is obvious; the greater the surface
area, the more analyte molecules can be de-
tected. The dependence on channel height is
actually a result of the effect of height on the
linear velocity of flow over the surface of the
working electrode. With a constant volume flow-
rate, linear velocity is inversely proportional to
h, so cell current is dependent on linear velocity
to the 2/3 power. The effect of increasing linear
velocity is to decrease the Nernst diffusion layer
thickness. This increases the analyte concentra-
tion gradient at the working electrode surface,
increasing cell current.

The true goal is maximizing signal-to-noise
ratio and not just signal, so determining the

effect of cell parameters on noise is just as
important as determining their effect on signal.
Several reports have dealt with the effect of cell
parameters on both signal and noise [1,3,5,7,8].
In general, noise was found to be directly pro-
portional to working electrode surface area.
Signal-to-noise ratio should actually improve
slightly as the working electrode surface area is
decreased. However, for very small working
electrodes, electronics noise is the limiting factor
[5]-

In this report, the effects of thin-layer channel
thickness and working electrode size on signal-
to-noise ratio are studied. In addition to theoret-
ical considerations, practical limitations on these
parameters are discussed. Two amperometric
detection methods are used: d.c. amperometric
detection of catecholamines using a glassy car-
bon working electrode and reversed-phase chro-
matography; and pulsed amperometric detection
of carbohydrates using a gold working electrode
and high-pH anion-exchange chromatography.

These two methods were selected for study
because they are two of the most common
applications of amperometric detection. In addi-
tion, the dependence of signal-to-noise ratio on
cell design parameters for pulsed amperometry
had not yet been addressed. Publications discus-
sing the determination of catecholamines in
urine and plasma appear frequently. Two recent
articles deal with mobile phase selection {10] and
sample preparation [11]. The principles of pulsed
amperometric detection and how it is used to
determine carbohydrates, alcohols, amines and
sulfur species are discussed in two recent reviews
{12,13].

2. Experimental section

Glassy carbon working electrodes with diame-
ters of 1 and 3 mm were tested. Smaller or
intermediate sizes were not available. Three gold
working electrodes were tested; their diameters
were 0.5, 1 and 3 mm. Thin-layer channel
gaskets ranged from 25 to 125 pm thickness.

All chromatography was performed using
Dionex liquid chromatography equipment. Both
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Table 1
Potential vs. time waveform used to detect carbohydrates

Time (s) Potential (V) Integrate
0.00 0.10

0.20 0.10 Begin
0.40 0.10 End
0.41 0.70

0.60 0.70

0.61 -0.10

1.00 -0.10

an Advanced Gradient Pump and a DX-500
GP40 gradient pump were used. Flow-rate was
1.0 ml/min and injection volume was 20 ul. The
detector was a prototype version of the DX-500
ED40 electrochemical detector. Catecholamines
were detected at 0.65 V vs. Ag/AgCl reference
electrode. The mobile phase for catecholamines
consisted of 57 mM citric acid, 43 mM sodium
acetate, 0.1 mM disodium EDTA, 1 mM oc-
tanesulfonic acid (Dionex MPIC-CR2), and 20%
methanol. The column was a Zorbax C-18 5 um,
250 x 4.6 mm. Carbohydrates were detected
using the potential vs. time waveform listed in
Table 1. A CarboPac PA1 250 X 4 mm column
was used with 100 mM sodium hydroxide mobile
phase. All chemicals were reagent grade. Cat-
echolamines were obtained from Aldrich (Mil-
waukee, WI, USA). Citric acid, sodium acetate,
and disodium EDTA were obtained from Fluka
(Buchs, Switzerland). Sodium hydroxide was
made from 50% concentrate from Fisher (Pitts-
burgh, PA, USA).

Noise was measured peak-to-peak over a 2-
min period of flat baseline. Each point for signal
and noise in the tables is the average of six
measurements.

3. Results and discussion

D.c. amperometry is routinely used to detect
catecholamines [10,11]. A typical example is the
chromatography of urinary catecholamines
as shown in Fig. 1. Dihydroxybenzylamine
(DHBA) is commonly used as an internal stan-
dard, and was chosen to be used as the standard
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Fig. 1. Separation of catecholamines in alumina extract of
urine. Catecholamines from 0.5 ml of urine diluted to 5 ml
with 0.6 M Tris buffer at pH 8.5 plus 6.3 ng DHBA internal
standard were adsorbed on 0.1 g activated alumina. Follow-
ing a 10-min mixing period in an ice bath, the alumina was
washed three times with 5 mM acetate buffer at pH 7.0.
Catecholamines were released by rinsing the alumina with 0.2
ml of 0.3 M acetic acid. This solution was centrifuged and
diluted to 1 ml for analysis. A 1 mm diameter glassy-carbon
working electrode was used with a 25 um thick by 1.3 mm
wide gasket. Peaks: 1 = norepinephrine, 2 = epinephrine, 3 =
DHBA, 4 = dopamine.

compound for measuring signal-to-noise ratio in
this study. Glucose was used as the standard
compound for pulsed amperometric detection at
a gold working electrode.

3.1. Channel thickness

Signal (peak height), baseline noise, and the
resulting signal-to-noise ratios for DHBA as a
function of thin-layer channel thickness are listed
in Table 2. Detection is by d.c. amperometry at
a glassy carbon working electrode. The same
measurements using glucose with pulsed am-
perometric detection at a gold working electrode
are also listed in Table 2. For both d.c. and
pulsed amperometry, noise is independent of
channel thickness while signal increases as the
channel is made thinner. The obvious conclusion
is that the thin-layer channel should be made as
thin as possible. The limit on decreasing channel
thickness is a result of practical and not theoret-
ical considerations. First, the gasket must be
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Signal and noise for d.c. amperometric detection of 2 picomoles DHBA at a 1 mm diameter glassy carbon (G.C.) working
electrode and pulsed amperometric detection of 2 picomoles glucose at a 1 mm diameter gold working electrode

Channel DHBA G.C. DHBA Glucose Gold Glucose
thickness signal noise SIN signal noise S/IN
(pm) (pA) (pA) (rC) (pC)

25 376 0.38 1000 264 8.4 31

50 273 0.36 760 195 7.0 28

75 209 0.38 550 153 1.5 21
100 188 0.31 610 137 8.5 16
125 161 0.39 410 124 7.8 16

Thin-layer channel width and length were 1.6 mm X 12.7 mm.

strong enough to resist damage during normal
use. Gaskets which are too thin stretch and tear
too easily to be practical to use. Second, the two
halves of the cell tend to deform slightly when
squeezed together, and if the gasket is too thin,
the working electrode may short against the
counterelectrode. These two factors place a
practical limit of 25 um (0.001") on thin-layer
channel thickness with this type of cell design.

Using both d.c. and pulsed amperometry, cell
current as a function of thin-layer channel thick-
ness is proportional to 2~*'>, as predicted by eq.
1. A linear fit to a plot of peak height vs. 7"
using the data in Table 2 produces a standard
error of 9 pA for DHBA and 5 pC for glucose.
Inspection of the plots shows similarity in re-
siduals between the two plots, suggesting that
part of the error is caused by small deviations in
gasket thicknesses from nominal values.

3.2. Electrode diameter

Signal and noise measured using glassy carbon
working electrodes with two diameters are listed
in Table 3. The second and third entries list data
obtained using the same thin-layer channel di-
mensions of 125 wm thickness by 3.5 mm width,
referred to as the “large” gasket in the table.
Both signal and noise decrease as the working
electrode diameter is decreased. Signal-to-noise
ratio is similar for the two working electrodes
tested. The large gasket dimensions are appro-
priate for the 3 mm diameter working electrode
but unnecessarily large for the 1 mm diameter

electrode. Using a thinner and narrower thin-
layer channel gasket (25 pm X 1.6 mm) with the
1 mm diameter working electrode increases the
signal with no effect on noise, as shown in the
first entry. In fact, the major advantage of the
smaller diameter working electrode is that the
cell gasket can be made narrower, thus increas-
ing the linear velocity of mobile phase over the
surface of the working electrode, which increases
signal without affecting noise. Also, thinner
gaskets can be used more easily with a smaller
diameter working electrode without introducing
mechanical difficulties such as deformation in the
channel causing the working electrode to short
against the counterelectrode.

Table 4 lists signal, noise, and signal-to-noise
ratio for glucose using three gold working elec-
trodes of 0.5, 1, and 3 mm diameter. Both peak
height and baseline noise are proportional to
working electrode area. Data in the last three
rows in Table 4 were obtained using the “large”
gasket. Using this common gasket, the 1 mm

Table 3
Signal and noise for d.c. amperometric detection of 2
picomoles DHBA at glassy carbon working electrodes

Electrode Gasket Signal Noise SIN
diameter (mm) (pA) (pA)

1 Small 376 0.38 1000
1 Large 124 0.38 330
3 Large 674 2.02 334

The dimensions of the small and large gaskets were 25
pm X 1.6 mm X 12.7 mm and 125 pgm X 3.5 mm X 12.7 mm.
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Table 4
Signal, noise, and signal-to-noise ratio for 10 picomoles
glucose at a gold working electrode

Electrode Gasket Signal Noise SIN

diameter (mm) (pC) (pC)

1 Small 1742 11.7 149

0.5 Large 128 4.7 27

1 Large 459 9.2 50
Large 3079 70.8 43

The dimensions of the small and large gaskets were 25
pmx 1.3 mm X 6.35 mm and 125 pm X 3.5 mm X 12.7 mm.

diameter electrode produces the best signal-to-
noise ratio, probably because a component of
electronics noise is present in the 0.5-mm work-
ing electrode baseline. It is interesting that even
though there is more than one order of mag-
nitude difference in signal between the smallest
and largest electrodes, the signal-to-noise ratios
are less than a factor of two apart. The large
gasket dimensions of 125 um X 3.5 mm are
appropriate for the 3 mm diameter working
electrode but are unnecessarily large for the
smaller electrodes. Using a 25 um X 1.3 mm
gasket with the 1 mm diameter working elec-
trode, the signal-to-noise ratio is tripled. One
might expect that a further increase in signal-to-
noise ratio could be achieved using the 0.5-mm
working electrode and an even narrower gasket.
The difficulty with this approach is machining
cell parts such that the working electrode is
always placed in the center of the thin-layer
channel. The cell must be designed to accommo-
date some tolerance in the placement of the
gasket relative to the working electrode, and this
tolerance places a lower limit on gasket width.
As a result, it is difficult to gain the advantage of
a narrower gasket from the use of a 0.5 mm
diameter working electrode.

There are factors to consider other than signal-
to-noise ratio when selecting cell design parame-
ters. An example is the comparison of the 3 mm
and 1 mm diameter gold working electrodes, as
shown in Figs. 2 and 3. A large dip appears in
the chromatogram from the 3-mm electrode at
approximately 13 min and is barely noticeable
using the 1-mm electrode. This dip is caused by
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Fig. 2. Pulsed amperometric detection at a 3 mm diameter
gold working electrode of 10 picomoles each of (1) sorbitol,
(2) glucose and (3) sucrose. Gasket dimensions: 125 um X
3.5 mm X 12.7 mm.

reduction of oxygen in the sample. Oxygen is
reduced at negative potentials in base to hydro-
gen peroxide, which probably undergoes further
reduction to water at the detection potential of
0.1 V. Detection occurs after a delay period of
0.2 s, which allows charging current to decay (see
Table 1). It is possible that the 1 mm diameter

25 7
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Minutes
Fig. 3. Pulsed amperometric detection at a 1 mm diameter

gold working electrode of 10 picomoles each of (1) sorbitol,
(2) glucose and (3) sucrose. Gasket dimensions: 25 um X 1.3
mm X 6.35 mm.
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electrode is much less sensitive to oxygen
because peroxide has been swept past the elec-
trode by the time current is measured, while
there is still detectable peroxide near the elec-
trode surface with the larger 3-mm electrode.
Reduced sensitivity to oxygen is further reason
to select the 1 mm diameter gold electrode over
the 3-mm electrode. In addition to the mini-
mized oxygen dip, the 1 mm diameter gold
electrode is much less sensitive to varying levels
of oxygen in the mobile phase caused by incom-
plete degassing. Varying oxygen levéls cause
baseline wander if the electrode is sensitive to
oxygen.

4. Conclusion

This study supports the conclusion that the cell
should be designed with the narrowest and
thinnest thin-layer channel gasket that is practi-

cal to use and with a working electrode slightly
smaller than the gasket width. We have found

30
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Minutes
Fig. 4. Separation of 100 femtomoles each of (1) norepineph-

rine, (2) epinephrine, (3) DHBA and (4) dopamine. De-

tected using d.c. amperometry at a 1 mm diameter glassy
carbon working electrode. Gasket dimensions: 25 um x 1.3
mm X 6.35 mm.

the practical lower limit for these parameters to
be a 25 um X 1.3 mm thin-layer channel and a 1
mm diameter working electrode. Using a cell
with these dimensions, extremely high sen-
sitivities can be achieved, as demonstrated by the
excellent signal-to-noise ratio for 10 picomoles
each of carbohydrates shown in Fig. 3 and for
100 femtomoles each of four catecholamines
shown in Fig. 4. Minimum detection limits can
be calculated from the magnitudes of signal and
noise in the chromatograms. Based on three
times the noise levels of 12 pC using pulsed
amperometry and 0.4 pA using d.c. am-
perometry, the minimum detection limit for
glucose is about 200 femtomoles and for
dihydroxybenzylamine, about 6 femtomoles.
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Abstract

Aluminium can be determined in pharmaceutical products using a chromatographic method with a cation-
exchange separation and fluorescence detection after post-column derivatization with 8-hydroxyquinoline-5-
sulphonic acid. The method had a detection limit of less than 0.5 ng/ml and the aluminium peak response was
linear up to at least 1200 ng/ml. Chromatographic reproducibility was approximately 1-3% over the concentration
range of 50-1200 ng/ml. Sample preparation involved boiling in 0.05 M sulphuric acid for 5 min. The average
recovery for Al spikes in the range 10-1200 ng/ml, from a variety of pharmaceutical samples, was 99% with an
R.S.D. of 5%. No interferences from either sample matrix effects or transition metals were found and the results of
the chromatographic method agreed well with those obtained by inductively coupled plasma atomic emission

spectroscopy. ’

1. Introduction

Chronic aluminium toxicity in animals and
humans is well documented [1,2]. The clinical
biochemistry of aluminium is mostly associated
with its neurotoxicity (epilepsy, encephalopathy
and Alzheimers disease) and renal failure in
patients undergoing regular dialysis due to alu-
minium accumulation in kidneys [1]. Its toxicity
in aquatic and soil systems has been shown to be
dependent on its chemical speciation, while its
mobility from soils into lakes and rivers is
enhanced under conditions of increased acidity
[3-5]. Hence, there is a continuing interest in the
determination of trace levels of aluminium, and
its various chemical species, in pharmaceutical
products, soils and environmental samples.

Current analytical methods for the trace de-
termination of aluminium in such samples mostly

* Corresponding author.

0021-9673/94/%07.00
SSDI 0021-9673(94)00011-W

involves the use of spectroscopic techniques,
such as graphite furnace atomic absorption spec-
troscopy (GFAAS) [6]. Such techniques suffer
from a number of drawbacks, including high
equipment costs, matrix interference effects and
the ability to determine only total aluminium.
Consequently, increasing attention has been
focussed on the use of ion chromatography (1C)
for the analysis of aluminium in a variety of
sample matrices [7-12]. A number of reports
have recently described the use of 8-hydroxy-
quinoline-5-sulphonic acid (8-HQS) as a post-
column reagent for the fluorimetric detection of
aluminium following chromatographic separation
[7-10]. The use of micelle-forming surfactants in
the post-column reagent, such as cetyltrimethyl-
ammonium bromide (CTAB), has been reported
[9], whilst optimisation of the post-column re-
action conditions has also been described [7].
The aim of this work was to investigate the
applicability of IC for the quantitative determi-

© 1994 Elsevier Science B.V. All rights reserved
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nation of aluminium in injectable pharmaceutical
preparations. As a concentration of 10 ng/ml
was a regulatory requirement for the maximum
allowable Al limit in water to be used for the
preparation of such products, a principal objec-
tive of the chromatographic method was to be
able to quantitate below this value and to
achieve a detection limit in the order of 1 ng/ml
Al

2, Experimental
2.1. Instrumentation

The liquid chromatograph consisted of a Wa-
ters Chromatography Division of Millipore (Mil-
ford, MA, USA) Model 625 polyether ether
ketone (PEEK) solvent-delivery system, 625
loop injector, 470 programmable fluorescence
detector (excitation 395 nm, emission 500 nm)
and a Millennium chromatography data man-
ager. The post-column reagent was delivered
with a Waters pneumatic reagent-delivery mod-
ule (RDM) and mixed with the column effluent
in a 1.0-ml knitted PTFE ninhydrin reaction coil.
The column used was a Waters Protein-Pak SP-
SPW (75x7.5 mm I.D.) cation-exchanger.
Eluent and RDM flow-rates were both 1.0 ml/
min and a volume of 50 wl was used for all
injections.

2.2. Reagents

Water purified (18 MQ) using a Millipore
Milli-Q water-purification system (Bedford, MA,
USA) was used for all solutions. The mobile
phase consisted of 0.1 M potassium sulphate
(Ajax, Sydney, Australia) adjusted to pH 3.0
with 5 M sulphuric acid. The post-column re-
agent (PCR) solution contained 0.004 M 8-HQS
and 0.002 M CTAB in a 1.0 M sodium acetate—
acetic acid buffer at pH 4.4. The PCR solution
was prepared by dissolving 41.7 g sodium acetate
trihydrate in Milli-Q water, adding 39.7 ml
glacial acetic, 100 ml 0.04 M 8-HQS (Sigma, St.
Louis, MO, USA) stock solution, 100 ml 0.02 M
CTAB (Fluka, Buchs, Switzerland) stock solu-
tion and diluting the mixture to 1.01. A 1000-ug/

ml stock aluminium solution in 0.1 M HNO, was
prepared from AI(NO,),;-3H,0 (Ajax). A 10-
wg/ml solution was prepared by dilution in 0.05
M sulphuric acid of the stock standard. All
working standards, covering the concentration
range of 2 to 1200 ng/ml, were freshly prepared
daily from the 10-pg/ml solution by dilution in
0.05 M sulphuric acid. All eluents and post-
column reagents were prepared daily, filtered
and degassed with a Waters solvent-clarification
kit.

2.3. Sample preparation procedures

All sample quantitation was performed using
standards run at the same time as the unknowns.
The general sample preparation procedure in-
volved adding a sample aliquot (up to 5 ml) to an
acid-washed 25-ml beaker, after which 100 ul of
5 M sulphuric acid were added and the solution
boiled gently for 5 min. The solution was al-
lowed to cool, quantitatively transferred to a
10-ml volumetric flask and the volume adjusted
to the mark with Milli-Q water. Duplicate in-
jections (50 ul) of these sample solutions were
made. For samples such as 5% injectable glucose
and injectable water, where dilution was undesir-
able, 100 pl 5 M sulphuric acid was added to 10
ml of sample in a 25-ml beaker and the solution
boiled gently until the volume was reduced to
approximately 7 ml. After cooling, this was
quantitatively transferred to a 10-ml volumetric
flask and the volume adjusted to the mark with
Milli-Q water.

3. Results and discussion
3.1. Chromatographic method

This work describes the development of a
procedure, based on that of Gibson and Willett
[71, for the analysis of aluminium in pharma-
ceutical products, such as injectable glucose,
saline solution and water. A higher-capacity
cation-exchange column (Protein-Pak SP-5PW)
was chosen for this work to allow for the direct
injection of high ionic strength samples, such as
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injectable saline. Mobile phase parameters, such
as ionic strength and flow-rate, were initially
optimised for the separation of aluminium on the
Protein-Pak SP-5PW column. A 1.0-ml knitted
PTFE reaction coil was added to the chromato-
graphic system to allow sufficient time for the
reaction of aluminium with the post-column
reagent, which was delivered at an optimal flow-
rate of 1.0 ml/min. A typical chromatogram of a
50-ul injection of a 2.0 ng/ml aluminium stan-
dard obtained using the Protein-Pak SP-5PW
column and an eluent of 0.1 M potassium sul-
phate at pH 3.0 is shown in Fig. 1. The retention
time of the Al peak was 6.1 min. The response
was found to be linear over the range examined
(2 to 1200 ng/ml) with a correlation coefficient
>0.999. The chromatographic detection limit
was calculated (at 3X baseline noise) to be less
than 0.5 ng/ml for a 50-ul injection. Typical
chromatographic reproducibilities for 50 and 100
ng/ml standards were 2-3% and <1%, respec-
tively.

3.2. Sample preparation and interferences

A number of potential problems could arise
during the quantitation of aluminium by IC.
These include the presence of other aluminium
complexes in solution which could interfere with
the separation of the free AI’" peak. The pres-
ence of other metal ions in the samples could
interference either through the formation of
fluorescent complexes that co-elute with the Al>*

peak or by quenching the aluminium peak fluo-
rescence. Also, fluorescence quenching could
occur as a result of co-elution with other com-
ponents, such as glucose, active compounds and
other matrix materials which are often present at
high levels in pharmaceutical samples.

The problem of multiple Al complexes and
their dissociation to form free Al has generally
been addressed by preparing the sample in acidic
conditions [7-9]. Figs. 2(1), and 3(1) show
chromatograms obtained from the direct injec-
tion of saline and glucose solutions. Apart from
the Al peak, two additional peaks (retention
times 3.6 and 4.3 min) were detected in the
saline and glucose samples. These additional
peaks could be due to the elution of various Al
complexes, to other metals, or both. Figs. 2(2)
and 3(2) show the corresponding chromatograms
obtained after the samples had been boiled in
0.05 M sulphuric acid, as detailed in the Ex-
perimental section. In both cases, there was a
large increase in the size of the Al peak (and an
increase in the total peak area) after sample
treatment. In the case of the glucose sample, the
two minor peaks almost disappeared, whilst in
the case of the saline solution, the peak at
retention time 4.3 min was still significant but
markedly diminished.

These results indicated that Al was present in
the samples as a number of complexed species,
which could be broken down using acid treat-
ment. The effect of increasing total peak area
after sample acidification has also been reported

Aluminiua
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6.00 8.00

Fig. 1. Chromatogram of aluminium standard. Conditions: column: Waters Protein-Pak SP-5PW cation-exchanger; eluent: 0.1 M
potassium sulphate at pH 3.0; flow-rate: 1.0 ml/min; injection volume: 50 u1; post-column reagent: 0.004 M 8-hydroxyquinoline-
S-sulphonic acid, 0.002 M cetyltrimethylammonium bromide in 1.0 M sodium acetate-acetic acid buffer at pH 4.4, delivered at
1.0 mi/min; detection: fluorescence, excitation 395 nm, emission 500 nm. Solute: aluminium (2.0 ng/ml).
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Fig. 2. Chromatogram of 0.9% NaCl saline solution obtained using (1) no acid treatment and (2) after boiling in 0.05 M
sulphuric acid. Conditions as for Fig. 1 except sample dilution 10Xx. Solutes (concentration): 1= aluminium (2.6 ng/ml);

2 = aluminium (30.6 ng/ml).
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Fig. 3. Chromatogram of 50% glucose solution obtained using (1) no acid treatment and (2) after boiling in 0.05 M sulphuric
acid. Conditions as for Fig. 1 except sample dilution 10X. Solutes (concentration); 1 = aluminium (14.5 ng/ml); 2 = aluminium

(103.5 ng/ml).

previously and was shown to depend upon the
specific nature of the Al complex [7]. Species,
such as oxalate and fluoride, were shown to have
no effect on the fluorescence response, indicating
that Al complexes of these ions were fully
.decoupled by the 8-HQS. Alternatively, citrate
reduced the fluorescence response, suggesting
that these complexes were sufficiently stable to
resist decomplexation and substitution by the
8-HQS [7]. In the case of both the glucose and
saline samples, the significant increase in total
peak area after acidification suggests that the
complexing ions present in the samples must
form relatively stable complexes with aluminium.

The effects of acid strength on the Al peak

response were investigated for a representative
matrix, a 50% glucose sample. The results of
varying the sulphuric acid concentration from
0-0.05 M are summarised in Table 1. Increasing

Table 1
Effect of acid strength on Al quantitation for a 50% glucose
sample

H,SO, concentration (M) Al found (ng/ml)

No acid 145
0.005 660
0.02 840
0.05 1035
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Table 2
Al results obtained for duplicate sample injections

Sample Al (ng/ml)
Inject 1 Inject 2
50% Glucose 1181 1201
5% Glucose 54.2 55.6
0.9% NaCl 305.8 303.6
Tap water 7.2 6.4
Production process 1.6 1.3
water

the concentration beyond 0.05 M did not result
in significantly higher Al peak responses and this
acid concentration was used for all subsequent
analyses. Other acids, such as hydrochloric and
nitric acids, gave similar results to those obtained
using sulphuric acid, however, the latter was
chosen as it was more compatible with the
mobile phase.

As previously discussed, the presence of other
metals in the samples could potentially lead to
chromatographic interferences or the possibility
of Al fluorescence quenching. The injection of
standard solutions (100 wg/ml) of cations which
could potentially occur in pharmaceutical prepa-
rations, such as Ca®", Mg®*, Zn**, Cd*", Fe’*
and Ni>", showed that only Zn>" and Cd*" gave
a significant detection response. These cations,
with retention times of 5.0 min for Zn** and 4.9

min for Cd**, however, were well resolved from
the Al peak. Potential interferences due to
matrix effects were investigated by analysing a
50% glucose sample at dilutions of 10, 20 and
40x%. The Al results obtained of 1190, 1170 and
1140 ng/ml, respectively, indicated that there
were no significant matrix effects.

3.3. Quantitation

The Al results and typical reproducibility
obtained for duplicate injections of various phar-
maceutical samples are shown in Table 2. The
duplicate results showed good agreement at
levels higher than 50 ng/ml, however, at levels
of <10 ng/ml, the repeatability was not as good
due to the fact that the Al peak was being
quantitated closer to the detection limit. The
accuracy of the chromatographic method was
assessed by determining the recoveries of Al
from standard addition spikes, with the results
being shown in Table 3. The recoveries of spikes
in the concentration range of 10 to 1200 ng/ml
varied from 94 to 106%. The overall average
recovery was 99%, which was excellent consider-
ing the potential problems of working these at
trace levels. The results obtained by IC were also
compared to those from inductively coupled
plasma atomic emission spectroscopy (ICP-
AES), as shown in Table 4. The chromatograph-
ic results showed reasonable agreement to those

Table 3

Recovery of Al from spiked samples

Sample Al present Spiked Al Al found Recovery
(ng/ml) (ng/ml) (ng/mtl) (%)

50% Glucose 1134 1000 2074 94

5% Glucose (S1)° 66.6 50 114.1 96

5% Glucose (52)” 77.7 50 124.5 94

0.9% NaCl (S1)° 334 100 437 104

0.9% NaCl (S2)° 305 200 516 106

Milli-Q water ND* 10 9.74 97

“ Sample 1.

? Sample 2.

“ Not detected.
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Table 4
Comparison of Al results obtained using IC and ICP-AES

Sample IC ICP-AES
(ng/ml) (ng/ml)

50% Glucose 1035, 1060, 1090 1030

5% Glucose 67, 78, 54, 56 85

0.9% NaCl 334, 305 306

BP water” 1.4 <0.3

The IC results represent single injections from different
sample ampoules.

“BP water = Sterile water produced according to British
Pharmacopeia.

obtained for the same sample types when using
ICP-AES.

4. Conclusions

The feasibility of using IC for the trace analy-
sis of aluminium in pharmaceutical products,
based on a cation-exchange separation and fluo-
rescence detection after post-column derivatiza-
tion with 8-HQS, was successfully demonstrated.
Sample preparation simply involved boiling in
0.05 M sulphuric acid for 5 mins. The chromato-
graphic method had a detection limit of less than
0.5 ng/ml for a 50-ul injection and the alu-
minium peak response was linear up to at least
1200 ng/ml. The chromatographic reproducibil-
ity was approximately 1-3% over the concen-
tration range of 50-1200 ng/ml. The average
recovery of Al spikes in the range 10-1200 ng/
ml, from a variety of pharmaceutical samples,
was 99% with an R.S.D. of 5%, indicating
satisfactory method accuracy. No interferences
from either sample matrix effects or transition
metals were found and the results of the chro-

matographic method agree well with those ob-
tained by ICP-AES.
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Abstract

This non-specific fluorescent reagent is based on the displacement mechanism, wherein a metal ion displaces
Mg®* from the Mg(CDTA)*~ complex (CDTA = cyclohexylenedinitrilotetraacetic acid). The liberated Mg>* then
reacts with 8-hydroxyquinoline-5-sulfonic acid (HQS) to form an intensely fluorescent complex. For simultaneous
addition of Mg(CDTA)?>~ and HQS” ", the detector response is governed by the stabilities of both the CDTA and
the HQS complexes of Mg’" and the displacing metal. Under these conditions, alkaline earth metals respond
positively, but no response is observed for transition metals such as Cu®", Ni*" and Co®*. For the sequential
addition of Mg(CDTA)>" followed by HQS?", the detector response is governed by the relative stabilities of only
the CDTA complexes of Mg>* and displacing metal, and positive signals are observed for Mg>*, Ca®", Sr”", Ba®",
Mn>*, Cu*, Ni** and Co®". The response for Mn*>" was linear from 25 to 2500 picomoles. The reagent pH affects

the background intensity and the displacement kinetics, and to a lesser extent the fluorescence intensity.

1. Introduction

The ability to detect trace and ultra-trace
concentrations of metal ions is an integral part of
modern society. Ion chromatography has been
used for applications as diverse as analyzing
silicon wafer contamination [1], monitoring nu-
clear fission [2] and determining trace metals in
the environment [3]. All of these applications
used the non-specific 4-(2-pyridylazo) resorcinol
(PAR) reagent for post-column detection of the
metal ions by absorbance. Fluorescence is an
intrinsically more sensitive technique than ab-
sorbance. The reagent 8-hydroxyquinoline-5-sul-
fonic acid (HQS) has achieved picomolar detec-

* Corresponding author.
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SSDI 0021-9673(93)E1194-5

tion limits for Zn and Cd [4], Al [5] and Mg [6].
Unfortunately, most other metal-HQS complex-
es are either weakly fluorescent or non-fluores-
cent [7], thus inhibiting wider use of this sensi-
tive reagent. No alternative metalloluminescent
reagent exists which will react to form fluores-
cent compounds with a wide range of metals, as
is desirable in ion chromatography.

Recently, Williams and Barnett [8] introduced
a non-specific post-column reagent for fluores-
cent detection of trace metals in ion chromatog-
raphy. This system used the displacement of
Mg>* from a Mg-EDTA (ethylenediaminetetra-
acetic acid) complex by other metal ions.

M"" + Mg(EDTA)? =Mg>" + M(EDTA) ¢~
1)

© 1994 Elsevier Science B.V. All rights reserved
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The liberated Mg*” reacts with HQS to form a
strongly fluorescent complex. The intensity of
the resultant fluorescent is proportional to the
molar concentration of the metal ion.

Mg +2HQS?” =Mg(HQS)2~ (2)
(fluorescent)

Using this detection scheme, Williams and
Barnett [8] achieved detection limits of 33 to 140
picomoles for a variety of metals. However, no
discussion of the effect of experimental factors
such as pH and order of reagent addition was
given. Recent studies performed in our labora-
tory on the Zn—-EDTA-PAR absorbance reagent
have demonstrated that the kinetics and equilib-
rium of displacement reaction systems can be
complex [9], and so are not easily optimized.
This paper investigates the chemistry of HQS-
based displacement post-column reagents so as
to identify the key variables in the optimization
of these reagents.

2. Experimental
2.1 Apparatus

The HPLC system consisted of a Waters
metal-free solvent delivery system (Model 625,
Waters Associates, Milford, MA, USA), a
Rheodyne sampling valve (Model 9125,
Rheodyne, Berkeley, CA, USA) fitted with a
50-u1 loop and a fluorimetric detector (Model
470, Waters; excitation A, 360 nm; emission A,
500 nm). Chromatograms were digitized with a
CHROM-1AT (Keithley MetraByte, Taunton,
MA, USA) data acquisition board enhanced for
faster data acquisition, and analyzed using Lab-
Calc (Galactic, Salem NH, USA) on a 286-based
microcomputer. In most experiments no column
was present in the HPLC system, i.e., the
experiments were run in a flow injection analysis
mode. When present the analytical column was a
150 mm X 3.9 mm L.D. Delta Pak C-18 (300 A; 5
um; Waters).

The post-column reagent was delivered by
constant pressure pumping through application
of nitrogen pressure (38 p.s.i.; 1 p.s.i. = 6894.76
Pa) to a multi-reagent cylinder [10,11] fitted with

~ buffer. The

a six-port low-pressure switching valve (Model
5011, Rheodyne) to allow selection between up
to six reagents and a three-way valve (Model
5031, Rheodyne) on an additional port on the
cylinder to provide simultaneous flow of a sec-
ond reagent. Low pressure tubing and fittings
(Alltech) connected the post-column reagent
delivery system to the effluent stream. Two
configurations were used for addition of the post-
column reagent. In configuration I, the carrier
stream from the HPLC pump (0.5 ml/min)
merged with the Mg-CDTA-HQS reagent
(CDTA = cyclohexylenedinitrilotetraacetic acid)
(0.4-0.5 ml/min, measured for each experiment)
at the mixing tee (316 stainless steel, 90° ports),
flowed through reaction coil 1, 510 cm of tightly
spiraled 0.50 mm I.D. knitted PTFE (Teflon)
tubing (RXN 1000 Coil, Waters; 1000 ml vol-
ume) and then directly to the detector. In con-
figuration II, reaction coil 1 was as before and
reaction coil 2 was either a 100 cm of 1.0 mm
L.D. Teflon tubing or 48 cm of 0.25 mm I.D.
polyether ether ketone (PEEK) tubing. Using
this configuration, Mg~CDTA was added via the
first mixing tee and HQS was added at the
second tee.

Stopped-flow kinetic measurements were
made using the instrument in configuration II.
The HPLC pump provided a constant flow of
5-107° M M”" which was mixed sequentially
with unbuffered 1 mM MgCDTA (pH ~ 6) and
then 1 mM HQS in pH 8.0 bicine (0.6 M)
flow was stopped and the
Mg(HQS)3~ fluorescence was recorded versus
time.

2.2 Reagents and standards

All reagent solutions were prepared using
deionized water (Milli-Q Ultra Pure Water Sys-
tem, Millipore). Analytical grade reagents were
used throughout. Post-column reagent solutions
were prepared by dissolving HQS (Janssen
Chimica) in the bicine (Sigma) buffer (0.3-0.6
M), adjusting the pH, purifying with a 3 cm x
1.5 cm I.D. column of Chelex 100 (149-297 pm
sodium form, Bio-Rad), and adding an aliquot of
1.0-107> M Mg-CDTA or Mg-EDTA stock
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solution. The Mg-CDTA and Mg-EDTA stock
solution were prepared by combining Mg** and
the aminopolycarboxylate such that excess Mg®"
was present, and then passing the solution
through a 3 cm x 1.5 cm L.D. column of Chelex
100 to remove the excess Mg”".

Stock metal solutions were prepared using
analytical grade salts. Lower concentrations were
then achieved by dilution in volumetric Nalgene-
ware.

3. Results and discussion

The reagent 8-hydroxyquinoline-5-sulfonic
acid (HQS) and its parent compound (8-hy-
droxyquinoline; oxine) form stable complexes
with a wide range of metals [12], but only a few
of these complexes fluoresce significantly
[7,13,14]. The differences in fluorescence ob-
served for the various metals is due to the
interaction of the ligand electrons involved in the
fluorescence with the electron field of the metal
[13]. Thus the HQS complexes that fluoresce
most readily are those derived from cations with
the most stable electron configurations, i.e.,
either completely full or empty electron shells.
Such metals include Cd**, Zn’", Mg®>' and
La’". Magnesium is used in the displacement
post-column reagent discussed herein, because it
forms only a weak complex with aminopolycar-
boxylate ligands and will be displaced by the
widest range of metals, thereby providing the
most non-specific post-column detection.

3.1 Background signal from reagent

Only the 1:2 metal-HQS complex fluoresces
[15]. The free reagent and the 1:1 complex do
not contribute to the observed fluorescence.
Thus the reagent background results solely from
the residual Mg(HQS),™ present in the reagent
solution. The background is then governed by
the relative stability of the aminopolycarboxylate
(L) and HQS complexes with Mg®":

Mg(HQS)2™ + L*” =2HQS* + MgL*" (3)

The equilibrium constant governing the in-
tensity of the background fluorescence, is thus:

aMgz+ aL4-KMng—

Kl,)ackground = 2
Apgg2+ (@os?-) Bz mgnos)3

C(Lzz-KMng

4)

= 2
(aHQSZ") Bz,Mg(Hos)%’

That is, the intensity of the background will be
a function of the stability constants of the mag-
nesium—aminopolycarboxylate complex and the
magnesium-HQS  complex,  the fractional
composition of the ligands at the reagent pH,
and the total concentration of HQS.

In their work, Williams and Barnett used
EDTA as the complexing agent [8]. CDTA is an
analog of EDTA, which, due to its greater
structural rigidity, forms metal ion complexes
that are ten to a thousand times more stable than
those of EDTA [16]. Table 1 shows the relative
background fiuorescence observed for
Mg(EDTA)*~ and Mg(CDTA)Z_, and indicates
that a lower background is achieved using
CDTA, as expected based on literature stability
constants [12,17] CDTA is therefore used in all
further studies.

3.2 Signal from reagent

Table 2 shows that optimum sensitivity for
Mg(HQS)3™ is achieved at a pH from 8 to 11.
This is in agreement with the results of Bishop
[15], who observed that Mg(HQS);™ fluores-
cence efficiency increased to a maximum by pH7
and decreased at higher pH values presumably
due to the formation of either hydroxyl complex-
es or the hydroxide. Soroka er al. [7] also
observed such behavior, although they reported
a much narrower optimum pH range than evi-
dent in Table 2. A pH of 8.0 was used in all
further experiments except those explicitly study-
ing the effect of pH.

3.3 Simultaneous addition of Mg-CDTA and
HQS

The maximum sensitivity that is achievable for
any given metal with the Mg-CDTA-HQS re-
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Table 1

Comparison of the background intensity for Mg—-CDTA~HQS and Mg-EDTA-HQS post-column fluorescent reagents

pH Background intensity” Relative background
Mg-CDTA/Mg-EDTA
Mg-CDTA Mg-EDTA
8.0 0.201 0.530 0.38
9.1 0.127 0.352 0.36
10.0 0.070 0.196 0.36
10.75 0.043 0.149 0.29
12.1 0.025 0.178 0.14
12.8 0.024 0.246 0.098

Conditions: mode, flow injection analysis in configuration I; reaction coil 1, 510 ¢m of 0.5 mm L.D. tubing; carrier, 0.5 ml/min
distilled water; reagent, 0.4 ml/min of 1 mM HQS with 0.3 M bicine adjusted to the appropriate pH; injection, 50 ul of 1 mM

Mg-CDTA or Mg-EDTA.

¢ Background intensity is defined as the peak area observed for duplicate injections of Mg-CDTA and Mg-EDTA.

agent is that observed for Mg®*. That is, maxi-
mum sensitivity is achieved when each metal ion
displaces one Mg”® from its CDTA complex.
Calibration curves were determined for the in-
jection of 500 to 5000 picomoles of a variety of
metals. All of these plots were linear with
correlation coefficients (r°) greater than 0.99.
Table 3 presents the results observed for a
number of metal ions using simultaneous addi-
tion of Mg(CDTA)*™ and HQS?". The sensitivi-

Table 2

Effect of pH on the fluorescence intensity of the Mg-HQS
complex

pH Sensitivity * Intercept

8.0 1.947 £ 0.001 —0.0042 + 0.0005

9.1 2.00+0.01 —0.0038 + 0.0027
10.0 1.893 +0.001 —0.0056 + 0.0001
10.75 1.851 +0.002 —0.007 = 0.001
121 1.335 £ 0.004 ~0.005 + 0.001
12.8 0.59 £0.02 +0.002 + 0.005
13.1 0.24+0.03 +0.008 = 0.009

Conditions: mode, flow injection analysis in configuration I;
reaction coil 1, 510 ¢cm of 0.5 mm 1.D. tubing; carrier, 0.5
ml/min distilled water; reagent, 0.5 ml/min of 1 mM HQS in
0.3 M bicine adjusted to the indicated pH; injection, 50 ul of
four Mg®>" standards ranging from 10-100 pM (500-5000
picomoles).
“ Sensitivity is defined as the slope of the plot of peak area
versus the picomoles of Mg”* injected. The values have
been multiplied by 1-10°. )

ty observed for magnesium differs from that in
Table 2 due to variation in the reagent flow.
For the alkaline earth metals, the sensitivity of
the Mg-CDTA-HQS reagent decreased with
increasing atomic mass. Large alkaline earth
metal ions do not form stable HQS complexes.
As a result the overall equilibrium and associ-

Table 3

Sensitivity of metal ions upon simultaneous addition of Mg-
CDTA-HQS

Metalion  Sensitivity” Intercept Relative Kicrection
sensitivity
Mg** 1.25 -0.0406  1.00 10%°
Ca** 0.75 +0.0124  0.60 10%¢
St 0.36 +0.0076  0.29 1052
Ba’* 0.02 +0.00048  0.01, 10*°
Mn** 0.80 +0.00834 0.64 10>
Hg*" 0.15 +0.0059  0.12 -
Co** nd* - - 10+
Ni* nd - - 10722
Cu’* nd - - 1073

Conditions: mode, flow injection analysis in configuration I;

reaction coil 1, 510 ¢cm of 0.5 mm I.D. tubing; carrier flow,

0.5 ml/min distilled water; reagent flow, 0.4 ml/min of 1 mM

Mg-CDTA-HQS in 0.6 M bicine (pH 8.0).

“ Sensitivity is defined as the slope of the plot of peak area
versus the picomoles of Mg®* injected. The values have
been multiplied by 1 x 10*,

® nd = Not detected.
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ated constant for detection of alkaline earth
metals are:

M?* +2HQS? + Mg(CDTA)*” =
Mg(HQS):™ + M(CDTA)*™ (5)

1% . Bz,Mg(HQS)2 Kf M(CDTA)2~

detection

r
Kf Mg(CDTA)?™

Bz ,Mg(HQS)3~ Kf M(CDTA)2~

= ayQ 2-
MY HQS K
f,Mg(CDTA)2~

(6)

This situation is analogous to that observed for
the determination of alkaline earth metals using
the Zn-EDTA-PAR displacement reaction [9].
The overall detection efficiency for alkaline earth
metals will be dependent on the fraction of the
alkaline earth metal in the free form and on the
fraction of HQS that is fully ionized. However,
when these variables are maintained constant as
in Table 3, Kj.,ection, and thus the detection
sensitivity, decreases as the stability of the al-
kaline earth—-CDTA complex decreases down
the column of the periodic table.

For the divalent transition metals a different
behavior was observed. Metals such as Mn”" and
Hg’" responded to the Mg-CDTA-HQS re-
agent, whereas many other metals Wthh form
stronger CDTA complexes than Mg®* showed
no positive response. This difference in behavior
results because the transition metals form stable
complexes with HQS [12]. Under these con-
ditions the free metal, M, is rapidly complexed
by HQS, and thus the detection equilibrium is:

M(HQS):™ + Mg(CDTA)* " =
Mg(HQS)>™ + M(CDTA)*™ (7)

The equilibrium constant governing the detec-
tion of divalent transition metals is thus:

K o 2-B 2
,M(CDTA) 2,Mg(HQS)
K/ ) — 2 (8)

detection
Kf,Mg(CDTA)z’ BZ,M(HQS)%’

The fraction composition (a) of each ligand and
metal appears in both the numerator and de-
nominator, and so cancels out. Thus pH will not
affect the degree to which a metal ion displaces

Mg?*, and so should have no thermodynamic
effect on the observed detection sensitivities.

For divalent transition metals, the differing
detection equilibrium (eqn. 7) results in a lower
K ioieaion Deing required for detection than is the
case for the alkaline earth metals. Mn’" forms a
HQS complex of greater stability than that of
Mg“, but is nevertheless detected by the Mg-—
CDTA-HQS reagent as a result of the driving
force provided by the stability of the
Mn(CDTA)*~ complex. Mercury responds
weakly to the reagent. Unfortunately no stability
constant data is available for comparison. Co >
was predicted to respond weakly to the reagent
(K ereciion = 10"1), whereas no signal was detect—
able No response was observed for Ni** and
Cu’", as was predicted (i.e., K jeecrion < 1) using
the literature stability constants. Thus overall the
agreement between the response predicted by
eqn. 8 and that observed (Table 3) indicates that
eqns. 7 and 8 govern detection for transition
metal ions using simultaneous addition of
Mg(CDTA)?*" and HQS?~

The fluorescence 1nten51ty of the Mg(HQS)3~
complex and the K, ..on fOr divalent transition
metals are independent of pH (Table 2 and eqn.
8, respectively). Therefore the sensitivity of the
reagent for divalent transition metals should be
independent of pH. Nevertheless, the sensitivity
for Mn®" was much greater at pH 8.0 [(7. 8+
0.4)-107°] than at pH 10.0 [(1.27 =0.04)- 10~ ’].
This behavior results from the slow displacement
of Mg?* from its CDTA complex. The increased
sensitivity upon lowering the pH results from
acid catalyzed dissociation of the aminopolycar-
boxylate from the metal ion. This behavior is
discussed further below. At pH 8.0, the response
of the Mg—-CDTA-HQS reagent to Mn’>" was
linear from 25 to 2500 picomoles (r° =0.996)
with a slope of (1.07 +0.03)-10™* and an inter-
cept of 0.003 = 0.007. Below 25 picomoles, stan-
dards were equivalent to the blank.

3.4 Sequential addition of Mg-CDTA and
HQS

As discussed above, simultaneous addition of
Mg-CDTA and HQS did not yield a positive
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response for many of the metals that are of
interest in ion chromatography. Williams and
Barnett [8] added Mg-CDTA to the column
eluent, allowed the mixture to react in a 50
cm X 0.8 mm I.D. reaction coil, and only then
added the HQS. Using this order of reagent
addition they observed a response for a much
wider range of metals than was observed in
Table 3.

Sec%uential addition of Mg(CDTA)”" and then
HQS"" performed herein also resulted in posi-
tive responses from a wide range of metals, as
shown in Table 4. For the sequential addition of
Mg(CDTA)*" and HQS®", the equilibrium es-
tablished in the first reaction coil (Rxn Coil 1) is:

M*" + Mg(CDTA)>” == M(CDTA)*™ + Mg?*

%)
, Kf,M(CDTA)Z_
Kde[ection = (10)

Kf,Mg(CDTA)Z’

Metal ions displace Mg”* based on the relative
complex stability of the CDTA complexes. Thus
as almost all metal ions form stronger CDTA
complexes, Mg®* is displaced by most metals.
Upon the addition of HQS®", the Mg’" is
rapidly complexed to form the fluorescent

Table 4

Mg(HQS);™. Experiments performed herein
indicate that even at the shortest reaction time
studied (1.6 s) the reaction between Mg®>” and
HQS*™ had proceeded to completion. Indeed,
reaction half-lives on the order of a few milli-
seconds have been observed for the reaction
between Mg’* and 8-hydroxyquinoline (oxine)
using relaxation kinetics techniques [18].

Thus, upon the addition of HQS?™ the opera-
tive equilibrium is that given by eqn. 7. For
metals such as Cu®*, Ni** and Co®* this equilib-
rium lies far to the left [i.e., K oeon <1 (eqn.
8)], and so thermodynamically no response
would be expected, as had been observed above
for the simultaneous addition of reagent. How-
ever, the M(CDTA)*~ complex must dissociate
in order for this equilibrium to be achieved.
Given the high stability of this complex and the
steric rigidity of. CDTA, this process would be
expected to be slow. Stopped-flow kinetic
measurements of mixtures of M(CDTA)?~
and Mg(HQS);  revealed that the Mg(HQS)3~
fluorescence decreases exponentially (r > 0.99) at
a very slow rate; half-lives of 530, 16 000 and
24 000 s for Cu®*, Co** and Ni*", respectively.
Thus the use of a short reaction coil does not
allow sufficient time for the mixed reagent to
relax, and so the observed response will obey

Response of metal ions upon sequential addition of Mg-CDTA and HQS

Metal ion Sensitivity* Intercept Relative K mcora’Ki mg.cora
sensitivity

Mg** 0.95 —0.0167 1.00 10°°
Ca** 0.79 —0.0146 0.83 10*!
Sr** 0.55 +0.0117 0.58 107%°
Ba?* 0.089 +0.00056 0.09 107*°
Mn** 1.06 —0.0196 0.64 10%*
Hg*" nd® - 0.00 10"%7
Cu®* 0.70 —-0.0172 0.73 10'°®
Ni*? 0.75 —-0.0154 0.79 10°!
Co** 0.78 -0.0151 0.82 10%°

Conditions: mode, flow injection analysis in configuration II; reaction coil 1, 510 cm of 0.5 mm L.D. tubing; reaction coil 2, 50 cm

of 0.25 mm I.D. tubing; carrier, 0.5 mi/min distilled water; Mg—CDTA, 0.4 ml/min of 1 mM unbuffered (pH ~ 6); HQS, 0.5

ml/min of 1 mM HQS in 0.3 M bicine (pH 8.0).

“ Sensitivity is defined as the slope of the plot of peak area versus the picomoles of metal ion injected. The values have been
multiplied by 1-10°

® nd = Not detected.



C.A. Lucy, L. Ye | J. Chromatogr. A 671 (1994) 121-129 127

eqns. 9 and 10. Additional stopped-flow mea-
surements of M(EDTA)zf complexes indicate
that the dissociation rate of the M(EDTA)*~
complex of most metals is sufficiently slow that
similar behavior will be observed. A notable
exception is Cu®* for which we observed a
dissociation half-life of 20 s for the EDTA
complex. Therefore if EDTA were used rather
than CDTA, it is important that reaction coil 2
be maintained short or else reduced sensitivities
will be observed for kinetically labile metals such
as Cu’".

In Table 4 the characteristics of calibration
curves run using se(%uential addition of
Mg(CDTA)’” and HQS®  are reported for a
number of metals. The sensitivity observed for
the alkaline earth metals decreases with increas-
ing atomic mass, as would be predicted by eqn.
10 based on the decreasing stability of the
M(CDTA)?>" complex down the group. Likewise
a strong response is observed for Mn*", Cu’',
Ni’" and Co’*, as predicted by eqn. 10. Only
Hg’", which was predicted to respond strongly
to the reagent, did not display the expected
behavior. Further studies are being conducted to
determine the cause of this anomaly. Neverthe-
less, the results shown in Table 4 indicate that
the sensitivity of the Mg—-CDTA-HQS reagent
will depend on the relative stabilities of the
CDTA complexes when the reagent components
are added sequentially.

During the studies of simultaneous addition of
Mg(CDTA)*~ and HQS?”, the kinetics of the
displacement reaction, and thus the sensitivity,
improved upon decreasing the pH of the reagent
from 10 to 8. Unfortunately with simultaneous
reagent addition, it was not possible to lower the
pH further without decreasing the intensity of
the Mg-HQS fluorescence [7,15]. With sequen-
tial addition, it is possible to adjust the pH of the
Mg-CDTA reagent to optimize the displacement
reaction kinetics and to adjust the pH of the
HQS reagent to optimize the fluorescence re-
sponse. Fig. 1 shows the detector response
(relative to that for Mg>") at various
Mg(CDTA)’" reagent pH values for a number
of metals. The detection sensitivity of all of the
metals passes through an optimum. Acid cata-
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Fig. 1. Effect of the pH of the Mg-CDTA solution on the
detection sensitivity for Cu®*(O), Mn®" (0), Co™* (A), Ni*”
(&), Ca** (O) and Sr’* (+). Experimental conditions:
mode, flow injection analysis in configuration II; reaction coil

1, 510 cm of 0.5 mm [.D. tubing; reaction coil 2, 48 cm of
1

0.25 mm 1.D. tubing; carrier flow, 0.5 ml min~" of 0.01 M
tartaric acid at various pH; Mg—CDTA reagent flow, 0.16 ml
min"" of 0.001 mol 1’ Mg(CDTA)*"; HQS reagent, 0.22 ml
min~" of 0.001 mol 1' HQS in 0.6 mol 17" bicine buffer (pH
8.0); sensitivity, relative to that for Mg®".

lyzed decomplexation of the Mg(CDTA)Z_ com-
plex results in enhancement of the sensitivity
transition metals and calcium as the pH de-
creases from 10 to 6. However, further decreases
in the pH result in reduced sensitivity, since not
only is the Mg(CDTA)*" complex is weakened
by the high H' concentration, but so is the
stability of the metal CDTA complex. That is,
while the Mg”™" is rapidly released by the CDTA,
the other metals cannot form a stable complex
with the CDTA. Thus for most metals the
optimum pH is approximately 6.

Strontium is an exception to the above be-
havior. It displays optimal sensitivity between
pH 2 and 4. Strontium forms a weaker complex
with CDTA than Mg’", and so thermody-
namically only a small portion of the Sr** would
displace Mg®”, as indicated by the low sensitivity
observed in Table 3. Under acidic conditions, all
of the Mg®" and Sr°” dissociates from the
CDTA. When the pH is then increased by
addition of the buffered HQS solution, CDTA
will complex with the nearest metal ion. Thus
the proportion of Sr(CDTA)zf formed depends
primarily on the relative concentration of Sr’" to
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Mg®*, although complexation kinetics can play a
significant role as indicated by the low sensitivity
for Ni** at pH 2.6. At higher pH values, the
Mg(CDTA)*" is not fully dissociated, and so the
sensitivity is dictated by the relative stabilities of
the Mg®* and Sr** complexes.

Fig. 2 shows the isocratic separation of transi-
tion metals and Fig. 3 shows a gradient separa-
tion of the lanthanide metals. Detection in both
cases is by fluorescence after sequential addition
of Mg(CDTA)*™ and then HQS”™. The sensitivi-
ty of the reagent is similar for most of the metals
shown, and corresponds to a detection limit of
approximately 5 ng injected (based on three
times the baseline noise). These detection limits
are comparable to those achievable with 4-(2-
pyridylazo)resorcinol (PAR) using absorbance
detection [19] and Mg-EDTA-HQS using fluo-
rescence detection [8]. Decreasing the reagent
concentration would further improve the detec-
tion limit by decreasing the intensity of the
background. An enhanced sensitivity is expected
for Zn** and Lu** as the HQS?™ complexes of
these metals are strongly fluorescent, and so
will contribute to the fluorescence from

0.4 A Pb
Zn
0.2 i
Cu Ni Co
2 Mn
S
2
Z
0 <
2 4 6 8 10 12
Minutes

Fig. 2. Isocratic separation of transition metals. Column
5-um Delta Pak C ;, 150 X 3.9 mm L.D.; eluent 0.05 mol 1t
tartarate (pH 3.4), 0.0024 mol 1! C,SO;; flow-rate, 1.0 ml
min""; injection, 50 ul of 3x107° mol 17" each of Cu®",
Pb**, Zn**, Ni**, Co’* and Mn*"; post-column reaction by
sequential addition of 0.43 mi min~' of 0.001 mol 17
Mg(CDTA)*" followed by 0.43 ml min™" of 0.001 mol 17'
HQS in 0.6 mol 1" bicine (pH 12.17) (final solution pH 8.0);
fluorescence excitation 360 nm, emission, 500 nm.

Lu

Millivolts

5 10 15 20
Minutes

Fig. 3. Gradient separation of the lanthanide metals. Col-
umn 5-um Delta Pak C,, 150 % 3.9 mm 1.D.; eluent 0.025
mol 1™ a-hydroxyisobutyric acid (HIBA) (pH 5.3) for 4 min
then linearly increasing to 0.15 mol 17" HIBA (pH 5.3) over
15 min, [C,SO;] constant at 0.003 mol 1”*; fiow-rate, 1.0 ml
min~'; injection, 50 wl of 7.5 mg 17" each of Lu**, Yb*",
Tm3+, EI'3+, H03+’ Dy3+’ Tb3+’ Gd3+’ Eu“, Sm3+, Nd3+,
Pr’*, Ce*" and La’*; post-column reaction by sequential
addition of 0.14 ml min " of 0.001 mol 1-* Mg(CDTA)’" in
0.25 mol 17! MOPSO (pH 6.3) followed by 0.14 ml min~" of
0.001 mol 1™' HQS in 0.6 mol 17 2-amino-2-methyl-1-pro-
panol (AMP) (pH 12.17) (final solution pH 8.0); fluores-
cence excitation 360 nm, emission, 500 nm.

Mg(HQS); . Such behavior has previously been
observed in a similar detection system [8]. How-
ever, the Lu’" sensitivity exceeds that predicted
from the individual fluorescence contributions.
The cause of this anomalous behavior is under
further investigation.

4. Conclusions

A non-specific fluorescent reagent suitable for
post-column reaction detection of metal ions is
obtained from 8-hydroxyquinoline-5-sulfonic
acid (HQS) by using the displacement mecha-
nism. However, the system behavior is complex
due to the presence of multiple interdependent
equilibria, such as observed previously for the
Zn-EDTA-PAR displacement reagent [9]. For
the Mg-CDTA-HQS reagent, the governing
equilibria are the complex formation of the Mg**
and displacing metal ion with both CDTA*™ and
HQS?". Thus for simultaneous addition of
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Mg(CDTA)*~ and HQS?", the sensitivity is
determined solely by the equilibrium between
the various chelates.

In addition to the equilibrium effects, the
displacement kinetics can also play an important
role in the sensitivities observed for Mg-CDTA-
HQS. Upon sequential addition of Mg(CDTA)*~
and HQS®™ the slow decomplexation kinetics of
the metal-CDTA complex precludes in-
volvement of the HQS>~ complexes in the
equilibrium governing detection, and thus the
sensitivity is dependent solely upon the relative
stabilities of the CDTA complexes with Mg®”
and displacing metal ion. Since Mg®" forms a
weaker CDTA complex than most other metal
ions, sequential addition of reagent yields the
desired non-specific fluorescent reagent.
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Abstract
A flow-through device suitable for on-line neutralization of strongly alkaline samples using electrodialysis is

described. This device comprises an anode compartment filled with a slurry (2:1, w/v) of 1 mM octane sulfonic acid
and hydrogen-form cation-exchange resin, a 300 ul sample chamber bounded by two cation-exchange membranes,
and a cathode compartment filled with dilute sodium hydroxide. An alkaline sample (up to 1 M sodium hydroxide)
passed through the device at a rate of 0.1 ml/min is neutralized and with the aid of a switching valve, the treated
sample can be routed directly to a suppressed ion chromatographic system for determination of inorganic anions.
The design parameters for the electrodialysis devices have been studied, including the type of membrane used, the
size of the electrodes, the shape of the sample compartment, and the applied power. Optimal performance was
obtained with planar stainless-steel electrodes and with 2 W of power. Recoveries of inorganic anions from treated
samples were close to quantitative with the exception of nitrite, for which losses were observed. The on-line
electrodialysis is shown to be suitable for the treatment of sodium hydroxide solutions, but was less successful when
applied to solutions of sodium carbonate and sodium tetraborate. The system has been used for the determination
of fluoride in forage vegetation after preparation of the sample by fusion with sodium hydroxide. Good agreement
was obtained with results from colorimetric determination of fluoride.

electrodialysis include the treatment of strongly

1. Introduction
acidic samples prior to the determination of

Donnan dialysis, in which ions of a specified magnesium(II) and calcium(I) using a dual
charge pass selectively through an ion-exchange anion-exchange membrane tube device [4], and
membrane, has been used for matrix normaliza- the treatment of alkaline samples (up to 1 M
tion [1], sample preconcentration [2] and sample sodium hydroxide) prior to the determination of
clean-up [3] in ion chromatography (IC). Elec- trace levels of inorganic anions by suppressed I1C
trodialysis, wherein an electric field is applied to [5]. In both cases, the electrodialysis was per-
enhance the performance of a conventional Don- formed off-line. A flow-through electrolytic de-
nan dialysis experiment, has also recently found vice has been reported [6] which has the primary
use in IC [4-7] and in high-performance liquid function of suppression of IC eluents prior to

chromatography [8,9]. The IC applications of conductivity detection. This device, called a “self
regenerating suppressor (SRS)”, uses a similar
configuration of membranes to that employed in
the micromembrane suppressor [10], but with

* Corresponding author. the addition of two electrodes. The SRS employs

0021-9673/94/807.00 © 1994 Elsevier Science B.V. All rights reserved
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the electrolysis of deionized water as a source of
hydronium ions which are then involved in a
conventional suppression reaction [11] capable of
neutralizing sodium hydroxide eluents as concen-
trated as 150 mM. Whilst the primary role of the
applied power is to provide a source of hydro-
nium ions for the suppression reaction, it is
probable that electrodialysis also plays a signifi-
cant role in the operation of this device. The
SRS has also been shown to be applicable to the
treatment of concentrated acids and bases prior
to IC analysis [7]. Since the SRS does not have
the necessary capacity to neutralize such samples
during a single passage through the device, the
sample is recycled a sufficient number of times
until the pH reaches a level appropriate for the
subsequent IC analysis. When a current of 500
mA was used, a 50% sodium hydroxide solution
could be neutralized using three cycles through
the SRS.

For some time we have been studying the use
of dialytic methods for the treatment of alkaline
samples, chiefly because of the importance of
alkaline fusion as a sample dissolution method in
IC [11]. An off-line electrodialysis cell was
developed which achieved neutralization of a 1
M sodium hydroxide sample in 11 min without
loss of solute anions, except for fluoride and
nitrite [5]. Losses of these two ions were attribu-
ted to the formation of neutral, protonated
species inside the membrane, with subsequent
egress from the sample chamber by diffusion
through the cation-exchange membrane used.
Careful choice of the membrane enabled such
losses to be minimized. In the present work,
modifications to the off-line electrodialysis cell
have been made to produce a flow-through
electrodialysis cell which permits on-line treat-
ment of the sample, followed by direct injection
onto the IC. Variations to the shape of the
sample chamber, the size of the electrodes and
the nature of the cation-exchange membrane are
examined in order to optimize the flow-through
cell design and to minimize the heat generated
inside the cell. In addition, the utility of the
procedure for use with samples containing high
levels of carbonate or borate is studied and the
method is applied to the determination of fluo-
ride in vegetation samples prepared by hydrox-

ide fusion. The results are compared with those
obtained by colorimetry.

2. Experimental
2.1. Instrumentation

The ion chromatograph consisted of a Mil-
lipore-Waters (Milford, MA, USA) Model 510
pump, Model U6K injector and Model 430
conductivity detector, operated in both the sup-
pressed and non-suppressed modes. The column
used for the suppressed mode was a Dionex
HPIC AS-4A anion separator with AG-4A guard
column, connected to an anion micromembrane
suppressor. A Waters Reagent Delivery Module
was used to pass the regenerant of 12.5 mM
sulfuric acid through the suppressor. The column
used for the non-suppressed mode was a Mil-
lipore-Waters IC Pak HR anion-exchange col-
umn (75 X4.6 mm I[.D.). Sodium ion was de-
termined using a Millipore-Waters IC Pak C
cation column, 50 X 4.6 mm I.D. All chromato-
graphic separations were carried out at room
temperature with an eluent flow-rate of 1.2 mi/
min and chromatograms were recorded on a
Millipore-Waters Maxima 820 data station.

2.2. Flow-through electrodialysis device

The flow-through electrodialysis cell was de-
veloped from the two-membrane static elec-
trodialysis cell described previously [5] and was
constructed as a series of perspex blocks held
together with longitudinal screws to form a
three-compartment cell separated by cation-ex-
change membranes, as depicted in Fig. 1.

The sample chamber was designed to allow the
sample to flow during the electrodialysis process.
Electrodes were constructed from stainless-steel
plates (60 X 25x 0.7 mm), inserted into the
electrode compartments and connected to the
power supply. The membranes were supported
with a perspex sheet attached to each electrode
solution compartment, through which had been
drilled numerous closely spaced holes, 2 mm in
diameter. The volume of both the anode and
cathode compartments was 15 ml, whilst the
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Fig. 1. Flow-through electrodialysis cell.

sample compartment contained 300 wl. A
BioRad (Richmond, CA, USA) microprocessor-
controlled electrophoresis power supply (Model
3000 Xi) was used in the fixed power and fixed
current modes.

The sodium hydroxide sampie solution was
passed through the sample compartment of the
cell at a constant flow-rate of 0.1 ml/min using a
syringe pump (Razel Scientific Instruments,
Stamford, CT, USA), whilst a d.c. potential was
applied at constant power (2 W) to the elec-
trodes at the two ends of the cell. The outlet of
the sample compartment was connected to a
six-port switching valve fitted with a standard
20-u1 sample loop so that direct injection of the
neutralized sample solution onto the IC system
was possible.

2.3. Reagents

All chemicals used were of analytical reagent
grade and the water employed for the prepara-
tion of standard solutions and eluents was
purified on a Millipore (Bedford, MA, USA)
Milli-Q water treatment system. Samples and
eluents were filtered through a Millipore 0.45-

um membrane filter and degassed in an ul-
trasonic bath prior to use. The eluent used for
the suppressed IC mode contained 2 mM sodium
bicarbonate and 2 mM sodium carbonate. The
eluent used for the non-suppressed IC system
contained 0.1 M boric acid and 1.9 mM tartaric
acid adjusted to pH 4.5 with the addition of
sodium hydroxide solution. The eluent for sodi-
um determination contained 0.5 M EDTA and 2
mM nitric acid.

Standard stock solutions of inorganic anions
were prepared by dissolving appropriate
amounts of the sodium salts in water. Working
solutions of these ions were obtained by diluting
the stock solutions with sodium hydroxide to
give a final concentration of 1 M NaOH. The
inorganic anion concentrations in the sample
solution were fluoride (3 wg/ml), chloride (3
pg/ml), nitrite (6 wg/ml), bromide (6 pg/ml),
nitrate (6 ug/ml), sulfate (8 wg/ml) and phos-
phate (10 ug/ml). A standard solution contain-
ing the same concentrations of anions was made
up in water and was used to calibrate the
instrument.

The hydrogen ion donating medium used in
the anode compartment was a slurry of BioRad
AG 50W-X8 hydrogen form cation-exchange
resin, 200-400 mesh, in 1 mM octanesulfonic
acid (2:1, w/v). The cathode compartment was
filled with 0.1 M sodium hydroxide. Octanesul-
fonic acid solution was prepared by passing a
solution of sodium octanesulfonate through a
glass column packed with 100 g of BioRad AG
50W-X8 hydrogen form cation-exchange resin,
37-74 pm. The cation-exchange resin was
washed thoroughly with Milli-Q water prior to
use. The cation-exchange membranes used in
this work were obtained from Tokuyama Soda
Company (Tokyo, Japan) (Neosepta CM-2 and
CMS) and Asahi Glass Company (Tokyo, Japan)
(CMV).

2.4. Sample preparation procedures

Vegetation samples for this work were ob-
tained from the vicinity of an aluminium smelter
and were prepared as follows. Approximately
2.0 g of ground, dried sample was weighed into a
nickel crucible and 10 ml of 5 g/I calcium oxide
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was added to form a slurry. The crucible was
placed on a hotplate, charred for 1 h and
transferred to a muffle furnace at 600°C for 2 h.
Sodium hydroxide pellets (3 g) were added and
the fusion continued for 3 min at 600°C. The
crucible was then removed from the furnace and
swirled carefully to suspend the particulate mat-
ter until the melt solidified. After cooling, the
fused sample was dissolved and diluted with
water in a 100 ml volumetric flask to give a final
hydroxide concentration of 0.75 M.

3. Results and discussion

3.1. Design of the flow-through electrodialysis
device '

The first goal of this work was the design and
construction of a flow-through cell suitable for
the neutralization of strongly alkaline solutions,
while at the same time allowing the cell to be
connected directly to an IC system. The cell
requires compartments for housing the sample,
the hydrogen ion donating medium (anode com-
partment) and the receiver solution (cathode
compartment). This configuration was obtained
by modifying our previous static electrodialysis
cell design [5] to include a sample compartment
made by cutting a flow-path into a perspex sheet,
both sides of which were covered by planar
cation-exchange membranes. The upper part of
the perspex sheet was drilled and threaded to
make an inlet and outlet so that the sample was
able to flow during the electrodialysis process.

Three types of sample compartments were made, -

as shown in Fig. 2. The electrode compartment
was constructed by machining a chamber in the
centre of a perspex block. Several holes were
drilled from the upper section of the perspex
block for introducing the electrode and the
required solution into the compartment. Me-
chanical support for the membrane was required
and was provided by perforated perspex sheets
which formed one wall of each electrode
chamber. The components of the cell were held
together with longitudinal screws, to form the
flow-through electrodialysis cell shown in Fig. 1.

°0/4
0 . 0

0 0 0
ol 0 o |/
U~ 0 J o /0

Compartment A Compartment B Compartment C

Fig. 2. Sample compartments constructed for the flow-
through electrodialysis cell.

Previous work had demonstrated that the
neutralization process could be achieved by
applying either constant current or constant
power. Preliminary tests on the flow-through cell
using sample compartment A (shown in Fig. 2),
a Neosepta CM-2 cation-exchange membrane
and platinum wire electrodes (50x0.2 mm
O.D.) showed that a constant current in the
range of 110-130 mA or a constant power of at
least 4 W was required to neutralize a solution of
1 M NaOH at a flow-rate of 0.1 ml/min. A
higher sample flow-rate could be accommodated
by applying a greater constant current or power,
but this also caused the sample solution to heat
up which ultimately distorted the membranes.
Fig. 3 shows the current required for neutraliza-
tion at different sample flow-rates. Recovery
studies were undertaken to assess the loss of
anions from the sample during dialysis at con-
stant currents of 110, 120 and 130 mA. The
recovery values were generally higher at lower
applied current but the most consistent results
were obtained when 120 mA was used as the
applied current. Under the experimental con-
ditions described above, a considerable amount
of heat was generated inside the flow-through
cell after several cycles of sample neutralization,
resulting in pronounced buckling of the mem-
branes. Increasing the total conductivity of the
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Fig. 3. Constant current required for the neutralization of 1
M NaOH using the flow-through electrodialysis cell at
different flow-rates.

cell by addition of cation-exchange resin beads
(AG 50W-X8, H® form, 37-74 pm) to the
sample flow-chamber was attempted but this
actually caused heat production to increase.

Two alternative sample compartments (B and
C in Fig. 2) were evaluated as a means to reduce
the heat generated inside the cell. Despite differ-
ences in the accommodated sample volume (290,
155 and 300 wl for compartments A, B and C,
respectively, in Fig. 2), the thickness and the
contact area of the flow gallery, all compart-
ments required approximate currents of 120 mA
for the necutralization of 1 M NaOH sample
solution. However, the sample compartments
showed varying resistance, as indicated by the
differences in power and potential when a con-
stant current of 120 mA was applied to each of
the three sample compartments. Compartment C
(300 w1), which had the greatest contact area to
the sample solution, gave the best performance
and was used for all further work.

The resistance of the cell, and hence the
amount of heat generated, is influenced by the
size of the electrodes. For this reason, two
platinum wire electrodes (50 mm long with
diameters of 0.2 and 0.3 mm) and a series of
stainless-steel plate electrodes (thickness 0.7
mm, length 45 mm and widths in the range 3-15

mm) with different surface areas were evaluated
in an effort to decrease the cell resistance. The
results obtained showed that the plate electrodes
gave superior performance to wire electrodes
and that an electrode of 12 mm width generated
the highest current at lowest potential when
constant power was applied to the cell. Increas-
ing the size of the electrode to 15 mm gave only
a marginal change in performance. The final
design of the flow-through cell incorporated
stainless-steel plates (0.7 X 25 X 60 mm) as elec-
trodes, with which a current of 120 mA was
generated when a constant power of 2 W was
applied to the cell. These conditions were shown
to have no detrimental effects on the mechanical
stability of the membrane, even after 8 h of
continuous neutralization (to pH 7) of 1 M
NaOH solution flowing at 0.1 ml/min through
the cell.

3.2. Selection of the membrane

Previous work [5] has shown that the perm-
selectivities of the membranes, assessed by de-
termining the recoveries of a range of inorganic
anions initially added to NaOH solution before
the samples were subjected to electrodialysis,
played an important role in ensuring the success
of the process. Recovery experiments using three
different types of membranes (Neosepta CM-2,
Neosepta CMS and Asahi CMV) were under-
taken using a constant power of 2 W (which
correlated to a current of 120 mA). The results
are given in Table 1, from which it can be seen
that suitable recoveries were obtained for all ions
except for nitrite, with the Neosepta CM-2
membrane giving the best overall performance.
The ability to successfully treat samples con-
taining fluoride with the CMS membrane is an
improvement over the static electrodialysis cell
described previously and is attributable to the
fact that loss of fluoride by diffusion of hydrogen
fluoride through the membrane does not occur to
any significant extent since this species is formed
only when the sample is about to exit the cell.
Chromatograms showing a mixture of inorganic
anions in Milli-Q water and in 1 M NaOH after
electrodialytic treatment using the Neosepta
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Table 1

Percentage recovery of anions (present in the range 3-10
wg/ml) from 1 M NaOH solution after electrodialysis at 2 W
using various cation-exchange membranes in the flow-
through cell

Anion Membrane
Neosepta CM-2  Neosepta CMS  Asahi CMV

F~ 84.3 (3.5) 95.8 (3.0) 73.4 (5.2)
(o 99.2 (2.1) 89.0 (4.8) 84.7 (4.2)
NO; 53.0 (4.2) 53.3 (2.6) 48.4 (3.8)
Br~ 94.6 (2.5) 92.5 (3.5) 72.5(2.7)
NO; 98.4 (3.0) 88.5 (5.3) 74.5 (6.1)
HPO?" 99.6 (1.0) 93.2 (4.5) 84.6 (3.4)
soi” 98.5 (2.4) 94.0 (5.2) 85.2 (5.0)

The range derived from 8 replicates is shown in parentheses.

CM-2 membrane are given in Fig. 4. The two
chromatograms are virtually identical, except for
the low recoveries of fluoride and nitrite in the
treated sample.

3.3. Electrodialysis of carbonate and tetraborate
solutions

Alkaline fusion techniques commonly involve
alkalis other than sodium hydroxide, for example
sodium carbonate and sodium tetraborate. These
have been used for the dissolution of samples
such as glass [12], insoluble waste-water precipi-
tate [13] and rock materials [14] prior to IC
determination. The electrodialysis method de-
scribed in this paper has been applied successful-
ly to the neutralization of sodium hydroxide
solutions and we now consider its utility for the
neutralization of sodium carbonate and sodium
tetraborate solutions.

Electrodialysis of 1 M, 0.5 M and 02 M
sodium carbonate solutions was carried out at
varying values of constant applied power using
the flow-through cell. The pH of these solutions
after the electrodialytic treatment are shown in
Table 2, from which it can be seen that relatively
high values of applied power were required to
bring the pH reached of the dialysate to approxi-
mately 7. This can be attributed to the fact that
the electrodialysis results in the formation of

NO,”

so}*
NOy”

HPO,*

T T T ] T

U
2 4 6 8 10 12
Time (min)

T t T T T T

Time (min)

Fig. 4. Chromatograms of inorganic anions (3-10 xg/ml) in
(a) Milli-Q water and (b) 1 M NaOH after electrodialytic
treatment using Neosepta CM-2 membranes. Injection vol-
ume: 20 pl. Eluent: 2.0 mM Na,CO,-2.0 mM NaHCO,.
Column: Dionex HPIC-AS4A with AG4A Guard Column
and AMMS Suppressor.

bicarbonate and carbonic acid, producing a buf-
fered system. The high concentration of residual
carbonate and bicarbonate in the final solution
caused saturation of the suppressor system when

Table 2
pH of Na,CO, solutions after electrodialysis using the flow-
through cell at various values of applied power

Applied pH

power

(W) 1.0M Na,CO; 0.5M Na,CO; 0.2M Na,CO,
2.0 9.0 8.5 8.0

3.0 9.0 8.0 7.5

4.0 8.5 7.5 7.0

5.0 8.0 7.0 7.0
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the dialysed sample was analyzed by suppressed
IC, producing severe baseline distortions in the
chromatogram. The electrodialysis of 0.1 M
sodium tetraborate was also carried out using the
flow-through electrodialysis cell and the pH of
this sample was reduced from 9.5 to 6. However,
the chromatogram obtained for the treated solu-
tion again showed severe distortion due to boric
acid produced by the dialysis.

The displacement efficiency of the elec-
trodialysis technique, which usually governs the
capacity of the neutralization process, was ex-
amined by determining the concentration of
residual sodium in the dialysate solutions after
treatment of samples of sodium hydroxide, sodi-
um carbonate and sodium tetraborate. The re-
sults are shown in Table 3. Displacement ef-
ficiencies close to 100% were obtained for 1 M
sodium hydroxide and 0.1 M sodium borate,
with much lower efficiencies being observed for
sodium carbonate.

The above results suggest that the elec-
trodialysis procedure has practical application
only when sodium hydroxide is used as the flux
for fusion procedures involving IC analyses.

3.4. Determination of fluoride in forage
vegetation samples

Fluoride is a major environmental pollutant
from an aluminium smelter and can be absorbed
and accumulated in the tissues of plants which
grow in the vicinity of the smelter. Whilst there is
no standardised method yet for sample prepara-
tion prior to fluoride analysis, acid leaching and

Table 3

hydroxide fusion are the most commonly em-
ployed techniques. These processes are frequent-
ly followed by distillation and colorimetric de-
termination after reaction with alizarin fluorine
blue-lanthanum reagent [15]. Other determina-
tion procedures, such as potentiometry [16-18],
have also been reported.

The determination of fluoride in a highly
alkaline sample matrix has been approached
using ion-exclusion chromatography [19], how-
ever problems associated with this method when
applied to the determination of fluoride in vege-
tation samples after hydroxide fusion have been
reported recently [20]. Elevated levels of silica
present in the samples resulted in a build-up of
silica on the column, reducing column perform-
ance. An ion-exchange separation approach
combined with solid-phase reagent conductivity
detection, following dilution and neutralization
steps using hydrogen ion cartridges, was selected
as being most appropriate.

In the present work, vegetation samples ob-
tained from the vicinity of an aluminium smelter
were prepared by hydroxide fusion and the
sample solution then neutralized using the flow-
through electrodialysis cell connected to a sup-
pressed IC system. The flow-rate of the sample
through the cell was 0.1 ml/min, a constant
power of 2 W was applied for the neutralization
process, and Neosepta CMS membranes were
used. The results obtained by IC were compared
with those obtained by colorimetry following
sample preparation by hydroxide fusion, and the
results are shown in Table 4. Two standard
reference materials (powdered timothy grass) are

Residual sodium present in various alkaline solutions after electrodialytic treatment

Solution Na™ in original Na” in dialysed Displacement
solution (pg/ml) solution (pug/ml) efficiency (%)

1 M NaOH 23 000 108 (56) 99.5(0.2)

1 M Na,CO, 46 000 20 500 (700) 55.4(0.5)

0.5 M Na,CO, 23 000 2250 (65) 90.2 (0.3)

0.2 M Na,CO, 9200 216 (42) 97.7(0.5)

0.1 M Na,B,O, - 10H,0 4600 28(8) 99.4(0.2)

The range derived from 5 replicates is shown in parentheses.
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Table 4
Comparative results for fluoride in vegetation samples

Sample Ton chromatography Colorimetry
(nglg) (ng/g)
Vegetation 1 156 (3) 135
Vegetation 2 554 (12) 560
Vegetation 3 7.6 (1.0) ) 7
Vegetation 4 106 (4) 110
Standard timothy grass 1~ 68.1 (1.6) 64
Standard timothy grass2 269 (9) : 277

Results are expressed in terms of the dry mass of the sample.
The range derived from 5 replicates is shown in parentheses.

included in Table 4 and the fluoride content of
these has been determined using a number of
methods, such as titration with thorium nitrate
following fusion and distillation, colorimetry
following fusion and microdistillation from sul-
furic acid, and ion-selective electrode measure-
ment after oxygen bomb decomposition [21]. It
has been suggested that the colorimetric mea-
surement with on-line distillation determines the
*“total” fluoride while IC determines only “free”
fluoride in the hydroxide fused sample [20],
hence some difference between the results might
be anticipated. However, the data in Table 4
show good correlation between the two methods.

The chromatogram obtained for an elec-
trodialysed sample solution using suppressed IC
with a carbonate/bicarbonate eluent is shown in
Fig. 5. The fluoride present in the sample is well
resolved from other anions and can be quantified
readily. It was also noticed that there was no
interference from the elevated level of silica in
the fused sample, either in the electrodialysis cell
or on the chromatography column throughout
the analyses. This represents an advantage in
using the electrodialysis cell over hydrogen ion
neutralization cartridges.

The feasibility of employing non-suppressed
IC for the determination of fluoride in the
electrodialysed sample solution was also investi-
gated. The presence of carbonate (from CO,) in
the neutralized solution often causes interference
with the determination of early eluted anions,
such as fluoride and chloride, when non-sup-
pressed IC is employed. Such interference has
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Fig. 5. Chromatogram of electrodialysed vegetation sample.
Conditions as for Fig. 4, except that Neosepta CMS mem-
branes were used.

been overcome by the use of tartrate/borate
eluents operated in the pH range 3-5 [22,23],
since at this pH the carbonate is completely
protonated and is therefore eluted at the void
volume. However, when the eluent strength was
adjusted to 0.1 M boric acid and 1.9 mM tartaric
acid (at pH 4.5) in order to give adequate
retention of fluoride, poor detection sensitivity
resulted and analysis of the electrodialysed sam-
ples by this method was not practicable.

4. Conclusions

This study has shown that clean-up of strongly
alkaline solutions prior to ion chromatographic
analysis can be achieved on-line with the aid of a
flow-through electrodialysis device fitted to a six-
port switching valve. Optimum performance of
the flow-through electrodialysis device was
achieved by employing a sample chamber which
accommodated 300 pl of sample, using stainless-
steel plate electrodes (0.7 X 25 x 60 mm), and by
passing the sample at a constant flow-rate of 0.1
ml/min through the cell while applying a con-
stant power of 2 W. Under these conditions, 1 M
NaOH sample solution could be neutralized in
approximately 3 min.

The electrodialytic treatment was found to be
applicable to sodium hydroxide solutions only,
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but this is considered to be a minor drawback of
the technique since many insoluble solid samples
can be dissolved by fusion with sodium hydrox-
ide. The flow-through cell could be used to
successfully treat samples containing fluoride
without loss when Neosepta CMS membranes
were used. This represents an advantage over
the static electrodialysis cell reported earlier.
The system was used successfully to determine
fluoride in forage vegetation samples after sam-
ple preparation by hydroxide fusion.
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Pre-concentration techniques for bromate analysis in ozonated
waters
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Abstract

Ozonation of surface waters that contain bromide result in the formation of bromate which has been identified as
a potential carcinogen. Regulation of bromate at the preferred concentration of less than 5 wg/l is being delayed
due to lack of a validated analytical method for quantification at this level. This paper describes the integrated use
of a silver cation resin to reduce closely eluting chloride from aqueous samples followed by a chelation column to
remove leached silver prior to pre-concentration of 4-ml samples on an anion-exchange column. A borate eluent
used under gradient conditions allows for bromate determination at 0.5 ug/l in treatment plant waters that,

hitherto, were reported to be devoid of bromate.

1. Introduction

Although bromate has been used in the bever-
age and bread-making industry for some time,
there are now new risk assessment data that
indicate bromate as a potential carcinogen [1].
The drinking water industry, in its efforts to
reduce the amount of halogenated by-products in
finished water, is poised to encourage more use
of ozone technology to achieve this goal. How-
ever, recent studies have revealed the formation
of bromate at levels in excess of 10 ug/l in
bromide-rich waters which have been ozonated
[2]. The World Health Organization, taking a
conservative view, recently recommended a limit
of 25 ug/l bromate in drinking water [3], in part
due to the inability to effectively quantify lower
levels. The United States Environmental Protec-
tion Agency (U.S. EPA), on the other hand, has
suggested restrictions on bromate in drinking
water based on extrapolations of toxicological
studies which use high bromate doses on animals

to the levels associated with average drinking
habits in humans [4]. With this standpoint and
following negotiation with various interest
groups from both the general public and indus-
try, a regulatory level of 10 pg/l bromate has
been settled for in the United States in the short
term [5]. In fact, the life-time risks associated
with bromate ingestion from drinking water
require much more stringent regulations. In
order to comply with lower level restrictions it is
necessary to have available an analytical tech-
nique which can simply and rapidly analyze
bromate at the low ug/l levels. Currently, the
practical quantitation level (PQL) for bromate in
drinking water is 10 ug/l [6] based on the ion
chromatographic (IC) techniques commonly ap-
plied by the U.S. EPA in the determination of
inorganic anions in water [7] and the modifica-
tions to this approach taken specifically for
bromate analysis [8,9]. This technique involves
the direct injection of up to 100 ul of aqueous
sample onto an anion-exchange column with
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subsequent elution using suppressed conductivity
detection. Anion elution order is such that
employing the commonly used carbonate eluent,
levels of bromate at or near the detection limit
were often swamped by the peak due to chloride
which is always present in natural waters at a
level of 3 orders of magnitude higher. In order to
alleviate this problem, researchers have em-
ployed a cation resin in the Ag® form as a
pre-treatment step to precipitate out a large
proportion of the chloride in the aqueous sample
prior to injection into the IC system [10,11].

In a gallant attempt to extend this methodolo-
gy to the analysis of bromate at sub ppb levels,
Hautman [12] devised a selective anion con-
centration technique in which 12 replicate
“heart-cut” analyses of 1 ml samples were suc-
cessively injected and the bromate selectively
diverted to a concentration column. Although
this method achieved a PQL of 0.25 pg/l in
natural water samples, the analysis time for each
individual sample was 4 hours and only the
bromate constituent was quantified.

There are no reports in the literature on the
use of direct pre-concentration for increased
sensitivity in bromate detection in aquatic ma-
trices. The major fear associated with this ap-
proach has been the non-selectivity of concen-
tration of all the anions present in the aqueous
sample and the consequent possibility of over-
loading the concentrator column. However, cou-
pled with the use of pre-treatment to selectively
reduce the quantity of certain anions in excess
with respect to the trace quantities of bromate,
the technique of pre-concentration is a viable
solution to the challenge of lowering the detec-
tion limits for bromate in aquatic matrices.

2. Experimental
2.1. Aqueous samples
The development of an analytical approach

was undertaken initially on synthetic aqueous
samples with a controlled ionic strength which

paralleled that expected in typical samples ob-

tained in water treatment. Once developed, the

analytical method was applied and validated on
samples obtained from natural water sources
which were subjected to controlled laboratory
ozonation. The characteristics of these two
groups of samples are summarized in Table 1.
Once validated, the method was then used to
determine the bromate levels in the effluent of
various water treatment plants utilizing ozone
and where ambient bromide levels were differ-
ent.

2.2. Sample preparation

As the goal of this work was to quantify low
wng/l levels of bromate in the presence of high
mg/1 levels of chloride, sample pre-treatment for
chloride reduction was undertaken by syringe
filtering all aqueous samples through an On-
Guard Ag cation resin (Dionex, Sunnyvale, CA,
USA) at a rate of about 2 ml/min. The resin
functions by selectively removing the silver salts
with low solubilities. While this value is low for
silver chloride and bromide (0.89 and 3.7 mg/l,
respectively), bromate is unaffected by the resin
as its silver salt has a much higher solubility (13.3
g/l).

In order to prevent the leached silver from
these resins reaching the concentrator or ana-
lytical columns, a chelator column (MetPac CC-
1, Dionex) was introduced between the sample
loop and the concentrator column.

Table 1
Characteristics of aqueous matrices analyzed

Characteristic Synthetic water * Natural water *
(mg/1) (mg/1)

TOC © <1(C) 7.56 (C)

Chioride 50 7.0

Nitrate 44 0.25

Sulfate 60 24

Bromide 0.2 0.05

“ Synthetic water made by dilution of concentrates of each
anion in deionized, distilled water with minimum resistance
of 18.2 MQ - cm.

® Natural water source was University Lake, Carrboro, NC,
USA.

¢ TOC = Total organic carbon.
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2.3. Instrumentation

The ion chromatographic system used in this
work was the Dionex Model 4500i which was
employed with the following modifications in
operation. A 4-ml pre-treated aqueous sample
was loaded into a loop designed from 7 m of 0.1
cm internal diameter polypropylene tubing and
placed in the loading position (port numbers 3
and 6) across a 6-port rotary injection valve
(Rheodyne, Cotati, CA, USA). While in this
position, deionized, distilled water held in a 4-1
Nalgene bottle was pumped at 0.75 ml/min,
using a pulse-dampened single-piston pump,
across the chelator column and through a 4-way
slider valve (at port number 4) and out to waste
(at port number 8). Simultaneously, the eluent
for the ion chromatography was flowing at 2
ml/min through the AG10-SC concentrator col-
umn placed across the loop position on the
opposite side of the slider valve (port numbers 1
and 5). The borate eluent then flowed through
the AS9SC analytical column, anion membrane
suppressor (AMMSII) and conductivity detector

(module CDM-2). The plumbing for the chro-
matographic system is shown in Fig. 1 and
illustrates the positions of the two valves for
sample loading and sample analysis. In the pre-
concentration step (valve positions shown in the
insert), the deionized distilled water is used to
flush the 4-ml aqueous sample at 0.75 ml/min
through the MetPac CC-1 chelator column and
on to the concentrator column in the same
direction as ecluent flow. After loading, the
valves are switched back to their original posi-
tions and the concentrated sample is swept on to
the analytical column. During this time, the next
sample can be loaded into the loop. The analysis
of bromate was performed using a 5 mM sodium
tetraborate—boric acid eluent. Immediately after
elution of the bromate peak, the eluent strength
was raised to 50 mM to purge the remaining
anions from the column. Conductivity suppres-
sion was achieved with 25 mM sulfuric acid
regenerant at a flow rate of 10 ml/min. With a
clean, equilibrated chromatographic system, a
typical background conductivity at the start of
the analytical run was 4 uS.

25 mM
H,S0,
Suppressor Detector l———> Waste

Eluent

Pump
Q

Deionized

Waste —=—

0000000 \

4 mL loop

A water

Ag* treated
sample from
autosampler

Fig. 1. Schematic of IC plumbing for loop loading or sample analysis (valve positions for sample pre-concentration shown in the

insert).
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2.4. Reagents

The reagent water used in the preparation of
“standards, eluents, and synthetic water matrix
was prepared in the laboratory by a Corning 3-1
mega-pure all-glass distillation system (Model
LD-2a, Corning, NY, USA). The source water
for the still was purified tap water which had
passed through a cartridge-type deionizer (Corn-
ing Ultra High Purity) filtering and demineraliz-
ing the water. The cartridge is replaced once a
month or when the conductivity of the effluent
water rises above a pre-determined value.

Boric acid and sodium tetraborate decahydrate
used in the preparation of a 100 mM concentrate
for eluent use were both ACS grade materials
assayed at >99.5% purity (Fisher Scientific,
Pittsburgh, PA, USA). Dilutions of this stock to
both 5 mM and 50 mM were made as required
from the reagent water and were filtered through
Whatman glass fiber filters (Whatman, Clifton,
NJ, USA) in an all-glass Buchner filtration
system prior to use. Sulfuric acid used as the
suppressor regenerant was Ultrex purity grade
(J.T. Baker, Phillipsburg, NJ, USA). Sodium
bromate, chloride, nitrate, sulfate and bromide
used in the preparation of the synthetic aqueous
solutions were all assayed at 99% purity or
higher (Aldrich, Milwaukee, WI, USA). Ethyl-
ene diamine in liquid form used in the residual
disinfectant quenching experiments was also ob-
tained from Aldrich and assayed at >99%
purity.

2.5. Method

Synthetic aqueous solutions at an ionic
strength of 2.74 mequiv./]1 were made up accord-
ing to the description in Table 1. Repeated
injections of 4 ml of these solutions, containing 5
ng/l bromate after passing through the silver
resin and the chromatographic system described
in Fig. 1, without the chelation column caused a
gradual but very distinct deterioration in the
resolution between bromate and the remaining
chloride. This manifested itself in two ways;
gradual reduction in retention time of the bro-
mate peak and eventual coalescence of the
bromate and chloride peaks. This is demonstra-

1st Injection 15th Injection
Cl Cl
Bro, BrO,
ps NS N\

012 3 456 7 8 01 2 3 4 5 6 7 8
minutes minutes

Fig. 2. Loss of bromate resolution from chloride. (Note:
plumbing of Fig. 1 used without chelation column).

ted in Fig. 2. The inclusion of the chelation
column as shown in Fig. 1 allowed in excess of
100 injections of samples containing 10 peq of
anions before any significant deterioration in
column performance could be discerned. At this
time, the concentrator and analytical columns
were restored to their full capacity by washing
with acetonitrile for 20 min at 1 ml/min. Addi-
tional problems were identified if an anion trap
placed in the eluent stream ahead of the slider
valve was allowed to become overloaded or was
removed. Anion impurities in the eluent will
accumulate on the concentrator column and
decrease its available capacity for sample anions
if the anion trap does not function very effective-
ly. Organic impurities can also affect the per-
formance of the chromatography and may leach
into aqueous samples which are stored for long
periods in polymer-based autosampler vials.
Preparation of these vials requires that after
washing, they are filled with reagent water,
capped and left to stand overnight. After this
step, the vials are rinsed again several times with
reagent water before being rinsed and then filled
with aqueous sample to be analyzed.

3. Results
3.1. Calibration

In view of the aim to optimize pre-concen-
tration for the greatest sensitivity of bromate

detection, no attempt was made in this method
to quantify other anions. The chromatographic
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conditions were determined from repeated in-
jections of bromate in synthetic water and then
the conditions were applied to water treatment
samples for validation. Quality assurance of
bromate calibration was undertaken by statistical
analysis of the chromatographic response ob-
tained from 7 injections at the 0.5 ug/l level.
This concentration was selected as the lowest
practical level at which a discernable response
was obtained relative to the detector noise. The
method detection limit (MDL) was determined
according to the Code of Federal Regulations
[13}:

MDL=1tS+b

where ¢ =3.143 (Student’s ¢ value for 6 degrees
of freedom and 99% confidence level), §=
standard deviation of seven replicate analyses,
and b = mean value of blank.

The blanks in these experiments were the
reagent water in the synthetic matrix and raw
University Lake water in the natural water
matrix. In both cases, the background level of
bromate was at the noise level. Applying the
above definition for detection limits, a value
below that selected for the determination was
indicated in both matrices. An alternative ap-
proach was to study the signal-to-noise ratio and
select the signal which is at 3 times the noise
signal as a practical reporting level (PRL). Table
2 summarizes the statistics of both approaches
and indicates that all detection limits are below
the selected 0.5 pg/l level, although the actual
values are slightly different for both matrices.

Table 2
Method detection limits of bromate

Since quantification in field samples will normal-
ly be required in natural water matrices, it is
more practical to apply the higher detection limit
in sample analyses.

Calibration curves in both matrices were es-
tablished from triplicate injections of bromate-
spiked aqueous matrix in the range 0-5 pg/l
The regression coefficient (*) for both synthetic
and natural water matrices was very acceptable
(0.996-0.997). A typical chromatogram of one
of the calibration points (1.28 ug/1) is shown for
the synthetic water matrix in Fig. 3a.

Recovery studies of bromate spiked into both
matrices at the 5 ug/l level indicated a slight loss
of analyte in natural water compared to synthetic
water and this was reflected in the slightly lower
gradient of the natural water calibration curve.
This is quite a common OcCcurrence among en-
vironmental samples and has often been the
source of controversy in deciding absolute con-
centrations in one matrix when calibration is
undertaken in another. In this case, the differ-
ence is statistically insignificant although the
analyst will have to assure a similar comparison
when analyzing natural waters with different
physical characteristics.

3.2. Laboratory controlled ozonation of surface
walter

The natural water characterized in Table 1 was
collected at the entrance to the Orange County
Water and Sewage Authority treatment plant,
Carrboro, NC. 500-ml samples placed in a 1-1

Synthetic water

Natural water

Mean concentration (pg/1) 0.514
Standard deviation S (ng/1) 0.098
Statistical MDL (ug/1) * 0.31
Height at t, = 5.97 min in blank (noise) 2148
3 X noise 6444
Noise detection limit (png/1) 0.13
Recovery of 5 ug/l spike (%) 107

0.628
0.069
0.22
3977
11931
0.35
95

“ Mean value of 7 repeated injections of 0.5 g/l bromate spiked into each matrix.

* Determined as 3.143s + blank.
“ Bromate detection limit at signal-to-noise ratio of 3:1.
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Fig. 3. Chromatogram of bromate; (a) at 1.28 ug/l in synthetic water: retention time of peak no. 6=6.45 min; peak
area = 745 756; peak height =35 625); (b) in ozonated University Lake water: retention time of peak no. 5=15.97 min;
concentration of bromate found (peak no. 5) =1.1 ug/l; peak area= 336216 peak height = 36 708.

washing bottle were attached to a Model 200
Sander ozonizer (Erwin Sander, Vetze-Eltze,
Germany) supplied by air. Ozone was supplied
to the sample so that an approximate transfer of
1 mg ozone to 1 mg TOC was achieved. After
ozonation, a sample was poured into a 100-ml
Erlenmeyer flask and purged gently with pure
nitrogen (99.9%) to remove any residual ozone
from the solution. The sample was then filtered
through an Ag™ resin cartridge and into two
clean autosampler vials for duplicate analysis.

For quality control purposes a sample of the raw
surface water was similarly treated without ozo-
nation. The resulting chromatogram using the
stated analytical conditions and the plumbing of
Fig. 1 is shown in Fig. 3b for the ozonated
sample. Utilizing a calibration curve in the range
of 0.5-5 ng/l bromate in synthetic water, bro-
mate was quantified in the ozonated water at 1.1
ng/l. A5 ug/l spiked sample of the ozonated
water produced the chromatogram in Fig. 4
illustrating a recovery of 105%.

0 5 10

LN R B L B B B (B B

[T rr T T T T T

15

20 25 30
Minutes

Fig. 4. Chromatogram of ozonated University Lake water with a 5 g/l bromate spike; concentration of recovered bromate (peak

no. 6)=5.25 pg/l.
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3.3. Quenching of residual disinfectant

Water treatment plants and consumers’ drink-
ing water will often contain residual disinfectants
such as free chlorine, chloramines, or chlorine
dioxide. Residual ozone could also be present in
samples collected for bromate analysis drawn
immediately after ozonation. If samples contain-
ing these oxidants were injected onto an ion
exchange column, the oxidant would attack the
active sites on the column causing irreversible
damage. Similarly, if oxidants remain in the
sample at the time of collection, bromate con-
centration might change as a result of continued
reaction. It is therefore essential to quench such
samples from residual disinfectant and such a
procedure in ion chromatography should involve
non-ionic reagents that will not interfere with the
chromatography. In the case of ozone and chlor-
ine dioxide, it is usually sufficient to purge the
sample with nitrogen gas for 5 min. Experiment
has shown that this does not cause any loss in
bromate from the sample. Chlorinated samples
cannot be quenched by purging and consequent-
ly require the addition of a quenching reagent.
Moreover, when bromide is present in the sam-
ple, both chlorine and ozone can react with it to
produce the hypobromite ion. It is this species
that is directly responsible for the formation of
bromate in aqueous solution [14] and thus it is
essential that it be removed from the sample at
the time of collection. The reagent of choice was
ethylene diamine (EDA) and Fig. 5 illustrates
the effectiveness of a 50 mg/l addition of EDA
to natural water containing spiked bromide to
0.2 mg/1 and ozonated at a 1:1 ozone:TOC level.
In the absence of EDA, bromate continues to
grow in concentration with time (Fig. 5a),
whereas its presence appears to stabilize bromate
concentration (Fig. 5b).

3.4. Analysis of ozonated waters from treatment
plants

Water samples were collected at various points
in the treatment plants in 40-ml glass vials
(Pierce, Rockford, IL, USA) equipped with
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Fig. 5. Change in bromate concentration in ozonated spiked

surface water; (a) without EDA quench (b) in the presence
of 50 mg/1 EDA.

polypropylene screw caps that had Teflon-faced
silicone septa. Prior to dispatching these bottles
to the plants, a few drops of an EDA solution
(equivalent to 2 mg) were placed in the bottom
of each. For the purpose of quality control, one
vial was filled with reagent water and EDA
solution and sent with the collection vials to each
plant. This particular study focussed on analyz-
ing samples taken prior to and following ozona-
tion in order to quantify trace amounts of bro-
mate. In order to characterize the sampled
water, applied ozone dose and raw water TOC
data were supplied by the plant and ambient
bromide levels were measured with direct in-
jection ion chromatography of a separate sample
[6]. The bromate content was analyzed first using
direct injection of a 100-ul sample using the
same analytical conditions as previously de-
scribed without chelation and pre-concentration.
The purpose was to identify if bromate con-
centrations were in excess of 5 ug/l. If they
were, the sample was diluted with synthetic
water to bring the concentration in the range
0.5-5 wg/l and then the sample was reanalyzed
using the pre-concentration technique. If no
chromatographic response was detected by direct
injection of the sample, pre-concentration was
applied without dilution. The results of these
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Table 3
Bromate formation in ozonated natural waters

Treatment 0,;:TOC Ambient Br~ BrO; formed
plant (mg/mg)  (mg/l) (ng/h)

A 3:2.8 0.02 5

B“ 9.2:11.6 0.18 10

ce 2,529 0.05 8

D ° 1.5:2.6 0.28 10

D,* 1.4:32 0.22 18

E 6:5.4 0.03 1.1

F 4:7.6 0.04 0.8

“ Samples diluted 1:10 with synthetic water prior to analysis.

analyses are shown in Table 3 and in no case was
bromate detected prior to ozonation. Fig. 6
illustrates the chromatogram obtained for plant
F where bromate elutes at 3.47 min. This analy-
sis was performed using the same analytical
conditions as described earlier except that the
run eluent was adjusted to a 10 mM borate mix
and the regenerant flow adjusted upwards to
maintain a background conductivity of 4-8 uS.
Under these conditions, the analytical run time
was reduced to 30 min.

4. Conclusions

Although the pre-concentration technique de-
scribed here succeeded in most of the plants

2.0 L B M |

surveyed, highly colored surface waters analyzed
prior to ozonation created some analytical prob-
lems. These raw waters contain high levels of
dissolved humic materials which occupy active
sites on the analytical column. This causes poor
resolution of bromate from chloride in spite of
pre-treatment to reduce chloride concentration
and renders bromate detection impossible in
highly colored raw waters. However, following
ozonation of such waters, this interference is
removed and resolution between the two anions
is accomplished. If these colored waters are
mistakenly injected onto the analytical or con-
centration columns, the columns are best regen-
erated by cleaning for about 1 h with a 4:1
mixture of acetonitrile and 1 M sodium chloride.

The method described in this paper has been
validated for the analysis of bromate in ozonated
waters at a detection limit of 0.5 pg/l which is
about an order of magnitude less than currently
available using traditional direct injections of
samples. In practice, this method should be
applicable to most aqueous samples containing
bromate from as low as 0.5 ug/l to sub mg/1
levels. It is important, however, to demonstrate
the recovery of bromate from the matrix under
investigation by analyzing samples spiked with
bromate at concentration in the range expected
to be found in the samples. Sample treatment
and analysis using this analytical technique can
be automated to an extent that total analysis

0 5 10 15

|lrll|Il|||ll!||llll|I|IIIIII1]

20 25 30 35

Minutes

Fig. 6. Chrométogram of bromate formed in plant F at ¢, =3.47 min using a 10 mM borate eluent.
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time is less than 45 min per sample making this
method viable for laboratory monitoring of bro-
mate in drinking water.
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Abstract

An ion chromatographic method was developed for the determination of triazine herbicides in environmental
samples. Considering the polar nature of triazines, a cation-exchange column with a multi-mode pellicular packing
was used. Optimization of the eluent (organic modifier concentration and ionic strength) is described with reference
to the separation, on-line clean-up and preconcentration procedure. Several enrichment materials were evaluated
and detection limits below 100 ng/] were achieved with a reversed-phase silica. The determination of triazines in
tap water and river water samples was performed with UV detection (220 or 263 nm).

1. Introduction

Triazine herbicides are widely used in agricul-
ture and their determination is of great impor-
tance in environmental studies and water con-
trol. The residual amount of these compounds in
rivers and ground waters is normally very low so
that samples require preconcentration and clean-
up procedures.

The first triazine preconcentration techniques
were based on liquid-liquid extraction but owing
to their high cost and long analysis times they
were replaced by solid-phase extraction. The
solid phases used for enrichment of triazines
include cation-exchange resins, adsorbent co-
polymers, porous octadecylsilica and graphitized
carbon black [1-4]. As natural samples usually
require a matrix-removal step, double-trap sys-
tems have been developed [4]. They consist of
two successive solid-phase extractions, which

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(93)E1197-8

allow analytes to be retained and the concen-
tration of interferents to be reduced as a final
result. Such methods are usually off-line and
only a few studies have integrated on-line pre-
concentration and determination in the same
apparatus [5,6].

The methods actually used for the determi-
nation of trace amounts of triazines include gas
chromatography [3,7] and high-performance lig-
uid chromatography (HPLC) [8-13]. LC meth-
ods are to be preferred for polar or thermolabile

analytes [8]. Liquid-liquid partition chromatog-

raphy represents the most popular HPLC tech-
nique for triazine determinations with a variety
of detection methods, including mass spec-
trometry [14]. A reversed-phase ion interaction
study for the separation of triazines has recently
been reported [15], but ion chromatographic
(IC) separation is not usually considered in
triazine determinations.

In this work, an IC separation method was
developed and coupled with an on-line (single or

© 1994 Elsevier Science B.V. All rights reserved
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N N N
R, H
Names Ry Rz Rj3 pKa
Simazine H Et Et 1.7
Atrazine H Et i-Pr 1.7
Propazine H i-Pr i-Pr 1.7
Terbutylazine H Et t-Bu 20
CH3
i
Cyanazine H Et C-C=N 1.0
!
CH3
SCH,

Nl)\N
R )\ /l\ s
\N N/ N/
| l
2
Ry
H
H
H

R H
Names Rz Ra3 pKa
Ametryne Et i-Pr 4.1
Prometryne i-Pr i-Pr 4.1

Terbutryne Et t-Bu 43

Fig. 1. Structures and pK, values of Cl- and S-triazines.
Et = Ethyl; i-Pr = isopropyl; t-But = terz.-butyl.

double) trap system in order to determine trace
amounts of triazine herbicides in natural waters.
The analytes investigated included eight 1,3,5-
triazines, containing either chlorine or sulphur

(Fig. 1).
2. Experimental
2.1. Reagents
Acetonitrile (chromatographic grade), phos-
phoric acid, sodium hydroxide and sodium chlo-

ride were of analytical-reagent grade from
Merck. All solutions were prepared with high-

purity water obtained with a Milli-Q System
(Millipore, Bedford, MA, USA).

Reference standards for triazines were ob-
tained from Riedel-de Haén (Seelze, Germany)
(98.0-99.9% purity).

Stock standard solutions of triazines (200 mg/
1) were prepared in acetonitrile and stored in the
dark at 4°C. Working standard solutions were
obtained daily by successive dilutions with water
of the stock standard solutions.

The eluents, filtered and degassed under vac-
uum, were acetonitrile—water mixtures contain-
ing sodium phosphate buffer (1.0 mM H,PO, +
NaOH up to pH 4.5).

2.2. Apparatus

An LC 5000 liquid chromatograph (Varian,
Walnut Creek, CA, USA) equipped with a
Rheodyne injector and a UV 100 spectrophoto-
metric detector was used. A 100-ul loop was
used throughout. Chromatograms and data were
registered with a Vista 401 data system. A
second Rheodyne injection valve was used as a
switching valve in the double-trap preconcen-
tration system. Samples were preconcentrated
with a DQP-1 pump (Dionex, Sunnyvale, CA,
USA). '

2.3. Procedure

The separation column was a Dionex OmniPac
PCX 500 (250 x4 mm I.D.). The preconcen-
tration columns investigated for on-line optimi-
zation were OmniPac PCX 500 Guard (50 x 4
mm L[.D.) (Dionex) and silica-based microcol-
umns (4 X 4 mm 1.D.) LiChrospher 100 RP-18 (5
pm), LiChrospher 100 RP-8 (5 wm), LiChro-
spher 100 Si 60 (5 pm), LiChrospher 100 CN (5
pm) and LiChrospher 100 DIOL (5 pwm) (all
from Merck). Other preconcentration columns
were obtained by packing a Merck cartridge
holder (20 X 3.5 mm I.D.) with 0.16 g of Supel-
clean Envi-18 (40-60 pwm) or with Supelclean
Envi-Carb (Supelco, Bellefonte, PA, USA).

Preconcentration flow-rates were 4.0 ml/min
for the silica-based microcolumns and 2.0 ml/
min for the polymer-based cation-exchange col-
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umn. After the sample loading (100.0 ml), the
preconcentration column was rinsed with 10.0 ml
of high-purity water. The Supelclean Envi-18
stationary phase was activated before use by
washing with 10 ml of hexane-diethyl ether
(50:50, v/v) followed by 6 ml of methanol and
rinsing with 6 ml of water.

After optimization, the eluent composition
was acetonitrile-buffer (70:30, v/v), the buffer
being 1.0 mM phosphate (pH 4.5) containing 30
mM NaCl; the flow-rate was 0.7 ml/min.

Unless stated otherwise, UV detection was
performed at 220 nm.

3. Results and discussion
3.1. Ion chromatographic separation

The analytes, according to their pK, values
(Fig. 1), may be in cationic form at appropriate
pHs. The cation-exchange column chosen for the
determination of triazines utilizes a multi-mode
pellicular packing to combine an ion-exchange
and a reversed-phase mechanism. Several pa-
rameters, i.e., pH, dielectric constant, ionic
strength and organic modifier concentration,
affect the separation of triazines and were con-
sidered in eluent optimization. An acidic pH was
chosen in order to take advantage of the ion-
exchange mechanism.

Chromatographic retention times () were the
means of triplicate determinations and the dead
time (¢,) was evaluated by injection of water
(water dip), taken as an unretained peak.

As expected, the k' values decrease sharply
with increase in acetonitrile concentration, in-
dicating a substantial contribution of liquid—
liquid partitioning to the retention mechanism.
The additional contribution of an ion-exchange
mechanism allows greater flexibility than that
obtained with reversed-phase columns during the
optimization of the separation procedure. In this
instance, in comparison with previous HPLC
results [15], the IC separation shows an inversion
for the retention order of ametryne and ter-
butylazine which can be related to their pK,
values. Fig. 2 shows the variation of k' for
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Fig. 2. Effect of ionic strength on capacity factors (k') of
triazines. O = Cyanazine; V = simazine; © = atrazine; V=
propazine; [0 = ametryne; A = terbutylazine; o=
prometryne; A =terbutryne. Chromatographic conditions:
mobile phase, acetonitrile—buffer (60:40, v/v) containing
NaCl as shown (buffer composition: 1.0 mM H,PO, and
NaOH up to pH 4.50); flow-rate, 0.7 ml/min; samples 100
pl; each species 6.0 mg/l1.

triazines as a function of ionic strength. Sodium
chloride was chosen as an ionic strength modifier
taking into account its low absorbance at the
detection wavelength. The complex chromato-
graphic trends that the triazines show, are due to
the different effects of ionic strength on the
various species. The capacity factors of the more
polar S-triazines (ametryne, prometryne and
terbutryne) are affected by both a stronger ion-
exchange competition and liquid-liquid partition
equilibria. The two effects, concomitant to the
ionic strength improvements, are opposite and
tend to give lower and higher k' values, respec-
tively. The retention of Cl-triazines is less in-
fluenced by ionic strength than S-triazines and
shows, for low ionic strength values, opposite
behaviour with respect to the S-triazines. The
optimized eluent composition allows, without
preconcentration, detection limits below 80 wg/l
to be achieved (Table 1) with UV detection (220
nm). The values were decreased (1000-fold) to
the ng/1 level after the optimization of the clean-
up and preconcentration procedure (see below).
The linear calibration ranges for the triazines
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Table 1
Detection limits and linear ranges (r >0.995), without pre-
concentration, for triazines

Analyte Detection limit Linear range
(mg/l) (mg/1)
Cyanazine 10 0.5-10
Simazine 20 0.5-6
Atrazine 20 0.5-10
Propazine 30 0.3-6
Terbutylazine 20 0.5-6
Ametryne 20 0.5-10
Prometryne 30 1-10
Terbutryne 80 1-10

studied are summarized in Table 1. Fig. 3 shows
a typical chromatogram for all the investigated
triazines, obtained with the stated eluent compo-
sition.

3.2. On-line preconcentration with single trap

For lowering the detection limits of triazines
through an enrichment step prior to the chro-
matographic separation, an on-line preconcen-
tration procedure was developed. For this pur-
pose the 100-u1 injection loop was replaced with
a microcolumn and the enrichment efficiency was
evaluated for different stationary phases. The

]0.00I au.

y

5 10 15 20 min
Fig. 3. Chromatogram of (a) cyanazine (100 ug/l), (b)
simazine (100 png/1), (c) atrazine (100 ug/l), (d) propazine
(200 wg/l), (e) terbutylazine (100 ;.g/1), (f) ametryne (100
ng/l), (g) prometryne (200 pg/l) and (h) terbutryne (400
mg/l). Chromatographic conditions: mobile phase, acetoni-
trile—buffer (70:30, v/v) (buffer composition: 1.0 mM H,PO,
and NaOH up to pH 4.50, containing 30 mM NaCl); flow-
rate, 0.7 ml/min; sample, 100 pl.

efficiency represents the ability of the column to
retain and to release quantitatively the analytes
in both the loading and release steps. Moreover,
the microcolumn should allow adequate matrix
removal. The preconcentration recovery for the
eight triazines was evaluated by comparing the
peak areas obtained by direct injection (100-ul
loop) of samples (2.0 mg/l for Cl-triazines and
5.0 mg/l for S-triazines) with those obtained by
loading the preconcentration column (100.0-ml
mixtures, 2.0 ug/l for Cl-triazines and 5.0 ug/l
for S-triazines).

Several stationary phases and packings (listed
under Experimental) were tested. Only Omnipac
PCX 500 and Supelclean Envi-18 gave satisfac-
tory results (see Table 2).

As the analytes show both a hydrophobic and
an ionic retention mechanism, a multi-mode
pellicular cation-exchange PCX guard column
was used for preconcentration. The column
packing is the same as in the separation column.
It requires a low flow-rate in sample loading (2.0
ml/min) because of its high back-pressure due to
the polymeric resin. Recoveries ranged between
25 and 86% and sub-u g/l detection limits (Table
2) were obtained. Acidified samples (pH 1.0)
were also processed to enhance the ion-exchange
contribution to the retention of cationic species
but under these conditions hydrogen ion compe-
tition did not allow the yields to be improved.

Table 2
Recoveries and detection limits for triazines (three replicates)

Analyte Recovery Detection limit

(%) (ug/l)

a b a b
Cyanazine 30 935 0.3 0.04
Simazine 56 97x3 0.3 0.03
Atrazine 83 98=+1 0.4 0.04
Propazine 86 96 +2 0.8 0.08
Terbutylazine 25 993 0.8 0.08
Ametryne 38 1027 1 0.07
Prometryne 80 104 =4 1 0.07
Terbutryne 34 1045 2 0.07

On-line preconcentration with (a) OmniPac PCX 500 Guard
and (b) Supelclean Envi-18; samples, 100.0 ml.
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The silica-based preconcentration columns
may be used with a high sample flow-rate in the
loading step and with a high back-pressure
during elution. Therefore, in order to reduce the
loading duration, a 4.0 ml/min loading flow-rate
was maintained for such microcolumns without
too high a back-pressure. Among the silica-based
packings, only LiChrospher 100 RP-18 and
Supelclean Envi-18 gave significant recoveries.
LiChrospher 100 RP-18 gave a low recovery
(10%) for all the analytes and this value did not
change significantly on varying the sample pH.
Supelclean Envi-18 gave quantitative recoveries
for S-triazines and 93-99% for Cl-triazines
(Table 2). The detection limits were 30-80 pg/l
(signal-to-noise ratio = 3). The two hydrophobic
silica materials differ with Supelclean Envi-18
having a higher surface area, and this explains
the higher recoveries reached with this material.

Such an optimized on-line preconcentration
method with a single trap was applied to a real
sample (Turin tap water). A 100.0-ml sample
was analysed but matrix interferences were too
high at the maximum absorption wavelength of
triazines (220 nm). The second absorbance maxi-
mum of triazines at 263 nm, which is character-
ized by lower intensity, was selected for detec-
tion, being free from interferences. Neverthe-
less, higher detection limits were obtained and
all the triazines were detected at sub-u g/l levels.
Fig. 4 shows the chromatogram obtained for a
tap water sample analysed without or with addi-
tion of spikes (simazine, ametryne and ter-
butryne, 500 ng/l each).

3.3. On-line preconcentration with double trap

In order to achieve good detection limits also
in the presence of interferents usually found in
natural waters, e.g., river waters, a double-trap
preconcentration system was developed. The
system (Fig. 5) utilizes the previous column
(Supelclean Envi-18) coupled with a LiChro-
spher 100 RP-18 microcolumn which is char-
acterized by a high retention ability for lipophilic
compounds and shows a very low (<10%) re-
tention for triazines.

0.0013.U.

—
T T T

0 5 10

¥ T

T T T
15 min 0 5 10

15 min

Fig. 4. Analysis of tap water with single-trap preconcen-
tration and IC separation. (A) 100.0-ml samples as such and
(B) spiked with (1) cyanazine, (2) propazine and (3) pro-
metryne, 500 ng/l of each species. Chromatographic con-
ditions: mobile phase, acetonitrile—buffer (70:30, v/v) (buf-
fer composition: 1.0 mM H,PO, and NaOH up to pH 4.50,
containing 30 mM NaCl); eluent flow-rate, 0.7 mi/min;
sample loading flow-rate, 4.0 ml/min; detection at 263 nm.

Other double-trap on-line enrichment proce-
dures have been described [5,6]. Both methods
use a combination of reversed-phase and ion-
exchange traps, whereas in this work two re-
versed-phase adsorbents were used: the first
retains all lipophilic compounds while the second
is a specially treated reversed-phase material for
trapping triazine derivatives.

Fig. 5 shows the loading and eluting proce-
dures. When the two injection valves are in the
load position (Fig. 5a) the sample passes through
both columns. The LiChrospher 100 RP-18
microcolumn retains the organic liphophilic sub-
stances while allowing triazines to reach the
second Supelclean Envi-18 microcolumn, where
they are preconcentrated. The system is then
rinsed with 10 ml of high-purity water, both
Rheodyne values are switched to the injection
position (Fig. 5b) and only the triazine analytes
are injected towards the separation column by
exclusion of the LiChrospher column. The latter
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Fig. 5. Block diagram of the double-trap preconcentration
apparatus in (a) the loading mode and (b) the elution mode.

microcolumn is cleaned by passing the eluent for
2 min before the next analysis.

The on-line double-trap system was applied to
river water analysis (Po river, Turin). Fig. 6
shows the chromatogram obtained by loading
100.0-ml samples injected as such or after addi-
tion of spikes (2.0 and 4.0 pg/l of atrazine).
Samples were filtered (0.45 pum) before the
analysis.

4. Conclusions

The developed IC procedure is suitable for
triazine detection and determination at levels
down to 10 wg/l. By coupling on-line clean-up
and preconcentration procedures the method

0.001a,u,
aopgfl
20ugh
raw
sampl
|
t T T T
0 5 10 15 min

Fig. 6. Analysis of tap water with double-trap preconcen-
tration and IC separation. 100.0-ml samples as such and
spiked with atrazine (2.0 and 4.0 ug/l). Chromatographic
conditions: mobile phase, acetonitrile-buffer (70:30, v/v)
(buffer composition: 1.0 mM H,PO, and NaOH up to pH
4.50, containing 30 mM NaCl); eluent flow-rate, 0.7 ml/min;
sample loading flow-rate, 4.0 ml/min; detection at 263 nm.

permits the trace analysis of river water samples,
also at a less sensitive wavelength for UV detec-
tion, as removal of spectral interferences from
sample impurities can be achieved with the
treatment. However, it should be noted that the
occurrence of “matrix” peaks in real samples
with a heavy matrix could affect the detection
limits reported in Table 1. The use of gradient
elution might improve the chromatographic res-
olution of the present procedure (shown in Fig.
3), especially for those samples with the con-
comitant presence of all triazines.
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Abstract

The use of solid-phase extraction disks as a sample clean-up device is described. The disks contain a membrane
composed of resin beads permanently enmeshed in a polytetrafluoroethylene membrane, housed in a medical-grade
polypropylene housing. The resin within the membrane is functionalized to retain specific types of components
from the sample. Several chemistries are developed to remove various interfering components. The recovery of the

ions after sample treatment is examined.

1. Introduction

Ion chromatography (IC) has become a popu-
lar analytical method for the determination of
anions and cations. The method is simple, fast,
and requires minimum sample preparation. For
most samples, only dilution and filtration are
required before injection. In certain cases where
the sample contains components that can dam-
age the column, are too acidic or too basic, or
one or more components are present in great
excess, a more sophisticated technique is usually
necessary to eliminate matrix interferences.

Solid-phase extraction (SPE) is one of the
most common techniques for eliminating matrix
interferences in chromatography [1]. It is easy to
use, requires small sample volume, and a wide
variety of stationary phases are available com-
mercially in convenient disposable cartridges. In
previous work, we discussed the use of SPE
cartridges for eliminating matrix interferences in

* Corresponding author.
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IC [2,3]. These cartridges are packed with IC-
grade resin functionalized to retain or neutralize
certain components in the sample matrix. Matrix
inteferences such as acidic or basic solutions,
high level of halides, or sulfates, or hydrophobic
components are successfully eliminated using
these cartridges. Two major drawbacks of the
packed bed SPE cartridges are bed channeling
and higher back pressure. Bed channeling results
in non-uniform flow, reducing the full capacity of
the cartridge. The narrow internal diameter of
the cartridge sometimes causes high back pres-
sure, complicating the sample clean-up process.

This paper examines the use of SPE disks as a
sample clean-up device for ion chromatography.
The disks contain a membrane composed of
resin beads permanently enmeshed in a poly-
tetrafluoroethylene (PTFE) membrane, housed
in a medical grade polypropylene housing. The
resin within the membrane is functionalized to
retain specific types of components from the
sample. Several chemistries are developed to
remove various interfering components. The

© 1994 Elsevier Science BV. All rights reserved
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recovery of the ions after sample treatment is
examined.

2. Experimental
2.1. Instrumentation

Chromatography was performed on an Alltech
(Deerfield, IL, USA) IC system that consists of a
Model 325 high-performance liquid chromatog-
raphy (HPLC) pump, a Model 330 column
heater, a 335 suppressor module, and a Model
350 conductivity detector. Sample introduction
was done with a Model 9125 Rheodyne (Cotati,
CA, USA) injector. All data were recorded on a
Spectra-Physics (Santa Clara, CA, USA) SP
4400 Chromjet integrator. The Alltech Universal
Anion column (150 mm x4.6 mm) and the
Alltech Universal Anion 300 columns (150 mm X
4.6 mm and 100 mm X 4.6 mm) were used to
separate the anions.

Fig. 1 shows the construction of the SPE disk.
The 25-mm membrane impregnated with ion-
exchange media is housed in a medical-grade
polypropylene housing. The inlet and outlet of
the housing accepts a luer-hub syringe and nee-
dle, respectively. The ion-exchange capacity of
the 25 mm disk is 1.5 mequiv. The membrane is
rigid, eliminating the need for additional frits.

2.2. Reagents

Standards and eluent buffers were made from
reagent-grade chemicals obtained from Aldrich

Female Luer Lock Inlet
Polypropylene
Housing
|.
v

Male Luer Lock Outlet ———> .

PTFE Membrane
Impregnated with
Ton-Exchange
Media

Fig. 1. The construction of the SPE disk.

Chemical (Milwaukee, WI, USA). Distilled
deionized water was used throughout.

2.3. Procedure

Before applying sample, the disk is pre-con-
ditioned by passing 5-10 ml of IC-grade water
through the device using a luer-hub syringe. The
sample (approximately 3 ml) is then passed
through the disk at a flow-rate of 1.0 ml/min or
less. The first 1 ml of the eluate is discarded to
avoid partial dilution of the analytes. The re-
maining eluate is collected for analysis. The
amount of contaminants that need to be re-
moved from the sample must not exceed the
total capacity of the disk. More than one SPE
disk can be used in series to increase its capacity.

3. Results and discussion

SPE disks are a new generation of solid-phase
extraction device. They have been used widely
for extracting environmental pollutants from
aqueous matrices [4-6], and for the purification
and separation of biological fluids [7]. This paper
describes the first application of SPE disks for
eliminating matrix interferences in ion chroma-
tography.

The membrane disk used for the applications
described here are composed of 60% cation-
exchange resin and 40% PTFE. The resin is
styrene—divinylbenzene with a sulfonic acid func-
tional group. Three forms of SPE disks, cation
exchange in the hydrogen, silver and barium
form, are used for various applications. The ion
exchange capacity for the 25-mm disk is 1.5
mequiv. Because of the styrene—divinylbenzene
based resin, the membrane is stable from pH 1
to 14.

As sample is passed through the packing,
specific chemical interactions take place which
selectively retain certain components of the
matrix while other components pass through
unchanged. The chemical characteristics of the
membrane determine which sample components
are retained.
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3.1. SPE disk in the H” form

The SPE disk in the H” form provides a
reliable method to neutralize samples containing
high concentration of hydroxide ions or to re-
move cations before anion analysis. The disk
neutralizes hydroxide from the sample through
an acid—-base neutralization reaction:

Disk-H* + M"OH ™ — Disk-M* + H,O

where M™ = cations. The cations from the sam-
ple exchanges with the hydrogen ion from the
disk. The released hydrogen ion reacts with
hydroxide to form water. Anions pass through
the disk unchanged.

Fig. 2a and b show applications of the SPE
disk in the H" form to neutralize hydroxide. The
high hydroxide concentration in the process
cleaning solution overloads the low-capacity col-
umn and masks the peaks of interest. It also
causes a large system peak which requires almost
40 min to subside. After passing the sample
through the disk, the hydroxide is neutralized to
water and the fluoride, chloride, and sulfate can
be quantitated easily. In Fig. 2b, a suppressor-
based IC system was is used. The high hydroxide
concentration causes a large negative water dip,
which interferes with the peaks of interest. After
treatment with the IC-H' disk, the ions of
interest are easily quantified.

SPE disk in the H"-form may also be used to
remove excess cations from samples. Fig. 3
shows an application of SPE disk in the H" form
to remove an amine. The high amine concen-
tration interferes with the early eluting chloride
peak and causes a large system peak. After
treatment with the disk, the chloride and sulfate
is easily quantified. The size of the system peak
is also reduced.

3.2. SPE disk in the Ag" form

The SPE disk in the Ag™ form provides a
reliable method to remove or reduce excess
halides from the sample before analysis of other
anions. The silver contained on the membrane
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t—— A\ tﬂ_..._,_,_,__,_,
0 6 12 18 24 30 3BMn 0 5 10 15 20 25 30 Min

b

Untreated Treated

20,8

T _
16,8

T T
03 69 121518Min \/ 0 &6 12 18Min

Fig. 2. (a) Process cleaning solution (ammonium hydroxide).
Peaks: 1=fluoride; 2 =chloride; 3 =sulfate; 4=system
peak. Column, Universal Anion (150 mm X 4.6 mm); eluent,
4 mM phthalic acid, pH 4.5 with LiOH; flow-rate, 1.0
mi/min; detector, conductivity; injection volume: 100 ul. (b)
Battery electrolyte (potassium hydroxide). Peaks: 1=
chloride; 2 = nitrate; 3 = sulfate. Column, Universal Anion
300 (100 mm x 4.6 mm); eluent, 1.7 mM NaHCO,-1.8 mM
Na,CO,; flow-rate, 1.0 ml/min; detector, chemically sup-
pressed conductivity; injection volume, 100 ul.

functional group reacts with halides from the
sample to form insoluble silver salts:

Disk-Ag” + M"X™ - Disk-M* + AgX

where X = Cl, Br, I. Anions that form insoluble
or partially soluble silver salts such as chloride,
bromide, iodide, and carbonate will be removed
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Fig. 3. Trace anions in technical grade hexamethylene tetra-
mine. Peaks: 1= chloride; 2 = sulfate; 3 = system peak. Col-
umn, Universal Anion (150 mm X 4.6 mm); eluent, 4 mM
phthalic acid, pH 4.5 with LiOH; flow-rate, 1.0 ml/min;
detector, conductivity; injection volume, 100 ul.

completely or partially from the sample. Other
anions such as fluoride, nitrite, nitrate, -phos-
phate, and sulfate will pass through unchanged.

Fig. 4 shows an application of the SPE disk in
the Ag® form in removing ‘axcess chloride.
Chloride in the untreated sample masks the
nitrate peak, making it impossible to quantitate.
After the treatment, the nitrate and sulfate can
be determined easily.

When carbonate—hydrogencarbonate eluent is
used for the anion analysis using suppressor-
based IC, the use of SPE devices in the Ag”

Untreated Treated

8uS
8uS

M KU

—— T —
Q 13 26 Min 0 13 26 Min

Fig. 4. Anions in HC! digest paper coating. Peaks: 1=
chloride; 2 = nitrate; 3 =sulfate. Column, Universal Anion
300 (150 mm X 4.6 mm); eluent, 1.7 mM NaHCO,-1.8 mM
Na,CO,; flow-rate, 1.0 ml/min; detector, chemically sup-
pressed conductivity; injection volume, 100 ul.

form is not recommended. Since silver carbonate
is sparingly soluble [8], the silver from the
sample after the treatment process may form a
precipitate in the analytical column. Since the
amount of sample injected is very small, it will
not block the column. However, when chloride
or other halides are injected onto the column in
subsequent analyses, the peak may dissappear or
the sensitivity may decrease due to the formation
of silver halides in the column. Excess silver in
the analytical column can be removed by passing
dilute nitric acid through the column. For appli-
cations that require the use of the SPE devices in
the Ag® form, non-suppressed IC methods
should be used. If a suppressor-based IC method
must be used, eluants other than carbonate—
hydrogencarbonate should be used.

3.3. SPE disk in the Ba’" form

The SPE disk in the Ba’>" form is used to
remove sulfate before analysis of other anions.
The sulfate is removed from the sample through
the formation of barium sulfate:

Disk-Ba’* + M?**SO?™ — Disk-M** + BaSO,
4

where M = cations. Since barium phosphate is
sparingly soluble, this disk may also reduce
phosphate concentration if it is present in high
concentrations. The concentration of other an-
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Fig. 5. Anions in battery acid. Peaks: 1=fluoride; 2=
chloride; 3 = nitrite; 4 = bromide; 5 = nitrate; 6 = phosphate;
7 = sulfate. Column, Universal Anion (150 mm X 4.6 mmy);
eluent, 5 mM p-hydroxybenzoic acid, pH 7.9 with LiOH;
flow-rate, 1.0 ml/min; detector, conductivity; injection vol-
ume, 100 pl.
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Table 1
Recovery of anions with SPE disks

Average recovery R.S.D.
(%) (n=3) (%)

Anions (mg/1)

SPE disk in the H* form

Fluoride (10) 97 0.52
Chloride (20) 98 1.03
Nitrite (20) 40 3.78
Bromide (20) 102 0.91
Nitrate (20) 104 1.34
Phosphate (30) 86 1.21
Sulfate (30) 99 0.64
SPE disk in the Ag" form

Fluoride (5) 106 0.83
Chloride (500) - -

Nitrite (10) 97 1.32
Bromide (10) - -

Nitrate (10) 105 0.35
Phosphate (15) 93 1.41
Sulfate (15) 110 1.56

SPE disk in the Ba’" form

Fluoride (10) 95 1.11
Chloride (20) 101 0.25
Nitrite (20) 92 1.15
Bromide (20) 95 0.89
Nitrate (20) 95 0.75
Phosphate (30) 104 1.72

Sulfate (30) - -

jons such as fluoride, chloride, nitrite, bromide,
and nitrate will not be affected. Fig. 5 shows an
application of the SPE disk in the Ba®" form for
removing excess sulfate before the analysis of
trace anions in battery acid. The battery acid was
diluted 50 times before passing through the disk.
Sulfate in the untreated sample produces
baseline disruption and reduces the retention
time of other anions.

3.4. Recovery of anions with SPE disks

Table 1 shows the recovery data of the SPE
disks. The data were obtained by comparing
standard solutions analyzed before and after
treatment with the SPE disks. With the exception
of nitrite (with the SPE disk in the H" form), the
recoveries of other anions are reasonably good.
The poor recovery of nitrite with all sample

pretreatment devices is well known [3,9]. In the
presence of hydrogen ion, nitrite forms nitrous
acid, which in water will quickly convert to nitric
oxide (gas) and nitric acid (nitrate). As presented
in Table 1, the recovery of nitrate is higher than
100%, due to the oxidation of nitrite.

The recovery data obtained using the SPE
disks are comparable to the data obtained using
the packed bed SPE cartridges studied earlier
[3]. No recovery advantage is observed with the
SPE disk. However, the highly uniform packing
of the SPE disks eliminate bed channeling often
encountered with packed bed SPE devices.
Because of the thinner and wider bed, the back
pressure is lower, making it easier to push the
sample through the disks. Several samples may
be processed simultaneously using a vacuum
manifold.

4. Conclusions

SPE disks provide a reliable method for
eliminating matrix interferences in ion chroma-
tography. Matrix interferences such as basic
solutions and high level of halides and sulfate are
successfully eliminated using these SPE disks.
With the exception of nitrite, the recovery of all
anions are reasonable good.
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Abstract

Bromate is one of the disinfection by-products produced by the ozonation of drinking water. The US
Environmental Protection Agency is considering regulating bromate to the low pg/l level. A method using ion
chromatography has been developed which will quantify bromate at this level, even in the presence of high (mg/1)
levels of common anions such as chloride and sulfate. A borate eluent system was used to improve the separation
of bromate from chloride. The level of chloride in the sample was reduced by pretreating the sample using a
silver-form cation-exchange resin. The lower chloride level allowed a larger sample volume and preconcentration
which reduced the bromate method detection limit to 1 g/l

1. Introduction

During the 1970s it was discovered that the
chlorination of drinking water produced car-
cinogens, such as the trihalomethanes. Since
then, environmental regulatory agencies, as well
as drinking water treatment technologists world-
wide, have been aggressively researching alter-
native disinfection methods which minimize the
production of by-products of significant health
risk. Ozonation has emerged as one of the most
promising alternatives to chlorination. However,
ozonation does tend to oxidize bromide, which is
present naturally in source waters, to bromate.
The following equations show the pathway by
which bromide (Br~) is oxidized by ozone to
bromate (BrO, ) through the intermediate for-
mation of hypobromite (OBr ). These equations
also show that ozone does not oxidize hypo-
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bromous acid (HOBr) to bromate. Since in-
creased acid (H,O") will favor the formation of
hypobromous acid, this suggests that ozonation
at a low pH will tend to minimize bromate
formation. (Fig. 1)

100 4

HOBr OB~

80
L
093 60 1
@
£ 404
®

20

o T T T L T T L T
70 75 80 85 90 95 100 10.5
pH

Fig. 1. Hypobromous acid equilibria in aqueous solution.
Ozonating at pH 7 or lower minimizes the production of
hypobromite, which in turn minimizes the formation of
bromate. pK, = 8.8 at 20°C.

© 1994 Elsevier Science B.V. All rights reserved
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Table 1
Bromate health risk
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Risk level” Trichloroethylene Carbon tetrachloride Bromate
(rg/l) (rg/1) (rg/)

107¢ 260 27 5

1077 26 2.7 0.5

107° 2.6 0.27 0.05

“ Probable increase in deaths due to a cancer 107> =1 in 100 000 people.

Br +0;+H,0—->HOBr+0,+OH"
HOBr + H,0—~H,0" + OBr"~

OBr™ +20,—>BrO, +20,

HOBr + O, No reaction

The final concentration of bromate is depen-
dent on the amount of bromide in the source
water and applied ozone. Bromate has been
judged by both the US Environmental Protec-
tion Agency (EPA) and the World Health Or-
ganization as a potential carcinogen, even at the
low pg/l level. Table 1 shows a comparison of
health risk levels for bromate and selected chlo-
rinated organics which are currently regulated in
drinking water. Many regulatory agencies,
world-wide, prefer to regulate potential car-
cinogens to the 10> health risk level or lower.
Current EPA plans are to regulate bromate in
ozonated water to < 10 ug/l while further health

Table 2
Method detection limits using the AS9 column

risk studies are underway. Accordingly analytical
methods must be found to quantify bromate at
these levels, so as to aid in researching ozonation
process design options to minimize this contami-
nant.

Currently, the separation of bromate in a
drinking water matrix is accomplished by using
direct-injection ion chromatography (IC) with
conductivity detection. The detection limit for
bromate using this methodology is 7.3 ug/l [2].
Table 2 shows the method detection limits
(MDLs) that were achieved by EPA researchers
when using a 200-u1 injected sample on a Dionex
IonPac AS9-SC column using a borate-based
eluent. Injecting a larger sample erodes chro-
matographic efficiency and does not significantly
improve MDLs. The drawback to this method is
that the amount of bromate present in a typical
ozonated water sample is near or below the
current detection limit. This paper reports the
development of a modified IC method which
significantly improves the MDLs for bromate.

Anion Spiking concen- Statistical MDL* Noise MDL® Conservative
tration (ug/1) (pgl/l) (ngll) MDL (ug/1)

Clo,” 10.0 3.39 2.94 3.4

Clo,~ 25.0 5.18 9.44 9.4

BrO,~ 10.0 7.31 5.92 7.3

Br~ 10.0 3.92 8.34 8.3

Conditions: 9 mM NaOH-36 mM boric acid, 1 ml/min, 200-u! injection.
“ Method detection limit, MDL = (S.D.)- (t,) 99.5%, where ¢, =3.71 for a single sided Student’s t-test distribution at a 99.5%

confidence.
® MDL = 3 X noise.
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2. Experimental
2.1. Chromatographic system

All chromatography was performed using a
Dionex (Sunnyvale, CA, USA) DX-300
chromatograph equipped with an advanced gra-
dient pump (AGP), a liquid chromatography
module (LCM-3) and a conductivity detector
(CDM-3). A Dionex automated sampler module
(ASM) was utilized for sample loading. An
additional inert double stack four-way slider
valve was placed between the rotary injection
valve and the analytical column. The rotary
valve and the four-way slider valve were con-
trolled by the AGP. A Dionex DQP single-
piston pump was used to flush the sample from
the sample loop onto the concentrator column.
Eluents were vacuum degassed while sonicating
for 15 min.

Four types of columns were used in the sys-
tem. An IonPac AS9-SC was used for analyte
separation. An IonPac AG9-SC and an IonPac
AGI10 served as concentrator columns. An Ion-
Pac AG9-SC column was utilized as a guard
column. An IonPac MetPac CC-1 column was
used as a metal scrubber column. Conductivity
detection was carried out in the external water
mode using an Anion Self Regenerating Sup-
pressor. A chromatographic data system (Al-
450; Dionex) was used for instrument control
and for data collection and processing.

2.2. Chemicals

Boric acid, >99%, from Aldrich (Milwaukee,
WI, USA), sodium hydroxide, 50% (w/w) from
Fisher Scientific (Pittsburgh, PA, USA) and 17.8
MQ cm deionized water were used for eluent
preparation. Anion standards (1000 mg/l) were
prepared from the corresponding sodium salts
from Fisher Scientific. Dilute working standard
solutions are prepared daily from 1000 mg/l
stock standard solutions. All standard solutions
were stored in polyethylene containers.

2.3. Sample pretreatment

With high levels of chloride in the sample

matrix the exchange sites on the AG9/AS9-SC
columns are overloaded and bromate cannot be
detected as a separate peak. Chloride is removed
by passing the sample through the Dionex On-
Guard Ag cartridge. The cartridge packing is a
silver-form high-capacity, strong-acid, cation-ex-
change resin, which is designed to remove chlo-
ride from the sample matrices. The cartridge
capacity is 1.8-2.0 mequiv. per cartridge. Fig.
2A illustrates that, when attempting to deter-
mine bromate at the 10 pg/l level in the pres-
ence of a high chloride level (i.e. 64 mg/l), the
resolution is not sufficient to separate bromate
from chloride. Fig. 2B shows that by treating the
sample with the OnGuard Ag cartridge the
chloride level is reduced to approximately 0.4
mg/1 which is sufficient to resolve bromate from
chloride.

The lower chloride level allows a larger sample
volume to be concentrated which improves the
bromate response. A drawback for using the
OnGuard Ag cartridges is the leaching of silver
from the cartridge into the sample matrix. The
accumulation of silver on the analytical and
concentrator columns over time will affect col-
umn efficiency. To avoid this potential problem,
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Fig. 2. Bromate determination. Direct injection (sample
volume 200 ul) on a AS9-SC column, using borate eluent.
(A) Sample not treated with OnGuard Ag; (B) OnGuard
Ag-treated sample.
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a Dionex MetPac CC-1 column is installed be-
tween the rotary injection valve and the four-
way slider valve. The MetPac CC-1 column not
only removes the silver but also removes any
other cations which may foul the analytical
column.

2.4. System operation

The chromatographic conditions are listed in
Table 3. The determination of bromate utilizing
this method is a three-step process as illustrated
in Fig. 3: (1) loading the sample loop, (2)
washing the sample onto the concentrator, (3)
separating the anions of interest on the analytical
column. Fig. 3A illustrates the sample being
loaded into the sample loop using the auto-
sampler. During this time, the AGP pumps
eluent 1 to the AS9-SC column. After the loop is
filled, the DQP is turned ON and it washes the
sample from the sample loop onto the concen-
trator column using deionized water (Fig. 3B).
The sample loop is rinsed two and one-half times
its volume to ensure that all of the sample is
transferred onto the concentrator. The concen-
trator column strongly retains anionic species
such as bromate, chloride and sulfate. Fig. 3C
shows the concentrator column being switched in
line with the IonPac AS9-SC, at this point the
retained anions are eluted to the analytical
column. After the chloride elution the remaining
anions are purged off the analytical column using
eluent 2.

Table 3
Chromatographic conditions

3. Results and discussion
3.1. Concentrator columns

The performance of concentrator columns is
limited by column capacity and ion-exchange
competition. The column resin can trap only a
certain quantity of analyte. Once the column
capacity is exceeded, the trapping will not be
quantitative. The processes become more com-
plicated when concentrating ions having widely
different affinities for the resin. In this case an
anion such as sulfate, which has a high affinity
for the resin and which is present in much higher
concentration, can act as an eluent, causing
displacement of bromate.

Two concentrator columns were employed for
this study, an IonPac AG9-SC and an IonPac
AGI10 column. The AG9-SC is a low-capacity
anion-exchange column which exhibits the lower
recovery for 1 ug/l bromate in the presence of
other ions that are of much higher concentration.
Table 4 shows a decrease in recovery for bro-
mate as the sulfate concentration increases. The
AGI10 is a moderate-capacity column, and it can
tolerate twice (15 vs. 30 ug/l) the sulfate con-
centration compared to the AG9-SC column.
Fig. 4 illustrates the results of the IC analysis of
bromate after preconcentrating 5 ml of an On-
Guard-treated test sample containing 30 mg/l
sulfate. The AG10 concentrator column retained
a high percentage (ca. 90-100%) of the bromate,

Guard column AG9-SC
Analytical column AS9-SC
Concentrator column AGI9-SCor AG10
Metal trap column MetPac CC-1

Eluents Eluent 1: 40 mM boric acid—20 mM NaOH,
cluent 2: 250 mM boric acid—100 mM NaOH

Eluent flow-rate 2.0 mi/min

Rinsing reagent Deionized water

Rinsing flow-rate 2.0 ml/min

Sample volume 5.0ml

Detection Suppressed conductivity,

auto suppression, external water mode
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Fig. 3. Preconcentration suppressed IC system configuration. (A) Loading sample loop; (B) sample washed onto concentrator
column; (C) retained anions eluted to AS9-SC analytical column.

while the bromate was eluted from the AG9-SC
column by the sulfate.

Since the EPA plans to regulate bromate in
ozonated water to <10 wug/l, 3-5 ml sample
volume must be concentrated. Analyte anions
such as bromate, chloride and sulfate are re-
tained on the concentrator column as the sample

loop is rinsed with deionized water. The anions
are then eluted from the concentrator column
and separated on the AS9-SC analytical column.
Later-eluting anions such as sulfate are purged
from the analytical column using 250 mM boric
acid—-100 mM sodium hydroxide eluent. After
purging for 5 min, the AS9-SC column is equili-
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Table 4
Effect of sulfate on recovery (%) of 1 ug/l bromate

Sulfate (mg/1) Recovery (%)

AG9-SC AG10
(7 pequiv./column) (34 pequiv./column)
5 98.5 99.7
10 96.2 99.3
15 94.5 99.3
20 0 98.7
25 0 96.5
30 0 92.3
35 0 0

Sample volume: 5 ml; test matrix: fluoride 2 mg/1, bromate
0.001 mg/1, chloride 64 mg/1 (reduced to ca. 0.4 mg/1 using
OnGuard Ag), nitrate 20 mg/1, sulfate as listed.

brated with the chromatography eluent for 7-10
min. The equilibration time is placed at the
beginning of the analysis as the sample loop is
being filled and the sample is flushed onto the
concentrator column. The total analysis time for
this method is 25 min. Table 5 shows the bro-
mate MDLs that have been achieved when
preconcentrating a raw water sample both before
and after ozonation. Using this method, a bro-
mate MDL of 1 ug/l or less can be achieved.

Table 5

0.10 A l
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0.00
A s R S  RARAE REARS RERAN RARRS aaaEs o a
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i
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Fig. 4. Evaluation of concentrator columns for bromate
analysis by preconcentrating 5 ml of sample. Sample con-
centration: bromate (0.001 mg/1); chloride [64 mg/1 (reduced
to ca. 0.4 mg/l using OnGuard Ag)]; bromide (2 mg/l);
nitrate {20 mg/l); phosphate (10 mg/1); sulfate (30 mg/1).
(A) AG9-SC column bromate shows no recovery of 1 ug/l
bromate; (B) AG10 column shows 92.3% recovery.

Determination of bromate in drinking water, 5 ml, preconcentrated

Sample Bromate Bromate Bromate n S.D. MDL
present added found (ng/l) (ng/)’
(ng/l) (ng/l) (ng/l)*

Raw water ND* 1 1.05 7 0.09 0.27
ND 5 5.1 6 0.29 0.91
ND 10 10.0 7 0.58 1.74

Raw water 1.1 0 1.1 7 0.04 0.12

(ozonated) 1.1 1 1.2 7 0.11 0.33

1.1 5 4.7 7 0.70 2.10
1.1 10 10.0 5 1.52 5.11

* Reference to 10 ug/l fortification of matrix.

® Method detection limit, MDL = (S.D.)- (t,) 99.5%, where t,=3.71 for a single sided Student’s ¢-test distribution at a 99.5%

confidence.
‘ ND = Not detected (<0.1 pg/l).
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Table 6
Method detection limits for bromate analysis of ozonated
drinking water using chemically suppressed IC

Sample volume “Inject MDL
injected mode (png/l)
200 ul Direct 5

Sml Preconcentrated 1

4. Conclusions

An improved method for the determination of
trace level bromate has been developed. As
summarized in Table 6 low-level, bromate MDLs
can be achieved on the AS9-SC column using a
borate eluent and chemically suppressed conduc-
tivity detection. Reduction of the chloride con-
centration in, the sample matrix combined with

preconcentration are the major modifications to
the existing method.
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Determination of lanthanides in Kola nitrophosphate solution
by cation-exchange ion chromatography
Abdulla W. Al-Shawi*, Roger Dahl
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Abstract

Lanthanides and yttrium are present in Kola phosphate rock. Digestion of this rock with concentrated nitric acid
in the Odda process of fertilizer production leads to the dissolution of these metals in the resuiting nitrophosphate
solution. This nitrophosphate solution is considered as a complex analytical matrix. In this paper, we present an
analytical method with a total analysis time of 18 min for the direct determination of lanthanides and yttrium in the
above nitrophosphate solution, based on cation-exchange ion chromatography. The analytical columns involved in
this method are silica-based cation exchanges. Elution was carried out with a concentration gradient of HIBA
(a-hydroxyisobutyric acid) at a pH range between 3.8 and 4.2, coupled with post-column spectrophotometric
detection with PAR or ARSENAZO III at 530 and 658 nm respectively. These silica columns can also offer the
direct analysis of lanthanides in organic solutions taken from experimental research samples, investigating the

extraction of these metals from the nitrophosphate solution by liquid-liquid extraction.

1. Introduction

Norsk Hydro has been involved in fertilizer
production since 1905. The fertilizer production
plant located at Hydro Porsgrunn, Norway,
utilizes the Odda process of fertilizer production,
which involves the digestion of phosphate rock
with concentrated nitric acid to produce a nitro-
phosphate solution [1].

This nitrophosphate solution is cooled down to
—5°C to crystallize calcium nitrate, which is
removed by filtration. The mother liquor re-
sulting from this crystallization will undergo
further treatment in the fertilizer production
process chain. Table 1 shows the complete ana-
lytical data of a mother liquor solution obtained
from the digestion of Kola phosphate rock.

The digestion of Kola phosphate rock, which

* Corresponding author.
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is relatively rich in lanthanides, produces a
mother liquor solution containing these metals.
In contrast to the wet process of fertilizer pro-
duction, in which sulphuric acid is used to
achieve the digestion, a large percentage of the
lanthanide salts precipitate with the gypsum [2].

Several articles have been published inves-
tigating the recovery of lanthanides and yttrium
from this nitrophosphate solution [3]. Some
investigations were abandoned because of the
lack of an analytical procedure for these metals
[4]. Norsk Hydro Research Centre, Porsgrunn,
has undertaken a feasibility study on the re-
covery of these metals from the mother liquor
solution in the Odda process of fertilizer pro-
duction. The success of this study depended, to a
large extent, on the accuracy of the analytical
data produced from a large number of samples.

Lanthanides play an important role in many
current technological industries. These include

© 1994 Elsevier Science B.V. All rights reserved
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Table 1
Typical composition of a Kola mother liquor solution

Ion Range of concentration
P 10.17-9.27%
Ca 3.26-3.09%

F 0.31-0.28%
Total N 11.16-11.40%
N-NO; 6.13-6.34%
N-NH; 5.03-5.06%
Na 2105-1600 mg/1
Mg 510-430 mg/1
Al 3668-3400 mg/1
Ti 580-840 mg/1
v 83-79 mg/1
Mn 191-190 mg/1
Fe 2175-2000 mg/1
Cu 37-38 mg/1
Zn 26-28 mg/1
Sr 5133-5100 mg/1
Ba 151-130 mg/1
Y 212-240 mg/1
La 1238-1200 mg/1
Ce 2350-2375 mg/1
Pr 220-230 mg/1
Nd 950-965 mg/1
Sm 125-121 mg/1
Eu 35-36 mg/1
Gd 90-94 mg/1
Tb 9-11 mg/1
Dy 45-60 mg/1
Ho 8-9 mg/l1
Er 16-24 mg/1
Tm 2-2.3 mg/l
Yb 8-11 mg/1
Lu 1-1.3 mg/l
Th 12-11 mg/1
U 4-4.2 mg/l

the nuclear, metallurgy, electronic, ceramic and
laser industries. They are also important
catalysts in the petroleum industry and as
fluorescent labels for biological molecules. De-
termination of lanthanides in geological materi-
als is also important, especially for petrogenetic
studies [5]. :

The ideal method for the determination of
lanthanides would combine the advantages of
high specificity and sensitivity, high precision and
accuracy, complete element cover and low cost.
A variety of instrumental methods have been
used, including neutron activation analysis [6],
mass spectrometry [7], X-ray fluorescence spec-

trometry [8], atomic absorption spectrometry [9]
and inductively coupled plasma (ICP) with
atomic emission spectrometry [10] (ICP-AES) or
with mass spectrometry [11] (ICP-MS). Absorp-
tion methods with spectrophotometric reagents,
on the other hand, are simple, reliable and low-
cost methods for routine analysis. A large num-
ber of spectrophotometric reagents have been
proposed to increase the sensitivity for the de-
termination of either individual lanthanide ions
or total lanthanide content [12].

An ion chromatograph coupled with a post-
column detection technique can take advantage
of this enhanced sensitivity of the lanthanide ion
with spectrophotometric reagents. Post-column
detection of metal ions today represents an
important analytical mechanism [13].

2. Experimental
2.1. Instrumentation

A Dionex 4000i (Dionex, Sunnyvale, CA,
USA) eluent pump system with 50 ul injection
volume, a Gilson Model 221 autosampler (Gil-
son, France) and a Spectra-Physics UV150 detec-
tor (Spectra-Physics, Santa Clara, CA, USA)
were used. Data handling was performed with a
multichrom system (VG Instruments, UK).

The analytical columns used were silica based
with strong cation-exchange functionality: Nu-
cleosil ET 250/8/4 SA10 (Macherey—Nagel,
Diiran, Germany) and Supelcosil LC-SCX
(Supelco, USA).

The post-column reagent was introduced (0.7
ml/min) via a low-volume T-mixer with a
helium-pressurized delivery system. The length
of the reaction coil between the mixing tee and
the detector was 10 cm.

2.2. Reagents

Eluent, standards and sample solutions were
prepared with pretreated water via ion exchange
and double distillation, then passed through a
Milli-Q water purification system (Millipore,
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Waters Chromatography Division, Oslo, Nor-
way).

The pH of 0.4 M «-hydroxyisobutyric acid
(HIBA) (Fluka) was adjusted with lithium hy-
droxide (Fluka). Elution was achieved with a
concentration gradient of HIBA, 0.04 to 0.08 M
in 5 min, then increasing to 0.3 M in 15 min at
an eluent flow-rate of 1 ml/min.

The eluted metal ions were detected after
post-column reaction with 4-(2-pyridylazo)resor-
cinol (PAR) (0.2 mM, 1 M glacial acetic acid
100% and 3 M NH,) [14] at 530 nm or with
Arsenazo III [2,2’-(1,8-dihydroxy-3,6-disulpho-
naphthylene-2,7-bisazo)bisbenzenearsonic  acid]
(0.1 mM, and 0.5 M glacial acetic acid 100%)
[15] at 658 nm.

Standard solutions (1000 wg/ml) of the lanth-
anides were obtained from Teknolab (Drgbak,
Norway).

2.3. Sample preparation

Aqueous samples were diluted with water or
very dilute acid (0.05 M HNO,) to prevent rare
earth phosphates precipitation, and filtered
through a 0.45-um filter before injection. The
mother liquor solution was diluted 1:100 and the
extracted mother liquor raffinate was diluted
1:50.

Organic samples were diluted with methanol
or acetonitrile and filtered through a 0.45-um
filter before injection. The organic samples were
diluted 1:100.

3. Results and discussion

Several articles have been published dealing
with the analysis of lanthanides in different
analytical solutions. Although the chemistry of
the chromatography can vary, the detection
method is identical in all of them.

The analysis of lanthanides using an organic
resin cation-exchange column and an organic
anion-exchange column has been reported [14].
Elution was achieved by concentration gradient
of a-hydroxyisobutyric acid or oxalic and
diglycolic acids respectively.

A recent method for the separation and de-
termination of the lanthanides, based on ion
interaction chromatography, has been reported
[15]. The most recent version of this approach
uses gradient elution with sodium octanesulpho-
nate as an ion interacting reagent. This provides
virtual ion-exchange sites by adsorption on a
non-polar (C,,) stationary phase with «a-hy-
droxyisobutyric acid as the complexing eluting
component.

The direct analysis of the nitrophosphate solu-
tion obtained from the Odda process of fertilizer
production on an organic exchange column
(Dionex IonPac CS3) produced unsatisfactory
chromatograms, consisting of overlapping and
tailing peaks. Dionex IonPac CS3 columns are
packed with an agglomerated particles, which
have a pellicular structure. The poor separation
efficiency may be due to the relatively large
particle size of the stationary phase and the
degree of organic polymer cross-linking. A more
likely hypothesis for the poor efficiency is that
the column was overloaded, as can easily happen
with low-capacity Dionex columns.

Application of the ion interaction technique to
the analysis of lanthanides in this nitrophosphate
matrix has also produced negative results. This
was because of the low solubility of rare earths
phosphate in the eluent, which contains 10%
(v/v) organic modifier, either methanol or ace-
tonitrile [15]. Ion interaction chromatographic
separation of lanthanides which does not in-
volves organic modifier was not attempted in this
study [16,17].

The negative results obtained using the above
techniques prompted the investigation into
another stationary phase material or a more
suitable mobile phase.

In this work, silica-based cation-exchange col-
umns produced much sharper peaks with good
peak separation and excellent calibration curves.
Table 2 illustrates some examples of the cali-
bration and coefficient values obtained with PAR
detection.

These lanthanides examples are listed because
they are representative of the heavy lanthanides
(Lu), middle lanthanides (Eu) and light lanth-
anides (Pr and La). Other lanthanides produced
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Table 2
Calibration and coefficient values

Metal Linear range Area (uVs) Coefficient
(pg/ml)
Lu 1.0 249040.640 0.99991
2.0 512355.750
5.0 1290546.015
Eu 2.0 895150.624 0.99894
5.0 2358007.030
10.0 4470265.620
Pr 5.0 1219345.465 0.99561
10.0 2774559.370
20.0 5010205.620
La 5.0 567226.875 0.99782
10.0 1291062.340
20.0 2422444 200

similarly good calibration and coefficient of de-
termination values.

The detection limit of each lanthanide de-
pended on the detection reagent and the nature
of the particular lanthanide involved (Table 3).

Fig. 1 shows the difference in sensitivity for
the lanthanides with two post-column reagents.
Analysis of the mother liquor solution was per-
formed with Arsenazo III detection, as this
reagent is more selective for lanthanides. PAR
detection was used in organic samples since the
organic layer of the extraction system contains
many fewer interfering ions because of the
selectivity of the organic extractant mixed in an
aliphatic hydrocarbon diluent.

Detection limits were calculated on a 50 ul
Injection loop volume.

The most important advantage gained of
applying this method to a nitrophosphate fertil-
izer solution is that the analytical media can be
applied directly for analysis. To demonstrate the
reproducibility of this chromatographic method,
the relative standard deviation of multiple (ten)
injections was calculated and found to be +0.7-
3.0% for samples (organic and aqueous) detected
with PAR and *0.6-2.5% for samples (organic
and aqueous) detected with Arsenazo III. These
repeatability experiments were conducted on
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Fig. 1. Standard solution analysis: Lu, Yb, Tm, Er, Ho, Y,
Dy, Tb 5 png/ml; Gd, Eu, Sm, 10 g/ml; Nd, Pr, Ce, La, 20
pg/ml. Injection loop: 50 wl. Supelcosil LC-SCX column
250/4.6 mm. Elution with HIBA pH 4.2 (0.04 M to 0.08 M
in 5 min, then to 0.3 M in 15 min). Eluent flow-rate: 1
ml/min. Post-column reagent flow-rate: 0.7 ml/min. (A)
PAR detection; (B) Arsenazo III detection.

0 1 ! I

samples whose concentration was more than ten
times the detection limit.

To demonstrate the accuracy of this method in
an aqueous medium a comparison was made

Table 3
Detection limits of lanthanides

Metal Detection Detection limit
limit PAR Arsenazo II1
(ng/l) (ng/l)
Lu, Yb, Tm, Er, Ho, 100 1000
Dy, Tband Y
Gd, Eu, Sm 500 500
Nd, Pr, Ce, La 1000 100
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between the analytical data obtained by this
method and data taken from the ICP-MS tech-
nique analysis [18] of an identical mother liquor
sample. Table 4 demonstrates the comparison.

The accuracy of this method in an organic
matrix has not been evaluated because of the
limited availability of independent analytical
instrumentation to perform such an analysis.
However, calculation of the distribution coeffi-
cient of each lanthanide, which can be obtained
from the ratio of each lanthanide concentration
(g/1) in the organic phase to the same lanthanide
concentration in the aqueous phase (g/l1), pro-
duced values similar to those reported in litera-
ture [19].

Increasing the eluent HIBA concentration or
pH resulted in decreased retention times. In
aqueous solution, lanthanides are present as
trivalent cations. Since the ionic properties of the
lanthanides are similar, they cannot be separated
easily by cation exchange as trivalent cations.
However, the selectivity of the ions can be
increased with the use of appropriate chelating
agents such as HIBA. Because the chelating
agents are negatively charged, the result is a net
decrease in the charge of the metal as the
complex, with the largest decrease for the
strongest complex.

Table 4
Lanthanides analytical data of a typical mother liquor solu-
tion

Lanthanide ICP-MS (ug/ml) IC (pg/ml)
Lu 0.64 0.50
Yb 6.90 7.10
Tm 1.50 1.40
Er 16.00 16.50
Ho 6.70 6.50
Y 190.00 185.00
Dy 43.00 45.00
Tb 11.00 10.00
Gd 110.00 110.00
Eu 31.00 34.00
Sm 110.00 109.00
Nd 850.00 856.00
Pr 220.00 219.00
Ce 2100.00 2150.00
La 1400.00 1385.00

The smallest ions, the last lanthanides in the
series, form the strongest complexes and are
least positively charged. Therefore, when the
lanthanides are separated by cation exchange
with HIBA in the eluent, the elution order is
Lu— La [14].

An example of the application of this method
directly to a mother liquor solution (see Table I
for composition) taken from a fertilizer product-
ion line is shown in Fig. 2. The sample was
diluted with water (1:100) and injected directly.
Fig. 2 shows some interference near the
samarium peak and an unknown peak near the
lanthanum peak with PAR detection. Fig. 2 also
shows overlapping between yttrium and
dysprosium peaks.

This unknown peak near lanthanum and the
overlapping peak with samarium can be elimi-
nated from the analytical chromatograms by
applying post-column detection with Arsenazo
III. The resolution of the yttrium—dysprosium
peak can be performed by reducing the eluent
pH from 4.2 to 3.9. Fig. 3 demonstrates the
resulting chromatogram by the application of
these two conditions. It is important to empha-
size here that the yttrium—dysprosium peak can
be also resolved by PAR detection, provided that
eluent pH is maintained at 3.9.

Fig. 4 shows the analysis of an organic sample
diluted with methanol (1:100), with PAR detec-
tion, which was taken from experimental re-

Ce
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Fig. 2. Analysis of a nitrophosphate mother liquor solution

by PAR detection. Sample dilution 1:100 with 0.05 M HNO,.

Similar chromatographic conditions to Fig. 1.
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Fig. 3. Analysis of a nitrophosphate mother liquor solution
by Arsenazo III detection. Sample dilution 1:100 with 0.05 M
HNO,. Similar chromatographic condition to Fig. 1, but
eluent pH 3.9.

search tests, investigating the feasibility of lanth-
anides extraction from this nitrophosphate solu-
tion. A variety of organic extractants in various
diluents were involved in this study. Arsenazo
III can also be utilized to detect lanthanides in
organic matrix.

These organic analyses were important in
determining the extraction coefficient of each
lanthanide under a particular set of conditions.
This ability of a silica-based cation-exchange
column to directly analyse organic solution is
essential, since an organic-based cation exchange
column is sensitive to non-polar organic solvents.

The stability of these silica-based cation-ex-
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100:—4\(—)'J
1 ! 1 1 1 t 1

[ 25 3.0 6.0 120 15.0 18.0 210 24.0
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Fig. 4. Direct analysis of an organic solution by PAR
detection. Sample dilution 1:50 with methanol. Injection loop
50 pl. Nucleosil SA10, 250/4.6 mm. Elution with HIBA pH
4.2 (0.04 M t0 0.3 M in 15 min). Eluent flow-rate: 1 ml/min.
Post-column reagent flow-rate: 0.7 ml/min.

change columns was monitored. The analysis of
over 250 samples both organic and aqueous on
one column did not affect the peak efficiency of
the column (identical peak retention time, height
and half-length width). The most important
factor affecting the lifetime of these columns is
the eluent pH. The eluent pH would have to be
between 3 and 7 to ensure maximum lifetime
[20}.

4. Summary

The nitrophosphate solution obtained from the
digestion of phosphate rock with concentrated
nitric acid in the Odda process of fertilizer
production is a complex analytical matrix. The
direct analysis of this solution by cation-ex-
change chromatography or ion interaction chro-
matography utilizing organic modifiers reported
in the chemical literature has produced unsatis-
factory results.

We used a silica-based cation-exchange col-
umn to perform the analytical separation. Elu-
tion was achieved by a concentration gradient of
HIBA (0.04 M to 0.08 M in 5 min, then to 0.3 M
in 15 min) at pH 3.8-4.2, and post-column
detection with PAR or Arsenazo III, followed by
spectrophotometric visible detection at 530 nm
and 658 nm, respectively.

Mother liquor solutions and extraction raffi-
nate solutions were analysed using Arsenazo 111
detection, since it is more selective for the
lanthanides than PAR. Analysis of organic solu-
tion was performed by PAR, since organic phase
matrix has fewer metal impurities because of the
selectivity of the organic extractant employed.
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Abstract

Thorium and uranium can be determined by ion chromatography using a C,, reversed-phase column and a
complexing eluent of hydroxyisobutyric acid followed by post-column derivatization with Arsenazo III and
detection at 658 nm. A number of sample dissolution and clean-up procedures were evaluated in order to permit
the application of the chromatographic method to the analysis of mineral sands. Dissolution procedures
investigated included a variety of acid digestions and alkali fusion with peroxide, borate, carbonate, hydroxide and
pyrosulphate fluxes. Sample clean-up protocols were then studied in order to overcome matrix interference effects.
The optimal sample preparation procedure involved a tetraborate fusion/nitric acid leach followed by either
cation-exchange pretreatment, or simply dilution in concentrated hydroxyisobutyric acid, depending upon the
sample type. The results obtained using the chromatographic method showed good agreement with X-ray
fluorescence and inductively coupled plasma mass spectrometry for ilmenite, synthetic rutile, zircon and rutile
mineral sands with detection limits (in the original mineral sand) in the order of 1.0 ug/ml for the two analytes.

1. Introduction

The determination of thorium and uranium at
trace levels in environmental samples is typically
carried out using techniques such as radio-
chemistry [1], atomic absorption spectroscopy
[1], neutron activation analysis (2], inductively
coupled plasma mass spectrometry (ICP-MS)
[3], isotope dilution mass spectrometry [4] and
X-ray fluorescence (XRF) [5]. However, these
techniques are often not suited to routine analy-
sis, due to interferences from other metals pres-
ent in the matrix, cost of operation or poor
detection limits [6,7]. Ion chromatography (IC)
has been widely applied to the separation of

* Corresponding author.
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SSDI 0021-9673(93)E0036-T

lanthanides and also thorium and uranium [6-
10]. These species are typically separated on a
C,, reversed-phase column using a mobile phase
containing an ion interaction reagent (e.g. n-
octanesulphonate) and a complexing agent (e.g.
hydroxyisobutyric acid, HIBA) followed by post-
column derivatization using either Arsenazo III
{3,6-bis[(o-arsenophenyl)azol-4,5-dihydroxy-2,7-
naphthalene disulfonic acid} or PAR [4-(2-
pyridylazo) resorcinol] with visible detection.
Thorium(IV) and uranium(IV), as the uranyl
jon, exhibit somewhat different retention be-
haviour to the lanthanides and it has been shown
that their HIBA complexes can be retained on a
C,; column without the need for an ion inter-
action reagent (ITR) in the mobile phase [11,12].
Also, when mandelic acid was used as the
complexing ligand, thorium(IV) and the uranyl

© 1994 Elsevier Science B.V. All rights reserved
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ion could again be retained on a C,; column
without the need for an anionic IIR in the
mobile phase [13], and it has recently been
proposed that such complexes are retained by a
mechanism of hydrophobic adsorption rather
than dynamic cation-exchange [14]. Alternative-

- ly, thorium and uranium have also recently been
separated by cation-exchange chromatography
using a gradient of hydrochloric acid and sodium
sulphate prior to post-column reaction detection
[6].

Many of the above IC separations have been
applied to the determination of thorium and
uranium in samples including natural waters
[6,11], uranium ore [11], irradiated fuel materials
[9,10,12] and geological matrices such as bassalt,
phosphate rock and river sediments [6,7]. The IC
determination of thorium and uranium in miner-
al sands is a complex problem due to the fact
that the sample matrix is very difficult to get into
solution. Indeed, IC appears to have been used
only once previously for the analysis of metal
cations in mineral sands [15].

In this paper, a number of sample preparation
procedures were evaluated to enable the de-
termination of thorium and uranium in mineral
sands by IC. Dissolution procedures investigated
included acid leaching and alkali fusion with
peroxide, borate, carbonate, hydroxide and
pyrosulphate fluxes. Sample clean-up protocols,
including solvent extraction, cation-exchange
and selective complexation, were then studied in
order to overcome the interference effects of the
dissolution matrix upon the chromatographic
process. The results obtained using the IC meth-
od were compared to those from XRF and ICP-
MS for ilmenite, synthetic rutile, zircon and
rutile mineral sands.

2. Experimental
2.1. Instrumentation

The liquid chromatograph consisted of a Wa-
ters Chromatography Division of Millipore (Mil-

ford, MA, USA) Model 590 solvent-delivery
system, either a U6K injector or a WISP 712

autoinjector, Model 441 fixed-wavelength UV-
Vis detector operated at 658 nm and an 820
Mazxima data station. The post-column reagent
was delivered (at ca. 30 p.s.i.; 1 p.s.i. = 6894.76
Pa) with a Waters pneumatic reagent delivery
module (RMD). The analytical column used was
a Waters uBondapak C,; (300X 3.9 mm 1.D.)
reversed-phase column, operated at ambient
temperature. Sample digest solutions were
loaded through the cation-exchange pretreat-
ment cartridges using a Waters Model 501 sol-
vent-delivery system.

2.2. Reagents

Water purified using a Millipore Milli-Q Water
purification system (Bedford, MA, USA) (18
MQ) was used for all solutions. The mobile
phase consisted of 400 mM «-hydroxyisobutyric
acid (Sigma, St. Louis, MO, USA) and 10%
methanol (HPLC grade obtained from Waters)
adjusted to pH 4.0 with sodium hydroxide. The
analytical mobile phase was operated at a flow-
rate of 1.0 mi/min. The post-column reagent
solution contained 0.13 mM Arsenazo III (BDH,
Poole, UK), 10.0 mM urea (May & Baker,
Dagenham, UK) and 62 mM acetic acid and was
delivered through a stainless steel “T” piece at a
flow-rate of 1.0 ml/min. All eluents and post-
column reagents were prepared daily, filtered
and degassed with a Waters solvent-clarification
kit. Thorium and uranium standards were pre-
pared from thorium(IV) nitrate and uranyl ni-
trate (Ajax Chemicals, Sydney, Australia), re-
spectively. Sample pretreatment was carried out
using either Alltech (Deerfield, IL, USA) ICH"
Maxiclean cartridges (sulphonic acid function-
alized, ca. 1 g of 5 mequiv./g resin), Waters
Accell CM Sep-Pak cartridges (carboxylic acid
functionalized, ca. 0.4 g of 350 pequiv./g silica)
or Waters ion-exclusion Guard-Pak insert car-
tridges (sulphonic acid functionalized, ca. 0.2 g
of 5 mequiv./g resin).

2.3. Sample dissolution procedures

Iimenite, synthetic rutile, zircon and rutile
mineral sand samples were prepared using a
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variety of acid leach and fusion procedures,
which are detailed below:

Acid leach

Samples (0.5 g) were weighed into 250 ml
flasks and 20 ml of concentrated perchloric and
nitric acids added. The samples were refluxed for
1 h and boiled to near dryness, cooled and 2.0 g
of HIBA were added. The samples were ad-
justed to pH 4.0 with sodium hydroxide and
made up to 100 ml.

Peroxide fusion

Samples (0.5 g) were weighed into a platinum
crucible with 4.0 g of sodium peroxide and fused
at 1100°C for 15 min. The melt was dissolved
with 15 ml of 50% sulphuric acid and 15 ml of
30% hydrogen peroxide; then cooled, diluted,
filtered and made up to 100 ml.

Carbonate—tetraborate fusion

Samples (0.5 g) were weighed into a platinum
crucible with 1.0 g sodium carbonate and 1.0 g
sodium tetraborate and fused at 1100°C for 15
min. The melt was poured into a solution of 20
ml concentrated nitric acid, 5 ml 30% hydrogen
peroxide and 25 ml water. The crucible was
placed into the above solution and warmed on a
hotplate to dissolve the melt. The crucible was
then removed, washed with water, the solution
cooled and made up to 100 ml.

Tetraborate fusion

Samples (0.5 g) were weighed into a platinum
crucible with 2.0 g sodium tetraborate and fused
at 1100°C for 15 mins. The melt was poured into
a solution of 5 ml concentrated nitric acid and 50
ml water. The crucible was placed into the above
solution and warmed on a hotplate to dissolve
the melt. The crucible was then removed,
washed with water, the solution cooled, filtered
and made up to 100 ml.

Pyrosulphate fusion

Samples (0.5 g) were weighed into a vicor
quartz 250-ml conical flask with 5.0 g potassium
pyrosulphate and fused over a meaker burner at
800-900°C to obtain a clear melt. The melt was

cooled and 10 ml of concentrated sulphuric acid
was added. The solution was warmed to dissolve
the melt then 5 ml of concentrated hydrochloric
acid and 50 ml water were added. The solution
was cooled and made up to 100 ml.

Tetraborate—carbonate fusion

Samples (0.5 g) were weighed into a platinum
crucible with 2.5 g sodium tetraborate and 1.0 g
sodium carbonate and fused at 1100°C. The melt
was poured into a solution of 10 ml concentrated
sulphuric acid and 40 ml water. The crucible was
placed into the above solution and warmed on a
hotplate to dissolve the melt. The crucible was
removed, washed with water, the solution cooled
and made up to 100 ml.

Hydroxide fusion

Samples (0.5 g) were weighed into a zirconium
crucible with 4.0 g sodium hydroxide and fused
at 1100°C for 15 min. Concentrated nitric acid
(15 ml) was added to the crucible and the slurry
heated to near dryness on a hotplate. The
solution was cooled, filtered and made up to 100
ml.

2.4. Cation-exchange pretreatment procedure

The final cation-exchange sample pretreatment
procedure used to evaluate the various fusion/
digest approaches consisted of firstly condition-
ing the ion-exclusion cartridge with 5.0 ml of 7.5
M nitric acid followed by 5.0 ml of water. The
sample digest was then loaded onto the cartridge
at 2.0 ml/min with an HPLC pump after diluting
the sample to ensure that the acid concentration
did not exceed 0.2 M in order to allow quantita-
tive binding of thorium and uranium ions. The
cartridge was then washed with 1.0 ml water to
remove the interstitial sample and flushed with
air to remove the water. Finally, the bound
thorium and uranium were eluted from the
cartridge with 2.0 ml of 2.0 M HIBA into a
pre-rinsed 4.0 ml autosampler vial and the car-
tridge flushed with air to ensure complete collec-
tion of the entire 2.0-ml volume.
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3. Results and discussion
3.1. Preliminary investigations

In a previous paper, we investigated the re-
tention behaviour of thorium(IV) and uranium
(as the uranyl ion) complexes of HIBA on a C,,
reversed-phase column and proposed that such
complexes are retained by a mechanism of hy-
drophobic adsorption [14]. Optimal conditions
were established for the determination of
thorium and uranium which utilized a mobile
phase of 400 mM HIBA and 10% methanol at
pH 4.0 with a uBondapak C,; column, a post-
column reagent of Arsenazo III and detection at
658 nm. In this paper, we investigate the possi-
bility of applying the above chromatographic
method to the determination of thorium and
uranium in ilmenite, synthetic rutile, zircon and
rutile mineral sands. Fig. 1 shows a chromato-
gram obtained from a 100-u! injection of a 10
mg/ml standard of thorium and uranium using
the conditions described above. Thorium and
uranium exhibit appreciably different retention
behaviour to the rare earth elements and are
completely resolved from these potentially inter-
fering species using this chromatographic ap-
proach. Another advantage of this technique was

1.50+

1.00~

T T T
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Absorbance (x 10-1)
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Fig. 1. Separation of thorium and uranium standard. Con-
ditions: column, Waters uBondapak C,q; eluent, 400 mM
HIBA, 10% methanol at pH 4.0; flow-rate, 1.0 m!/min;
injection volume, 100 pl; post-column reagent, 0.13 mM
Arsenazo III, 10.0 mM urea, 62 mM acetic acid delivered at
1.0 ml/min; detection, visible at 658 nm. Solutes: 1=
thorium (10 pg/ml); 2 = uranium (10 pg/mi).

that it allowed the injection of large sample
volumes before significant peak broadening oc-
cured, resulting in detection limits (at 3X signal-
to-noise) of 3.0 and 5.0 ng/ml (using a 1000-ul
injection) for thorium and uranium, respectively.
The calibration curves were linear (correlation
coefficients >0.9999) from detection limit to
approximately 5.0 ug/ml for the same injection
volume. Beyond this sample loading, the analyte
response overranged the detector. As thorium
was typically found in mineral sands at higher
concentrations than uranium, calibration curves
were routinely prepared for the two analytes
using different solute concentrations and injec-
tion volumes.

However, despite the excellent linearity and
detection limits of the chromatographic method,
initial results obtained using direct injection of
samples prepared using a peroxide fusion (de-
scribed in the Experimental) gave very low
results (ca. 10% recovery) when compared to
those obtained with XRF, as detailed in Table 1.
The mineral sand samples were then prepared
using an alternative dissolution method, a per-
chloric and nitric acid leach procedure and the
results obtained by direct injection of the sam-
ples are also shown in Table 1. These results
indicated one of two possibilities; that either the
sample dissolution procedures did not quantita-
tively release thorium and uranium from the
matrix, or that the dissolution matrix was some-
how interfering with the subsequent chromato-
graphic analysis. It has been reported previously
[16], for the determination of lanthanides by
liquid chromatography, that sulphuric acid levels
in the injected solution of >0.09 M reduced the
peak heights and retention times of rare earth
elements (REEs) when using oxalate as the
complexing agent in the mobile phase. The
acidity of the sample altered the formation
constants of REEs complexes and therefore
influenced the degree of complexation of the
REEs. In the case of thorium- and uranium-
HIBA complexes, it appeared that other (com-
plexing) ions in the sample digest solution were
competing with HIBA in the coordination sphere
of both thorium and uranium. Consequently,
these species were chromatographed as other
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Table 1
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Thorium and uranium concentrations in original mineral sand samples obtained using direct injection and peroxide fusion or acid

leach sample dissolution

Sample IC XRF*
Thorium Uranium Thorium Uranium
(ng/g) (ng/g) (ne/g) (ng/g)
Ilmenite
Peroxide fusion 86.4 ND 490 10
Acid leach 426 8.9
Synthetic rutile
Peroxide fusion 69.9 ND 430 15
Acid leach 56.2 ND
Zircon
Peroxide fusion ND 48.6 179 217
Acid leach 21.1 ND
Natural rutile
Peroxide fusion 8.0 8.0 53 54
Acid leach 29.2 ND

ND = Not detected.
? XRF = Results obtained on solid samples.

complexed forms, most of which appeared to
elute at the column void volume.

The effect of sample acidity on the chromato-
graphic behaviour of thorium was confirmed by
preparing 10 pg/ml thorium standard solutions
made up in either 1.0 M sulphuric, nitric or
hydrochioric acids. The recoveries for the
thorium peak were 23, 71 and 87% in sulphuric,
nitric and hydrochloric acids, respectively, when
compared to a standard prepared in Milli-Q
water. Sulphate, nitrate and chloride all from
stable complexes with thorium [17] and effective-
ly compete with HIBA in the coordination
sphere of the thorium. In fact, the recovery
results reflect the degree of stability of the
relative complexes, i.e. sulphate forms more
stable anionic complexes with thorium than does
nitric acid, than does hydrochloric acid [17].
Hence, the poor recoveries were obtained as a
result of the other (more polar) complexes of
thorium eluting at the column void volume.
When the 10 pg/ml thorium standard solution
was made up in 0.1 M sulphuric acid, the
recovery for the thorium peak was precisely
100% ; however, such an acid concentration was

much too low to effect dissolution of the mineral
sand fusion melt. Additionally, when a 10 pg/ml
thorium standard solution was made up in 1.0 M
sulphuric acid and neutralized with sodium hy-
droxide before injection, the recovery for the
thorium peak was only 8%. This result indicated
that either the hydroxyl anion could also com-
pete with HIBA in the coordination sphere of
thorium, or that the sulphate complex of thorium
was more stable under alkaline conditions. The
effect of other anions on the uranium recovery
was similar to that for thorium, although not as
dramatic as uranium formed more stable HIBA
complexes than thorium.

Evidently, some form of further sample treat-
ment prior to the chromatographic determina-
tion was necessary in order to determine if the
sample fusion/acid dissolution procedures were
successfully releasing thorium and uranium from
the mineral sand matrix. Options would include
a very large dilution of the sample digest; the use
of an alternative chromatographic approach
where the thorium and uranium response were
not affected by the presence of other ions in
solution; or the removal of thorium and uranium
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from the dissolution matrix prior to injection.
Unfortunately, thorium and uranium are present
in the samples at such low concentrations that a
large dilution is impractical and other chromato-
graphic approaches, whether using an ion-ex-
change, reversed-phase or ion interaction sepa-
rations, are also likely to be affected by the
presence of elevated levels of ions in the sample
digest as they all rely on some degree of com-
plexation with the mobile phase to elute the
thorium and uranium ions.

3.2. Sample pretreatment

It appeared then that the most appropriate
solution to the interference problems was to
remove the thorium and uranium from the
dissolution matrix prior to the chromatographic
step. Two approaches were investigated; solvent
extraction and solid-phase (cation-exchange) ex-
traction. It has long been established that
thorium and uranium can be extracted from
aqueous solutions containing high concentrations
of certain metal nitrates using oxygen-containing
organic solvents [18]. However, extraction of a
10 pg/ml thorium and uranium standard solution
(containing 1.0 g/ml aluminium nitrate) with
ethyl acetate resulted in recoveries of only 30
and 80% for thorium and uranium, respectively.
This approach was abandoned after attempts to
extract a fusion/digestion sample with ethyl
acetate were unsuccessful due to the formation
of stable emulsions.

Cassidy [7] has previously used solid-phase
(cation-exchange) extraction to concentrate
RREs from rock digest matrices prior to chro-
matographic determination. Alternatively, an
iminodiacetate functionalized chelating resin has
also been shown to allow preconcentration of
uranium and thorium from rock digests prior to
gradient cation-exchange separation [6]. Inves-
tigation of the binding affinities of thorium and
uranium in nitric acid indicated that both
thorium and uranium would bind quantitatively
to strong cation-exchange resin, provided that
the nitric acid concentration of the solution was
no greater than 0.1 M [17]. At higher nitric acid
concentrations, uranium shows significantly de-

creasing affinity for the cation-exchanger due
formation of anionic nitrate complexes. The
recoveries of thorium and uranium on several
different cation-exchange cartridges were then
evaluated using a cation-exchange ‘‘pretreat-
ment” protocol based on that of Cassidy [7].
This involved loading an appropriate volume of
sample onto a cartridge which had been previ-
ously conditioned with 5 ml of 0.1 M nitric acid
followed by 1.0 ml of Milli-Q water. The car-
tridge with the retained sample was washed with
1.0 ml of Milli-Q water, eluted with varying
volumes of 7.5 M nitric acid and the effluent
collected in a 20-ml beaker. This solution was
evaporated to just dryness on a hotplate in the
beaker and the sample reconstituted with 2 ml of
400 mM HIBA.

The use of cation-exchange cartridges to quan-
titatively recover thorium and uranium was ini-
tially investigated using a high-capacity IC H™
Maxiclean cartridge and standard solutions. A 10
pg/ml thorium and uranium standard solution
was loaded onto the Maxiclean cartridge and the
effluent collected. Chromatographic analysis of
the effluent indicated that both Th and U were
quantitatively binding to the cartridge. Eluting
the bound metals with 10 ml of 7.5 M nitric acid
resulted in recoveries of only 40 and 55% for
thorium and uranium, respectively. Evidently,
the sample was quantitatively binding to the
cartridge and 10 ml of 7.5 M nitric acid was
insufficient to quantitatively remove the thorium
and uranium from the cartridge. The use of a
larger elution volume (30 ml) of 7.5 M nitric acid
resulted in improved recoveries of 55 and 90%
for thorium and uranium, respectively; however,

it appeared that the cartridge capacity was too

high to permit quantitative elution within a
reasonable volume of nitric acid.

Two lower-capacity cation-exchangers were
then investigated for their ability to be used with
the cation-exchange pretreatment procedure; an
Accell weak acid functionalized cartridge and an
ion-exclusion Guard-Pak strong acid function-
alized cartridge. Both these cartridges gave
quantitative (100%) recoveries for a 10 pg/ml
thorium and uranium standard solution using an
elution volume of only 10 ml of 7.5 M nitric acid.
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Having established that the two lower-capacity
cation cartridges allowed quantitative recoveries
for standard solutions, mineral sand samples
prepared using an hydroxide fusion were then
“pretreated” using the cation-exchange proce-
dure prior to injection. The fusion/digest solu-
tions were diluted a further 10X to reduce the
acid concentration to ca. 0.1 M in order to
ensure quantitative binding of thorium and
uranium and 20 ml was loaded using an HPLC
pump. The samples were then eluted with 10 ml
of 7.5 M nitric acid, evaporated to just dryness
and reconstituted in 2.0 ml 400 mM HIBA. The
results obtained for illmenite, synthetic rutile
and zircon mineral sands using both the cation-
exchange cartridge pretreatment are shown in
Table 2.

The use of the ion-exclusion cartridge pre-
treatment allowed good results to be obtained
for the illmenite sample, however, lower re-
coveries were obtained using the Accell car-
tridge. While appropriate for standard solutions,
it appeared that the weak acid functionalized
Accell cartridge did not have sufficient capacity
to quantitatively retain thorium and uranium
from dilute acid solutions and no further work
was carried out using these cartridges. Fig. 2a
shows a chromatogram of a 100-ul injection of
illmenite prepared by hydroxide fusion directly
injected with no pretreatment, while Fig. 2b

Table 2

Thorium and uranium concentrations in original mineral sand
samples obtained using hydroxide fusion and cation exchange
pretreatment

Sample Thorium Uranium
(rg/g) (ng/g)

Ilmenite

No pretreatment 195 9.8

Ion-exclusion cartridge 466 13.4

Accell cartridge 438 3.9
Synthetic rutile

Ion-exclusion cartridge 332 27.3
Zircon

Ton-exclusion cartridge 21 ND

ND = Not detected.
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Fig. 2. Chromatogram of ilmenite prepared by hydroxide
fusion obtained using (a) direct injection and (b) cation-
exchange pretreatment. Conditions as for Fig. 1, except
solutes (original concentration): (a) 1= thorium (465.6 ug/
ml), 2 = uranium (13.4 pg/ml) and (b) 1= thorium (238.7
wpg/ml), 2=uranium (7.4 pg/ml).

shows a chromatogram of a 100 ul of the same
sample after cation-exchange pretreatment. The
chromatograms clearly show that the recovery
and peak shape for thorium were significantly
improved using the cation-exchange pretreat-
ment for illmenite samples. However, the results
obtained for the synthetic rutile and zircon
samples were still poor, perhaps indicating that
the hydroxide sample fusion/digestion procedure
was inappropriate for these mineral sand types.

Having established the feasibility of using
cation-exchange pretreatment to eliminate the
dissolution matrix inference problems prior to
the chromatographic step, a number of fusion/
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digest procedures were then evaluated for use in
conjunction with the pretreatment procedure.
The cation-exchange pretreatment procedure
was modified slightly with 2.0 M HIBA being
used to elute the bound thorium and uranium
from the ion-exclusion cartridge, instead of 7.5
M nitric acid. This approach gave similar re-
coveries to the nitric acid elution; however, it
avoided the time consuming nitric acid evapora-
tion step and also allowed the possibility for the
pretreatment procedure to be automated. The
final cation-exchange pretreatment procedure
used is detailed under Experimental. The results
obtained using a variety of fusion/digestion
approaches for ilmenite, synthetic rutile and
natural rutile samples prior to cation-exchange
pretreatment and chromatographic analysis are
detailed in Table 3.

The results indicated that an hydroxide fusion
appeared to be appropriate for ilmenite samples,
although it was not appropriate for other sample
types. A tetraborate fusion procedure appeared
to be appropriate for natural rutile, while car-
bonate—tetraborate, pyrosulphate and tetrabor-
ate—carbonate procedures all gave poor re-
coveries for this sample, particularly for
uranium. The most significant differences be-
tween the first two procedures and the latter

Table 3

Thorium and uranium concentrations in the original samples
obtained using various fusion/digest procedures and cation-
exchange pretreatment prior to chromatographic analysis

Sample Thorium Uranium
(ng/g) (ng/g)
Ilmemite
Hydroxide fusion 466 13.4
Tetraborate—carbonate fusion 314 ND
Synthetic rutile
Tetraborate—carbonate fusion 332 ND
Natural rutile
Tetraborate—carbonate fusion 56.4 25.3
Tetraborate fusion 62.0 53.1
Pyrosulphate fusion 63.4 11.1
Carbonate—tetraborate fusion 47.7 4.9

ND = Not detected.

three was that TiO, was insoluble and precipi-
tated from the acid solution to be filtered off
with either of the first two approaches; however,
it remained in solution when using the other
fusion/digestion approaches. It appeared highly
probable that the Ti(IV) cation in the digest
solution was eluting the more weakly retained
uranyl cation from the ion-exclusion cartridge
during the sample loading step, resulting in low
uranium recoveries. This was confirmed by the
fact that ICP-MS analysis of the four natural
rutile digests shown in Table 3 all yielded similar
results for thorium and uranium, indicating that
the solutes were being released into the fusion/
digestion solutions, but that the chromatographic
recoveries obtained after the pretreatment pro-
cedure depended upon the dissolution method
used.

The tetraborate fusion/nitric acid digestion
procedure appeared to be the most appropriate
for all the sample types and was further evalu-
ated for use in conjunction with the cation-ex-
change procedure. All the mineral sand types
were prepared using the tetraborate fusion/nitric
acid digestion procedure after which the samples
were treated using the cation-exchange pretreat-
ment procedure described under Experimental.
The results of the chromatographic analysis,
together with the XRF results, are shown in
Table 4. The ilmenite sample was fused/digested
twice and the natural rutile sample was fused/
digested five times, hence the multiple entries in
the table for these samples. Fig. 3a—d show
chromatograms obtained of the four mineral
sand types prepared using the tetraborate fusion/

nitric acid digestion and cation exchange pre-

treatment. The ilmenite and synthetic rutile
chromatograms are shown at an injection volume
of 200 ul in order to clearly highlight the
uranium peak, although the thorium in these two
sample types was typically quantitated using a
25-50-u1 injection. Considering the differences
between the two methods of analysis, the results
showed remarkably good agreement. Analysis of
the natural rutile digest by ICP-MS gave results
for thorium and uranium of 69 and 48 ug/ml
respectively, which compared very well to the
average results obtained by IC of 60.6 pg/ml
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Table 4
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Thorium and uranium concentrations in the original samples obtained using tetraborate fusion/ nitric acid leach and cation

exchange pretreatment prior to chromatographic analysis

Sample IC XRF*
Thorium Uranium Thorium Uranium
(ng/g) (ng/g) (ng/g) (ng/e)
Ilmenite 487 15.0 490 10
462 12.9
Synthetic rutile 382 12.8 430 15
Zircon 167 184 179 217
Natural rutile 63.0 47.4 53 54
59.4 489 .
59.1 49.6
59.5 49.9
62.0 53.1

thorium (2.9% R.S.D.) and 49.8 pg/ml uranium
(4.2% R.S.D)).

3.3. Direct sample injection

The cation-exchange pretreatment described
above effectively isolated the thorium and
uranium from the fusion/digest matrix in a
HIBA solution before injection into the liquid
chromatograph. The procedure could no doubt
have been automated by addition of a sample
enrichment pump and six-port column switching
valve to the system, in a similar fashion to the
preconcentration of thorium and uranium on a
HIBA-enriched C; cartridge {14]. The analysis
of samples using a direct injection approach
would be preferable to the cation-exchange pre-
treatment; however, as discussed previously, this
would require a very large dilution which was
impractical at the thorium and (particularly)
uranium concentrations present in the original
mineral sands. The success of the cation-ex-
change pretreatment nevertheless indicated that
if the thorium and uranium could be fully coordi-
nated with HIBA in the digest solution, then
direct injection of the sample would be possible.
As the chromatographic detection limits for the
thorium and uranium were 3.0 and 5.0 ng/ml,
respectively, using a 1000-ul injection, it was

decided to attempt quantitation of the tetra-
borate fusion/nitric acid digest solutions by di-
rect injection after dilution in HIBA.

The digestion solutions were diluted a further
1:10 and HIBA added to contain a final con-
centration of 400 mM before injection into the
liquid chromatograph. Injection volumes of 1000
ul were required for uranium quantitation in
ilmenite and synthetic rutile, while a 250-ul
injection was used to quantitate thorium in these
samples. Both thorium and uranium could be
quantitated in zircon and natural rutile samples
after a 500-ul injection. Table 5 summarizes the
results and precision obtained by IC using the
direct injection/HIBA dilution method and Fig.
4 shows a typical chromatogram obtained for a
zircon sample (i.e. compare to Fig. 3c obtained
using the cation-exchange pretreatment). The
results showed excellent agreement to those
obtained using the cation-exchange pretreat-
ment, although the precision was generally not
as high, particularly for the two cations in the
natural rutile sample and also uranium in the
ilmenite and synthetic rutile, as these solutes
were being detected at concentrations approach-
ing the method detection limits. Also, the direct
injection approach was not as robust as the
cation-exchange procedure as significant in-
creases in the acid concentration of the fusion/
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Fig. 3. Chromatograms of ilmenite (a), synthetic rutile (b), zircon (c) and natural rutile (d) prepared by tetraborate fusion/nitric
acid digestion and cation-exchange pretreatment. Conditions as for Fig. 1, except injection volume: 200 1 for (a), 200 p1 for (b),
100 pl for (c) and 100 ul for (d); solutes (original concentration): (a) 1 = thorium (462.4 pg/ml), 2 = uranium (12.9 pg/mi), (b)

1= thorium (381.6 wg/ml), 2 =uranium (12.8 pg/ml), (c) 1= thorium (167.2 pg/ml), 2 =uranium (184.2 pg/ml) and (d)
1= thorium (59.4 pg/ml), 2 = uranium (48.9 pg/ml).

Table 5

Thorium and uranium concentrations in the original samples obtained using tetraborate fusion/nitric acid leach and direct
injection after dilution in HIBA

Sample “Thorium Uranium

(ngl/g) (ng/g)
{lmenite 493 (0.4% R.S.D.) 18.3 (8.1% R.S.D.)
Synthetic rutile 382 (0.5% R.S.D.) 8.4 (10.0% R.S.D.)
Zircon 171 (2.13% R.S.D.) 199 (1.6% R.S.D.)
Natural rutile 68.6 (7.4% R.S.D.) 46.9 (9.2% R.S.D.)

R.S.D. obtained from five replicate injections.
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Fig. 4. Chromatogram of zircon prepared by tetraborate
fusion/nitric acid digestion and direct injection/HIBA dilu-
tion method. Conditions as for Fig. 1, except injection
volume: 500 pl; solutes (original concentration): 1 = thorium
(167.2), 2 = uranium (195.8 pg/ml).

digestion solution resulted in low recoveries for
both thorium and uranium.

4. Conclusions

Thorium and uranium can be analyzed in
mineral sands by IC using a C,; reversed-phase
column and an eluent of hydroxyisobutyric acid
followed by post-column derivatization with
Arsenazo III and visible detection at 658 nm.
Sample preparation involved a tetraborate
fusion/nitric acid leach followed by either cation-
exchange pretreatment or direct injection after
dilution in concentrated hydroxyisobutyric acid.
The cation-exchange pretreatment resulted in
higher precision and could be applied to more
acidic sample digests; however, the direct in-
jection approach gave comparable results when
using the recommended dissolution procedure
and offered significant time savings. The results
obtained using the chromatographic method
showed excellent agreement with those gener-
ated using the significantly more costly tech-
niques of XRF and ICP-MS for ilmenite, syn-
thetic rutile, zircon and rutile mineral sands.
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Determination of organic acids by ion chromatography in rain
water in the State of Zulia, Venezuela
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Ion-exchange chromatography with a Dionex Model QIC system was used to identify and determine formic and
acetic acid in event rains collected at the La Esperanza site (Zulia, Venezuela). Pyruvic acid was observed
infrequently and always at very low concentrations. The method can be adapted for the routine determination of
these acids, giving results in less than 12 min (only the chromatogram without column clean-up). A set of
calibration graphs for mixed standards with different concentration ranges (0.5-80 puM) with a good linear
regression (R” = 0.9992-1.0000) were used. The estimated limit of quantification was <0.2 uM for both acids.
Replicate analyses of four different fractions of a certain sample taken and preserved with chloroform showed
relatively good reproducibility (R.S.D. ca. 7%) for both acids, and the results were well within acceptable data
quality limits. Both the absolute organic acid concentrations and the ratio of organic acid concentrations to
inorganic acid concentrations were significantly lower in La Esperanza than those reported at other rural
Venezuelan sites. Organic and inorganic anion balances revealed a low potential contribution (ca. 7%) of formic
and acetic acid to the acidity of the rain (volume-weighted average pH = 4.1). In other rural Venezuelan sites these

acids contributed over 60% to the free acidity.

1. Introduction

Organic acids have been observed in precipi-
tation from both polluted and remote regions of
the world. These acids may be emitted by
stationary and/or mobile sources and are also
formed in polluted air by chemical reactions
including the reaction of ozone with olefins [1].
Biogenic emissions from vegetative sources have
been suggested as important natural sources for
formic and acetic acid [2].

TIon chromatography (IC) has been applied in

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00231-W

the analysis of environmental samples [3] and,
because of its high accuracy and reliability,
chemically suppressed IC has recently been
specified by the US Environmental Protection
Agency (EPA) as the method of choice for the
determination of ion composition in rainfall
samples. There are numerous organic and inor-
ganic acids present in precipitation samples and
both acid types need to be determined accurately
for proper accounting of atmospheric chemistry
processes and precipitation ionic balances. The
natural tendency is to develop a single method
that can determine all the acids. However, to
cover adequately all the common acids, the best

© 1994 Elsevier Science BV. All rights reserved
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solution is to use a combination of gradient,
isocratic and ion-exclusion methods [4] or with
the use of capillary ion chromatographic analy-
sis.

This paper describes an ion chromatographic
method for the determination of organic acids in
event rains, and reports the contribution of
formic and acetic acid to the acidity of rain in a
rural site of Zulia State, Venezuela.

2. Experimental
2.1. Sampling

Event rains (n=41) were collected from
November 1988 to November 1989 in a rural site
(La Esperanza) located at the Lake Maracaibo
Basin (Zulia State), ca. 100 km south and
downwind of the El Tablazo Petrochemical com-
plex and the city of Maracaibo. v

The sample collector unit consisted of a large,
square Plexiglas funnel, with a collecting area of
0.25 m?, mounted 2 m away from the surface,
and a 20-1 polythylene bottle. The system was
kept completely closed (free from contamina-
tion) and was opened only at the beginning of a
rainfall event. A fraction of the rain samples was
preserved with HPLC-grade CHCI, (3:500, v/v)
in polythylene bottles and cooled to 4°C immedi-
ately after the rainfall to avoid biological degra-
dation of organic acids. After each sampling, the
container and funnel were thoroughly rinsed
with distilled, deionized water. The conductivity
of the final rinse was checked to ensure that all
the sample was removed.

2.2. Reagents

High-purity reagents were used throughout
together with Milli-Q-purified Water, deionized
and then filtered through a 0.2-um Whatman
membrane. Standard solutions of the organic
acids (formic, acetic and pyruvic) were prepared
from their sodium salts (analytical-reagent grade;
Fisher Scientific). A mixed 100 mM stock stan-
dard solution was prepared for each organic
anion and preserved with CHCIl,. Calibration

standards were prepared from a 1 mM mixed
standard solution using a series of dilutions, and
always with preservation with CHCI,.

2.3. Equipment and operating conditions

The IC equipment used was a Dionex Model
QIC equipped with an APM analytical pump,
HPIC-AS4A separator and AMMS suppressor
columns, a conductivity detector and a data
processing system using a double-channel recor-
der to measure peak height. The APM continu-
ously pumps the eluent through the whole sys-
tem. High-performance ion chromatographic

‘(HPIC) guard columns are used primarily to

protect analytical columns. These columns filter
particulate matter from the eluent and sample
aliquots. The fibre suppressor contains a tubular
cation-exchange membrane. Eluent passes
through the inside of the membrane and dilute
acid (5.0 mM H,SO,) regenerant solution flows
counter-current to the eluent on the outside of
the membrane. This type of suppressor can be
operated continuously and does not require
periodic regeneration. The suppressor column
chemically converts the highly conductive species
of the eluent (1.5 mM Na,B,0,) into the
significantly - less conductive, weakly ionized
species H,B,0O, (the background conductivity of
the eluent can be reduced to a negligible level),
resulting in increased detection sensitivity for the
analytes.

After the system reaches equilibrium, a test
sample is loaded and injected into the path of
the eluent, which carries the sample into the
highest efficiency separator column (S,); here
the anions are separated according to factors
such as pK,, eluent pH and resin type. The resin
based consists of poly(styrene~divinylbenzene)
copolymer and involves the use of low-capacity
pellicular ion exchange on the bead surface.

The eluent anion (B,037) competes with the
sample anions for the exchange sites of the resin.
This causes the sample anions to move down the
column at different rates and leave the column as
separated peaks, and be detected by a conduc-
tivity detector. The detection signal is registered
as peak height.
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3. Results and discussion
3.1. Qualitative and quantitative analysis

The IC technique does not distinguish between
undissociated and dissociated forms of organic
acids and the values obtained correspond to the
total undissociated and dissociated compounds
(AH+ A™):

AH=A +H"
(Al = [AH] + [A]

If the total concentrations of organic acids, their
pK values and the pH of the sample are known,
the levels of concentration of dissociated and
undissociated acids can be calculated.

The organic acids commonly found in precipi-
tation-related samples as reported in the litera-
ture are formic, acetic, propionic, lactic, pyruvic,
etc. [4,5]. The resolution of analytes and the
analysis time for a mixed standard solution and a
sample of rainfall are shown in Fig. 1. As can be
seen, the standard and unknown sample exhibit
well defined resolution and symmetrical peaks
(not broadened), giving results in less than 12
min. Peak identification was based on retention
times.

Formic and acetic acid were the major organic
acids found in the rainfall. Pyruvic acid was
always observed at very low concentrations, and
therefore the conditions were optimized for the
determination of formic and acetic acid. A set of
calibration graphs for mixed standards with dif-
ferent concentration ranges (0.5-80 uM) with a
good linear regression (R®=0.9992-1.0000)
were used (Table 1). When, in an 8-h period, the
standards were injected at 30-min intervals, no
significant changes in gain (R.S.D.<2%) were
observed, and therefore it was not necessary to
run standards at frequent intervals.

In order to calculate the experimental error in
the determination of the organic acids, in the
rain event E,, four fractions were taken and
preserved with chloroform. The analysis of these
fractions showed relatively good reproducibility
(R.S.D. =7%) for both organic acids, and there-
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Fig. 1. Chromatogram of organic acids for a sample of
precipitation from La Esperanza, Venezuela, and for a
standard solution.

fore the results were well within acceptable data
quality limits. The calculated limit of quantifica-
tion was <0.2 uM for both acids.

Table 1
Calibration graphs (formate + acetate)

Standard Formate Acetate
solution (uM)

0.5;1; 3; 5; 10 y=232x-2.38 y=223x+59
(scale: 1 us) (R* =1.0000) (R*=10.9998)
10; 15; 20; 30 y=71x+0.8 y=6.6x+8.5
(scale: 3 us) (R* = 1.0000) (R*=0.9997)
30; 40; 60; 80 y=18x+8.0 y=12x+14.5
(scale: 10 us) (R* =0.9994) (R? =0.9992)

y = Peak height (mm); x = concentration (uM).
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3.2. Organic acid concentrations

In general, the ionic concentration in rainfall is
inversely proportional to the volume. The vol-
ume-weighted average concentration (VWAC)
homogenizes the low-precipitation events with
high ionic concentrations and the high-precipi-
tation events with dilute concentrations. The
equation used for calculating the VWAC is

Z Px];

VWAC (x), ="4——
2P,
i=1
where [x]; = ionic concentration of the event rain
i (uM) and P, = amount of rainfall ; (mm).

The VWACs of formic and acetic acid in rain
water at the La Esperanza site were lower than
those reported at other Venezuelan rural sites
(Table 2). The highest levels (up to 34.4 uM for
acetic and 24.4 uM for formic acid) were ob-
tained at the beginning of the rainy season (April
and May) when the vegetation is beginning to
grow and flower. This may indicate a possible
biological source of these acids in the atmos-
phere. Organic and inorganic anion balances
revealed a low contribution (ca. 7%) of these
acids to the acidity of the rain (93% is due to
inorganic acids [6], and the volume-weighted
average pH is 4.1). In other rural sites these
organic acids contributed over 60% to the free
acidity [7].

It seems clear that, in La Esperanza, the

Table 2
Volume-weighted average concentrations of formic and acetic
acid in Venezuela rural rains

Location Formic acid Acetic acid
(pM) (nM)

La Esperanza® 4.4 5.5

Guri (7] 6.6 4.3

Chaguaramas [7] 8.5 7.8

La Paragua {7] 9.3 9.5

“ This work (n =41).

higher contributions of inorganic acids, mainly
H,SO, [6], can be attributed in part to anthro-
pogenic activities. The monitoring site is down-
wind of potentially important SO, and NO,
sources: the Cardon—-Amuay and probably
Aruba—Curacao refineries, the El Tablazo Petro-
chemical complex and the city of Maracaibo (ca.
2-10° inhabitants). In contrast, the eastern Ven-
ezuelan savannah region is virtually unaffected
by anthropogenic emissions, natural sources
being responsible for the acidity of its rains.
Comparisons between precipitation in impacted
and remote regions indicate that, although pos-
sibly important near large population and in-
dustrial centres, anthropogenic emissions are
probably not major sources for organic acids in
precipitation over broad geographic regions [2].
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Abstract

A high-performance liquid chromatographic method was developed for the determination of the sulfur oxy-

anions, thiosulfate and polythionates, in natural saline waters. This method utilises preconcentration techniques to

effectively enrich the analytes whilst discriminating against the high chloride concentrations present, and is based

on the novel combination of an ion-exchange pre-column in succession with a reversed phase analytical column and
an eluent based on a water—acetonitrile mixture containing tetrabutylammonium ions and carbonate buffer. The
limit of detection is 1 nM for trithionate and 0.3 nM for tetrathionate and pentathionate when concentrating 6 ml
of 1:50 diluted seawater. The method has a precision of 0.25% for concentrations of 1 @M. Analysis time is

approximately 30 mins.

1. Introduction

The analysis of mixtures of sulfur oxyanions in
aqueous solution is a valuable and necessary tool
for investigating the chemistry of sulfur-rich
waste water effluents such as mining and milling
wastes, oil-shale retort wastes, paper and pulp
wastes, and acid-mine drainage. Hydrochemical
processes also involve mixtures of dissolved
sulfur species in various oxidation states, e.g.,
redox processes in sulfur-rich ground waters and
geothermal waters, pyrite oxidation in alkaline
waters and sulfur oxidation in soils [1].

* Corresponding author. Present address: CSIRO Division of
Oceanography, Marine Laboratories, GPO Box 1538,
Hobart, Tasmania 7001, Australia.
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The sulfur oxy-anions thiosulfate (S,057) and
the polythionates (S,0:7) are important inter-
mediates in aquatic biogeochemical processes
such as the oxidation of elemental sulfur and
reduced sulfur species. Thiosulfate is also a
common product of the inorganic oxidation of
sulfide ions and iron sulfides, as well as the
disproportionation of bisulfite and sulfite ions.
Both thiosulfate and polythionates are oxidised
or reduced by several groups of bacteria [2].

The study and quantitation of these com-
pounds can provide clues to determine the rates
and pathways of chemically and biologically
mediated sulfur transformations in aquatic sys-
tems. A convenient technique for the determi-
nation of these compounds is ion chromatog-
raphy, in particular the use of reversed phase
columns with ion-interaction reagents [3—6]. Of
the procedures developed, however, none are

© 1994 Elsevier Science B.V. All rights reserved
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directly applicable to the analysis of these com-
pounds in saline waters. Interference from the
high concentrations of chloride in the sample is
the problem. This paper describes a method of
analysis for thiosulfate and polythionates in
saline waters.

2. Materials and methods
2.1. Instrumentation

The ion chromatographic system was com-
posed of an ETP Kortec K35D HPLC pump, a
Rheodyne 7125 injector with a 200-u1 sampling
loop and a SPD-10AV Shimadzu UV-Vis spec-
trophotometric detector. Samples for preconcen-
tration were loaded onto the precolumn by way
of a Rheodyne 7000 six-port switching valve
which was operated manually. The analytical
column was a Hamilton PRP-1 reversed-phase
column, 10 wm particle size (150 X 4.1 mm) and
was protected by a Brownlee PRP-1 guard car-
tridge (PRP-GU, 30 X 4.6 mm) in a Brownlee 30
mm MPLC cartridge holder. The precolumn
used for sample preconcentration was a Waters
IC-PAK, 10 pum particle size (5.0 X 6.0 mm)
housed in Waters Guard-Pak precolumn module.
Chromatograms were displayed on a Yew type
3056 dual-pen recorder; the detector output was
also fed, via an analog-to-digital interface, to an
IBM-style personal computer for processing with
integration and data analysis software (DAPA
SCIENTIFIC PTY LTD, Kalamunda, Austra-
lia).

2.2. Reagents

The mobile phases used for ion-interaction
separations comprised water treated with three-
cartridge Milli-Q water purification system, ace-
tonitrile (ACN), Waters low-UV PIC-A ion-
interaction reagent, sodium carbonate, sodium
hydrogencarbonate and sodium chloride. Eluents
were prepared by diluting the acetonitrile (ex-
pressed as a percentage of total volume®), ion-
interaction reagent, buffers and sodium chloride
with Milli-Q water to volume. Eluent was

filtered through a 0.45-pm membrane filter and
degassed by ultra-sonicating under vacuum.
Stock solutions of thiosulfate and polythionates
were prepared by dissolution of an accurately
weighed amount of salt in Milli-Q water. Ana-
lytical-grade sodium thiosulfate was obtained
from Ajax Chemicals, sodium tetrathionate
dihydrate was obtained from Fluka. Potassium
trithionate and potassium pentathionate were
synthesised [7].

2.3. Chromatographic procedures

General procedure: All chromatographic sepa-
rations were carried out at room temperature .
(20 £2°C) using an eluent flow-rate of 0.5 ml/
min. Dilute standard solutions prepared in
eluent were injected directly onto the column.
Analytical and concentrator columns were equili-
brated with eluent. Equilibration was established
when a steady baseline was observed and re-
tention of a standard solution was reproducible.
Detector wavelength was set at 205 nm.

2.4. Sample pre-concentration

Pre-concentration of samples was carried out
using a six-port switching valve (Fig. 1) with flow
paths varied according to the following se-
quence.

(A) Equilibration of the columns. With both
the concentrator column and the analytical col-
umn in the eluent flow path (INJECT position),
cluent was pumped through the system at 0.5
ml/min.

(B) Loading sample onto concentrator col-
umn. The switching valve was rotated to place
the concentrator column off line while the ana-
lytical column remained in the eluent flow path
(LOAD position). The sample volume was then
loaded, followed by a wash step.

(C) Elution of sample from concentrator col-
umn. The switching valve was rotated to the
position used in A above and solutes were eluted

“ Reference to % modifier as ACN-water (20:80) indicates
200 ml of ACN made up to 1000 ml with Milli-Q water.
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coumn
Pre-column Pre-column
LOAD INJECT

Fig. 1. Switching valve showing the load and inject positions.
from the concentrator column and carried to the
analytical column for subsequent separation.
3. Results and discussion
3.1. Initial experiments

The chromatographic conditions selected to

achieve the resolution of thiosulfate and poly-
thionates (n = 3-5) were based on those used by

Tetrathionate

Thiosulfate

Trithionate

Steudel and Holdt, [4] and were as follows;
acetonitrile—water (25:75), 1.5 mM low-UV
PIC-A, 0.3 mM sodium carbonate and 0.3 mM
sodium hydrogencarbonate. Before proceeding
with the sample preconcentration approach, the
existing direct injection ion-interaction method
was modified to maximise sensitivity for the
separation of thiosulfate and polythionates (Fig.
2).

3.2. Choice of ion-pair reagent

One of the key eluent parameters that governs
retention is the length of the carbon chains on
the ion-interaction reagent (IIR). In general, as
the carbon chain number increases, retention of
the R,N" salt increases [8]. Three alkyl chain
lengths were tested, tetrapropylammonium
(TPrA), tetrabutylammonium (TBA) and tetra-
pentylammonium (TPeA) all with the phosphate
counter anion. Initial experiments using 1.5 mM
TPeA - PO, exhibited a capacity factor at least
twice that observed with TBA-PO,, thus mak-
ing TPeA-PO, undesirable as an ion-pair re-
agent for the polythionates under the conditions
used. Further experiments using TPrA-PO,

Pentathionate

10

Time {minutes)

20

Fig. 2. Injection of 200 ul of a mixed standard of 10 uM of thiosulfate, trithionate, tetrathionate and pentathionate. Column:
Hamilton PRP-1, reversed phase 5 um particles, 150 X 4.1 mm. Eluent: ACN-water (25:75), 1.5 mM low-UV PIC-A, 0.6 mM

carbonates. Detection: 205 nm, 0.04 AUFS.
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were also unsuccessful, an eluent of 1.5 mM
TPrA-PO, in ACN-water (28:72) gave little
retention, with the early species eluting with the
solvent front. Thus the TBA - PO, proved to be
the most effective IIR for the separation of
thiosulfate and the polythionates under the con-
ditions used.

Effects of the counter ion have been described
by Iskandarani and Pietrzyk [8]. Comparison of
the TBA-OH, TBA:-Ac and Waters low-UV
PIC-A (incorporating TBA-HSO,) found all to
be suitable for separation with slight alteration of
conditions. However, low-UV PIC-A was the
most suitable because of the lower background
absorption of this reagent at 205 nm.

Although PIC-A was determined to be the
most suitable IIR for this study, previous studies
using the IIR tetrabutylammonium acetate found
it to satisfactorily separate the analyte species in
the presence of chloride within a shorter re-
tention time. The hygroscopic nature of this
reagent however limited its use for precise eluent
preparation.

3.3. On-column matrix elimination

In contrast to the specific methods of matrix
elimination whereby matrix ions are reduced or
removed prior to analysis using pre-columns or
membranes, a more general approach described
as on-column elimination [9,10] involves the use
of the major matrix ion as the eluent. When this
is done the column is effectively in the form of
the matrix ion and therefore shows little or no
retention of this anion when it is directly in-
jected. Since the purpose of these studies was to
find chromatographic conditions which tolerated
high levels of chloride, it was necessary to
employ a detection method which shows little
response to this species. UV absorbance detec-
tion was well suited for this purpose.

Optimal eluent conditions were sought for the
separation of the thiosulfate and polythionate
anions using chloride as the matrix anion. On-
column matrix elimination was shown to be
effective in reducing the effects of direct in-
jections of up to 0.1 M sodium chloride. A plot
of log retention time versus log sodium chloride
concentration included in the eluent, revealed

1.4

1.2

1.0

<

LOG k'

0.8

0.6 \

0.4 ; . v . . r v
1.0 1.2 1.4 1.6 1.8

LOG (NaCt Conc)

Fig. 3. Variation of solute retention with the concentration of
chloride in the eluent. 0=5,0,; €=5,0,, O=S,0,; 0=
$,0,.

the optimal eluent to contain sodium chloride in
the concentration range of 30-45 mM (Fig. 3).

The higher level of chloride included in the
eluent (45 mM) would be expected to result in
satisfactory separation of analytes in saline stan-
dard solution. However, a lower value was
adopted to ensure solutes did not elute too close
to the solvent front. The optimal eluent was
therefore determined to be ACN-water (25:75),
1.5 mM low-UV PIC-A, 0.6 mM carbonates (3
mM sodium carbonate, 0.3 mM sodium hydro-
gencarbonate) and 35 mM NaCl. The chromato-
gram obtained with this eluent is shown in Fig. 4.

3.4. Pre-concentration

Eluent composition and concentrator column
characteristics were selected to discriminate
against the retention of chloride on the pre-
concentration column. The eluent is required to
remove the analyte species from the pre-concen-
tration column in minimum time, and as quan-
titatively as possible (i.e. 90% removal in 200
w1). In addition, analyte anions should elute late
from the analytical column to facilitate ease of
preconcentration.

Prior to preconcentration procedures, the
eluent composition for optimum separation of
analyte anions, thiosulfate and polythionates
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Pentathionate

Tetrathionate

Thiosulfate

Trithionate

1

1

5

Time (minutes)

10

Fig. 4. Separation of a 200-u1 injection of 10 wuM of thiosulfate and the lower polythionates trithionate, tetrathionate and
pentathionate. Column: Hamilton PRP-1, reversed phase 10 pm particles, 150 X 4.1 mm. Eluent: ACN—water (25:75), 1.5 mM
low-UV PIC-A, 0.6 mM carbonates and 35 mM sodium chloride. Detection: 205 nm, 0.04 AUFS.

(n =3-5), was determined to be ACN-water
(25:75), 1.5 mM low-UV PIC-A, 0.6 mM car-
bonates and 35 mM NaCl. Preliminary experi-
ments showed the polythionate anions to be
tightly bound to the ion exchange resin in the
concentrator column when in the presence of
chloride, with thiosulfate being less well re-
tained. The eluent was therefore required to
have a high eluting capacity in order to transfer
the solute anions from the concentrator column,
yet still retain the properties which enable effec-
tive separation and determination of the analyte
anions on the analytical column. These eluent
requirements were met by the addition of the
UV transparent anion, perchlorate (ClO, ), the
most effective counter ion at reducing retention
times [11]. Reoptimisation of the eluent was
therefore required and is summarised below:

(1) Addition of CIO, was required to strip
analytes from the pre-column; this change de-
creased the retention time for all species on the
analytical column.

(2) In order to counteract the decreased re-
tention times observed after the addition of the
perchlorate anion, both the carbonate and the

IR concentrations were increased. This resulted
in increased retention times for all species.

(3) The concentration of sodium chloride was
decreased marginally to improve separation be-
tween trithionate and an early eluting broad
peak. This modification also resulted in in-
creased retention times for all species.

The optimised eluent which effectively strip-

_ped the analyte from the pre-column prior to

successful separation on the analytical column
was determined to be: ACN-water (25:75),
2 mM carbonates (1mM Na,CO;, 1 mM
NaHCO,), 30 mM NaCl, 10 mM low-UV PIC-A
and 3 mM NaClO,. A typical chromatogram
obtained for the preconcentration of 6 ml of a 1

.M mixed polythionate standard solution is

given in Fig. 5.

Breakthrough experiments were performed in
order to determine the length of time the solute
ions, thiosulfate and trithionate, were held on
the concentrator column, which in turn was
influenced by the concentration of chloride ion
present. There was no need to test the higher
polythionates as they would be more effectively
retained on the column than trithionate. Thiosul-
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Tetrathionate

Trithionate

Thiosulfate

Pentathionate

Time (minutes)

20

Fig. 5. Separation of a 6-m! sample of 1 uM of thiosulfate and the lower polythionates trithionate, tetrathionate and
pentathionate. Column: Hamilt>n PRP-1, reversed phase 10 pwm particles, 150 x 4.1 mm. Eluent: ACN-water (25:75), 10 mM
low-UV PIC-A, 3 mM CIO,, 30 mM NaCl, 2 mM carbonates. Detection: 205 nm, 0.05 AUFS.

fate showed significantly smaller breakthrough
times than trithionate for the same concentration
of sodium chloride. The optimum sodium chlo-
ride concentration for preconcentration, at which
analytes could still be effectively retained on the
concentrator column, was determined to be 0.01
M. Therefore sodium chloride solutions higher
than this concentration would be required to be
diluted to this level. Approximately 9.0 ml of
sample can be injected before 2 mM trithionate
breaks through the concentrator column. How-
ever, a considerably smaller volume can be
injected if thiosulfate is still to be retained by the
concentrator column due to the low affinity this
species has for the resin packing.

Empirical trials were set up to investigate the
following: (a) the volume of sample loaded onto
the pre-column and (b) the type and volume of
solution used in the wash step during sample
loading, with the following results.

(a) The sample volume load employed for trial
studies was 6.0 ml. This volume resulted in the
successful determination of the polythionates
(n =3-5), however, the thiosulfate peak defini-
tion was lost in a large system peak, evident in
Fig. 5.

(b) Trials utilising the following: no wash
step, wash step using diluted sodium chloride
solution, and wash step using Milli-Q water,
found the latter to provide the best separation.
The sodium chloride solutions served to mask
the trithionate peak in the separation, while no
wash step resulted in a peak approximately half
the area of that peak obtained using the Milli-Q
wash solution. The volume adopted for trial
studies was 3.0 ml.

3.5. Performance characteristics

Precision was assessed by repeatedly injecting
samples of the mixed standard solution, with
each component at a concentration of 1 uM. For
20-u1 injections, the relative standard deviation
(n=6) for the polythionates was 0.25%. The
detection limit for trithionate was calculated to
be 1 nM for a 6-ml sample volume of 0.01 M
NaCl mixed standard loaded onto the precolumn
(Detection limits were defined as two times
baseline noise). Detection limits for tetrathionate
and pentathionate were approximately three
times more sensitive. While lower detection
limits would be achievable with larger injection
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volumes, this would be at the expense of thiosul-
fate which would be lost in the separation.
Analytes were pre-concentrated by a factor of 10
(relative to direct injection) when a 6-ml volume
sample was loaded.

4. Conclusions

An ion chromatography method was de-
veloped for the determination of the sulfur oxy-
anions, thiosulfate and polythionates, in saline
waters. This method utilises preconcentration
techniques to effectively enrich the analyte sam-
ple whilst discriminating against the high chlo-
ride concentrations present, and is based on the
novel combination of an ion-exchange pre-col-
umn in succession with a reversed-phase ana-

lytical column and an eluent based on a water—

acetonitrile mixture containing tetrabutylam-
monium ions and carbonate buffers. Baseline
resolution of the polythionates (n =3-5) was
achieved in the elution order trithionate, tetra-
thionate and pentathionate in the presence of
0.01 M sodium chloride.
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Abstract

Muliti-dimensional liquid chromatography was applied to the separation of the toxic metals Cd’>” and Pd** and
other transition and heavy metals in sea, natural and waste waters to enhance the selectivity and determination
sensitivity. The separation and determination of Cu®*, Ni’*, Co?*, Mg®*, Ca®", Sr*" and Fe®" were achieved on a
dynamically coated sorbent column with conductimetric detection. After passing through the conductimetric cell,
the eluate zones containing insufficiently separated components were withdrawn from the eluate flow and injected
into a second ion chromatographic system. Complete separation of Pb>*, Zn®", Mn>" and Cd”" was achieved on
this second column filled with a chelate sorbent containing iminodiacetate groups. UV detection with postcolumn
reaction with 4-(2-pyridylazo)resorcinol was used in the second system.

1. Introduction

The development of new ion chromatographic
(IC) techniques for the separation and determi-
nation of metals in natural, waste and industrial
waste waters is an important task. Transition and
heavy metals are toxic when their concentrations
in water exceed certain values. The most toxic
heavy and transition metals are Hg’", Cu®",
Pb>*, Cd**, Cr’", Zn®" and Ni** and the most
toxic alkaline earth metals are Be’", Ba’" and
Sr**.

In some instances, isocratic IC separation is
not achieved for multi-component mixtures of
these metals. In order to increase the selectivity
of separation of metals with a similar sorption
properties and to eliminate interferences by
macro-components (e.g., Mg”" and Ca’" in sea
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water), we used the method of multi-dimensional
chromatography.

2. Experimental

A Hewlett-Packard Model 1084A liquid
chromatograph with two high-pressure pumps
and a spectrophotometric detector was used. A
Rheodyne (Berkeley, CA, USA) sample injec-
tor, a high-pressure switching valve equipped
with a 100-u1 loop, combined with iminodiace-
tate (IDA)-containing sorbent-packed cartridge
(3 X3 mm I.D.); and a conductimetric detector
were included in the multi-dimensional chro-
matographic scheme. Postcolumn reaction with
4-(2-pyridylazo)resorcinol (PAR) [1] was per-
formed with an additional low-pressure pump.
The analytical columns used were 100 X 3 mm
I.D. filled with 7.5-um Silasorb C,; (Tessek,

© 1994 Elsevier Science B.V. All rights reserved
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Prague, Czech Republic), 150 X 3 mm L.D. filled
with a chelating sorbent with IDA groups (El-
siko, Russian Federation) and 50 X 3 mm 1.D.
packed with chelating Amidoxim sorbent con-
taining amidoxime groups (Elsiko). All chemi-
cals were of analytical-reagent grade and purified
water obtained using a Milli-Q apparatus (Milli-
pore) was used throughout.

3. Basis of multi-dimensional chromatography

This method was applied previously in IC for
the determination of organic and inorganic an-
ions [2-5]. Multi-dimensional chromatography is
named by analogy with planar chromatography,
where the components of the mixture are sepa-
rated in consecutive order by two different
eluents in different dimensions to increase the
selectivity.

Fig. 1 shows a scheme of the multi-dimension-
al IC device and Fig. 2 shows an example of its
application. As can be seen from Fig. 2, neither

Fig. 1. Schematic diagram of multi-dimensional ion chro-
matographic system. 1 = Eluent 1; 2= pump 1; 3 = injector 1;
4 = separation column 1; 5= conductimetric detector; 6=
eluent 2; 7=pump 2; 8=injector 2 with precolumn; 9=
separation column 2; 10 =switching valves; 11=UV-Vis
detection system including postcolumn reaction with PAR.

Nz+ e i 2
' (] +
o an+ Z
Pb 2+

Fig. 2. Example of application of the multi-dimensional IC
scheme. (a) Metal separation on column 1 in isocratic regime;
(b) metal separation on column 2 in isocratic regime; (c)
metal separation according to the multi-dimensional IC
scheme. T, = Time of separation on column 1; 7, = time of
separation on column 2.

of the two IC systems separates selectively all
four components of a mixture of metals with
isocratic elution. Pb*>" and Zn®" ions are not
selectively separated by the first system and Fe’*
and Zn>" ions are not selectively separated from
Ni*" by the second system. However, the combi-
nation of these two chromatographic systems in
the multi-dimensional method permits this prob-
lem to be solved. After separation on the first
column and detection of the sufficiently sepa-
rated components, the eluate zone containing
poorly separated Pb>* and Zn®" is withdrawn
from the eluate flow by the additional switching
valve (Fig. 1). The withdrawn zone of the eluate
passes to the preconcentration column via the
injector of the second separation system. The
second system selectively separates Pb>* and:
Zn** jons. Thus all the components are selec-
tively separated and determined by the combina-
tion of two chromatographic systems.

Our preliminary task was to devise isocratic IC
systems for the selective separation of metals.
The combination of such systems in the multi-
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dimensional scheme was then applied to the
analysis of metal mixtures

4. Results and discussion

There are two main approaches to IC sepa-
ration of transition and heavy metals: in the form
of their anionic complexes and in their cationic
form. We performed the determination of heavy
and transition metal anionic complexes with
oxalate ion. The separation was carried out on
the complexing sorbent Amidoxim, which has a
silica gel-based matrix with amidoxime function-
al groups [6].

The metal-oxalate complexes were separated
by ion-exchange and complexing mechanisms on
this sorbent. The factors that influence the selec-
tivity of metal separation were studied and the
optimum conditions for the determination of
transition and heavy metals were established.
Fig. 3 illustrates the separation of metal mixtures
under different conditions and shows that the
Amidoxim sorbent can be used successfully for
the determination of Cd**, Pb**, Zn**, Ni*",
Co’* and Cu®*. The very strong retention of
Fe’" on this sorbent should be mentioned, as
this eliminates the interference of iron on the
determination of other metals.

The determination of metals in their cationic
form on dynamically coated and chelating sor-
bents was studied. We used Silasorb C,; sorbent
treated with dodecylbenzenesulphonic acid
under static conditions as the dynamically coated
sorbent, and chelating silica gel-based sorbent
with IDA groups. For each sorbent the optimum
conditions for the separation of the metals were
found.

Fig. 4 shows the most rapid and selective
separation of metals using the dynamically
coated sorbent and ethylenediamine—citric acid—
tartaric acid solution (pH 3.2) as the eluent. A
high separation selectivity was achieved for most
of the metals with the exception of the Pb**—
Zn** and Mn®*-Cd*" pairs (for these pairs the
cations have the same retention time).

The separation of metal cations using the

5
005

=

AU

(L1 L —

0 6 12 18

Fig. 3. Separation of transition metals on Amidoxim column.
Column, 50 X3 mm I.D., packed with Amidoxim sorbent;
eluent, S mM oxalic acid; flow-rate, 1 ml/min (pH 2.2);
detection, UV-Vis at 540 nm; postcolumn PAR reaction.
Peaks: 1=Cd?"; 2=Pb**; 3=Co*"; 4=2Zn*"; 5=Ni’";
6=Cu®.

24 Min

10 e

‘\J L 4

0 10 R0 Min

Fig. 4. Separation of transition and alkaline earth metals on
dynamically coated column. Column, 100 X 3 mm LD.,
packed with Silasorb C,,, coated with dodecylbenzenesul-
phonic acid; eluent, 2.5 mM ethylenediamine-2.5 mM citric
acid-2.5 mM tartaric acid (pH 3.2); flow-rate, 1 mi/min;
detection, conductimetric. Peaks: 1=Fe*"; 2=Cu*"; 3=
Ni’*; 4=Pb’";5=2Zn""; 6=Co*"; 7=Fe’"; 8=Mg""; 9=
Cd**; 10=Ca®"; 11 = Sr*"; 12 = Ba®*. Metal concentrations,
1-10 mg/1.
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Fig. 5. Separation of transition metals on IDA-containing
sorbent. Column, 150 X 3 mm I.D., packed with IDA sor-
bent; eluent, 15 mM oxalic acid-3 mM ethylenediamine (pH
2.8); flow-rate, 1 ml/min. Peaks: 1=Fe’"; 2=Co**; 3=
Zn**; 4=Cd>"; 5=Pb*".
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Fig. 6. Separation of metal mixtures using the multi-dimen-

sional IC scheme. (a) Separation of metals on dynamically
coated column. Conditions as in Fig. 4. ¢, t,, t;, t, = Times
of valve switching; withdrawn zones of insufficiently sepa-
rated metals are stained. (b) Separation of metals on dy-
namically coated column. Conditions as in Fig. 4. (c) Sepa-
ration of metals on IDA column. Conditions as in Fig. 5.

IDA-based chelating sorbent [7] is shown in Fig.
5. This sorbent is well known for its high selec-
tivity for the separation of heavy and transition
metal cations. As Fig. 5 shows, the selective
separation of Co®*, Zn®>*, Cd** and Pb** was
achieved, and macro amounts of Mg>*, Ca’*
and Fe’* did not interfere. Cu®** and Fe’"
cations are very strongly retained on this sor-
bent.

The selectivity of the metal separations was
evaluated for each chromatographic system
studied. It was found that metals with similar
sorption properties are present in each system,
but for each system these metals are different.
For this reason it was possible to arrange the
multi-dimensional IC system for the simulta-
neous determination of heavy and transition
metals according to the scheme is Fig. 1. The
switching mechanism is interactive with the con-
ductimetric detector (5 in Fig. 1) and the switch-
ing is done manually by the analyst.

Separations of multi-component metal mix-
tures are shown in Fig. 6. In this instance the
separation selectivity was increased by combin-
ing the sample separation on the dynamically
coated sorbent using an eluent consisting of
ethylenediamine—citric acid—tartaric acid with a
second separation of the selected eluate zone on
the chelating IDA sorbent with an oxalic acid-
containing eluent.

The analysis of an Azov sea water sample
taken near a metallurgical plant using the multi-

002 Zn

AU Co

0 6 2 8 24 30 36 Min
Fig. 7. Determination of transition metals in Azov sea water
using multi-dimensional IC. (a) Separation on Amidoxim
column, Conditions as in Fig. 3. (b) Separation on IDA
column. Conditions as in Fig. 5. Withdrawn zones of in-
sufficiently separated metals are shaded.
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dimensional scheme is shown in Fig. 7. The
metal concentrations in the sample were 0.005—
0.05 mg/1.

The technique described has been demonstra-
ted to be suitable for the determination of heavy,
transition and some alkaline earth metals, and
for the investigation of unknown samples by
isocratic and multi-dimensional ion chromatog-
raphy.
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Abstract

In order to investigate the mechanism of acid precipitation formation, its relationship with meteorological
conditions and the source of pollutants contained in it, it was found to be much more important to know the
distribution of the concentrations of various ions such as CI~, NO;, SO2™, Na™, K', NH;, Ca®" and Mg’" than
its pH and electrical conductivity that used to be chiefly monitored. A reliable monitoring system for acid
precipitation was developed by combining an improved pH electrical conductivity monitor and an ion chromato-
graph. Chemical data obtained by continuous precipitation monitoring were correlated with meteorological data.

1. Introduction

In the past decade, acid precipitation, which
exerts an increasing influence on life on and in
soil and water, has become the object of major
social concern on a worldwide scale. Counter-
measures to prevent its further propagation are
required in order to preserve the equilibrium of
ecological systems. Topics of interest concerning
acid precipitation include sources of pollutants
(anthropogenic, sea water, etc.), atmospheric
chemistry, long-range transport of polluted air
masses, scavenging and deposition of pollutants
and the influence of weather on these processes.
In particular, measurements of the concentra-
tions of ions such as C1_, NO;, SO>",Na", K”,
NH;, Ca®* and Mg®" are indispensable when
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studying the influence of acid precipitation on
life on earth and in water [1-5].

In compliance with the above requirements,
we have developed an automatic monitoring
system for acid precipitation by combining an
instrument to measure pH and electrical conduc-
tivity (EC) and an ion chromatograph. The
system permits continuous unattended operation
for 2 weeks even at sites with heavy snowfall,
and allows ion chromatographic (IC) measure-
ments even for precipitation of very low ionic
content (EC below 20 uS/cm) [6-8].

2. Experimental

2.1. Apparatus and sampling

The system (Fig. 1) consists of two units,
namely, a sampling system that measures pH,

© 1994 Elsevier Science B.V. All rights reserved
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rain, snow sampler

PH, EC, rainfall meter

Ion chromatograph analyzer

Dionex system 2-channel

a 0

Fig. 1. Schematic diagram of acid precipitation monitor.
1 = Rain sensor; 2 = lid; 3 = dust jar; 4 = rain gauge; 5 = cell
and sensors; 6=display printer; 7 =tank for clean water;
8 = air pump; 9 =injector pump; 10 =sampling tank; 11=
CDM-3 IC detector; 12 = eluent solution tank; 13 =DX IC
pump; 14 =anion, cation column injection port; 16 = data
processing unit; 17 =waste liquid tank; 18 = suppressor
(ASRS, CSRS).

EC and the amount of precipitation at intervals
of 0.5 mm and an ion chromatograph capable of
measuring concentrations of ions such as Cl,
'NO;, SO, Na*, K*, NH;, Ca*" and Mg**
per-1 mm of precipitation.

By adoption of a glass electrode of the flow-
through type for purified water, shown in Fig. 2,
this system permits pH measurements even at
EC lower than 20 uS/cm.

The ion chromatograph used was either from
Dionex or from Yokogawa Analytical Systems,
both of which have two-channel systems allowing
the simultaneous determination of cations and
anions. They are equipped with a suppressor to
decrease the background conductivity of the

flow-through type glass electrode

pump
4*<:EZ>====>
:] liquid seal
pump
R P2

reference electrode

sample

internal liquid

Fig. 2. pH meter for purified water.

eluent solution, ensuring measurements of high
sensitivity and accuracy for low ionic concen-
trations.

The Dionex unit, having a membrane suppres-
sor assembled with an electrode, does not need
additional liquid as it has a regenerating system
for eluent solution discharged form the detector.
The Yokogawa unit contains a micromembrane
suppressor. As soon as the detector of this
monitoring system detects precipitation, its
pump starts and, after 35 min, standard liquid (a
mixture of several kinds of ions) is automatically
fed into the system and analysed to produce
calibration diagram. Subsequently, automatic
analysis of rainfall sampled by the pump is
conducted in real time as shown in the time chart
in Fig. 3.

When precipitation is detected by the rain
sensor (1), the cover of the precipitation collec-
tor (2) is opened and moves to the dust jar (3).
The amount of precipitation is measured by a
rain gauge (4) and pH, EC and temperature are
measured (5). Part of the precipitated water is
injected into the ion chromatograph through a
filter.

In the Dionex system, a pump (DX100),
detector (CDM-3), column, self-regenerating
suppressors for anions (ASRS) and for cations
(CSRS) in two channels are installed for the
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Fig. 3. Automatic ion analyser for acid rain (time chart).

simultaneous measurement of anions and cat-
ions.

Data on precipitation analysis processed by
the chromatogram processor are printed and
then stored on floppy disk via a recording unit

(6).

2.2. Reagents

The eluent was prepared from of high-purity
grade Na,CO,, NaHCO, and methanesulphonic
acid (Waco Junyaku) and distilled water.

Stock standard solutions of the various ions
(each 1000 mg/1) were prepared from NaCl,
NaNO;, Na,SO,, (NH,),SO,, KCI, Mg(NO,), -
6H,O and CaCl,-2H,O of high-purity grade
(Waco Junyaku) and distilled water. From these
stock standard solutions, mixed working stan-
dard solutions including all of the above ions
were prepared.

3. Results and discussion
3.1. Analytical conditions

Conditions for the determination of anions
and cations using the ion chromatograph are
given in Table 1.

Examples of anion and cation separations of

snow conducted by means of the Dionex system
are shown in Fig. 4a and b, respectively.

3.2. Preparation of artificial rainwater

Artificial rainwater with ion concentrations
equal to the annual mean concentrations found
in Japan was prepared [9]: chloride 1.60, nitrate
1.10, sulphate 4.80, sodium 1.00, ammonium
0.55, potassium 0.10, magnesium 0.20 and cal-
cium 0.80 pg/ml (pH 4.7).

3.3. Reproducibility test by using artificial
rainwater

Tests of the system on a 24-h basis making use
of artificial rainfall of 1 mm/h were repeatedly
carried out for 20 days to evaluate the repro-
ducibility of the measurement and performance
of the system on a long-term basis. During that
period, stable measurement was verified without
any malfunction of the system. Owing to the
adoption of the Dionex ion chromatograph
equipped with both ASRS and CSRS, which
does not require the supply of regenerated
solution, the system was operated free from
maintenance throughout that period.

The results are given in Table 2. The relative
standard deviations (R.S.D.) for ions such as
chloride, nitrate, sulphate, sodium, magnesium
and calcium appear very reasonable (2-3%), but



214 K. Oikawa et al. | J. Chromatogr. A 671 (1994) 211-215

Table 1

Analytical conditions for Dionex ion chromatograph for the measurement of anions and cations

Anions

Cations

Model Dionex DX100
Detector Dionex CDM-3
Guard column

Separation column

Eluent 1.8 mM Na,CO;-1.7 mM NaHCO,
Flow-rate of eluent 1.7 ml/min

Sample volume 50 ul

Suppressor ASRS*

50 x4 mm L1.D. Ion Pac AG4A-SC
250 X 4 mm L.D. Ion Pac AS4A-SC

Dionex DX100

Dionex CDM-3

50 X4 mm L.D. Ion Pac CG12
250 X 4 mm 1.D. Ion Pac CS12
20 mM CH,SO.H

1.1 m!/min

50 pl

CSRS®

® ASRS = anion self-regenerating suppressor for recycling eluent solution after flowing through the detector.
* CSRS = cation self-regenerating suppressor for recycling eluent solution after flowing through the detector.
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Fig. 4. Examples of (a) anion and (b) cation separations in
snow. Numbers at peaks are retention times in min.

those for ammonium (4.6%) and potassium
(8.7%) are poor, probably because of the diffi-
culty in separating the two adjacent peaks of
these components in the chromatogram. In the
context of field measurements, this degree of
variation for ammonium and potassium can be
accepted.

3.4. Limit of sensitivity

As shown in Table 3, reasonable detection
limits at a signal-to-noise ratio of 3 are obtained.

The data suggest direct field measurements of
these chemicals at low concentrations can be
feasible without any preliminary treatment of the
sample or the use of a condensation column.

4. Conclusions

Until recently, monitoring of acid precipitation
has been limited to measurements of pH, EC
and quantity of rainfall. Therefore, there were
insufficient data available to investigate quickly
the mechanism of its generation or to locate the
origin of its components, although time-consum-
ing analysis by sending rainwater accumulated in
storage tanks for 1-2 weeks to a remote labora-
tory having ion chromatographs has been pos-
sible.
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Table 2

Results of reproducibility of a running test using an artificially prepared rainwater sample (24 h) n =31

Ton Content Minimum Maximum Mean R.S.D. (%)
(mg/1) (mg/1) {mg/1) (mg/1)

Chloride 1.6 1.44 1.65 1.58 2.5

Nitrate 1.10 1.05 1.18 1.10 34

Sulphate 4.80 4.31 5.10 4.85 3.0

Sodium 1.00 0.99 1.09 1.07 2.2

Ammonium 0.55 0.54 0.06 0.57 4.6

Potassium 0.10 0.09 0.12 0.10 8.7

Magnesium 0.20 0.19 0.22 0.20 2.5

Calcium 0.80 0.76 0.86 0.82 2.7

With the present system, combining an auto-
matic sampling unit and an ion chromatograph,
enabling real-time measurement of various ions
in addition to pH, EC, etc., reliable monitoring
of variations in ion concentrations with time or
changes in barometric pressure and wind direc-
tion is feasible, thus ensuring very accurate
analysis of the generation of acid precipitation
and correlations with its source and weather
conditions in the future.

Table 3
Detection limits for ions in rainwater (signal-to-noise ratio =
3)

Ton Detection Ion Detection
limit limit
(rg/l) (ng/h
Chloride 5 Sodium 5
Nitrate 10 Ammonium 10
Bromide 15 Potassium 10
Sulphate 25 Magnesium 5
CalGium 10
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Abstract

An HPLC procedure for determining anthraquinonesulphonates in the presence of both benzene- and
naphthalensulphonates in river water was developed. Enrichment of analytes was accomplished by means of
solid-phase extraction, based on an RP-18 reversed-phase silica cartridge coated with an aliphatic amine. The
analytes were separated by ion-pair chromatography with coupled fluorescence and UV detection, which resulted in
a convenient way to discriminate derivatives of benzene and of naphthalene from those of anthraquinone. The
peaks of anthraquinonesulphonates were identified by measuring the ratio of their absorbances at two different
wavelengths. Four of the target analytes were found in water from the river Bormida (Italy).

1. Introduction

Aromatic sulphonates have been found in
some European rivers (Rhine [1,2], Elba [1],
Chriesbach [3] and Bormida [4]) and even in the
tap water of Amsterdam [5]. These compounds
are of anthropic origin, and therefore their
presence in environmental and drinking water
should be avoided. They are hydrophilic, stable
and not readily biodegradable. Biological water
purification plants have low efficiency in remov-
ing them from wastes [3]. Moreover, aromatic
sulphonates can persist in the environment and
can propagate easily owing to their hydrophilic
characteristics. They have a wide application
range in the dye, detergent and cement indus-
triecs. Benzene-, naphthalene- and anthraquin-
onesulphonates (BZS, NS and AQS, respective-
ly), together with their amino and hydroxy

* Corresponding author.

derivatives, are byproducts of the synthesis and
application of dyes. Complex mixtures of these
substances can pollute rivers which receive
wastes from dye industries.

Analytical methods based on TLC [6], ion-
exchange electrokinetic chromatography {7], ion-
pair chromatography (IPC) on RP-8 or RP-18
silica [8-14], on-line enrichment on PLRP-S
sorbent followed by either ion chromatography
or IPC with diode-array detection [2,5], on-line
enrichment on Carbopack B and subsequent IPC
[3] and enrichment on a modified RP-18 silica
and IPC with fluorescence detection [4] have
been proposed. Preconcentration on a Dowex
WGR weak anion exchanger [15] or ion-pair
extraction [16] followed by derivatization and
GC-MS analysis, high-performance capillary
electrophoresis—MS [17] and ion chroma-
tography-MS [18] have also been proposed.
None of these studies combined a pretreatment
capable of a good extraction yield for AQS

0021-9673/94/307.00 © 1994 Elsevier Science B.V. All rights reserved
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together with a chromatographic analysis suit-
able for the identification of singly- and doubly-
charged AQS in the presence of NS and BZS in
environmental water samples.

In this work, a procedure for the preconcen-
tration of aromatic sulphonates and an IPC
method for the separation and identification by
serial UV-fluorimetric detection of BZS and
singly- and doubly-charged NS and AQS are
described.

2. Experimental
2.1. Reagents

All aqueous solutions were prepared with
ultra-high-quality (UHQ) water obtained by
passing deionized water through an Elga-Stat

water - purification apparatus (Elga, High
Wycombe, UK). Methanol and acetonitrile, both

s 3
\ .

/—\
/

so;

@\NHT
P
L ./. \'\

absorbance

of HPLC grade with low UV absorption, and
cetyltrimethylammonium bromide (CTAB) were
obtained from Aldrich (Milan, Italy). The com-
pounds listed in Table 1 were obtained from
Aldrich or Kodak (Prodotti Gianni, Milan,
Italy). Inorganic reagents were obtained from
Carlo Erba (Milan, Italy). Solid-phase extraction
(SPE) columns were obtained from Merck
(Bracco, Milan, Italy).

Stock standard solutions of the investigated
sulphonates were prepared with UHQ water,
kept in dark-glass flasks, stored in a refrigerator
(4°C) and were used within 1 week.

2.2. Apparatus

The HPLC system consisted of a Pye Unicam
(Cambridge, UK) PU 4015 pump, a Rheodyne
(Cotati, CA, USA) valve fitted with a 20-x1 loop
and a 250 X 4.6 mm I.D. Adsorbosphere C,, (5
um) column (Alltech, Deerfield, IL, USA). The

\\ .>*<"‘ """" e —
200 750 ’ 300

wavelength, nm

Fig. 1. UV spectra of sulphanilate, 2-naphthalenesulphonate and 2-anthraquinonesulphonate.
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eluent was degassed by means of a stream of
helium.

The fluorimetric detector was a Hitachi
(Tokyo, Japan) F-400 computerized spectro-
fluorimeter, equipped with an 18-ul flow cell and
an analogue output. The UV chromatograms
were obtained with a Kontron Instruments
(Milan, Italy) Model 430 dual-wavelength detec-
tor. A Softron (Grifeling, Germany) PC Inte-
gration Pack was adopted for data acquisition
and analysis.

3. Results
3.1. Chromatography
Detector conditions
AQS strongly absorbs UV radiation at longer

wavelengths than NS and BZS. Typical UV
spectra of AQS, NS and BZS are shown in Fig.

219

1. It can be seen that they are well differen-
tiated; a wavelength of 258 nm can be chosen for
the UV detection of AQS, because at this
wavelength the intensity of the signals produced
by NS and BZS is much smaller than that
produced by AQS. The fluorescence detection of
BZS and NS and the collection of their fluores-
cence spectra were performed as reported previ-
ously [10]. '

Optimization of chromatographic conditions

As chromatographic conditions suitable for the
separation of both mono- and disulphonate an-
ions of benzene, naphthalene and anthraquinone .
were needed, the four compounds mentioned in
Fig. 2 were chosen to test the influence on
capacity factors of pH, organic content of mobile
phase and ion-pair reagent concentration. The
results are shown in Fig. 2. The hold-up time was
determined from the deflection of the baseline
that followed injection. Unless specified other-

4 ' ‘ I : 6 - T 5 T T T T
A o b .l C 4
5 ]
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x 2 R 1 ‘ .
s ° A'-vv “ 2 i ' i
. P — Fa 2 . o -1 A
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— 5 a D\D\D——D\D D——'D——D——D/D
O | | l O : , o 1 1 1 1
4 5 6 7 56 60 2 40 f
. org. % CTMABr, g/I

Fig. 2. Effects on k' of (a) pH, (b) organic content and (c) ion-pair reagent concentration. [3 = Sulphanilate; O = l-anthra-
quinonesulphonate; A = 1,5-anthraquinonesulphonate; A = 2-hydroxy-3,6-naphthalenesulphonate.
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wise, the composition of the mobile phase was 1
g1™" of ammonium phosphate (pH 7.0), acetoni-
trile—water (58:42) and 5 g 17! of CTAB.
The same eluent composition (with a flow-rate
of 1 ml min~") was adopted for the analysis of
real samples, as an acidic pH produced poor
peak shapes for most of the investigated com-
pounds and both the organic solvent content and
the ion-pair reagent concentration adopted gave
an acceptable resolution with a short analysis
time. Gradient elution was also tried, but longer
times were required, as column conditioning was
needed after each analysis. Isocratic conditions
were preferred, with the additional advantage of
obtaining more reproducible retention times.

Chromatograms

The chromatograms of standard mixtures of
fluorescent and non-fluorescent aromatic sulpho-
nates are shown in Fig. 3. The absorbance of NS
and BZS at 258 nm is much lower than that of
AQS, and consequently it was observed that the
UV peaks of NS and BZS became comparable in
height to those of AQS only if the concentrations
of the substances belonging to the former two
groups were from one to two orders of mag-
nitude larger than those of AQS. The fluorescent
analytes contained in the standard solution em-
ployed for running the chromatogram showed in
Fig. 3c gave a UV signal that was not distinguish-
able from the baseline. This was due both to the
higher sensitivity of fluorimetric compared with
UV detection (which allowed the use of more
dilute standards) and to the lower molar absorp-
tivity (at 258 nm) of NS and BZS compared with
that of AQS.

Table 1 gives the retention times of the investi-
gated substances, together with the ratio be-
tween the absorbances measured at 258 and 275
nm. Those ratios, together with retention times,
were used for the identification of non-fluores-
cent UV absorbers.

Quantitative analysis was based on peak-
height measurements. For real samples, standard
additions of the identified substances were neces-
sary in order to determine their concentrations.

S

6‘ ll’? min

Fig. 3. Chromatograms of a standard mixture. NS =
naphthalenesulphonate; ~ NDS = naphthalenedisulphonate;
AQS = anthraquinonesulphonate; AQDS = anthraquinone-
disulphonate. (a) Fluorescence detection A,, =240 nm, A, =
660 nm; (b) fluorescence detection, A, =250 nm, A_, =455
nm; (c) UV detection (258 nm). Peaks: 1 = sulphanilate, 0.25
mg 17'; 2=2-NS, 0.25 mg 173 3=2,7-NS, 0.5 mg I"";
4=15NS, 1 mg 17" 5 =2-hydroxy-6,8-NDS, 0.1 mg 17
6 = 2-hydroxy-3,6-NDS, 0.1 mg 1™'; 7=1-AQS, 10 mg 17"
8=1,5-AQDS, 30 mg 1™*; 9=2-AQS, 10 mg I"; 10=2,6-
AQDS, 10 mg 17"

3.2. Sample pretreatment

As the real samples contained non-ionic inter-
ferents, a clean-up procedure capable of remov-
ing them was required. Therefore, the real
samples were eluted through an RP-18 SPE
cartridge; no effect on the concentrations of
standard solutions of sulphonates was observed.

Preconcentration of the analytes was also
needed. An SPE procedure based on RP-18
silica coated with CTAB by absorbing it from a
0.4% aqueous solution [4], already employed for
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Table 1
Chromatography of aromatic sulphonates

Substance” Retention Detection’ Absorbance
time (min) ratio®

1-AQS 6.20 3 3.7+0.1
2-AQS 7.56 3 3.7+0.1
1,5-AQDS 8.05 3 6.7+0.1
2,6-AQDS 10.31 3 3.1+0.1
2-NS 6.73 1 1.0x0.5¢
2,7-NDS 9.10 1 1.0+0.5¢
1,5-NDS 9.60 1 0.3+0.2°
2-OH-6,8-NDS 12.10 2 1.0+0.7¢
2-OH-3,6-NDS 13.30 2 1.0+0.8°
Sulphanilate 4.08 1 1214

“ AQS = anthraquinonesulphonate; AQDS = anthraquinonedisulphonate; NS = naphthalenesulphonate; NDS = naphthalene-

disulphonate.

® 1 = fluorescence detection, A, =240, A, = 660 nm; 2 = fluorescence detection, A,, = 250, A,,, = 455 nm; 3 = UV detection (258

nm).

© Absorbance at 258 nm/absorbance at 275 nm * absolute error.

4 Molar absorptivity <500.

the analysis of BZS and NS, was tried also for
AQS, but poor recoveries were obtained. Stan-
dard solutions of AQS were analysed after
eluting them through the treated SPE cartridges,
and the amount of eluted AQS was found to be
undetectable, showing that the stationary phase
effectively retained these compounds. Neverthe-
less, elution with methanol did not recover
significant amounts of adsorbed AQS, although
BZS and NS were almost quantitatively recov-
ered under the same conditions. On the other
hand, the chromatographic order of elution of
AQSs and NSs indicated that some NSs were
retained on an apparently similar stationary
phase even longer than were AQSs, but never-
theless the SPE recoveries of NSs were higher. It
must be noted that CTAB and AQS were
adsorbed on the solid phase for SPE under
different conditions to the chromatographic
ones, and that SPE cartridges were dried with an
air flow after adsorption of analytes; these
reasons can probably explain the different be-
haviour of AQS in chromatography and SPE.
Therefore, a different anion exchanger, consist-
ing of an RP-18 SPE silica cartridge coated with
an aliphatic amine, was tried. A 400-mg RP-18

SPE cartridge was loaded by eluting 2 ml of an
aqueous solution of 0.01 M octyldimethylam-
monium acetate adjusted to pH 4. The analytes
were desorbed by 2 ml of methanol. High
recoveries were obtained for all the investigated
substances, except sulphanilate, which was only
partially retained. The extraction yields, together
with the detection limits resulting after tenfold
preconcentration of the samples, are reported in
Table 2.

The influences of pH and inorganic salt con-
centrations on the recoveries from standard
solutions were investigated. A 30 g 1! con-
centration of NaCl did not significantly influence
the recoveries of AQS, whereas it halved the
recoveries of NS; in contrast, 2 g 17! of Na,SO,
did not significantly alter the recoveries of NS,
whereas it reduced slightly (by 5-10%) those of
AQS. A slight increase in hydrogen ion con-
centration (pH 4) had no observable effect.

A disadvantage of this stationary phase was
the limited ion-exchange capacity, (ca. 1 pequiv.
g™'). A 400-mg cartridge was saturated with an
equimolar mixture of 50 ug of the four AQSs
listed in Table 2. The breakthrough volume (10
mg 17" solutions) ranged from 5 to 11 ml for
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Table 2
SPE of aromatic sulphonates

Detection
limit (pegl™*)®

Substance” Mean
recovery
+8S.D.(n=3)(%)

1-AQS 805 20
2-AQS 807 60
1,5-AQDS 81+3 20
2,6-AQDS 816 40
2-NS 11313 1
2,7-NDS§ 118 + 16 2
1,5-NDS 111+20 20
2-OH-6,8-NDS 866 1
2-OH-3,6-NDS 89+ 11 2
Sulphanilate 1010 200

“ Abbreviations as in Table 1.
* Detection limit as measured after preconcentration (signal-
to-noise ratio = 3, preconcentration factor = 10).

5 10 fs min
Fig. 4. Chromatograms of a water sample. (a) Fluorescence
detection, A,, =240 nm, A,, =660 nm; (b) fluorescence
detection, A, =250 nm, A_,, =455 nm; (c) UV detection (258
nm). Peaks: 1=2-NS, 0.32 mg 17'; 2=2,7-N§, 3.46 mg 17"}
3 =2-hydroxy-6,8-NDS, 0.65 mi 1™"; 4=1,5-AQDS, 1.1 mg
1

AQSs and NSs, whereas it was 0.5 ml for
sulphanilate.

3.3. Analysis of river water

The river water, after being used by a factory
in the production of dyes, is returned to the
river. Four samples of that returned water were
treated as described and then analysed. The
chromatogram obtained for one of those samples
is shown in Fig. 4. Four of the target analytes
were found to be present. Their concentrations
in the four samples ranged between 0.32 and
3.52 mg 17"

The identity of the naphthalenesulphonates
was ascertained by comparing their fluorescence
spectra with those of standards stored in a
library, as reported previously [4]. The identity
of the 1,5-anthraquinonesulphonate was con-
firmed by its absorbance ratio: a volume of 6.7 +
0.1 was found, in good agreement with the
expected value. The retention times of the re-
maining UV peaks did not coincide with any of
the examined AQSs.

4. Conclusions

An HPLC procedure for the analysis of an-
thraquinonesulphonates in the presence of naph-
thalene- and benzenesulphonates in river water
has been described. Sample clean-up and SPE
preconcentration of the analytes were optimized.
This method was successfully applied to the
analysis of samples of polluted river water.
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Abstract

As part of the international project ALPTRAC the acid deposition at high Alpine sites was investigated. This
paper reports on experiences with ion chromatography in the pg/kg range that was characteristic for the samples,
and on the sample contamination and its sources. Particular emphasis is given to a drop of ionic concentration from
the first to the second injection drawn from the vials of the automated sampler. This drop was observed at
detection ranges of 3 uS/cm and less and amounted to 17 pg/kg for sodium, 14 ug/kg for chloride and 1 to 4

pg/kg for magnesium, calcium and sulphate.

1. Introduction

Various studies have shown ecosystems in the
Alpine region to be very sensitive to the impact
of pollutants. The amount of pollutants accumu-
lated in the Alpine snowpack during the winter
half year is of special importance for the acidifi-
cation of mountain lakes and runoff. The rapid
release of pollutants occurring with the onset of
snowmelt —up to 80% of the bulk solute is
released with the first third of the meltwater—
can be very harmful to such ecosystems.

To investigate, among other topics, the
amount of substances deposited in wet and dry
form at heights of 3000 m above sea level and
more, an international project (ALPTRAC) was
started in 1990. Measurements performed on
glaciers in the Tyrolean Alps show that ionic
loads there are as high as or even exceed the

* Corresponding author.
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amounts measured at valley stations in Tyrol
(due to the general increase of precipitation with
height). Mean concentrations of ions dissolved in
the snowpack, on the contrary, amount to only
25 to 50% of the ionic concentrations found in
precipitation of low lying stations [1,2} indicating
background conditions in the ug/kg range, com-
parable to those in polar regions [3-5]. These
low concentrations are mainly observed in snow
layers of December to February precipitation,
when glaciers lie well above the height of the
atmospheric mixing layer and again after the
onset of snowmelt in May or June (see Table 3).

While the meteorological and glaciological
implications of the investigation will be reported
elsewhere, this paper will focus on the methods
of detection of ultra-low ionic concentrations.
We report on the precautions taken to keep
sample contamination from collecting to analysis
as small as possible, on experiences with ion
chromatography in the ppb range and on one

© 1994 Elsevier Science BV. All rights reserved
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aspect we did not find mentioned in the litera-
ture before, that is the difference in ionic con-
centration between two subsequent injections
made from one vial using the automated sam-
pler.

2. Experimental
2.1. Sampling and sample preparation

Samples are taken from snow pits dug on
glaciers at heights of 3000 m above sea level. In
vertical profiles snow layers of 10 cm thick is cut
off with a plexiglas tube and filled into air-tight
screw bottles made of polyethylene.

Bottles and anything that may come into
contact with the samples, are mechanically
cleaned in the laboratory, rinsed with diluted
HCI, and then carefully soaked and rinsed sever-
al times with ultrapure water, so that no residues
can be detected. For the transport between
laboratory and sampling site all material is
packed into clean plastic bags. As additional
precaution against contamination overall clo-
thing of polyamide cleaned rubber gloves, and
breathing masks are worn during sampling pro-
cedure. Samples are transported in frozen state
into the laboratory. Until analysis they are kept
in the deep freezer at a temperature of —18°C.
Just before analysis with the ion chromatograph
they are thawed at room temperature. Vials used

Table 1
Experimental conditions for ion chromatographic analysis

for the automated sampler are well rinsed with
the sample before being filled and closed with a
filter cap.

2.2. Ion chromatography

All ions of interest are analysed with a Dionex
DX-100 instrument. We use a two-column set
system with suppressed conductivity detection.
The conductivity cell is at constant temperature,
so that no noise or baseline drift is normally
observed down to the 0.3 uS/cm range.

System control as well as data collection and
processing is done by the Dionex AI-450 chro-
matography software (version 3.32).

Mono- and divalent anions and cations are
separated in single, isocratic runs, respectively.
Further details of the analysis are summarised in
Table 1.

A Dionex automated sampler with 5-ml vials is
used to deliver the sample to the sample loop. A
volume of 200 w1 for the sample loop has proved
to be very practicable for this application.

Eluents, anion regenerant and all standard
solutions are prepared with ultrapure water of
resistivity > 18 MQ cm at 25°C. Individual stock
solutions of 1000 mg/kg (ppm) are diluted to
mixed standard solutions of concentrations vary-
ing from the mg/kg to the nwg/kg (ppb) range.
Standard solutions are always prepared just
before calibration.

Parameter Anions

Cations

Cl~,NO;,S0%"
Ion Pac-AS4A
Ion Pac-AG4A

Ions determined
Analytical column
Guard column

Suppression AMMS I (using a
pressurized delivery system)

Eluent 4 mM Na,CO,

1.5 mM NaHCO,
Regenerant 12.5mM H,SO,
Eluent flow-rate 2 ml/min
Run time 3.0 min
Background conductivity 20 uS/cm

Na®,NH;,K*, Mg®*, Ca**
Ion Pac-CS12 (4 mm)

Ion Pac-CG12 (4 mm)
CSRS-I (4 mm)

21 mM Methanesulfonic
acid

1 ml/min
8.5 min
1 uS/cm
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A three-level quadratic calibration is used,
standards are external.

2.3. Contamination problems

Contamination of the sample

In the laboratory sample contamination occurs
from the moment the sample bottle is opened
until the sample is injected into the chromato-
graphic system. To estimate the amount of
sample contamination by the laboratory air we
analysed ultrapure water of 18.1 M(Q) cm resistiv-
ity.

No anions and no ammonium and potassium
were detected in the ultrapure water. For mag-
nesium we measured a mean concentration of
0.8 ng/kg, for calcium of 1.1 ug/kg. Standard
deviation amounted to 0.3 ug/kg for mag-
nesium, respectively 0.6 upg/kg for calcium.
Sodium concentrations showed the highest varia-
tions. We found samples without sodium as well
as samples with sodium concentrations up to 3
rng/kg.

This ion content represents a mean, but gener-
ally varying contamination of any sample, that
cannot be avoided in our laboratory. The con-
centrations of magnesium, calcium and sodium
are considered as “blank” values. They increase
the real ionic concentrations and should thus be
subtracted from measured values of any sample.

Contamination of the instrument

From every vial used with the Dionex auto-
sampler up to three injections can be made.

We found that there are differences in ionic
concentrations between the first and the second
injection at the 3 pS/cm and lower detection
ranges. Concentration values of most ionic
species analysed diminish from the first to the
second injéction. No further decrease, however,
was observed between the second and the third
injection.

This effect was most pronounced for chloride
and sodium, while no changes could be seen for
nitrate, ammonium and potassium. The differ-
ence between the first and the second injection
appeared to be independent of the measured
concentration. It varied from 17 ug/kg for

sodium and 13 pg/kg for chloride to 4 wg/kg for
sulphate down to 2-3 ug/kg for calcium and
about 1 pg/kg for magnesium.

In view of this reproducible value of the
difference we concluded that the effect was
introduced in the process of extracting the sam-
ple from the vial into the analytical system. The
first injection has higher concentrations since it
contains not only the ions of the sample but also
rinses away ions that have been deposited before
on surfaces coming into contact with the sample
during the injection process, e.g. the filter or the
end of the tubing connecting the sampler to the
injection valve.

This contamination effect can put a limit to
analysis at the lower detection ranges, as it was
observed especially with sodium. No reproduc-
ible results could be achieved in ranges of less
than 0.1 ©S/cm. For both calibration and analy-
sis of samples that require detection ranges of
0.3 to 3 uS/cm, only values of the second
injection were used. Detection ranges of 10 uS/
cm are not sensitive enough to resolve this
contamination effect.

2.4. Detection limits

Measurements to determine detection limits
were performed with artificial samples of low
ionic content. From a series of 8 injections for
both anions and cations method detection limits
(MDL) were established according the US En-
vironmental Protection Agency (EPA) definition

[6]:
MDL =t(n—1,1—aR =0.99)c 1)

o is the standard deviation for the particular ion,
t is the Student factor amounting to 3.499 for
n—1 degrees of freedom and a significance at
the 1% level (1 —a=0.99).

Results for anions and cations are summarised
in Table 2. Apart from sodium and chloride
method detection limits of about 1 ug/kg were
found for all ions. The comparatively high MDL
of almost 4 ug/kg for sodium was attributed to
contamination effects, which were most pro-
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Table 2

Method detection limits for anions and cations (MDL), mean concentrations (x) and standard deviations (o) in pg/kg
ar- NO; SO Na* NH; K* Mg Ca®

MDL 1.7 0.9 1.2 3.7 1.1 1.4 1.0 1.2

x 12.2 17.3 18.2 12.8 2.9 1.9 3.4 5.4

o 0.49 0.26 0.33 1.06 0.32 0.40 0.30 0.33

nounced and showed the highest variation for
this ion.

MDL for chloride amounted to almost 2 ug/
kg. The wider scattering compared to nitrate or
sulphate was due to the overlapping of the
chloride peak with the negative water peak in
the detection ranges of 3 uS/cm and less. Using
a lower concentrated eluent this effect may be
diminished.

The detection limits we determined for our
application lie in the range reported in literature
(e.g. refs. 3, 7 and 8). The variety in experimen-
tal conditions of ion chromatographic analysis
and the different definitions used to establish
detection limits, however, restrict a direct com-
parison.

2.5. Ionic balance

A common meéthod for evaluating analytical
results of water samples is to calculate the ionic
balance::

C = [H"]+[Na "]+ [NH; ]+ [K "]+ [Mg*]
+[Ca®*] - [C17] - [NO;] - [SO%7] @)

We found a general anion deficit in agreement
with other studies of snow (e.g. refs. 1, 9 and

10). The mean ratio L anions/Y¥ cations
amounted to 0.43, ranging from 0.3 to 0.6.

The anion deficit may be due to any not
measured anion (we did not measure hydro-
gencarbonate and organic compounds like formic
and acetic acid), or to analytical errors, whose
relative importance increases with decreasing
jonic loads, especially near the detection limit.

3. Results

The ionic concentrations we measured in the
high Alpine snowpack cover a range of three
orders of magnitude, from about 3 mg/kg for
nitrate in spring down to some ug/kg for alkali
and alkaline earth metals (Table 3). During our
investigations ion chromatography has proved to
be a very practicable and sensitive method for
the detection of major ions in Alpine snow.

Even in snow of low ion content concentra-
tions of anions and ammonium lie a ten to
hundred times higher than the corresponding
detection limits (Fig. 1a). For metals, however,
concentration values in the range of the corre-
sponding detection limit are frequent. In a few
cases concentrations below the detection limit
are found, especially for magnesium (Fig. 1b).

Table 3

Ionic concentrations (pg/kg) found in distinct snow layers at about 3000 m above sea level; April 17, 1993 and June 25, 1993
Cl- NO; SO2” Na® NH; K* Mg™* Ca**

April 50 2600 980 35 693 10 11 70

June 21 79 43 9 18 1 1 9

The concentration difference between June and April is caused by the release of pollutants from the snowpack during melting.
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Fig. 1. Typical chfomatogram of Alpine snow of low ionic concentrations. (a) Anions (chloride 16.5 png/kg, nitrate 65.1 pg/kg,
sulphate 36.7 pg/kg). (b) Cations (sodium 4.9 ug/kg, ammonium 16.5 pg/kg, potassium 2.3 pg/kg, magnesium 0.1 pg/kg,

calcium 4.2 pg/kg).
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fluoroacetic acid and formic acid in soil
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Abstract

An analytical method has been developed for the determination of fluoroacetic acid (FC2A) and formic acid
(FA) which previously co-eluted in ion chromatographic analysis. The separation is based upon a solvent
compatible, ion-exchange column. The analytes are retained by ion exchange, but selectivity is provided by a
mechanism that has reversed-phase characteristics. Low detection limits (0.1 g FC2A/g soil) are achieved through
the use of a preconcentrator column. The method is designed to detect small amounts of FC2A in the presence of
high concentrations of FA, a major interference found in some western soils. Sample preparation is minimal. The
method has been applied to Rocky Mountain Arsenal (RMA) Standard Soil and to samples collected at RMA.

1. Introduction

Fluoroacetic acid (FC2A) is an extremely
potent rodenticide first reported shortly after the
end of the Second World War [1]. The com-
pound is still commonly referred to under the
laboratory serial number “1080” (sodium fluoro-
acetate) assigned by the Economic Investigations
Laboratory, US Fish and Wildlife Service, at
Patuxet, MD, USA. LD50s for FC2A are ex-
tremely low, ranging from 66 ng/kg (dog, oral)
to 714 pug/kg (man, oral) [2]. It is currently used
as a rodenticide in New Zealand and Australia
[3]. FC2A has been historically used in the
western US for the control of coyotes and
wolves. The US Environmental Protection
Agency (USEPA, Washington, DC, USA) has
recently denied Federal Insecticide, Rodenticide,

* Corresponding author.
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and Fungicide Act (FIFRA) registration of
FC2A [4].

The Rocky Mountain Arsenal (RMA) is a
military installation located near Denver, CO,
USA, contaminated with waste from chemical
warfare agent, pesticide, and other chemical
manufacturing processes. The site is presently
being remediated under the set of statues known
collectively as “Superfund”. F2CA is a suspected
chemical of concern at the site. FC2A has been
suggested as a possible byproduct from chemical
warfare agent manufacture {5]. Historical infor-
mation indicates that FC2A was used at RMA
for the control of small mammals during the
1960s and 1970s. Application of FC2A for small
mammal control was usually accomplished
through the hand (or mechanical) broadcast of
treated grain baits. Previous investigations have
found quantities of suspected FC2A in RMA
soils. However, the analytical method used did
not separate FC2A from formic acid (FA), a

© 1994 Elsevier Science BV. All rights reserved
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naturally occurring compound at RMA [6]. Ad-
ditionally, the existing detection limit of 2 ug/g
for FC2A exceeded the desired, risk-based,
detection limit of 0.2 ug/g [7]. Formic acid
concentrations may be as high as 40 pg/g in
RMA soil.

Most of the existing methods for the analysis
of FC2A utilized derivatization followed by
quantification by GC [8-19] or HPLC [20-22].
Derivatization methods have, in general, long
preparation times and variable recoveries. Ion-
pair methods [23] or ion chromatographic meth-
ods [24] designed for the analysis of formulations
lack sensitivity. The US Army Toxic and
Hazardous Materials Agency (USATHAMA)
method previously in use at RMA does not
discriminate against the formic acid interference.
F NMR has been used for investigations into
FC2A  metabolism ([25-27]. NMR is highly
specific, but suffers from low sensitivity. Fluoride
ion-specific electrodes are sensitive, but non-
specific to FC2A [28,29].

The method presented in this paper is based
upon the use of new solvent compatible anion
chromatographic columns that can utilize multi-
ple retention mechanisms for the separation of
organic acids that have similar ion-exchange
characteristics. We have recently applied the
same approach to the separation of five chemical
warfare agent related compounds, pinacolyl
methylphosphonic acid, isopropyl methylphos-
phonic acid, ethyl methylphosphonic acid,
methyl methylphosphonic acid, and methylphos-
phonic acid [30]. The method uses high con-
centrations of organic modifier (acetonitrile) to
separate FC2A and FA while the compounds are
retained by ion exchange on the solvent compat-
ible column.

2. Experimental
2.1. Materials

Type I deionized water was obtained from a
Barnstead (Dubuque, IA, USA) NANOpure
reagent water system fed by a Corning still.
Optima grade acetonitrile (ACN) was obtained

from Fisher Scientific (Pittsburgh, PA, USA).
NaOH solutions were prepared using 50% (w/w)
Fisher certified reagent. Regenerant solution was
prepared from trace metal grade H,SO,
(Fisher). Fluoroacetic acid (>96%) was ob-
tained from Aldrich (Milwaukee, WI, USA).
Formic acid (>95%) was purchased from
Fisher. Ag”-form strong cation-exchange solid-
phase extraction cartridges (Ag*-SPE) were ob-
tained from Alltech Chromatography. All other
chemicals used were ACS grade or reagent
grade.

2.2. Apparatus

The basic chromatographic system was a 4500i
ion chromatograph with GPM pump, AMMS-II
micromembrane suppressor, and a PED (conduc-
tivity mode) detector, all from Dionex (Sunny-
vale, CA, USA). Samples were injected by a
Dionex ASM autosampler, set either in loop or
concentrator mode (<1 ml/min). The system
was controlled, and data collected, by a Dionex
AI-450 interface and software (Version 3.21)
from an IBM PS/2 Model 35 PC. Dionex Om-
niPac PAX-100 column and OmniPac PAX-100G
guard column were used as the stationary phase.
Either a 250-u1 loop or an OmniPac PAX-500G
guard column (as a preconcentrator) were used
for injection. The preconcentrator column was
loaded in reverse flow by the ASM prior to
injection, and had a minimum of tubing [ <2 cm
of 0.010 in. (0.0254 cm) 1.D.] on the down-flow
(towards the stationary phase) side to minimize
carry over.

2.3. Procedure

The following four eluents were used: (1)
deionized water, (2) 1 mM NaOH, (3) 100%
ACN, and (4) 200 mM NaOH. Regenerant (50
mM H,SO,) was stored under helium in 4-1
plastic reservoirs, pressurized to provide a flow-
rate through the suppressor of 7-8 ml/min.
When using the autosampler for extended and
untended operations, regenerant is the limiting
reagent in the system. Two 4-1 reservoirs were
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linked in series to provide in excess of 16 h
operating time.

Soil (2 g) was extracted with 20 ml deionized
water in 50-ml glass centrifuge tubes by shaking
for 1 h on a reciprocal shaker (100 rpm). Equili-
brated suspensions were centrifuged, and the
supernatant filtered through a 0.45-um mem-
brane filter. Free metals in the extract were
complexed by the addition of 10 ul of 0.1 M
EDTA to prevent precipitation inside the
chromatograph. Excess chloride, a major inter-
ferant which can cause unacceptable peak
broadening, was removed by solid-phase extrac-
tion with Ag" strong cation-exchange resin
(Ag”-SPE).

Eluent flow-rate was 1 ml/min. The gradient
program used 0.2 mM NaOH-70% (v/v) ACN
from 0-15 min (after a 20 min equilibration) with
a ramp to 60 mM NaOH-70% ACN from 15-20
min and held for 5 min. The ramp is required to
elute strongly retained analytes prior to the next
run. Detection was by suppressed conductivity.

3. Results and discussion
3.1. Aqueous method development

The initial experiments were performed using
a 200 wg/l combined standard (CS) of FC2A
and FA. A 250-u1 loop was used. FA elutes just
prior to FC2A using ion exchange as the sole
retention mechanism (Fig. 1). The elution order
of FC2A and FA reverses with increasing con-
centration of organic modifier. However, an
analysis of the capacity factors indicates that
reversed-phase behavior occurs only at organic
modifier- concentrations exceeding 40% (Fig. 2).
This is in contrast to the alkyl methylphospho-
nates which exhibited the classical reversed-
phase response at all concentrations of organic
modifier. We speculate that the effect may be
due to column swelling effects [31] exceeding the
reversed-phase effect at low organic modifier
concentrations because of the small size of FC2A
and FA.

An optimization experiment was completed
using a two-factor, four-by-six level, fractional
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Fig. 1. Separation of FC2A and FA under conventional
jon-exchange conditions. Experimental: 0.8 mM NaOH-10%
(v/v) ACN; 1 ml/min; 250-u1 loop; 250 pg/l each analyte.

factorial design [32]. NaOH was varied at 1.2,
0.8, 0.4, and 0.2 mM. ACN was varied at 10, 25,
40, 55, 70 and 85% (v/v). All samples used a
isocratic mobile phase from 0-15 min, ramping
to 60 mM NaOH from 15-25 min with the same
concentration of organic modifier, and flow-rate
of 1 ml/min.

Response was measured as the resolution
between FC2A and FA. The resolution response
was fitted to a quadratic function with a linear
interaction term as the simplest function that
would significantly fit (p = 0.05) the results (Fig.
3).

Acceptable resolution between FC2A and FA
was chosen to be 1.5, but due to the expected
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Fig. 2. Effect of organic modifier on the capacity factors of
(O) FC2A and (O) FA. Experimental: 0.2 mM NaOH; 1
ml/min; 250-u1 loop; 200 ng/l each analyte.
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Fig. 3. Resolution between FC2A and FA as a function of
mobile phase composition.

high levels of FA in the samples, an eluent
composition was chosen [0.2 mM NaOH-70%
(v/v) ACN] that produced the highest resolution
compatible with our experience with soil ma-
trices. Self-elution of soil extracts at the head of
the column can be a problem when using eluent
concentrations less than 0.2 mM NaOH.

The gradient program was designed to provide
a long enough initial elution to separate the
compounds, particularly when using the pre-
concentrator column, and to insure that late
eluting compounds would be removed from the
column. When using the preconcentrator col-
umn, retention times increase as the column is
overloaded with FA and other interferences
because of self-elution.

Initial calibration of the aqueous method using
the preconcentrator column was accomplished
using a concentration range from 0.5-20 ug/l
FC2A. The results were linear, but with a non-
zero intercept due to a minor interference.

3.2. Soils method development

The aqueous method was extended to soils
using the techniques we have developed for the
analysis of alkyl methylphosphonates. Lakewood
Sand, a standard, well characterized, New Jersey
soil was used as a test soil. Spiked soil samples
were shaken on a reciprocal shaker for 24 h at
125 rpm to insure equilibration. Calibration
experiments using Lakewood Sand demonstrated

that the method produced a linear response from
0.05 to 2.5 ug/g FC2A, and with a zero inter-
cept. Calculation of the mass balance indicated
that sorption by the soil is not significant in the
concentration range tested.

The calibration was repeated with the addition
of 5 ug/g of FA. The response factors were
compared by Student’s #-test and found to be
statistically similar (p <0.05) [32]. A test using 2
ng/g FC2A and 50 ng/g FA on Lakewood Sand
showed good resolution (R, = 1.88) between the
compounds (Fig. 4).

3.3. RMA Standard Soil

RMA Standard Soil was obtained during a site
visit to RMA. The soil is a reddish-brown,
sandy, well-mixed material with a very small
percentage of particles exceeding 2 mm (0.6%).
The soil had been previously air dried in storage.

A fractional matrix calibration was performed
using RMA Standard Soil spiked with 0.02-2.00
ng/g of FC2A with a cross calibration of 0-10
png/g of FA. The results were linear (r = 0.994),
had a zero intercept, and showed insignificant
differences between the samples spiked with
FC2A only, and those spiked with added FA
(Fig. 5).

Retention time of FC2A did vary from sample
to sample because of variances in the ionic
strength of the sample. Fluoride was used as a
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Fig. 4. Lakewood Sand soil spiked with FC2A and FA. 2 g
s0il/20 ml deionized water; 250-u! loop; 2 pg/g FC2A and
50 ng/g FA.
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reference peak. Retention time variance is much
less of a problem when using a loop injector.
The sample size is smaller, and sample move-
ment in the preconcentrator column is wholly
controlled by the elution strength of the sample.

RMA Standard Soil did sorb significant
amounts of FC2A, in contrast to the Lakewood
Sand soil. However, recovery was constant (60 +
4%, n = 12) across the range tested. A Langmuir
sorption isotherm was insignificantly different
from a linear sorption isotherm.

The amount of FA present was estimated by
the method of standard additions. The range of
this method, using the preconcentrator column,
is 0.1-2 ug/g of FC2A. The chromatographic
peaks representing FA had generally poor peak
shape due to column overloading, with a re-
sultant increase in the variability of the inte-
grated peak areas.

3.4. RM A field samples

Fifteen field samples suspected of containing
FC2A were collected by Woodward-Clyde Fed-
eral Services (Denver, CO, USA) from three
borings on RMA. The core samples were field-
packed in plexiglass cylinders and immediately
refrigerated. The samples were express shipped
to the University of Delaware in coolers packed
with “blue ice”. Upon receipt, the samples were
transferred to a refrigerator and maintained at
4°C. Samples were not removed from the origi-
nal sample containers until just prior to analysis.

Each sample was transferred to new plastic
bags and homogenized by hand. A subsample
(about 20 g) was removed, weighed, and placed
in a vacuum desiccator for drying. Another
subsample (2.00 g) was processed and chromato-
graphed according to the soils method described
above.

No fluoroacetic acid was detected in any of the
samples (Fig. 6). Formic acid was detected in
every sample. Estimated FA concentrations
ranged from 1-45 pg/g (Table 1). ‘The FA
concentration data was verified by replacing the
preconcentrator with a 250-ul loop, and repeat-
ing the analysis with a new calibration. All of the
three samples checked resulted in sightly lower
concentrations, with deviations of —7 to —23%.

The absence of FC2A in the RMA samples
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Fig. 6. (a) RMA Standard Soil spiked with 0.5 ug/g FC2A
and 10 pg/g FA. (b) RMA sample 3003S011.
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Table 1
RMA field sample results

Boring and sample ID Sample depth (m) Moisture (%) Est. FA (ng/g)
Boring 3003
30035011 0-0.3 8.90 6.4
30035031 0.61-0.91 18.51 9.1
30035051 1.22-1.52 30.63 44.6
30035101 2.74-3.05 29.97 11.9
30038151 4.27-4.57 30.41 10.3
Boring 2635
26358011 0-0.3 5.26 8.2
26358031 0.61-0.91 7.00 1.9
26355051 1.22-1.52 10.94 1.5
26358101 2.74-3.05 15.71 2.8
26358151 4.27-4.57 17.51 1.6
Boring 2636
26365011 0-0.3 5.89 1.7
26365031 0.61-0.91 11.78 1.2
26368051 1.22-1.52 11.68 3.8
263658101 2.74-3.05 11.74 1.5
26368151 4.27-4.57 2.72 1.3

was not surprising. Ample evidence exists for the
biodegradation of FC2A in soil matrices [33-39].
The degradation products have been shown to be
glycolate and fluoride [40-42]. Half-times for
FC2A degradation are on the order of days for
acclimated soils [38] or weeks for freshly exposed
soils [34]. The time since application of FC2A to
RMA soils is at least 20 years.

4. Conclusions .

The method presented here can quantitatively
analyze water and soil samples suspected of
containing FC2A in the presence of several

major interferences, including relatively high’

concentrations of formic acid. The method is
sensitive, quantitative, requires minimal sample
preparation, and is suitable for the routine
analysis of environmental samples in site inves-
tigations and fate studies. A confirmatory detec-
tor, such as a mass spectrometer, would improve
the method. The method is also suitable for
application studies and could be easily modified
to accept other sample matrices, such as food
and animal tissue.
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Abstract

A simple, selective and sensitive method was investigated for simultaneously determining anions (Cl~, NO;,
SO27) and cations (Na*, NH;, K, Mg>", Ca>") in acid rain and related environmental waters in central Japan.
The method involves simultaneous ion-exclusion—cation-exchange chromatography with conductimetric detection
on a polyacrylate weakly acidic cation-exchange resin column with a weak-acid eluent. With the weak-acid eluent
(tartaric acid) both anions and cations were separated simultaneously, based on ion-exclusion and cation-exchange
mechanism. Owing to the presence of H ions in the tartaric acid eluent, the detector response was positive for the
anions and negative for the cations. Using a 5 mM tartaric acid-7.5% methanol-water eluent, good simultaneous
separation and detection were achieved in about 30 min. The results indicated an ionic balance of about 100%

between the anions (including HCO;') and the cations (including HY).

1. Introduction

The acid rain caused by SO, and NO, in air is
a major environmental pollution problem, not
only in Europe and North America but also in
Japan. Frequent analyses of acid rain waters is
essential to establish the effect of acidification of
the aquatic environment caused by air pollution.
Therefore, it is very important to develop effec-
tive methods for automatically monitoring acid
rain and related environmental waters.

* Corresponding author.
* Former name: Government Industrial Research Institute,
Nagoya.

0021-9673/94/$07.00
SSDI 0021-9673(93)E1276-6

The major ionic components of acid rain are
H*,Na®, NH;, K", Mg’" and Ca®" as cationic
components and Cl , NO; and SO~ as anionic
components [1]. The ionic balance between these
nine ionic components is almost 100%, and their
simultaneous determination is therefore very
important.

There are several different ion chromato-
graphic (IC) strategies for the simultaneous
determination of anions and cations. The cations
can be converted into anions by using a complex-
ing agent such as EDTA and then all species are
separated and detected as anions [2]. In another
approach, a mixed-bed ion-exchange column
containing both cation and anion exchangers was

© 1994 Elsevier Science B.V. All rights reserved
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used for the simultaneous separation of mono-
and divalent anions and cations using a single
sample injection [3]. IC using anion- and cation-
exchange columns in series, followed by UV or
conductivity detection, has also been reported
[4,5].

The purpose of this study was to develop a
simple, selective, efficient and highly sensitive IC
method for the simultaneous determination of
anions and cations, and to apply simultaneous
ion-exclusion—cation-exchange chromatography
(CEC) with conductimetric detection to acid rain
and related environmental waters. A poly-
acrylate-based weakly acidic cation-exchange
resin column and a weak-acid eluent were used
for the simultaneous separation of anions by ion
exclusion and cations by cation exchange. Based
on selectivity, sensitivity, stability and utility, a
conductometric detector was chosen for the
simultaneous detection of both anions and
cations.

2. Experimental
2.1. Chromatographic system

The IC system used was a Tosoh CCPD non-
suppressor ion chromatograph with a non-metal-
lic eluent delivery pump operating at 1-1.2 mi/
min. A Tosoh CM-8000 conductimetric detector
was used. A Tosoh SC-8010 chromatographic
data system was used for instrument control and
for data collection and processing.

2.2. Eluents

Eluents consisting of water, strong acid—water,
weak acid—water and methanol-water were com-
pared for the simultaneous separation of both
anions and cations. All eluents were continuous-
ly degassed with a Tosoh SD-8022 on-line de-
gasser.

2.3. Columns
The ion-exclusion—~CEC separation of both

anions and cations was carried out on a Tosoh
TSKgel OA-PAK weakly acidic cation-exchange

resin column (H* form) with polyacrylate co-
polymer (particle size 5 wm) (300 mm X 7.8 mm
I.D.). The ion-exclusion chromatographic sepa-
ration of HCO, with ion-exchange enhancement
of conductivity detection [6] was carried out on a
Tosoh TSKgel-SCX strongly acidic cation-ex-
change resin columns (H" form and Na* form,
in series) with polystyrene—divinylbenzene co-
polymer (particle size 5 um) (each 100 mm X 7.8
mm [.D.).

2.4. pH measurement

The pH values of samples were measured with
a Toa Denpa IM-40S ion meter with a glass
electrode.

2.5. Chemicals

All chemicals were of analytical-reagent grade.
Deionized, distilled water was used for the
preparation of standard solutions and eluents.

Stock standard solutions of anions and cations
were prepared by dissolving appropriate
amounts of acids, alkalis and alkaline earth
metal salts in water.

2.6. Sample pretreatment

Samples were collected in or near the city of
Nagoya, which is located in central Japan. For
the forest soil extraction water samples, the
samples were subjected to IC analysis after
extraction by ultrasonication with acid rain water
for 15 min. The soil, which is a typical brown
forest soil in Japan, was collected in Kumamoto,
located in western Japan. All samples were
subjected to IC analysis after filtration with a
0.45-wm membrane filter.

3. Results and discussion
3.1. Selection of eluent

The cation-exchange resin column used is
commercially available under trade-name
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TSKgel OA-PAK. The column is packed with a
weakly acidic cation-exchange resin and is usual-
ly used for the ion-exclusion chromatographic
separation of weakly ionized organic acids by
using strong-acid (sulphuric acid) or weak-acid
(phosphoric acid) eluents. The effectiveness of
weak-acid eluents such as succinic and benzoic
acid with pK = 4 in the ion-exclusion chromatog-
raphy of various organic weak acids on a strongly
acidic cation-exchange resin has been reported
by Tanaka and Fritz [7].

On the other hand, it is well known that such
weakly acidic cation-exchange resins are capable
of separating rapidly and efficiently mono- and
divalent cations under isocratic conditions by
elution with a strong-acid eluent. Accordingly, it
was expected that such acidic eluents would be
applicable as the common eluent for the simulta-
neous separation of anions and cations by ion
exclusion and . cation exchange. In order to
accomplish the simultaneous separation of an-
ions by the ion-exclusion mechanism and cations
by the cation-exchange mechanism, several kinds
of eluents with different acidity were tested.

Fig. 1 shows the separation of strong acid
anions (Cl~, NO;, SO}7), weak-acid anions
(PO.”, HCOO~, CH,COO~, HCO;) and
mono- and divalent cations (Na*, NH,, K",
Mg”*, Ca’") by elution with water, a strong acid
and weak acids.

When water was used as the eluent, it was
possible to separate the weak acid anions alone,
except for PO}, from the strong acids by ion
exclusion, as shown in Fig. 1A. The separation
of the cations is impossible because all of them
are fixed on the resin. When a strong acid
(sulphuric acid) was used as the eluent, it was
possible to separate the cations alone by cation
exchange, as shown in Fig. 1B. The separation of
the anions is impossible because all of the anions
are incompletely ion excluded from the resin.
When weak acids (tartaric and citric acid and
EDTA) with pK, =2-3 were used as the eluent,
it was possible to separate simultaneously the
anions and cations by ion exclusion and cation
exchange, respectively, as shown in Fig. 1C-E.

As can be seen from Fig. 1C=E, although all
of anions except HCO; were detected conduc-
timetrically, the detector responses were much

lower with weak-acid anions such as HCOO ™~
and CH,COO"~ than with strong-acid anions
such as SOi_, Cl™, and NO; . HCO, , which is a
very weakly acidic anion, was not detected. This
means that the ionization of the weak-acid an-
ions is suppressed, depending on the acidity and
concentration of the acidic eluent.

The detector response was positive for the
anions and negative for the cations. The detector
response for the cations is negative because this
method is based on indirect conductimetric de-
tection.

Considering the resolution of both anions and
cations, separation time, detection sensitivity,
and eluent background conductivity, it was con-
cluded that the best choice for the eluent is
tartaric acid.

3.2. Effect of tartaric acid concentration

In order to optimize the simultaneous sepa-
ration and detection of cations and anions, the
effect of tartaric acid concentration in the eluent
on the retention volumes (V) of the anions and
cations was investigated.

In the ion-exclusion chromatographic separa-
tion of the anions, the V values of the anions
increased. with increasing concentration of tar-
taric acid in the eluent. The peak resolution also
increased, as shown in Fig. 2A. In the CEC
separation of the cations, the V; values of the
cations decreased drastically on increasing the
concentration of tartaric acid in the eluent. The
peak resolution was also increased, as shown in
Fig. 2B.

The eluent background conductivity increased
on increasing the tartaric acid concentration in
the eluent (694 1S cm ™' at 6 mM). Because an
increase in the eluent conductivity caused a
decrease in the sensitivity of conductivity detec-
tion, it was concluded that a much lower eluent
concentration of tartaric acid should be used to
obtain a reasonable peak resolution and sepa-
ration speed. From the above results, it was
concluded that the optimum concentration of
tartaric acid for the simultaneous ion-exclusion—
CEC separation of the cations and anions is ca.
3-5 mM.
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Fig. 1. Typical simultaneous ion-exclusion—CEC of anions and cations obtained by elution with (A) water, (B) strong acid and
(C-E) weak acids. Column, Tosoh TSKgel OA-PAK polyacrylate-based weakly acidic cation-exchange resin; column tempera-
ture, room temperature (26°C); detector sensitivity, 1000 mV =100 uS cm™'; eluent flow-rate, 1 ml/min; injection volume, 0.1
ml; sample, mixture of 0.1 mM HNO,, KCl, NH,NO,, (NH,),SO,, NaHCO,, CaCl,, MgCl,, KH,PO,, 1 mM HCOOH and 5
mM CH,COOH. Eluents (conductivity): (A) water (0 uS cm™); (B) 1 mM sulphuric acid (693 #S em™'); (C) 6 mM tartaric acid
(694 1S cm™); (D) 6 mM citric acid (636 uS cm™'); (E) 1 mM EDTA (409 uS cm™). Peaks: (A) 1=S0;; 2=CI"; NO;;
PO;}™; 3=HCOO ; 4= CH,COO; 5=HCOj; (B) 1=eluent dip; 2=S03", CI", NO;, PO;"; 3=HCOO™; 4=CH,COO7;
5=Na*; 6=NH;, K*; 7=Mg*"; §=Ca’>"; (C) 1=S0;"; 2=Cl"; 3=PO]"; 4=NOj;; 5=eluent dip; 6=HCOO™; 7=
CH,COO™; 8=Na*; 9=NH]; 10=K"*; 11=Mg’"; 12=Ca’>"; (D) 1=8S0."; 2=ClI"; 3=PO}; 4=NO;; 5=eluent dip;
6=HCOO™; 7=CH,CO0™; 8=Na"; 9=NH;, K*; 10=Mg*"; 11=Ca’"; (E) 1 =80}7; 2=Cl"; 3=PO;", NO;; 4 =eluent
dip; 5=HCOO™; 6=CH,CO0™; 7=Na"; §=NH;, K*; 9=Mg>"; 10=Ca’".



K. Tanaka et al. / J. Chromatogr. A 671 (1994) 239-248 243

1B

|

—
@]
T

Retention volume,

=N W

w
T

! 1 ! | ] l
0 2 4 6 8 10

Tartaric acid concn. , mM
B
1501
E
%5100—
g
§
i
g Or
5
A 10
9
B 7,8
oLt ] ! ! | !

0 2 4 6 8 10
Tartaric acid concn. , mM

Fig. 2. Effect of tartaric acid concentration in the eluent on
retention volumes (V) of (A) anions and (B) cations. Lines:
1=8027; 2=Cl"; 3=NOj; 4=HCOO~; 5=CH,C00";
6=Na";7=NH];8=K";9=Mg*"; 10=Ca*". Chromato-
graphic conditions as in Fig. 1.

3.3. Effect of methanol concentration

In order to accomplish a reasonable resolution
of both anions and cations, the effect of metha-
nol concentration in 4 mM tartaric acid eluent on

the V, values of the anions and cations was
investigated.

The V; values of the anions were almost
unchanged, except that of acetate ion, as shown
in Fig. 3A. Those of the cations increased
gradually for monovalent cations and decreased
gradually for divalent cations, as shown in Fig.
3B. From these results, the best concentration of
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Fig. 3. Effect of methanol concentration in 4 mM tartaric
acid eluent on retention volumes (V) of (A) anions and (B)
cations. Lines: 1=802"; 2=Cl"; 3=NO,; 4=HCOO";
5=CH,CO0™; 6=Na*; 7=NH;; 8=K"; 9=Mg®"; 10=
Ca’". Chromatographic conditions as in Fig. 1.
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methanol in the eluent was concluded to be ca.
7.5%.

Although the simultaneous separation of the
anions and cations was accomplished by ion-
exclusion-CEC with elution with 3 mM tartaric
acid—7.5% methanol-water (Fig. 4A), the sepa-
ration time was long. Therefore, the tartaric acid
concentration in the eluent was increased from 3
to 5 mM and the flow-rate was increased from
1.0 to 1.2 ml/min. Fig. 4B shows the ion-ex-
clusion~-CEC of the anions and cations with
elution with 5 mM tartaric acid—7.5% methanol-
water. A high-resolution chromatogram was ob-
tained under these elution conditions.

As the conductimetric detector response was
positive for anions and negative for cations, the
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Fig. 4. Simultaneous ion-exclusion-CEC separation of an-
ions and cations by elution with (A) 3 mM tartaric acid-7.5%
methanol-water at 1 ml/min and (B) 5 mM tartaric acid—
7.5% methanol-water at 1.2 ml/min. Eluent conductivity:
(A)=389 uS cm™'; (B) =536 uS cm '. Peaks: 1=S0.";
2=Cl"; 3=NO;; 4=ecluent dip; 5=Na’; 6=NH;; 7=
K*; 8=Mg>"; 9=Ca’". Other chromatographic conditions
as in Fig. 1.

polarity of the signal from the detector was
changed automatically from negative to positive,
in order to measure easily the CEC peak areas of
the cations, after the ion-exclusion chromato-
graphic separation of the anions.

3.4. Retention volumes of common anions and
cations

Table 1 gives the V; values of common anions
and cations obtained by elution with 3 mM
tartaric acid—7.5% methanol-water.

For the retention of monovalent weak-acid
anions such as NO,, F, HCOO  and
CH,COO", the V; values depended on their
pK, (NO, <F~ <HCOO™ <CH,COQO"). The
Vi of PO;,”, which is a weak-acid anion (pK, =
2.1), was smaller than that of NO; (strong-acid
anion), because the charge of PO.  is —2
(HPO:™) and that of NO; is —1 in the acidic
eluent.

For the retention of mono- and divalent
strong-acid anions such as SO3~, S,03” and C1~,
the V values depended on their charge (Cl™ <
SO’™ =8,037) rather than their pK, values
(complete dissociation).

For the retention of monovalent strong-acid
halide anions such as Cl™, Br™ and I, which are
tonized completely, the V; values appear to be

Table 1
Retention volumes of common anions and cations on elution
with 3 mM tartaric acid-7.5% methanol-water

Ton® Vi (ml) Ion Vi (ml)
SO (8) 6.77 Li* 20.76
$,027 (S) 6.80 Na™ 21.12
Cl™ (S) 7.43 NH; 22.07
PO.™ (W) 7.62 K" 22.43
Br™ (S) 7.75 Rb* 22.23
NOj (S) 7.98 Cs* 22.37
I (W) 9.12 Mg>* 44.40
NOj (W) 11.02 Ca’* 47.47
F~ (W) 11.26 sr** 48.20
HCOO™ (W) 12.67 Ba”* 67.80
CH,COO™ (W) 13.26

“ 8 = Strong-acid anion; W = weak-acid anion.
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dependent on their ionic radii rather than their
pK, values (complete dissociation). Although the
reason is not clear, another effect such as the
hydrophobic adsorption effect based on the
difference in their ionic radii might be predomi-
nant in this separation. The hydrophobic ad-
sorption effect is well known as a side-effect in
the separation of common inorganic anions by
ion-exchange chromatography with a polymeric
resin.

Therefore, in ion-exclusion chromatography
using a weakly acidic cation-exchange resin and a
weak-acid eluent, it was found that the V}, values
of the anions were strongly related to their pK,
values and the charge as the main effect in the
ion-exclusion chromatography and their hydro-
phobicity as a side-effect. As has been reported
by Tanaka er al. [8], the V; values of common
strong- and weak-acid anions on a strongly acidic
cation-exchange resin column by elution with
water are increased in proportion to the increase
in their pK, values and the hydrophobicities.

For the CEC separation of cations by the
cation-exchange mechanism, the V;; values of the
cations were strongly related to their cation-
exchange affinities (their ionic radii and charge).
The elution order of mono- and divalent cations
was almost identical with that in conventional
CEC.

3.5. Calibration

Calibration graphs were obtained by plotting
peak areas against the concentrations of anions
and cations. Linear calibration graphs were ob-
tained in at least the concentration ranges 0-0.8
mM for the anions and 0-0.4 mM for the
cations.

3.6. Detection limits

The detection limits of the anions and cations
at a signal-to-noise ratio of 3 are given in Table
2. Although the eluent background conductivity
is relatively high (536 uS cm™') because of the
use of tartaric acid as the eluent, these values
were reasonable for application to various acid
rains and related environmental waters.

Table 2
Detection limits of major anions and cations related to acid

rain water determined by elution with 3 mM tartaric acid-
7.5% methanol-water

Ion Detection limit”
uM ppb
oM 0.16 15
Ct- 0.10 3.6
NO; 0.14 9
Na* 0.20 4.6
NH; 0.30 5.4
K* 0.32 12.5
Mg** 0.28 6.8
Ca®" 0.28 11.2

* Signal-to-noise ratio = 3.

3.7. Reproducibility

The reproducibility of the ion-exclusion—~CEC
chromatographic peak areas of anions and cat-
ions with elution with 3 mM tartaric acid-7.5%
methanol-water was 0.02-0.2% (n=26). Re-
producible chromatograms were obtained during
repeated chromatographic runs.

3.8. Application of ion-exclusion-CEC to acid
rain waters

In order to evaluate the effect of acid rain on
the aquatic environment, it is essential to dem-
onstrate the effectiveness of the present method
when applied to various environmental waters
including acid rain waters and forest soil waters
of different pH.

First, the ion-exclusion—-CEC method was ap-
plied to the simultaneous determination of an-
ions and cations in several rain waters of differ-
ent pH. Fig. 5 shows the ion-exclusion—CEC of
anions and cations in a typical acid rain water at
pH 4.81 taken near Nagoya. A good simulta-
neous separation of the anions and the cations
was obtained and it was found that this acid rain
water sample contains SO, , NO;, Cl~, Na”,
NH;, K", Mg>" and Ca*".

Table 3 gives the results for the anions and the
cations, including H*, in the above rain water
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Fig. 5. Simultaneous ion-exclusion—-CEC of anions and cat-
ions in rain water of pH 4.81 taken near Nagoya. Peaks:
1=807}7; 2=Cl"; 3=NO;; 4=Na"; 5=NH]; 6=K";
7=Mg*"; 8 = Ca®". Chromatographic conditions as in Fig. 4.

samples. The pH values of these samples were in
the range 4.21--5.49. The results showed that this
method is very useful for the simultaneous de-
termination of the anions and cations in acid rain
water because the ion balance (anions/cations)
ranged from 0.98 to 1.07, except for the rain
water sample at pH 5.49, which had an ion
balance of 0.80. This might be due to the
presence of HCO; and the lack of detection of
HCO, by ion-exclusion-CEC. Therefore, the
ion-exclusion chromatography of HCO; with
conductimetric detection using a conductivity
enhancement column [6] was carried out to
determine the ion balance of environmental
waters of neutral pH.

Table 3

K. Tanaka et al. / J. Chromatogr. A 671 (1994) 239-248

3.9. Application of ion-exclusion—CEC and
ion-exclusion chromatography to environmental
waters related to acid rain

Figs. 6 and 7 show (A) a typical ion-exclusion—
CEC of anions and cations and (B) ion-exclusion
chromatogram of HCO; in forest soil water (pH
7.20) and in brown forest soil extraction water
(pH 4.95), sonicated with acid rain water (pH
4.72), respectively, taken in or near Nagoya.

Good ion-exclusion—-CEC separation of the
anions and the cations and ion-exclusion chro-
matographic separation of HCO,; were ‘accom-
plished for the forest soil water of neutral pH.
The results obtained showed that this environ-
mental water contains SO,~, NO;, Cl~, Na*,
NH;, K", Mg’* and Ca®*, in addition to
HCOj;, as shown in Fig. 6A and B.

On the other hand, ion-exclusion—CEC of the
brown forest soil extraction water showed the
presence of the cations and anions and ion-
exclusion chromatography showed the presence
of unidentified weak acids and no HCO;, as
shown in Fig. 7A and B. This unidentified peak
might be due to organic weak acids because the
sample was taken from the surface layer of the
forest brown soil containing humic substances
from biodegraded plants and bacteria. The peak
identification of this organic weak acid will be
the subject of future research.

Table 4 gives the results for anions including
HCO; and cations including H", together with
the ion balance (anions/cations), for various acid
rains and related environmental waters obtained

Determination of major anions and cations in rain waters by ion-exclusion—-CEC

Rain Concentration (mequiv. /1) Ion balance
water (anions/cations)
SO~ a NO; Na“* NH; K* Mg** Ca® H" (pH)

A 0.051 0.034 0.035 0.018 0.054 0.005 0.004 0.018 4.34 1.03

B 0.035 0.015 0.034 0.005 0.044 0.002 0.001 0.002 4.21 1.00

C 0.007 0.008 0.007 0.005 0.009 0.0005 0.0005 0.0005 4.87 0.98

D 0.016 0.006 0.010 0.001 0.024 0.001 ND* 0.001 4.80 1.07

E 0.006 0.016 0.003 0.016 0.005 0.001 0.003 0.003 5.49 0.80

“ Not detected.
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Fig. 6. (A) Simultaneous ion-exclusion—-CEC chromatogram
of anions and cations and (B) ion-exclusion chromatogram of
HCO; in forest soil water of pH 7.20. Chromatographic
conditions [6]: (B) eluent, water; columns, Tosoh TSKgel-
SCX strongly acidic cation-exchange resin in the H" form
and Na* form in series (each 100 mm x 7.8 mm 1.D.). Peaks:
(A) 1=S02"; 2=C1"; 3=NOj; 4=Na’; 5=K"; 6=

Mg®>*; 7=Ca’"; (B) 1=strong-acid anions; 2=HCO;.

’

Other chromatographic conditions as in Fig. 4.

by ion-exclusion—CEC and ion-exclusion chro-
matography. The results show that the ion bal-
ances for all the environmental water samples
except the forest soil extraction water samples
are reasonable. For the forest soil extraction
water, despite the absence of HCO;, the ion
balance was below 1.0 (0.65 and 0.85). This
might be due to the presence of other organic
weak acids in the forest soil.
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Fig. 7. (A) Simultaneous ion-exclusion-CEC chromatogram
of anions and cations and (B) ion-exclusion chromatogram of
HCO; and weak acids in brown forest soil extraction water
(pH 4.57) sonicated with rain water at pH 4.72. Peaks: (A)
1=80>"; 2=Cl"; 3=NOj; 4=Na"; 5=NH;; 6=K";
7=Mg*"; 8=Ca’"; (B) 1=strong-acid anions; 2=

unidentified weak acid, 3=HCO; . Chromatographic con-
ditions as in Fig. 4.

4. Conclusions

A method for the simultaneous determination
of anions and cations, based on the simultaneous
separation of the anions and cations by both
jon-exclusion and cation-exchange mechanisms,
with conductimetric detection has been de-
veloped. The separation and detection are selec-
tive for the anions and cations. The method was
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Table 4
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Determination of major anions and cations in acid rain and related environmental waters by ion-exclusion-CEC and ion-

exclusion chromatography

Sample Concentration (mequiv./1) Ton balance
(anions/cations)
HCO; SO0 d«I° NO, Na® NH; K" Mg®* Ca®* H* (pH)

Rain water (A) ND* 0.061 0.077 0.039 0.057 0.037 0.002 0.013 0.065 4.81 0.94

Rain water (B) ND 0.042 0.014 0.036 0.005 0.037 ND 0.002 0.012 4.45 1.01

Forest soil water (A) 0.490 0.120 0.057 0.038 0.170 ND 0.015 0.087 0.459 7.20 0.98

Forest soil water (B) 0.270 0.160 0.100 0.020 0.190 ND 0.027 0.170 0.210 6.97 0.92

Forest soil

extraction water (A)° ND 0.110 0.058 0.071 0.061 0.080 0.070 0.038 0.110 4.95 0.65

Forest soil

extraction water (B)° ND 0.080 0.045 0.053 0.030 0.046 0.019 0.022 0.062 4.57 0.86

Snow water ND 0.013 0.029 0.008 0.024 0.003 0.001 0.004 0.013 5.09 0.94

River water (A) 0.350 0.240 0.170 0.036 0.350 ND 0.026 0.072 0.390 7.03 0.95

River water (B) 0.960 0930 0.540 0.150 1.500 ND 0.130 0.150 0.680 7.19 1.05

Lake water (A) 0.170 0.290 0.190 0.019 0.180 ND 0.040 0.130 0.370 6.78 0.93

Lake water (B) 0.550 0.290 0.180 0.063 0.220 ND 0.065 0.10 0.660 6.97 1.04

“ND = Not detected.
* Sonicated with acid rain water at pH 4.72.

successfully applied to the simultaneous determi-
nation of anions and cations in several acid rains
and related environmental waters, which is very
important for evaluating the effect of acid rain
on the aquatic environment.
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Determination of carbonate, inorganic anions and anionic
metal complexes by single-column ion chromatography with
conductimetric and UV detection
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Abstract
The determination of carbonate ion and some transition metals in the form of their EDTA anionic complexes by

single-column ion chromatography (IC) is reported. Determinations were carried out on a column packed with a
silica-based sorbent with a tetraalkylammonium base, linked by long hydrocarbon radicals. The simultaneous
separation and determination of the anions F~, Cl", NO,, Br™, NO,, HPOi_ and SOZ‘ and anionic EDTA
complexes of AI>*, Cu®*, Zn**, Cd** and Pd*" were achieved. Sodium citrate solution (pH 3.9) was used as the
eluent for the determination of carbonate ion and potassium hydrogenphthalate solution (pH 6.5) for the

determination of anionic metal-EDTA complexes.

1. Introduction

We used ion chromatography (IC) to deter-
mine ionic components in natural, waste and
technological waters and some geological materi-
als. However, it is not possible to determine all
relevant ions using the traditional IC conditions
[1-4]. We have established conditions for the
determination of anions that make it possible to
determine both inorganic anions and carbonate
ion and also anionic complexes of some transi-
tion metals simultaneously. The determination
was performed by single-column IC with conduc-
timetric and UV detection. The ionic separation
was carried out using columns filled with silica-
based sorbents with a tetraalkylammonium base
linked to their matrix.

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00204-M

2. Experimental

Analyses were carried out with a Hewlett-
Packard Model 1084A liquid chromatograph
with a UV detector (fixed wavelength of 254 nm)
and a conductimetric detector. The separation
columns used were 50 X 3 mm L.D. and 100 X 3
mm 1.D. Dianion-1 and 150x4 mm L.D.
Dianion-2 (Elsiko, Russian Federation). Potas-
sium hydrogenphthalate and sodium citrate solu-
tions were used as eluents. The anionic metal-
EDTA complexes were obtained by adding
equivalent amounts of EDTA disodium salt to
metal salt solutions. The loop size was 175 ul.

3. Results and discussion

Carbonate ion was determined by single-col-
umn IC because it is a weak acid anion. Un-

© 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Chromatogram of inorganic anions. Column: 100 X 3
mm I.D. Dianion-1; eluent 1 mM potassium hydrogen-
phthalate (pH 6.6); flow-rate, 1 ml/min; detection, UV at
254 nm. Peaks: 1=HCO;;2=Cl";3=NO,;4=Br ;5=
NO;; 6=HPO.™; 7=S0O’".

fortunately, the determination cannot always be
carried out with acceptable sensitivity and selec-
tivity. Fig. 1 shows the chromatogram of an
inorganic anion mixture including carbonate ion.
This separation was performed with the Dianion-
1 column with potassium hydrogenphthalate as
eluent. It can be seen that the carbonate ion has
a short retention time. The carbonate peak can
interfere with the peaks of weakly retained
macrocomponents of the sample. Particular dif-
ficulties arise in the use of this method for the
determination of carbonate in brines.

In order to increase the separation selectivity
and determination sensitivity, we suggest the use
of sodium citrate solution as the eluent. Detec-
tion can then be carried out with a conduc-
timetric detector. The advantages of this eluent
are that citric acid is hardly adsorbed on the
hydrophobic sorbent surface and that the system
peak is eliminated. In addition, the retention of
carbonate under these conditions is much
stronger than that with the phthalate eluent.

We studied the influence of the eluent pH on
the carbonate signal and retention time. It was

found that the maximum separation selectivity
and sensitivity of determination for carbonate
were achieved at pH 4.6.

Figs. 2 and 3 show chromatograms for Moscow
drinking water and Lake Baikal water obtained
on the Dianion-2 column with sodium citrate
(pH 4.6) as eluent. A small amount of sodium
hydrogenphthalate was added to the eluent to
eliminate the non-linear sorption of nitrate ion.
These chromatograms demonstrate the good
results achieved. In spite of the low eluent pH,
carbonate ion is detected as a positive peak,
resulting from the high pressure used: the car-
bonic acid dissociates under high pressure in the
first step to a greater extent than without pres-
sure.

The retention time of carbonate is increased
by the use of the citrate eluent and by the
possible presence of non-ionic sorption of the
carbonic acid on the sorbent. After passing
through the column, the pressure of the chro-
matographic system falls and the degree of

15 %

r

0 3 6 g Min

Fig. 2. Determination of carbonate ion and other inorganic
anions in Moscow drinking water. Column, 150 X 4 mm L.D.
Dianion-2; eluent, 2 mM citric acid—0.1 mM phthalic acid
(pH 4.6); flow-rate, 1 ml/min; detection, conductimetric.
Peaks: 1=Cl" (4.8 mg/l); 2=NO; (2.5 mg/l); 3=HCO,
(10 mg/1); 4=S0O?" (6.0 mg/1). Sample dilution 1:4.
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Fig. 3. Determination of carbonate ion and other inorganic
anions in the Lake Baikal water. Conditions as in Fig. 2.
Peaks: 1=Cl1" (1.1 mg/1); 2=NOj; (0.4 mg/1); 3=HCO;
(18.5 mg/1); 4=S0;" (6.6 mg/l).

dissociation of the carbonic acid decreases. The
conductivity increases because of the ion-ex-
change equilibrium shift. There is a linear depen-
dence of this signal shift on carbonate concen-
tration in the sample, i.e., the calibration graph
is linear over a wide range of injected con-
centrations (0.05-100 ppm).

The limit of determination of carbonate is
0.005 mg/l. Doubly distilled and degased water
was used to obtain the calibration graph. Doubly
distilled water is not applicable without vacaum
treatment for the preparation of standard low-
carbonate solutions as it contains dissolved CO,.

The optimized chromatographic conditions
were successfully used in analyses of natural and
waste waters, brines and fluid inclusions for their
anionic constituents.

The choice of the Dianion-1 separation col-
umn for the separation of anions and anionic
transition metal complexes was determined by its
high separation selectivity of singly and doubly
charged inorganic anions (Fig. 1). The phthalate
eluent and UV detection are used. As Fig. 1

shows, the most frequently found anions, viz.,
Cl™, NO,, NO; and HPO.™, are sufficiently
separated by this column and are eluted faster
than the sulphate ion. The retention time of the
EDTA anion is much longer than that of sul-
phate and nearly twice as long as that of phos-
phate. Hence the EDTA anion does not hinder
the determination of other inorganic anions, L.e.,
SO?” and the earlier eluted HPO; , NO;, NO;
and Cl™.

The choice of the eluent pH value was de-
termined by the following factors: (1) the stabili-
ty of the silica-based sorbent (pH 2-8), (2) the
absence of a system peak in the chromatogram
(pH 6) and (3) stability of the anionic metal—
EDTA complexes. These conditions are fulfilled
in a very restricted pH range (6-8). The selec-
tivity of the separation of anions decreases and
the time of analysis increases with increase in pH
because of the stronger retention of the EDTA
anion. This is why an eluent of pH 6.6 was
chosen.

The charge of the above metal anionic com-
plexes is —1 or —2 in the pH range 6-8. The
ratio between singly and doubly charged anions
may change according to the pH value, i.e., the
effective charge of the complex anion can appear
fractional. Hence such anionic metal complexes
must be eluted between singly and doubly
charged anions. In addition, the retention times
of the complexes may be affected by other
factors that change the sorption properties of
these complexes. The presumed retention times
of the metal-EDTA anionic complexes were
confirmed experimentally. A small change in the
pH of the phthalate eluent noticeably influenced
the separation selectivity of some antonic com-
plexes and inorganic anions.

The optimum conditions providing the best
separation selectivity of both the metal complex-
es and inorganic anions studied are 1 mM potas-
sium phthalate as eluent at pH 6.35. Fig. 4 shows
the chromatogram of a mixture of the inorganic
anions and the anionic complexes of some transi-
tion metals obtained under these conditions. The
absorption characteristics of the metal complexes
in the UV range varies, which is why A", Cd*”
and Zn®" detection is performed indirectly [5].
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Fig. 4. Chromatogram of a mixture of inorganic anions and
some metal EDTA anionic complexes. Column: 100 X 3 mm
L.D. Dianion-1; eluent, 1 mM potassium hydrogenphthalate
(pH 6.35); flow-rate, 1.5 ml/min; detection, UV at 254 nm.
Peaks: 1=Cl"; 2=NO;; 3=Br ; 4=NO;; 5=HPO§';
6=Al""; 7=Cd*"; 8=Pb*"; 9=2Zn’"; 10=Cu**; 11=
SO:~.

Cu’" and Pb>* are detected directly as the
absorbance of their EDTA complexes at 254 nm

is greater than that of for phthalate ion. The
difference in the absorption characteristics of the
metal complexes can produce interferences in
detection in the determination of combined
metals.

The limit of determination of the metals pro-
vided by the described technique is 0.01-0.05
ppm. The calibration graphs are linear over a
wide range of concentrations (up to 0.05-100
ppm, n=35, r=0.999).

The described technique for the determination
of metals was applied to waste and technological
waters and proved highly sensitive for the de-
termination of ions in multi-component mix-
tures.
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Determination of trace anions in isopropanol
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Abstract

Ion chromatography along with matrix elimination reliably determines low ug/1 levels of anionic contaminants in
isopropanol. The use of ion-exchange columns that are solvent compatible makes elimination of the isopropanol
sample matrix possible and allows calibration standards to be prepared in deionized water. By concentrating a large
amount of sample, detection limits for chloride, sulfate, phosphate and nitrate between 0.2 and 1.0 ug/l are
achieved. The sample can be injected without sample pretreatment. The procedure is automated and yields a

complete analysis in less than 1 h.

1. Introduction

In the manufacture of semiconductor materi-
als, much attention is directed toward minimiz-
ing sources of contamination. Production yield
and product reliability can be significantly com-
promised by contamination [1]. Of particular
interest are those chemicals that contact the
microelectronic circuitry. One such chemical is
isopropanol (IPA), which is used to clean semi-
conductor surfaces [2,3].

Analysis of trace anions in IPA by wet chemi-
cal methods is laborious and time consuming.
Procedures involve evaporation of a large vol-
ume of sample for several hours on a hot plate.
Anions are determined by either colorimetric or
turbidimetric methods, and each anion must be
determined separately [4]. These techniques lack
the sensitivity to detect trace concentrations

* Corresponding author. Address for correspondence:
Dionex Corporation, S00 Mercury Drive, Sunnyvale, CA
94088-3603, USA.
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(mg/1) as required by the semiconductor indus-
try.

In the present study, ion chromatography (IC)
is employed as an alternative approach for this
analytical challenge. The Dionex IonPac ion-
exchange columns used in this study are packed
with highly cross-linked substrate resin. These
columns can withstand up to 100% concentra-
tions of organic solvents without damage to the
resin [5]. This paper reports the results of
evaluating IC as an analytical tool for detecting
trace anions in IPA using matrix elimination on
the IonPac AC10 ion-exchange column.

The determination of trace anions in IPA by
IC must meet the following requirements; (1)
the method must be sufficiently sensitive to
detect low g/l levels of chloride, sulfate, phos-
phate and nitrate; (2) direct injection of IPA
without sample pretreatment is required to mini-
mize sample contamination; (3) an automated
analysis is necessary to provide cost effective
sample turnaround time; and (4) a concentrator
column must pre-concentrate anionic impurities
while allowing uninhibited passage of IPA.

© 1994 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Chromatographic system

All chromatography is performed on a Dionex
(Sunnyvale, CA, USA) DX-300 ion chromato-
graph. The system consists of an advanced gra-
dient pump (AGP), a liquid chromatography
module (LCM-3) and a conductivity detector
(CDM-3). For sample loading a Rheodyne 9126-
038 valve is fitted with a 5-ml loop made from
0.037 in I.D. (0.94 mm) I.D. Tefzel tubing
supplied by Dionex. To deliver the sample to the
concentrator column an inert double stack four-
way slider valve (Dionex) is used. Two Dionex
Quic Pump (DQP) single-piston pumps are util-
ized, one for pumping the deionized water rinse
solution (rinse-DQP) and the other for drawing
sample from the sample container into the sam-
ple loop (sample-DQP). A pressurizable reser-
voir chamber (Dionex) large enough to accom-
modate the sample container is maintained at 8
p-s.i. (55 kPa) with helium.

All columns used in this study are manufac-
tured by Dionex. The separations are performed
on an IonPac AS10 analytical column (250 x 4
mm) and a IonPac AG10 guard column (50 X 4
mm). To concentrate the anions and eliminate
the sample matrix, an IonPac AC10 concentrator
column (50 X 4 mm) is used. The packing materi-
al for AC10, AG10 and AS10 is anion-exchange
macroporous resin with 2000-A pores. The resin
consists of polyethylvinylbenzene cross-linked
with 55% divinylbenzene. To this substrate, a
layer of latex particle beads are permanently
bonded. This latex layer consists of 65-nm par-
ticles fully functionalized with alkanol quater-
nary ammonium groups. Sodium hydroxide (100
mM) is used to elute the analyte anions from the
AC10, AG10 and AS10 columns. An anion self
regenerating suppressor (ASRS) from Dionex is
used [6]. To prevent contamination of the sam-
ple with anionic impurities in the rinse solution,
an anion trap column (ATC-1) is used. This
column contains a high-capacity anion-exchange
resin in the hydroxide form. The ATC-1 is
initially prepared for use by flushing (2 ml/min)
with 200 ml of 200 mM sodium hydroxide fol-
lowed by 100 ml of deionized water at the same

flow-rate. The ATC is periodically regenerated
using this procedure. Table 1 summarizes the
chromatographic conditions.

2.2. Chemicals

Reagent-grade chemicals are used for standard
and eluent preparation. Semiconductor-grade
IPA is from Olin Hunt Specialty Products (West
Patterson, NJ, USA). Sodium hydroxide, 50% -
(w/w) is from Fisher Scientific (Pittsburgh, PA,
USA). Deionized water with a specific resistance
of 17.8 MQ cm or greater from a Millipore
(Bedford, MA, USA) Milli-Q water purification
system is used to prepare all reagents and stan-
dards.

Anion standards (1000 mg/l) for chloride,
sulfate, phosphate and nitrate are prepared from
the sodium and potassium salts obtained from
Fisher Scientific. The salts are dried for 30 min at
105°C in an oven and then cooled in a desiccator
prior to weighing. Working standards are pre-
pared by further diluting the 1000-mg/l stan-
dards to the range expected for the anions of
interest. Dilute working standards are prepared
weekly. Polyethylene containers presoaked with
deionized water that has a specific resistance of
17.8 MQ cm or greater are used to store samples
and standards.

2.3. System operation

The trace anion analysis of IPA is accom-
plished in four steps: (1) filling the sample loop,
(2) loading the concentrator, (3) eliminating the
IPA matrix and (4) chromatographing the re-
tained ions. Fig. 1 illustrates how the system
performs these tasks. In step 1 (Fig. 1A), the
sample-DQP pump draws the sample from the
pressurized reservoir into the 5-ml sample loop
on the Rheodyne valve (valve 5). Use of the
pressurized reservoir chamber ensures that the
sample loop is consistently filled without bub-
bles. A 7-min loading time at 1.5 ml/min flushes
the loop with approximately two and one-half
times its volume with each sample, minimizing
carryover from previous samples. After the sam-
ple loop has been filled, deionized water from



E. Kaiser and M.J. Wojtusik | J. Chromatogr. A 671 (1994) 253-258 255

Table 1
Chromatographic conditions

TonPac AG10 (50 x 4 mm)
IonPac AS10 (250 X 4 mm)

Guard column
Analytical column

Concentrator column IonPac AC10 (50 X 4 mm)
Trap column ATC-1
Eluent 100 mM NaOH
Eluent flow-rate 1.0 ml/min
Rinsing reagent Deionized water
Rinsing flow-rate 1.7 ml/min
Sample volume 5.0ml
Sample fill rate 1.5 mi/min
Detection Suppressed conductivity, AutoSuppression, recycle mode
AGP Program
Time (min) Eluent (%) Valve 5 Valve 6 Remarks
0.0 100 0 1 Fill sample loop
7.0 100 1 0 Sample to AC10
17.0 100 0 1 Begin sampling”

“ Begin sampling refers to data collection.

the rinse-DQP transfers the sample from the
loop and to the AC10 concentrator column on
the four-way slider valve (valve 6). Anions are
retained on the concentrator column while the
IPA passes through unretained assisted by wash-
ing the AC10 with deionized water from the
rinse-DQP at 1.7 ml/min for 10 min (Fig. 1B).
Activating valve 6 switches the ACI10 in line with
the eluent stream and the analytical columns.
The anions are then eluted from the AC10 in the
reverse direction of the concentration step and
separated on the AS10 (Fig. 1C).

Special care is taken to minimize contamina-
tion. The deionized water used for preparing
rinse solution, eluent and standards is free of
measurable levels of ionic impurities, organics,
microorganisms and particulate matter (larger
than 0.2 um). Polyethylene containers are
soaked for at least 24 h with deionized water and
rinsed several times prior to use. Polyethylene is
used as a sample container because the use of
glass results in a low recovery of phosphate.
Disposable gloves (for cleanroom electronics
applications) are worn at all times when handling
apparatus that come into contact with standards
or samples.

3. Results and discussion
3.1. Method performance

To achieve the low detection limits required
by the Semiconductor Equipment and Materials
International (SEMI) guidelines, a 5-ml sample
volume is concentrated on a solvent-compatible
ACI10 concentrator column. Analyte anions are
retained as the IPA matrix is eliminated by
rinsing the column with deionized water. The
analyte anions are then eluted from the concen-
trator column and separated on the AS10. The
use of an isocratic method results in lower
baseline noise in comparison to gradient meth-
ods. With lower baseline noise, signal-to-noise
ratios are improved and sensitivity enhanced.

An advantage of this matrix elimination meth-
od is that standards can be prepared in deionized
water and external calibration is performed
rather than standard addition to each sample.
Calibration curves are prepared for the four
anions of interest based on standards prepared in
deionized water and 99% IPA. The coefficients
of determination (r°) are calculated for chloride
at concentrations of 1-300 wg/1, and for sulfate,
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Fig. 1. IC matrix elimination instrument configuration. (A) Loading the sample loop, (B) loading the concentrator column and
eliminating the matrix and (C) chromatographing the retained ions. V = Valve.

phosphate and nitrate at 5-500 pg/l1. Results for
both cases yield a linear response for the four
anions with r* values greater than 0.9999.
Method detection limit (MDL) values are
determined using the standard deviation for
seven replicate analyses of IPA samples spiked
with 10 pg/1 of chloride, sulfate, phosphate and
nitrate. A one-tailed Student’s ¢ test at the

99.5% confidence level for seven replicates is
used for the statistical calculation. By concen-
trating a large sample volume and eliminating
the TPA matrix, excellent retention time preci-
sion and low pg/l detection limits are achieved
(Table 2). The stated detection limits are lower
than the maximum limit of impurity specified by
SEMI for ultra-high-purity IPA [7].
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Table 2
Method performance of trace anions” in isopropanol

Anion Retention RSD. (n=7) (%) Method SEMI maximum
time (min) detection limit of
Retention Peak limit (pg/1)” impurity
time area (ng/l)
Chioride 8.8 0.2 0.4 0.2 50
Sulfate 11.4 0.6 2.0 0.7 50
Phosphate 16.9 0.9 3.6 1.0 50
Nitrate 29.1 0.5 2.7 1.0 50

 For IPA spiked with 10 ug/l of each anion and number of samples analyzed, n =7.
® Method detection limit = (S.D.) X () 55, Where (1) =3.71 for a single-sided Student’s ¢ test distribution at a 99.5%

confidence.
¢ SEMI Guidelines for Isopropanol, Tier B [4].

A representative chromatogram of trace an-
ions in semiconductor-grade IPA is shown in Fig.
2. Levels detected in this sample are well below
the maximum limit of impurity: chloride 0.7 ug/
1, sulfate 1.1 pg/l and nitrate 1.3 wpg/l. The
concentrations of these anions are calculated
based on the calibration curve prepared in deion-
ized water. An IPA sample spiked with 10 pg/l
of the four anions of interest is shown in Fig. 3.

A system blank is determined by using 17.8
MQ cm or greater deionized water as the sam-

ns

g

0 5 10 15 20 25 30 35

Minutes

Fig. 2. Analysis of semiconductor-grade isopropanol by IC
with matrix elimination. Sample: 100% isopropanol. Peaks:
1 = carbonate; 2 = chloride (0.7 ng/l); 3 = sulfate (1.1 ng/l);
S=nitrate (1.3 wg/l). Sample volume: 5 ml; analytical
column IonPac AS10 (250 x 4 mm); guard column lonPac
AG10 (50 x 4 mm); concentrator column AC10 (50 X 4 mm);
detection: suppressed conductivity, ASRS in recycle mode;
eluent: 100 mM sodium hydroxide, isocratic; eluent flow-
rate: 1.0 ml/min; rinsing reagent: deionized water; rinsing
flow-rate: 1.7 ml/min.

ple. This blank consists of 22 ml of deionized
water; 17 ml from the rinsing step and 5 ml from
the sample loop The blank establishes baseline
anion concentrations from such sources as the
polyethylene sample container, the deionized
water and the chromatograph. Any ionic con-
tamination present in the deionized rinse water is
magnified in proportion to the volume needed
for the rinsing step. The importance of high-
quality deionized water cannot be over-empha-
sized.

A chromatogram of a representative system
blank is shown in Fig. 4. Sulfate is the only
species of interest that is detected at 1.0 ug/l.

3 i

pS 3

0

T T T T T T i
0 5 10 15 20 25 30 35
Minutes

Fig. 3. Analysis of spiked isopropanol by IC with matrix
elimination. Sample: 99% isopropanol and 1% aqueous
standard; Peaks: 1 = carbonate; 2 = chloride; 3 = sulfate; 4 =
phosphate; 5= nitrate. IPA spiked with 10 ng/l of each of
the analytes of interest. Chromatographic conditions as in
Fig. 2.
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Table 3
Spike/recovery of trace anions in 99% isopropanol

Anion IPA blank Spike in IPA Found — blank Recovery
(ng/t+x8S.D.,n=4) (png/h (ng/1=8S.D.,n=7) (%)
Chloride 0.7+0.1 25 21.9+0.2 88
Sulfate Tr<0.7 25 25.5+32 102
Phosphate ND < 1.0 25 251x1.8 100
Nitrate 1.3x0.2 25 26.3+0.7 105

Tr = Trace; ND = not detected.

This is based on a one point calibration with a 5
pg/l sulfate standard which is corrected for the
amount detected in the blank. The sample loop
contributes 0.2 pg/l sulfate and the rinsing step
contributes 0.7 ug/l sulfate to the total system
blank. These values are meant to be approxi-
mations, since they are both below the detection
limit. The contribution from the rinsing blank is
common to all analyses. The peaks eluting be-
fore 5 min are fluoride and organic acids.

3.2. Method validation

Recovery of the four anions of interest is
determined using a sample of IPA that was
spiked with 25 pg/l of each anion. All con-
centrations are calculated using the aqueous
calibration curve described earlier. After correc-
tion for the rinsing blank and the IPA blank,
recovery values range from 88 to 105% for seven
replicates are obtained. These results are sum-

us

* [
T T T T f T 1

0 5 10 15 20 25 30 35

Minutes

Fig. 4. System blank for IC with matrix elimination. Peaks:
1 = carbonate; 3=sulfate (1.0 pg/l=0.7 pg/l for rinse
step+0.2 g/l for loop volume). Chromatographic condi-
tions as in Fig. 2.

marized in Table 3. To meet the SEMI guide-
lines for method validation, a recovery of 75—
125% must be demonstrated at 50% of the
specified maximum limit of impurity [7].

4. Conclusions

Combined use of the IonPac AC10 concen-
trator column and matrix elimination provide an
improved analysis of high-purity IPA for trace
anionic contaminants. The success of this meth-
od is ensured by using high-purity deionized
water for preparation of the rinse solution and
standards. Chloride, sulfate, phosphate and ni-
trate are determined at low ug/l levels with
excellent recovery. This technique can be useful
as a quality control test in many high-purity
applications.
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Abstract

An ion chromatographic method was developed for the fully automated routine clinical determination of urinary
free catecholamines noradrenaline, adrenaline and dopamine with an internal standard (3,4-dihydroxy-
benzylamine). Simultaneous clean-up and separation of the analytes are achieved by an on-line purification step
and a column-switching technique. The whole procedure requires 45 min. Both the prepurification microcolumn
and the analytical column contain cation exchangers. Electrochemical detection was optimized with two working
electrodes set at +500 mV for the cleaning step, and +700 mV for detection. Analytical recoveries for all three
catecholamines were 90-95% and the detection limits (signal-to-noise ratio =3) were 5.0, 10.0 and 10.0 pg for

noradrenaline, adrenaline and dopamine, respectively.

1. Introduction

Catecholamines play an important role as
neurotransmitters, having a marked influence on
the vascular system and metabolic processes;
disorders such as hypertension, neural crest
tumours and Parkinsonism are indicated by ex-
cesses of these compounds [1]. Simple and selec-
tive methods are required for the routine de-
termination of catecholamines in biological sam-
ples. Their determination is usually based on
chromatographic separations using reversed-
phase [2-5], cation-exchange [6] and supercriti-
cal fluid chromatography [7] coupled with elec-
trochemical or fluorimetric detection. In most
instances a preconcentration step is required
owing to the lack of sensitivity and in order to
purify samples before the analysis. Extraction

* Corresponding author.

0021-9673/94/$07.00
SSD1I 0021-9673(93)E0035-S

procedures, either solid-liquid (namely alumina
microcolumn [8], metal-loaded silica [4,9,10],
immobilized boronates [11] or shielded hydro-
phobic phase columns [12]) or liquid-liquid
(namely catecholamine—borate complexes [4,13])
have been developed in addition to a fully
automated HPLC procedure [14], and the re-
coveries of analytes ranged between 63% and
100%. In cation-exchange chromatography [6]
3,4-dihydroxybenzylamine could not be used as
an internal standard because it was co-cluted
with adrenaline and more recently this method
has been combined with a purification step based
on an ion-exclusion procedure [15]. A highly
sensitive determination of biogenic amines has
been obtained by coulometric detection with
multiple electrodes [16].

The aim of this work was to develop a routine
method for the determination of catecholamines
in urine samples based on cation-exchange sepa-

© 1994 Elsevier Science B.V. All rights reserved
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ration with an on-line purification step and
electrochemical detection.

2. Experimental
2.1. Apparatus and materials

The HPLC instrumentation was composed by
a Gilson (Villiers-le-Bel, France) Model 305 and
Model 307 double-pump system, a Model 401
diluter, a Model 232 autosampler equipped with
a Rheodyne (Cotati, CA, USA) Model 7010
liquid chromatographic injector (100-w1 sample
loop) and a Model 7000 six-port switching valve.
A Model Coulochem II electrochemical detector
(ESA, Bedford, MA, USA) equipped with a
Model 5011 dual coulometric-amperometric de-
tector cell and a Hewlett-Packard (Palo Alto,
CA, USA) Model 3393A reporter—integrator
were used. '

Tonpac CG-5 (13 pwm) and Ionpac CG-10 (8.5
pm) polymeric cation-exchange microcolumns
(Dionex, Sunnyvale, CA, USA) (50 x4 mm
L.D.) were used for sample prepurification and as
a guard column, respectively. The analytical
column was a Dionex Ionpac CS-10 (8.5 um)
(250 x4 mm I.D.). Standard solutions were
introduced into a 100-ul injection loop or loaded
on to the Ionpac CG-5 for the prepurification
procedure. After optimization (see below), the
washing solution, for on-line sample purification,
was water—methanol (90:10, v/v) containing 1.5
mM sodium formate at a flow-rate of 1.0 ml/
min. The mobile phase was water—methanol
(88:12, v/v) containing 120 mM sodium hydrox-
ide and 260 mM formic acid and isocratic elu-
tions were performed at a flow-rate of 0.9 ml/
min. Prior to use, the eluent was filtered through
a 0.2-um membrane filter. Fig. 1 shows the
on-line system and steps for the sample prepurifi-
cation and chromatographic separation.

High-purity water obtained with a Milli-Q
system (Millipore, Bedford, MA, USA) was
used for preparing all solutions. Sodium hydrox-
ide, formic acid, phosphoric acid and hydrochlo-
ric acid were purchased from Carlo Erba (Milan,
Italy) and methanol from Riedel-de Haén

Fig. 1. Scheme and steps for sample purification and chro-
matographic elution. D = diluter—injector; L = loop (100 u1);
P, and P,=pumps; V, and V, = six-port switching valves;
P. = column for sample purification (CG-5); A_ = analytical
precolumn  and column (CG-10, CS-10); ED=
electrochemical detector; R =recorder. (a) V, and V, are
switched, the sample is loaded into the loop (30 s), the
purification column (CG-5) is washed and equilibrated,
separation is run (20 min); (b) V, is switched, sample is
transferred and purified into CG-5 (20 min), the analytical
column is reconditioned; (c) V, is switched for 3 min and the
sample is eluted into the analytical column.

(Schering, Selze, Germany). All reagents were
of HPLC grade.

Adrenaline (A), dopamine (DA), norad-
renaline (NA) and 3,4-dihydroxybenzylamine
(DHBA) were purchased from Sigma (St. Louis,
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MO, USA). Stock standard solutions of A, DA
and NA were prepared by dissolving 500 mg/1 of
each compound in 0.05 M H,PO, and stored at
—20°C. Working standard solutions (50 ng/ml A,
200 ng/ml DA and 50 ng/ml NA) were prepared
daily by dilution with 0.05 M H;PO, and finally
diluted 1:1 (v/v) with 0.05 M H,PO, solution
containing 0.9 mM DHBA as an internal stan-
dard.

2.2. Urine samples

Urine samples (24 h collection) with 6 M HCI
added (10 ml/1) were frozen at —20°C. Aliquots
of urine were filtered through a Millex-GS 0.22-
pum filter (Millipore, Saint-Quentin Yvelines,
France), diluted 1:1 (v/v) with 0.9 mM DHBA
and processed. Samples kept at 4°C or frozen at
—20°C could be processed after 1 week and 6
months, respectively, without loss of analytes.

3. Results and discussion
3.1. Detection

A dual coulometric-amperometric detector
cell (ESA Model 5011) was used for the detec-
tion of catecholamines. Different potentials were
checked in order to optimize the sensitivity by
total oxidation of the interfering compounds
(first electrode) and to detect catecholamines
(second electrode). Hydrodynamic voltammo-
grams for the catecholamines (Fig. 2) show that
their oxidation begins at 400 mV and a good
sensitivity is reached at 700 mV. At lower values
of the potential (200 mV) at the first electrode,
with a constant value of 700 mV for the second
electrode, all the interferents were not oxidized.
The peak of DA was tailed and it became free
from interferences at 400 mV or higher values.
Low baseline noise and removal of interferents
were obtained by working at potentials of 500
and 700 mV for the first and the second elec-
trodes, respectively. Higher potentials at the
second electrode showed an enhanced sensitivi-
ty, which is not required for this kind of sample.
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Fig. 2. Hydrodynamic voltammograms, applied voltage vs.
detector response (as a percentage of maximum signal
obtained). O = Noradrenaline; O = adrenaline; o=
dopamine; A = 3,4-dihydroxybenzylamine.

3.2. Chromatographic conditions

In order to develop the separation procedure,
the pH, ionic strength and organic modifier
content in the eluent were optimized in the
following way: 100 ul of standard solutions were
injected and run without the prepurification
column using water—methanol (90:10, v/v). The
eluent was 260 mM formic acid with NaOH
concentrations ranging from 72 to 144 mM and
pH values between 3.03 and 3.55. The pH values
of the aqueous solution were chosen according to
the pK, of the catecholamines (9.7, 10.3 and 9.9
for NA, A and DA, respectively [17]) so as to
have the analytes in cationic form. In addition,
low pH values prevented the oxidation of cat-
echolamines that occurs in basic medium. Fig. 3

NA NA
a b NA c d
DA
NA DA
DA A
A
A DA

0 % 20 30 40min0 10 20 30mnO 5 10 15 20mn 0 5 10 15 20min

Fig. 3. Effect of sodium hydroxide concentration on re-
tention times of noradrenaline (NA), adrenaline (A) and
dopamine (DA). Chromatographic conditions: mobile phase,
water—methanol (90:10, v/v) containing 260 mM formic acid
and (a) 72 mM NaOH (pH 3.03), (b) 96 mM NaOH (pH
3.21), (c) 120 mM NaOH (pH 3.39) and (d) 144 mM NaOH
(pH 3.55); flow-rate, 1.0 ml/min; injection volume, 100 wl.
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shows that the retention times of the analytes
decrease with increasing NaOH concentration,
i.e., Na* competes for cation sites, according to
the ion-exchange mechanism. Experiments were
also performed to evaluate the behaviour of the
chromatogram as a function methanol concen-
tration. Fig. 4 shows the chromatograms ob-
tained for water—methanol mixtures containing
0, 10 and 20% methanol. The results indicate
that the separation cannot be considered as a
pure ion-exchange mechanism and a partition
effect is also active. The best compromise be-
tween good resolution and acceptable retention
~ times was obtained with water—methanol (90:10,
v/v). For the analysis of urine samples a- pre-
column (CG-10) of the same kind as the
separator was added to the system. This configu-
ration caused an increase in the retention times
of the analytes, and additional experiments
showed that water—methanol (88:12, v/v) was
the optimum composition of the eluent (Fig. 5).

3.3. Purification procedure

Owing to the complex matrix of urine, a clean-
up step is required before the analysis. The loop
was connected with a CG-5 cation-exchange
microcolumn (see Section 2.1), which is charac-
terized by a low hydrophobicity and the presence
of some residual anion sites. This kind of column
was selected in order to avoid strong retention of

NA

NA

L ;

0 10 2 30 4mn 0 5 10 45 20 25min 0 5 10 fomin

Fig. 4. Effect of methanol concentration on noradrenaline
(NA), adrenaline (A) and dopamine (DA) retention times.
Chromatographic conditions: mobile phase, water—methanol:
(a) (100:0, v/v), (b) (90:10, v/v), (c) (80:20, v/v) containing
96 mM NaOH and 260 mM HCOOH (pH 3.21). Injection
volume, 100 pl.
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Fig. 5. Chromatograms obtained from: (a) standard (NA 50
ng/ml, A 25 ng/ml and DA 50 ng/ml); (b) urine sample (NA
34 ng/ml, A 21 ng/ml and DA 132 ng/ml). Chromatographic
conditions: mobile phase, water-methanol (88:12, v/v) con-
taining 120 mM NaOH and 260 mM HCOOH (pH 3.39);
flow-rate 0.9 ml/min. Injection volume, 100 nl.

amines and oxidizable impurities present in urine
that interfere in the determination of catechol-
amines. The following sequence was used: 100 w1
(standard solution or sample with DHBA added
as mentioned above) were loaded on to the loop,
which was connected with the CG-5 column,
where the sample was washed with water—
methanol (90:10) containing 1.5 mM sodium
formate at a flow-rate of 1 ml/min (actual pH
6.30). A detailed study was made to optimize the
washing time in order to maximize the removal
of interferences without decreasing the recovery
of catecholamines. A washing time of 18 min was
sufficient to remove the matrix and good repro-
ducibility for the recovery of catecholamines
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resulted up to 23 min. A washing time of 20 min
was selected.

3.4. Recovery

The recovery was determined by comparing
the peak areas obtained by direct injection of the
standard solutions with those obtained by follow-
ing the column-switching purification procedure
with the same amount of catecholamines (n =
10). Volumes of 100 w1 (50, 25, 100 and 100
ng/ml for NA, A, DA and DHBA, respectively)
were injected and purified as indicated above.
The recoveries found were NA 96%, A 90%,
DA 94% and DHBA 95% with R.S.D.s of 2.6,
3.8, 2.9 and 2.0%, respectively. Urine samples
analysed as such or spiked gave the same re-
coveries. During the optimization and validation
of the method, 1000 samples were processed
without a decrease in the column efficiency.

3.5. Linearity, detection limits and precision

Under the optimized chromatographic condi-
tions, linear relationships between catecholamine
(CAT) concentration and peak-area ratio (CAT/
DHBA) (concentrations 0.20-1600 ng/ml NA,
0.20-800 ng/ml A and 0.78-3200 ng/ml DA)
gave correlation coefficients of 0.9999, 0.9999
and 0.9998 for NA, A and DA, respectively. The
detection limits were 5.0 pg (NA), 10.0 pg (A)

Table 1

Table 2
Reproducibility for the whole procedure in the analysis of
pooled urine (n = 10)

Catecholamines Concentration S.D. R.S.D.

(ng/ml) (ng/ml) (%)
Noradrenaline 23.65 0.45 1.89
Adrenaline 12.67 0.29 2.30
Dopamine 345.54 9.57 2.77

and 10.0 pg (DA) at a signal-to-noise ratio of 3
(Table 1).

The reproducibility was evaluated by perform-
ing ten replicate analyses of an urine sample.
Table 2 summarizes the results obtained.

3.6. Time optimization

The whole procedure of purification, sepa-
ration and determination was improved by
evaluating also the time required to transfer all
the sample from clean-up column to the ana-
lytical column and the time to wash the prepurifi-
cation column. Experiments with standard solu-
tions and samples showed that after 3 min
catecholamines are totally removed from the
prepurification column and 20 min are required
to wash it with the same solution as used to
purify samples. Taking into account the time
required for sample clean-up (20 min), by cou-
pling the autosampler for sample injection, anal-
ysis and prepurification simultaneously per-
formed required about 45 min.

Linear response range and detection limit for catecholamines (n = 14)

Catecholamine Linear range Correlation Regression equation” Detection limit
(ng/ml) coefficient (pg)
Noradrenaline 0.20-1600 0.9999 y =0.0019 + 0.0544x 5.0
Adrenaline 0.20-800 0.9999 y=0.0178 + 0.0328x 10.0
Dopamine 0.78-3200 0.9998 y=0.3797 + 0.0288x 10.0

* y = Peak area ratio (CAT/DHBA); x = catecholamine concentration (ng/ml).
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4. Conclusions

The ion chromatographic procedure developed
for the simultaneous purification and determi-
nation of noradrenaline, adrenaline and
dopamine gave the possibility of routine applica-
tion to the analysis of urine samples with high
sensitivity, good precision and a short time of
analysis.
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solutions
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Abstract

Inadequate monitoring of sulfuric and chromic acids in chromium plating solutions and phosphoric and sulfuric
acids in electropolishing solutions is a serious problem for the industry resulting in poor quality products and
wasted resources. This is especially true for the narrow tolerances required to chromium plate cannon systems.
Current online and offline instrumental analysis methods either do not result in acceptable precision or are time
consuming. Two similar methods, which are improvements on existing ion chromatographic methods, are presented
here that provides acceptable analysis and monitoring of these acids in this chromium plating process coupled with
an extensive statistical evaluation of the experimental data. For chromium plating solutions, the resultant means
and precisions are 2.50 = 0.11 g/l sulfuric acid and 250 = 5 g/1 chromic acid. For electropolishing solutions, these
values are 685 = 4 g/l phosphoric acid and 845 =5 g/l sulfuric acid.

1. Introduction

Inadequate monitoring of sulfuric and chromic
acids in chromium plating solutions and phos-
phoric and sulfuric acids in electropolishing solu-
tions is a serious problem for the industry re-
sulting in poor quality products and wasted
resources. This is especially true for the narrow
tolerances required to chromium plate cannon
systems. For chromium plating solutions, the
optimum operating ranges are 2.40-3.10 g/l
sulfuric acid and 230-270 g/1 chromic acid. For
electropolishing solutions, the optimum operat-
ing ranges are 640-730 g/l phosphoric acid and
795-895 g/l sulfuric acid. Current online and
offline instrumental analysis methods, either do
not result in acceptable precision or are time
consuming [1-5]. Two similar methods, which
are improvements on existing ion chromato-

0021-9673/94/$07.00
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graphic methods, are presented here that pro-
vides acceptable analysis and monitoring of these
acids in this chromium plating process coupled
with an extensive statistical evaluation of the
experimental data.

2. Experimental

The following gives the details of the ex-
perimental procedures, materials, and apparatus
used. Strict analytical chemistry methods and
procedures are followed throughout this ex-
perimental section [6].

A Model 2020i Dionex ion chromatograph
(Dionex Corporation, Sunnyvale, CA, USA)
was used which includes an autosampler, com-
puter/controller, computer/integrator, and sup-
pressed conductivity detector [7].

© 1994 Elsevier Science B.V. All rights reserved
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The initial conditions for the autosampler
module are: local/remote is local, run/hold is
hold then run, status is search, size is 5 ml, type
is sample, inj is 1, tray is in/empty, type is loop,
mode is prop, bleed is on, and inj/vial is 1.

The initial conditions for the analytical pump
module are: local/remote is remote, start/stop is
stop, flow is 2.3 ml/min, pressure limit select low
alarm is 100 p.s.i. (1 p.s.i. = 6894.76 Pa), pres-
sure limit select high alarm is 1000 p.s.i., and
argon valve pressure is 100 p.s.i..

The initial conditions for the conductivity
detector module are: local/remote is remote, cell
is on, auto offset is off, temp. comp. is 0, and
output range is 30 uS.

The initial conditions for the advanced chro-
matography module are: load/inject is inject,
valve A is off, valve B is off, local/remote is
remote, separator column is HPIC-AG4
(Dionex), suppressor column is AMMS
(Dionex), argon valve pressure is 100 p.s.i.,
regenerate flow is 5 ml/min, argon regenerate
pressure is 6 p.s.i., and the injection loop is 10
wl.

Fill the system reservoirs with the appropriate
method eluent and regenerate. The analytical
pump used for the eluent must be completely
purged of air every time the eluent reservoir is
filled. A properly functioning analytical pump is
necessary for acceptable precision.

The conductivity detector should be period-
ically calibrated to 147 uS using 0.00100 M
potassium chloride.

The initial programming conditions for the
system computer/controller module’s equilibra-
tion program are: time is 0.0 min, load/inj is
inject, valve B is on, offset is off, relays are off,
and endrun is off. Conditions are the same at
time is 30.0 min except endrun is on.

The initial programming conditions for the
system computer/controller module’s analysis
program are: time is 0.0 min, load/inj is load,
valve B is on, offset is off, relays are off, and
endrun is off. Conditions are the same at time is
0.1 min except relays is £2. Conditions are the
same at time is 0.2 min except relays are off.
Conditions are the same at time is 2.2 min except
offset is on. Conditions are the same at time is

2.3 min except load/inj is inject and relays is £1.
Conditions are the same at time is 10.0 min
except relays are off and endrun is on. Eluent
flow rate is 2.3 ml/min., eluent port £3 is used,
temp. select is zero, valve A is continually off,
temp. comp. is 1.7, cond. setting full scale is 30
1S, and AC outlets are all continually off.

The initial programming conditions for the
system computer/controller module’s halt pro-
gram are: time is 0.0 min, load/inj is inject,
valve B is off, offset is off, relays are off, and
endrun is on. Eluent flow rate is 0.0 ml/min., no
eluent port is selected, temp. select is zero, valve
A is continually off, temp. comp. is zero, cond.
setting full scale is 30 S, and AC outlets are all
off.

The initial scheduling conditions for the sys-
tem computer/controller module’s equilibration,
analysis, and halt programs are one, eighteen,
and one iterations, respectively.

The initial programming conditions for the
system computer/integrator are: AT =1024,
PH=1, PT = 5000, and MN =0.

The next three paragraphs outline the special
conditions for the determination of chromic or
sulfuric acid in chromium plating solutions.

Two analytical reagent grade standard solu-
tions are required. The first is a 2.95+0.01 g/]
sulfuric acid solution that meets American
Chemical Society (ACS) and American Society
For Testing Materials (ASTM) Standards [8,9].
The second is a 250 = 1 g/l chromic acid solution
that meets ACS and Federal Standards [10,11].
E. M. Science reagent grade chromium trioxide
is the only material found in our experience that
meets ACS standards allowing a maximum of
0.005% sulfate. Two other reagent grade solu-
tions are also required: a 0.00360 M (0.38 = 0.02
g/l) sodium carbonate eluent solution and a
0.0141 M (1.38 =0.04 g/1) sulfuric acid regener-
ate solution.

Preparation of a chromium plating solution
standard for ion chromatographic analysis re-
quires that one ml of each of the analytical
reagent grade standard solutions (sulfuric and
chromic acids) prepared above are diluted to the
mark with deionized water in a 250 ml volu-
metric flask. Split sample solutions are prepared
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the same. This 1:250 dilution coupled with the
use of a 10 ul injection loop results in mean
injection concentrations of 10 ppm sulfuric acid
and 1000 mg/1 chromic acid.

Only chromium plating solution sample 8 is
run and is split into solutions 8-1 and 8-2. The
chromium plating solution standard S and split
samples 8-1 and 8-2 are placed in the auto-
sampler in eighteen sealed 5 ml vials as follows:
four S’s, three S/8-1 pairs, three S/8-2 pairs, an
S, and a deionized water.

The next three paragraphs outline the special
conditions for the determination of sulfuric or
phosphoric acid in electropolishing solutions.

One analytical reagent grade standard solution
is required. It contains 685+ 1 g/l phosphoric
acid and 845 =1 g/1 sulfuric acid. This standard
solution is prepared and standardized using a
previous method by this author [12]. Two other
reagent grade solutions are required: a 0.00095
M (0.100 = 0.005 g/1) sodium carbonate eluent
solution and a 0.0141 M (1.38 = 0.04 g/1) sulfuric
acid regenerate solution.

Preparation of a electropolishing solution stan-
dard for ion chromatographic analysis requires
that 0.400 ml of the analytical reagent grade
standard solution (phosphoric and sulfuric acid
mixture) prepared above is diluted to the mark
with deionized water in a 2000 ml volumetric
flask. Split sample solutions are prepared the
same. This 1:5000 dilution coupled with the use
of a 10 ul injection loop results in mean injection

Table 1

concentrations of 137 ppm phosphoric acid and
169 ppm sulfuric acid.

Only electropolishing solution sample 8P is
run and is split into solutions 8P-1 and 8P-2. The
electropolishing solution standard S and samples
8P-1 and 8P-2 are placed in the autosampler in
eighteen sealed 5 ml vials as follows: four S’s,
three S/8P-1 pairs, three S/8P-2 pairs, an S, and
a deionized water.

A chromatogram is generated for each
chromium plating and electropolishing standard
and sample solution, peak heights are deter-
mined, standard concentrations are known, sam-
ple concentrations and precisions are calculated
using an extensive statistical method for reliabili-
ty determinations.

3. Results and discussion

A statistical analysis is necessary to determine
the reliability of the experimental ion chromato-
graphic sample data in order to adequately
monitor a given acid in the chromium plating
process. The statistical evaluation has two parts.

In the first part of the statistical evaluation,
samples are split, each split solution is analyzed
in triplicate, and data from these split solutions
are statistically compared.

Tables 1- 4 give the experimental peak height
data for the acid standard and split sample
solutions. For these Tables, raw peak height data

Ion chromatographic peak height data for sulfuric acid in chromium plating solutions

Std S Samp 8-1 Std S Samp 8-2
H,SO, H,SO, H,SO, H,SO,
Repl 170 185 163 899 173 776 163 668
Rep 2 176 065 165 987 169 989 163 303
Rep3 173 267 159 973 170 932 161 416
D. G 173 172 163 286 171 566 162 796
S, 2941 3053 1971 1209
S, - 2998 - 1635
Cosq (8/1) - 0.115 - 0.063
ty (min) 0.9 0.9 0.9 0.9

Peak heights expressed in IU.
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Ion chromatographic peak height data for chromic acid in chromium plating solutions

Stds Samp 8-1 StdS Samp 8-2
CrO, CrO, CrO, CrO,
Rep1 667 793 678 899 678 874 675 566
Rep2 671 066 682 189 688 216 693 419
Rep 3 672 645 687 026 652 000 686 209
X, 670 501 682 704 673 030 685 064
S,_, 2474 4087 18 801 8981
S, - 3378 - 14733
Cose, (/1) - 29 - 12.4
ty (min) 1.9 1.9 1.9 1.9

Peak heights expressed in IU.

Table 3

Ion chromatographic peak height data for phosphoric acid in electropolishing solutions

StdS Samp 8P-1 StdS Samp 8P-2
H,PO, H,PO, H,PO, H,PO,
Rep1 562 500 509 200 573 900 512 700
Rep2 572 000 507 700 575 800 516 100
Rep3 573 300 509 100 578 700 517 100
D 569 267 508 667 576 133 515 300
S,._, 5896 839 2417 2307
S, - 4211 - 2363
Cyso, (g/1) - 11.5 - 6.4
tx (min) 1.8 1.8 1.8 1.8

Peak heights expressed in IU.

Table 4

Ion chromatographic peak height data for sulfuric acid in electropolishing solutions

Std S Samp 8P-1 StdS Samp 8P-2
H,SO, H,SO, H,S0, H,SO,

Rep1 813 800 770 200 815 700 762 300

Rep2 821 400 764 600 813 600 763 200

Rep 3 819 500 763 000 810 400 760 500

X, 818233 765 933 813 233 762 000

s, 3955 3781 2669 1375

S, - 3869 - 2123

Cysep (8/1) 9.1 - 5.0

t,, (min) 3.0 3.0 3.0 3.0

Peak heights expressed in IU.
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is in integrator units (IC) and initially four
equilibration standards are run before standard
one. For Tables 1 and 2, standard solutions S
and split sample solutions 8-1 and 8-2 are used
after a 1:250 dilution. For Table 3 and 4,
standard solutions S and split sample solutions
8P-1 and 8P-2 are used after a 1:5000 dilution.
For Tables 1-4, the mean X,,, and sample
standard deviation S,_, are calculated for each
of these samples and its associated standard. The
pooled sample standard deviation S, is calcu-
lated from the standard deviation of each sample
and its associated standard as follows:
S, =[(s,>+58,%)/2]** 1)
In addition, the ninety-five percent confidence
level Cys,, in grams per liter is calculated from

269

the above quantities for each sample and its
associated standard:

=2.266" S, - [acid std conc/std X,,,] 2

Finally, the mean retention time (f3) in min-
utes is given for each standard and split sample
solution.

The concentration data of the split sample
solutions are given in Tables 5 and 6. As above,
the mean X,,,, sample standard deviation S, _,,
and pooled sample standard deviation S, are
calculated. In addition, another quantity is calcu-
lated called the T-test value (7T") for each sample

solution from the following:

CQS%

3

The experimental data of the split solutions of

T=1.225"[(Xy 00 — Xo,05)/S;]

Table 5

Concentration data for sulfuric and chromic acids in chromium plating solutions
Samp 8-1 Samp 8-2 Samp 8-1 Samp 8-2
H,SO, H,SO, CrO, CrO,

Rep1 2.83 2.76 254 249

Rep 2 2.77 2.82 254 252

Rep3 2.7 2.7 255 263

D. 6 2.77 2.78 254 255

S\ 0.060 0.032 0.577 7.37

S, - 0.048 - 5.22

T - 0.254 - 0.234

Concentrations expressed in g/l.

Table 6

Concentration data for phosphoric and sulfuric acids in electropolishing solutions

Samp 8P-1 Samp 8P-2 Samp 8P-1 Samp 8P-2
H,PO, H,PO, H,SO, H,SO,

Rep1 620 612 800 790

Rep2 608 614 787 793

Rep 3 608 612 787 793

D. 6 612 613 791 792

S, 6.9 11 7.5 1.8

S, - 4.9 - 5.5

T - 0.13 - 0.17

Concentrations expressed in g/l.
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a sample solution are compared to a 2.776 value
using the T-test to see if they are statistically
from the same original sample solution to a 95%
confidence level. A sample solution passes this
T-test if its resultant absolute value is less than
the 2.776 value. This T-test addresses the re-
liability dilemma mentioned above since it either
accepts or rejects a sample solution analysis;
samples solutions that fail the T-test are statisti-
cally dissimilar and are re-sampled and re-ana-
lyzed.

In the second part of the statistical evaluation,
the mean X,,, and normal population standard
deviation (§,) are calculated for the six respec-
tive replicates of the sample solutions that have
passed the T-test. Since this was the case, the
concentration data for the unsplit and original
sample solutions are given in Table 7.

It is useful to evaluate the variations in preci-
sion for the materials and methods used. Vol-
umes are calculated from the weight—volume
relationship of the contained deionized water
solution corrected for temperature. For ion chro-
matographic data, peak height is in integrator
units (IU) and four equilibration replicates are
run prior to data acquisition.

For chromium plating solutions, the six repli-
cate experimental mean and precision of a Class
A 1 ml micropipette is 1.0102 + 0.0029 ml [6].
The six replicate experimental mean and preci-
sion of a Class A 250 ml volumetric flask is

Table 7

249.49+0.03 ml [6]. The six replicate ex-
perimental mean and precision of the titration of
a 250 g/l chromic acid standard solution is
250.2 £ 0.2 g/1 [11]. The six replicate experimen-
tal mean and precision of the titration of a 2.95
g/l sulfuric acid standard solution is 2.942 =+
0.004 g/1 [9]. The six replicate peak height
means and precisions of the ion chromatographic
system determination of 2.95 g/l sulfuric acid
and 250 g/1 chromic acid standard solutions are
given in Table 8. Six replicates by ion chroma-
tography is equivalent to determining a split
sample solution of 8.

For electropolishing solutions, the six replicate
experimental mean and precision of a Class A
0.400 ml micropipette is 0.400 = 0.002 ml [6].
The six replicate experimental mean and preci-
sion of a Class A 2000 ml volumetric flask is
2000 =2 ml [6]. The six replicate experimental
mean and precision of the titration of a 685 g/l
phosphoric acid standard solution is 685 %1 g/I
[12]. The six replicate experimental mean and
precision of the titration of a 845 g/l sulfuric acid
standard solution is 8451 g/l [12]. The six
replicate peak height means and precisions of the
ion chromatographic system determination of
685 g/1 phosphoric acid and 845 g/1 sulfuric acid
standard solutions are also given in Table 8. Six
replicates by ion chromatography is equivalent to
determining a split sample solution of 8P.

Clearly, the ion chromatographic system con-

Reported concentration data for chromium plating and electropolishing solutions

Samp 8 Samp 8 Samp 8P Samp 8P
H,SO, Cro, H,PO, H,SO,
Rep 1 2.83 254 620 800
Rep2 2.77 254 608 787
Rep3 271 255 608 787
Rep 4 2.76 249 612 790
Rep 5 2.82 252 614 793
Rep 6 2.77 263 612 793
D 6 2.77 254 612 792
S 0.04 4 4.0 4.5

n

Concentrations expressed in g/1.
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Table 8
Ion chromatographic peak height precisions of chromium plating process standard acid solutions

Samp 8 Samp 8 Samp 8P Samp 8P

H,SO, CrO, H,PO, H,SO,
Rep 1 189 500 699 600 562 500 813 800
Rep 2 185 300 697 000 572 000 821 400
Rep 3 186 900 677 700 573 300 819 500
Rep 4 182 000 663 800 573 900 815 700
Rep 5 187 800 705 000 575 800 813 600
Rep 6 183 900 680 800 578 700 810 400
Xoe 185 900 687 317 572 700 815 700
S 2725 15 782 5032 3720

Peak heights expressed in IU.

tributes the greatest amount of variation in
precision compared to all other sources given for
both of the above methods.

For chromium plating solutions, the resulting
precisions are in the range of 0.03-0.20 g/l
sulfuric acid and 1-9 g/l chromic acid. For
electropolishing solutions, the resulting precision
are in the range of 2-7 g/l phosphoric acid and
2-8 g/l sulfuric acid. The data shows that these
improved methods are sufficient to monitor these
acids in the chromium plating process.
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Abstract

Pamidronate disodium, an amino bisphosphonate, is a potent new inhibitor of osteoclastic bone resorption. A
simple assay method using ion chromatography has been developed for this compound and its dosage forms. The
chromatographic system consists of an hydroxyethyl methacrylate polymer column with quaternary amine
functionalities, nitrate anion eluent and a refractive index detector. The active ingredient was separated from
possible impurities such as phosphate and phosphite ions, and B-alanine. The different dosage forms analyzed
include ampul solutions, lyophilized powders, tablets and capsules. Analytical and chromatographic criteria were
met exceedingly well for the analysis of the active ingredient and the different dosage forms.

1. Introduction

Pamidronate  disodium  pentahydrate  or
disodium-3-amino- 1-hydroxy - propylidene-1,1-
™

bisphosphonate pentahydrate (APD, Aredia ™,
Ciba-Geigy, Suffern, NY, USA) (Fig. 1), belong-

Fig. 1. Structure of APD.

* Corresponding author.
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ing to a group of chemical compounds known as
bisphosphonates, is a potent inhibitor of osteo-
clastic bone resorption [1]. It has been used
clinically for the treatment of tumor-related
hypercalcemia [2,3] and Paget’s disease [4].
APD has pK, values ranging from 1.7 to 11.5
[5], thus it exists as an ionic specie over a broad
pH range. The molecule has no detectable chro-
mophore, making development of a chromato-
graphic method a challenging task. The current
methods that have been used in our laboratory
are reversed-phase HPLC with pre-column de-
rivatization with fluorescamine and isotacho-
phoresis (ITP) for dosage and stability controls.
The HPLC method requires a derivatization step
to introduce a chromophore for analytical detec-
tion and the ITP technique needs specialized
equipment. Both methods are slow and are
sensitive to indefinite number of variables. Pub-
lished analytical methods for bisphosphonates
have similar requirements of derivatization pro-

© 1994 Elsevier Science B.V. All rights reserved
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cedure and/or specialized instrumentation [6—
10].

A simple method using ion chromatography to .

assay APD active ingredient and its pharma-
ceutical dosage forms which include injectables,
capsules and tablets, has been developed. It is
carried out with commercially available and
conventional HPLC equipment. Samples are
dissolved in water, filtered and appropriate
amounts are injected onto the column. Ana-
lytical and chromatographic criteria are met well
for both the active ingredient and its dosage
forms.

2. Experimental
2.1. Instrumentation, reagents and samples

. Instrumentation and reagents .

Waters (USA) HPLC equipment included a
Model 510 pump, a 710B automatic sampler, a
720 system controller, a 410 differential refrac-
tometer and a column heating chamber. An
Alltech (USA) Universal Anion column was
used, packed with polyhydroxyethyl methacryl-
ate-based macroporous polymer with quaternary
amine functionalities (270001) and phthalate
counterion. An Alltech guard cartridge (38106)
with a prefilter was connected before the col-
umn. The mobile phase was 5 mM potassium
nitrate adjusted to pH 3.5 with nitric acid. It was
filtered through a 0.45-um membrane filter and
degassed before use. The flow-rate used was 1.2
ml/min. The column and the detector tempera-
tures were maintained at 35°C throughout the
run. The detector was set at a sensitivity of 256
and adjusted accordingly depending on the
amount of sample injected.

Sample and standard preparation

The samples analyzed were the APD active
ingredient and the different dosage forms of
APD consisting of lyophilized powders, enteric
coated pellets, enteric coated tablets and ampul
solutions.

For the assay, solid samples were accurately
weighed, dissolved and diluted with water to

obtain test solutions with APD concentration of
3.0 mg/ml (anhydrous basis). Ampul solutions, 1
mg/ml (anhydrous basis), were used as is.

For the chromatographic evaluation and meth-
od validation, samples tested include the active
ingredient and the different dosage forms, the
active ingredient spiked with theoretical im-
purities and the active ingredient spiked into
placebos of the different dosage forms.

Standard test solutions were prepared from
the APD active ingredient reference standard.
Required amounts were accurately weighed into
a volumetric flask, dissolved and diluted to
volume with water to contain either 3.0 mg/ml
or 1.0 mg/ml APD (anhydrous basis) depending
upon the sample being analyzed.

2.2. Procedure

The column was equilibrated with the mobile
phase and replicate 20-ul injections of APD
standard solution were made onto the column.
The peak responses were recorded using an on-
line computer (HP9153C). When the relative
standard deviation of five injections of the stan-
dard solution was not more than 2.0%, and the
tailing factor [11] of the APD peak was not more
than 2.0, analysis was started.

A 20-pl volume of sample or standard test
solutions was injected onto the column and the
chromatograms were recorded and analyzed
using an on-line computer.

3. Results and discussion

The primary goal was to develop a simple and
reliable chromatographic assay method which
can analyze APD in the different pharmaceutical
dosage forms, free from placebo interference,
and completely resolved from the synthetic im-
purities/ degradation products such as S-alanine,
phosphate and phosphite ions.

Initial work involved evaluation of several
reversed-phase and ion-exchange columns in
different modes of separations such as ion pair-
ing, ion exchange and ion exclusion. Shown in
Fig. 2a was the most promising result from these



J. Quitasol, L. Krastins | J. Chromatogr. A 671 (1994) 273-279 275

initial experiments. Separation of APD, phos-
phate and phosphite was obtained using a system
which consists of a polymethacrylate strong-
anion exchange column, a 2 mM nitric acid
eluent and a post-column detection set-up with
ferric nitrate as the reactant. With this chromato-
graphic system however, APD was not baseline
resolved from the phosphate ion. Optimization
of the system to completely resolve APD from
the phosphate ion (R, =1.5) by varying the pH,
ionic concentration and addition of organic
modifier, was unsuccessful. Finally, replacement
of the polymethacrylate column with a polyhy-
droxymethacrylate column (also with quaternary
amine functionalities), and using 5 mM nitrate
eluent at pH 3.5 with a refractive index detector,
complete separation of APD, phosphate and
phosphite was achieved as shown in Fig. 2b. The
resolution of APD and phosphate was signifi-
cantly better with R, =1.9 and the other chro-

APD

E’.(NAU

Absorbance

phosphate

phosphite

matographic figures of merit are all reasonably
good (see Table 1). The improvement in selec-
tivity with this system has been attributed to an
interaction occurring between the analytes and
the hydroxyethyl moiety of the polymer packing.

3.1. Nitrate eluent concentration

Anion eluents such as acetate, chloride and
citrate were evaluated along with the nitrate
anion. The best separation of APD, phosphate
and phosphite was obtained with the nitrate
anion as eluent. A linear response of the capaci-
ty factor of APD, phosphate and phosphite was
obtained as the nitrate eluent was increased from
ca. 1 to 10 mM (Fig. 3).

For the assay method, 5 mM nitrate eluent
concentration was selected for speed, excellent
separation and peak profiles, and free from
interference.

APD

[}x10'7llu

Refractive Index

-
> phosphite

phosphate

Time, min

0 5

-
e
(-]
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Fig. 2. Separation of APD, phosphate and phosphite on (a) methacrylate strong anion-exchange column (Super-sep Anion) with
2 mM HNO, eluent and UV detection at 300 nm after post-column reaction with Fe(NO,), and (b) hydroxyethyl methacrylate
strong anion-exchange column (Universal Anion) with S mM KNO, eluent adjusted to pH 3.5 with nitric acid and refractive

index detection.



276 J. Quitasol, L. Krastins | J. Chromatogr. A 671 (1994) 273-279

Table 1
Chromatographic figures of merit

APD Phosphate Phosphite

System precision

R.S.D., % 0.25 2.20 1.58
Capacity factor, k' 1.94 2.75 3.50

S.D. 0.01 0.01 0.01
Tailing factor, T 1.0 0.98 0.95

S.D. 0.08 0.06 0.06
Resolution, R, 1.9(a) 1.9(b) -

S.D. 0.08 0.11 -

The system precision, as R.S.D. (%), was obtained from
peak area response of six injections of standard solution
containing APD, phosphate and phosphite. The capacity
factor, k' (using water as the unretained peak), the tailing
factor, T and the resolution, R, between APD and phosphate
(a), and between phosphate and phosphite (b), were de-
termined according to ref. 11. Standard deviation (S.D.) was
calculated for each figure of merit, with n = 6.

3.2. Eluent pH

The effect of eluent pH on the capacity fac-
tors, k', of APD, phosphate and phosphite at

fixed eluent concentration of 5 mM nitrate, are
shown in Fig. 4. Between pH 3 and 6, the k' of
phosphate and phosphite remain essentially con-
stant. A decrease below pH 3 was observed for
phosphate and an increase above pH 6 was
observed for both phosphate and phosphite. For
APD £k’ increased with increasing pH with ap-
parent changes in slopes of k' at several pH
regions.

Since both the nitrate eluent and the quater-
nary ammonium groups (of the column) should
be essentially ionized within the pH range
studied (between 2.5 and 9.0), the retention
behavior of APD, phosphate and phosphite at a
specified pH, must be influenced primarily by
their ionization constants. APD has pK values of
1.7, 2.7, 6.3, 10.8 and 11.5, with a zwitterion
noted between pH 2 to 3 [5]. Orthophosphoric
acid has pK values of 2.12, 7.21 and 12.67, and
phophorous acid has values of 2.00 and 6.59 [12].
Between pH 3 and 6, the &’ values of phosphate
and phosphite were virtually unchanged indicat-
ing the predominance of one solute species, most
likely the singly charged anion. Below pH 3, the

1.1 |- °
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o \
3 o
0.5 | a \
03 \ s
o1 r \
1 1 1
2.8 -2. -2.4 -2.2 —z.o
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Fig. 3. Effect of eluent concentration, C: log k' versus log [C] for APD (1), phosphate (V) and phosphite (O).
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Fig. 4. Effect of pH: log k' versus pH for APD (1), phosphate (V) and phosphite (OQ).

influence of the neutral species was apparent
from a decrease in k', specifically for the phos-
phate. Above pH 6, the influence of the doubly
charged species was similarly apparent from a
drastic increase of k' for both phosphate and
phosphite. For APD, &’ increased with increas-

Table 2
Analysis of APD in pharmaceutical products

ing pH and the slope of k' appeared to change at
several pH regions. The different ionic species
seem to exert influence on the retention behavior
of APD, with one species predominating within
certain pH range. At pH 3.5, which was the pH
selected for the assay method, APD behaved as

Product (lot No.) n Claim potency Found +=S.D.

Active ingredient 6 100.0% 99.6% * 0.4
(800388)

Ampul solutions 6 Smg/Sml 4.9mg/5ml=0.04
(12/322/1)

Lyophilized powder 6 30 mg 30.0mg+0.2
(14/012/1)

Enteric-coated 6° 75 mg 75.8 mg * 0.6
pellets in capsule
(14/628/1)

Enteric-coated 10 150 mg 150.2mg = 0.9

tablets (PR 375-94)

“ Two sets of samples of the enteric-coated pellets in capsule (3 and 3) were run on different days.
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a singly charged anion. Presumably, at pH 3.5
the different ionic species including the zwitter-
ion produced an effective net charge approach-
ing minus one.

The choice of pH 3.5 for the assay method was
made for the same reason as the choice of eluent
concentration, i.e., for speed, excellent sepa-
ration and peak profiles and free from interfer-
ence. Furthermore at pH 3.5, buffer was not
necessary since a half unit change in pH from 3.5
did not significantly affect the chromatography

J. Quitasol, L. Krastins /| J. Chromatogr. A 671 (1994) 273-279

nor the analytical results of APD, phosphate and
phosphite.

3.3. Analytical application

The assay values obtained for the active in-
gredient and the different dosage formulations of
APD are shown in Table 2, with typical chro-
matograms displayed in Fig. 5. A minimum of
six samples of the different dosage forms were
analyzed. The precision of the data and the
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Fig. 5. Typical chromatogram of (a) water blank, (b) active ingredient, (c) lyophilized powder, (d) enteric coated tablet, (e)
ampul solution and (f) enteric coated pellets in capsule. RIU = Refractive index units
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agreement between the claim potency and the
amount found were excellent.

The method was validated for the APD active
ingredient and its dosage forms, using the ana-
lytical criteria of precision, accuracy and lineari-
ty.
Potential by-products and the formulation
components of the different dosage forms which
include isotonic and pH adjustors, binders, an-
tifoaming and film-forming agents, anti-adher-
ents and opacifiers did not interfere with the
assay procedure for APD.

At least six columns from the same manufac-
turer have been tested so far and all have shown
comparable results. On-line filter and a pre-col-
umn were always used to prolong column life.

4. Conclusions

A simple analytical method for APD, an
amino bisphosphonate, has been developed
using anion-exchange HPLC. It is carried out
with commercially available and conventional
HPLC equipment. The chromatographic system
consists of a macroporous polymer column with
quaternary amine functionalities, nitrate anion
eluent and refractive index detector. APD active
ingredient and the different dosage forms have
been analyzed with excellent analytical and chro-
matographic results.
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Abstract

A circular dichroism (CD) spectrophotometer, equipped with a flow cell, and a UV detector were connected in
series and were used for coupled UV-CD detection of optically active carboxylic acids. The limits of detection and
the linear range for the enantiomers of tartaric, malic, lactic and ascorbic acids are reported. Several wines were
analysed and CD detection proved to be sensitive enough for accurate determinations. The combined UV-CD
detection was helpful for identifying the peaks and allowed the calculation of enantiomeric ratios.

1. Introduction

The study of specific detectors for HPLC and
ion chromatography (IC) is currently attracting a
great deal of attention [1]. HPLC detectors
based on optical activity are potentially advan-
tageous because of their inherent selectivity; in
fact, compounds that are not chiral (e.g., sol-
vents, buffers, impurities) will not interfere with
analysis even if they co-elute with the analytes.
Compared with polarimetric detection, circular
dichroism (CD) detection is more sensitive and
gives more stable baselines, as it is intrinsically
insensitive to refractive index fluctuations [2],
but it is necessary to operate in the linear range
of the response [3].

Most of the applications developed to date
have involved laboratory preparations; the num-
ber of real samples investigated is comparatively

* Corresponding author.
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very small. UV and CD detectors in series have
been employed for the determination of the
enantiomeric excess of nicotine in leaf extracts
[4]; the use of LC with combined UV and either
polarimetric or CD detection allowed the iden-
tification of enantiomers of the pyrethroid in-
secticides [5]; the enantiomeric purity of
scopolamine isolated from plant extract was
determined using achiral—chiral coupled column
chromatography with CD confirmation of the
individual peaks [6]; a micro-flow cell device was
adapted to a CD spectrometer for HPLC sepa-
ration and structural analysis of proteins [7];
continuous acquisition of circular dichroism spec-
tra during liquid chromatography was successful-
ly performed and it was applied to the resolution
of a racemic mixture of 2,2'-spirobi[2H-chro-
mene] [8]; and racemic mixtures of alkylarylcar-
binols were resolved and the absolute configura-
tions of the fractions eluted were determined by
means of CD detection [9].

© 1994 Elsevier Science BV. All rights reserved
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Analyses of the organic acid content of wines
are routinely conducted; tartaric, malic, lactic
and ascorbic acids are among the most important
constituents of wines. Different stereoisomers of
those acids can be present at a time; in wines,
L-forms usually predominate over the bp-forms
(the concentration of the meso form of tartrate is
normally negligible in comparison with those of
its two optically active forms). p-Tartrate can
originate from racemization, or may be added to
achieve precipitation of the racemic calcium salt
in order to avoid unwanted turbidity. p-Lactate
derives from alcoholic fermentation of sugars,
whereas its L-enantiomer comes from the conver-
sion of the r-malate (malolactic fermentation), a
bacterial process that is very important for the
quality of wine; usually, the amount of the bp-
form is about one fifth of the total lactate [10].

In this paper, we demonstrate that an HPLC-
UV-CD system is applicable to the analysis of
wines for chiral organic acids, and that this
system is also convenient for measuring their
enantiomeric excess (e.e.) with adequate preci-
sion.

2. Experimental
2.1. Reagents

All aqueous solutions were prepared with
ultra-high-quality (UHQ) water produced by an
Elga-Stat water-purification apparatus (Elga,
High Wycombe, UK). bp-(—)-Lithium lactate
(97%), L-(+)-lactic acid (>98%), p-(—)- and
L-(+)-tartaric acid (>99%), 1-(—)- and D-(+)-
malic acid (>99%) and L-(+)-ascorbic acid
(99.7%), together with C,; solid-phase extrac-
tion cartridges, were obtained from Merck
(Bracco, Milan, Italy). Acetonitrile (HPLC
grade) was obtained from Lab Scan (Delchimica,
Naples, Italy). The solutions of the investigated
substances were prepared with UHQ water im-
mediately before use.

2.2. Apparatus

The HPLC system consisted of a Pye Unicam
(Cambridge, UK) PU 4015 pump, a Rheodyne

(Cotati, CA, USA) valve fitted with a 20-u1 loop
and a 250 x4.6 mm I.D. Adsorbosphere C,,
5-um column (Alltech, Deerfield, IL, USA).
The eluent was degassed by means of a stream of
helium. The UV detector was obtained from
Perkin-Elmer (Norwalk, CT, USA).

CD detection was performed by means of a
Jasco (Tokyo, Japan) J-600 computerized spec-
tropolarimeter, which was equipped with a cylin-
drical, laboratory-made flow cell of 8 mm I.D.
and 0.7 mm optical path length. The cell was
constructed with two 10X 10 mm quartz win-
dows, spaced by a PTFE ring and mounted on a
PTFE bearing. No light condenser [3] was em-
ployed, in order to avoid reduction of the light-
flux energy caused by the system of lenses. The
efficiency of the light-flux energy was estimated
by comparing the high-tension voltage of the
photomultiplier detector, measured with an or-
dinary 1-mm cell, with that measured with the
flow cell; the measurements were corrected for
the differences in light paths; both cells were
filled with the chromatographic eluent. No de-
crease in the efficiency of the light-flux energy or
an increase in the noise was observed.

2.3. Chromatographic conditions

An isocratic eluent, consisting of 0.1 M sodi-
um dihydrogenphosphate adjusted to pH 2.5 by
addition of 85% phosphoric acid solution, was
used at a flow-rate of 1 ml min~'. The column
temperature was 23 = 1°C.

A 4-s time constant and a 2-s step resolution
(corresponding to a 4000-s maximum duration of
the chromatographic run) were chosen for the
CD spectrophotometer, in order to minimize the
noise without sacrificing the definition of the
chromatographic peaks.

After being collected, the CD chromatograms
were smoothed; quantification of the analytes
was performed on the basis of peak height.

2.4. Sample clean-up

A pretreatment of the wine samples was
performed in order to decrease the content of



O. Zerbinati et al. | J. Chromatogr. A 671 (1994) 281-285 283

33,00

CD
ndeg

C

58,08 300.0

Wavelength (nm)

Fig. 1. CD spectra of pure enantiomers of chiral acids.
Peaks: A = L-(~)-malic; B = r-(+)-ascorbic; C=L-(+)-tar-
taric acid. mdeg = 107> degrees.

non-polar substances potentially dangerous for
the chromatographic stationary phase. The pre-
treatment consisted in a single elution of 1 ml of
wine on a 400-mg C,, SPE cartridge. Preliminary
tests were conducted on standard solutions of the
investigated acids, the pH of which was adjusted
at 3.5; they showed no evident interference of
the pretreatment with the concentrations of the
investigated analytes, as the recovery was 100 =
4% (n=13).

3. Discussion

Some typical CD spectra of the investigated
acids are reported in Fig. 1. Tartaric, malic and
lactic acid show their CD and UV maxima
around 210 nm. Ascorbic acid has its CD maxi-
mum around 235 nm, whereas it shows its largest
UV absorptivity at 260 nm. Both CD and UV
detection of tartaric, malic and lactic acid were
performed at 210 nm, whereas CD and UV
detection of ascorbic acid were conducted at 235
and 210 nm, respectively. The CD spectrum of
D-(+)-glucose was also examined; it was ob-
served that no interference on the CD chromato-
grams of the acids could have derived from
glucose, as it exhibits its CD activity at wave-
lengths shorter than 200 nm.

Fig. 2 shows the UV and CD chromatograms
of a mixture of the L-enantiomers of tartaric,
malic and lactic acid. As can be seen, there is no
direct relationship between the sign of the opti-
cal rotatory power of the enantiomers and the
sign of their CD peaks.

A linear correlation between CD signal and
concentration was observed in the range 5-100
mM. The parameters of the calibration equa-

20.00
B CD uv
/ f\ N
mggg o A\ /
L/
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-20.09 — Time (o) 500.0 IO 75 min

Fig. 2. CD and UV chromatograms of a mixture of three acids. Peaks: A = -(+)-tartaric; B = L-(—)-malic; C = L-( +)-lactic acid.

mdeg =107 degrees.
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Table 1
CD calibration equations and detection limits

Substance A B C D E
Ascorbic acid 0.3+0.2 874 0.3 5 2.5
Tartaric acid 0.6x0.4 700 + 42 0.6 4 0.4
Malic acid 0.2+0.2 137+9 02 4 2
Lactic acid 0.2+0.2 1295 0.1 4 2

Calibration equation: y= A+ Bx; A = intercept =S.D.
[mdeg (107> degrees)]; B =slope =S.D. (mdeg 1 mol™");
x = concentration (mmol 17'); C=standard error (n=3);
D = number of data points; E = detection limits (mmol 17%)
(signal-to-noise ratio = 2, injection volume =20 ul).

tions, together with the observed detection
limits, are reported in Table 1.

As an example of the results obtained, CD
and UV chromatograms of an Italian red wine
(Lambrusco from Emilia, “amabile” variety) are
reported in Fig. 3. Only three of the UV-absorb-
ing compounds were also detected by CD, thus
helping in the validation of the peaks; ascorbic
acid gave no CD signal, as detection was con-
ducted at 210 nm. The concentrations of the
L-enantiomers of tartaric, malic and lactic acid
exceeded those of the remaining stereoisomers.

Table 2 reports the results obtained for differ-

ent wines. The uncertainties in the concentra-
tions of the L-enantiomers (or e.e., for tartaric
acid), as given in Table 2, were calculated by
considering the uncertainties in the coefficients
of the CD calibration equations and those in the
concentrations obtained by UV detection. The
values of the experimental uncertainties, coupled
with the enantiomer concentrations or e.e. in
Table 2, allow a significant comparison of differ-
ent wines. One of the samples was analysed
twice, 9 and 11 months after the vintage. In this
wine, the persistence of a relevant concentration
of malic acid indicated that malolactic fermen-
tation did not occur completely; the concen-
tration of the p-(—)-lactate, due to the alcoholic
fermentation, increased with time. Malic acid
was not found in the remaining samples, whereas
lactic acid was found in all the analysed wines
except one.

4. Conclusions

Combined UV and CD detection was applied
to analyses for chiral organic acids in wines. For
this purpose, a CD spectrophotometer was
equipped with a suitable flow cell. The CD

10.00
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Fig. 3. CD and UV chromatograms of Lambrusco “amabile” wine. A = L-(+)-tartaric; B = 1-(—)-malic; C = L-(+)-ascorbic;

D = L-(+)-lactic acid. mdeg=10"" degrees.
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Table 2

Analyses of wines

Wine and year A B C D E F G
Lambrusco- “amabile”, 1992° 18.2+0.7 7.5x0.6 14.9+0.6 102 35+1 30+5 0.5+0.05
Lambrusco “amabile”, 1992° 17.4+0.7 1261 17.6 £ 0.9 143 46x2 30x4 0.55 +0.05
Moscato d’Asti, 1992 16.4 0.7 6.8+0.6 - - - - -

Barbera d’Alba, 1992 19.7+0.8 10.8 0.9 - - 55%2 375 0.75 = 0.08
Lambrusco “secco’, 1992 22+0.9 16+1.3 - - 582 42+6 1.8x0.1
Limnio, 1989 14.3+0.6 7.1x0.7 - - 37%2 22+3 2.1+0.1
Cétes du Rhone, 1992 9.3x0.4 3206 - - 38+2 22+3 2.3x0.1
All concentrations are expressed as mmol 17! + experimental uncertainty (n =3). A = tartaric acid, total; B = L-(+ )-tartaric,

enantiomer excess; C = malic acid, total; D = L-(—)-malic acid; E = lactic acid, total; F = L-(+)-lactic; G = ascorbic acid, total.
Note: the enantiomer concentration of ascorbic acid is not given, as its CD signal was lower than the detection limit.

“ Analysed 9 months after vintage.

® Analysed 11 months after vintage.
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Abstract

The standard method for the determination of organic nitrogen in water samples in the past has been based on
the Kjeldahl digestion technique that converts organic nitrogen into ammonia, which can then be determined along
with any ammonia originally present. However, this method is time consuming and the accuracy is variable because
the effect of interferences causes unreliable results, especially in complex matrices. An alternative method for the
determination of organic nitrogen is the alkaline peroxodisulphate digestion technique. This oxidizes all nitrogen in
the sample using potassium peroxodisulphate in a strongly alkaline environment under high pressure and
temperature. Nitrate is the sole product and can easily be determined by ion chromatography or by other methods
(e.g., cadmium reduction method). A method for total nitrogen determination was developed using 23-ml
high-pressure bombs with potassium peroxodisulphate and sodium hydroxide to oxidize the organic nitrogen to
nitrate. Urea and ammonium chloride were used as nitrogen compounds for calibration. The method was checked
with the Kjeldahl method, showing good agreement (R.S.D. = 4.62%). Studies of digestion time were carried out
to determine the optimum time in the pressure vessel. The results were checked with the cadmium reduction
method (R.S.D. =3.62%) for natural water samples. The recoveries with urea and ammonium chloride reagents

were higher than 90%.

1. Introduction

The determination of total nitrogen (TN =
inorganic plus organic fixed nitrogen) has largely
been based on acid Kjeldahl digestion of nitro-
genous organic compounds [1}. This procedure is
tedious to perform and yields a total Kjeldahl
nitrogen (TKN) value that includes only organic
N and NH] -N (not NO; - and NO; -N) [2]. This
method involves the determination of the total
concentration of ammonia nitrogen and organic
bound nitrogen according to the Kjeldahl meth-
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od. The organic bound nitrogen is digested with
a mixture of concentrated sulphuric acid and
potassium sulphate with selenium or mercury as
catalyst [3].
~ Manual distillation is still the primary method
for the determination of nitrogen as ammonia
from Kjeldahl digests of soils, plants, cereals,
food and fertilizer products. It is also the stan-
dard procedure for the determination of protein
in meat and meat products and for alcohol and
other volatiles in the wine and beverage industry
(4]

One of the limiting factors of the Kjeldahl
nitrogen determination is that it normally re-

© 1994 Elsevier Science B.V. All rights reserved



288 H. Ledo de Medina et al. | J. Chromatogr. A 671 (1994) 287293

quires more than 2 h, or about 1 h using a
heating block, whereas the measurement itself
takes only a few minutes with an automated
distillation apparatus [5].

An alternative method for the determination
of organic nitrogen modified by D’Elia et al. [2}
is the alkaline peroxodisulphate digestion tech-
nique. This oxidizes all nitrogen in the sample
using potassium peroxodisulphate in a strongly
alkaline environment under high temperature
and pressure.

A modified peroxodisulphate digestion tech-
nique for TN determination has also been de-
veloped [6]. The oxidation, under alkaline con-
ditions, reduces nitrogenous compounds to NO;
for measurement as the sole product under high
temperature using a microwave digestion unit in
place of an autoclave system. Nitrate can be
determined by reduction to nitrite using a cad-
mium reduction column. Separate, rather than
combined, nitrate—nitrite values are readily ob-
tained by carrying out the procedure first with,
and then without, the Cu—Cd reduction step [7].

However, this procedure leads to many prob-
lems with the measurement. The copperized
cadmium column needs washing and precondi-
tioning with buffer and/or EDTA solutions to
sustain a high reduction activity for nitrate. Also,
the presence of air in the solution removes the
activity from the column [8].

In the digestion—chromatographic method pro-
posed here, we used the peroxodisulphate diges-
tion solution of Johnes and Heathwaite [6] and
developed a modified technique for digestion
and determination of TN. The method utilizes a
high-pressure bomb in the peroxodisulphate di-
gestion step. This technique converts all nitrogen
in the sample into nitrate, which is determined
using ion chromatography, giving a convenient
and more accurate and rapid method of TN
determination. By comparison, the chromato-
graphic approach is simple, versatile and has the
added advantage of being applicable over a wide
range of concentrations.

A comparison was made between the pro-
posed digestion—chromatographic method and
the conventional Kjeldahl and nitrate—nitrite
methods as prescribed in a standard text [7].

Known nitrogen-containing substances such as
urea and ammonium chloride and a large num-
ber of samples of natural waters were investi-
gated.

2. Experimental

Samples were taken from the rivers Motatan,
Carache and Bocond, which are inflows of Lake
Maracaibo. Water samples from Lake Maracaibo
were also taken. The samples were preserved
with concentrated sulphuric acid (2 ml/l) and

- refrigerated.

The reagents urea and ammonium chloride
were used to confirm the validity of the method.

2.1. Determination of nitrate and nitrite

Apparatus
A Milton Roy 21D spectrophotometer was
used.

Reagents

Cadmium powder (150 pwm) was obtained
from Merck. To prepare copper—cadmium, the
cadmium particles (new or used) were cleaned
with dilute HCl (1.2 M) and copperized with a
2% solution of copper sulphate in the following
manner. Cadmium was washed with 1.2 M HCl
and rinsed with distilled water, then 2 g of the
cadmium were swirled in 100 ml of 2% copper
sulphate solution until the blue colour partially
faded. The copper sulphate solution was de-
canted and the procedure was repeated with
fresh copper sulphate until a brown colloidal
precipitated was formed. The cadmium-copper
was washed with distilled water (approximately
ten times) to remove all the precipitated copper.

To prepare the colour reagent 100 ml of
concentrated phosphoric acid, 40 g of sul-
phanilamide and 2 g of N-1-naphthylethyl-
enediamine dihydrochloride were added to ap-
proximately 800 ml of deionized water while
stirring. Stirring was continued until dissolution
was complete, then the solution was diluted to 1.
1 with water. The solution was stored in a brown
bottle and kept in the dark when not in use.
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Ammonium chloride—-EDTA solution was pre-
pared by dissolving 85 g of analytical-reagent
grade ammonium chloride and 0.1 g of disodium
ethylenediaminetetracetate in 900 ml of distilled
water. The pH was adjusted to 8.5 with concen-
trated ammonia solution and the mixture was
diluted to 1 1 with water.

Stock standard nitrate and nitrite solutions
(1000 mg/1 NO,-N and NO,-N, respectively)
were prepared in 100-ml volumetric flasks.

Procedure

To construct calibration graphs, working stan-
dard solutions were freshly prepared from the
stock standard nitrate and nitrite solutions.

The efficiency of the reduction column was
verified with a standard nitrite solution and
comparison with a standard nitrate solution at
the same concentration.

A calibration graph was prepared with stan-
dards of KNO, in the range 0.05-1.00 mg/}
NO; -N by dilution of the stock standard nitrate
solution. The concentrations were measured
spectrophotometrically at 543 nm. After the
digestion procedure, the absorbance was related
to the total amount of nitrogen in the sample.

2.2. Determination of total Kjeldahl nitrogen

Apparatus

A Milton Roy 21D spectrophotometer, micro-
Kjeldahl digestion and distillation units and a
Metrohm E678 Titroprocessor were used.

Reagents
All the reagents were prepared following the
procedure described in a standard text [7].

Procedure

A 100-ml volume of sample was mixed careful-
ly with 50 ml of digestion reagent (10 ml of
concentrated H,SO,, 6.7 g of K,SO, and 1.25
ml of HgSO, solution) and added to a distillation
flask. A few glass beads was added and, after

mixing, the mixture was heated under a hood to
remove acid fumes. The mixture boiled briskly
until the volume was greatly reduced and copi-
ous white fumes were observed. Digestion was
continued for an additional 30 min. As digestion
continued, the sample turned clear. After diges-
tion, the contents (cooled) were diluted to 300
ml with water and mixed. The flask was tilted
and 50 ml of hydroxide—thiosulphate reagent
were carefully added to form an alkaline layer at
the bottom of the flask. The flask was connected
to a steam distillation apparatus and shaken to
ensure complete mixing. The mixture was dis-
tilled and 200 ml of the distillate were collected
below the surface of 50 ml of absorbent solution.
Boric acid was added as an indicator. Ammonia
in the distillate was titrated with standard 0.02 M
H,SO, until the indicator turned a pale laven-
der.

2.3. Determination of total nitrogen by
proposed digestion and ion chromatographic
methods

Oxidizing reagent

A 15-ml volume of 3.75 M NaOH solution was
added to 500 ml of deionized water, 50 g of
K,S,0, were dissolved in the solution and the
mixture was diluted to 1 1 with water. This
oxidizing reagent must be prepared freshly as
required.

Digestion procedure

A 6-ml volume of oxidizing reagent was added
to 4 ml of sample and placed in a PTFE crucible
and capped. The crucible was placed in the
stainless-steel body of a Parr-type bomb and
closed by tightening the stainless-steel screw-cap.
The system was placed in a preheated 105°C
oven and kept at this temperature for 4 h. The
bomb was opened after cooling to ambient
temperature. Under the influence of pressure,
temperature and pH, the organic and inorganic
nitrogen compounds were converted into nitrate.
The nitrate formed was measured by ion chro-
matography.



290 H. Ledo de Medina et al. | J. Chromatogr. A 671 (1994) 287293

2.4. Determination of nitrate by ion
chromatography

Samples and reagents

Samples were diluted tenfold before injection
into the chromatograph because the SO2" peak,
derived from potassium peroxodisulphate, after
the digestion procedure interferes in the detec-
tion of nitrate. A blank of the oxidizing reagent,
after the digestion procedure, was injected into
the chromatograph.

All reagents were of the highest purity and
deionized water was used for dilutions. Cali-
bration standards were prepared by diluting
mixed stock standard solutions containing 1000
mg/l of NO;-N using a series of dilutions.

Apparatus

Samples were analyzed using a Dionex Model
2000i/SP ion chromatograph equipped with an
anion precolumn (Dionex AG4A), an anion
separation column (Dionex AS4A), a suppressor
column (Dionex AMMS-II) and a conductivity
detector. The mobile phase (flow-rate 2 ml/min)
was 1.7 mM NaHCO,-1.8 mM Na,CO, and the
regenerant solution was 12.5 mM H,SO,. The
injection volume, conductivity sensitivity and
chart speed were 100 ul, 30 uS and 0.5 cm/s,
respectively.

Procedure

Standards and samples were injected into the
ion chromatograph with an analysis time of 10
min, which permitted the elution of the sulphate
peak, which was the last to elute. External
standardization was used with recalibration after
every ten samples during a run. A calibration
graph was plotted of peak area against con-
centration and used to interpolate unknown
concentrations.

3. Results and discussion

3.1. Ion chromagraphy

Digested and diluted samples were injected
into the ion chromatograph to detect total nitro-

gen concentrations as nitrate. After injection,
nitrate ion was eluted from the column, and
detected with a conductivity detector and recor-
der and quantified with an integrator (Fig. 1).
The response for NO; was linear in the
working range 1.00-100 mg/l. An important
feature of conductivity detection in ion chroma-
tography is linearity of the response over a wide
concentration range. Linearity of the response is
guaranteed by the dependence of conductivity on
concentration, provided that other effects or
matrix effects do not intervene. The correlation
coefficient for a linear least-squares fit was r =
0.9996. This showed that the conductivity detec-
tor gave a linear response over the whole cali-
bration range used in this work. The relative
standard deviation (R.S.D.) was 1.62% (n =8).

NS

inject

} 4

5 10

o+

Minutes

Fig. 1. Separation of nitrate in digested sample. Peaks: 1=
NO; (0.88 mg/1); 2=S07".
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3.2. Comparison of TKN spectrophotometric
and chromatographic methods

Samples of water were analyzed for TN (TKN
plus inorganic N) by standard methods and the
results were compared with those obtained by
the proposed digestion—ion chromatographic
(IC) method. The recovery of TN was deter-
mined using analytical-reagent grade 99% urea
and ammonium chloride. Table 1 gives results
for TN obtained by the IC and Kjeldahl meth-
ods. The results obtained by the IC method show
good recovery.

In Table 2, columns 1 and 2, the concen-
trations of nitrate measured in river waters and
the urea and ammonia reagents, after the diges-
tion step, by ion chromatography are compared
with those obtained by the conventional spectro-
photometric method using a copperized cad-
mium column. It is clear that the results obtained
by the proposed method agree with those ob-
tained using the standard method which involves
the reduction of nitrate to nitrite. The R.S.D.
using ion chromatography was 1.20% and that
using a copperized cadmium column was 4.55%
(n =5). The mean difference between the values
obtained was 3.67%.

Water samples with total nitrogen concentra-
tions between 0.040 and 5.400 mg/l were ana-
lyzed using the proposed method and the Kjel-
dahl-nitrate—nitrite method (columns 1 and 3,
Table 2). To decide if the difference between the
methods is significant, a paired r-test was used
because the samples contained substantially dif-
ferent amounts of analyte. As the calculated

Table 1

value of ¢ is less than the tabulated value, the
methods did not give significantly different val-
ues for the mean nitrogen concentration. By
comparing squared standard deviations, the F-
test shows whether the two methods show similar
precision. The conclusion is that the proposed
method does not differ from the Kjeldahl plus
nitrate—nitrite method because no significant
differences in the results were found. The pro-
posed method generally reports more precise
results (lower standard deviation). The mean
difference between the values obtained by the
methods used were 3.67% and 4.12%, as can be
seen in Table 2.

Standard additions of different concentrations
of nitrate were made to the water samples from
Lake Maracaibo and the results are given in
Table 3. The mean recovery of nitrate by the
proposed method was 99.08%. This result indi-
cates than suspected interferences are not signifi-
cant.

A general comparison of the proposed method
with the Kjeldahl and nitrate—nitrite methods to
determine total nitrogen shows several advan-
tages of the former. The tedious processes to
determine TN using the Kjeldahl procedure plus
the nitrate—nitrite method are not required in
the proposed method. Moreover, the reduction
of nitrate to nitrite is not necessary in the
determination of nitrate, because it can be de-
termined directly using ion chromatography. The
proposed method eliminates the slow standard
procedure which requires distillation of the
whole digested sample. The Kjeldahl method
produces substantial amounts of chemical waste

Recoveries of nitrogen compounds using the Kjeldahl and IC methods

Compound Nitrogen Mean recovery (%)*

added

(mg/1) Kjeldahl method IC method
Urea 0.039 94.87 101.56
Ammonium chloride 2.800 105.71 102.86

n=>5.
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Table 2

Comparison of TN obtained by IC and TKN and inorganic N data obtained on water samples

Sample Total nitrogen (N) (mg/1)
Ion Cadmium TKN plus inorganic F-test
chromatography’ reduction” N (standard
_— methods [7]) - (1)-3)
(1) S.D. 2) S.D.
(3) S.D.
Urea
reagent 0.040 0.000 0.039 0.001 0.037 0.002 0.000 0.000
Ammonia
reagent 2.880 0.001 - - 2.960 0.002 - 4.000
Carache
river 0.480 0.007 0.458 0.015 0.471 0.015 4.592 4.592
Motatan
river 5.335 0.172 5.084 0.320 4.800 0.322 3.461 3.505
Boconé
river 0.713 0.009 0.674 0.041 0.671 0.053 20.750 34.679

Mean difference:
(1) - (2) 3.67%.
(1) - (3) 4.12%.
Mean R.S.D., IC: 1.20% (n =5).
Mean R.S.D., cadmium reduction: 4.55% (n =5).
Mean R.S.D., TKN plus inorganic N: 4.57% (n =5).
F (theoretical): 6.39 (P = 0.05).
t-Test (95%):
(1) — (2) Theoretical: 3.18
Calculated: 1.35.
(1) — (3) Theoretical: 2.78
Calculated: 1.50.
¢ After digestion procedure.

Table 3

Results of standard additions to Lake Maracaibo water for the determination of total nitrogen by ion chromatography

Sample Total nitrogen concentration (mg/1)
No.
Taken Added : Found Recovery
as NO,-N (%)

1 1.400 1.680 2.940 95.5
2 1.120 0.840 1.960 100.0
3 2.800 1.400 4.480 106.7
4 15.400 14.000 29.820 101.4
5 35.000 28.000 62.440 99.1
6 1.400 0.420 1.778 97.7
7 0.700 0.140 0.812 96.7
8 2.100 - 0.140 2.142 95.6

Mean recovery: 99.08%.
Mean R.S.D. 3.75% (n =3).
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with high concentrations of sodium hydroxide
and low concentrations of the catalyst (selenium
or mercury).

4. Conclusions

The TKN and spectrophotometric nitrate—ni-
trite results showed no significant difference
from those obtained by the ion chromatographic
method. The determination of nitrate ion by
anion-exchange ion chromatography is reliable
and gives reproducible results. The technique
involves minimum handling and sample prepara-
tion. An additional benefit of the technique is
the possibility of the determination of total
nitrogen. The peroxodisulphate digestion—ion
chromatographic method for determining total
nitrogen is simple, sensitive, rapid, precise and
suitable for the analysis of large numbers of
samples. The analysis has the advantage of
achieving high precision for samples while utiliz-
ing only small amounts of sample.
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Abstract

Results generated on a set of known samples, which were submitted as routine samples to the analysts, over a
period of many years, are used as a basis for comparing microanalytical results. These comparisons are made for
sulfur and chlorine determinations conducted with both the more common titrimetric methods and ion chromato-
graphic methods. The variations observed in the chromatographic methods are studied in greater detail and a
means of eliminating nearly all systematic variation is identified. These improved microanalytical procedures result
in chromatographic determinations which are not only interference free, but also of significantly greater precision
than was obtained using titration based methods. Although a method, similar to that used for sulfur and chlorine,
could be developed for bromine, problems in generalizing them to fluorine and phosphorus determinations were

encountered.

1. Introduction

Before the routine availability of accurate
mass determinations and modern NMR tech-
niques, the determination of elemental composi-
tion played a central role in structure elucidation
procedures. For this reason a great deal of effort
was directed toward developing analytical meth-
ods for determining hetero-atom composition
(such as sulfur, phosphorous and the halogens) in
organic materials [1-3]. These methods generally
rely on sample combustion to convert the ele-
ment of interest to an inorganic form, followed
by chemical treatment to convert all of the
element of interest to a single species which can
then be quantitated by titration. Because most of
these titrations are conducted directly on the
mixtures produced in a combustion flask, they
are subject to both physical and chemical inter-

* Corresponding author.

SSDI 0021-9673(93)E1294-A

ferences which may be difficult to control [4,5].
Despite being subject to numerous possible
interferences, many of these methods remain in
common use.

Microanalytical determinations of hetero-atom
content continue to be frequently requested by
synthetic and medicinal chemists since they pro-
vide an initial indication of sample quality and
they are ultimately necessary for a structure
proof. The continued need for the rapid and
reliable determination of these elements on an
expanding number of samples provides the moti-
vation for the development of more efficient
analytical methods that are free of interference.
It was recognized early [6-9] that ion chromato-
graphic (IC) analysis might provide an advantage
over some of the titration procedures in these
determinations because the inorganic forms of
the hetero-atomic species produced in Schoniger
combustions were ionic and could thus be sepa-
rated and analyzed by IC. Initial indications
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were that the IC procedures would be compar-
able in both accuracy and precision to the
classical titrimetric procedures, but would offer
the advantage of being subject to fewer interfer-
ences than the titrimetric procedures [10].
After several years of routine use for sulfur
and chlorine determinations and after improve-
ments to the initial procedures, IC analyses have
been shown to not only completely eliminate all
interferences but to also be superior to the
titration methods in precision for these elements.
The chromatographic procedures can also be
readily automated and are easier to implement
since operators are required to make no subjec-
tive judgements regarding either colorimetric
endpoints or the possibility of interferences. The
direct comparison of precision between assay
types, as well as the exact effect of assay modi-
fications on precision can only be made after
studying a wide range of well characterized
materials over a long time period. Because
samples, extracted from the same set of known
standard materials, have been consistently and
systematically submitted, blindly, as routine sam-
ples to the analysts for many years and the
deviations from the expected values which were

Table 1
Chromatographic conditions

reported, have been collected and recorded,
various procedures and variations of these pro-
cedures can be directly compared for the de-
terminations of chlorine and sulfur.

Based on the success of IC for the micro-
analysis of sulfur and chlorine, extending this
same general procedure to the analysis of
bromine, fluorine and phosphorus could result in
similar improvements in assay performance while
simultaneously diminishing the types of proce-
dures run and the equipment required. The
extension of these procedures was readily accom-
plished for bromine but significant obstacles
were encountered in the cases of fluorine and
phosphorus. Results on these elements will be
presented and discussed.

2. Experimental

IC results were generated using Dionex
Models 2010i and 2000i chromatographs using
the Dionex columns (Dionex, Sunnyvale, CA,
USA) indicated in Table 1. All determinations
were made at ambient laboratory temperature.
All detection was done using the conductivity

Assay

Sulfur/chlorine

Bromine

Fluorine

Column

Mobile phase

Flow-rate
Temperature
Injection volume
Combustion solution
Detection

Dionex AS3 separator column
and AG3 guard column

30 mM NaHCO, and 2.4 mM
Na,CO, in water

2 ml/min

Ambient

50 pl

0.6% H,0,

Suppressed conductivity at 100
S range using a Dionex
Anion Micro-Membrane
Suppressor (AMMS) with
0.0125 M H,S0, as
regenerant (regenerant flow-
rate =3 to 4 ml/min)

Dionex AS9-SC separator
column and AG9-SC guard
column

0.75 mM NaHCO, and 2.0
mM Na,CO; in water

1 ml/min

Ambient

50 ul

0.6% H,0,

Suppressed conductivity at 100
S range using a Dionex
Anion Micro-Membrane
Suppressor (AMMS) with
0.0125 M H,SO, as
regenerant (regenerant flow-
rate =3 to 4 ml/min)

Dionex HPICE AS1 separator
column

0.5 mM HCI in water

1 ml/min

Ambient

50 ul

H,O

Suppressed conductivity at 30
S range using a Dionex
AFS-2 Fiber Suppressor with
5 mM tetrabutyl-ammonium
hydroxide as regenerant
(regenerant flow-rate =2 ml/
min)
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detectors incorporated into the Dionex systems.
The suppression techniques and the chromato-
graphic conditions used are given in Table 1.

All samples were prepared for chromatograph-
ic analysis using Schoniger oxygen flask combus-
tion [11,12]. Sample sizes for combustion were
established by targeting for 0.6 mg of sulfur,
chlorine or fluorine and 1 mg of bromine and
phosphorus, based on the estimated percentage
by mass of these particular elements in the
sample. The accurately weighed samples were
wrapped in ashless combustion paper (A.H.
Thomas). Combustion flasks of 1 1 (A.H.
Thomas, No. 66970-G20) were charged with
oxygen and exactly 20 ml of an absorbent solu-
tion (see Table 1). These relatively large sample
sizes were targeted to minimize the effects of low
levels of the analyte elements which can be
present in the combustion papers themselves (by
far the largest blank, ca 5 ug, is observed for
chlorine). Following combustion the samples
were mechanically shaken for at least 20 min
before transfer and analysis.

The instrument response was calibrated using
standard solutions. These were prepared from
chemically stable non-hygroscopic organic salts.
Specifically, a standard solution was prepared by
dissolving 936 mg of ephedrine sulfate and 909
mg of lincomycin hydrochloride in two liters of
deionized (18 MQ filtered) water. This solution
and a 7:10 dilution of this solution were used as
calibration standards. The measured area re-
sponse was found to be linear over this range
and well beyond (both lower and higher con-
centrations) for both sulfate and chloride.

The instrumental responses obtained were
digitized and stored on a Harris computer. All
integrations, standard curves, and calculations
were completed on the computer using standard
software.

The classical sulfur determinations reported
were done by quantitatively transferring the
contents of the combustion flask to a beaker and
titrating with a 0.005 M Ba(ClO,), solution. The
endpoint was determined by observing the color
change produced in a mixture of thorin and
methylene blue indicators. The classical results
of chlorine reported were obtained by a
coulometric titration [13] with Ag™ after acidify-

ing the contents of the combustion flask with
nitric acid. A generating current of 20 mA was
used and the endpoint was established by observ-
ing the change in potential between a silver
indicating electrode and a saturated calomel
electrode. Schoniger combustions for these as-
says were conducted as described above except
that a 6% H,0, absorbing solution was used for
the sulfur determination and a 0.1 M KOH
absorbing solution was used for the chlorine
determination.

3. Discussion

One means of assessing the performance of a
microanalytical procedure is to submit stable,
non-hygroscopic samples which are indistinguish-
able from routine samples and to then tabulate
the differences between the reported values and
the known values. If the average of these differ-
ences is calculated a result of zero should be
obtained if the assay is unbiased, while the
standard deviation of these differences will give a
measure of the precision of the assay. A program
of this type has been in place for the evaluation
of these assays at Upjohn for many years and the
results obtained for sulfur and chlorine are
presented for certain time periods. Since the
same basic set of reference materials have been
used over this entire time frame, it is possible to
compare the various assay performances directly
with between 30 and 40 blind knowns being
submitted for each assay each year.

Reported in Table 2 are the standard devia-
tions, calculated for the differences between the
measured and expected values of the sulfur and
chlorine blind knowns, as determined by the
procedures which were in routine use for various
time periods. It should be noted that the average
difference from theory was well under 0.1% for
all assays in all periods which demonstrates the
overall accuracy of each of the methods. The
data in Table 2 demonstrate that the precision of
the sulfur and chlorine assays during 1961 and
over the 1981-1985 period were basically identi-
cal. During these time periods, the same titri-
metric procedures were being used, with the only
significant difference being the person conduct-
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Table 2

Standard deviations (wih the number of submissions, n, in
parentheses) observed for the differences between the ex-
pected and measured values for sulfur and chlorine using a
set of knowns which were systematically submitted blindly
over different time periods

Time period Standard deviations (ug)

Sulfur Chlorine
1961 12.9 (43) 10.4 (46)
1981-1985 12.4 (245) 9.2 (260)
1986-1987 9.9 (81) 10.0(78)
1987-1992 6.4 (237) 5.6(234)

Sample sizes targeted the presence of 600 ug of the element
of interest.

ing the assay. When the routine method of
determination was changed to IC in 1986 for
both sulfur and chlorine, the assay precision
observed was very similar to the classical assays.
Although there were no significant improve-
ments in either accuracy or precision, as esti-
mated by results on selected (interference free)
materials of known composition, substantial
practical benefits were realized from the change
in procedure. The most important of these
benefits was the complete elimination of chemi-
cal or physical interferences which had adversely
affected up to 20% of these determinations using
the titrimetric procedures.

Although the precision obtained using the
chromatographic analysis was at least as good as
had been obtained using the titrimetric proce-
dures, the relative deviations on the order of
1.5%, which were observed for the blind
knowns, was significantly greater than the 0.6%
relative standard deviation obtained for peak
areas upon reanalysis of samples. This difference
in variability indicates that the assays are not
performing at the limit of the chromatographic
capabilities of the equipment and that improve-
ments in sample preparation or assay calibration
might result in improved results.

Unlike the titrimetric procedures, which relied
on quantitative transfers, the chromatographic

analysis determines concentration and thus relies
on absolute volumetric accuracy. Of particular
importance is the ratio of the volume of ad-
sorbent solution delivered to the combustion
flask and the volume of the glassware used to
prepare the standard solutions which are used
daily for calibration. Any actual difference in the
ratio of these two volumes would produce a
systematic bias in the results, while any vari-
ability in this ratio (temperature effects, etc.)
would appear as assay variability. In an effort to
reduce uncertainty related to volumetric vari-
ability, an automatic burette (Metrohm Herisau
Model E 415), instead of a pipette, is used to
deliver the adsorbent solution to the Schoniger
flask.

The incorporation of standards, combusted
using the same procedure as the samples, among
the routine, service samples, provides an addi-
tional means of evaluating assay performance. It
should be noted that these standards are not the
materials which are systematically submitted to
the analyst blindly but are in fact knowingly
prepared by the analyst. Monitoring assay be-
havior, both within day (a single series of de-
terminations) and between days, using these
combusted standards, could be useful in charac-
terizing the nature of assay variability observed
and thus improving overall assay performance.
An assay monitoring program of this type was
implemented for sulfur—chlorine determinations
by routinely inserting combusted samples of
lincomycin  hydrochloride (S$=6.95%; Cl=
7.69%) every fifth sample during the determi-
nations of sulfur and chlorine (sulfur and chlo-
rine determinations are always made during a
single chromatographic series). Dividing the
theoretical value of sulfur or chlorine by the
corresponding experimental result for the stan-
dard sample, using the calibration obtained from
stock solutions of dissolved standards, yields a
ratio (R) whose magnitude is related to assay
accuracy and precision. The variation observed
in R is directly influenced by sources of variation
in the assays and therefore related to assay
performance.

In an effort to separate sample preparation
(handling) variations from chromatographic (in-
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strumental) variations, variations in R were
determined both within and between standard
samples during a single chromatographic analysis
period by preparing multiple combusted stan-
dard samples and running them more than once
during the period (usually once early and once
late in the run). The results obtained for the
within day variations in R for the January
through June (1993) time period are given in
Table 3, and indicate essentially the same vari-
ability for the within-sample and between-sample
variation over this time period. Because these
variations are essentially the same, the sample
weighing and combustion process do not appear
to add significant variability to the assay.

The between-day variability of the assays is
established by determining the standard devia-
tions of the daily mean values of R(R*). R*
values were calculated by averaging all values of
R determined during the course of running a
single sample set, including both the determi-
nations on separate combusted standards (typi-
cally 5 per day) and repeats of these standards
(typically 3 per day). The variations found in
these values are given in Table 3 for both sulfur
and chlorine. The magnitude of these deviations
correspond to relative standard deviations of
0.44% for sulfur and 0.54% for chlorine. The
average values of the R* values over the January
through June time period was 0.96 for sulfur and
0.97 for chlorine. Both the within-day variability
(R) and the between-day variability (R*) will
contribute to the overall variability of the assay
as reflected by the data in Table 2.

Since both sulfate and chloride were present in
both the stock standard solutions used and in the

Table 3

Standard deviations determined based on a sample size of 600

material (lincomycin hydrochloride) used as a
combusted standard, it is possible to directly
compare the variations observed in R* values
determined for each element. One means of
making this comparison would be to plot the
difference between the R* of sulfur on a given
day with the value of R* on the preceding day
versus the corresponding differences observed in
the chlorine R* values. This comparison is made
in Fig. 1. Based on the manner in which these
data scatter around a line of unit slope, passing
through the origin, a correlation between
changes in the sulfur ratio and chlorine " ratios
must exist. A systematic bias is, therefore, pres-
ent and the variability reflected in R* is not
completely random. Although the exact nature
of this systematic bias has not been explicitly
defined, and may be complex, it is clear that, if
the (daily) assay bias which is represented by the
correlation of the variations in Fig. 1 could be
eliminated, overall assay performance should be
significantly improved.

A simple means of approximating this correc-
tion would be to use the daily average, R*, as a
correction factor for the elemental composition,
%X, determined using the standard solution
calibrations as shown in Eq. 1.

(1)

%X =R* %X

corrected measured

When the effects of daily biases are removed
from the experimental values of elemental
composition, using Eq. 1, a substantial improve-
ment in assay performance can be demonstrated
as shown in Table 2 for the 1987-1992 time
period. The variability of the assay results,

g with n, the number of determinations, in parentheses

Element Standard deviation (ug)
R value within-day Between-day R*
Within sample Between samples
Sulfur 5.4 (111) 4.9 (213) 2.8(37)
Chlorine 3.1(111) 4.4 (213) 3.1(37)
Bromine 5.5(42) 5.6 (86)
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Fig. 1. Change from the previous value observed in R*
determined for sulfur plotted versus the corresponding
change observed for chlorine.

determined using a wide range of sample types
and over a long time period, are now more
nearly comparable to the chromatographic preci-
sion available from our instrumentation.
Because of the excellent microanalytical re-
sults produced by the IC technique for sulfur and
chlorine, extending this procedure to other
hetero-atomic species such as bromine, fluorine
and phosphorus would be desirable. This could
potentially lead to improvements in the accuracy
and precision of these determinations, as well as
require the maintenance and.support of only one
overall assay procedure for all of these elements.
This generalization of the procedure was first
attempted for bromine determinations. The
chromatographic conditions used for the
bromine assay are given in Table 1. An example
of the chromatogram obtained for a sample
containing chlorine, nitrogen, bromine and sul-
fur is shown in Fig. 2. Unlike the more common
titration assays, it is clear from Fig. 2 that no
significant inferences from chlorine in the sample
should be expected. The major problem encoun-
tered with this assay, after several years of
routine use, is degradation in column perform-
ance leading to incomplete resolution of the
bromide and nitrate peaks. This is a significant

B C D

Conductivity

- —_—
0 6 12 18

Time (min)
Fig. 2. Chromatogram of a combustion solution containing
chloride (A), bromide (B), nitrate (C) and sulfate (D) ions
which was obtained using the chromatographic system de-
veloped for bromine analysis.

problem because nitrate will be present in all
samples analyzed and, at the level of accuracy
and precision expected from this determination,
anything less than complete baseline resolution
of these peaks degrades assay performance.
Column lifetimes are limited to around a
thousand samples because of this problem.

The performance of the chromatographic
assay, on a set of standard materials is presented
in Table 4. Also presented in Table 4 are the
results reported on these samples by well known
external laboratories. In the case of the chlorine

‘containing samples, only one lab indicated the

ability to analyze bromine in the presence of
chlorine. The sample sent to the laboratory,
which indicated the ability to determine bromine
in the presence of chlorine, was clearly marked
as containing chlorine when submitted. Although
the results reported in Table 4 represent a one
time event to compare laboratories, they are
representative of our experience with outside
determinations of bromine.

Fluorine is another example of an element
for which microanalytical results from outside
sources are often less than satisfactory. The IC
analysis of fluoride ion was also found to give
good precision for both dissolved standards
(R.S.D.=0.95%) and combusted standards
(R.S.D.=1.5%). The chromatographic system
used for fluoride determination is given in Table
1 and is based on an ion-exclusion column for
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Table 4
Results obtained by various labs on bromine standards

Expected IC result (%) Result (%)
result (%)
Laboratory 1 Laboratory 2 Laboratory 3
37.33 37.36 37.79 34.38 37.99
21.39% 21.01 43.49 NR® NR
18.11 18.05 18.33 17.58 17.67
20.06 20.04 NR 20.52 20.44
20.56" 20.48 39.65 NR NR

“ Sample contained chlorine and was labelled as such.
* NR = Not run.

weak acids, since insufficient retention of fluo-
ride ion is obtained on typical anion columns.
Although the assay precision obtained for
fluoride ion appeared good, the data obtained on
combusted materials indicated the presence of a
significant bias in the assay. The results in Table
5 were generated by using dissolved fluorine
standards for calibration. The negative bias was
always observed when samples were combusted
and indicates that there is a significant recovery
problem associated with the Schoniger combus-
tion. The recovery problem for fluoride follow-
ing sample combustion in a Schoniger flask has
been reported earlier [14]. The elimination of
borosilicate glass in the combustion flask through
the use of plastic combustion flasks did not
eliminate the recovery problems as was indicated

Table 5
Results obtained on combusted fluorine standards using
dissolved standards to quantify the ion chromatographic
response

Sample F (ng)
Expected Found Difference

1 596 549 —47
2 621 584 =57
3 583 538 —45
4 662 615 -47
5 614 581 -33
1 596 555 —41
2 621 576 —-45
3 583 537 —46

in some publications [15,16]. Because the source
and nature of this assay bias remains unex-
plained, the chromatographic determination of
fluorine has not been implemented as a routine
assay.

Another element for which sample combustion
problems complicate the analysis is phosphorus.
In this case it is well known that many different
phosphorus species are formed. For the purpose
of analysis by IC, the most desirable form would
be orthophosphate since this species could be
analyzed using the same chromatographic system
used for bromine. In addition to orthophos-
phate, however, substantial levels of pyrophos-
phate, tripolyphosphate and, sometimes, tetra-
polyphosphate are formed. Fig. 3 illustrates the

Conductivity

L | A

Time (min)

Fig. 3. Gradient chromatogram showing the presence of
orthophosphate (A), pyrophosphate (B), tripolyphosphate
(C), tetrapolyphosphate (D), etc. in the absorbent solution
from a Schéniger combustion of a phosphorus-containing
sample.
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various phosphorus-containing species produced
during the combustion of a phosphorous con-
taining sample. The gradient conditions de-
scribed in ref. 17 were used to produce the
chromatogram in Fig. 3. Although chemical
procedures for converting all forms of phosphor-
us to orthophosphate have been developed and
widely applied, they involve refluxing the sample
after addition of strong acid. In addition to
adding a major interference to the anion chro-
matogram, procedures of this type are labor
intensive and are not ideal for concentration
determinations. Recently enzymatic procedures,
that require no refluxing, have been developed
in our laboratory which will completely convert
all phosphorus species, generated in a Schoniger
combustion, to orthophosphate. Since the cost of
the enzymes is negligible (cents per sample) and
since they can be readily obtained, this pro-
cedure appears to form the basis for a future IC
micro-determination for phosphorous.
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Abstract

Investigations of drug authenticity focus on both bulk drugs and finished products. Excipients and contaminants
from manufacturing processes may be used as “chemical fingerprints” to track drug sources. This paper describes
the ion chromatographic determination of sodium lauryl sulfate, chloride, phosphate and citrate in drug

formulations as applied to drug authenticity cases.

1. Introduction

In recent years, the quality and authenticity of
drugs, especially generics, have come under
intense public scrutiny. The Food and Drug
Administration (FDA) has legal and scientific
processes, such as the New Drug Application
(NDA) and Abbreviated New Drug Application
(ANDA), by which it approves new and generic
drugs. However, the agency must ensure that
drugs are produced only by approved manu-
facturers, and that the formulations and
processes which have been approved are fol-
lowed.

Methodology to detect contaminants in drugs
is necessary for investigations of authenticity.
Analysis of contaminants in bulk drugs may be
used as a “chemical fingerprint” to track bulk
drugs since various manufacturing processes may
contribute characteristic residual chemicals to
the fingerprint. Several investigators have used

* Corresponding author.

SSDI 0021-9673(94)00012-X

analysis of contaminants to distinguish between
samples: Neumann and Gloger [1] utilized
capillary gas chromatography for the analy-
sis of impurities in heroin, and Wolnik et al.
[2] used inductively coupled plasma—optical
emission spectroscopy to distinguish between
manufacturers of cyanide in Tylenol tamper-
ings.

Investigations of authenticity may also focus
on finished products. Manufacturing processes
use distinct excipients: buffers such as phosphate
and citrate in injectables, fillers such as man-
nitol, sorbitol, dibasic calcium phosphate, cal-
cium sulfate and lactose, and lubricating agents
such as sodium lauryl sulfate in tablets [3].
The absence or presence of various excipients
may indicate deviations from approved form-
ulations and/or processes, or counterfeit pro-
ducts.

Ion chromatography is an important analytical
technique in forensic investigations of drug au-
thenticity. In this paper, two cases in which
jon chromatography was used to discrimin-
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ate between investigative samples will be dis-
cussed.

2. Experimental
2.1. Apparatus

The instrumentation used included a Dionex
(Dionex, Sunnyvale, CA, USA) 4500 ion
chromatograph with gradient pump, Rheodyne
Model 9126 injector (10-u1 loop), pulsed electro-
chemical detector in the conductivity mode,
automated sampler module, and AI-450 software
program for data collection and calculation. The
column used was a Dionex Omnipac PAX-500,
250 x4 mm and the suppressor was an Anion
Micromembrane Suppressor (AMMS) 1II, also
from Dionex. '

2.2. Reagents, standards and samples

Water used in these studies was purified using
a Millipore (Bedford, MA, USA) Milli-Q sys-
tem. Eluents were prepared from 50% (w/w)
aqueous . sodium hydroxide, Optima-grade
methanol and acetonitrile (Fisher Scientific, Fair
Lawn, NJ, USA). Standards were prepared with
sodium lauryl sulfate and citric acid monohy-
drate (Sigma, St. Louis, MO, USA) and certified
ion chromatography anion standard mixture
(Dionex).

Sodium lauryl sulfate (SLS) stock standard
was prepared from SLS dissolved in methanol.
Working standards were prepared by appropriate
dilutions of the stock with methanol. All other
standards were prepared in distilled deionized
water (DDW).

Tablet coatings were physically removed by
scraping or peeling. The remainder of each
tablet was reduced to powder and three tablets
composited together. Three portions of each
composite were accurately weighed and ex-
tracted with methanol, then filtered through 0.2-
pm nylon 66 syringe filters. All other samples
were diluted with DDW and filtered through
0.2-um nylon 66 syringe filters.

3. Results and discussion

3.1. Sodium lauryl sulfate in generic human
drug case

Before new drug formulations are marketed,
extensive testing is required to prove both effica-
cy and safety. Generics, however, require less
testing since the innovator has already character-
ized the active drug. Manufacturers must docu-
ment manufacturing processes, and manufactur-
ers of generics must also submit finished product
from pilot batches for bioequivalence testing.
Any formulation differences which exist between
the innovator and generic product must not
affect the bioavailability and safety of the drug.

Excipients include all of the ingredients in a
finished product other than the active ingredient.
Many types of excipients are used including
binders, fillers, disintegrating agents, lubricants,
flavors and sweetening agents [3]. Excipients can
affect the disintegration rates of tablets and the
bioavailability of water-soluble drugs. As such,
changes in the manufacturing process are not
allowed after a drug has been approved unless an
amendment to the manufacturer’s application is
approved.

Suspicions arose from investigative informa-
tion that a manufacturer’s lot submitted for
bioequivalence testing (the biolot) was not pro-
duced by the same formulation as the marketed
product. Tablets can be prepared by three differ-
ent methods: wet granulation in which ingredi-
ents are mixed in a slurry, dry granulation which
involves the compaction of powders at high
pressure, and direct compression [3]. Each of the
methods has both advantages and disadvantages.
It was suspected that SLS, a lubricant, was used
in the formulation of the marketed product, but
not in the biolot formulation. Tablets were
analyzed for SLS to determine if the biolot and
production lots were the same.

An existing method for the analysis of linear
alkyl sulfates in surfactants by ion chromatog-
raphy was used to quantitatively determine SLS
[4]. Gradient conditions are listed with Fig. 1.
The tablets in question were also analyzed con-
currently at FDA Division of Drug Analysis
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Fig. 1. Determination of sodium lauryl sulfate in a tablet.
Peak 1=SLS. Column: Omnipac PAX-500; flow-rate: 1.0
ml/min. Gradient program: eluent 1: 18 MQ water; eluent 2:
acetonitrile—water (90:10); eluent 3: 200 mM NaOH; eluent
4: methanol-water (45:55). Suppressor: AMMS-II; regener-
ant: 12.5 mM sulfuric acid at 10 ml/min.

Time (min) Eluent1 Eluent2 Eluent3  Eluent 4
(%) (%) (%) (%)
0.0 80 0 10 10
20.0 30 50 10 10
40.0 10 70 10 10
50.0 10 70 10 10
50.1 80 0 10 10
60.0 80 0 10 10

using a modification of a US Pharmacopeia
method [5]. SLS was converted to lauryl alcohol
and determined in that form by GC-MS. SLS
was positively identified by GC-MS in all sam-
ples except for the biolot, but was not quanti-
tated.

Calibration curves of SLS prepared in metha-
nol were linear in the range studied (20-200
pg/ml) with a slope of 27527 area response
counts per pg/ml, y-intercept —189428 area
response counts, and correlation coefficient
equal to 0.9995. Repeatability of response and
retention time were 3.1 and 0.8% relative stan-
dard deviation, respectively. A limit of detection
(LOD) was not calculated statistically due to the
slope of the baseline but was defined as the
lowest concentration of standard for which a
definitive peak was observed. Solution LOD was

2 pg/ml, equivalent to a LOD in the tablets
studied of 40 ug SLS per gram tablet.

The SLS determined in several lots of the
tablet in question from the same manufacturer
are presented in Table 1. Three samples were
weighed and extracted from each lot (four from
lot C). The amount of active drug in the tablets
(5 mg versus 10 mg) did not affect the analysis of
SLS. Spike recoveries were performed to de-
termine the effectiveness of the methanol ex-
traction. Although SLS is soluble in water [6], no
SLS was detected in the aqueous extracts of the
tablets. The SLS concentration was 0.3 mM in
the aqueous extracts, which is below the critical
concentration for micellar formation. Perhaps
the interaction of SLS with the other ingredients
in the tablet prevented extraction with water.
The percent recovery from methanol was very
dependent upon the method of spike prepara-
tion. The first method consisted of adding 2.2 mg
SLS to 0.4 g of composited tablet. A 0.05-g
portion of the spiked sample was extracted with
2 ml of methanol. The sample was then filtered
and injected onto the Omnipac column. Re-
covery of SLS through this procedure was only
an average of 60%. The second method, how-
ever, had an average spike recovery of 92%. In
this method, 1.1 mg SLS was added to a smaller
portion of composited tablet (0.2 g), but the
entire spiked sample was extracted with 5 ml of

Table 1
Concentration of sodium lauryl sulfate in drug tablets

S mg active
wng SLS/g tablet

Lot® 10 mg active Lot
ng SLS/g tablet

A 2396 D 2960
2229 3092
2352 2923
B 3093
3374
2864
C 2984
3008
2831
2911

“Three to four samples prepared per lot.
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methanol. This extract was then diluted 1:1 with
methanol and filtered through a nylon 66 filter. It
is suspected that the poor recovery of the first
spike method was due to incomplete mixing of
the SLS with the sample. Since the entire sample
was extracted in the second method, there were
no homogeneity problems. The distribution of
SLS in the finished tablets from the manufac-
turer was homogeneous since the percent rela-
tive standard deviation between multiple sam-
plings of each lot range from 2.7 to 8.2% R.S.D.

No SLS was detected, either by ion chroma-
tography or GC-MS, in the lot submitted for
bioequivalency testing. However, SLS was de-
termined by ion chromatography at an average
level of 2584 ng/g tablet in the finished product.
The limit of detection for SLS in the tablet was
65 times greater than the level of SLS declared.
It was concluded from this information, in con-
junction with other chemical analyses and inves-
tigative information, that the biolot was not
produced by the same formulation as the mar-
keted product. Although the presence or ab-
sence of SLS, an approved excipient in drugs,
may not seem to be a major issue, it is very
important that manufacturers follow the master
formulations which have been approved by FDA
and tested for bioequivalency.

3.2. Anions in veterinary drug case

It was evident from the very first analysis in
the following case, that fraud was involved. The
sample, a liquid veterinary drug, did not contain
the active drug which was declared on the label.
However, the details of the operation were not
as evident and ion chromatography proved to be
a valuable technique in piecing together the
details.

The suspect samples contained a different
active ingredient which is used to treat the same
medical condition as the falsely declared drug.
The substitute drug, however, is less expensive,
and not as potent as the labeled drug. The
motive for fraud became clear. Package the
cheaper drug as the more expensive labeled drug
and a greater profit will be made. If the counter-
feiter had not put any active ingredient in his

product, the scam would have quickly failed. In
order to make a stronger legal case, it was
important to find the source of material in the
counterfeit containers.

The substitute drug is available as either the
hydrochloride or the phosphate salt. Using this
information, three sets of samples were analyzed
on an Omnipac Pax-500 column. The solvent
resistance of this column was necessary in order
to minimize sample preparation and possible
damage the organic drug might do to an ion
chromatography column. Samples were diluted
sufficiently that filtration was the only sample
pretreatment necessary. The column was cleaned
with 90% aqueous acetonitrile. The three sets of
samples consisted of: legitimate substitute drug
from a manufacturer who had sold product to
the suspect distributors, samples confiscated
from warehouses, and suspect samples confis-
cated from dealers.

Fig. 2 illustrates the separation of chloride,
sulfate, phosphate and citrate in a suspect sam-
ple. Calibration curves were linear (correlation
coefficients >0.9990) in the ranges studied (Cl~
0.7-30 pg/ml; PO.™ 3-155 pg/ml; citrate 5-50
wg/ml). Plots were constructed comparing chlo-
ride concentration versus the concentration (ex-
pressed in molarity) of substitute drug (refer to
Fig. 3); phosphate concentration versus the con-

40
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Fig. 2. Separation of anions in a veterinary drug on the
Omnipac PAX-500 column. Eluent: 40 mM NaOH-5%
methanol; flow-rate: 1.0 ml/min; suppressor: AMMS-II;
regenerant: 12.5 mM sulfuric acid at 5 ml/min. Peaks: 1=
chloride; 2 = sulfate; 3 = phosphate; 4 = citrate.
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Fig. 3. Veterinary drug: molarity of phosphate plotted
against molarity of substitute drug for three sets of samples.
O = Legitimate; < = suspect; & = warehouse.

centration of substitute drug (refer to Fig. 4);
and citrate concentration versus the concentra-
tion of substitute drug (refer to Fig. 5). Citrate is
a commonly used buffer in certain veterinary
drugs. In each of the plots a trend was noted: the
data divided into three distinct groups well
separated from each other. The legitimate prod-
uct had equimolar phosphate and active (of
substitute drug) concentration, no chloride and
the highest level of citrate. Samples seized from
warehouses, however, all had low phosphate and
citrate, but had equimolar substitute drug and
chloride levels. Suspect samples packaged as the
more expensive drug all had levels of phosphate,
citrate, chloride and substitute drug which were
in between the legitimate substitute drug and
warehouse samples. The suspect samples were
mislabeled, since they contained none of that
active ingredient, however, they also contained
counterfeit substitute product.

Legitimate product contained approximately
0.6 M substitute drug in the phosphate form and
0.2 M citrate, while the warehouse samples
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Fig. 4. Veterinary drug: molarity of chloride plotted against
molarity of substitute drug for three sets of samples. Symbols
as in Fig. 3.
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Fig. 5. Veterinary drug: molarity of citrate plotted against
molarity of substitute drug for three sets of samples. Symbols
as in Fig. 3.
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Table 2
Comparison of chloride, phosphate, citrate and substitute
drug concentrations in veterinary drug samples

Sample Cl~ PO}~ Substitute  Citrate
o) (M) drug (M) (M)
Legitimate® ND® 0.6 0.6 0.2
Warehouse® 1.2 ND 1.2 ND
Legitimate/2¢ ND 0.3 0.3 0.1
Warehouse /2 0.6 ND 0.6 ND
Legitimate + 0.6 0.3 0.9 0.1
warehouse 1:1
Suspects® 0.6 0.4 0.9 0.1

* Average of four samples

® ND = Not detected.

 Average of fifteen samples.

4 For purposes of explanation, concentrations of legitimate or
warehouse were divided by two.

¢ Average of eleven samples.

contained the drug in the hydrochloride form
(1.2 M) only. On average, the suspects
contained 0.9 M substitute drug, 0.4 M phos-
phate, 0.6 M chloride and 0.1 M citrate. The
suspect samples had the same concentrations as
if the legitimate material and warehouse samples
had been mixed one to one (refer to Table 2).
Based upon the described plots, as well as
packaging, investigative information, and results
of other chemical analyses, the following conclu-
sion was made. Suspects were adding warehouse
material to legitimate substitute drug to increase
its potency, then packaging it as the more
expensive drug.

4. Conclusions

Most drug manufacturers adhere to the law
and follow good manufacturing practices. How-

ever, counterfeit and unscrupulous manufactur-
ers do exist. In order to ensure that drugs are
produced only by approved manufacturers and
with approved formulations, our analyses must
become more and more sophisticated. The utility
of ion chromatography was demonstrated in two
cases by the analysis of sodium lauryl sulfate,
chloride, phosphate and citrate.
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Abstract

Two ion chromatography methods for the determination of haloacetic acids are described in this paper. The first
method is based on anion-exchange separation with suppressed electrical conductivity detection. The second
method is based on anion-exclusion separation with UV detection. Both methods are simple and fast. The detection
limits for the haloacetic acids are in the umg/l range. Applications of these methods for the determination of

haloacetic acids in some real world samples are shown.

1. Introduction

Haloacetic acids are present in many samples
due to their use in various industrial applica-
tions. Trace amounts of these acids are found in
drinking water as chlorination by-products.
Mono-, di- and trichloroacetic acids are used as
base materials for colorant manufacturing, phar-
maceutical synthesis and antiseptics, respective-
ly. Trichloroacetic acid is also used as a herbicide
and as an important intermediate in chemical
industry. Trifluoroacetic acid is used to cleave
peptides from solid-phase resins in peptide
synthesis. Many haloacetic acids are toxic and
having reliable methods for their determination
is very important.

The standard method for determining halo-
genated acetic acids is by liquid-liquid extraction
and gas ‘chromatography (GC) with electron-
capture detection. This method is described in
US EPA method 552 [1] and is applicable to the
determination of six halogenated acetic acids in

* Corresponding author.
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drinking water, ground water and raw water.
Even though the detection limits for the acids
are in the low ug/1 range, this method is compli-
cated and time consuming. Determination of
acetic, dichloroacetic and trichloroacetic acids by
high-performance liquid chromatography
(HPLC) has also been reported [2]. The method
is based on ton-interaction separation with UV
detection at 210 nm. Separation of mono-, di-
and trichloroacetic acid by ion-exchange chroma-
tography was reported by Houdeau et al. [3]. A
silica-based anion exchanger was used for the
separation, combined with refractive index de-
tection.

Two ion chromatography (IC) methods are
described in this paper for the determination of
haloacetic acids. The first method is based on
anion exchange separation with suppressed elec-
trical conductivity detection. The second method
is based on anion exclusion separation with UV
detection. IC is one of the fastest growing
analytical techniques for the determination of
ionic species. It offers simple, reliable and inex-
pensive means for the simultaneous separation
and determination of inorganic and organic ions
in complex mixtures. Both IC methods described

© 1994 Elsevier Science B.V. All rights reserved
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here are fast and simple. The detection limits are
in the pg/l range. Sample preparation for IC
analysis is less time consuming than the GC
technique and the instrumentation is simple.
However, the detection limits for haloacetic
acids by GC method are much lower than the
methods described here.

2. Experimental

Anion chromatography was performed on an
Alltech (Deerfield, IL, USA) ion chromatog-
raphy system that consists of a Model 325 HPLC
pump, a Model 335 suppressor module, and a
Model 320 conductivity detector. A Rheodyne
(Cotati, CA, USA) Model 9125 injection valve
was used to introduce the sample. For anion-
exclusion chromatography, the same HPLC
pump and injector were used along with an
Alltech Model 330 column heater and a Linear
(Linear Instruments, Reno, NV, USA) Model
204 UV-VIS detector. The temperature of the
column heater was maintained at 35°C. All data
were recorded on a Spectra-Physics (Santa
Clara, CA, USA) SP 4400 Chromjet integrator.

The Alltech Universal Anion 300 Column (150
mm X 4.6 mm) was used to separate the halo-
acids by anion-exchange chromatography. For
the ion-exclusion method, a Wescan (Alltech)
Anion Exclusion Column (300 mm X 7.8 mm)
was used. All reagents and standards were pre-
pared from reagent-grade chemicals (Aldrich,
Milwaukee, WI, USA) and distilled deionized
water.

3. Results and discussion
3.1. Ion-exchange method

A suppressor-based IC method [4] is used for
the separation of haloacetic acids by ion ex-
change. The haloacetic acids are separated on an
anion-exchange column with a basic sodium
carbonate—hydrogencarbonate eluent. The col-
umn effluent flows to a suppressor device before
entering the conductivity detector. The suppres-

sor exchanges the cations from the eluent and
sample for hydronium ions forming carbonic acid
(low conductivity) and fully protonated halo-
acetic acids (high conductivity). This results in a
decrease in conductivity for the eluent and an
increase in conductivity for the sample ions.
Over all detection sensitivity for the anions is
improved considerably [4]. Various suppressor
devices are available. The method described
here uses an Alltech Solid Phase Chemical
Suppressor (SPCS) [5]. The SPCS consists of a
suppressor module which houses a 10-port
switching valve and two disposable cartridges.
The cartridges are packed with specially treated
sulfonated polystyrene—divinylbenzene cation-
exchange resin in the hydrogen form. The SPCS
is connected between the analytical column and
the conductivity detector. The flow diagram of
the SPCS is shown in Fig. 1. The eluent from the
analytical column flows through one cartridge at
a time. While one cartridge is being used, the
effluent from the detector flows through the
other cartridge to pre-equilibrate the cartridge.
This reduces the baseline shift due to conduct-
ance change when the valve is switched.

Fig. 2 shows the anion-exchange separation of
acetic, monochloroacetic (MCA), dichloroacetic
(DCA) and trichloroacetic (TCA) acids. The
acids are separated on a hydroxyethyl meth-
acrylate based anion-exchange stationary phase
with  sodium carbonate—hydrogencarbonate
eluent. Carbonate—hydrogencarbonate eluent
seems to be the best counter ion for the separa-
tion since TCA has high affinity toward the
stationary phase. When sodium tetraborate or

Cartridge 2
Fig. 1. Flow diagram of the SPCS system.
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Fig. 2. Separation of chloroacetic acids by anion exchange.
Peaks: 1 = acetate (10 mg/l); 2 = monochloroacetate (10
mg/1); 3 = dichloroacetate (20 mg/1); 4 = trichloroacetate (20
mg/1). Column: Universal Anion 300 (150 mm X 4.6 mm).
Eluent: 2.2 mM sodium carbonate-2.8 mM sodium hydro-
gencarbonate. Flow-rate: 2 ml/min. Detector: conductivity.
Injection volume: 100 ul.

sodium hydroxide eluent (common eluents used
with suppressor-based IC) were used for this
separation, DCA and TCA were retained on the
column too long. Three chloroacetic acids along
with acetic acid are separated within 18 min with
excellent resolution and sensitivity by carbonate—
hydrogencarbonate eluent. The same method
can be used for the separation of acetic, mono-
bromoacetic (MBA), dibromoacetic (DBA) acid
and trifluoroacetic (TFA) acids. Fig. 3 shows the
separation of monobromoacetic acid and di-
bromoacetic acid. If both chloro and bromo
acids are present in the same sample, bromo-
acetic acid may co-elute with monochloroacetic
acid. Other anions are well resolved from each
other. The resolution.can be modified easily by
either changing the concentration of the eluent
or the length of the column.

3.2. Ion-exclusion method
Ion exclusion is commonly used to separate

weakly ionized anions such as carboxylic acids,
organic acids and weak acid anions. Ion-exclu-

1 2

A 4
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T T T 1

0 3 6 9 12 Min
Fig. 3. Separation of bromoacetic acids by anion exchange.
Peaks: 1=acetate (10 mg/l); 2 = bromoacetate (10 mg/1);
3 = chloride; 4 = dibromoacetate (10 mg/1). Column: Univer-
sal Anion 300 (150 mm X 4.6 mm). Eluent: 2.2 mM sodium
carbonate-2.8 mM sodium hydrogencarbonate. Flow-rate: 2
ml/min. Detector: conductivity. Injection volume: 100 ul.

sion mechanisms are based on the separation of
molecular compounds by differences in partition-
ing between the interstitial mobile phase (usually
water) and the stagnant mobile phase within the
pores of the resin [6]. A strong inorganic acid
eluent combined with a sulfonated cation-ex-
change column is normally used for the separa-
tion. Both conductivity and UV detection have
been used. The method developed here uses
phosphoric acid eluent with UV detection at 210
nm. UV detection was chosen due to high
conductivity of the phosphoric acid eluent. The
sample acids are detected with lower sensitivity
with conductivity detection. Other eluents such
as dilute sulfuric acid or nitric acid were also
tried for the separation. These eluents are found
to be inappropriate for haloacetic acid separation
because of the poor sensitivity and bad resolu-
tion.

Fig. 4 shows a separation of TCA, DCA,
acetic acid and MCA by the anion-exclusion
method. TCA is more ionized than the other
anions, and elutes rapidly from the column,
followed by DCA, acetic acid and MCA. Other
haloacids such as bromo, dibromo and trifluoro
acetic acids can be separated by the same meth-



312 L.M. Nair et al. | J. Chromatogr. A 671 (1994) 309-313

AU

4
v
0 5 10 15Min

Fig. 4. Separation of chloroacetic acids by anion exclusion.
Peaks: 1= trichloroacetic acid (10 mg/l); 2 = dichloroacetic
acid (10 mg/l); 3 = acetic acid (10 mg/1); 4 = monochloro-
acetic acid (10 mg/1). Column: Anion exclusion (300 mm x
7.8 mm). Eluent: 1% phosphoric acid. Flow-rate: 0.8 ml/
min. Detector: UV, 210 nm. Injection volume: 100 wl.

ods, but may co-elute with other haloacids if
they are present in the sample.

The anion-exchange separation is suitable for
MCA, TFA and bromoacetic acid separation
because sensitivity for these acids is better than
with the ion-exclusion method. The ion-exclu-
sion method is more advantageous to trichloro,
dichloro and dibromo acetic acids separation
because of higher sensitivity. Both methods have

Table 1
Method detection limits for haloacetic acids

some co-elution problems, but depending on the
nature of the analytes, either method can be
used for the analysis.

3.3. Method detection limits

The detection limits calculated as 3 signal-to-
noise ratio based on 100 wl injection volume
using both methods are summarized in Table 1.
The detection limits vary from 5 to 130 ug/l.
These values are higher than the values reported
in US EPA method 552 as shown in Table 1,
however IC methods are simpler and require less
sample preparation. The GC method requires
liquid-liquid or micro-extraction which can be
time consuming. Sample preparation for IC
analyses requires simple dilution and filtration.
The GC method is more sensitive than IC, hence
the method described here are not suitable for
monitoring haloacetic acids in drinking water,
raw water and ground water. The detection
limits by IC may be improved by pre-concen-
tration of the sample.

3.4. Applications

The application of these methods for real
samples are shown in Fig. 5. Fig. 5a, b and ¢
show separations of peptide, antiseptic and
drinking water samples using the ion-exchange
method. The peptide sample was dissolved in
deionized water and filtered through a 0.2-um

Haloacetic acid

Method detection limit (ug/1)*

Ton exchange

Ion exclusion

Method 552°

Acetic acid 12.0 130.0
Monochloroacetic acid 8.0 70.0
Dichloroacetic acid 16.0 8.0
Trichloroacetic acid 80.0 5.1
Trifluoroacetic acid 12.0 65.0
Bromoacetic acid 21.0 85.0
Dibromoacetic acid 30.0 90.0

0.10
0.09
0.06

0.08
0.05

100 p! Injection volume, calculated as 3% signal-to-noise ratio.

® Method detection limits in reagent water reported in US EPA method 552.
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Fig. 5. Separations using ion-exchange (a, b, ¢) and ion exclusion methods (d). Columns: (a, b, ¢) Universal Anion 300 (150
mm X 4.6 mm). Eluent: 2.2 mM sodium carbonate-2.8 mM sodium bicarbonate. Flow-rate 2 mi/min. Detector: Conductivity.
Injection volume: 100 l: (d) Anion exclusion (300 mm X 7.8 mm). Eluent: 1% Phosporic acid. Flow-rate 0.8 ml/min. Detection:
UV at 210 nm. Injection volume: 100 ul. Samples: (a) Peptide sample. Peaks: 1 = acetate; 2 = trifluoroacetate. (b) Antiseptic
solution. Peaks: 1 = chloride; 2 = trichloroacetate. (c) Water spiked with haloacetic acids. Peaks: 1 = chloride; 2 = dichloroacetate
(30 pg/1); 3=dibromoacetate (60 umg/l); 4= trichloroacetate (160 umg/l). (d) Herbicide. Peaks: 1= trichloroacetic acid;

2 = dichloroacetic acid.

syringe filter before injection. The antiseptic
solution was diluted 20-fold in deionized water
and injected. The water sample was spiked with
30 ng/l DCA, 60 ng/l DBA and 160 ug/1 TCA,
respectively. Fig. 5d shows the analysis of her-
bicide using the ion-exclusion method. The sam-
ple was diluted in deionized water before in-
jection.

4. Conclusions

IC provides a simple and sensitive method for
the analysis of haloacetic acids. Either ion ex-
change with suppressed conductivity detection or
ion exclusion with UV detection methods may be
used for the determination. Compared to the GC
method, IC is easier for routine analyses of
haloacetic acids. The detection limits by both IC
methods are in the ppb range. Because GC
method is more sensitive, the IC methods de-

scribed here are not suitable for US EPA work.
Studies to improve the detection limits are under
investigation. Some co-elution problems may
occur depending on the analytes of interest, but
can be avoided by choosing either one of the
methods. '
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Abstract

Reliable methods to quantitate microbial fermentation nutrients and metabolites are essential for improved
process monitoring and control. Analysis of culture media components by jon chromatography was completed for

several recombinant and pathogenic microorganisms.

Specific applications include monitoring of carbohydrates,

alcohols, and inorganic cations. Isocratic methods were used with pulsed amperometric detection for carbohydrates
and alcohols, and conductivity detection for inorganic cations. Sample preparation was a simple dilution of filtered
broth with water. All isocratic analysis times were 20 min. An additional gradient method was utilized for certain
carbohydrate mixtures. These analyses accurately monitor over fifty nutrients and metabolites present in

fermentation media.

1. Introduction

Reliable methods to quantitate common mi-
crobial nutrients and metabolites are essential
for improved fermentation process monitoring
and control. Measurement of carbohydrates,
alcohols, and inorganic cations are very impor-
tant when investigating and understanding mi-
crobial physiology and for many aspects of
fermentation process development. Improve-
ments in process performance may be achieved
by supplementation with organic {1] or inorganic
[2] nutrients, by developing defined media to
replace complex media formulations [3], and by
defining fermentation endpoints. Process consis-
tency can also be documented. Methods re-
ported for carbohydrate monitoring include en-

* Corresponding author.

zymatic [4], colorimetric [5], HPLC-refractive
index detection [6,7], and HPLC-UV [8] assays.
Alcohols have been measured using enzymatic
[9], near-infrared spectroscopy [10], and gas
chromatography [4] assays. Atomic absorption
[4] and colorimetric [11] assays have been used
for inorganic cation monitoring.

This paper describes four ion chromatography
methods which quantitate nutrients and metabo-
lites present in common fermentation media
including carbohydrates (galactose, glucose, Ti-
bose, fructose), sugar alcohols (glycerol, inositol,
mannitol, sorbitol), ethanol, and inorganic cat-
jons (calcium, magnesium, ammonium, potas-
sium, sodium). Sample preparation for all analy-
ses is a simple dilution of filtered broth with
water before injection. All isocratic assays have
analysis times of 20 min or less. These methods
have been successfully used to analyze chemical-

0021-9673/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
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ly defined and complex culture media for various
recombinant and pathogenic microorganisms fer-
mentations.

2. Experimental
2.1. Chemicals

Sodium hydroxide (50% w/w) and hydrochlo-
ric acid (11.6 M) were obtained from Fisher
Scientific (Malvern, PA, USA). Glacial acetic
acid (HPLC grade, CH,COOH), and perchloric
acid (70%, Ultrex ultrapure reagent, HCIO,)
were obtained from Baker (Phillipsburg, NIJ,
USA). Tetrabutylammonium hydroxide (55%
aqueous solution, TBAOH), was obtained from
Sachem (Austin, TX, USA). p,1-2,3-Diamino-
propionic acid (DAP) was obtained from Sigma
(St. Louis, MO, USA). All stock carbohydrate
and alcohol standards were prepared from ana-
lytical reagent grade material obtained from
either Pfanstiehl (Waukegan, IL, USA) or Fluka
(Ronkonkoma, NY, USA). All inorganic cation
standards were prepared from chloride salts
(purity >97%) obtained from Sigma. All solu-
tions were prepared with double distilled, chemi-
cally purified water (Millipore, Bedford, MA,
USA).

2.2. Carbohydrate chromatographic system and
eluents

Carbohydrate analysis was performed using a
Dionex Ion Chromatography (Sunnyvale, CA,
USA) system which consisted of a gradient
pump, pulsed amperometric detector with gold
electrode, autosampler, and a data handling
system. The separation was accomplished using a
CarboPac PA1 analytical column (Dionex, 250 X
4 mm, P/N 35391) and a CarboPac PA1 guard
column (Dionex, 50 X 4 mm, P/N 43096) with a
50-ul filled loop injection.

The isocratic carbohydrate analysis used 150
mM NaOH mobile phase at a flow-rate of 1
ml/min. Settings for pulsed amperometric detec-
tion (PAD) were potentials El=0.05, E2=

0.65, E3=-0.95, times T1=2, T2=2, T3=5
and range = 2. Total run time was 20 min.

The gradient carbohydrate analysis used water
(A) and 50 mM NaOH-3 mM CH,COOH (B)
for mobile phases with an eluent flow-rate of 1
ml/min. The mobile phase composition was held
constant for 13.8 min at a composition of
94%A-6%B, was varied linearly to 0%A-
100%B over the next 11.2 min, and then re-
turned to the original composition by the end of
the run (40 min). The settings for the PAD
detector were E1=10.05, E2 = 0.60, E3 = —0.65,
T1=5,T2=2, T3=1 and range = 2.

2.3. Alcohol chromatographic system and
eluents

Isocratic alcohol analysis was performed using
a Dionex DX-100 chromatography system along
with a PAD apparatus (platinum electrode),
autosampler, and a data handling system. The
separation was performed using an IonPac ICE-
AS1 analytical column (Dionex, 250 X 4 mm,
P/N 35330) with a 100 mM HCIO, mobile phase,
a flow-rate of 0.8 ml/min, and a 750-u1 reaction
coil. The PAD settings were: E1=0.2, E2=
125, E3=-0.1, Tt=4, T2=1, T3=4, and
range = 1. A 10-ul sample was injected using a
filled loop injection. The total run time was 20
min.

2.4. Inorganic cation chromatographic system
and eluents

Isocratic inorganic cation analysis was per-
formed using a Dionex DX-100 chromatography
system, conductivity detector, autosampler, and
data handling system. The separation was
achieved using an IonPac CS10 analytical column
(Dionex, 250 X 4 mm, P/N 43118) and an IonPac
CG10 guard column (Dionex, 50 X 4 mm, P/N
43119) with a 20 mM HCl-4 mM DAP mobile
phase at a flow-rate of 1 ml/min. The regenerant
system used a Dionex AutoRegen cation. car-
tridge with 0.1 M TBAOH. A range setting of 30
was used with the conductivity detector. The
injection method was a 10-ul filled loop. Total
run time for the analysis was 20 min.
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2.5. Data system

A Dionex Advanced Computer Interface
(ACI), Model III was used to transfer data to an
AST Premium 486/33TE computer. Data reduc-
tion and processing was accomplished using
Dionex AI-450 software, version 3.3.

2.6. Preparation of standards and samples

Stock carbohydrate and alcohol standards
were prepared at a concentration of 10 mg/ml in
water. Stock inorganic cation standards were
prepared at a concentration of 1 mg/ml for NaCl
and KCl and 2 mg/ml for NH,Cl, MgCl,, and
CaCl, in water. All standards were stored in 1.8
ml aliquots at —70°C in 2-ml Wheaton vials
(Wheaton, Millville, NJ, USA) with screw caps.
Standards were not sensitive to these storage
conditions (data not shown). Dilutions of stock
standards were made daily to prepare 10, 25, 50,
100, 250 and 500 pg/ml carbohydrate standards.
Alcohol stock standards were diluted to prepare
10, 25, 50, 100, and 250 pg/ml. Inorganic cation
stock standard were diluted daily to prepare
either 0.5, 1.25, 2.5, 5, 12.5 and 25 ug/ml
standards for NaCl and KCl or 1, 2.5, 5, 10, 25,
and 50 pwg/ml standards for NH,Cl, MgCl,, and
Ca(Cl,. Diluted stock standards were used to
generate standard curves.

Fermentation samples were prepared by mak-
ing dilutions of filtered fermentation broth in
water. A dilution of at least 1:25 was used for all
samples.

3. Results and discussion

The isocratic carbohydrate analysis allowed
quantitation of important microbial substrates
and metabolites including pentoses (ribose,
arabinose), hexoses (galactose, glucose, and
fructose), disaccharides (lactose, sucrose, malt-
ose), and sugar alcohols (mannitol and sorbitol).
Separation of these compounds can be achieved
in 20 min with the general elution order being
alcohols, pentoses, hexoses and then disaccha-
rides. The order of elution of monosaccharides

largely corresponds to their bulk pK, values [12].
Ethanol and glycerol can be detected with the
carbohydrate method, but since their retention
times are very similar, accurate quantitation may
not be possible in cases where both components
are present as metabolites. When monosac-
charides are the primary carbon source, the run
time may be shortened when chemically defined
media are used which do not contain the later
eluting disaccharides. When di- or trisaccharides
are used as the primary carbon sources, higher
molarity mobile phase may be used to shorten
run times.

Example chromatograms depicting standards
analyzed using isocratic and gradient methods
have been described previously [13]. Typical
standard curves for a pentose, hexose, disac-
charide and sugar alcohol can be found in Fig. 1.
Standard curve ranges are typically 10-500 wpg/
ml for carbohydrates and 10-250 wg/ml for
alcohols. The large dynamic range of the stan-
dard curves minimizes the number of repeats due
to inappropriate dilutions. Because of the large
dynamic range, a cubic fit is used to better
describe the standard curve.

Table 1 shows intraday and interday validation
data for galactose, a common fermentation nu-
trient. Similar data (not shown) were obtained
for five other carbohydrates. All validation data
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Fig. 1. Typical calibration curves for ribose, galactose,
lactose, and glycerol generated using the isocratic carbohy-
drate analysis. Standard curve range 10 to 500 xg/ml. Ribose
(Q@): amount=1.40-10""y* +2.42-107"y* + 1.03-10 "y +
4.87, R* = 0.999988; galactose (OJ): amount = —2.77:
107%° +3.76-107'%% + 6.22- 10 °y + 0.32, R”=0.999999;
lactose (Q): amount=6.31- 107y —6.11-107'%* +2.18 -
107y +0.004, R*>=0.999989; glycerol (O): amount = 4.20-
1077y* —9.93-107'%y* +2.53- 10"y + 0.25, R* = 0.999999.
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Table 1
Intraday and interday validation data for the isocratic carbo-
hydrate analysis

Standard Validation n Galactose
concentration type R.S.D. (%)
(pg/ml)
10 Intraday 6 1.8
25 Intraday 6 0.8
50 Intraday 6 1.0
100 Intraday 6 0.4
250 Intraday 6 1.1
500 Intraday 6 0.2
10 Interday 67 5.8
25 Interday 67 2.1
50 Interday 67 1.8
100 Interday : 67 0.9
250 Interday 67 0.2
500 Interday 67 0.05

were generated using standards spiked into
water. Data for spike recovery into fermentation
medium is reported elsewhere [13]. The interday
validation occurred over a two and one half year
period and was generated using six different
chromatography columns. Several thousand in-
jections of standards and fermentation samples
were run during this time without compromising
assay accuracy, indicating that this is a rugged
and reliable assay.

An ion-exclusion method was implemented to
accurately quantitate glycerol and ethanol. This
method was also isocratic with an analysis time
of 20 min. The general order of elution corre-
lated with molecular mass; retention of low-
molecular-mass alcohols (e.g. ethanol) is based
mainly on inclusion whereas higher-molecular-
mass alcohols are retained by adsorptive interac-
tions with the resin [14]. A chromatogram de-
picting elution of five alcohol standards is shown
in Fig. 2. Fig. 3 shows typical standard curves for
glycerol and ethanol over a range of 10 to 250
pg/ml. As with the carbohydrate analysis, this
large dynamic range minimizes sample repeats.

Intraday and interday validation data for etha-
nol and glycerol analyses are shown in Table 2.
The interday validation occurred over a ten-
month period and was generated using one

400

mv

100 7

Minutes
Fig. 2. Chromatogram of a mixture of alcohol standards (100
1g/ml) separated using an isocratic method. Injection vol-
ume 10 pl. Peaks: 1 = inositol, 2 = arabinitol, 3 = erythritol,
4 = galactitol, 5 = glycerol, and 6 = ethanol.

chromatography column. Over 2200 injections of
standards and fermentation samples were run
during this time with retention time changes of
<1% for glycerol and <2% for ethanol.

Five common inorganic cations important in
certain microbial fermentations were analyzed
using a cation-exchange method. The isocratic
cation analysis allowed quantitation of monova-
lent (sodium, ammonium, and potassium) and
divalent (magnesium and calcium) inorganic cat-
ions. Separation of these compounds was per-
formed in 20 min with monovalent cations elut-
ing first. Retention time increased as the size of

12000000 +
10000000 4

80000001

4000000

Detector Response (peak area)

0 50 100 150 200 250
Standard Concentration (pg/ml )

Fig. 3. Typical calibration curves for ethanol and glycerol
generated using the isocratic alcohol analysis. Standard curve
range 10 to 250 ug/mi. Glycerol (©): amount=9.54-
107°%° +2.72- 107y + 1.14-10°y - 0.49, R = 1.000000;
ethanol (0J): amount = —4.89-107>°"+2.10-10"%y* +
1.88-107y +0.93, R*=0.999995.
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Table 2
Intraday and interday validation data for the isocratic alcohol
analysis

Standard Validation n R.S.D. (%)
concentration type
(ung/ml) Ethanol Glycerol
10 Intraday 6 31 5.3
25 Intraday 6 4.0 5.2
50 Intraday 6 2.4 2.6
100 Intraday 6 6.1 1.9
250 Intraday 6 0.7 0.6
10 Interday 40 2.6 33
25 Interday 40 2.4 2.5
50 Interday 40 0.8 1.1
100 Interday 40 1.1 0.2
250 Interday 40 0.1 0.1

the ion in the hydrated state increased [15]. An
example chromatogram showing the elution of
these five inorganic cation standards is found in
Fig. 4 and typical standard curves are found in
Fig. 5. Again, a large dynamic range for analysis
was used (0.5 to 25 pg/ml for sodium and
potassium or 1 to 50 wg/ml for ammonium,
magnesium and calcium).

Intraday and interday validation data for cat-

Table 3

uS

319

Minutes
Fig. 4. Chromatogram of a mixture of inorganic cation

standards (5 pg/ml or 10 ug/ml concentration for sodium
and potassium or ammonium, magnesium and calcium,
respectively) separated using an isocratic method. Injection
volume 10 ul. Peaks: 1=sodium, 2=ammonium, 3=
potassium, 4 = magnesium, and 5 = calcium.

jon analysis (Table 3) shows R.S.D.(%)=<5%
for all components. The interday validation
occurred over seventeen months and was gener-
ated using two different chromatography col-

Intraday and interday validation data for the isocratic cation analysis

Standard Validation n R.S.D. (%)

concentration type

(png/ml) Ammonium Magnesium Calcium Sodium Potassium
0.5 Intraday 6 0.02 5.0
1 Intraday 6 3.0 0.6 2.3 4.2 1.8

2.5 Intraday 6 2.5 0.7 13 2.0 2.1
5 Intraday 6 4.4 1.3 1.2 0.8 1.8
10 Intraday 6 2.0 0.4 0.5

12.5 Intraday 6 2.8 1.2

25 Intraday 6 5.0 1.1 0.8 33 0.9

50 Intraday 6 3.2 1.3

0.5 Interday 23 6 5.1
1 Interday 23 7.4 4.7 3.9 2.9 2.2
2.5 interday 23 3.2 2.3 4 2.6 2.2
5 Interday 23 2.9 1.3 1.6 0.7 0.6
10 Interday 23 1.6 0.4 0.5

12.5 Interday 23 0.4 0.06

25 Interday 23 0.5 0.2 0.13 0.4 0.05

50 Interday 23 0.6 0.07 0.14
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Fig. 5. Typical calibration curves for sodium chloride, am-
monium chloride, potassium chloride, magnesium chloride,
and calcium chloride using the isocratic cation analysis.
Standard curve range 0.5 to 25 pg/m! for sodium and
potassium and 1 to 50 xg/ml for ammonium, magnesium and
calcium. Sodium (0): amount = —6.03-10""y*+3.38-
107"y* +5.54-10"°y — 0.01, R* = 0.999995; ammonium (0):
amount = 8.53- 107"y’ + 3.58 - 107 "°y* + 8.90 - 10y — 0.11,
R*=0.999998; potassium (Q): amount=1.02-107"%*
—1.75-10""y* +8.68-10°y + 0.14, R*>=0.999973; mag-
nesium (O): amount=—5.63-10""y>+3.78-107""y* +
1.04-107%y — 0.12, R>=0.999992; calcium (A): amount =
—1.06-10"%y* +2.37-107'%% + 2.74- 10~ *y - 0.18, R’=
0.999972.

umns. Sample analysis was routinely performed
using dilutions of 1:1000 or 1:2000 to lower
analyte concentrations to within the standard
curve range. Sample matrix effects were negli-
gible because of the large dilutions used for
analyses. Over 2000 injections of standards and
fermentation samples were analyzed during this
time.

The isocratic carbohydrate analysis was used
to generate a time course profile for a
Haemophilus influenzae fermentation in a com-
plex medium containing glucose (Fig. 6). Prefer-
ential utilization of some minor carbohydrates
supplied by complex medium components, which
are not easily measured by other methods, can
be monitored using this analysis [13]. This in-
formation may be helpful when trying to eluci-
date biochemical pathways, improving process
performance by nutritional supplementation, or
formulating a chemically defined medium.

In instances where both glucose and galactose
are used as carbon sources by the microorga-
nism, a gradient carbohydrate method was re-
quired to quantitate the individual hexoses
because of their similar retention times in the

17
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Fig. 6. A time course of representative chromatograms show
isocratic carbohydrate analyses of fermentation broth sam-
ples for Haemophilus influenzae grown in complex media
[16]. Peaks: 1 = glucose, 2 = fructose, 3 = ribose, 4 = sucrose.

isocratic analysis [13]. Fig. 7 shows a time course
from a Saccharomyces cerevisiae fermentation
where both glucose and galactose were present
at the beginning of the fermentation. These
chromatograms show the utilization of galactose
after the depletion of glucose which is consistent
with the known repression of galactose metabo-
lism by glucose in yeast.

Another important component of investigating
and understanding certain physiological events is
the generation and subsequent utilization of
alcohols, especially glycerol and ethanol. A time
course showing glycerol and ethanol levels in a
S. cerevisiae fermentation is found in Fig. 8. The
glycerol peak can be seen to increase throughout
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Fig. 7. A time course of representative chromatograms show
gradient carbohydrate analyses of fermentation broth sam-
ples for Saccharomyces cerevisiae grown in complex media
containing yeast extract and soy peptone. Peaks: 1=
galactose, 2 = glucose.

the fermentation while the ethanol peak is ab-
sent in the ¢=0 sample, increases in concen-
tration, and then decreases. This information is
useful for documenting process consistency since
aerobic utilization of ethanol is dependent upon
adequate aeration and other nutritional influ-
ences. Other alcohols can also be identified using
this method and data could be obtained for these
alcohols if their levels changed significantly over
the time course of a fermentation.

While often overlooked, inorganic cations are
essential for microbial growth and fulfill specific
metabolic and structural roles. For example,
potassium is used for active transport by yeast
and ammonia can be generated or consumed in
many microbial processes. Fig. 9 shows a series
of chromatograms from a time course of fermen-
tation where five inorganic cation levels were
measured. The time course shows that some
cation concentrations change dramatically;
potassium becomes undetectable and then reap-

1
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bbbl
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Fig. 8. A time course of representative chromatograms show
isocratic alcohol analyses of fermentation broth samples for
Saccharomyces cerevisiae grown in complex media containing
yeast extract and soy peptone. Peaks: 1=glycerol, 2=
ethanol.

pears at the end of the fermentation, while
others, such as magnesium, retain a constant
concentration throughout the fermentation. This
information can be used to design improved
medium formulations.

The four ion chromatography methods de-
scribed here are very versatile for monitoring
many common microbial fermentation substrates
and metabolites in complex or chemically de-
fined media for various recombinant and
pathogenic microorganisms. The methods de-
scribed are reliable, rugged, and demonstrate
very good intraday, interday, and inter-column
reproducibility. Because of the ease of sample
preparation and the short analyses times, these
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Fig. 9. A time course of representative chromatograms show
isocratic cation analyses of fermentation broth samples for
Saccharomyces cerevisiae grown in chemically defined media
[17]. Peaks: 1 = sodium, 2 = ammonium, 3 = potassium, 4 =
magnesium.

methods are potentially useful for on-line moni-
toring or process control.
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Abstract
A procedure is described for the detection, identification and determination of saccharin in shrimp. Undeclared

use of this regulated substance has been noted. Shrimp is extracted with water, and the extract is treated with a C
solid-phase extraction cartridge and a chloride removal cartridge. The method detection limit is 2 p g/g saccharin in
shrimp. Recovery of a 16 ug/g saccharin spike averaged 91 + 6%. The identity of saccharin is confirmed by gas
chromatography—mass spectrometry of the methyl derivative which is prepared using an on-column methylating

agent.

1. Introduction

The non-nutritive sweetener, saccharin, is sub-
ject to regulation and labeling constraints
because of questions concerning possible adverse
health effects. This additive is commonly used in
beverages and prepared foods such as desserts,
canned fruit and sauces. Analysis typically in-
volves reversed-phase high-performance liquid
chromatography [1-7]. Development of a meth-
od for the determination of saccharin in pro-
cessed shrimp products was necessary because of
the possibility of undeclared use of saccharin by
some shrimp processors. Yip and Doucette [8]
developed a method for saccharin, sodium ben-
zoate, and potassium sorbate in preserved fish
products because existing HPLC procedures for
other food products were found to form trouble-
some emulsions. However, their method re-

* Corresponding author.

SSDI 0021-9673(93)E1246-V

quires a relatively lengthy column chromatog-
raphy sample preparation procedure.

Ion chromatography (IC) has been used to
determine saccharin in gums, mints, candies,
mouthwashes, cough syrups, and soft drinks
[9,10]. Generally, minimal sample preparation
has been necessary, often consisting of no more
than filtration of an aqueous extract. In light of
this, it was anticipated that IC might serve as the
basis for a simpler analytical method than HPLC
[8.

In circumstances where the illicit use of sac-
charin is suspected, gas chromatography with
mass spectrometric detection (GC-MS) can pro-
vide confirmation of the presence of saccharin
because of its increased power of identification.
Saccharin has been determined in biological
fluids by GC-MS after paired ion extraction and
formation of the methyl derivative using a re-
action with methyl iodide [11].

This paper describes a rapid, direct IC method
for the quantitative determination of saccharin in
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shrimp. The separation used was adapted from a
method for the determination of saccharin in soft
drinks [10]. Confirmation for the presence of
saccharin is provided via a GC-MS method
which utilizes on-column derivatization.

2. Experimental
2.1. Apparatus

The IC instrument used consisted of a Waters
Action analyzer (Millipore, Milford, MA, USA)
with a Waters 700 Satellite WISP, 600E gradient
module, 431 conductivity detector, and Maxima
820 software on a 386/25 microcomputer for
data collection and calculation. The column used
was a Dionex IonPac ASS5, 250 X 4 mm with an
IonPac AG5 guard column, 50 X 4 mm (Dionex,
Sunnyvale, CA, USA). A Dionex Anion Mi-
cromembrane Suppressor II was also used.

The GC-MS instrument used consisted of a
Hewlett-Packard (HP) (Palo Alto, CA, USA)
5917A mass-selective detector interfaced to an
HP 5890 Series Il gas chromatograph. The
system is controlled and the data are collected
and analyzed by HP G1034B software running
on a HP Vectra 386/25 microcomputer. The
analysis was performed on a narrow-bore methyl
silicon capillary column (DB-1; 10 m X 0.18 mm
I.D., 400 nm film thickness; J&W Scientific,
Folsom, CA, USA).

2.2. IC Operating conditions

The IC method utilizes an isocratic eluent
consisting of 33 mM sodium hydroxide, 7.7 mM
sodium carbonate, 8 mM 4-cyanophenol and 2%
(v/v) acetonitrile. The eluent flow-rate was 1.0
ml/min. The regenerant was 12.5 mM sulfuric
acid at a flow-rate of 5 ml/min. The volume of
sample extract injected onto the column was 100
pl. The base range of the conductivity detector
was 50 uS.

2.3. GC-MS Operating conditions

The column head pressure was set to 5 kPa for
a column flow-rate of 0.7 ml/min. A sample

injection of 0.002 ml in the splitless mode was
used with a split vent interval of 1.5 min and a
split vent flow of about 30 ml/min.

The initial temperature of the oven was 50°C.
After injection, this temperature was held for 2
min, and then increased to 100°C at a rate of
70°C/min followed by an increase to 250°C at a
rate of 10°C/min.

The following detector conditions were used
with the Hewlett-Packard 5971A. The instru-
ment was autotuned for general scanning. A
solvent delay of 5.00 min was set. The mass
spectrum scan range was 30 to 330 a.m.u. with
the threshold set at 500.

After each run, the column temperature was

-maintained at 250°C while two injections of

MethElute reagent were made to clean the
injection liner and to prevent carryover between
runs. A 10-min interval was allowed for the
material to exit from the column before starting
the next run.

2.4. Reagents and standards

Distilled deionized water (DDW) was used in
these studies (Milli-Q system, Millipore, Bed-
ford, MA, USA). Saccharin reagent was ob-
tained from Aldrich (98+%; Milwaukee, WI,
USA). All other IC reagents were of the highest
available purity. A 100 pg/ml IC stock standard
of saccharin was prepared by dilution with
DDW. Working IC standards were prepared at
the 0.1, 0.5, 5.0 and 25 pg/ml levels.

A solution of 0.2 M trimethylanilinium hy-
droxide (TMAH) in methanol (MethElute Re-
agent; Pierce, Rockford, IL, USA) was used for
the GC-MS on-column methylation reaction.
All other GC-MS reagents were of the highest:
available purity.

2.5. IC Sample preparation

Frozen shrimp were thawed and the shells and
tails removed. Approximately 15-30 shrimp
were composited using a food processor. An
accurately weighed 1-g portion of the composite
was diluted with 80 ml of DDW in a 125-ml
high-density polyethylene bottle. The solution
was mixed for 30 min using a mechanical shaker
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and centrifuged to remove heavier particulate
from the solution. Approximately 8—10 ml of the
extract were filtered through a 0.2-pum filter, an
activated 300 mg C,; sample preparation car-
tridge (Maxiclean, Alltech) and a silver sample
pretreatment cartridge (OnGuard Ag, Dionex)
in series at a rate of approximately 1 ml/min.
The filtrate served as the analytical sample.

2.6. GC-MS Sample preparation

A 2-g portion of thawed, composited shrimp
was placed in a 20-ml glass vial and shaken with
10 ml of DDW. This mixture was centrifuged for
5 min at 2000 g. The aqueous supernatant was
transferred to another vial and washed with 10
ml of diethyl ether. The ether wash should be
discarded. Centrifugation was sometimes re-
quired to separate the organic and aqueous
layers.

To the aqueous layer, 1.5 g of sodium chloride
and 0.2 ml of hydrochloric acid were added and
then thoroughly mixed by shaking. A 10-ml
volume of diethyl ether was used to extract the
saccharin from the acidified aqueous solution.
The mixture was centrifuged (5 min, 2000 g) to
provide two clear layers with a thin white band
of solid material at the interface. The extraction
was repeated and the ether extracts combined
and dried over 1.5 g of sodium sulfate. The ether
was evaporated just to dryness and the extract
was reconstituted in 0.25 ml of TMAH for
analysis by GC-MS.

3. Results and discussion
3.1. Determination of saccharin using IC

Fig. 1 shows a typical chromatogram of a 0.1
mg/ml saccharin standard. The saccharin peak
elutes at a retention time of approximately 5.0
min. Peak area responses were used to quanti-
tate saccharin throughout this work. A relative
standard deviation (R.S.D.) of 1.2% was ob-
tained for ten replicate injections of a 1 wg/ml
saccharin standard. Peak area response was
found to be linear with saccharin concentration
over the range 0.1 to 25 pug/ml with a correlation
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Fig. 1. Ion chromatogram obtained for a 0.1 pg/ml sac-
charin standard. Peak A = saccharin.

coefficient of 0.9996. The slope of the calibration
curve was 297208 area counts/ppm and the y-
intercept was —21022 area counts. The in-
strumental detection limit (IDL) for saccharin
was found to be 0.02 ug/ml. IDL was defined as
three times the standard deviation of blank
baseline signal divided by the slope of the
calibration curve.

The determination of saccharin in shrimp was
complicated by a high level of chloride in the
samples. The samples of interest had also been
processed with sodium chloride. Excessive tailing
of the chloride peak often obscured the saccharin
peak. This problem was minimized by passing
the samples through Ag sample pretreatment
cartridges. These cartridges contain an Ag cat-
jon-exchange resin which will remove much of
the chloride from the sample. Experimentally it
was found that Ag cartridges with a capacity of
at least 1.8 mequiv./cartridge provided more
consistent removal of chloride and thus better
reproducibility of the saccharin peak than car-
tridges with smaller capacities.

After reduction of chloride in the samples
through the use of the Ag cartridges, an ortho-
phosphate peak is resolved from the chloride
peak. The orthophosphate peak is easily lost in
the large chloride signal in samples which have
not been treated with the Ag cartridge. The
orthophosphate peak tails significantly, and the
saccharin peak elutes in the tail. Fig. 2 shows the
chromatogram obtained from a processed shrimp
sample after treatment with the Ag cartridge.
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Fig. 2. Ton chromatogram obtained for a sample of shrimp
containing saccharin. Peaks: A =chloride; B = ortho-
phosphate; C = saccharin at a concentration of 0.31 xg/ml
which corresponds to 25 pg/g in shrimp.

A C; sample preparation cartridge was used
to help remove organic materials prior to in-
jection onto the IC column. Proteins and other
organics can be retained on the IC column
causing irreversible damage. Saccharin standards
which were passed through both silver and C,,
cartridges were not retained on the cartridges.
Saccharin was spiked into an aliquot of un-
processed shrimp matrix at the level of 16 ug/g
and taken through the extraction procedure. The
percent recovery through the method averaged
91+ 6% (n =S5). The reproducibility of saccharin
peak area response for ten replicate injections of
a processed shrimp sample with an average
concentration of 25 ug/g was 3.2% R.S.D.

A method detection limit (MDL) was esti-
mated at 2 upg/g in shrimp. An unprocessed
shrimp sample was prepared as discussed previ-
ously and orthophosphate was added to the
sample solution at approximately the same level
(50 pg/ml) as found in the sample chromato-
gram shown in Fig. 2. The method detection
limit was defined as three times the standard
deviation of ten replicate analyses of an 8 ug/g
saccharin spike to this sample.

Saccharin was detected in both cooked and
uncooked processed shrimp samples. Uncooked
shrimp samples were boiled for 5 min to imitate

the cooking process. Saccharin concentrations
did not significantly change after boiling whole
shrimp in water for up to 5 min. Therefore, any
saccharin added to raw shrimp prior to cooking
should still be detected in the analysis of cooked

. product.

A single sample of processed shrimp was
analyzed on three occasions over a six-week
period. Concentrations of 26 (n =2), 20 (n=15)
and 23 (n =3) ug/g saccharin were obtained on
the 1st, 35th and 43rd days, respectively. The
average and 95% confidence limit of all values
was determined to be 22 +2.1 ug/g saccharin.
Clearly, the method provides consistent results
over the 6-week period.

Earlier IC work utilized a 1:40 dilution of the
shrimp matrix. Recoveries were somewhat lower
in the less dilute solution, usually averaging
approximately 75%. Lower recoveries were pre-
sumably the result of the larger amount of
processed shrimp matrix (which includes added
salt) involved. Several sample types have been
analyzed using the 1:40 dilution. No saccharin
was detected in three samples of raw unproces-
sed shrimp. Five samples of “in-process” shrimp
and their associated brines were found to contain
concentrations of saccharin ranging from 12-35
pg/g. Saccharin was also detected in five of six
finished products at concentrations ranging from
8 to 40 ug/g. The presence of saccharin in the
five finished products was confirmed qualitatively
using GC-MS as discussed in the next section.

3.2. Identification of saccharin in shrimp using
GC-MS

The extraction of saccharin from an acidified
food matrix with diethyl ether has been de-
scribed elsewhere [12]. In this work, shrimp
samples were deproteinized by acidification with
hydrochloric acid and saccharin was extracted
with diethyl ether. The extract was taken to
dryness and reconstituted in 0.2 M TMAH, a
flash (or on-column) methylation reagent which
has been used to derivatize a variety of drugs
[13].

Fig. 3 shows a chromatogram obtained for a
sample of shrimp which did not contain sac-
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Fig. 3. GC-MS total ion current chromatogram of an un-
treated shrimp extract.

charin. A number of prominent peaks are pres-
ent with retention times as follows; 13.50, 15.07,
15.18, 15.46 and 15.60 min. Based upon a search
of a commercially available database of mass
spectra [14], these appear to be methyl esters of
hexadecanoic acid, octadecanoic acid and oc-
tadecadienoic acids.

When saccharin was spiked into the shrimp
matrix at a level of 23 ug/g, the chromatogram
shown in Fig. 4 was obtained. A peak with the
mass spectrum of the N-methyl derivative of
saccharin [11] occurs at 9.65 min. This peak is
cleanly resolved from the components of the
matrix. The mass spectrum was matched [prob-
ability based matching (PBM)-reverse] against a
commercially available database of mass spectra
[14] and returned N-methylsaccharin with a
match quality of 97 (Fig. 5).

Saccharin was spiked into an aliquot of shrimp
matrix at the level of 23 pg/g and taken through
the extraction procedure. The average percent
recovery for two determinations was 36%
(range = 8).

Although the recovery is somewhat disap-
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Fig. 4. GC-MS total ion current chromatogram of shrimp
sample spiked with saccharin at 23 pg/g and taken through
the method. Peak 1= N-methylsaccharin.

pointing, the method is useful for detecting and
identifying saccharin at the 20 ug/g level. The
mass spectrum of the methyl derivative shows a
strong molecular ion (m/z =197) and a number
of other high mass ions which bodes well for the
selectivity and robustness of the procedure a-
cross different matrices.

The recovery can probably be improved by
enhancements to the extraction procedure such
as the use of solid phase extraction to collect
saccharin from the deproteinized extract and
subsequent elution with isopropanol which forms
a useful binary azeotrope with water. Moreover,
use of selected-ion monitoring coupled with an
internal standard of suitable retention and frag-
mentation would improve the signal stability.
Based upon a reference spectrum, such a stan-
dard may be 2,4-dinitromethylbenzoate.

On a practical note, one important aspect to
the use of on-column methylation is that incom-
pletely reacted material may deposit in the
injection port liner or on the column. This could
produce a significant blank in subsequent runs. It
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Fig. 5. Comparison of (A) the mass spectrum for the peak assigned to N-methylsaccharin in Fig. 4 and (B) a reference spectrum

for N-methylsaccharin [14].

is important to flush the system as described
earlier with blank injections of the methylating
reagent to control this feature.

4. Conclusions

A rapid IC procedure for the determination of
saccharin in shrimp has been developed. This
approach is simpler than existing HPLC meth-
odology. The method is capable of detecting

saccharin in shrimp at the 2 pg/g level and has
demonstrated recoveries of 91 = 6% at 16 pg/g.
Confirmation of the presence of saccharin can be
effectively accomplished by capillary GC of the
N-methyl derivative which is prepared “on-line”
using a flash methylation reagent.
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Abstract

Electric utilities that operate nuclear power plants must adhere to a tighter range of water coolant specifications
that are commonly required in steam systems powered by other means such as coal, oil or natural gas. The reason
for this situation is the higher negative impact of a failure in the coolant and steam piping relative to non-nuclear
heat sources. This negative impact arises from the unique need of a nuclear reactor core to require cooling after
shutdown of the chain reaction —due to the heat from undecayed radioactive fission products in the uranium fuel
rods. Also, the cost of down time for repairs of corrosion damage in such stations is greater than for fossil fired
plants because these nuclear plants are base loaded (running at ca. 100% power for several hundreds of days) and
the replacement power required during their shutdown time must be provided by sources more costly by factors up
to ca. 2. Since corrosion damage in nuclear plants usually occurs under crevice conditions in components such as
steam generators where boiling occurs, even very small (parts per billion, ppb) initial feedwater concentrations of
corrosive impurity salts such as sodium, chloride and sulfate may concentrate to corrosive brines —leading to
breaches of the pressure boundaries from localized cracking or intergranular attack. This attack penetrates even the
more corrosion-resistant alloys such as Inconel 600, Incoloy 800 and the stainless steels. Ton chromatography is the
only technology able to readily measure ppb concentrations of such corrosive ions on a near real time basis, and to
differentiate among different oxidation states of ions such as nitrate, nitrite, sulfate, thiosulfate, etc. These
oxidation states respond to the general oxidizing tendency of the coolant —another variable that controls localized
corrosion. A number of examples of the use of on-line ion chromatography in troubleshooting corrosion problems

in light-water reactors will be given.

1. Introduction

Why would nuclear power stations need on-
line ion chromatography (IC)? The answer: “to
signal the onset of transient corrosive conditions
from intrusions of ionic or ion-producing species
into the water coolants”. In the mid-1970s, it
became apparent that expensive components in
nuclear power stations were undergoing corro-
sion damage of a localized nature from con-
centrations of only a few parts per billion (ppb,

0021-9673/94/$07.00
SSDI 0021-9673(94)00095-Q

w/w) of ions such as sulfate, sodium and chloride
into the steam-producing water cycle. These ions
were often associated with transient events which
seldom coincided with the customary times for
the “once a shift” or less frequent grabbing of a
water sample for laboratory analysis. The on-line
instruments in place such as conductivity meters
did respond to such intrusions, but they seldom
contained the information desired for fixing the
trouble in a timely fashion. Significant damage
sometimes occurred because the operators’ de-

© 1994 Elsevier Science B.V. All rights reserved
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layed action until the instrument’s readings were
corroborated by laboratory analyses delivered
hours to days later.

Into this situation in the late 1970s entered the
laboratory ion chromatograph, able to reliably
measure almost any positive or negative ionic
species in water at ppb levels. But could a
laboratory instrument be configured for the
rugged conditions of on-line use at several differ-
ent sample locations around the steam loop? It
appeared likely, since large beds of ion-exchange
resins had been widely used in a plant environ-
ment for many years for water treatment. After
all, were not these devices just miniaturized
versions of the reliable ion-exchange beds?

An Electric Power Research Institute (EPRI)
research project was approved with the objective
of three plant demonstrations of on-line IC [1,2].
Those three demonstrations have since led to
installations at almost half of all USA nuclear
stations. Further penetration of the power indus-
try market for on-line IC can be expected as
designs become less demanding of operator
attention.

Applications of the on-line IC in the USA
nuclear power industry are organized below
based upon the separate coolant loops to empha-
size the unique nature of the water impurities
and additives commonly found in each.

2. Pressurized water reactors (PWRs)
2.1. Secondary side coolant

The secondary side coolant in PWRs was the
first to be considered for application of on-line
IC for two main reasons: (1) Corrosion damage
of the steam generator was a very expensive
problem that needed solution, and (2) the cool-
ant impurities were suspected as possible causes
of some of the damage mechanisms. Analysis of
the sulfate ion, one of the most significant of
these impurities, was the key to convincing many
PWR operators to install an on-line IC. Why
sulfate? Sodium and chloride already had a
number of procedures capable of ppb sensitivity,
sodium more than chloride. Sulfate was a far

more difficult problem analytically. Further-
more, sulfate was in many steam systems far
more abundant than chloride. Not only did it
enter from cooling water in-leakage at the tur-
bine condenser from both brackish and non-
brackish waters, but internal sources such as the
sulfonated cation resin of condensate polishers
and sulfuric acid cation resin regenerant leachate
were often dominant. Worse yet, as the anion
resin of a mixed bed condensate polishing system
gradually degraded its kinetics due to fouling by
organics and other species, the first ion to show
reduced kinetics for removal was the sulfate ion
—due to its slower diffusivity arising from its two
negative charges. It almost became, in many
stations, a sulfate ion-dominated world!

Some of the early on-line data obtained in
PWRs were dominated by sulfate ion spikes,
more from resin intrusions than from condenser
in-leakage. Figs. 1 and 2 show the first sulfate
spikes seen by on-line IC in the EPRI program,
observed at the Rancho Seco PWR right after a
turbine trip (a sudden drop to near zero power)
at points upstream and downstream of the deep
bed condensate polisher beds. All the three ions,
chloride, sodium and sulfate were observed in
the upstream (hot well) sample, but sulfate was
dominant in both up and down stream samples.
Notice that the polisher was removing both the
singly ionized sodium and chloride ions, but less
than 25% of the doubly charged sulfate ion. All
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Fig. 1. Sulfate (O), chloride (O) and sodium (A) ion
concentrations measured with on-line IC in the condenser
hotwell of a PWR during a 22-day period in January 1982
within which a turbine trip occurred (x-axis: days).
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Fig. 2. Sulfate (O), chloride (OJ) and sodium (A) ion
concentrations measured with on-line IC downstream of the
condensate polisher ion-exchange bed during the same period
as in Fig. 1 (x-axis: days).

three undoubtedly were entering the system
water from deposits on dry, turbine cycle sur-
faces wetted during the sudden reduction of
power. Conventional wisdom of that time would
have expected all three to be removed by the
polisher. It is probable that the polisher resin
was kinetically fouled so it became a virtual
separator for two negative ions! The point not to
be missed in this story is the value of on-line data
to see this transient and to learn from it the
probable remedy —in this case to replace or
refurbish the fouled anion resin.

It quickly became apparent that the on-line IC
was proving an effective tool for quality assur-
ance of the effluent from condensate polishers
installed in many plants, and for troubleshooting
their operation. Other ions, mostly anions, were
found to be present but none of them were as
significant corrosive agents as sulfate. However,
the second most interesting anion class found
were the weak carboxylic acids acetate, glycolate
and formate, chief of which was acetate.

Acetate is even more ubiquitous than sulfate
in PWR steam cycles. Eventually its source was
discovered —tramp organics enter the cycle
through the makeup water system or as lubri-
cants left from maintenance on internal surfaces.
All are thermally degraded partially to acetate.
Before the time of the on-line IC, it was widely
believed that all organics degraded all the way to
carbonates (carbon dioxide) in the steam cycle.

Apparently, acetate is an extremely stable
species in these nuclear steam cycles with peak
temperatures of generally less than 320°C.

Acetate could be quantified for the first time
at ppb levels with the on-line IC and its fraction-
al contribution to the cation conductivity (CC)
determined. (CC is actually the conductivity of
water measured downstream of a hydrogen form
cation-exchange column —thus making acids of
all anions present— and hence is a measure of
the totality of anions present in the water. It is
used to remove the conductivity effect of am-
monium or amine cations, the pH control addi-
tives present at levels far higher than all the
anions other than hydroxide). High levels of
acetate (tens of ppb), while essentially benign
from a corrosion standpoint, would often in-
crease operator concerns because of their effect
on increasing CC. The on-line IC was able to
distinguish when the CC was due to really
corrosive anions and when it was merely reflect-
ing the acetate from an organic intrusion. Fig. 3
shows the acetate (and formate) ion concen-
tration measured during the morpholine ON-
OFF-ON test at Beaver Valley Unit 1 [3].

The morpholine story brings out another chap-
ter in the on-line ion chromatograph’s contribu-
tion to improvement of PWR secondary water
chemistry. Morpholine is an organic amine base
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Fig. 3. Acetate and formate concentrations measured by
on-line IC for water from the heater drain receiver tank of
the Beaver Valley Unit 1 PWR during the 7-day ON-OFF-
ON morpholine test (x-axis: days; y-axis: ppb).
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less volatile than the commonly used ammonia
under all volatile treatment (AVT). Its lower
volatility allowed the pH of condensate in the
wet steam region of the turbine cycle to be raised
by amounts that significantly reduced the flow-
assisted corrosion of carbon steel surfaces in that
part of the loop. While that effect reduced the
frequency of piping replacements, it had a much
more significant effect. The iron oxide corrosion
product particulate input to the steam generator
was correspondingly reduced. This reduction in
iron oxide deposits in the steam generator had a
beneficial effect in reducing the rate of localized
corrosion in that component, because the sludge
deposits had enhanced the concentration of
corrosive ions produced when boiling occurs
within their porous structure.

How is all this related to the role of the on-line
IC? In at least two ways: (1) acetate was always
produced as a thermal degradation byproduct of
morpholine addition and therefore the increase
in CC had to be shown to be due to the benign
acetate and not to the aggressive sulfate or
chloride ions and (2) morpholine itself needed to
be monitored in the presence of ammonia (am-
monia is still present under morpholine-based
AVT from morpholine thermal decomposition as
well as from decomposition of the hydrazine
added for oxygen control). The anion IC column
measured the acetate ion and the cation IC
column quantified morpholine.

Later other amines such as ethanolamine less
volatile and with a higher base strength were
found as improved replacements for morpholine.
The on-line IC was up to the challenge —the
new amine was just another peak on the cation
chromatogram! Fig. 4 is a chromatogram show-
ing separation of the ammonium and etha-
nolammonium ions from the work of Shenberger
et al. [4]. Again, the on-line IC provided the
assurance needed to overcome objections to a
new PWR secondary side water chemistry, with-
out which the changeover might have been
significantly delayed.

Another area where the on-line IC has proven
essential is in measuring the ions present in
so-called ‘‘hideout return” (HR). Many ionic
substances in water precipitate or adsorb on heat
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Fig. 4. On-line IC cation column chromatogram for am-
monium and ethanolammonium ions, two species which had
required significant adjustment in eluent conditions for
adequate separation. Ammonia 500 ppb, ethanolamine 3
ppm (x-axis: time in min; y-axis: uS/cm).

transfer surfaces such as steam generator tubes
and in the crevices between those tubes and their
support plates. The HR studies occur during a
cooldown in preparation for a refueling outage
of some 40 to 80 days, so they must be con-
ducted with little impact on the shutdown
schedule. By noting the time of return, the
puzzle of what solids constitute the chief storage
mechanisms for both corrosive and benign ions
can be better understood. Figs. 5 and 6 illustrate
the pattern of HR reported by Bostic and Burns
[5] using on-line IC. In this case the manganous
ion dominates the positive ions returning from
hideout, a discovery made possible by on-line
IC. The full significance of manganese ions to
crevice corrosion remains to be understood.
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Fig. 5. Hideout return of sodium and chloride ions as a
function of temperature and power level in a PWR steam
generator measured by on-line IC during a gradual shutdown
prior to refueling.
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Fig. 6. Hideout return of calcium, magnesium, manganese
and sulfate ions in steam generator water measured by on-
line IC during the same shutdown of a PWR shown in Fig. 5.

The frequently more abundant ions such as
silicate and borate can also now be quantified by
on-line IC in spite of their being extremely weak
acids [6]. The object is to find the likely pH of
the crevices from which much of the HR comes,
and plan water chemistry strategies to bring
crevice pH into the more benign neutral range.
The semi-volatile weak organic acids that are
stable in these steam loops have a potential to
neutralize the current predominantly caustic cre-
vices. Again, on-line IC will be needed to keep
such additives under constant control, should
they be found useful in the future.

Finally, on-line IC has been used in at least
one case for early warning of PWR primary—
secondary leakage [7]. In this case, the extreme
sensitivity of the IC cation column for lithium
ions (low ppt levels) allowed detection of this
leak before even the radiation monitors sensitive
to radioactive species could detect it, as they did
two weeks later when the leak had grown in size.
Lithium-7 ions are present on the primary side at
levels in the ppm range as natural products of
the boron-10 (n,a) reaction, boron being present
at the hundreds of ppm level as boric acid for
reactivity control.

2.2. PWR primary side coolant
While, to my knowledge, on-line IC has not

been applied to surveillance of PWR primary
coolant, specific problems have been addressed

by various short-term campaigns on the primary
water. These usually have revolved around sul-
fate intrusions, suspected to arise from the ion
exchange resins in the chemical and volume
control system (CVCS). The generally reducing
chemistry of the primary PWR coolant arising
from the use of dissolved hydrogen gas, has led
to speculation that sulfate could be reduced to
more aggressive reduced sulfur species such as
sulfite, sulfide and thiosulfate. Some of these
anionic species could be readily observed by
on-line IC to either confirm or refute this conjec-
ture, which is still unresolved.

2.3. Makeup water systems

Since makeup occurs at about 1% of total
system flow in many power system coolant loops,
it represents an opportunity for intrusions of
corrosive impurities if the makeup output quality
should degrade. On-line ion chromatographs for
secondary water often have one sample line from
the makeup system output as a check on this
source of impurity intrusion. Such upsets usually
occur during periods when the resin beds or
membrane systems near the end of their use
cycle due to exhaustion or fouling.

3. Boiling water reactors (BWRs)

Coolants in BWRs are less complex than
PWRs because no ionic additives are used. This
simplifies the analytical problem for IC. How-
ever, the fluids are measurably radioactive, mak-
ing IC applications deal with the nuisance of
small volumes of socalled mixed wastes —mildly
toxic eluent chemicals combined with mildly
radioactive waters. Water quality has traditional-
ly been followed with on-line conductivity and
pH meters plus measures of oxidizing tendency
such as electrochemical potential (ECP) or mea-
sures of the main species that influence ECP,
namely dissolved oxygen and hydrogen gases.

Recently, the reactor water (water that circu-
lates through the reactor core), was found to
have higher conductivity than the sum of known
impurities commonly seen such as sodium, sul-
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fate, nitrate and chloride. A major effort using
both on-line and off-line IC resulted in the
discovery of the culprit: the chromate ion. This
ion arose from corrosion of the stainless-steel
feedwater heater system piping during normal
operation with spikes occurring whenever an
abrupt increase in ECP occurred. Such abrupt
changes were observed in many stations when a
transition from hydrogen (reducing) water
chemistry (HWC) to normal (oxidizing) water
chemistry (NWC) was experienced. This phe-
nomena has been interpreted as the release of
chromate by sudden oxidation of a piping surface
layer of solid chromium oxide in the +3 Cr
oxidation state to dissolved chromate ion in the
+6 Cr oxidation state. Fig. 7 shows one such
chromate spike observed by on-line IC at the
Nine Mile Point unit 1 BWR, while Fig. 8 gives
the correponding hydrogen gas concentration
[2]. Note the timing of the chromate spike
occuring just after hydrogen is shut off.

Other interesting ionic changes occurring dur-
ing changes from NWC to HWC and vice versa
have been observed by on-line IC. The changes
observed involved known species present at a
concentration of a few ppb and they followed
known and expected chemical changes. For
example, nitrate ion [nitrogen (N) in the +5
state] present at 4 ppb under NWC was observed
to be transformed successively to nitrite ion (N
in + 3 state) and ammonium ion (N in — 3 state)
on going from NWC to HWC at one plant. The
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Fig. 7. Chromate ((J) and nitrate (O) ion concentrations
measured by on-line IC in the reactor water of a BWR
following the transition from hydrogen (reducing) water
chemistry to normal (oxidizing) water chemistry.
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Fig. 8. Dissolved hydrogen gas concentration in the feedwa-
ter of a BWR prior to and during the chromate and nitrate
ion measurements shown in Fig. 7.

nitrogen species were also detectable on a radia-
tion detector using the 10-min radionuclide
nitrogen-13 produced by the N-14(n,2n)N-13
reaction on a small fraction of the nitrogen
atoms passing through the reactor core. Since
the ratio of two species of differing oxidation
state varies with ECP some indication of the
latter can be acquired by on line IC.

Another area of concern to BWR operators is
the quality of the water downstream of the
condensate polishers and the reactor water
cleanup system resin beds. Here again the on-
pine IC was equal to the task. Copper ion
removal has been the focus of several campaigns
in this arena. For as yet undetermined reasons,
copper is an unusually aggressive species induc-
ing several forms of localized corrosion on the
zirconium alloy fuel rod cladding in the core.
The on-line IC has been used to check polisher
outlet concentrations of copper down to the 0.1
to 1 ppb levels commonly observed [8].

4. The futore

I see no end in sight for the uses of on-line IC
in the power industry. Particularly when ex-
trapolating from the history of the past 15 years,
one could with some confidence predict many
more exciting discoveries to be made in the
chemistry and transport of both corrosive and
benign ionic substances in high-temperature
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water and steam. Here are a few of my predic-
tions: (1) using on-line IC for control, the role of
the acetate and glycolate ions will be found to be
significant in both crevice corrosion and in iron
oxide deposit transport in PWR secondary side
coolant and may eventually lead to the use of
these ions as additives during frequent on-line
episodes of chemical control of deposits; (2)
on-line IC will be increasingly used in waste
water processing within the power station with
the objective of recycling an increasingly greater
fraction of such water into makeup; (3) analo-
gous to the discovery of the manganous ion as an
indicator of erosion—corrosion of carbon steel
piping, other trace element ions will be found
which signal corrosion of other metals and alloys
used in steam power systems. For example, the
oxygenated anions molybdate, tungstate, niobate
produced by oxidative corrosion of ferrous alloys
containing molybdenum, tungsten and niobium
are observable by an on-line IC anion column
with modified eluent.
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Abstract

A rapid and sensitive method has been developed for the determination of monosaccharides present in the
sulphuric acid hydrolyzates of wood, pulp, magnesium-based spent sulphite liquor, kraft weak black liquor and
newsprint papermachine white water. Hydrolyzates were purified using an off-line, solid-phase extraction
technique, employing cross-linked N-polyvinylpyrrolidone and strong anion-exchange resin. High-performance
anion-exchange chromatography with pulsed amperometric detection was used to separate and quantify wood
monosaccharides present in the purified hydrolyzates. Monosaccharide results obtained by ion and gas chromato-
graphic methods were in good agreement for all samples examined. The effect of acid concentration on
monosaccharide yields from the hydrolysis of process liquors was also investigated.

1. Introduction

The determination of carbohydrates in wood,
pulp and process liquors and effluents is of
particular significance to paper makers and re-
searchers in the pulp and paper industry. One of
the prime objectives of any pulping process is to
minimize the degradation of polysaccharides.
Consequently, it is important to have an accurate
and sensitive method for quantifying wood car-
bohydrates in a wide variety of complex ma-
trices, in order to determine the effect of various
pulping and bleaching processes. In addition,
sensitive methods capable of analyzing relatively
low levels of carbohydrates in samples such as
white water may be required in order to assess
the impact of closure as mills move to reduce the
use of fresh water. Over the years, a number of

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00127-U

chromatographic methods have been developed
to meet these needs. Older techniques, such as
the classic paper chromatographic method of
Saeman et al. [1] are no longer widely used, and
have largely been replaced by gas chromato-
graphic (GC) and high-performance liquid chro-
matographic (HPLC) methods. However, many
of the GC and HPLC methods suffer from some
serious limitations in terms of sensitivity, selec-
tivity, ease of use and applicability.

GC methods require that the monosaccharides
be converted to volatile derivatives such as
alditol acetates [2—4] and trimethylsilyl (TMS)
ethers [5-7] prior to analysis. Many of the
derivatization procedures are complex and time
consuming.

A number of HPLC methods utilizing low-
efficiency anion-exchange [8-10], borate-com-
plex ion-exchange [11,12], ligand-exchange and
amino [13-22] columns to separate mono- and

© 1994 Elsevier Science B.V. All rights reserved
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oligosaccharides, followed by refractive index
(RI), ultraviolet (UV), colorimetric, fluores-
cence, enzymatic and fixed potential electro-
chemical detection have been reported. How-
ever, these methods often utilize columns which
afford poor resolution, have narrow operating
pH ranges, exhibit poor stability, require high
operating temperatures and are easily fouled by
sample matrix contaminants. Moreover, RI and
UV detectors exhibit low sensitivity and specifici-
ty of response toward carbohydrates.

High-performance anion-exchange chromatog-
raphy coupled with pulsed amperometric detec-
tion (HPAEC-PAD) is a relatively new tech-
nique and offers a powerful alternative to tradi-
tional HPLC methods. Ion-exchange columns
used in HPAEC are polymer-based, can tolerate
eluents ranging in pH from 0 to 14, and can
therefore be cleaned with strong acids and bases.
In addition, the PAD response is reported to be
linear over four orders of sugar concentration
[23] with monosaccharide levels in the 10-100
pmol range routinely detectable [24]. Moreover,
PAD is about two orders of magnitude more
sensitive for these analytes than UV or RI
detectors [25], and is to a great extent free from
interferences.

The application of HPAEC-PAD for the de-
termination of carbohydrates was first reported
by Rocklin and Pohl [26]. Over the last decade,
a number of additional publications describing
the use of HPAEC-PAD for the determination
of mono- and polysaccharides in the acid and
enzymatic hydrolyzates of wood and/or pulp
[27,28]; lignocellulose [29]; soil, manure and
biomass [25,30-33]; marine and aquatic plants
[34]; complex biological samples [35-37]; food
products [38-41]; and fibrous substrates [42,43]
have appeared. In addition, comprehensive re-
views of recent developments in the chromato-
graphic analysis of carbohydrates by HPLC [44]
and HPAEC-PAD {45,46] have been published.

One of the major problems associated with
analyzing carbohydrates in pulp and paper sam-
ples using any LC technique is severe column
fouling and degradation that can occur as a result
of the high concentration of sample contami-
nants co-injected onto HPLC or HPAEC col-
umns. The acid hydrolyzates of wood and pulp

are relatively free from contaminants and pose
little threat to the LC column. However, process
liquors (such as kraft weak black and spent
sulphite liquors) contain high concentrations of
lignin, carboxylic/sulphonic acids, humic sub-
stances and lower levels of other wood extrac-
tives that can adsorb irreversibly on the station-
ary phase of a HPLC column [16]. Since these
samples are so difficult to analyze, it is not
surprising to find that no publication to date has
described the application of HPAEC-PAD for
the determination of carbohydrates in pulp and
paper process liquors. This report describes the
development of a simple and relatively inexpen-
sive off-line, mixed-mode solid-phase extraction
(SPE) procedure which effectively removes con-
taminants from wood and pulp acid hydrol-
yzates, and both unhydrolyzed and acid hydro-
lyzed process liquors, prior to carbohydrate
analysis using HPAEC-PAD. A comparison of
carbohydrate results obtained for a number of
samples using HPAEC-PAD and GC methods is
presented. The effect of sulphuric acid concen-
tration on the yield of monosaccharides from the
hydrolysis of polysaccharides present in various
process liquors has also been investigated.

2. Experimental
2.1. Wood and pulp samples

The following solid samples were studied:
wood samples of aspen (Populus deltoides) and
pine (Pinus radiata); unbleached kraft pulp and a
chlorite-delignified  thermomechanical  pulp
(TMP). Wood samples were extracted with etha-
nol to remove extractives and then ground in a
Wiley mill to pass a 0.4-mm screen. Air-dried
samples were subjected to a two-step (primary
and secondary) hydrolysis procedure similar to
that used by Borchardt and Piper [2] (in the
current work, primary hydrolysis time was 30
rather than 60 min as described [2]). Sample
moisture content was determined by thoroughly
drying a small portion of each sample at 105°C in
a hot-air oven. At the end of the hydrolysis
period, the samples were cooled to room tem-
perature and neutralized to either pH 5-6 with
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concentrated NH,OH (GC analysis) or pH 6-7
with NaOH (HPAEC-PAD analysis). The neu-
tralized samples were then transferred to 100-ml
volumetric flasks and diluted to volume with
water. All samples were refrigerated until sam-
ple clean-up and analysis were performed.

2.2. Process liquors

Magnesium-based spent sulphite liquor (Mg-
SSL), kraft weak black liquor (WBL) and news-
print papermachine white water (PMWW) sam-
ples were obtained either from Paprican’s pilot
plant or from various Canadian pulp and paper
mills. Liquors were subjected to secondary hy-
drolysis only. Typically, 10 ml of spent pulping
liquor and 20 ml of white water were mixed with
1 ml and 2 ml of 72% (w/w) H,SO,, tespective-
ly, and sufficient water was added to give a total
volume of 29 ml. Liquors were then hydrolyzed,
neutralized and diluted to volume (50 mi) as
described in Section 2.1 for solid sample hydrol-
yzates. '

2.3. Reagents

All monosaccharides were obtained from
Sigma (St. Louis, MO, USA) or Aldrich (Mil-
waukee, WI, USA). Aqueous stock monosac-
charide standards (1000 mg/l) were prepared
weekly and stored at 4°C. Dilute standards (0.5-
150 mg/1) were prepared daily. NaOH solution
(50%, w/w) was purchased from ACP (Montre-
al, Canada) and was used to prepare eluents (3,
100 and 350 mM NaOH) and post-column re-
agent (350 mM NaOH). Deionized water was
sparged for 30 min with nitrogen to remove
dissolved carbon dioxide prior to use in chroma-
tography and/or preparation of dilute NaOH
solutions. Sulphuric acid (96%, w/w) and am-
monium hydroxide (28%, w/w) were purchased
from Anachemia (Montreal, Canada).

2.4. Solid-phase extraction

The following SPE sorbents were evaluated
(approximately 300 mg of each sorbent were
contained in a 3-ml polypropylene tube equipped
with 20-um polyethylene frits, unless specified

otherwise): Supelclean LC-SAX, strong anion-
exchange resin (3-quaternary aminopropyl, chlo-
ride form); LC-SCX, strong cation-exchange
resin (3-propylsulphonic acid, hydrogen form),
were purchased from Supelco (Bellefonte, PA,
USA). In addition, SAX resin, SPE tubes and
frits were purchased as separate items from the
same supplier to allow for the preparation of
custom-packed SPE tubes. Cross-linked N-poly-
vinylpyrrolidone (PVP), was obtained from Al-
drich. Chromsep, octadecylsilane (ODS) car-
tridges containing 200 mg of packing in 4-ml
polypropylene tubes were obtained from Chro-
matographic Specialties (Brockville, Canada).

Custom-packed SPE tubes containing PVP/
SAX were prepared by first placing a poly-
ethylene frit in an empty SPE tube followed by
about 300 mg of SAX, 150-200 mg of PVP, and
finally another frit to retain the sorbents. Each
SPE tube was then conditioned with 5 ml of
water (pH 7) in order to remove any contami-
nants from the resin which might interfere with
the subsequent carbohydrate analysis. This wash-
ing step also serves to wet the resin and adjust its
pH, prior to sample application.

Prior to analysis of samples using HPAEC-
PAD, a 1-ml aliquot of the neutralized and
diluted hydrolyzate or process liquor was trans-
ferred to either a 10-ml (white water samples) or
25-ml (spent pulping liquors) volumetric flask
containing sufficient internal standard (LS., 2-
deoxy-p-glucose) to give a final 1.S. concentra-
tion of 5 mg/l. A portion of the diluted sample
(ca. 5 ml) was then transferred to a 10-ml syringe
which was attached to a conditioned SPE tube.
The sample was forced through the SPE tube
packing at a rate of 1-2 ml/min, and the last 3
ml of eluate were retained for carbohydrate
analysis.

2.5. High-performance anion-exchange
chromatography

The HPAEC-PAD analyses were performed
on a Dionex (Sunnyvale, CA, USA) 4000i ion
chromatograph equipped with a quaternary gra-
dient pump module (GPM). Samples were in-
jected via a Dionex high-pressure injection valve
equipped with a 100-ul sample loop. Monosac-
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charides were separated on Dionex CarboPac PA
guard (25 X 4 mm) and PA-1 analytical (250 x 4
mm) columns at a flow-rate of 1.0 ml/min, at
ambient temperature (ca. 25°C). A 5-um filter
was attached to the inlet of the guard column to
prevent particulate plugging of the columns. The
eluents used in this work and their relative
proportions are shown in Table 1. Eluent 1 was
nitrogen sparged, deionized water, eluent 2 was
100 mM NaOH, eluent 3 was 350 mM NaOH.
After post-run flushing for 10 min with eluent
3, the column was equilibrated with the initial
mobile phase for 10 min prior to the next sample
injection. All mobile phases were stored under
nitrogen to prevent absorption of atmospheric
CO,. Carbonate will act as a displacing ion and
shorten retention times. Sodium hydroxide (350
mM) was added to the eluent stream, post-
column at a rate of 0.8 ml/min via a low-dead-
volume plastic mixing tee. Carbohydrates were
detected using a Dionex Model PAD-1 detector
equipped with gold working and silver reference
electrodes (Ag electrode was filled with 350 mM
NaOH), operating with the following working
electrode pulse potentials and durations: E, = +
0.05 V (¢, =300 ms), E,= +0.60 V (t, =120
ms), E;= —0.80 V (t; =300 ms). The PAD
response time was set to 1 s and the range was 10
pA full scale. Chromatographic data were col-
lected and plotted using a Hewlett-Packard
(Avondale, PA, USA) Model 3390A integrator.

2.6. Gas chromatography

For GC analysis, a 200-n]1 aliquot of the
neutralized secondary hydrolyzate (pH 5-6) was

Table 1
Eluents used to separate wood monosaccharides using
HPAEC

Eluent Eluent proportions (%, v/v)
0-40 min 40.1-50 min 50.1 min
1 97 0 97
2 3 0 3
3 0 100 0

reduced, acetylated and extracted into CH,Cl,
according to the method of Harris et al. [4]. The
monosaccharides derivatives (alditol acetates)
were stored at 4°C until GC analysis was per-
formed. Monosaccharide derivatives were chro-
matographed on a Hewlett-Packard 5890A gas
chromatograph equipped with a DB-225 capil-
lary column (30 m X 0.25 mm 1.D., 0.25 um film
thickness, J & W Scientific, Folsom, CA, USA)
and a flame ionization detector under the follow-
ing conditions: high-purity helium was used as
carrier and detector make-up gas; carrier gas
flow-rate was 1.5 ml/min; injector and detector
temperatures were 250°C; oven temperature
program, 220 to 235°C at 1°C/min, hold 2 min;
injection mode, split injection (20:1). Total run
time was 17 min and chromatographic data were
collected and plotted using a Hewlett-Packard
Model 3396A integrator.

3. Results and discussion
3.1. Optimization of HPAEC-PAD conditions

In the initial phase of our investigation, we
were concerned with optimizing eluent composi-
tion, flow-rate and column flushing conditions in
order to achieve maximum separation of the five
main wood monosaccharides and internal stan-
dard, while minimizing analysis time and varia-
tions in retention time. Very good separation of
all monosaccharides was obtained using 3 mM
NaOH delivered at 1 ml/min, as indicated in
Fig. 1. In previous work carried out in our
laboratory [47], it was found that monosac-
charide retention time decreased and peak area
increased with each consecutive injection of
standards. The variation in retention time was
attributed to carbonate build-up during the run,
but no explanation was offered for the peak area
variability. Carbonate, along with acetate, ni-
trate and sulphate have been shown to have a
high affinity for the anion-exchange column,
easily displacing hydroxide ion. A high level of
sulphate is present in the sulphuric acid hydrol-
yzates studied, moreover acetate is present in
wood, pulp and process liquor hydrolyzates in
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Fig. 1. Typical HPAEC-PAD chromatogram obtained for a
standard mixture of wood monosaccharides. Each component
present at 5 mg/l. Peaks: 1= 2-deoxyglucose; 2= arabinose;
3 = galactose; 4 = glucose; 5 = xylose; 6 = mannose. For ana-
lytical conditions, see Experimental section.

significant amounts. In order to obtain reproduc-
ible retention times, it is therefore essential that
a post-run flush of the column with a strong
NaOH solution be performed to wash strongly
retained species. A 10-min post-run flush of the
column with 350 mM NaOH, followed by a
10-min equilibration with the initial mobile phase
was found to give satisfactory results. An in-
sufficient column equilibration period could re-
sult in shorter or variable retention time because
of elevated levels of OH™ remaining on the
column.

The stability of the column and detector under
the optimized chromatographic conditions was
assessed by carrying out replicate analyses of a
standard wood monosaccharide solution. As
indicated in Table 2, highly reproducible re-
tention times and relative peak areas were ob-
tained for each monosaccharide studied.

Table 2

Table 3
Linear regression data for peak area versus wood monosac-
charide plot

Monosaccharide Intercept Slope Correlation
coefficient (R)

Arabinose -0.29 1.87 0.999

Galactose 0.041 1.56 0.999

Glucose 0.11 1.75 0.999

Xylose —-0.021 1.79 0.999

Mannose -0.078 1.60 0.999

3.2. Linearity of detector response

The detector response (peak area) for a given
monosaccharide must be linear over a large
concentration range in order to analyze samples
containing disparate levels of monosaccharides in
one chromatographic run. An example of such a
sample is kraft pulp hydrolyzate, which may
contain up to 150 mg/1 of glucose and only 1-2
mg/l of arabinose or galactose. As shown in
Table 3, the PAD response for each monosac-
charide was linear over the concentration range
(0.5-150 mg/1) studied, with correlation coeffi-
cients of 0.999 or better for each analyte.

In this work, 2-deoxy-p-glucose is added to
hydrolyzates and used to quantify monosac-
charides. Consequently, it is also essential that
the relative response factor (RRF) of each
monosaccharide with respect to the internal
standard be linear over a wide concentration

Repeatability (n = 7) of retention time and peak area, obtained for a standard wood monosaccharide solution containing 10 mg/1

of each wood monosaccharide and 5 mg/l of internal standard

Monosaccharide Retention time (min) Relative peak area
Mean R.S.D. (%)’ Mean R.S.D. (%)
2-Deoxy-D-glucose 12.8 1.4 7.1 1.9
Arabinose 15.7 1.5 18.7 1.5
Galactose 20.8 1.5 15.8 1.5
Glucose 24.6 1.5 17.3 1.5
Xylose 29.2 1.5 17.8 0.9
Mannose 31.6 1.6 15.4 0.9

“ R.S.D. = Relative standard deviation.
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range, since accurately known RRFs are integral
to the accurate determination of monosaccharide
levels. The RRF of a given monosaccharide is
given by Eq. 1.

AI.S. CS

RRF; = A, C. (€8]

where A and A are the areas of the internal
standard and monosaccharide peaks, respective-
ly; Cis and Cg are the concentrations of the
internal standard and monosaccharides, respec-
tively. Eq. 1 is easily rearranged to give Eq. 2, a
convenient form for determining RRF linearity.
A g C

. s,
A, = RRF-—= Q)

A plot of A g /Ag versus C, s /Cs was prepared
for each monosaccharide, over the concentration
range 0.5-150 mg/1, with internal standard pres-
ent at 5 mg/l in each case. Linear regression
analysis of the data showed that the RRF of each
wood monosaccharide was linear over the con-
centration range, with a correlation coefficient of
at least 0.999 in each case. The RRFs for the five
wood monosaccharides, obtained from the plot
of Eq. 2 were: arabinose 0.78, galactose 0.93,
glucose 0.82, xylose 0.80, mannose 0.92.

3.3. Evaluation of solid-phase extraction
sorbents

Several publications describing the use of
commercially available SPE sorbents, such as
SAX, SCX, diol, cyano and amino-function-
alized silica, for off-line sample clean-up of
unhydrolyzed and acid and enzymatic hydrol-
yzates of various substrates, prior to carbohy-
drate  analysis, have recently appeared
[25,30,31,32,41]. In addition, an on-line sample
clean-up scheme has recently been described by
Marko-Varga and co-workers [13,16], in which
three small columns containing SAX, amino-
functionalized silica along with a non-silica-based
hydrophobic polymer are used to purify fermen-
tation broths. However, the effectiveness of
these sorbents for sample cleanup have been
quantified by only a few of these workers. Both

Marko-Varga and co-workers [13,16], and Mar-
tens and Frankenberger [25,30,31], have demon-
strated that SAX is very effective at removing
coloured compounds from various sample hy-
drolyzates. In addition, Bio-Gel P-2 (Bio-Rad),
a polyacrylamide gel with a low exclusion limit,
also has been reported to be effective for this
purpose [25]. Consequently, we assessed the
potential of various SPE sorbents by determining
the extent to which the five principal wood
monosaccharides and internal standard could be
recovered from aqueous solutions. Two standard
monosaccharide solutions containing low (2-10
mg/1) and high (15-150 mg/l) levels of each
component were used for this purpose. The
eluates from the sorbents were analyzed for
carbohydrate content and the results compared
to those obtained with samples not passed
through sorbents. All of the sorbents examined
retained less than 5% of each monosaccharide,
indicating that they were all potentially useful for
sample clean-up.

The relative effectiveness of sorbents in re-
moving sample contaminants from spent sulphite
and weak black liquors were then determined.
Wood and pulp hydrolyzates generally contain
significantly lower levels of contaminants and
were not included in this evaluation.

Magnesium-based spent sulphite liquor

Lignosulphonic acids comprise about half of
the total dissolved organic matter present in
spent sulphite liquor [48]. The non-carbohydrate
matrix components present in this type of sample
cause major problems in saccharide determina-
tion, as demonstrated in a previous study [47],
and illustrated in Fig. 2. It is evident from this
chromatogram that non-carbohydrate compo-
nents have adsorbed onto the stationary phase of
the column, severely reducing its efficiency, and
resulting in co-elution of these contaminants with
the monosaccharides. Extensive column flushing
with strong NaOH eluent was required to restore
column performance.

The relative effectiveness of various sorbents
was assessed by recording the UV-Vis absorp-
tion spectrum (200-500 nm) of a neutralized (pH
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Fig. 2. HPAEC-PAD chromatogram of an acid hydrolyzate
of Mg-SSL (sample from Paprican’s pulping pilot plant)
without sample clean-up [47].

6.5) and diluted (1:100, v/v) sample of Mg-SSL,
before and after SPE. The absorption spectra of
the original Mg-SSL and of samples after treat-
ment with SPE sorbents are shown in Fig. 3A.
The original Mg-SSL sample absorbs strongly
from about 400 nm and below. The same liquor
treated with ODS and SCX showed only a small

A
Original

Absorbance

200 250 300 350 400 450
Wavelength, nm

Qriginal

Absorbance

200 250 300 350 400 450
Wavelength, nm

Fig. 3. The absorption spectra (200-500 nm) of an unhydro-
lyzed Mg-SSL (A) and an acid hydrolyzate of WBL (B),
before and after SPE treatments with various sorbents
(ODS = octadecylsilane; ~ SCX =strong  cation-exchange
resin; PVP = cross-linked N-polyvinylpyrrolidone; SAX =
strong anion-exchange resin). The pH of the Mg-SSL and
WBL hydrolyzate was adjusted to 6.5 with NaOH, and
diluted 1:100 and 1:125, respectively, prior to SPE. Spectra
for the Mg-SSL and WBL samples were recorded with a
Perkin-Elmer Model lambda 3B and a HP Model 8452A
UV-Vis spectrophotometers, respectively. Water was used as
reference in both cases.

decrease in absorption, and the eluate was still
highly colored, indicating that these sorbents
were only marginally effective at removing
humic substances, and therefore, are not useful
sorbents for this application. Samples treated
with PVP and SAX showed a marked reduction
in absorbance in the UV region, and both were
significantly less colored. The final SPE sorbent
tested was a hybrid sorbent, consisting of PVP-
SAX [ca. 1:2 (w/w)]. This sorbent combination
effectively removed a large proportion of the
unwanted compounds from the sample, which
absorb in the UV-Vis region. A small peak, with
a maximum at about 278 nm in the spectrum of
the PVP-SAX-treated sample is probably due to
the absorption of low levels of lignosulphonic
acids still remaining after sample clean-up. The
order of effectiveness of the SPE sorbents is
ODS <SCX < PVP <SAX <PVP-SAX.

Sanderson and Perera [49] have demonstrated
that cross-linked PVP is extremely effective at
removing polyphenolic and catechin type com-
pounds from plant extracts, without affecting the
saccharides present in the sample. More recent-
ly, reports of its use as a chromatographic
sorbent for the fractionation of humic material
[50] and the separation of aromatic acids, alde-
hydes and phenols [51] have appeared. The
sorbent forms hydrogen bonds with phenolic
hydroxyl and carboxyl groups, with the strength
of the sorbent—phenol binding depending pri-
marily on the number of these groups present in
the molecule [51].

The mechanism by which SAX removes con-
taminants such as lignosulphonic acids from
samples involves ion exchange. Lignosulphonic
acids (R-SO,H) are strong acids, and are there-
fore completely dissociated at pH 6-7, existing
as anions (e.g., lignosulphonates, R-SO;) in
solution. The SAX silica-based support has a
quaternary amino-functionalized surface with
Cl™ as a counter ion, which can be represented
as silica-C,H,~NR; Cl™. As the sample passes
through the SAX sorbent, the R-SO; displaces
the CI™ from the resin and therefore is likely
removed from solution as follows:

silica—-C,H,~NR CI~ + R-SO; —
silica—C;H,—NR? ~“O,S-R + CI”~
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Although carboxylic acids are weak acids, they
are also completely dissociated at or near neutral
pH, and interact with the SAX resin in the same
fashion.

Weak black liquor

WBL contains higher levels and a broader
range of organic and inorganic compounds than
does spent sulphite liquor, and therefore repre-
sents the most difficult matrix one is ever likely
to encounter. The effectiveness of PVP-SAX
sorbents in purifying a hydrolyzed weak black
liquor sample (neutralized to pH 6.5 with NaOH
and diluted 1:125 with water) was assessed by
measuring the UV-Vis absorption spectra before
and after SPE, using the conditions described for
Mg-SSL.. The absorption spectra of the un-
treated, and PVP-SAX-treated WBL hydrol-
yzates are shown in Fig. 3B. The absorption
spectrum of the untreated sample shows a num-
ber of strong absorption bands from 200-400
nm, primarily arising from the numerous aro-
matic compounds (such as lignin and phenols)
present in the hydrolyzate. The spectra of the
PVP-SAX-treated sample shows fewer and
much less intense absorptions over the same
wavelength range, indicating significant removal
of aromatic compounds. In addition, the eluate
from the sorbents was observed to be nearly
colourless. The general scheme for purifying
hydrolyzates is described in the Experimental
section.

3.4. Effect of acid concentration on
monosaccharide yield from process liquors

Suitable conditions for carrying out the hy-
drolysis of wood and various fibrous substances
with sulphuric acid have been documented [1-
4,12,20], and usually include primary and sec-
ondary hydrolysis steps. Hydrolysis of process
liquors are generally carried out under the same
secondary hydrolysis conditions (time and tem-
perature) used for wood and pulp [12,20]. How-
ever, to our knowledge, the effect of sulphuric
acid concentration on the yield of monosac-
charides from the hydrolysis of process liquors
and effluents has not been reported and was

therefore examined for the three types of liquors
used in this work, using secondary hydrolysis
conditions only. This experiment was conducted
on different samples from those referred to
earlier in this paper. Aliquots of 10 ml of Mg-
SSL and WBL were treated with 0.5, 1.0, 1.5
and 2.0 ml of 72% H,SO,, while 20-ml aliquots
of PMWW were hydrolyzed with 0.25, 0.5, 1.0,
2.0 and 3.0 ml of 72% H,SO,. In each case the
final volume was adjusted to 29 ml with water
prior to hydrolysis at 121°C for 60 min. The
monosaccharides in each hydrolyzate were quan-
tified using SPE-HPAEC-PAD and the results
for each sample were plotted against acid/sam-
ple (v/v) ratios. As indicated in Fig. 4, the
concentration of each monosaccharide generally
increases with increasing acid/sample ratio,
reaches a maximum, and then decreases or levels
off. In spite of the wide differences in chemistry
(e.g., alkalinity and dissolved solids content) and
saccharide concentrations between the three
samples, the optimum yield of monosaccharides
appears to be reached at about the same acid/
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Fig. 4. Variation in the yield of wood monosaccharides from
Mg-SSL, WBL and PMWW samples with varying amounts of
72% (w/w) H,SO,. All samples hydrolyzed for 60 min at
121°C. A = Arabinose; O = galactose; A = glucose; O =
xylose; V =mannose. For HPAEC-PAD conditions, see
Experimental section.
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Fig. 5. SPE-HPAEC-PAD chromatogram of an unbleached
kraft pulp hydrolyzate. Internal standard present at 5 mg/l
See Fig. 1 for peak identities and the Experimental section
for analytical conditions.

sample ratio (1:10) for each sample. According-
ly, this ratio was used for the hydrolysis of the
three types of liquors. Other liquors, particularly
those with high solids content, may require
higher ratios to achieve the same result.

3.5. Analysis of carbohydrates in wood, pulp
and process liquors

Wood and pulp

A typical chromatogram of an unbleached
kraft pulp hydrolyzate which serves to illustrate
the selectivity of HPAEC is shown in Fig. 5. In
spite of the high level of glucose present in the
sample, the adjacent galactose peak is well
resolved. Carbohydrate results obtained by
HPAEC-PAD and GC methods for samples of

Table 4

aspen and pine wood, TMP (chlorite delignified)
and unbleached kraft pulp are summarized in
Table 4. As indicated in the Table, very good
agreement between both methods was observed
in all cases. The precision of both methods was
determined by carrying out replicate analysis of
the unbleached kraft pulp hydrolyzate. The
relative standard deviation for the HPAEC-PAD
and GC methods ranged between 3 to 7% and 2
to 12%, respectively.

Process liquors

Samples of unhydrolyzed and hydrolyzed Mg-
SSL and WBL were subjected to PVP-SAX
clean-up and then analyzed by HPAEC-PAD.
Typical chromatograms of the hydrolyzed liquors
are shown in Fig. 6A and B, respectively. Excel-
lent resolution of all peaks was observed in both
cases. For example, even though the Mg-SSL
sample contained a relatively high level of
xylose, no significant overlap with the adjacent
mannose peak was observed. Unhydrolyzed Mg-
SSL contained very low levels of each monosac-
charide, while the unhydrolyzed WBL sample
contained no monosaccharides, as expected.

The recovery of monosaccharides from Mg-
SSL and WBL (pilot plant sample) was assessed
by spiking dilute solutions of each hydrolyzed
liquor with known amounts of each wood mono-
saccharide. Original and spiked hydrolyzates

Comparison of HPAEC-PAD and GC carbohydrate results for aspen, pine, TMP and unbleached kraft pulp hydrolyzates

Monosaccharide Monosaccharide concentration (%, w/w)

Aspen Pine T™MP Kraft

HPAEC GC HPAEC GC HPAEC GC HPAEC GC

(n=2) (n=2) (n=2) (n=2) (n=4) n=2) (n=26) (n=5)
Arabinose 0.7 0.6 2.2 2.3 0.7 0.6 0.8 0.7
Galactose 1.1 ND* 2.7 2.3 0.4 0.4 0.6 0.6
Glucose 46.7 45.1 44.2 43.7 84.9 87.4 73.8 73.3
Xylose 14.7 15.8 6.0 6.9 8.7 8.0 7.3 7.4
Mannose 2.8 2.5 12.2 11.4 6.8 6.1 6.0 5.8
Total 66.0 64.0 67.3 66.6 101.5 102.5 88.5 87.8

“ ND = Not detected.
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Fig. 6. SPE-HPAEC-PAD chromatograms of hydrolyzed
Mg-SSL (A) and WBL (B). Internal standard present at 5
mg/l in both samples. See Fig. 1 for peak identities and the
Experimental section for analytical conditions.

were then subjected to SPE using PVP-SAX,
and analyzed for carbohydrate content. All of
the wood monosaccharides were quantitatively
recovered from both types of hydrolyzates, in-
dicating the effectiveness of the SPE-HPAEC-
PAD method. The carbohydrate content of hy-
drolyzed Mg-SSL, WBL and PMWW was also
determined using the GC method. The results,
presented in Table 5, show that the two methods
are in good agreement. The precision of the

Table 5

combined hydrolysis and SPE-HPAEC-PAD
method was assessed by carrying out replicate
(n =4) hydrolysis and subsequent carbohydrate
analysis, using a sample of mill WBL. The
results, presented in Table 6, show that the
overall precision ranged between 2 and 7%, and
the total monosaccharide result had an R.S.D. of
about 3%. The precision results for mannose
were not determined, since it was present below
the detectable level in this particular sample.

In the case of the PMWW hydrolyzate, mono-
saccharides originate mainly from dissolved
hemicellulose components. The unhydrolyzed
PMWW sample was also analyzed, and found to
contain no monosaccharides. The ability to
routinely use HPAEC-PAD to determine carbo-
hydrates in highly contaminated process liquors
is due primarily to the effectiveness of the
sample clean-up technique described in this
work. After performing several hundred analyses
of wood, pulp and process liquor samples using
the same column, we have not observed any
significant decrease in efficiency, and continue to
use the same guard and analytical columns.

4. Conclusions

We have demonstrated that wood monosac-
charides can be baseline resolved under isocratic

Comparison of carbohydrate results for hydrolyzed Mg-SSL, WBL (pilot plant sample), PMWW, obtained using SPE-HPAEC-

PAD and GC methods )

Monosaccharide Monosaccharide concentration (mg/1)

Mg-SSL WBL PMWW

HPAEC GC HPAEC GC HPAEC GC
Arabinose 333 426 1005 1095 110 102
Galactose 1054 1053 1366 1294 165 141
Glucose 2023 1908 146 140 32 39
Xylose 772 782 1685 1773 18 15
Mannose 4524 4523 105 80 36 47
Total 8706 8692 4307 4382 361 344
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Table 6
Overall precision obtained for replicate analysis of WBL (mill sample) hydrolyzate, using the SPE-HPAEC-PAD method
Monosaccharide Monosaccharide concentration (mg/1)
Analysis No. Mean R.S.D. (%)
1 2 3 4
Arabinose 1177 1148 1161 1213 1175 2.4
Galactose 711 777 794 804 772 5.4
Glucose 40 35 40 37 38 6.5
Xylose 1410 1497 1519 1563 1497 4.3
Total 3338 3457 3514 3617 3482 3.3

All hydrolyses and analyses were performed on the same day.

conditions in less than 40 min. Very reproducible
retention times, peak areas and response factors
were obtained by using a post-run column flush
with 350 mM NaOH. The PAD response was
linear for each monosaccharide over the con-
centration range of 0.5 to 150 mg/l. The ap-
plicability of the HPAEC-PAD technique has
been expanded to include the analysis of carbo-
hydrates in process liquors through the develop-
ment of a simple, inexpensive SPE technique
which utilizes PVP-SAX sorbents. Carbohy-
drates were quantitatively recovered from pulp
and process liquor hydrolyzates using the SPE
technique. Carbohydrate results obtained for
wood, pulp, Mg-SSL, WBL and PMWW, using
HPAEC-PAD and GC methods were in excel-
lent agreement. The overall precision of the
SPE-HPAEC-PAD method for pulp and weak
black liquor ranged between 2 to 7% expressed
as R.S.D. of individual monosaccharide concen-
trations. Optimum monosaccharide yield from
the three types of process liquors was demon-
strated to occur at the same acid/sample ratio (1
ml 72% H,SO, per 10 ml sample).
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Abstract

The simultaneous separation of fluoride, phosphates and triclosan ions (F~, PO., P,O;”, CLLH,C,;0,) in a
dentifrice formulation using a coupled ion chromatography and high-performance liquid chromatography system is
described. The anion species are separated from the other components of a given dentifrice formulation using a

Dionex IonPac AS11 (250 X 4.0 mm) analytical column. A sodium hydroxide (200 mM to 100% water) gradient
mobile phase is used to elute the fluoride and phosphate species from the column within 7 min using a Dionex
Anion Self-Regenerating Suppressor (ASRS-I1 4 mm). The separation of anions and triclosan was carried out using
a two-mobile phase system that simultaneously injected a 15-u1 sample into the 200 mM NaOH to 100% water ion
chromatography gradient system as well as a 10-ul sample into the water—acetonitrile (40:60) isocratic HPLC

system. The anion species are then quantitated using a con

ductometric detector (0—30 pS). Triclosan is separated

from the other components of the dentifrice formulation using a Waters Nova-Pak C,,, 4 pm, 150 x 3.9 mm HPLC
column. A water—acetonitrile (40:60) mobile phase is used to elute the triclosan from the column within 6 min. The
triclosan analyte is then quantitated using ultraviolet detection at 280 nm and 0.005 AUFS. All analytes are
quantitated using the Dionex AI-450 chromatography software program (release 3.30).

1. Introduction

The primary goal in our laboratories is to
measure the components of various dentifrice
formulations by classical methods. The intro-
duction of a multicomponent sample would en-
compass at least three times the amount of
analyst preparation and analysis time using cur-
rent methodologies. The aim of this study is to
develop an assay that simultaneously determines
the amount of fluoride, phosphate and triclosan
from a single sample preparation.

* Corresponding author.

In the present paper, we propose that a union
of suppressed gradient ion chromatography (1C)
and reversed-phase isocratic HPLC to provide
the best of both worlds, in so far as quantitation
of a multicomponent dentifricc matrix is
concerned.

2. Principles

Frequently IC separation involves species of
widely different affinities for the stationary
phase. In such a case, eluent conditions that
favor the resolution of most weakly held species

0021-9673/94/%07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0021-9673(93)E1250-4
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are often unsuitable for the more tightly held
ions in a sample matrix [1]. These samples
cannot be easily handled by isocratic methods,
because of their wide k' range [2]. The ionic
separation is possible only by gradient elution
over a specific concentration range.

Applications to ionic analysis using conduc-
tometric single-column IC were soon demon-
strated [3]. More recently, Renn and Synovec [4]
improved the potential practical utility of this
concept with a system that simultaneously injects
separate portions of an unknown sample into
two individual IC systems, operating in parallel
with different eluents.

Suppressed conductometric anion chromatog-
raphy has proven to be the analytical technique
of choice for the determination of strong and
moderately weak acid anions [5]. If a column
containing sulfonated polystyrene—divinylben-
zene is treated with a hydrogencarbonate anion,
the fixed quaternary amine moiety is completely
converted into the carbonate anion form. The
anions of interest will be exchanged in an
equilibrium process for the carbonate anion. The
separation of the anions will be controlled by
their different affinities for the stationary phase
{6].

Both from a theoretical and practical stand-
point it is simplest to consider a background of
nearly pure water, as may be obtained with
NaOH eluent in suppressed IC system [7]. Re-
cently developed electrodialytic on-line ultrapure
eluent generators and suppressors [5] can indeed
attain essentially pure water as the detector
background.

The application of gradient elution in HPLC
with UV detection follows directly [1]. The
development of HPLC and the theoretical un-
derstanding of the separation processes involved
have been, in particular, dependent on the
fundamental studies by Horvith et al. [8], Knox
[9], Scott [10] and Snyder [11]. Reversed-phase
systems are characterized by strong interactions
between the polar mobile phase and various
sample molecules.

Moreover, interactions between sample mole-
cules and the non-polar stationary phase are
weak. This effect suggests that interactions be-

tween sample and solvent molecules will mainly
determine relative retention and values of « in
reversed-phase separations [12]. The differences
in interactive energies between non-polar solutes
with the mobile phase and the differences in
hydrophobic solute molecular surface area are
responsible for the functional group selectivity
observed in reversed-phase chromatography
[13].

3. Experimental
3.1. Apparatus

An electropneumatically driven microinjector
valve (Dionex, Sunnyvale, CA, USA) equipped
with a 15-u1 loop and connected in series to a
Dual-Stack Slider Valve equipped with a 10-ul
loop (Dionex) was used for sample injections
(see Fig. 1). The IC system was suppressed using
a Dionex Anion Self-Regenerating Suppressor
(ASRS-I 4 mm) with a SRS Controller setting of
3. The Autosuppression External Water Mode

(11 15p1 )

Fig. 1. Schematic of simultaneous injector system using two
different columns and mobile phases. The Microlnjector
Valve (MIV) and the Dual-Stacked Slider Valve (DSSV)
(Dionex) are shown in the load position. AP1, AP2=
External HPLC pumps; ASRS-I=membrane suppressor;
Auto Samp = Dionex automated sampler; ACI = Advanced
Computer Interface; Computer = Dell system 310w/AI-450
software; C1, C2 =IonPac AS11, Nova-Pak C,; D1, D2=
conductometric and UV detectors; E1, E2 =200 mM NaOH
and water—acetonitrile (40:60); GC1, GC2 = guard columns
IonPac AG11 and Nova-Pak C; GPM = gradient pump
module; 11, 12 = injector valves MIV (15 ul) and DSSV (10
pl); Printer = Digital 2100 Plus; SRSC =SRS controller;
W=HPLC waste; @ = (4 mm) backpressure assembly.
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was achieved using a Waters 6000A pump at a
flow-rate of 2.1 ml/min. A Dionex IonPac AG11
(50 x4.0 mm) guard column was used. The
separations were carried out on a Dionex IonPac
AS11 (250 x 4.0 mm). Table 1 shows the 200
mM NaOH to 100% water gradient profile. A
gradient pump module (Dionex) was used to
achieve a 3% /min gradient profile using a flow-
rate of 2.0 ml/min and conductometric detection
with a temperature compensation of 1.7°C. The
samples were injected using an automated sam-
pler (Dionex) with settings: Type: sample, Inj: 1,
Type: loop, Mode: prop, Bleed: off, Inj/Vial: 1.

The isocratic HPLC system was achieved using
a Waters 510 pump plumbed with 0.010 in. (1
in. = 2.54 cm) polyether ether ketone (PEEK)
tubing (Dionex) into the Dual-Stacked Slider
Valve. A Waters pre-column Guard-Pak consist-
ing of a Nova-Pak C,; insert, and a Nova-Pak
C,, 4 pum, 60 A, 150x3.9 mm analytical
column was used for triclosan separations. The
water—acetonitrile (40:60) eluent, at a 1.5 ml/
min flow-rate, and a detection wavelength of 280
nm and 0.005 AUFS, was used. All injections
were made at ambient temperature. The chro-
matograms were recorded and quantitated using
the Dionex AI-450 chromatography software
program (release 3.30).

The volumetric ware was Nalgene PMP. The
pipettes were Kimax USA. The HPLC filters
were 0.45-um nylon Titan HPLC syringe type.

Table 1
Ion chromatographic gradient profile used to separate anions
from dentifrice formulations

Time Flow %1 %2 V5 V6
(min) (ml/min)
0.0 2.0 10 90 0 0
0.1 2.0 10 90 1 1
0.2 2.0 10 90 0 0
10.0 2.0 40 60 0 0
10.1 2.0 10 90 0 0
15.0 2.0 10 90 0 0

Ion chromatographic parameters: low pressure limit = 0; high
pressure limit = 3000; eluent 1 =200 mM NaOH; eluent 2 =
100% 18 MQ deionized water; V5 off (0) = PO} /P,0;7; V5
on (1) =15 ul; V6 off (0) = CLLH,C,;0,; V6 on (1) =10 ul.

The centrifuge ware was Nalgene Oak Ridge (50
ml). The centrifuges used were DuPont refriger-
ated superspeed Servall RC-2 and Sorvall RC-5B
both with an angular velocity of 13 000 rpm at
10-20°C. The vortex used was a Baxter SP
mixer.

3.2. Materials

Dihydrogen disodium pyrophosphate (97.17%
pure, Monsanto), triclosan (Irgasan 300, 100.1%
pure, Ciba-Geigy), sodium phosphate dibasic
(99.5% pure, Fisher Scientific), sodium fluoride
(99.999% pure, Aldrich) were purchased com-
mercially.

3.3. Analytical Reagents

NaOH volumetric solution (0.2 M, Mallinck-
rodt) and acetonitrile, UV grade (Burdick &
Jackson) were also obtained commercially. The
following dentifrice formulations were prepared
by SmithKline Beecham Product and Process
Development, Weybridge, UK: placebos and 80—
120% of full formula.

3.4. Procedures

Preparation of standard stock solutions

Standard stock solutions were prepared to
contain 80-120% (w/v) of their respective anions
in 18 MQ water. The triclosan stock solution was
prepared in 100% acetonitrile. Each stock solu-
tion was diluted to a working standard stock
concentration and diluted with their respective
solvents and mixed thoroughly. For calibration
purposes, dilute standard solutions of each ana-
lyte were prepared by stepwise dilution with a
water—acetonitrile (40:60) diluent of each work-
ing standard stock solution to obtain exactly
80-120% of the full formula per 100 ml.

Preparation of tests solutions

A 10-20-g sample of dentifrice was compo-
sited, and from that a 2-g sample was accurately
weighed into a 50-ml Nalgene centrifuge tube.
An aliquot of 25 ml of (40:60) diluent was
introduced along with 4 glass beads (4 mm) and
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vortexed 4 min (speed 10) timed. The aliquots
were cold centrifuged at 10-20°C for 15 min with
an angular velocity of 13 000 rpm. The superna-
tant was quantitatively transferred into a 100-m!
Nalgene PMP volumetric flask. The extraction
procedure was repeated a total of three trials.
The supernatants were completed to volume
with the (40:60) diluent solution and mixed
thoroughly on a vortex. A 1:20 dilution was
performed and mixed thoroughly on a vortex.
All sample and standard solutions were filtered
using a 0.45-um nylon filter.

Chromatographic separation of anions and
triclosan

The separation of anions and triclosan was
carried out using a two-mobile phase system that
simultaneously injected a 15-ul sample into the
200 mM NaOH to 100% water IC gradient
system as well as a 10-ul sample into the water—
acetonitrile (40:60) isocratic HPLC system (see
Fig. 1). The combined IC-HPLC system is
described fully in the Apparatus section.

Calibration curves

Calibration curves were constructed from the
three dilute standards of each anion and tri-
closan. Each concentration was injected onto the
columns. Least squares regression was used to
determine linearity characteristics.

Table 2
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Chromatographic analysis of dentifrice forms

The prepared test solutions were chromato-
graphed three times against the constructed
calibration curves.

4. Results and discussion

4.1. Chromatographic separation of anions and
triclosan

To permit retention and good separation of
both anions and triclosan in a single diluent
preparation, an optimal water—acetonitrile dil-
uent was selected. The extraction time was
chosen at 3 times and water~acetonitrile (40:60)
diluent concentration to yield 100 = 3% recovery
of both anions and triclosan. Optimization of the
extraction time and diluent composition is illus-
trated in Table 2. The gradient optimization was
reached at a concentration of 4455 mM of the
counterion in a mobile phase consisting of 200
mM NaOH to 100% water using a 3%/min
gradient profile. A 50% decrease in the con-
centration of the counterion resulted a loss in
resolution of the phosphate anions. Moreover,
an increase in the gradient profile to 66% re-
sulted in a loss of resolution of the early eluting
fluoride ion.

Analytical results of extraction time study (batch 016) to determine optimum sample extraction time using a water—acetonitrile

diluent: recovery (%) vs. extraction trials

Analyte* Recovery (%) (n =3)
1x? 2X, 3x 5%

Water—acetonitrile (50:50)

F 100.26 108.99 108.65 110.34
P,05" 105.47 110.32 107.84 108.74
CLH,C,,0, 84.83 85.33 89.46 89.60
Water—acetonitrile (40:60)

F~ 88.52 95.66 102.42 103.66
P,0%” 96.82 102.36 103.47 103.89
CL,H,C,;02 98.38 90.61 102.00 103.81

“ Tube composite of separate sample masses.
® Number of extraction trials.
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Fig. 2. (a) Representative chromatogram for identification
and separation of anions within a (100%) dentifrice formula-
tion. Peaks: 1=F~; 2 = unknown; 3 =PO}; 4=P,0i". (b)
Representative chromatogram for identification and separa-
tion of triclosan within a (100%) dentifrice formulation.
Peaks: 1=unknown; 2 =unknown; 3 =Cl,H,C,;0,. Note:
chromatograms shown in each figure were obtained from a
single injection.

4.2. Chromatographic separation of triclosan.

A method validated in our laboratory was
modified to contain water—acetonitrile (40:60).
Separation and quantitation of triclosan com-
pared favorably to existing methodologies in our
laboratory. Identification of each anion and

triclosan was achieved after comparisons with
relative retention times of standard dilutions of
respective anions in the water—acetonitrile
(40:60) diluent. Fig. 2a and b illustrates a good
separation of the dentifrice formulation using the
simultaneous injector system. The mean relative
retention times (Table 3) obtained from six
chromatograms of each anion were: 0.2324,
0.4414 and 1.0097, respectively. The mean rela-
tive retention time of triclosan was 1.0034 com-
pared to a (100%) standard concentration as
shown in Table 3.

At the optimum counterion concentration and
water—organic ratio, separations of the analytes
were obtained within 7 min.

4.3. Calibration curves

Table 3 shows that good linearity is accom-
plished for amounts of 80-120% of formula
using three concentration levels.

4.4. Chromatographic analysis of anions and
triclosan in some laboratory-scale dentifrice

Table 4 shows analytical results of some lab-
oratory-scale aged dentifrice. The aged dentifrice
was chosen to assess the impact of the stability
indication of the developed assay. The method
was found to show stability indications with the
breakdown phosphate anion (PO;") eluting be-
fore the major phosphate component (see Fig.
2a). Proprietary constraints prohibit the declara-
tion of amount of breakdown in the current
dentifrice prototype. Moreover, the results

Table 3

Relative retention times (RRTs) of anions and triclosan and linearity of their calibration curves
Analyte RRT $.D.(n=6) Range (%) R**

F~ 0.2324° 0.0020 80-120 0.9913

PO;~ 0.4414° 0.0447 80-120 0.9960

P,0%” 1.0097° 0.0801 80-120 0.9977

CL,H,C,;0, 1.0034° 0.0024 80-120 0.9951

“ R obtained from three points.
? Relative to phosphate.
“ Relative to a triclosan (100%) standard.
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Table 4
Analytical results of (aged) laboratory scale dentifrice
Analyte”® Theory Amount found Recovery (%) R.S.D. (%)
(% wiw) (%, w/v)(n=3)
F~ 80 78.03 97.78 1.91
100 99.96 98.78 2.53
120 88.21 73.51 0.37
P,0%" 80 93.48 111.38 2.32
100 113.59 107.39 1.49
120 143.49 94.20 0.36
CLH,C,,0, 80 83.75 104.69 3.72
100 107.46 107.46 0.99
120 136.71 113.92 5.02

“ Tube composites of separate sample masses.

found in Table 4 were calculated based upon a
total amount of phosphate (PO and P,0:7)
recovered. Good recoveries and acceptable pre-
cision were obtained within a detection range of
80-120% of prototype formula levels.

4.5. Chromatographic analysis of anions and
triclosan in a pilot batch

Table 5 shows analytical results of the pilot
batch dentifrice. Good recoveries and acceptable
precision were obtained at the (100%) full
prototype formula level. Excipients did not show
interference with the eluting anions and tri-
closan. Spiking the pilot production dentifrice
with each analyte did not alter the relative
retention time of each anion and triclosan.

5. Conclusions

The ability to extract both anions and triclosan
from one sample preparation and resolve these
analytes in 7 min using gradient IC coupled with
isocratic HPLC has been demonstrated. This
new method was found to be considerably faster
than presently used methods for the determi-
nation of anions and triclosan in dentifrice
formulations. The method has been shown to be
stability indicating, yielding a reproducible
amount of (PO}~ ), within the linear range of the
(PO;") calibration curve. Moreover, future ap-
plications as an encompassing cleaning validation
method of anions and triclosan appear to show
merit. Further development work will be ad-
dressed to assess method ruggedness.

Table 5
Analytical results of a pilot plant batch (016) of dentifrice containing anions and triclosan
Analyte Theory Amount found R.S.D. (%)
(%, wiw) (%, w/v)(n=26)
F 100 97.72 4.40
P,O%" 100 98.15 2.74
CLH,C,,0, 100 100.05 0.55
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Abstract

In agronomy, chelating agents are used to complex trace elements (Fe, Mn, Zn, Cu, Co) for fertilization. An

EEC directive allows the use of six chelating agents

(EDTA, HEEDTA, DTPA, EDDHA, EDDHMA and

EDDCHA), and requires an effective stability of at least 80%. An ion chromatographic method was developed to
identify and determine the total amount of chelating agents in fertilizers. Precolumn derivatization of the metal
chelates to the corresponding Fe(III) chelates is followed by elution with HNO,-NaOAc mixture, postcolumn
reaction with HCIO, and UV-Vis detection at 330 nm. The method offers a specific, sensitive technique for

determining EDTA, HEEDTA and DTPA in fertilizers.

1. Introduction

The feature of controlling the concentration of
the free form of metal ions is fundamental in the
various applications of chelating agents. Best
known is the example of EDTA, which, apart
from being a common laboratory reagent, is
widely used, e.g., in the water treatment, clean-
ing, power, mining, textile, food, agricultural
and pharmaceutical industries.

In agronomy, chelating agents are used for
micronutrient fertilization in hydroculture and in
foliar and soil application. The essential plant
nutritive elements in mineral fertilizers can be
divided into three groups: main elements (N, P,
K), secondary elements (S, Ca, Mg, Na) and
trace elements or micronutrients (Fe, Mn, Zn,
B, Cu, Mo, Co). Trace elements deficiencies can
be overcome by fertilization with salts, oxides,
hydroxides, organomineral complexes and che-
lates of the trace elements. Chelates offer the
highest efficiency, bringing the trace element

0021-9673/94/$07.00
SSDI 0021-9673(94)00124-R

into a plant-available form at relatively low doses
from the soil to the root and into the plant cells.
In Europe, EEC Directive 76/116 allows che-
lates of the elements Fe, Mn, Zn, Cu and Co to
be used as such or incorporated in mixed fertiliz-
ers. An effective degree of chelation of at least
80% is required [1].

Six chelating agents are allowed to be used for
this purpose. They all belong to the class of the
aminocarboxylic acids, and are commonly ab-
breviated as EDTA, HEEDTA, DTPA,
EDDHA, EDDHMA and EDDCHA. The full
names and structures of the compounds consid-
ered in this study (EDTA, HEEDTA, DTPA,
EDDHA, and two related compounds DCTA
and NTA) are illustrated in Fig. 1.

The concentration ot these chelating agents in
commercial fertilizers can range from about
0.01% to more than 50%. At low levels, the
identification and determination of these com-
pounds constitute a difficult analytical problem,
especially in the presence of a complex matrix

© 1994 Elsevier Science B.V. All rights reserved



360 1. Vande Gucht | J. Chromatogr. A 671 (1994) 359365

EDTA Ethylenediaminetetraacetic acid
HOOC-CH,, CH,-COOH
N-CH,~CH,-N
HOOC-CHj, CH,-COOH
HEEDTA  2-Hydroxyethyl-ethylened: iacetic acid
HOOC-CHp CH,-CH,0H
N-CH,-CH,-N,
HOOC~-CH, CH,-COOH
DTPA Diethyl iami ic acid
HOOC-CH,< FH,=COOH __CH,~COOH
N-CH,-CH,~N~CH,~CH,~
HOOC-CH, CH,-COOH

EDDHA Ethylenediamine-di-(2-hydroxyphenyl) scetic acid

H H
N-CH,-CH,-N
HOOC-CH CR-COOH
HO, j j OH
DCTA 1.2-diami ycloh ic acid

HOOC~CH,;~—N N——CH,~-COOH

HOOC-CH, CH;~COOH

NTA Nitrilotriace tic acid

HOOC-CH
2 \N/

CH,-COOH

CH,-COOH
Fig. 1. Structures of some important chelating agents of the
aminocarboxylic acid group {2].

with large amounts of other water-soluble sub-
stances. ,

Further, from an agronomic point of view, the
determination of the stability of a chelate is
considered to be a more important concern than
the determination of the nature and the amount
of a chelating agent. The lack of clear evidence
about the efficiency of chelates under field con-
ditions and the possible mobilization of heavy
metals such as Cd, Ni and Pb call for a detailed
study of the stability of a given chelate in
fertilizer, soil and plant extracts.

The chemistry involved in the formation and
stability of a chelate in complex media is char-
acterized by a number of chemical equilibria,
which can be characterized by their physical
constants [3,4]. The most important equilibria,

illustrated for Mn—-EDTA as an example, are as
follows:

(i) complexation of the metal ion by the
chelating agent (stability constant K.):

Mn** + EDTA*” =Mn-EDTA?"

(ii) protonation of the chelating agent (dis-
sociation constant K, ):

H,EDTA =H,EDTA” =H,EDTA*"
=HEDTA’” = EDTA*"

(iii) oxidation-reduction of the metal ion
(reduction potential E,):

Mn’* =Mn’* =Mn**
(iv) hydroxylation of the metal ion:
Mn?** =Mn(OH)" = Mn(OH), = Mn(OH);

(v) precipitation of the metal ion (solubility
product K,):

MnO,; MnCO,; Mn,(PO,),; Mn(OH),

It is clear that the entire chelation process is
considerably influenced by (1) the pH, affecting
all of the above equilibria, (2) the nature of the
chelating agent and the metal ion and (3) the
presence of other competing metal ions and
complexing or chelating agents.

As these chelates tend to form highly water-
soluble ionic species, the choice of ion-exchange
chromatography as an analytical method seems
to be justified. Although the retention mecha-
nism is governed by ion exchange, the com-
plexation behaviour plays an important role,
both thermodynamically and kinetically. Fur-
ther, non-ionic interactions of the analytes with
the stationary phase can be expected, e.g., the
interactions of the phenolic groups of some
chelating agents with a polystyrene—divinylben-
zene-based substrate.

The final objective, the separation of a com-
plex mixture of chelates, formed by reaction of
different chelating agents with different metal
ions, has not been reported. Because of the
complexity of the system, subdivision of the
problem should be considered: the separation of
different chelating agents associated with a single
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metal ion; and the separation of different metal
jons associated with a single chelating agent.
Existing methods were considered in this re-
spect. A standard application, developed for
polyphosphates and other polyvalent complexing
agents, using acidic elution and postcolumn
derivatization with UV-Vis detection, offered
good prospects for the separation of different
chelating agents [5,6].

2. Experimental
2.1. Reagents and solutions

Eluents were prepared by dissolving or dilut-
ing analytical-reagent grade products (nitric acid,
sodium acetate and potassium hydrogentartrate,
all from Merck, Darmstadt, Germany) in water
purified with an Elgastat UHQ system (Elga,
UK) and degassed with helium. Eluents con-
taining potassium hydrogentartrate ~became
cloudy after a few days and were therefore
replaced daily. Stock standard solutions (1 mM)
of metal ions such as Fe(IIl), Mn(II), Zn(II),
Cu(II) and Co(II) were prepared by dissolving
high-purity salts [Fe(NO;); 9H,0, MnSO,-
H,O0, ZnSO,-7H,0, CuSO,-5H,0, and
CoSO, - 7TH,0, all from Merck] in water. The
Fe(Ill) solution was prepared immediately be-
fore use.

Stock standard solutions (1 mM) of the chelat-
ing agents EDTA, HEEDTA, DTPA, EDDHA,
DCTA and NTA were prepared by dissolving
the corresponding sodium salts in water or the
acids in 5 mM NaOH using: Na,EDTA-2H,0
(Merck), Na,HEEDTA (Fluka, Buchs, Switzer-
land), H,DTPA (Merck), H,EDDHA (Sigma,
St. Louis, MO, USA), H,DCTA-H,0 (UCB,
Brussels, Belgium) and H;NTA (Merck).

Standard solutions of metal chelates were
prepared by mixing appropriate volumes of
metal ion solutions with those of chelating agents
to obtain stoichiometrically balanced combina-
tions of metal ions and chelating agents.

Samples of fertilizers were ground, sieved to
0.1 mm, extracted with water at room tempera-
ture and filtered through folded Whatman 2V

filter-paper. Before injection, solutions were, if
necessary, filtered again through a 0.2-um mem-
brane filter. Unless stated otherwise, all metal
chelates were injected in concentrations of 0.01—-
0.1 mM.

2.2. Instrumentation

A Dionex Series 2003i ion chromatograph was
used with a 50-ul injection loop, an isocratic
pump and a UV-Vis detector with a 330-nm
filter. For postcolumn derivatization an unheated
reagent delivery module was used. Different 4-
mm columns were used, all from Dionex. An Ion
Pac AS7 separator in combination with an Ion
Pac AG7 or NG1 guard column was used. The
Ion Pac AS7 separator contains a 10-um poly-
(styrene—divinylbenzene) (PS-DVB)-based sub-
strate agglomerated with an aminated ion-ex-
change latex. Ion Pac NG1 is a PS-DVB-based
reversed-phase guard column without any func-
tional groups. The flow-rate was 0.5 mil/min.
Chromatograms were recorded with a Shimadzu
Series C-R5A Chromatopac integrator. For
atomic absorption spectrometry, a Perkin-Elmer
Series 2380 spectrometer with deuterium-arc
background correction was used.

3. Results and discussion

The standard application for polyvalent com-
plexing agents utilizes 30~70 mM HNO, as the
eluent (isocratic), postcolumn derivatization with
1 g/l Fe(NO,),-9H,0 in 2% HCIO, and UV-
Vis detection at 330 nm. The separation column
used features a high capacity (80 wequiv. per
column) and a relatively high hydrophobic na-
ture, having both anion- and cation-exchange
capacity [7]. With a sample containing only free
chelating agents, e.g., H,EDTA, or the corre-
sponding Na salts, the forms eluting on the
column under acidic conditions (pH=1.3) are
the free, fully protonated forms [8].

Fig. 2 illustrates the separation of a mixture of
the sodium salts of NTA, EDTA, HEEDTA,
DTPA and EDDHA. However, when the sam-
ple contains stronger chelates such as Fe(1II)-
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A.u. EDTA
qo0.02 4.7
| HEEDTA DTPA
0.
ol yra 9.7 19.0
3.7
0
v
o o 10 15 20 _min
] . . y

Fig. 2. Separation of the sodium salts of NTA, EDTA,
HEEDTA and DTPA. Eluent, 70 mM HNO;; columns, Ion
Pac AS7 + guard; detection, postcolumn reaction with
Fe(II[)-HCIO, with subsequent UV spectrophotometry at
330 nm EDDHA was not detected.

EDTA, some of which only partially dissociate,
an influence of the associating metal ion on the
retention time of the corresponding chelating
agent can be observed, as illustrated in Fig. 3.
Table 1 shows the stability constants of some
metal chelates of EDTA, HEEDTA and DTPA
[2]. In an acidic environment, one would expect
the sodium salt and the relatively weak EDTA
complexes (Mn, Zn) to dissociate and the acid
form of EDTA to elute (Fig. 3a—c). Only Fe(III)
would remain complexed and elute as the less
strongly retained Fe-EDTA (Fig. 3d). Cu-
EDTA creates an intermediate situation, with
the chelate partially dissociating during the run,
giving a Cu-EDTA peak moving ahead of a

a NaZ—EDTA b

6.10

Mn-EDTA
6.14

Fe-EDTA Cu-EDTA
NaZ-EDTA Zn~EDTA
g Mn~EDTA

5.21

Fig. 3. Influence of the associating metal ion on the retention
time of EDTA. Eluent, 50 mM HNO,; columns and detec-
tion, as in Fig. 2. Injection of (a) Na,EDTA, (b) Mn-—
EDTA, (c) Zn-EDTA, (d) Fe-EDTA, (¢) Cu-EDTA, (f)

Na,EDTA + Fe-EDTA and (g) Cu-EDTA + Zn-EDTA +
Mn-EDTA; solute concentrations 0.04 mM.

Table 1
Stability constants (log K_) of different metal chelates of
EDTA, HEEDTA and DTPA [3]

Metal ion Log K.
EDTA HEEDTA DTPA

AP 16.3 14.3 18.6
Ba®* 7.86 6.3 8.87
Ca’t 10.69 83 10.83
Co** 16.31 14.6 19.27
Cu** 18.80 17.6 21.55
Fe’* 14.32 12.3 16.5
Fe’* 25.1 19.8 28.0
Mg®t 8.79 7.0 9.3
Mn** 13.87 10.9 15.6
Ni** 18.62 17.3 20.32
Pb** 18.04 15.7 18.80
Sr** 8.73 6.9 9.77
Zn’* 16.50 14.7 18.4

fronting peak of free EDTA (Fig. 3¢). Injection
of a mixture of Na,EDTA and Fe-EDTA re-
sults in two peaks, corresponding to free EDTA
and Fe-EDTA (Fig. 3f). Mixtures of Mn-
EDTA, Zn-EDTA, and Cu-EDTA elute as a
single peak with an average retention time,
shifted toward the retention time of the most
stable complex (Fig. 3g).

Subsequently, the method was modified by
including a precolumn treatment of the sample
with Fe(III) in an acidic medium, replacing the
chelated metal ion present in the sample with
Fe(III). This simple procedure permits only Fe
chelates to be eluted and a single retention time
to be obtained for a given chelating agent,
independent of the associated metal ion. The
precolumn treatment is carried out by mixing
four volumes of the sample solution (concen-
tration of chelating agents between 0.01 and 0.1
mM) with 1 volume of a solution of 5 g/l
Fe(NO,;);-9H,0 in 0.15 M HNO,, allowing it
to react for 5 min at room temperature. The
postcolumn reaction is carried out with 2%
HCIO,, stabilizing the Fe chelates and increasing
the absorbance at 330 nm.

As illustrated in Fig. 4, the influence of the
eluent composition on retention, resolution and
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detection was studied with mixtures of sodium
salts of NTA, EDTA, HEEDTA, DTPA and
EDDHA. In comparison with Fig. 2, it is clear
from Fig. 4a that Fe chelates elute much faster
than the corresponding free chelating agents. As
generally expected, Fig. 4a—c show for DTPA as
an example that with increasing pH the negative
charge of the chelate also increases, causing a
longer retention. The pH of ail eluents was kept
acidic to prevent the influence of matrix com-
ponents in the fertilizers. The presence of ace-
tate and tartrate in the eluent positively affects
the selectivity and permits better resolution of
EDTA, HEEDTA and DTPA (Fig. 4b—d).

The importance of non-ionic interactions of
the analyte with the stationary phase was demon-
strated for EDDHA and DCTA. EDDHA does
not elute when both guard and separation col-
umns are used. However, using the much shorter
guard column AG7 and an eluent consisting of
50 mM HNO,-50 mM NaOAc, Fe—-EDDHA
elutes as a single peak, indicating that the

a 50mM HNO b SCmM HNO._ +NaOQAc

3 3
pra PH 1.3 AU pH 2.75
EDTA
DTPA 49.02
DTPA
NTA, lo.01 NTA, HEEDTA
HEEDTA,
EDDHA EDDHA not
not detected Q detected
in 4 A _min
50mM NaNO_ +HOAc 20mM HNO
c NTA, pH 3.1 d +K-H-tar®.
A.U EDTA A.O. pH 2.45
40.02 0.02 EIfra
H A D@PA
HEEDTA
0.01 DTPA 1D.Ol
NTA, EDDHA
EDDHA not not
detected 0 detected
_nﬁ_‘l_ﬁﬂ_min A4 B __min

Fig. 4. Influence of eluent composition on retention, res-
olution and detection. Columns, as in Fig. 2, precolumn
reaction of the sodium saits of NTA, EDTA, HEEDTA,
DTPA and EDDHA with Fe(III)-HNO,; postcolumn re-
action with HCIO, with subsequent UV spectrophotometry at
330 nm. Eluents: (a) 50 mM HNO, (pH 1.3); (b) 50 mM
HNO,-50 mM NaOAc (pH 2.75); (c) 50 mM NaNO,-50
mM HOAc (pH 3.1); (d) 20 mM HNO,-20 mM potassium
hydrogentartrate (pH 2.45).

a b <
SOmM HNO 30mM KH-tar. 30mM KH-tar.
AG7+AS7 AGT+AS7 NGL+AS7
EDTA. DCTA
DCTA
AU AU
{0.02 Jo.o2 jEPTA
Jo.o1 Jo.o1
0 o
— LY
[s] 4 min {0 ;2 min
:

Fig. 5. Resolution of EDTA and DCTA. Precolumn reaction
of the sodium salts of EDTA and DCTA with Fe(III)—
HNO,; detection, postcolumn reaction with HCIO, and
subsequent UV spectrophotometry at 330 nm, (a) 50 mM
HNO, as the eluent and lon Pac AS7 + guard columns as the
separator; (b) 30 mM potassium hydrogentartrate as the
eluent and Ion Pac AS7 + guard columns as the separator;
(c) 30 mM potassium hydrogentartrate as the eluent and Ion
Pac AS7 + NGI guard columns as the separator.

compound adsorbs on the substrate material due
to its phenolic groups. As illustrated in Fig. 5,
non-ionic interactions also determine the reten-
tion behaviour of DCTA.

The above-described method using an AS7
separator in combination with an NG1 guard
column, 50 mM HNO,-50 mM NaOAc as the
eluent, precolumn treatment with Fe(Ill)-
HNO,, postcolumn reaction with HCIO, and
UV detection at 330 nm was tested to check its
analytical performance. Standard solutions of
EDTA, HEEDTA and DTPA with concentra-
tions between 0.01 and 0.2 mM were injected
and peak heights measured. Sensitivities, detec-
tion limits and correlation coefficients were de-
rived from three calibration graphs and are given
in Table 2. Table 2 also shows that, after fifteen
injections of standard solutions (0.01-0.2 mM),
the retention times do not shift significontly.

A recovery study was carried out with three
commercial NPK fertilizers not containing che-
lated trace elements. Before extraction, the
samples were spiked with three levels of EDTA,
HEEDTA and DTPA, corresponding to
amounts of 0.01, 0.1 and 1% (w/w), and an
excess of 10% (mol Cu/mol chelating agent) of
Cu(Il) was added. Two fertilizers were only
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Sensitivities, detection limits, correlation coefficients and retention times of EDTA, HEEDTA and DTPA (0.01-0.2 mM)

Parameter EDTA HEEDTA DTPA
Sensitivity (absorbance/mM) 0.312 0.208 0.364
Detection limit (mM) ’ 0.00578 0.00659 0.00717
Correlation coefficient 0.99989 0.99986 0.99984
Retention time (min) 4.539x0.109 3.977 £0.073 6.399 £ 0.155

Precolumn treatment with Fe(III)-HNO,; eluent, 50 mM HNO,-50 mM NaOAc; AS7 separation + NG1 guard columns;

postcolumn reaction with HCIO,; UV detection at 330 nm.

spiked with EDTA and the third fertilizer was
spiked with EDTA, HEEDTA and DTPA. The
results are given in Table 3. Matrix components
from fertilizers interfere only slightly by increas-
ing the void volume signal, as illustrated in Fig.
6.

The method proved to be satisfactory for the
determination of the total amount of EDTA,
HEEDTA and DTPA in mixed fertilizers at
levels down to 0.1%. In fact, the system is
completely insensitive even to large amounts of
chloride, nitrate, carbonate, sulphate and ortho-
phosphate. It must be emphasized that, after
repeated injections of solutions treated with
excess of Fe(III), the characteristics of the sepa-
ration column are irreversibly altered. Residual
iron on the column leads to a decrease in
sensitivity for sulphate and orthophosphate. So-

Table 3

Fig. 6. Chromatograms for (a) a standard solution of
HEEDTA, EDTA and DTPA (each 0.08 mM), (b) NPK
15.5.15 fertilizer, and the same sample spiked with (c¢) 0.1%
(w/w) and (d) 1% (w/w) of HEEDTA, EDTA and DTPA,
in the presence of an excess of Cu(II). Method: see Table 2.

lutions of Mn-EDTA, Zn-EDTA, Co-EDTA
and Cu-EDTA were injected onto the “con-
taminated” column, without precolumn treat-
ment with Fe(III)-HNO,. After postcolumn
reaction with Fe(III)-HCIO, and UV detection
at 330 nm, the eluate was fractionated and the

Recoveries of EDTA, HEEDTA and DTPA when added at levels of 0.01, 0.1 and 1% (w/w) to commercial fertilizers, in the

presence of an excess of Cu(Il)

Concentration
added (%, w/w)

Sample declaration

Recovery (%)

EDTA HEEDTA DTPA
NPK 12.8.16 + 10 SO, 0.01 97 — -
0.1 94 - -
1 114 - -
NPK 9.8.18 + 15 SO, 0.01 107 - -
0.1 95 - -
1 96 - -
NPK 15.5.15 0.01 65 ~t 137
0.1 103 114 94
1 103 98 109

Method: see Table 2.
“No spike added.
* Below determination limit.
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collected EDTA fraction analysed by atomic
absorption spectrometry. In all instances, except
with Cu-EDTA, the only metal present in the
collected fraction was iron. When Mn-EDTA,
Zn-EDTA or Co-EDTA was injected, these
metals were not recovered in the EDTA frac-
tion, but in the void volume fraction. In spite of
the acidic eluent, residual iron remains on the
column, replacing manganese, zinc and cobalt
from their weak complexes, letting the free
metal ions run rapidly through the column.
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Abstract

Trace amounts of cyanamide may be found in a novel potassium channel activator bulk drug. A chromatographic
method is described for detecting trace levels of cyanamide as low as 1 ppm (w/w) using pulsed electrochemical
detection at a silver electrode. The bulk drug is dissolved in acetonitrile-water and injected into the IC system.
Cyanamide is eluted under isocratic conditions within 10 min.

1. Introduction

Trace amounts of cyanamide may be found in
bulk drugs where cyanamide was used in the
synthesis of the drug or one of the intermediates.
In this report we show a method developed for
detecting trace levels of cyanamide in a novel
potassium channel activator bulk drug. A sensi-
tive method was needed to determine levels of
cyanamide in the bulk drug since cyanamide is
toxic and complete removal of it was important
from a process development point of view.

Cyanamide detection has been reported using
a number of different techniques. A liquid chro-
matographic method was used to detect calcium
cyanamide after pre-column derivatization to
dansyl cyanamide [1]. This was used as a stability
indicating assay for the analysis of calcium
cyanamide in bulk material and dosage form.
Cyanamide in plasma was detected selectively
and sensitively using another pre-column deriva-
tization technique with 5-(dimethylamino)naph-

0021-9673/94/$07.00
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thalene-1-sulfonyl chloride [2]. Chemical assays
for cyanamide in biological fluids have been
reviewed [3]. Further studies include: the spec-
trophotometric determination of cyanamide with
pentacyanoferrates [4], a gas chromatographic
method to detect cyanamide in blood plasma
after extraction and derivatization with hepta-
fluorobutyric anhydride (HFBA) [5], a reaction
rate method for determining trace concentrations
of cyanamide [6], use of an ion selective elec-
trode for cyanamide [7], an infrared method to
determine trace quantities of cyanamide in
guanidine sulfate [8], indirect argentometry to
detect cyanamide in solutions [9], analysis of
cyanamide derivatives by the separation of mix-
tures on ion-exchange resins [10], and use of
p-phenylenediamine hydrochloride for the spec-
trophotometric determination of cyanamide [11].
Many of these methods are tedious since they
involve derivatization of some sort.

In this paper, a direct chromatographic meth-
od using pulsed electrochemical detection

© 1994 Elsevier Science B.V. All rights reserved
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(PED), on a polymeric AS-10 anion-exchange
column, is described for sensitive determination
of cyanamide in a bulk drug substance.

The pulsed electrochemical detector is
equipped with a pair of silver working elec-
trodes. Silver enables selective detection of the
cyanide moiety in the cyanamide molecule with
extremely high sensitivity at a very low oxidation
potential (+0.08 V) according to the reaction:

Ag’ + (H,NCN)™ = Ag*(CNNH,)"

This chromatographic method with PED can
monitor cyanamide down to ppm (w/w) levels in
a bulk drug substance as shown in this study.

2. Experimental
2.1. Instrumentation

A Dionex gradient pump module (GPM) and
eluent degas module (EDM-II) and Dionex
pulsed electrochemical detector (PED-1)
equipped with silver working electrodes were
controlled through a Dionex interface (Dionex,
Sunnyvale, CA, USA) by a Compaq Deskpro
386/25L personal computer running the AI-450
software version 3.30 (Dionex). The injector
used was Hitachi autosampler Model 655A-40
(Hitachi Instruments, Danbury, CT, USA).

2.2. Reagents

Sodium hydroxide 50% (w/w) was purchased
from J.T. Baker (Phillipsburg, NJ, USA). 200
mM Sodium Hydroxide was prepared from this
solution. HPLC grade acetonitrile (MeCN) was
obtained from Baxter Scientific (McGaw Park,
IL, USA). Deionized water was further purified
using a Millipore Milli-Q system (Millipore,
Bedford, MA, USA). All mobile phases were
filtered before use with 0.45-pm Nylon-66 filters
(Schleicher & Schuell, Keene, NH, USA) and a
solvent filtration kit (Schleicher & Schuell).
Hydrochloric acid (concentrated) was purchased
from J.T. Baker from which a 1-M solution was
prepared for column clean-up. Cyanamide 50%

(w/w) was obtained from Aldrich (Milwaukee,
WI, USA) and was used for standard prepara-
tions.

2.3. Chromatographic system

An IonPac AS-10 anion chromatographic col-
umn with an IonPac AG-10 anion guard column
(Dionex) was used. Mobile phase [MeCN-50
mM NaOH (1:99)] was prepared by transferring
500 ml of 200 mM sodium hydroxide and 20 mi
acetonitrile into a 2-1 volumetric flask and dilut-
ing to volume with water. The flow-rate was 1
ml/min. The column temperature was ambient.
Under these conditions cyanamide elutes in
under 10 min.

2.4. Detector conditions

Detection was performed with a Dionex
pulsed electrochemical detector using silver elec-
trodes. Range on the detector was 300 nC. Data
sampling was done only from 0.1 to 0.78 s (one
pulsing cycle is 0.88 s). After that, a positive
pulse at 0.1 V and a negative sweep at —0.1 V
cleaned the electrode surface.

Data collection was performed on a chart
recorder (Kipp & Zonen, Delft, Netherlands) or
an IBM-PS/2 computer with an advanced com-
puter interface (Dionex) and AI-450 software
(Dionex). The A1-450 software also controlled
the Dionex instrument and the gradient pro-
gram. Data was simultaneously collected on a
Micro VAX 3400 microcomputer running VG
Multichrom software version 1.8 through a VG
chromserver (VG Instruments, Danvers, MA,
USA). ’

2.5. Preparation of standards and samples

Sample solvent was prepared by separately
measuring equal amounts of MeCN and water,
combining them in a suitable container and
mixing well. Stock solution 1 (1000 pg/ml
cyanamide) was made by accurately weighing 100
mg 50% cyanamide into a 50-ml volumetric flask
containing 25 mi of the sample solvent. It was
diluted to volume with the sample solvent and
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mixed well. From this stock solution working
standard solution 1 (100 ng/ml cyanamide),
working standard solution 2 (50 ng/ml
cyanamide) and working standard solution 3 (15
ng/ml cyanamide) were made by appropriate
dilutions with the sample solvent.

Working sample solution (5 mg/ml of the bulk
drug) was prepared by transferring 50.0 mg of
the bulk drug sample into a 10-ml volumetric
flask. A volume of 5.0 ml of MeCN was trans-
ferred to the flask and after sample dissolution
diluted to volume with water.

3. Results and discussion

Fig. 1 shows the chromatogram of the working
standard solution 3 containing cyanamide at 15
ng/ml. The retention time of cyanamide is 6.99
min and the k' was calculated to be 1.33. The
pulse feature of PED provides baseline stability
due to the clean electrode surface resulting in
better reproducibility compared to continuous
DC amperometry. Fig. 2 shows the chromato-
gram of a blank injection (sample solvent). A
very small peak is seen in the blank at the
retention time of cyanamide which calculates to
be less than 1 ppm (the detection limit). Fig. 3
shows the chromatogram of the bulk drug sub-
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stance stored at 30°C and 75% relative humidity.
Fig. 4 shows the chromatogram of a sample after
the synthetic process had been optimized. The
process has been optimized so that the levels of
cyanamide in typical batches of the potassium
channel activator are less than the detection limit
(1 ppm w/w) as shown in Fig. 4.

One of the main advantages of this technique
is that no sample clean up is necessary due to the
selectivity. In this instance, bulk drug substance
is dissolved in acetonitrile—water (50:50) and
directly injected into the ion chromatography
(IC) system.

The linear regression data for cyanamide is
shown in Table 1. Linearity standard solutions
were injected over the range of 15 to 150 ng/ml.
Peak areas were used for regression analysis.
Within this range, cyanamide had a linear re-
sponse, with a correlation coefficient of 0.9982.
A three-point calibration is used for the quanti-
tation of cyanamide. The three standards used
here cover the range of 15-100 ng/ml (3-20
ppm).

Accuracy for cyanamide was determined by
spiking a batch of the bulk drug substance at
various levels with cyanamide and calculating the
recovery (Table 2). Spiked sample solutions
were prepared by adding 0-25 ppm cyanamide
to the bulk drug substance solution. The re-
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Fig. 1. Chromatogram of the working standard solution 3 showing cyanamide at 15 ng/ml (3 ppm for the drug concentration at 5

mg/ml).
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Fig. 2. Blank injection of the sample solvent, acetonitrile-water (50:50).

covery of cyanamide was determined by

ppm found

ppm spiked 100

% Recovery =
The recovery of cyanamide was satisfactory. The
recovery values for cyanamide spikes ranging
from 3 to 25 ppm were 89 to 106%.

The precision of the system for cyanamide was
determined by injecting the bulk drug substance

at 5 mg/ml several times. An investigational
batch containing 5 ppm (w/w) of cyanamide was
used for this study. Peak areas of multiple
injections of this same solution were used to
calculate the precision of the system. The stan-
dard deviation was 0.25 for a mean value of 5.4
ppm and the coefficient of variation was 4.6% as
shown in Table 3.

The intra-day reproducibility of the method

CYANAMIDE
"

8
e e
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Fig. 3. Chromatogram of a batch of a highly stressed stability sample of the bulk drug substance.
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Fig. 4. A typical batch of the drug substance at the working concentration, 5 mg/ml.

Table 1 for cyanamide was determined by weighing the
Linear regression for cyanamide bulk drug substance eight different times and
. analyzing the results using this method. The
Concentration Area 1 Area 2 Mean peak relative standard deviation was 6.4% for a mean
(ng/ml) area ..
value of 5 ppm and the standard deviation was
14.99 147 460 140702 144 081 0.34. These results are shown in Table 4.
24.99 218 601 204770 211 686 The inter-day reproducibility of the assay was
49.85 381401 363 189 372295 demonstrated for three batches assayed on two
74.78 521410 512321 516 866
ays. Samples analyzed on day 1 gave compar-
99.70 648 182 657 579 652 881 days P y yLe P
124.6 766 612 788 738 777 676
149.6 879 904 909 206 894 555

Table 3
Precision of the system for cyanamide

y =5594x + 79 670; r = 0.9982.

Injection Peak area Cyanamide (ppm)
1 211 806 5.25
Table 2 2 203 849 5.02
Recovery of cyanamide from the bulk drug substance 3 206 431 5.10
4 218 506 5.44
Added m Found m Recovery (% 5 213 626 5.30
(ppm) (ppm) ( y (%) p 15071 P
0 <DL (n=4) _ 7 229 927 5.77
2.99 > 76 9 8 212730 5.28
4.99 5 06 101 9 224656 5.62
9.98 10.62 106 10 226 801 5.68
14.96 15.51 104 Mean 216 340 5.38
19.95 18.82 94 S.D 8153 0.25

24.94 22.26 89 R.S.D. (%) 3.8% 4.6%
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Table 4
Reproducibility of the method for cyanamide

Table 6
Stability of the bulk drug substance in the sample solvent

Sample mass Cyanamide found (ppm) Period (h) Cyanamide found (ppm)
(mg)

Injection 1 Injection 2 Mean 4 11.50

7 12.30

49.8 6.00 5.47 5.85 26 13.43
50.0 5.52 5.72 5.62 29 12.54
50.1 4.80 5.49 5.15 53 13.31
49.7 5.21 4.95 5.08 _
49.9 4.99 4.94 4.97 g’[le)a“_“o%éz
50.0 4.46 5.47 4.97 R s'g _ 6.26%
50.2 5.41 4.76 5.09 S TR
49.9 6.11 5.07 5.59
Mean 5.29
S.D. 0.34 5 ppm cyanamide (precision of the system
R.S.D. (%) 6.4 bp y (p y

able results on day 2, three weeks later. The
results are shown in Table 5.

The stability of the spiked bulk drug substance
working sample solutions (apparent pH ca. 5.4)
also was investigated over a period of 53 h (ca. 2
days). No significant increase in cyanamide con-
tent was found in the sample solvent as shown in
Table 6.

4. Estimation of detection limit (DL) and
minimum quantifiable limit (MQL)

The detection limit (DL) and the minimum
quantifiable limit (MQL) for cyanamide were
estimated as a function of the standard deviation
of the baseline noise and the slope of the linear
regression line. The baseline noise was estimated
from the standard deviation of the peak area of
ten replicate injections of a batch containing ca.

Table 5
Day-to-day reproducibility of the method

Batch number Cyanamide (ppm)

Day 1 Day 2
3138216823 11 11
3138216727 5 4
3138216427 11 11

study).
The DL and MQL values for cyanamide were
estimated as follows:

3-S.D.-10°
DL (ppm) =—<
10-S.D.-10°
MQL (ppm) = S-C

where: S.D. is the standard deviation of the
baseline noise, estimated from the replicate
injection reproducibility (area counts); 10° is a
factor to convert to ppm; S is the sensitivity, i.e.,
slope of the response versus concentration, de-
termined from standard linearity evaluation
(area counts per ng/ml); C, is the working
concentration (5-10° ng/ml).

It has been observed that a DL of 1 ppm and a
MQL of 3 ppm are reliably attainable for
cyanamide, showing reasonable agreement with
statistical calculations. Therefore, these values
for DL and MQL are used for reporting pur-
poses.

Fig. 5 is a chromatogram of the drug substance
spiked with cyanamide at the DL (1 ppm). Fig. 6
is a chromatogram of the drug substance spiked
at the MQL (3 ppm).

5. Conclusions

A highly selective ion chromatographic meth-
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Fig. 5. Detection limit of cyanamide at 5 ng/ml (1 ppm) in the presence of the bulk drug substance at 5 mg/ml.
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Fig. 6. Minimum quantifiable limit of cyanamide at 15 ng/ml (3 ppm) in the presence of the bulk drug substance at 5 mg/ml.

od with pulsed electrochemical detection (PED)
was developed for the sensitive detection of
ultratrace levels of cyanamide (1 ppm, w/w) in a
novel potassium channel activator bulk drug
substance.
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Applications of capillary zone electrophoresis in clinical
chemistry |
Determination of low-molecular-mass ions in body fluids
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Department of Analytical Chemistry, Johannes-Kepler-University, A-4040 Linz, Austria

Abstract
Investigations were carried out on parameters influencing separation selectivity in the capillary zone electro-

phoresis of inorganic cations. Copper sulphate can be recommended as a carrier electrolyte salt for the separation
of alkali and alkaline earth metal jons. Its separation selectivity is different from that of the widely used aromatic
amines and it is compatible with indirect UV detection at 214 nm. The addition of organic solvents to the
electrolyte results in a general increase in the migration times of divalent cations relative to monovalent cations.
Ion-pairing reagents such as sodium dodecyl sulphate were found to exhibit specific effects on some ions (especially
strontium and barium), but are less useful owing to interferences with the separation of alkali metal ions by sodium
introduced with the ion-pairing reagent. Applications to the determination of cations relevant in clinical chemistry
are demonstrated for serum samples. Further, the determination of anions in serum was investigated using
chromate as electrolyte. Generally, the advantage of capillary zone electrophoresis over ion chromatography can be
seen in the fact that proteins need not be removed from the sample and do not interfere with the separation of

low-molecular-mass ions.

1. Introduction

The determination of inorganic cations (alkali
and alkaline earth metal ions) and low-molecu-
lar-mass anions in body fluids is of considerable
importance for diagnostic purposes and part of
the routine tasks in clinical laboratories. Ion
chromatographic methods, although capable of
separating all of the relevant cations or anions in
one run, have not found widespread acceptance.
This may be partly due to problems with the
lifetime of separation columns if proteinaceous
samples such as serum or plasma are injected.
Therefore, proteins should be removed before

* Corresponding author.

injection, but this requires additional sample
preparation procedures, which can be time con-
suming or result in incomplete recoveries. Re-
cently, the use of a new stationary phase with a
semi-permeable surface allowed the direct in-
jection of body fluids for the separation of anions
by ion-interaction chromatography [1]. Never-
theless, problems still exist in separating early-
eluting ions such as fluoride or organic acids
from the proteins eluting in the void volume.
Capillary zone electrophoresis (CZE) should
be capable of overcoming several of the draw-
backs of chromatography. It is a highly efficient
separation method for ionized species based on
the combined effects of electrophoresis and
electroosmosis and can handle proteinaceous

0021-9673/94/$07.00 © 1994 Elsevier Science BV. All rights reserved
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samples much better owing to the absence of a
stationary phase. Denaturation and precipitation
of proteins can easily be avoided by choosing a
physiologically compatible carrier electrolyte.
Further, this technique is likewise suited if only a
limit amount of sample (e.g., a few microlitres of
tear fluid) is available.

This paper reports results from investigations
into the applicability of CZE to the routine
determination of several cations and some anjons
in different body fluids. Special attention was
paid to the parameters affecting the separation
selectivity of cations. The influence of different
carrier electrolyte salts, of organic solvents and
of ion-pairing reagents was investigated in detail.

2. Experimental

The CZE instrument employed was a Quanta
4000 (Waters, Milford, MA, USA) equipped
with a negative and a positive high-voltage
power supply and interfaced to a Hewlett-Pack-
ard Model 3359 data acquisition system. Sepa-
rations were carried out using an AccuSep fused-
silica capillary (52 cm effective length x 75 pm
L.D.) (Waters). Injection was performed hydro-
statically by elevating the sample at 10 cm for a
specified time. Indirect UV detection at 214 or
254 nm was used.

The carrier electrolytes for cation separations
were prepared from copper sulphate, copper
chloride or imidazole (adjusted to pH 4.5 with
hydrochloric acid) and the carrier electrolyte for
anion separation from sodium chromate (all
chemicals obtained from Merck, Darmstadt,
Germany) and OFM BT Anion (obtained from
Waters). The electrolytes were prepared either in
water purified with a Milli-Q system (Millipore)
or in water—ethylene glycol mixtures. Samples
were prepared in Milli-Q-purified water.

Electroosmotic flow mobilities were deter-
mined by injecting mesityl oxide or benzyl al-
cohol as a neutral marker.

Reference serum samples with certified values
were obtained from Nycomed (Oslo, Norway)
and Behringwerke (Marburg, Germany).

3. Results and discussion

3.1. Effect of nature of carrier electrolyte on
cation separation

The separation of several alkali and alkaline
earth metal ions relevant for clinical analysis is
hampered by the fact that some of them have
almost identical mobilities (such as sodium and
magnesium). Weston et al. [2] have shown that
the employment of a complexing agent such as
citric acid or a-hydroxyisobutyric acid as an
additive to the carrier electrolyte can solve this
problem owing to changes in the effective charge
of the analyte ions on establishing complexation
equilibria.

An alternative way of adjusting the separation
selectivity was reported by Beck and Engelhardt
[3]. They used imidazole as a carrier electrolyte
instead of the more commonly used aromatic
amines. In this way they claimed to be able to
separate the sodium-magnesium peak pair. Un-
fortunately, during our experiments we were not
able to confirm these results. Nevertheless, it
seemed worthwhile to investigate further elec-
trolytes with respect to different separation
selectivities. The choice is restricted owing to the
prerequisites of a reasonable UV absorption in
order to allow indirect UV detection and also a
mobility similar to that of the analyte ions.
Papers on ion chromatography of cations with
indirect UV detection had suggested the use of
cerium(III) or copper(Il) salts as mobile phases
[4]. These electrolytes should also meet all the
requirements of CZE. Owing to the better
baseline stability at 214 nm, copper(Il) was
chosen for our work instead of cerium(III),
although the latter has also recently been re-
ported to be useful for several applications with
indirect UV and fluorescence detection [5,6].

The behaviour of cations in a copper(1I)
electrolyte turned out to be dependent on the
counter ion of the copper. Copper(II) chloride
yielded almost the same separation selectivity as
the imidazole electrolyte (which in turn gave the
same separation selectivity as aromatic amines in
their protonated form). Pronounced changes in
migration order were observed when using cop-
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Relative migration times of cations in different carrier

electrolytes (sodium = 1)

Ion 5 mM S mM 5 mM
CuSO, CuCl, imidazole (pH 4.5)
Caesium 0.71 0.73 0.74
Rubidium 0.73 0.73 0.74
Potassium 0.76 0.76 0.80
Sodium 1.00 1.00 1.00
Barium 1.09 0.90 0.90
Strontium 1.11 0.94 0.92
Calcium 1.13 0.95 0.93
Magnesium 1.18 1.00 1.00
Lithium 1.21 1.17 1.09
Nickel 1.22 1.00 1.00
Manganese 1.23 1.01 1.00
Zinc 1.23 1.00 1.00

Conditions: voltage, 25 kV; indirect UV detection at 214 nm.

per(I) sulphate instead of copper(Il) chloride.
Table 1 shows the migration order (given as
relative migration times normalized to the migra-
tion time of sodium) of several alkali, alkaline
earth and transition metal ions.

As can be seen from Table 1, the most obvious
changes occurred with the divalent cations,
whose migration times were increased with re-
spect to the monovalent ions. One might specu-
late on association equilibria between divalent
cations and sulphate leading to a decreased
effective charge and therefore longer migration

x 107"
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times. This idea is supported by the decrease in
electrophoretic mobilities, i ., (Which are the
observed mobilities minus the electroosmotic
mobility), of divalent cations on increasing the
copper sulphate concentration (Fig. 1). An esti-
mation of the magnitude of the interaction
between the cations and sulphate can be carried
out in a way analogous to the determination of
dissociation constants of acids described by
Cleveland et al. [7]. The association constant K,
for a metal cation and sulphate can be found
from the equation

Mephor
T ey

1
log ¢go2- =log —log
503 Kass l‘l’ephor - "Lephor

where ,ﬁe’phm is the electrophoretic mobility of
the cation in an electrolyte without sulphate
jons. The association constants calculated for
calcium, magnesium and nickel were in the range
25-50 mol ™' 17", It should be remembered that
these calculations give just a rough estimation of
the magnitude of the interactions and, among
other things, do not take into account changes in
the size of the species.

3.2. Effects of organic modifier on cation
separation

Work carried out earlier [8] on the separation
of anions by CZE has demonstrated that the
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Fig. 1. Effect of copper sulphate concentration in the carrier electrolyte on the migration order of cations. Conditions: voltage, 20

kV; indirect UV detection at 214 nm.
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addition of organic solvents to the carrier elec-
trolyte can change the migration order con-
siderably. Therefore, in a series of experiments
the influence of ethylene glycol at levels up to
20% was investigated. As can be seen from the
results in Fig. 2 for the copper sulphate elec-
trolyte, there are some general trends resulting
from the organic modifier, such as the increase in
migration times of divalent ions relative to the
migration times of the monovalent ions sodium
and lithium. Similar results were obtained with
the imidazole electrolyte. This effect might be
attributed to the changes in the hydration of ions
on addition of an organic solvent resulting in
changes in migration times. Increasing the
amount of organic modifier in an imidazole
electrolyte up to 60% even made possible the
separation of some transition metal ions, as can
be seen from Fig. 3. Unfortunately, the increase

10 12 14 16
migration time (min)

Fig. 3. Separation of a standard mixture of cations using a 5
mM imidazole carrier electrolyte (pH 4.5) containing 60%
ethylene glycol. Peaks: 1= rubidium; 2= caesium, potas-
sium; 3 =sodium; 4= barium; 5= strontium; 6= calcium;
7 = magnesium; 8 = manganese; 9 = cobalt; 10 = nickel; 11 =
zinc; 12 =lithium. Conditions: voltage, 20 kV; indirect UV
detection at 214 nm.
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electrophoretic mobility (em2v-15- 1)
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Fig. 2. Effect of ethylene glycol in the carrier electrolyte on the migration order of cations. Conditions: voltage, 20 kV; indirect

UV detection at 214 nm.
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in the amount of organic modifier causes a
decrease in the electroosmotic flow, which was
0.96-107*, 0.56-10* and 0.50-107* cm® V7'
s 'in 5 mM CuSO, with 0, 10 and 20% ethylene
glycol, respectively. Therefore, higher voltages
are recommended in order to avoid too long
migration times.

3.3. Effects of ion-pairing reagents on cation
separations

Ion-pairing reagents have been successfully
applied to the optimization of anion separations,
but so far this approach has not yet been used in
the separation of cations. In this work, sodium
dodecyl sulphate (SDS) was investigated as an
ion-pairing reagent. Unfortunately, in an imida-

x 107"

zole electrolyte even an SDS concentration as
low as 0.5 mM leads to pronounced peak tailing.
On the other hand, a copper sulphate electrolyte
with up to 10 mM SDS resulted in well shaped
peaks. As can be seen from Fig. 4, the most
striking effect is the much slower migration of
strontium and barium. Their migration times are
considerably lower than those of several transi-
tion metal ions if an SDS concentration between
5 and 10 mM is used, and became even longer
than that of the neutral marker. This suggests
some equilibrium between these cations and SDS
adsorbed on the inner surface of the capillary.
The electroosmotic flow increased considerably
when SDS was added to the carrier electrolyte.
The electroosmotic mobilities in 5 mM copper
sulphate were 0.96-10 % cm?® V™' s7' without

47@

electrophoretic mobility (cm2V‘1s'1)'

—O— manganese
-=O--- nickel
—-A-- magnesium
--8-- calcium
-9 strontium
--4®--- barium

--O--- zinc

0 5

mM SDS

Fig. 4. Effect of sodium dodecyl sulphate in the carrier electrolyte on the migration order of cations. Conditions: voltage, 20 kV;

indirect UV detection at 214 nm.
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SDS and 2.65-107* cm® V™' 57! with 5 or 10
mM SDS. Unfortunately, the presence of sodi-
um ions from SDS in the electrolyte caused
system peaks that interfered with the determi-
nation of alkali ions.

3.4. Application to samples of biological
material

Biological samples such as serum may contain
a high concentration of sodium (ca. 140 mM in
serum). This can be expected to have adverse
effects on the efficiency of the separation. Gen-
erally, the electrical conductance of the sample
should be considerably lower than that of the
electrolyte in order to obtain sample focusing
effects called “sample stacking”. Obviously, this
demand cannot be met by biological samples,
because their electric conductances even at a 10-
or 20-fold dilution may still be equal to or higher
than that of the electrolytes normally used.
Fortunately, this disadvantage can be overcome
by making use of “‘sample self-stacking” recently
described by Gebauer et al. [9]. If there is one
analyte ion in excess, all other analyte ions
having lower mobilities can be focused as long as
the electrolyte has a (slightly) lower mobility
than all analyte ions. Copper fulfils this criterion
for serum samples, as it has a mobility slightly
lower than those of the alkali and alkaline earth
metals of interest in serum. In addition, its
mobility is still high enough to avoid tailed peaks
which will occur if there is an excessive mismatch
between electrolyte and analyte ions. The focus-
ing effect can be expected not to apply to
potassium, which migrates faster than sodium.
Nevertheless, the results given below demon-
strate that the peak shape of potassium in serum
samples is still acceptable.

Considering sensitivity and sample loading, a
20-fold dilution of serum samples and an in-
jection time of 20 s were found to be appro-
priate. Care must be taken to avoid exceeding
the linear range for sodium. Generally, the
dynamic range is limited by the concentration of
the carrier electrolyte, as changes in the detector
signal can be expected only as long as there are
enough UV absorbing ions in the carrier. It

might be assumed that 1 mol of sodium should
displace 0.5 mol of copper; in fact, its transfer
ratio is even lower, as analyte ions having higher
electrophoretic mobilities than electrolyte ions
exhibit lower transfer ratios than calculated from
a one-to-one equivalent displacement [10]. The
experimental data confirmed that in a 3 mM
copper sulphate electrolyte the response for
sodium is linear up to at least 250 ppm (corre-
sponding to 5000 ppm in the sample before
dilution). This covers the whole range of normal
and pathological serum samples. It would even
allow a lower dilution of the sample in order to
increase the sensitivity for potassium, calcium
and magnesium. Unfortunately, in this case the
resolution decreases considerably.

For quantification purposes, an internal stan-
dard was added to the samples and to the
standard solutions to correct for eventually
changing injection volumes. Lithium was chosen
as the internal standard, as it migrates closely
after the peaks of interest and its normal con-
centration in biological samples is negligible.

During a series of injections for the determi-
nation of cations with a copper electrolyte, it was
noticed that the migration times of all ions
increased considerably from run to run. Obvi-
ously, this was due to the proteins in the sam-
ples, which tended to adsorb to the inner surface
of the capillary, thereby reducing the {-potential
and the electroosmotic flow. This problem could
be overcome by flushing the capillary with 0.1 M
sodium hydroxide solution between runs. This
procedure resulted in stable migration times. No
interfering peaks from proteins were observed in
the electropherograms.

Fig. 5 shows the chromatogram of a serum
sample. The reproducibility (relative standard
deviation) for the determination of cations was
ca. 7% for potassium, 1% for sodium, 5% for
calcium and 7% for magnesium. This repro-
ducibility might seem poor, but nevertheless
could be sufficient for several routine purposes.
One of the obvious advantages of CZE is its
ability to handle biological samples available
only in small amounts, such as tear fluid, which
was also successfully analysed by this technique.

The accuracy of the mean was checked by
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2

2 3
migration time (min)

Fig. 5. Electropherogram of cations in a serum sample (1:20
dilution) using a 5 mM copper sulphate electrolyte. Peaks:
1 = potassium; 2 = sodium; 3 = calcium; 4 = magnesium; 5=
lithium (internal standard). Conditions: voltage, 30 kV;
indirect UV detection at 214 nm.

using a reference serum with certified values.
Table 2 compares the results of the CZE method
and the certified values. The agreement between
these data seems fairly satisfactory. In addition,
it should be pointed out that calcium partly exists
as a protein-bound species in serum. Obviously,
the CZE method measures the total amount of
calcium, which means that any bound calcium is
released from proteins after injection.

Another series of experiments were carried
out on the determination of anions in serum
samples. Of the anions present in serum, chlo-
ride, sulphate, phosphate, carbonate acetate and
lactate are in a concentration range suitable for
CZE. Typical electrolytes described in the litera-
ture for the CZE of anions include chromate,
phthalate and benzoate [11]. Recently, we found

Table 2
Comparison of results for a serum reference sample obtained
by CZE with certified values

Element Concentration (mg 17")

CZE Certified value”®
Potassium 178 174
Sodium 2915 2970
Calcium 103.5 98
Magnesium 19.1 20.1

“ Certified values were obtained by atomic emission spec-
trometry.

that Cu(I1) EDTA’” is another electrolyte with
interesting prospects for anion separations, as it
can selectively detect monobasic carbonic acids
in mixtures with dibasic acids. For serum sam-
ples, 5 mM chromate containing 0.5 mM OFM
BT Anion as an electroosmotic flow modifier
gave the best performance. Serum samples were
diluted 20-fold before injection. No changes in
migration times for anions in proteinaceous
samples were observed (contrary to the situation
for cation determinations as described above).
Probably adsorption of proteins on the inner
surface is suppressed by the use of the electro-
osmotic flow modifier, which itself adsorbs to the
surface.

Similarly to cation determination, an internal
standard was used for quantification. Malonic
acid (concentration 10 ppm), which migrates
between sulphate and phosphate, turned out to
be useful for this purpose. Generally, the repro-
ducibility was less satisfactory for some of the
anions owing to the occurrence of interfering
negative peaks and to sensitivity problems in the
case of sulphate. The accuracy of the means
could not be checked as certified reference
materials were not available.

In conclusion, CZE was found to be adequate
for the determination of a range of cations
relevant in the clinical analysis of biological
samples and several anions. The most important
advantage seems to be that proteins do not
interfere (in contrast to ion chromatography) so
that sample preparation can be kept to a mini-
mum. More sensitive detection methods would
help to overcome some of the drawbacks of the
proposed methods and open up CZE to the
determination of trace elements in blood, serum
and similar matrices. Post-separation reaction
detectors and electrochemical detectors might
have some prospects with respect to sensitivity
and selectivity for complex samples, but are not
yet ready for routine application.
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Abstract

Capillary ion electrophoresis (Waters’ trade name: Capillary Ion Analysis) is a capillary electrophoretic
technique which is optimized for the rapid analysis of low-molecular-mass inorganic and organic ions. Indirect UV
detection at 254 nm was used throughout. An electroosmotic flow modifier was added to the chromate electrolyte
and a negative power supply was used. Analysis of anions in a variety of samples with differing matrices was
investigated. Examples discussed include trace level anions in power plant water (ng/ ml) and pg/ml level of anions
in intermediate and concentrated sulfonated dyes. Anion analysis using this technique is rapid (less than 5 min),
with little sample preparation required. The same electrolyte composition, with only minor variations, was used for
all samples. Both hydrostatic mode of injection for ppm level analysis and electromigration mode of injection for

trace level analysis was used.

1. Introduction

Anion analysis using a chromate, high-mobili-
ty, electrolyte with an osmotic flow modifier
(OFM) has been previously shown to be a
sensitive technique for the analysis of anions
[1-3]. The purpose of this paper is to show
examples of specific applications using this high-
mobility electrolyte. OFM was added to the
electrolyte as an additive that reverses the nor-
mally cathodic direction of the electroosmotic
flow (EOF) that is found in fused-silica capil-
laries. This creates a co-electroosmotic condition
that augments the mobility of the analytes.

The first example is of low-level anion analy-

* Corresponding author.
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sis, part-per-billion (ppb), for sulfate and nitrate
in water samples from a coal fired power plant.
Current ion chromatographic (IC) techniques
require extensive trace enrichment and run times
of approximately 12-15 min. Capillary ion elec-
trophoresis (CIE) (Waters’ trade name: Capil-
lary Ion Analysis, CIA) allows for fast (less than
5 min) analysis times. Electromigration was used
as an injection mode since it has been shown to
be a good injection mode for low level anion
analysis [2]. Sodium octanesulfonate was added
as well, as an electromigrative additive to im-
prove the trace enrichment process [2]- OFM, in
the hydroxide form, was added to the chromate
electrolyte. The hydroxide form of the OFM was
used so as to make final the working electrolyte
pH more alkaline than it is in the normal
bromide form.

The second set of examples is pg/ml level
anion analysis of intermediate and concentrated

© 1994 Elsevier Science B.V. All rights reserved
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sulfonated dyes. For these samples a chromate
electrolyte was used as well, with OFM added in
the standard Br form [4]. IC was also employed,
in the analysis of the sulfonated dyes for com-
parison purposes.

2. Experimental
2.1. Instrumentation

The capillary electrophoresis (CE) system
employed was the Quanta 4000 (Waters Chroma-
tography Division of Millipore, Milford, MA,
USA) with a negative power supply. A Hg lamp
was used for indirect UV detection at 254 nm.
AccuSep polyimide fused-silica capillaries of
dimension 60 c¢m xX75 um I[.D. were used
throughout. The IC system employed consisted
of a 6000A pump, U6K manual injector and
M431 conductivity detector (all from Waters).
An IC-Pak A Anion column was used for IC
analysis. A borate—gluconate mobile phase was
used [4].

Data acquisition was carried out with a Waters
Millennium 2010 chromatography manager with
SAT/IN modules connecting the CE and IC
systems to the data station with the signal polari-
ty inverted from the CE. Detector time constant
for the CE was set at 0.1 s and the data rate for
the CE was 20 points/s and 1 point/s for the IC
system. Collection of electropherographic and
chromatographic data was initiated by a signal
connection between both the CE and manual
injector and the SAT/IN module.

2.2. Preparation of electrolytes

High-purity water (Milli-Q) was used to pre-
pare all solutions (Millipore, Bedford, MA,
USA). The chromate electrolyte was prepared
from a concentrate containing 100 mM sodium
chromate tetrahydrate (Fisher Scientific, Pitts-
burgh, PA, USA) and 0.0056 mM sulfuric acid
(J.T. Baker, Phillipsburg, NJ, USA; Ultrex
grade). OFM for reversal of the direction of the

EOF was a 20 mM concentrate (CIA-Pak OFM
anion BT) obtained from Waters. For low-level
trace enrichment analysis the OFM was con-
verted to the hydroxide form by passing the
OFM through an ion-exchange resin (AG1-X8,
OH form; Bio-Rad, Richmond, CA, USA). The
working electrolyte for low-level analysis con-
sisted of 7 mM chromate-0.7 mM OFM-OH.
For pwg/ml-level analysis OFM was added with-
out any pretreatment [4]. The working elec-
trolyte for standard, pg/ml-level analysis, con-
sisted of 5 mM chromate-0.5 mM OFM-BT, pH
8.1 [5]. All working electrolytes were prepared
fresh daily and degassed prior to use.

2.3. Reagents

All standard solutions were prepared by dilut-
ing 1000 wg/ml stock solutions containing the
individual anions. For the CIE and IC analysis of
the sulfonated dyes the same standard solutions
were used. For trace-level analysis all samples
and solutions were stored in pre-rinsed plastic
ware. Sodium octanesulfonate (VHG Labs.,
Manchester, NH, USA) was added to standards
and samples for trace enrichment (100 p1 per 100
ml solution). To prevent contamination from
handling, disposable, non-talc, gloves were
worn.

2.4. System operation

Two sample carousel configurations were em-
ployed for the CE system. The 13-position
carousel used 4-ml (45 X 15 mm) polypropylene
Sunvials (Sunbrokers, Wilmington, NC, USA)
for electrolytes and samples. The 20-position
carousel used 600-ul polypropylene centrifuge
tubes (Waters) for sample vials and 20-m! HDPE
sample side electrolyte vials (Waters). Receiving
side electrolyte vials were 20-ml glass scintilla-
tion vials (Waters) for both carousels. The 13-
position carousel was used for ng/ml-level analy-
sis since the larger sample vial size allowed for
easier rinsing of the vials and minimized con-
tamination. The 20-vial carousel was used for .
pg/ml-level analysis.
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3. Results and discussion
3.1. Low-level analysis (ng/mi)

For the analysis of low-level anions using trace
enrichment techniques a water blank must be
run and the amounts adjusted for any anions
present which are to be quantitated [2]. Dupli-
cate injections of three different levels of stan-
dards ranging in value from 8-36 ng/ml was
done. Correlation coefficients of 0.999, for both
anions calibrated, was calculated using a linear
fit. Fig. 1 is an electropherogram of an anion
standard. The samples analyzed from the power
plant were found to contain extremely low
amounts of anions. Fig. 2 is an example elec-
tropherogram of one of the samples. At these
low levels the anions were below the intercept of
the calibration curve with the exception of sul-
fate, in Fig. 2, which was 9 ng/ml. All samples
were well below the 15 ng/ml limit set by the
plant. Other peaks in the electropherograms
correspond to unidentified anions or small or-
ganic acids.

3.2. ng/mi level analysis of dyes

Sulfate analysis was of the most interest since
it is involved in the manufacturing of the sul-

0.015 AU

T
30 35 40 45
Minutes

Fig. 1. Electropherogram of anion standard. CIE conditions:
Fused-silica 60 cm X 75 wm 1.D. capillary; voltage 15 kV
(negative); 7 mM chromate-0.7 mM CIA-Pak OFM Anion
(patented) OH form; indirect UV detection at 254 nm;
electromigration injection (5 kV for 45 s). Peaks: 1 = chloride
(contaminant); 2 =sulfate (16 ng/ml); 3 =nitrate (13 ng/
ml); 4 = carbonate (contaminant).

0.007 AU

T T T T

3.0 35 4.0 45 5.0
Minutes

Fig. 2. Electropherogram of boiler sample (neat). CIE

conditions as in Fig. 1. Peaks: 1 = chloride (not quantitated);

2 = sulfate (9 ng/ml); 3 = nitrate (<5 ng/ml); 4 = carbonate

(not quantitated).

0.006 AU

4.0pS

Minutes

Fig. 3. 10 pg/ml chloride, sulfate and phosphate standard.
(A) Electropherogram. Conditions, capillary: 60 cm X 75 pm
L.D.; voltage: 18 kV (negative); 4.5 mM chromate—0.5 mM
CIA-Pak OFM Anion-BT, pH 8.1; indirect UV at 254 nm;
hydrostatic injection (10 cm for 30 s). (B) Chromatogram
from IC system. Conditions, column: Waters 1C-Pak Anion
A; eluent: modified borate—gluconate, flow-rate: 1.2 ml/min,
detection: conductivity. Peaks: 1= chloride; 2 = sulfate; 5=
phosphate. One noticeable advantage of CIE is in the time of
analysis as compared to IC.
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fonated dyes. Other anions, chloride and phos-
phate, were quantitated as well for comparison
purposes with IC. As mention previously, CIE
offers the ability to analyze for anions fairly
quickly (about 5 min). Fig. 3 exemplifies this

since one CIE run can be done in less than 4

min. In this case if sulfate was the only anion of
interest the run could be stopped at 3 min and
the capillary purged briefly to replenish the
capillary with electrolyte and another analysis
started. A linear calibration curve was plotted
for duplicate injection of three different levels of
standards from 5-25 pg/ml. Correlation coeffi-
cients, for both IC and CIE, were 0.999 for all
anions calibrated. Figs. 4 and 5 are of different
in-process dyes. As can be seen in Fig. 5, CIE
was able to easily detect phosphate in the blue
dye sample. Table 1 shows a comparison be-
tween CIE and IC for the two samples analyzed.
As can be seen the values determined from both
techniques agreed quite well. One disadvantage
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Fig. 4. Intermediate green dye. Diluted 1:50 with high-purity
water. Conditions as in Fig. 3. (A) Electropherogram. (B)
Chromatogram from IC. Peaks: 1= chloride; 2 = sulfate.
Amounts found listed in Table 1.

0.002 AU

20pS

Minutes

Fig. 5. Concentrated blue dye. Run neat. Conditions as in
Fig. 3. (A) Electropherogram. (B) Chromatogram from IC.
Peaks: 1=chloride; 2 =sulfate; 5= phosphate. Amounts
found listed in Table 1.

of IC for the analysis of sulfonated dyes was that
the dyes tended to adhere to the column causing
column degradation and loss of resolution. This
could be seen by the column effluent which
became discolored from the dyes and remained
discolored for several column volumes after the
run. Even with a pre-column the analytical
column still degraded quite rapidly. With CIE
there was no apparent loss of efficiency over
time since the capillary is hollow and the purge
incorporated at the end of the run flushed the
capillary with new electrolyte.

4. Conclusions

The results of this work show how CIE, using
chromate electrolyte and indirect detection can
be used for a variety of samples. CIE offers the
advantage over IC for rapid analysis of anions as
well as no noticeable sample adsorption as was
seen with the sulfonated dyes on the IC column.
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Table 1
Quantitative results of sulfonated dyes by CIE and IC
ClI- R.S.D. (%) R.S.D. (%) HPO;~ R.S.D. (%)
CIE (average amount in ng/ml, n=2)
Blue dye 2.78 0.94 4.69 0.56 0.89 1.55
Green dye 1897 0.87 1.32 N.D’ -
IC (average amount in pgimi, n=2)
Blue dye 2.64 0.67 4.33 0.03 N.D. -
Green dye 1909 0.13 0.27 N.D. -

“ N.D. = None detected.

Work continues in our laboratory investigating
additional applications for CIE. As of now, CIE
offers a complementary method of analysis and
in some cases a superior and less expensive
means of analysis than IC.
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Abstract

The usefulness of capillary electrophoresis in the analysis of inorganic and organic anions in atmospheric aerosols
was investigated. Various electrolytes based on chromate, pyromellitate (PMA), phthalate and 2,6-naphtha-
lenedicarboxylate (NDC) were tested. Two separate electrolyte systems (PMA and NDC) are recommended for
determination of anions with different mobility. Results obtained by parallel analysis of sulphate by capillary
electrophoresis and ion chromatography in atmospheric aerosols are presented.

1. Introduction

The measurement of the chemical composition
of atmospheric aerosols has been and still is the
subject of many studies using different analytical
techniques and collection methods.

For the determination of inorganic anions, ion
chromatography (IC) has become the technique
of choice [1]. It has already reached a stage of
maturity, so that its potential and limitations are
by now well known. Other new techniques such
as capillary electrophoresis (CE) have only been
introduced in the last several years [2-5].

Capillary electrophoresis is revolutionizing
separation science. CE and related techniques
such as micellar electrokinetic capillary chroma-
tography (MECC) or capillary gel electropho-
resis (CGE) offer a high separation efficiency
and separation speed for charged and neutral
species, and great progress has been made in
instrumentation and applications in recent years

* Corresponding author.

[6,7). Applications include the separation of
small inorganic and organic anions with indirect
UV detection in many real samples [9-19].
Excellent separation efficiencies were reported
with chromate, pyromellitate and other aromatic
carboxylic acid salts containing electrolytes [7-
21}

This study was undertaken to investigate the
usefulness of CE in the analysis of inorganic and
organic anions in atmospheric aerosols. Also,
this study was performed to obtain independent
complementary confirmation of the IC results.
CE may be used as a complement to IC analysis
[13,16], because the selectivity for anion sepa-
ration by CE differs significantly from that ob-
tained using anion exchange columns in IC. In
order to obtain the best selectivity of CE sepa-
ration, and sensitivity with indirect detection,
various potential electrolytes such as chromate
[8], pyromellitate (PMA) [20], phthalate [11] and
2,6-naphthalenedicarboxylate (NDC) [21] were
investigated. This paper presents also results
obtained by parallel analysis of sulphate in the

0021-9673/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
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aqueous atmospheric aerosol extracts by CE and
IC methods.

2. Experimental
2.1. Capillary electrophoresis

All CE experiments were performed with a
Beckman P/ACE 2100 instrument (Fullerton,
CA, USA) equipped with a multi-wavelength
UV detector, an automatic sample changer, a
liquid thermostated capillary cartridge (capillary
75 pm L.D. X 375 pm O.D. X 57 cm total length,
50 cm to detector) and an IBM PS/2 70 personal
computer utilizing Beckman Gold System (V
7.11) software for instrument control and data
collection.

Prior to use the capillary was pretreated with
0.1 M NaOH for 10 min, then rinsed with
deionized water and the used electrolyte. To
maintain good peak shapes and reproducible
migration times, the capillary tube was rinsed
with the running electrolyte for 1 min before the
sample was injected. The capillary temperature
was kept at 25+0.1°C by means of a fluoro-
carbon liquid continuously circulating through
the cartridge. Unless otherwise noted, all in-

jections were achieved using a 10-s pressure
injection technique.

All electrolyte compositions and operating
conditions used in this study are presented in
Table 1. The electrolytes were filtered and de-
gassed by creating a vacuum inside the syringe.

2.2. Ion chromatography

The IC system used in this study was from
Dionex (Sunnyvale, CA, USA) as described
previously [22]. Separation of anions by gradient
elution was performed on an IonPac-AS10 col-
umn with an IonPac-AG10 guard column. Con-
ductivity detection was carried out using an
anion self-regenerating suppressor (ASRS-I) in
the recycle mode.

2.3. Reagents

All solutions were prepared with deionized
water (18 M{) cm) obtained by treating the tap
water using reverse osmosis and ion exchange
(Millipore, Model RO 20 and Model SuperQ).

All chemicals were purchased commercially
from either Aldrich (Milwaukee, WI, USA) or
Fisher Scientific (Ottawa, ON, Canada) in the
highest purity available, and were used as is

Table 1
Experimental conditions for CE analysis
Conditions Chromate PMA “ Phthalate NDC*
(E1) (E2) (E3) (E4)
Electrolyte 5.0 mM chromate 2.25mM PMA 5.0mM KHP ° 2.0mM NDC
composition 0.5mM TTAB “ 0.75 mM HMOH * 0.5mM TTAB 0.5mM TTAB
pH=8.0 6.50 mM NaOH 1.0 mM boric acid 5.0 mM NaOH
1.60mM TEA / pH=35.9 pH=10.9
pH=17.7
Polarity (-) (-) (-) (-)
Detection Indirect, 254 nm Indirect, 254 nm Indirect, 254 nm Indirect, 280 nm
Voltage 20kV 30kV 20kV 20kV
Injection Pressure, 10 s Pressure, 10's Pressure, 10s Pressure, 10's

¢ Pyromellitic acid

* 2,6-Naphthalenedicarboxylic acid

¢ Potassium hydrogen phthalate

i Tetradecyltrimethylammonium bromide
¢ Hexamethonium hydroxide

! Triethanolamine
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without further purification. Pyromellitate based
electrolyte was obtained from Dionex.

2.4. Quantitation procedure

The CE procedures were calibrated with fresh-
ly prepared mixed standard solutions every day
that samples were analyzed. The mixed anion
stock solution was diluted to produce working
standard solutions at four different concentra-
tions within the range 0.2-10 pg/ml. Calibration
graphs were plotted based on the linear regres-
sion analysis of the corrected peak area {peak
area/migration time).

Identification of individual ions was based on
the comparison of migration times of analytes
with those of standard solutions. Some samples
were spiked with standard solution. lon chroma-
tography results were also used for identification
of some ions.

Detection limits were defined as three times
the standard deviation of 18 replicate analyses of
the standard with concentration about ten times
the expected detection limit.

2.5. Filter extraction

Atmospheric aerosols collected on thin PTFE
filters using virtual dichotomous samplers were
obtained from the Pollution Measurement Divi-
sion, Environmental Technology Centre, En-
vironment Canada. The samplers fractionated
the aerosol into two aerodynamic size ranges
yielding coarse ( <10 pm) and fine (<2 pm)
particles.

PTFE filter collected aerosols were non-de-
structively analyzed by X-ray fluorescence
(XRF) for fifty elements. Then, the chemical
analysis of extracts of atmospheric aerosols was
performed using ion chromatography [22] and
capillary electrophoresis. The extraction of water
soluble aerosols collected on filters was per-
formed with 15 ml of water by sonication in an
ultrasonic bath (Branson and Smithkline, Model
Bransonic 42) for 30 min. Before addition of
water, the filters with collected aerosols were
wetted with 100 ul of isopropanol. The extracts
were analyzed less than 24 h after extraction.

The residue of extracts was preserved by storage
at — 20°C [23].

3. Results and discussion
3.1. Selection of electrolyte

One of the major aims of this work was to
investigate the utility of various potential elec-
trolytes for the determination of inorganic and
organic anions in atmospheric aerosols. In this
work, four electrolytes with different mobilities
and with strong UV absorption were investi-
gated.

Fig. 1 shows the four electropherograms ob-
tained with the 14-anion mixture with tested
electrolytes under conditions listed in Table 1.
The chromate electrolyte shows most of the
tested anions fully resolved with increasing tail-
ing for the later peaks. Under conditions pro-
posed by Harold er al. [20], the PMA electrolyte
shows better resolution of bromide (Peak 1)
through to oxalate (Peak 6) in comparison to the
chromate electrolyte separation. However, other
less mobile anions are separated at times longer
than 5 min. The phthalate and NDC electrolyte
separations show improved peak symmetry for
less mobile anions, but fail to resolve inorganic
anions.

Sensitivities of the tested methods expressed
as the response (corrected peak area) per unit
concentration (slope of the calibration curve)
were compared. The ratio of sensitivities for the
PMA, phthalate and NDC methods vs. the
chromate method is presented in Table 2. As can
be seen, a better sensitivity for inorganic anions
is obtained using the PMA than the chromate
based electrolyte. The NDC electrolyte shows
the best sensitivity and selectivity for less mobile
anions (formate through benzoate).

Table 3 summarizes the migration time and
peak area precision (R.S.D.) for tested anions in
a mixed standard under conditions listed in
Table 1. Excellent precision of migration times
was observed with the PMA and NDC based
electrolytes. Precision of peak areas was better
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Fig. 1. Electropherograms of a 4 ug/ml anion mixed standard obtained with tested electrolyte compositions. Peaks: 1= bromide;

2=chloride; 3= sulphate; 4 = nitrite; 5=nitrate; 6= oxalate; 7=formate; 8= phthalate; 9= methanesulphonate; 10 =
bicarbonate or carbonate; 11 = acetate; 12 = propionate; 13 = butyrate; 14 = benzoate. See Table 1 for more details.

Table 2
Sensitivity ratio and detection limit

Ion Sensitivity ratio Detection limit (ng/ml)
E2/E1 E3/E1 E4/E1 E2 E4 [21]
Bromide 1.72 - - 210 -
Chloride 1.50 - - 188 -
Sulphate 1.30 - - 168 -
Nitrite 1.41 - - 220 -
Nitrate 1.77 - - 219 -
Oxalate 1.57 - - 190 -
Formate 1.33 0.42 3.15 166 133
Acetate - 0.52 2.14 - 102
Propionate - 0.55 2.60 - 102
Butyrate - 0.58 2.28 - 118

El, E2, E3, and E4 are the chromate, PMA, phthalate and NDC based electrolytes, respectively. For more details see Table 1.
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Table 3
Comparison of precision
fon Relative standard deviation (%) *

Migration time Peak area

Chromate PMA NDC [21] Chromate PMA NDC (21]
Bromide 0.74 0.19 - 8.80 6.17 -
Chloride 0.64 0.19 - 4.68 4.09 -
Sulphate 0.66 0.22 - 3.41 3.99 -
Nitrite 0.67 0.21 - 3.95 3.65 -
Nitrate 0.68 0.23 - 3.92 4.98 -
Oxalate 0.66 0.28 - 3.09 5.43 -
Formate 1.20 0.29 0.32 4.73 3.11 4.43
Acetate 1.27 - 0.38 5.46 - 3.42
Propionate 1.39 - 0.45 6.09 - 3.39
Butyrate 1.43 - 0.48 8.29 - 3.94

% Relative standard deviation from 18 replicates of anion mixed standard at concentration 4 pg/ml.

than 5% for most of the anions under inves-
tigation.

These results show that with respect to the
separation ability and sensitivity, the use of two
separate electrolyte systems is preferable. Major
inorganic anions in aqueous extracts of coarse
and fine atmospheric aerosols were determined
using the PMA based electrolyte. Separation of
aliphatic carboxylic acids and other organic com-
pounds was performed with the NDC based
electrolyte.

Detection limits (for a 10-s pressure injection)
of anions studied with the PMA and NDC based

Table 4
Recovery data of quality control sample

electrolytes are listed in Table 2. It can be seen
that all anions have detection limits in the ng/ml
range.

3.2. Determination of anions in atmospheric
aerosols

Typical electropherograms of coarse and fine
atmospheric aerosol extracts are presented in
Fig. 2. Coarse atmospheric aerosol particles
contain chloride, sulphate and nitrate as the
major ions, as reported previously [22]. Sulphate
is the major ion of fine atmospheric aerosols.

fon Recovery

Inter- Mean (%) R.S.D. (%)

laboratory

median [24]

(pg/ml) CE IC CE IC

is0 gra iso gra

Chloride 2.135 99.79 98.85 102.92 4.38 3.19 1.41
Sulphate 8.811 104.55 99.75 107.16 1.89 2.11 1.65
Nitrate 5.301 104.13 100.70 101.32 2.21 2.59 2.16

Reported results are the mean and relative standard deviation of 14 (CE) and 4 (IC) replicates. Iso and gra are isocratic and

gradient elution, respectively.
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Organic anions such as formate and acetate are
also present in atmospheric aerosols.

Results obtained by parallel analysis of sul-
phate in the extracts of atmospheric aerosols by
CE and IC methods were compared. To date
nearly 90 filter samples have been analyzed.
Only sulphate was present in a sufficient amount
to allow a quantitative comparison of results
obtained by the two independent separation
methods. Fig. 3 shows a high degree of correla-
tion between CE and IC results for sulphate
(CE=0.91 IC (gradient)+0.19, r*>=0.9953;
CE=1.03 IC (isocratic)+0.03, r>=0.9969).
Some outliers are present. Additional studies are
needed to explain these differences in measured
sulphate concentrations between the two meth-
ods.

To evaluate the accuracy of CE and IC results,
an external control sample was analyzed in the
same manner as the samples. The recovery data

Time (min)
Fig. 2. Analysis of coarse and fine atmospheric aerosol extracts using CE and IC methods. A 30-s injection time was used with the
PMA based electrolyte; see Table 1 for more details. Peaks are the same as in Fig. 1.

for the external quality control sample presented
in Table 4 agree with interlaboratory medians
[24]. The analytical results are also precise as
shown by the standard deviation.
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Fig. 3. Comparison of sulphate determined by CE (PMA
electrolyte) vs. the gradient IC method. The solid line
indicates the 1:1 relationship between CE and IC results.
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4. Conclusions

Results of this work show that capillary elec-
trophoresis is an effective separation method for
the determination of anions in atmospheric
aerosols. This technique provides highly efficient
separation with high accuracy, precision, short
analysis time and low reagent consumption.
However, two separate electrolyte systems
(PMA and NDC) are recommended for analysis
of inorganic and organic anions.

Capillary electrophoresis also complements
jon chromatography, the recognized method of
jon analysis, and thus greatly reduces problems
caused by interfering ions and allows easy peak
confirmation. Work continues in this laboratory
towards the adoption of CE to other types of
samples of interest.
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Abstract
Indirect UV detection in capillary zone electrophoresis has been investigated with respect to transfer ratios for

low-molecular-mass analyte anions and chromate or various aromatic carboxylic acids acting both as carrier
electrolytes and detection probes. The transfer ratio can be regarded as a measure of the effectiveness by which
analyte ions displace the UV-absorbing probe ions and has been found to depend on the relative mobilities of the
analyte and the carrier. Highest values of transfer ratios have occurred when the carrier ion had a higher mobility
than the analyte ion. This trend follows the Kohirausch theory, but still considerable deviations between calculated
and experimental data have been encountered. Consideration of the transfer ratio, the molar absorptivity of the
probe and the degree of separation achieved, suggests that chromate is the best electrolyte for high-mobility
inorganic anions. The results obtained enable predictions of the most suitable carrier electrolyte for various

applications with indirect UV detection.

1. Introducti
niroduction if several conditions are fulfilled. First, the
detection wavelength should be such that the

In recent years, capillary zone electrophoresis i ¢ .
Y >, CapLaty P carrier electrolyte ion generates a UV-absorption

(CZE) has become a highly efficient separation . . .
technique for inorganic and low-molecular-mass ba.cl.(grc;unsd anc; th;:' samlple 1b0n apsgrptl(;n hls
organic anions [1-3]. Many of these species have minimal. Seconc, _t ¢ mofar a so.rptlyuy ot the

carrier electrolyte ion should be high in order to

no or only negligible UV absorbance, so that

indirect UV detection is currently the preferred ensure high sensitivity; the concentration of the

carrier electrolyte must be high enough to ensure

detection mode. In this form of detection, a . .

UV-absorbing species (or “probe”) having the a high dynamic range but should be such that the

same charge as the analyte is used as electrolyte. E:ﬁ?ir?;:(ll zbsrorbriln;eo f(;fl t}:jetei?(o:?:?ge's f;ll:

Displa: t of th be by the migrati 1t Inear rang ¢ dete !
isplacement © ¢ probe by the MIgratng level where baseline noise remains low. Third,

analyte creates a region where the concentration
of the probe is less than that in the bulk elec-
trolyte, and this forms the basis of indirect
detection [4]. Optimal sensitivity can be achieved

the mobility of carrier electrolyte ions should be
similar to that of analyte ions in order to main-
tain the shape of the migrating zone as an
approximately Gaussian distribution and so
avoid a deterioration in resolution.

* Corresponding author. Sensitivity in indirect UV detection is gov-
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erned by the molar absorptivity of the carrier
electrolyte and its charge. One might expect that
the displacement of the probe ion by the mi-
grating analyte would occur on an equivalent-
per-equivalent basis. Nevertheless, investigations
into quantitative aspects of indirect UV detection
published by Nielen [5] show that, from the
Kohlrausch theory, the change concentration
(A[B]) of a probe ion (B) caused by an analyte
concentration [A] is given by:

+
= S lAl M

where z is the charge of the analyte (A) and the
probe (B) and u the effective electrophoretic
mobility of the analyte (A), the probe (B) and
the counter-ion (C). Eq. 1 indicates that equiva-
lent-per-equivalent displacement can be ex-
pected only if the analyte has the same mobility
as the background ions. When this is not the
case, sensitivity of detection will be affected to
some extent.

In this paper we report the determination of
transfer ratios (TR) for several carrier elec-
trolytes commonly used for anion separation by
CZE, including chromate, benzoate, phthalate,
trimellitate and pyromellitate. The term “trans-
fer ratio” as used throughout this paper is
defined as the number of moles of probe ions
displaced by one mole of analyte ions. The data
obtained have been used to investigate the
degree to which transfer ratios calculated from
the Kohlrausch theory can be verified. The
general pattern arising from these data should be
useful for predictions of optimal carrier elec-
trolyte compositions for various applications.

2. Experimental
2.1. Instrumentation

The CZE instrument employed was a Quanta
4000 (Waters, Milford, MA, USA) interfaced to
a Maxima 820 data station (Waters). Separations
were carried out using an AccuSep (Waters)
fused-silica capillary (60 cm X 75 um 1.D., effec-
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tive length 52 cm). Injection was performed
hydrostatically by elevating the sample at 10 cm
for 30 s at the cathodic side of the capillary. The
run voltage was —20 kV. Indirect UV detection
at 254 nm was used.

2.2. Reagents and procedures

Carrier electrolytes (5 mM) were prepared in
water treated with a Millipore (Bedford, MA,
USA) Milli-Q water purification apparatus using
sodium chromate, benzoic acid, phthalic acid,
trimellitic acid (1,2,4-benzenetricarboxylic acid)
or pyromellitic acid (1,2,4,5-benzenetetracarbox-
ylic acid). The pH was adjusted to 8.0 using
sodium hydroxide or hydrochloric acid. All
chemicals used were of analytical-reagent grade.
OFM Anion BT (Waters) was used as an electro-
osmotic flow modifier in all carrier electrolytes at
a concentration of 0.5 mM, except in the case of
the pyromellitate electrolyte which was used in
combination with 0.5 mM hexamethonium bro-
mide (Sigma, St. Louis, MO, USA).

Relative migration times of probe anions were
obtained by injecting these anions into a 5 mM
phosphate buffer pH 8 and measuring migration
times relative to bromide by direct UV detection
at 214 nm. Molar absorptivities of the probes
were determined using a Varian 5E UV-Vis—
near-IR spectrophotometer with 1 cm path
length quartz cells.

3. Results and discussion
3.1. Characteristics of the probe ions

At the electrolyte pH used (8.0) in this work,
all of the probes are fully ionized, so that the
charge varies between —1 (for benzoate) and —4
(for pyromellitate). The molar absorptivities and
relative migration times (with respect to bro-
mide) of the probe ions are listed in Table 1,
which shows that chromate has the highest
mobility, followed by the series of aromatic
carboxylic acids arranged in order of decreasing
charge. A schematic representation of the rela-
tive migration times of the probes and those of
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Table 1
Experimentally determined molar absorptivities and relative
migration times

Probe Molar absorptivity Relative
(Imot™"em™") migration
time*
Chromate 3180 1.000
Pyromellitate 7062 1.125
Trimellitate 7147 1.232
Phthalate 1357 1.365
Benzoate 809 1.804

“ Measured with respect to bromide.

the analyte anions used in this study is given in
Fig. 1. It can be seen that only three of the
probes (chromate, pyromellitate and trimellitate)
have relative migration times (and hence mo-
bilities) which fall within the approximate range
covered by the analyte anions, with the remain-
ing two probes having significantly longer rela-
tive migration times (i.e. lower mobilities).

3.2. Determination of transfer ratios

The determination of transfer ratios was based
on the following sequence of steps.

The first step involved the injection of the
probe ions (i.e. chromate, benzoate, phthalate,
trimellitate and pyromellitate) into a UV-trans-
parent electrolyte, which was a phosphate buffer
pH 8, using direct UV detection at 254 nm.

Calibration plots (peak area versus molar con-
centration) were established for each probe and
in order to account for the influence of different
migration velocities on the peak area monitored
by the detector, all peak areas were multiplied
by the apparent velocities of the ions. These
velocities were calculated from the migration
times and the length of the capillary. The slopes
of the calibration plots were calculated from
these data and these slopes provided quantitative
values for the area counts per mole of each
probe.

The next step involved the injection of analyte
ions (chloride, sulphate, citrate, fluoride and
phosphate) using one of the probes as carrier
electrolyte and indirect UV detection at 254 nm.
A calibration plot of peak area of analyte ion
versus molar concentration were prepared for
each analyte ion and the slope calculated. As can
be seen from Fig. 2A, the slopes for analyte ions
of the same charge (which would be expected to
be the same if equivalent-per-equivalent dis-
placement of the probe occurred) differed con-
siderably unless the areas were corrected for the
varying migration velocities of the sample band.
However, even after multiplication of peak areas
by migration velocities some differences in slopes
still remain, such as for sulphate and phosphate
(see Fig. 2B). These variations must be attribu-
ted to differences in the transfer ratios of the
analyte anions.

In the final step, transfer ratios were calcu-

1.011
1189 Solute
1.032
1000 | oo 1.175 1.238
4 Citrate3- HPO,
I ] | | ] -~ I

10 12 14 1.8
Crog> [Pyromelitate® | [ Trimellitate] [Phtnalate> ] [Benzoate! |
1.000 1.125 1.232 1.365 1.804

Probe

Fig. 1. Relative migration times of the probes and analyte anions used in this study.
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Fig. 2. Calibration plots using trimellitate as probe. (A) Without and (B) with correction for differing migration velocities of the
analyte anions. O = Fluoride; © = chloride; (J = sulphate; O = phosphate; A = citrate.

lated for each analyte ion. The transfer ratio is Table 2 summarises the results for transfer
the quotient of the slope of an analyte cali- ratios of the analyte ions using different probes.
bration plot and the slope of the probe cali- The experimentally determined transfer ratios
bration plot. The entire process was repeated for are compared with the ratios expected on the
each probe. : basis of an equivalent-to-equivalent exchange
Table 2
Experimentally determined transfer ratios and comparison with calculated data
Probe
Benzoate Phthalate Trimellitate Pyromellitate Chromate
Chloride a 0.184 0.205 0.325 0.366 0.608
b 1.000 0.500 0.333 0.250 0.500
c 0.651 0.423 0.521
Fluoride a 0.421 0.233 0.319 0.356 0.718
b 1.000 0.500 0.333 0.250 0.500
c 0.748 0.486 0.599
Sulphate a 0.897 0.575 0.612 0.625 1.124
2.000 1.000 0.667 0.500 1.000
c 1.277 0.831 1.023
Phosphate a 1.065 0.463 0.585 0.584 1.218
b 2.000 1.000 0.667 0.500 1.000
c 1.476 0.960 1.182
Citrate a 1.629 0.614 0.931 0.593 1.756
b 3.000 1.500 1.000 0.750 1.500
c 2.019 1.313 1.617

a=Transfer ratios from experiment; b= transfer ratio calculated on the basis of an equivalent-to-equivalent exchange;
¢ = transfer ratio calculated according to ref. 5.
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between probe and analyte. Table 2 also includes
the transfer ratios calculated from Eq. 1 [5], in
which the calculations have been based on
mobility data from the literature [6,7]. The
experimental data follow the general trend seen
in the calculated data, but the fit of the ex-
perimental data to the model is poor.

An overview of the transfer ratios and their
dependencies on different probes can be
achieved if the transfer ratios of the analytes are
multiplied by the charge of the probes (in order
to normalise variation in transfer ratios arising
from the different charges of the probes) and
plotted against the relative mobilities of the
probes (expressed as the inverse of the relative
migration times shown in Fig. 1). This plot is
given in Fig. 3. Considering the two univalent
analytes (chloride and fluoride), it can be seen
that the transfer ratio, corrected for the charge
on the probe, should ideally be unity (that is, the
lowermost broken line in Fig. 3). The observed
values are less than unity for benzoate and
phthalate (identified as probes 1 and 2, respec-
tively, in Fig. 3), close to unity for trimellitate
(probe 3) and greater than unity for pyromelli-
tate and chromate (probes 4 and 5, respectively).
A similar pattern is evident for the two divalent

TR x (Charge on Probe)
[

0 . T T T
0.5 0.6 0.7 0.8 0.9 1.0 1.1

Relative Mobility of Probe

Fig. 3. Dependence of transfer ratios (multiplied by the
charge on the probe) upon the relative mobility of the probe.
Probes: 1=benzoate; 2= phthalate; 3= trimellitate; 4=
pyromellitate; 5 =chromate. The broken lines show the
theoretical values for solutes having a single, double and
triple charge. Symbols as in Fig. 2.

analytes, sulphate and phosphate, with the trans-
fer ratio values being less than the expected
value (namely 2) for the probes of low mobility
and greater than this value for the probes of
higher mobility. The same can be said for the
behaviour of the trivalent analyte, citrate. Whilst
this trend is in general accordance with Eq. 1,
the data show some anomalies. For example, the
transfer ratios for chloride and fluoride are
almost unity for the trimellitate probe, however
its mobility is close only to that of fluoride.
Other examples of such anomalies can be seen.
Nevertheless, Fig. 3 demonstrates clearly that
the transfer ratio of an ion generally increases as
the mobility of the probes increases (provided
that the charge of the probes remains the same).

3.3. Maximising detection sensitivity

In addition to the transfer ratio, the molar
absorptivity of the probe must be taken into
account if the sensitivity of indirect UV detection
with different probes is to be evaluated. In Fig.
4, the observed transfer ratios multiplied by the
absorptivity of the probe are plotted against the
relative mobilities of the probes. The higher the
value of this product, the higher the sensitivity of
indirect UV detection. The fact that the transfer
ratios of trimellitate, pyromellitate and chromate

8000
60007
w
* 4000

20001

0 T T T T T
0.5 0.6 0.7 0.8 0.9 1.0 1.1

Relative Mobility of Probe

Fig. 4. Dependence of transfer ratios multiplied by the
absorptivity of the probe upon the mobility of the probe.
Probes: 1= benzoate; 2= phthalate; 3= trimellitate; 4=
pyromellitate; 5 = chromate. Symbols as in Fig. 2.
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exceed the equivalent-per-equivalent values,
combined with their high molar absorptivities,
suggest that these probes should be preferred to
benzoate and phthalate. Fig. 2 suggests that
optimal sensitivity for most analyte anions will
result with trimellitate as probe.

Since the probe also acts as a background
electrolyte, selection of a suitable probe must
include not only the consideration of high sen-
sitivity but also of separation efficiency. It might
become necessary to compromise on sensitivity
in order to obtain a desired degree of resolution
between species to be separated. A comparison
of the separations achieved with chromate, tri-
mellitate and pyromellitate showed that chro-
mate provided the best overall performance for
the separation of the analyte anions used in this
paper and is therefore the preferred probe,
despite a small loss in sensitivity resulting from
the fact that its molar absorptivity is less than
that for trimellitate.

The results obtained in this paper can be used
to predict suitable probes for the indirect detec-
tion of a variety of anions. For example, al-
kanesulphonic acids can be separated and de-
tected using probes such as p-phenolsulphonate,
p-toluenesulphonate or p-hydroxybenzoate. The
relative migration times (with respect to bro-

mide) of these probes in a phosphate buffer are
1.85, 2.01 and 2.06, respectively. The alkane
sulphonates from ethanesulphonate to penta-
nesulphonate have relative migration times be-
tween 1.67 and 2.06. The use of p-phenolsulpho-
nate as probe should therefore give the highest
transfer ratios. However, p-hydroxybenzoate is
likely to be the best probe on the basis that its
molar absorptivity at 254 nm is much greater
than that of the other two probes (e of p-hy-
droxybenzoate: 10299 1 mol ' e¢cm™}; € of p-
phenolsulphonate: 783 | mol™' cm™'; € of p-
toluenesulphonate: 344 1 mol ' cm™").
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Abstract

The speed and resolution of capillary electrophoresis (CE), combined with its low cost and low volume
requirements, make it a promising method of separating eye-care pharmaceuticals and analyzing the ionic
composition of tears. Capillary zone electrophoresis (CZE) offers linearity, precision, and recovery comparable to
high-performance liquid chromatography (HPLC) at a fraction of its cost. In addition, CZE separates and
quantitates cocoamphocarboxyglycinate in the presence of a non-ionic fatty acid amide surfactant seven times faster
than HPLC. CE easily detects such cations as sodium and potassium in human tears.

1. Introduction

The eye-care pharmaceutical industry has suf-
fered from slow, expensive analyses and the
generation of large volumes of solvent waste.
Capillary electrophoresis (CE) offers inherent
speed, low operating costs, high resolution, and
low sample volume requirements. It is an attrac-
tive alternative for the separation problems of
eye-care pharmaceuticals. CE is maturing as an
analytical technique [1-3], as evidenced by im-
provement in its quantitative capabilities [4-6],
and it is finding increased use in pharmaceutical
analysis [7-9]. Capillary zone electrophoresis
(CZE) is particularly attractive because it can
perform separations with US$ 5 columns instead
of the US$ 300-800 columns that high-perform-
ance liquid chromatography (HPLC) requires for
analyzing multiple types of ionic analytes.

The present work applies CE to quantitative
stability assays for the analysis of active ingredi-
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ents in finished products, raw materials, and
ionic components in tears. The contact lens care
product segment of the eye-care pharmaceutical
industry includes surfactant cleaners for remov-
ing protein and lipid deposits from contact
lenses, proteolytic enzyme products for removing
protein deposits, and disinfecting solutions for
contact lenses. These pharmaceuticals require
flexible and efficient separation techniques. Ad-
ditionally, studies designed to assess their ocular
effect require analytical tools capable of a de-
tailed analysis of tear constituents.
Cocoamphocarboxyglycinate (see Fig. 1) is a
zwitterionic surfactant used to clean lipid and

ﬁ CH, COO-
R—-C-NH-CH,CH, - t!l* — CH,CH,OH
(lDH2 COOH
R = C, to C,, aliphatic

Fig. 1. The structure of cocoamphocarboxyglycinate.

© 1994 Elsevier Science B.V. All rights reserved
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protein deposits from rigid gas permeable (RGP)
contact lenses in the product RESOLVE/GP®
Daily Cleaner. Presently, cocoamphocarboxy-
glycinate is effectively analyzed in this product
formulation by ion-exclusion HPLC [10]. How-
ever, the method suffers from a long cycle time
due to the late elution of the non-ionic fatty acid
amide surfactant in the product formulation on
the ion-exclusion column (76 min). The present
work utilizes CZE to separate and quantitate
cocoamphocarboxyglycinate in the presence of
non-ionic fatty acid amide surfactant in under 12
min, seven times faster than the existing ion-
exclusion HPLC method.

A CE method was developed for the quantita-
tive analysis of the raw material N-
acetylcysteine, which is used as a mucolytic agent
for aiding in the removal of protein deposits
from contact lenses. The current United States
Pharmacopeia (USP) method for the analysis of
this compendial raw material utilizes reversed-
phase HPLC [11]. CE effectively separates N-
acetylcysteine from its hydrolysis product
cysteine and its oxidation products cystine and

N-acetylcysteine Cysteine
o} NH,
NH - cq - CH, HSCH, —cl: - COOH
HSCH, - é - COOH II1
i
Cystine
NH NH

2 2

| I
HOOC -~ cl: - CH,S - SCH,- cl: - COOH
H H

N-acetylicystine

o
CHa—g—NH NH-(I:l-CHa
HOOC - ('3 -CH,S - SCH,-C-COOH
h !

Fig. 2. The structure of N-acetylcysteine and its degradation
products.

N-acetylcystine (see Fig. 2) 1.5 times faster than
the USP method while providing comparable
precision.

In ocular research, CE is a powerful technique
for studying the composition of tears, including
in-vivo measurements [12]. Due to the inherently
low volume of the human tear, typically 6 wl
[13], analysis by HPLC requires multiple tear
collections to provide enough sample for analysis
since a typical HPLC injection volume is 10 ul.
The low sample injection volume required of CE
(typically a few nl) makes this technique ideal
for analyzing tear samples. Analyzing inorganic
constituents of tears is important in establishing
benchmarks for normal human corneal physi-
ology. These benchmarks can help in designing
products that are compatible with ocular physi-
ology.

2. Experimental
2.1. Materials

Fused silica, polyimide coated capillary tubing
(365 um O.D. X 75 um 1.D.) was obtained from
Polymicro Technologies (Phoenix, AZ, USA).
ACS reagent grade sodium tetraborate de-
cahydrate, boric acid, copper sulfate pentahy-
drate and formic acid (88%, w/w) were obtained
from Mallinckrodt (Paris, KY, USA). ACS re-
agent grade sodium borate decahydrate was
obtained from Aldrich (Milwaukee, WI, USA).

Cocoamphocarboxyglycinate was obtained
from Rhone-Poulenc (Cranbury, NJ, USA). The
non-ionic fatty acid amide surfactant was ob-
tained from Stepan Chemical Comp. (Northfield,
IL, USA). N-acetylcysteine was obtained from
Diamalt/SST Corp. (Clifton, NJ, USA). Re-
agent grade cysteine, cystine, and benzoic acid
were obtained from Sigma (St. Louis, MO,
USA). HPLC grade methanol was obtained from
Baxter Scientific Products (Irvine, CA, USA).
Deionized water having resistivity greater than
17 M€} - cm was obtained with a Millipore Milli-
Q reagent water system (Bedford, MA, USA).
N-acetylcystine was generated in sifu from N-
acetylcysteine by treatment with 3% hydrogen
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peroxide. All reagents were used as received
from the manufacturer.

2.2. Equipment

Electrophoresis experiments were conducted
on a Dionex CES I capillary electrophoresis
system obtained from Dionex (Sunnyvale, CA,
USA). UV detection was employed by using 200
nm radiation for detection of cocoamphocar-
boxyglycinate and for N-acetylcysteine and its
degradation products. For the detection of inor-
ganic cations, indirect UV detection utilizing
Cu?" chromophore in the form of CuSO, at 215
nm was employed [14]. Electrophoretic data
were acquired using a PE Nelson Analytical 941
analog-to-digital converter with subsequent stor-
age on a VAX 6000 computer (Bedford, MA,
USA).

2.3. Methods

Capillaries (52 cm long) were prepared by
scoring the polyimide coating with a ceramic
cutting tool and breaking at the scored mark.
The on-column detection window was introduced
onto the capillary 5 cm from the end by burning
off the coating with a butane lighter. The capil-
lary was prepared for use by flushing with 0.5 M
NaOH under pressure of 5 p.s.i. (1 ps.i.=
6894.76 Pa) for 3 min, followed by a 3-min rinse
with deionized water. This cycle was repeated
twice more. The capillary was then flushed for 15
min with the running buffer under pressure.
Different running buffers were employed for
each analysis and are indicated in the appro-
priate figures. All buffers were vacuum-filtered
through a 0.45-um Nylon-66 filter to remove
particulates.

The 10 mM Na,B,0,-50 mM H,BO,, pH 8.5
buffer was prepared from analytical reagent
grade Na,B,0, - 10H,O and H,BO;. The 50:50
(v/v) 10 mM Na,B,0,-50 mM H,BO,/metha-
nol buffer was prepared by mixing equal volumes
of the 10 mM Na,B,0,-50 mM H,BO, buffer
and the HPLC grade methanol. The 4.0 mM
CuSO,, pH 3.0 buffer was prepared from ana-
lytical reagent grade CuSO,-5H,O and 88%

(w/w) formic acid. The pH of the buffer was
adjusted to 3.0 with 1 M H,SO,.

All samples were injected with gravity injec-
tion by raising the capillary to a height of 5 cm
for 10 s. For all analyses performed, the in-
jection end of the capillary served as the anode.
Different separation voltages were employed for
the various separations employed. For the analy-
sis of cocoamphocarboxyglycinate, an operating
voltage of + 30 kV was employed, + 18 kV was
used for the analysis of N-acetylcysteine, and
+20 kV for the analysis of inorganic ions. Peak
components were identified by comparing their
migration times with those of the corresponding
standard for each analyte.

3. Results and discussion

3.1. Separation and quantitation of
cocoamphocarboxyglycinate

Cocoamphocarboxyglycinate is a zwitterionic
surfactant possessing a quaternary amine nitro-
gen center and two carboxylate groups (Fig. 1).
The RESOLVE/GP Daily Cleaner product
formulation also contains a non-ionic fatty acid
amide surfactant. These two surfactants may
therefore be separated by using a buffer that
imparts a non-zero electrical charge to the
cocoamphocarboxyglycinate.

Due to the bifunctional nature of cocoam-
phocarboxyglycinate, one could either lower the
pH to impart a positive charge or raise the pH
above the pK, of the cocoamphocarboxyglyci-
nate carboxylate groups to provide a net nega-
tive charge to the cocoamphocarboxyglycinate
molecule. A high pH buffer approach was
adopted. This avoided electrostatic attraction of
the cocoamphocarboxyglycinate molecules to the
negatively charged silanol sites of the capillary
and the associated band tailing problems that can
result from such adsorptive interactions if
cocoamphocarboxyglycinate carried a positive
charge [15]. Additionally, since the electro-
osmotic flow increases substantially at basic pH,
a high pH buffer gives a rapid separation [16].
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Another consideration in selecting a separa-
tion buffer for the surfactants is the propensity
for these materials to stick to glass in the absence
of organic solvents. This is especially true with
the non-ionic fatty acid amide surfactant, which
has limited solubility in pure water. With the
above considerations in mind, a buffer consisting
of methanol/10 mM Na,B,0,-50 mM H,BO,
(50:50) with a pH of 8.5 was employed.

Fig. 3 shows a representative electropherog-
ram obtained by diluting the RESOLVE/GP
Daily Cleaner product 1:50 (v/v) in the running
buffer. The neutral non-ionic fatty acid amide
surfactant homologues are shown to migrate as a
single peak at 4.7 min. The cocoamphocarboxy-
glycinate homologues appear as a cluster of 6
peaks, corresponding to the different alkyl chain
homologues centered near 7.0 min. The cocoam-
phocarboxyglycinate separation displays an ef-
ficiency of 54 500 theoretical plates for the main
peak at 7.0 min.

Despite the good cocoamphocarboxyglycinate
resolution shown in Fig. 3, multiple injections of
the sample revealed a deterioration of the

Non-fonic
amide Cocoamphocarboxy-
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Fig. 3. Electropherogram of cocoamphocarboxyglycinate in
RESOLVE/GP Daily Cleaner for contact lenses. Conditions:
buffer, 50:50 (v/v) methanol/10 mM Na,B,0,-50 mM
H,BO,, pH 8.5; capillary, 52 cm (47 cm to detector) X 75
pm LD.; applied voltage, + 30 kV; temperature, ambient;
detection, UV absorbance at 200 nm; injection, gravity, 50
mm height for 10 s. Sample concentration 0.4 mg/ml coco-
amphocarboxyglycinate obtained by dilution of 1 ml of
RESOLVE/GP Daily Cleaner in 50 mi methanol.

cocoamphocarboxyglycinate resolution, and the
non-tonic fatty acid amide surfactant peak
showed significant tailing (Fig. 4). Dilution of
the product formulation in pure methanol re-
duced the non-ionic fatty acid amide sarfactant
tailing, recovered the good cocoamphocarboxy-
glycinate homologue resolution as seen in Fig. 4,
and maintained this good resolution for multiple
repeated injections of sample.

For quantitation and precision, an internal
standard consisting of benzoic acid was added to
the sample. Additionally, preliminary spiked
recovery studies indicated that cocoamphocar-
boxyglycinate recovery was lower in the presence
of the non-ionic fatty acid amide surfactant,
probably due to co-adsorption of these surfac-
tants on the capillary surface. Therefore, non-
ionic fatty acid amide surfactant was added to
the cocoamphocarboxyglycinate standard.

Fig. 5 illustrates the lack of interference of
both the benzoic acid internal standard and non-
ionic fatty acid amide surfactant in the detection
of cocoamphocarboxyglycinate. Neither com-
pound exhibits any response in the region of the
cocoamphocarboxyglycinate peaks. The linearity
was checked from 0.03% (w/v) to 0.15% (w/v),
corresponding to a range of 25% to 150% of the

214134+

50/50 Borate/Methano! Diluent

Counts

123692
5.00 5.8 6.0 6.5 7.00 7.8 8.0 8.8 9.0 g5

222106

Pure Methano! Diluent

Counts

s.of 58 6.0 6.5 7.0 7.9 8.0 85 9.0 9.5
Time (min)

Fig. 4. Electropherogram showing the effect of sample
diluent on cocoamphocarboxyglycinate resolution in RE-
SOLVE/GP Daily Cleaner. All electrophoretic conditions as
in Fig. 3. Top electropherogram: running buffer used as the
diluent (1:50). Bottom electropherogram: pure methanol
used as the sample diluent (1:50).
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Fig. 5. Overlay of electropherograms showing lack of vehicle
and internal standard interference in the analysis of cocoam-
phocarboxyglycinate. Top: electropherogram of product ve-
hicle spiked with benzoic acid internal standard. Middle: full
product formulation without benzoic acid internal standard
added. Bottom: full product formulation spiked with benzoic
acid internal standard.

label claim (2.00%, w/v) of cocoamphocarboxy-
glycinate in the surfactant cleaner product.

The cocoamphocarboxyglycinate quantitation
data showed excellent linearity in this concen-
tration range, as indicated by a linear correlation
coefficient of 0.9995 and a y-intercept very close
to zero. The precision at the target concentration

Tabie 1

of cocoamphocarboxyglycinate contained in the
product is 1.5% relative standard deviation
(R.S.D.,+1SD, n=4).

The equivalence of the present CE method for
the analysis of cocoamphocarboxyglycinate with
the existing ion-exclusion HPLC method was
demonstrated by analyzing a shared sample of
RESOLVE/GP Daily Cleaner (see Table 1).
Statistical s-testing of the mean cocoamphocar-
boxyglycinate assay values and F-testing of the
standard deviations of these measurements at
959% confidence demonstrated the statistical
equivalence of the data obtained by both meth-
ods.

Table 1 shows an overall performance com-
parison of the CE cocoamphocarboxyglycinate
method and the ion-exclusion HPLC method.
The CE method yields comparable linearity,
precision, and accuracy to the ion-exclusion
HPLC method. However, it is seven times faster
and much more economical due to lower column
costs and significantly lower consumption of
chemicals.

3.2. Raw material analysis: N-acetylcysteine

N-acetylcysteine raw material analysis 1s cur-
rently performed by analytical methodology
specified in the United States Pharmacopeia
XXII [11], which utilizes reversed-phase HPLC.
For analysis by CE, a pH 8.5 buffer was em-

Comparison of cocoamphocarboxyglycinate analysis by CE and ion-exclusion HPLC

Ion-exclusion HPLC

Parameter CE
Linearity, r 0.9995
Precision, as % R.S.D. (+1SD,n=6) +1.5%
Recovery at 100% of product label 100.0 = 1.5%
claim (2.0% w/v corresponding to

0.04% w/v injected; = 1SD, n = 6)

Analysis time per sample 12 min
Volume mobile phase per sample 0.1ml
Column cost US$s
Cocoamphocarboxyglycinate assay 2.01+0.03%
results for shared RESOLVE/GP (w/v) = 18D,

Daily Cleaner sample n=6

0.9990
+1.6%
100.6 = 1.6%

90 min

50 ml

US$ 800
2.03+0.03%
(w/v) 18D,
n==6
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ployed. To analyze the purity of N-acetylcysteine
raw material, the analytical method must be able
to separate N-acetylcysteine from its degradation
products: cysteine, cystine, and N-acetylcystine.
Fig. 2 shows their structures and Fig. 6 displays
the electropherogram of N-acetylcysteine and its
degradation products. Cysteine and cystine are
seen to comigrate at 3.9 min, ahead of the N-
acetylcysteine peak seen at 4.6 min. The sepa-
ration displays high efficiency, with approximate-
ly 41000 theoretical plates seen for the N-
acetylcysteine peak. N-acetylcystine (the disul-
fide dimer of N-acetylcysteine) is observed at 5.0
min. .

For quantitative analysis, benzoic acid served
as an internal standard and the area of the
N-acetylcysteine peak was ratioed against the
benzoic acid peak. Fig. 7 shows the electro-
pherogram of N-acetylcysteine spiked with the
benzoic acid internal standard. The linearity of
the N-acetylcysteine CE method was tested in
the concentration range of 0.3-1.6 mg/ml.
Linear least-squares analysis yielded a correla-
tion coefficient of 0.99995.

To assess the equivalence of the CE method to
the USP HPLC method for N-acetylcysteine

Cystine,
Cysigine N i N ine Dimer

196568

Counts

105075 LJ L——J;
270

2.5 3.00 3.5 4.0 4.5 5.0 58 6.0
Time {(min)

Fig. 6. Electropherogram of N-acetylcysteine and its degra-
dation products. Conditions: buffer, 10 mM Na,B,0,-50
mM H,BO,, pH 8.5. capillary, 52 cm (47 cm to detector) X
75 pm L.D.; applied voltage, +18 kV; temperature, ambient;
detection, UV absorbance at 200 nm; injection, gravity, 50
mm height for 10 s. Sample concentration, 0.5 mg/ml of each
component except N-acetylcystine, which appears at a con-
centration of approximately 0.1 mg/ml.

Benzoic Acid
N-acetyicysteine  Intemal Standard
426764

Counts
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Fig. 7. Electropherogram of N-acetylcysteine with benzoic
acid internal standard spiked in (all conditions as in Fig. 6).

analysis, a sample of N-acetylcysteine raw ma-
terial was assayed by the two methods. Table 2
compares the assay data obtained by both meth-
ods. The mean N-acetylcysteine assay values
were compared by f-testing at the 95% confi-
dence interval and shown to be nearly equiva-
lent. The CE method displayed a precision of
0.5% R.S.D. This is comparable to the HPLC
assay data obtained with the USP method, and it
is well within the USP guideline of <2% R.S.D.

The CE method for the analysis of N-
acetylcysteine is extremely rapid and cost effec-
tive, as Table 2 shows. The CE method is three
times faster and the column costs are approxi-
mately one sixtieth due to the low costs of fused
silica capillaries compared to reversed-phase C,
HPLC columns.

3.3. CE analysis of inorganic cations in tears

Fig. 8 shows the electropherogram of a human
tear sample diluted 1:24 (v/v) in deionized
water. Comparison of the peaks observed for the
tear electropherogram with the peaks for an
inorganic cation standard containing potassium,
sodium, calcium, and magnesium identifies the
cation peaks in-the tear electropherogram.
Potassium migrates at 3.4 min in the tear sample,



R.R. Chadwick et al. | J. Chromatogr. A 671 (1994) 403-410 409

Table 2

Comparison of CE USP reversed-phase HPLC methods for N-acetyicysteine raw material analysis

Reversed-phase HPLC

Parameter CE

Precision, as % R.S.D. (x1SD, n =6) +0.7%

Run time 6 min

Column cost USS$ S

N-Acetylcysteine assay purity 99.6 +0.7%
(w/w) = 18D,
n=6

+0.3%

15 min

US$ 300
100.8 £ 0.3%
(w/w) = 18D,
n==6

followed by sodium at 5.0 min, calcium at 5.3
min, and magnesium at 5.8 min.

The efficiency of the separation as measured
by the number of theoretical plates in the sodium
peak displays 1200 theoretical plates for the tear
sample. However, the separation has high
enough efficiency to clearly separate sodium,
potassium, calcium, and magnesium from one
another. The relatively low number of theoret-
ical plates seen for sodium is due mainly to
sample overload.

Because the current study is preliminary, the
method has not had rigorous linearity testing.
However, a semi-quantitative estimate of the
concentration of the various components was
performed. It was based on peak area com-

Na*
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Fig. 8. Survey electropherogram of human tear sample
diluted 1:20 in deionized water (top) and inorganic cation
standard (bottom). Conditions: Buffer, 4 mM copper(1I)
sulfate—4 mM formic acid (3:6); capillary, 52 cm (47 cm to
detector) X 75 wm 1.D.; applied voltage, + 20 kV; tempera-
ture, ambient; detection, indirect UV at 215 nm.

parisons between the tear sample and the cation
standard shown in Fig. 8. All the levels observed
are in general agreement with values reported in
the literature.

4. Conclusion

CE is an effective, flexible technique capable
of analyzing components important to the eye-
care pharmaceutical industry. The current pro-
ject has demonstrated the applicability of CE to
the analysis of active ingredients in product
formulations, raw material analysis, and ocular
research. The ability of CE to perform as a
quantitative analytical technique was demonstra-
ted by the analysis of cocoamphocarboxyglyci-
nate in a surfactant cleaner product and by the
analysis of N-acetylcysteine raw material. The
precision, linearity, and accuracy were compar-
able to existing HPLC methods but analysis
times and cost were significantly less.

CE was also shown to be a useful tool for
probing the composition of inorganic cations in
tears. The inherent speed, high resolution, and
powerful separation mechanism of CE make it
an excellent tool for separation challenges en-
countered by the eye-care pharmaceutical indus-
try.
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Factors influencing trace ion analysis with preconcentration by
electrostacking
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Abstract

Capillary electrophoresis with indirect UV detection and electrostacking achieves low pg/l detection limits for
inorganic anions and cations in various low conductivity matrices. Since this technique requires electromigration
injection, parameters such as analyte electrophoretic mobility, electroosmotic flow, and sample and operating
buffer ionic strength influence the amount of material that is actually injected into the capillary. These parameters
are not easily controlled and are affected by such factors as injection voltage and duration, operating buffer, and
operating buffer pH. The effects of these factors on sensitivity and resolution are demonstrated. The use of a novel
carrier ion, dimethyldiphenylphosphonium ion, improves sensitivity for cations. Techniques for optimizing trace

level determinations are also discussed.

1. Introduction

Capillary zone electrophoresis (CZE) with
indirect UV detection is fast becoming a routine
technique for the determination of small, inor-
ganic ions when present at mg/l concentrations
in various sample matrices. However, very few
reports have dealt specifically with trace enrich-
ment of inorganic ions to achieve g/l detection
limits [1-4]. To date, trace enrichment to en-
hance sensitivity in CZE has been performed
using: on-line isotachophoresis (ITP) prior to
CZE separation with an ITP preconcentration
capillary which is then coupled to the separation
capillary [1,5-8], field amplification [9,10], and
electrostacking [2]. Electrostacking is an attrac-
tive technique because the isotachophoretic pre-
concentration step and the electrophoretic sepa-
ration are performed in the same capillary [3]
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and can be done with unmodified, commercially
available instrumentation.

To perform electrostacking, a sample of lower
jonic strength than the operating buffer is in-
jected into the capillary using an electromigra-
tion injection in which sample components mi-
grate into the capillary under the influence of an
applied electric field. The sample injected is thus
biased toward ions with the highest mobilities
[11,12]. When using electromigration injection,
the electric field strength along the length of the
capillary is not constant. The portion of the
capillary filled with high resistivity, low conduct-
ance sample experiences a much higher field
strength than the remainder of the capillary that
contains lower resistivity, higher conductance
operating buffer [11]. Since analyte velocity is
directly proportional to field strength [13], ana-
lyte ions migrate rapidly to the concentration
boundary between the operating buffer and the
sample zone and “stack” as they slow down at
the boundary interface [14]. Enrichment factors

© 1994 Elsevier Science B.V. All rights reserved
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of several orders of magnitude from very low
ionic strength samples are possible using the
electrostacking technique [2,3].

To normalize the conductance of both sample
and standard solutions, an isotachophoretic ter-
minating ion, typically at low wM concentration,
is added to both [3]. With normalized conduct-
ance for both sample and standard solutions,
accurate quantification of analytes in low ionic
strength sample matrices is possible. The ter-
minating ion must have the same charge as the
analytes of interest and must migrate slower so
as not to interfere with the stacking process or
the separation of the analytes. Typical termin-
ating ions are tetrabutylammonium for cation
separations and octanesulfonate for anion sepa-
rations.

Since electrostacking of inorganic ions is typi-
cally performed in fused-silica capillaries, elec-
troosmotic flow also plays a role in the trace
enrichment process. For example, the movement
of the concentration boundary formed by the
high ionic strength operating buffer and the
lower ionic strength sample is dependent on the
electroosmotic flow of the entire bulk solution
and is described by an average electroosmotic
flow velocity [14] as opposed to a true iso-
tachophoretic concentration boundary which
moves at a constant velocity [15]. Isotachophor-
esis is typically performed in coated capillaries
which exhibit no electroosmotic flow. Electro-
osmotic flow is influenced by such parameters as
the nature of the operating buffer ions, operating
buffer pH, and injection voltage. The extent to
which these parameters affect the trace enrich-
ment of inorganic ions using electrostacking and
other factors that influence sensitivity and res-
olution are discussed in this paper.

2. Experimental
2.1. Equipment

The capillary electrophoresis experiments
were performed with a Dionex CES-I automated
system and UV detection (Dionex, Sunnyvale,
CA, USA). Fused-silica capillaries (Polymicro
Technologies, Phoenix, AZ, USA) of 50 um

L.D., 375 pm outer diameter (O.D.), and 50 cm
total length were used. The detection window
was located 5 cm from the end of the capillary.
Data collection was with a Dionex AI-450 chro-
matography workstation using a 10-Hz sampling
rate. Dionex OnGuard A cartridges in the hy-
droxide form were used to convert dimethyl-
diphenylphosphonium (DDP) iodide to DDP
hydroxide, and hexamethonium bromide to
hexamethonium hydroxide (HMOH).

2.2. Chemicals

Pyromellitic acid (PMA) and 2-(N-mor-
pholino)ethanesulfonic acid (MES) were ob-
tained from Sigma (St. Louis, MO, USA).
Hexamethonium bromide (monohydrate), di-
methyldiphenylphosphonium iodide, and 18-
crown-6 (1,4,7,10,13,16-hexaoxacyclooctadec-
ane) were obtained from Aldrich (Milwaukee,
WI, USA). Triethanolamine and formic acid
were obtained from Fluka (Ronkonkoma, NY,
USA). Sodium hydroxide, 50% aqueous solution
(w/w) and phosphoric acid were obtained from
Fisher Scientific (Pittsburgh, PA, USA). Cop-
per(II) sulfate (pentahydrate) was obtained from
MCB (Norwood, OH, USA). Octanesulfonic
acid, 0.1 M aqueous solution, and tetrabutylam-
monium hydroxide, 0.1 M aqueous solution,
were from Dionex. All reagents were ACS or
analytical reagent grade and prepared in 18 mQ
cm resistance deionized water.

In experiments where premixed operating buf-
fers were applicable, IonPhor Anion PMA Elec-
trolyte Buffer and IonPhor Cation Cu Elec-
trolyte Buffer from Dionex were used.

Cation standards were obtained as 1000 mg/1
ion standard solutions from Aldrich or prepared
from chloride salts obtained from Fisher Sci-
entific. Anion standards were prepared from
sodium salts obtained from Fisher Scientific.

3. Results and discussion
3.1. Operating buffer pH

During electrostacking of analytes in a low
ionic strength sample matrix, the pH of the
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operating electrolyte can greatly effect efficiency
and resolution. Fig. 1 shows a comparison of the
separation of cations using an operating buffer
that contains copper(II) as the carrier ion at
different pH values. A carrier ion is a buffer
component that has the same electrical charge
and similar electrophoretic mobility as the ana-
lytes of interest. An additional requirement for
indirect UV detection is that the carrier ion must
also be chromophoric. At the higher pH, electro-
osmotic flow is faster and analyte migration
times are shorter. Higher efficiencies are ob-
served at higher pH for the earlier migrating
species (Table 1) primarily because at the higher
pH, the mobility of the copper(II) carrier ion is

3 A pH30

mAU

-3

mAU

0

0 5
Minutes

Fig. 1. Effect of operating buffer pH on efficiency. Con-
ditions: (A) operating buffer, 4 mM copper(Il) sulfate, 4 mM
18-crown-6, 4 mM formic acid, pH 3.0; capillary, 50 cm X 50
wm L.D. fused silica; positive polarity, detector side cathodic;
constant voltage at 20 kV; injection, electromigration, 5000
V, 90 s; detection, indirect UV at 215 nm; terminating ion, 50
wM tetrabutylammonium hydroxide; (B) as in A except
operating buffer, 4 mM copper(Il) sulfate, 4 mM 18-crown-
6, pH 4.8. The large baseline disruption prior to peak 1 is
likely hydronium ion. Cation standards: 1= ammonium ion
(50 pg/1); 2= potassium (50 pg/l); 3 =sodium (50 pg/l);
4=calcium (50 wg/1); 5=magnesium (50 pg/l); 6=
strontium (50 pg/1); 7= lithium (10 pg/l); 8 = barium (75
rg/l).

Table 1
Efficiencies for cation standards using cupric-containing
operating buffer at pH 3.0 and pH 4.8

Cation Efficiency”

pH 3.0 pH 4.8
Ammonium 2579 4454
Potassium 8351 11 695
Sodium 8442 14 511
Calcium 24763 26711
Magnesium 30000 39 624
Strontium 164 404 129 051
Lithium 132 594 77014
Barium 68 702 48 803

% values were calculated using the electropherograms in Fig.
1 and peak width at 1 height.

more closely matched to the mobilities of the
earlier migrating analytes and band dispersion is
minimized [16].

Another effect that may contribute to higher
efficiencies of the earlier migrating analytes with
the higher pH buffer is the increased electro-
osmotic flow as compared to the electroosmotic
fiow of the pH 3 buffer. With the higher electro-
osmotic flow, the velocity of the concentration
boundary is faster and the boundary forms
higher up in the capillary so that a larger area or
zone of low ionic strength solution forms as
compared to a lower pH buffer with slower
electroosmotic velocity. The larger zone of lower
conductance sample creates a larger region of
higher effective electric field strength and per-
mits more “stacking” of the analytes with higher
electrophoretic mobility, since analyte velocity is
increased in this region.

Hydrostatic injection of a plug of water prior
to electrostacking also creates a larger, low
conductance, high electric field zone [17]. In
electropherogram Fig. 2A, a typical electrostack-
ing experiment was performed in which a cation
standard was injected using electromigration
injection at 5000 V for 90 s. Electropherogram
Fig. 2B was obtained by first injecting a plug of
water using gravity injection (100 mm for 20 s)
and then injecting the cation standard with
electromigration injection. A significant im-
provement in the efficiencies of calcium through
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Fig. 2. Effect of water plug preinjection. Conditions: (A) as
in Fig. 1A; (B) as in Fig. 1A, except first injection, water
hydrostatic injection, gravity, 100 mm, 20 s; second injection,
as in Fig. 1A. Cation standards: 1 = ammonium ion (5 ug/1);
2 = potassium (5 pg/1); 3= sodium (5 pg/l); 4 = calcium (5
rg/l); 5= magnesium (5 pg/l); 6 = strontium (5 wg/l); 7=
lithium (1 pg/1); 8 = barium (7.5 pg/l).

barium is observed. The peaks representing
ammonium ion, potassium, and sodium are at or
below detection limits with no improvement in
efficiency. The improved efficiency has resulted
in better resolution for strontium and lithium.
Thus, hydrodynamic preinjection of a water plug
is an effective means of improving efficiency and
sensitivity for most cations. Application of this
technique is obviously limited by the magnitude
of the water blank.

3.2. Carrier ion

Since the carrier ion provides the UV back-
ground for indirect detection and its mobility to
a large extent determines analyte peak efficiency
and shape, the specific carrier ion used influences
sensitivity. For example, when using dimethyl-
diphenylphosphonium (DDP) as the UV-absorb-
ing carrier ion for cation separations, an im-

Table 2
Comparison of detection limits using cupric-containing buffer
and DDP-containing buffer

Cation Detection limits (ug/1)*
Cupric-containing DDP-containing
buffer’ buffer”

Ammonium 11 3

Potassium 7 2

Calcium 7 8

Sodium 9 3

Magnesium 7 1

Strontium 14 3

¢ Detection limit = (S.D.)- t, where ¢, for 99% single sided
student’s ¢-test distribution.

* Electrophoretic conditions as in Fig. 3 for pH 3.0 operating
buffer.

¢ Electrophoretic conditions as in Fig. 4.

provement in detection limits is realized com-
pared to separations obtained with a cupric
carrier ion (Table 2). A representative electro-
pherogram is shown in Fig. 3. Visual comparison
of the electropherogram in Fig. 3 with the
electropherograms in Fig. 1, which were ob-

5.
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mAU 2 3ll 6
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A |
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Fig. 3. Electropherogram from DDP-containing operating
buffer. Conditions: operating buffer, 5 mM DDP hydroxide,
4 mM 18-crown-6, 5 mM MES, pH 6.0 adjusted with
phosphoric acid; capillary, 50 cm X 50 wm I.D. fused silica;
positive polarity, detector side cathodic; constant voltage at
25 kV; injection, electromigration, 2500 V, 45 s; terminating
ion, 50 uM tetrabutylammonium hydroxide. Cation stan-
dards: 1 = ammonium ion (5 ug/l); 2 = potassium (10 wg/l);
3 = calcium (10 pg/1); 4 = sodium (10 pg/1); 5 = magnesium
(5 ng/l); 6= strontium (10 pg/1); 7 =barium (10 pg/l).
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tained with the cupric carrier ion, shows that the
mobility of DDP is more closely matched to the
mobilities of the analytes than is cupric ion at
either pH 3.0 or pH 4.8. More symmetric peaks
are obtained with DDP as a result of the similar
mobilities. In addition, the signal-to-noise ratio
is much better with DDP even with analytes
present at a factor of 10 less as compared to the
signal-to-noise ratio for the cupric carrier ion.

Dimethyldiphenylphosphonium is commercial-
ly available as the iodide salt. In order to obtain
sensitive indirect UV detection with DDP, the
jodide, which absorbs strongly at low UV wave-
lengths, is exchanged with hydroxide by passing
DDP iodide through a hydroxide-form anion-
exchange resin.

3.3. Injection voltage

Electrostacking also provides low ug/l detec-
tion limits for small inorganic anions (Table 3).
However, too high of an injection voltage can
adversely effect resolution of some analytes. This
effect is shown in Fig. 4. The electropherograms
in Fig. 4A and B were obtained using identical
conditions except for the injection voltage, which
was 2500 V in Fig. 4A and 5000 V in Fig. 4B. In
electropherogram 4B, formate and phosphate
comigrate and the baseline disruption due to
carbonate is significantly earlier. The reason for
this has as yet not been determined, however we
postulate that at the higher injection voltage,
more highly mobile hydroxide jon is concen-
trated in the capillary creating a localized pH

Table 3
Detection limits for anion standards using electrostacking

Anion* Detection limits (pg/1)"
Chloride 0.5
Sulfate 0.6
Nitrate 1.5
Fluoride 0.9
Phosphate 2.0

Electrophoretic conditions as in Fig. 5A.

“ Anion standard concentration was 5 pg/l.

® Detection limit = (S.D.)- ¢, where 7, for 99% single sided
student’s ¢ test distribution.

6 8
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Fig. 4. Effect of injection voltage on efficiency and res-
olution. Conditions: (A) operating buffer, 2.25 mM pyromel-
litic acid, 6.50 mM sodium hydroxide, 0.75 mM hexa-
methonium hydroxide, 1.6 mM triethanolamine, pH 7.7;
capillary, 50 cm X 50 pm 1.D. fused silica; negative polarity,
detector side anodic; constant voltage, 30 kV; injection,
electromigration, 2500 V, 45 s; terminating ion, 50 pM
octanesulfonic acid; (B) as in A except injection, electro-
migration, 5000 V, 45 s. Anion standards: 1 = chloride (10
ugl/l); 2 = sulfate (10 ug/1); 3= nitrite (10 pg/1); 4 = nitrate
(10 pg/l); 5=molybdate (20 pg/l); 6=azide (20 ngl/t);
7 = fluoride (5 pg/l); § = formate (10 wg/l); 9= phosphate
(20 pg/l).

change that is too high to be buffered by the
electrolyte. The migration of weak acids, such as
formate, phosphate, and carbonate, would be
the most affected by such a pH phenomenon.
An interesting and unexpected result is that
the efficiencies observed for the peaks in electro-
pherogram 4A in which sample was introduced
using a 2500-V electromigration injection are
better than the efficiencies observed when a
5000-V electromigration injection was used as in
electropherogram 4B. Both electropherograms
were obtained using the same separation con-
ditions. The result indicates that less band dis-
persion occurs during separation if sample is
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injected using a lower voltage. One possible
explanation is that heat generated during in-
jection is not dissipated during separation. A
5000-V electromigration injection would produce
more heat than a 2500-V injection and would
potentially result in more band dispersion.

3.4. Operating buffer impurities

The presence of trace ionic impurities, espe-
cially the analyte(s) of interest, in the operating
buffer compromise accurate determination
because subsequent to the electrostacking
process, the impurities in the operating buffer
zone that enters the capillary when the capillary
is placed back in the buffer solution after in-
jection migrate to and are separated with the
individual analyte zones. In Fig. 5A, the electro-

-2 A A
mAU 1
24
l3]
05 .
1 Minutes 5
-2 7 B
mAU — .
05 —
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Fig. 5. Effect of trace level impurities in the operating
buffer. Conditions: (A) as in Fig. 4A except 10 g/l each of
bromide, chloride, sulfate, and nitrate were added to the
operating buffer; injection, water sample by electromigra-
tion, 2500 V, 45 s; No terminating ion added to the sample;
(B) as in A except uncontaminated operating buffer used.
Peaks: 1 = bromide; 2 = chloride; 3 = sulfate; 4 = nitrate.

pherogram was obtained using an operating
buffer to which had been added trace levels (10
pg/1) of bromide, chloride, sulfate, and nitrate.
High purity, deionized water was injected using
electromigration. An injection of water using
identical conditions except that “uncontami-
nated” operating buffer was used is shown in
Fig. 5B for comparison. As indicated by the
electropherograms in Fig. 5, it is imperative that
when performing electrostacking for trace anion
analysis, the operating buffer be free of ionic
impurities, most notably the ionic species of
interest for the analysis. In addition, the pres-
ence of electroosmotic flow modifier counter-
ions, such as bromide from hexamethonium
bromide or tetradecyltrimethylammonium bro-
mide (TTAB), or chloride from cetyltrimethyl-
ammonium chloride (CTAC), will prevent accur-
ate determinations using electrostacking if the
counterion is not removed from the operating
buffer. Ionic impurities in the terminating ion
solution added to the sample are also present as
interferences.

4. Conclusions

Electrostacking with electromigration injection
permits low g/l level determinations of inor-
ganic ions in low ionic strength sample matrices.
Stacking can be enhanced by using conditions
such as operating buffer pH, that promote for-
mation of the concentration boundary higher up
in the capillary creating a larger high electric
field zone. Hydrostatic introduction of a water
plug prior to electrostacking also enhances the
stacking effect by creating a larger high field
zone. The carrier ion, DDP, can be used for
trace cation determinations as an alternative to
cupric ion or chromophoric amines and provides
excellent signal-to-noise ratio for trace level
determinations. The resolution of weak acid
anions can be adversely effected if electromi-
gration injection voltage is too high. To ensure
accurate determination when electrostacking, the
operating buffer and the terminating ion solution
must be free of impurities that interfere with the
electrophoretic separation. By optimizing both
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the electrostacking and the electrophoretic sepa-
ration conditions, sensitivity for trace ions is
maximized.
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Abstract

The migration behaviour of anionic metal 4-(2-pyridylazo)resorcinol (PAR) and Arsenazo III complexes was
investigated in capillary electrophoresis (CE) using micellar solutions of sodium dodecyl sulphate. The separation
mechanism of arsenazo complexes is governed by the electrophoresis in the bulk carrier electrolyte without any
observable interaction with the micellar phase. For less hydrophilic PAR complexes, the resolution can be
additionally explained in terms of differential partitioning into the micelle. It was also found that ion-pair formation
between anionic solutes and the cationic component of the electrophoretic buffer contributes to the retention
mechanism and permits the separation of closely migrating PAR complexes. Both chelating systems have been
applied to the CE separation and determination of various metal ions with enhanced selectivity and sensitivity
relative to previously reported metal complexation CE techniques. Application to the analysis of complex sample

matrices, containing high levels of acids and complexing agents, was demonstrated.

1. Introduction

High-performance capillary electrophoresis
(CE) of metal ions after precolumn complex-
ation is distinguished by a number of advantages
in comparison with other CE methods. First,
complete complexation before the separation
largely eliminates interferences from complex
sample matrices (e.g., serum [1,2], pharmaceu-
tical preparations [3], electroplating solutions [4]
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Federation.
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and ores [5]). Second, varying complex-forming
conditions can additionally increase the selectivi-
ty of the metal analysis. Third, it is possible to
separate metal ions that possess a slow rate of
complexation or that are incompatible with the
carrier electrolytes commonly used in CE [4,5].
When using light-absorbing chelating reagents
[1,2,6,7], the sensitivity of direct spectrophoto-
metric detection of metal ions is comparable to
or better than that of CE with indirect UV
detection. Further, there are no special restric-
tions on the types of ions that can be used in the
electrophoretic buffer (a large difference in
mobility of the carrier electrolyte ion and the
analyte ion leads to excessive peak tailing/front-
ing in other CE methods).

Nevertheless, the precolumn metal complex-

© 1994 Elsevier Science B.V. All rights reserved
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ation technique still lags behind other CE meth-
ods in some analytical characteristics, most con-
spicuously in the number of cations that can be
simultaneously determined. In our opinion, fur-
ther progress in this respect could depend on the
application of micellar buffer systems. The sepa-
ration principle of micellar CE [or micellar
electrokinetic chromatography (MEKC)] is
based on two mechanisms, micellar solubilization
and electrokinetic migration, and this provides a
wider option in optimization and additional

possibilities for the enhancement of the sepa-.

ration selectivity [8,9]. In addition, micellar CE
is not limited to electrically charged solutes so
that its applicability can be extended to neutral
metal chelates, as illustrated by Saitoh et al.
[10,11], who separated metal acetylacetonato
complexes in micellar solutions of sodium
dodecyl sulphate (SDS). A few MEKC sepa-
rations of negatively charged metal chelates have
been reported [12-14], but with a limited num-
ber of separated metals and long analysis times.
In a recent paper [15], we attempted to improve
the resolution for metal complexes of 8-hydroxy-
quinoline-5-sulphonic acid (HQS) using SDS as a
charged surfactant, but were able to observe
only a minor effect of the micellar partitioning
on mobility differences (probably because of the
comparatively low hydrophobicity of the sol-
utes).

This paper presents results from a continua-
tion of our investigations on the CE of metal
complexes in micellar electrophoretic systems.
We studied the utility of 4-(2-pyridylazo)resor-
cinol (PAR) and Arsenazo III as chelating re-
agents that form intensely coloured, highly stable
chelates with a wide variety of metal ions.
Attention was also given to a comparison of the
resolving powers attainable in pure and micellar
CE systems. By using the effective mobility as a
migration parameter, the influence of micellar
solubilization was established. Also discussed are
the common features in the migration behaviour
of the complexes. Conclusions about the sepa-
ration mechanism are presented along with a
discussion of the analytical potential of the
method.

2. Experimental
2.1. Chemicals

4-(2-Pyridylazo)resorcinol (PAR) and Arsen-
azo III [disodium salt of 2,7-bis(2-arsono-
phenylazo) - 1,8 - dihydroxynapthalenedisulphonic
acid] were purchased from Merck (Darmstadt,
Germany) and Aldrich Chemie (Steinheim, Ger-
many), respectively, and used as a 5-10° M
stock solution in 0.01 M sodium tetraborate.
Standard solutions of metal ions were prepared
from the nitrates, except for vanadium, zir-
conium, tin and uranium, which were ammo-
nium metavanadate, zirconium oxychloride, tin
dioxide and uranyl acetate, at a concentration
2:107° M in 0.01 M HNO,. Sodium dodecyl
sulphate (SDS) from Serva (Heidelberg, Ger-
many) was dissolved in the corresponding buffer.
Buffer solutions were prepared from sodium
tetraborate or by mixing sodium (or ammonium)
monohydrogenphosphate and dihydrogenphos-
phate in appropriate ratios. The pH values
indicated below were measured after addition of
SDS. The carrier electrolytes also contained an
appropriate amount of a chelating reagent (usu-
ally 1-10™* M). All chemicals were of analytical-
reagent grade and all solutions were prepared
using doubly distilled water.

Metal complexes were prepared by direct
mixing of metal and reagent standard solutions
before the injection, unless stated otherwise.

2.2. Apparatus and procedure

Analyses were performed on Waters (Milford,
MA, USA) Quanta 4000 and Applied Biosys-
tems (San Jose, CA, USA) Model 270A CE
systems equipped with a positive high-voltage
power supply and fused-silica capillaries of 75
pm I.D. Detection was carried out by on-column
spectrophotometric measurements at specified
wavelengths. Electropherograms were recorded
and processed with a Hewlett-Packard Model
3359 data acquisition system. Samples were
introduced into the capillary at the anodic side
by hydrostatic injections from a height of 10 cm
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(Quanta 4000) or by applying a vacuum at a
pressure of 16.9 kPa (Model 270A) for a
specified time. To ensure day-to-day reproduci-
bility of migration times, especially in the experi-
ments with surfactant-rich electrolyte concentra-
tions, the capillary was washed with 0.01 M
NaOH for 30 min before the work.

The electroosmotic flow (EOF) velocity (or
migration time of the bulk eluent) was deter-
mined from the migration time of acetone added
to a sample. The effective mobility, u.«, Was
calculated as the difference between the ob-
served mobility, w,,, and electroosmotic mobili-
ty, i.,, and expressed as negative values because
it is opposed to the latter. Capacity factors, k',
were calculated according to k' =(t—t,)/tg,
where ¢ and ¢, are the migration time of a solute
and neutral marker, respectively. Such calcula-
tions are not affected by uncertainties in the
electrophoretic mobility of the micelles and the
true ionic electrophoretic mobility of the com-
plexes.

2.3. Sample preparation

An accurately weighed amount of a zirconium
ceramic (85% ZrO,, 10% Nb,Os, 5% Ta,O;)
was melted with 3 g of NaF and 4.5 g of H;BO;
in a platinum crucible, heating at 1000°C for 30
min. The melt was treated with a requisite
amount (ca. 60 ml) of concentrated H,SO, and
the mixture was heated at 120°C until the solid
was completely decomposed (ca. 1 h). The solu-
tion was cooled and then diluted to 250 ml with
10% tartaric acid. A 1-ml portion of the resulting
solution was used for injection after filtering this
solution through a PTFE membrane syringe filter
and mixing with an equal volume of Arsenazo III
standard solution. The corresponding blank solu-
tions were prepared similarly, but without the
addition of ceramic.

The same procedure was used to prepare
zirconium and tantalum standard solutions from
the corresponding oxides, whereas niobium
oxide was dissolved by melting with K,S,0,
followed by treatment with H,SO, and tartaric
acid.

3. Results and discussion
3.1. Pyridylazoresorcinolates

Saitoh et al. [12] were the first to demonstrate
the feasibility of resolving transition metal ions
in form of PAR complexes using micellar CE.
They reported a 30-min separation of cobalt
(111), chromium(III), nickel(If) and iron(1IT)
chelates in a silica capillary with a 20 mM SDS
micellar buffer. Later, the same group obtained
good efficiency and a short analysis time (within
6 min) for the separation of PAR and its com-
plexes with Co(III), Fe(1l), Ni(II) and V(V) in a
CE system without a micellar phase [7]. Both CE
techniques demonstrated separations of only a
limited number of metal ions, especially in
comparison with metal CE analysis based on
partial in-capillary complexation [9]. Based on
this, the aim of the present study was also to
achieve an improved peak capacity for sepa-
rations of metal-PAR complexes with no de-
crease in analysis times.

In the initial experiment, borate electropho-
retic buffers were tested to evaluate the effect of
different concentrations of SDS. The buffers
were prepared with increasing amount of the
surfactant in sodium tetraborate solution without
further pH adjustments (the effect of SDS con-
centration on the pH was limited to 0.05 unit).
As can be seen in Table 1, the results are
essentially the same as those obtained previously
for metal-HQS complexes [15]. The effective
mobilities of PAR complexes and their relative
migration velocities calculated from the differ-
ences in k' values are largely unaffected by the
surfactant concentration. As the complexes exist
as doubly charged species under the alkaline
conditions employed (Fig. 1, n =2; according to
the acid dissociation constants [7,12] both 1-
hydroxy groups of PAR ligands are fully de-
protonated at pH 9.0), strong repulsion between
anionic solutes on the one hand and negatively
charged head groups of micelles on the other
probably suppresses any partitioning processes.
Therefore, the increased migration times ob-
served in the presence of micelles are solely a
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Table 1
Effective mobilities and capacity factors of metal-PAR complexes at different concentrations of SDS in the borate electrophoretic
buffer
Complex SDS (mmol/1)

0 50 150

Boge X 10° (cm?/V - 5) k' Hoge X 10° (em?/V-s) k' Hess X 10° (cm®/V-5) k'
Cu(1I) 27.1 0.60 26.7 0.76 27.0 0.81
Fe(III) 27.9 0.61 27.5 0.72 27.9 0.83
Ni(IT) 27.8 0.62 27.6 0.73 26.7 0.78
Zn(II) 28.4 0.63 28.9 0.75 - -
PAR 23.0 0.45 24.8 0.58 26.4 0.76

Capillary, 35/42 cm X 75 um 1.D.; pH, 9.0; voltage, 15 kV.

result of the decreased EOF velocity, changing
from 73.6-107° cm /V s under normal CE
conditions to 63.6- 10> ¢m?/V-s and then 60.8 -
107 em?/V-s at 50 and 150 mM SDS, respec-
tively. Only the free chelating reagent, which is
singly charged in this pH range, showed a lower
effective mobility (along with a higher retention
relative to the complexes) with increasing SDS
concentration. This behaviour may have been
related to the effect of micellar solubilization.
As the resolution of closely related complexes
was not improved by changing the surfactant
concentration alone, it was decided to continue
to investigate the micellar CE behaviour with
phosphate carrier electrolytes. The elec-
tropherograms shown in Fig. 2 illustrate the
influence of compositional buffer changes on the
resolution of a test mixture of five complexes.
For a phosphate buffer at pH 8.0, the migration
time remains almost unchanged at constant
micellized SDS concentration, whereas the res-
olution was slightly improved (cf., electrophero-
grams a and b). However, the choice of metal
counter ion in the carrier electrolyte influences
the ‘separation selectivity more drastically. When

O—M_@_OH

M/n\O

Fig. 1. Structure of metal-PAR complexes.

disodium hydrogenphosphate was replaced with
diammonium hydrogenphosphate, which re-
sulted in the replacement of about 28% of the

a 3+4+546 b 1
=]
2 <
1 2 é
o
44546
3
¢« 7 4 ' 7
[o] 1
5+6
r 1
5 10
Minutes

Fig. 2. Electropherograms of metal-PAR complexes with
different micellar carrier electrolytes: (a) Na,B,O,; (b)
Na,HPO,-NaH,PO,; (¢) (NH,),HPO,-NaH,PO,; (d)
(NH,),HPO,-NH H,PO,. All buffers were 10 mM and
contained 50 mM SDS and 1-10™* M PAR. Capillary, 35/42
cn X 75 pm L.D.; voltage, 15 kV; injection, 10 s (hydro-
static); detection, 254 nm. Peaks: 1= Co(IIl); 2=PAR; 3=
Cu(Il); 4 =Ni(II); 5 = Fe(Ill); 6 = Zn(II).
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Table 2
Effect of metal counter ion of the phosphate electrophoretic
buffer on effective mobilities of metal-PAR complexes

Complex Hoge % 10° (em?®/V+s)
Na,HPO,- (NH,),HPO,~ (NH,),HPO,-
NaH,PO, NaH,PO, NH, H,PO,

Co(I11) 21.7 22.9 23.6

Cu(Il) 28.4 30.7 30.7

Fe(IIL) 29.6 359 35.1

Ni(IT) 29.6 32.2 322

PAR 26.2 29.4 29.3

Capillary, 35/42 cm X 75 pm 1.D.; SDS, 50 mmol/l; pH, 8.0;
voltage, 15 kV.

sodium ions in the micellar buffer, the effective
mobilities were decreased, as can be seen from
the results of Table 2. Referring to Fig. 2, this
leads to complete resolution of copper, nickel
and iron (or zinc) complexes; however, the latter
two still co-migrates. In a buffer containing both
components as ammonium salts, the peaks of
iron and zinc were partially resolved, although
the u,, values remained virtually unchanged (see
Table 2).

As expected, these data can be well explained
in terms of jon-pair formation between the solute
and the cationic component of the electropho-
retic buffer. Ammonium ion acting as a stronger
jon-pairing cation than sodium ion decreases the
negative charge of the complexes through ion
association and thereby diminishes the electro-
static repulsion, facilitating the incorporation of
paired complexes by the micelle. Nevertheless,
the elution order for the complexes is not differ-
ent from that in a pure CE migration system.
This seems to indicate that the electrophoresis
predominates over the interaction with the
micelle in the migration behaviour even with
SDS—ammonium salts present in buffer solu-
tions. Phosphate buffers of lower pH were found
to be less suitable for separation as the migration
times appeared to be longer (owing to the
decreased EOF) without any significant change
in selectivity. Further experiments were there-
fore conducted with the buffer consisting of
(NH,),HPO,-NH,H,PO, (pH 8.0).

Based on the aforementioned results, we de-
cided to study further the micellar effect on the
optimum separation of PAR complexes. Increas-
ing the surfactant concentration in an optimized
buffer electrolyte system produced a gradual
decrease in the migration velocities of solutes. In
this experiment, the concentration of SDS was
increased in several steps up to 150 mM. The
decrease in migration velocities was considered
to be a result of cooperative effects of changes in
the phase ratio and electroosmotic mobility (due
to changes in viscosity and ionic strength).
Together with longer run times, we were able to
observe that the resolution was enhanced.
Therefore, an SDS concentration of 75 mM in
the buffer, providing the separation of most of
the complexes under consideration within 10
min, was concluded to be optimum.

Fig. 3 displays an electropherogram showing
the optimized separation of a nine-component
metal ion mixture. Metals that form PAR com-
plexes less stable than that of cadmium (mangan-
ese, alkaline earths, etc.) could not be detected
under the experimental conditions used. The
vanadium (V)-PAR complex migrated very
close to the copper chelate, whereas La(IIl),
Zr(IV), Sn(1V) and U(VI) complexes exhibited

0.001 AU
H»

f; 1l0 Min

Fig. 3. Micellar CE separation of metal chelates of PAR.
Capillary, 42/50 cm X 75 mm 1.D.; carrier electrolyte, 10 mM
ammonium phosphate buffer containing 75 mM SDS and
1-107* M PAR (pH 8.0); voltage, 15 kV; injection, 30 s
(hydrostatic); detection, 254 nm. Metals (mol/1): 1= Cr(III)
(2.4-107*); 2= Co(II) (6-10°); 3 = Cu(Il) (8-107%); 4=
Pb(II) (8-107%); 5=Ni(II) (8-107"); 6= Fe(II) (8-107%);
7=2Zn(ll) (1.6-107%); 8=Fe(Ill) (8- 107%); 9= Cd(Il)
(2.4-107*). The first-migrating peak belongs to acetone.
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broad and asymmetric peaks with smaller peak
heights. The formation of the chromium(III)
complex requires the use of triethanolamine as
an auxilary ligand for acceleration of complex-
ation; we followed the procedure described in
ref. 16 after a minor alteration of the conditions
(high contents of triethanolamine affect the
migration times). It should be noted that by
varying the reagent-to-metal ratio in the injected
sample solution one can attain a decrease in the
PAR peak intensity until its complete disappear-
ance. Of practical importance also is the possi-
bility of differentiating between different oxida-
tion states of iron.

Further optimization of analytical performance
of the PAR chelating system was directed to-
wards detectability enhancement. CE systems
from two different manufacturers were utilized
for these experiments (see Experimental). When
the detection of complexes is accomplished in
the visible spectral range, a general increase in
sensitivity will be expected. Limits of detection,
defined as three times the baseline noise, are
summarized in Table 3. Injections of the same
duration correspond to ca. five times higher
injected volumes with the Model 270A (with due
regard to differences in capillary length). There-
fore, for the purposes of comparison, the corre-
sponding detection limits were evaluated in an
8-nl injection volume. As can be seen, increased
peak intensities and a smaller background signal
when the detection wavelength was fixed at 500
nm resulted in substantially better performance
than UV detection performed on the Quanta

Table 3
Detection limits (mol/1) of metal ions as PAR complexes

Metal Detection wavelength (nm)
ion
254° 500"

Co(II) 8-1077 1-1077
Cu(Il) 2-107¢ 6-1077
Fe(1II) 4-107¢ 9-1077
Ni(1I) 3-107° 1-10°°
Zn(II) 2.4-107° 8-1077

“ Quanta 4000; injection time, 5 s (ca. 8 nl).
® Model 270A; evaluated in an 8-nl injection volume.

MM% LWMm

Minutes

Fig. 4. Detectability of cobalt-PAR complex (1-1077 M)
near the detection limit. Capillary, 43/63 cm X 75 um 1.D.;
voltage, 20 kV; injection 5 s (vacuum); detection, 500 nm.
Carrier electrolyte as in Fig. 3.

4000. An illustrative electropherogram showing a
peak near the limit of detection for the cobalt—
PAR chelate is presented in Fig. 4.

3.2. Complexes of Arsenazo II1

Initial studies were carried out with the borate
buffer systems shown in Table 4. Also given in
Table 4 are the migration characteristics of
various metal chelates and the reagent. Their
comparison with the corresponding data for PAR
complexes (see Table 1) indicates that metal-
Arsenazo III complexes exhibited far larger
retentions under both normal and micellar CE
conditions. This is thought to be a result of their
higher electrophoretic mobility. This observation
is in accord with the higher charge of complexes
containing several ionizable groups that do not
participate in complexation (Fig. 5); according to
data on the acid ionization of Arsenazo III [17],
at pH 9 both sulphonic and arsonic groups are
ionized (one completely and the other partially).
The capability of this reagent to form complexes
with a 1:1 and 2:1 metal-to-ligand stoichiometry
also favours a higher electrophoretic mobility.
Nevertheless, we always observed the migration
of Arsenazo III complexes towards the cathode
(the detection side). Correspondingly, the elec-
troosmotic velocity must have been always high-
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Table 4

Effective mobilities and capacity factors of metal-Arsenazo III

complexes in different borate carrier electrolytes

Borate buffer + 1-10™* M Borate buffer + 1-107* M

Complex Borate buffer Borate buffer +1-107* M

Arsenazo 11T Arsenazo 111+ 50 mM SDS Arsenazo III + 100 mM SDS

e X 10° (em*/V:s) K

o X 10° (cm?/V-5) k' e X 10° (cm?/V-5) k' fhoge X 10° (em®/Ves) K
Cu(Il) 43.1 1.59 44.7 1.45 42.2 1.63 41.4 1.78
Fe(IIT) 44.8 1.62 46.1 1.52 44.6 1.83 43.1 1.95
La(I11) 412 1.29 41.0 1.15 422 1.55 39.7 1.48
Pb(II) - - - - 43.0 158  40.6 1.64
Arsenazo 11 45.7 1.68 46.8 1.66 453 1.88 43.9 2.02

Capillary, 42/50 cm X 75 um LD.; pH, 9.0; voltage, 15 kV.

er than the electrophoretic velocity of any of the
solutes employed.

The second distinctive feature of the discussed
chelating system is the formation of metal com-
plexes under more acidic conditions. As shown
below, this permits the applicability of metal
complexation CE to be extended to highly acidic
samples (e.g., after decomposition with mineral
acids). In fact, the optimum complexation re-
quired a slight change in the procedure, that is,
addition of nitric acid to the metal solution in a
1:1 ratio before mixing with the reagent solution.

The micellar CE behaviour of Arsenazo III
complexes with respect to the surfactant con-
centration was studied also for ammonium phos-
phate electrolytes. The addition of SDS gave rise
to an enhanced retention but this effect was
evidently caused by the corresponding changes in
the electroosmotic mobility. Typical results in
terms of u,,; versus surfactant concentration are
depicted in Fig. 6. It can be seen from these
profiles that as the SDS concentration was varied
between 25 and 100 mM, the effective mobilities
increased. This phenomenon is believed to be
attributable to changes in the true ionic mobility

)
(HO)0As”™ \M (HORASO
__N N—
@ N N—“_— N
HO:S” ~s0H

Fig. 5. Molecular structure of metal-Arsenazo 11T com-
plexes.

of the analytes with the parameter studied. As
would be expected from the highly acidic nature
of the ligand’s sulphonic and arsonic groups, the
effective mobilities are insensitive to pH in the
range more suitable for counter—electroosmotic
migration [9] (we particularly investigated the
pH range 6.5-8 in an attempt to improve the
resolution). Therefore, as with HQS complexes
[15], the dependence of charge on pH could not
be exploited to obtain better micellar CE sepa-
rations.

Taking into account the higher charge of
Arsenazo III complexes, it is unlikely that they
are solubilized by the anionic SDS micelle owing
to electrostatic repulsion. In addition, the small
dimensions make micelles less suitable for the
solubilization of large aggregates such as these
complexes. Consequently, unlike PAR complex-
es, they migrated due to the electrophoresis of

-~ =301

@

=
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g -404 Cu
Pb

0 Fe

e

5-501

°

= .60 .

T T T T 1
0 20 40 60 80 100 120

SDS (mM)
Fig. 6. Effective mobility of metal-Arsenazo 111 complexes
as a function of surfactant concentration. Carrier electrolyte,
10 mM (NH,),HPO,-NH_ H,PO, containing 1107 M
Arsenazo I (pH 8.0). Other conditions as in Table 4.
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the solute itself without any interaction with the
micellar phase. When using micellar buffer solu-
tions, the separations become longer and less
efficient without any observable increase in
selectivity. Fig. 7 distinctly shows the superiority
of the resolving power of CE with no surfactant
in the electrophoretic buffer. Also, the presence
of SDS was found to affect adversely the detec-
tability (note also the appearance of an addition-
al negative excursion from the baseline).

On the basis of the above results, non-micellar
CE with a phosphate buffer of pH 7.0 was
chosen as the optimum migrating system. We
also investigated CE separations of other metals
not shown in Fig. 7 under same conditions. Rare
earth complexes co-migrated with that of lan-
thanum, whereas the zirconium complex had a
mobility close to that of the iron chelate; in the
presence of tartaric acid both niobium and tan-
talum formed mixed-ligand complexes [17] that
probably led to large irregularities in their re-
tention behaviour (see below); nickel, chromium
and molybdenium complexes produced badly
asymmetric peaks; no migration of zinc, manga-
nese, vanadium, bismuth and alkaline earth
metal complexes was observed.

a b
4 5 6+7
2
z 3 & < 8
< I 2
.‘? 8 ° 5
- 2 -

- A’“\f" ”\J {‘ Mgy

3 7 i1 5 9 13

Minutes

Fig. 7. Comparison between (a) pure CE and (b) micellar
CE performance for metal-Arsenazo III complexes. Capil-
lary, 42/50 cm X 75 pm LD.; carrier electrolyte, (a) 10 mM
(NH,),HPO,-NH,H,PO, containing 1-10™* M arsenazo III
(pH 8.0); (b) same as (a) + 50 mM SDS; voltage, 20 kV;
injection, 2 s (hydrostatic); detection, 254 nm. Peaks: 1=
Ce(III); 2=La(Ill); 3=U(VI); 4=Cu(ll); 5= Arsenazo
III; 6 = Pb(II); 7= Co(1l); 8 = Fe(III). Concentration of all
metals 1.5-107* M, except La (3-107* M) and U (7.5-107°
M).

1
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Fig. 8. CE analysis of a zirconium ceramic. Voltage, 28 kV;
injection, 15 s. Other conditions as in Fig. 7a. Peaks: 1=
Arsenazo III; 2=zirconium (196 ppm); 3= niobium (23
ppm); 4 = tantalum (23.5 ppm).

Evaluation of the applicability of the Arsenazo
Il chelating system to real samples was per-
formed with the analysis of zirconium ceramics
containing niobium and tantalum as alloying
additives. The baseline-resolved separation of all
metallic constituents of the sample was achieved
under the optimum separation conditions out-
lined (Fig. 8). Owing to the large differences in
migration times, zirconium as a main component
did not interfere with the detection of niobium
and tantalum. For practioners of CE, it is also
important to note that the only treatment of the
analysed solution consisted in dilution and filtra-
tion (for additional details, see Experimental).

4. Conclusions

It has been shown that micellar electrophoretic
systems can be applied to the CE separation of
negatively charged metal complexes provided
that these complexes possess a hydrophobic
nature so as to be solubilized by anionic SDS
micelles. With PAR complexes, both the electro-
phoretic mobility and micellar partitioning con-
tribute to their separation; the latter seemingly
has a smaller effect. The cationic component of
the carrier electrolyte (e.g., ammonium) can act
as an ion-pairing counter ion and help to over-
come electrostatic repulsion between anionic
solutes and negatively charged head groups of
the micelle. This alters the relative contribution
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of partitioning processes and leads to an im-
provement in resolution.

As demonstrated above, it is more difficult to
manipulate the retention behaviour of highly
ionized solutes, e.g., metal-Arsenazo III com-
plexes. The limited capacity of micellar CE with
respect to these chelates is also consistent with
the larger size of the molecules making solubili-
zation more difficult. In consequence, their sepa-
ration is not influenced by variations in the SDS
concentration and is based exclusively on differ-
ences in electrophoretic mobility. The same
observation is valid for other metal complexes
with “hydrophilic” ionizable groups, such as 5-
sulphohydroxyquinolinates [15] and N-methyl-N-
2-sulphoethyldithiocarbamates, currently under
investigation in our laboratory. On the other
hand, metal-Arsenazo III complexes demon-
strate the impressive selectivity in the non-micel-
lar CE mode that provides good separations for
a variety of metal ions.

In conclusion, the chelating systems described
here show promise regarding the expansion of
the analytical potential of metal complexation
CE toward the achievement of multi-element
separations with good detectability. Possibilities
of further improvements still exist and will be
explored in future work. Immunity of CE based
on precolumn complexation to complex sample
matrices, which are currently impossible to ana-
lyse by using present CE methodology, is espe-
cially attractive. Therefore, this method will well
complement traditional approaches to the sepa-
ration and determination of metal ions by CE.
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Abstract

Many +1 and +2 metal cations can be separated efficiently by CZE using lactic acid as a complexing reagent.
Addition of a crown ether, as well as lactic acid, permits the separation of K* and NH; in addition to the jons
previously separated. The problem of determining trace amounts of metal jons in the presence of a very high
concentration of another metal ion was also addressed. For example, a large Na™ peak (1000 ppm, w/W) covers up
the peaks of Ca®’, Mg®*, Sr*" and Ba?* (1 ppm each). However, addition of increasing concentrations of
methanol to the electrolyte permits complete resolution of Ca®* and Mg?" from the Na”. Further addition of a
crown ether moves Sr°* and Ba®* to longer migration times and permits resolution of these ions as well.
Separation of metal cations with slower complexation kinetics is possible under conditions where only the free
metal ions are present. Aluminum(III) and vanadium(IV), along with several other metal ions, were separated at
pH 3.2 using nicotinamide as a buffer component and as a reagent for indirect detection.

1. Introduction

The art and science of separation of metal
cations continues to develop at a fast pace.
Indirect detection by means of a chromogenic
cation [1,2] (often called a visualization reagent)
is quite common, although suppressed conduc-
tivity [3] and electrochemical detection [4] have
recently been used for some inorganic cations. It
has become quite common to include a weak
complexing reagent in the electrolyte to enhance
the separation of cations with very similar elec-
trophoretic mobilities. Several authors have re-
ported excellent separations based on these
principles [5-13]. In a recent publication we
reported the separation of 27 metal cations in
only 6.0 min using lactic acid as an auxiliary
complexing reagent [13]. However, it was not

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(93)E1263-Y

possible to resolve the potassium and ammonium
peaks from one another.

In the present work an electrolyte containing
both lactic acid and a crown ether was used to
separate 16 of the most commonly determined
metal ions. The effect of methanol on this system
was also investigated. Quantitative aspects of the
separations were studied and the problem of
determining trace metal ions in the presence ofa
high concentration of another cation was ad-
dressed. An uncomplexing electrolyte system is
also introduced here.

2. Experimental

A Waters Quanta 4000 capillary electropho-
resis system (Millipore Waters, Milford, MA,
USA), equipped with a positive power supply
was employed to separate metal cations and
generate all electropherograms. Polyamide-

© 1994 Elsevier Science BV. All rights reserved
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coated, fused-silica capillaries (Polymicro Tech-
nology, Phoenix, AZ, USA), were 60 cm in
length with an I.D. of 75 um and a distance of
52.5 cm from the point of injection to the
window of on column detection. Indirect UV
detection was employed at 214 nm or 254 nm. A
voltage of 15 to 30 kV was applied for separa-
tions. The time of hydrodynamic injection was
30 or 40 s for most separations. A Servogor 120
flatbed recorder (Goerz Instruments, Austria)
was used to plot electropherograms. The chart
speed was set at 3 cm/min for all electrophero-
grams presented in this paper.

All standards and electrolytes were prepared
with analytical-reagent grade chemicals and 18
MQ deionized waters by a Barnstead Nanopure
II system (Sybron Barnstead, Boston, MA,
USA).

Lactate buffers were mixed with lactic acid
(J.T. Baker, Phillipsburg, NJ, USA), 4-methyl-
benzylamine (Fluka, Ronkonkoma, NY, USA),
methanol (Fisher Scientific, Fair Lawn, NJ,
USA) and 18-crown-6 (Aldrich, Milwaukee, WI,
USA). The 4-methylbenzylamine was used as the
protonated cation for indirect detection of the
sample cations and for pH-adjustment. This
reagent is identical to Waters UV-Cat 1 which is
patented for use as an indirect detection reagent
in capillary zone electrophoresis [14].

The uncomplexing buffer was prepared with
nicotinamide (Sigma, St. Louis, MO, USA) and
other modifiers. Formic acid (Aldrich, Mil-
waukee, WI, USA) was used to adjust pH.

3. Results and discussion

3.1. Electrolytes containing lactic acid and a
crown ether

Lactic acid makes possible the separation of
metal ions with almost identical mobilities by
complexing the individual metal ions to varying
degrees. The divalent transition metal ions and
the lanthanides are two examples. However,
NH; and K" cations also have virtually identical
mobilities and are not complexed by lactic acid.
Previous investigators found that ammonium and

potassium ions can be separated by CZE if a
suitable crown ether is incorporated into the
electrolyte [15-18]. The K™ ion is selectively
complexed and its mobility is reduced just
enough to permit a good separation.

We found that an electrolyte solution con-
taining both lactic acid (11 mM) and a crown
ether (2.6 mM 18-crown-6) will permit an excel-
lent electrophoretic separation of 16 metal ions,
including NH; and K* (Fig. 1). The electrolyte
also contained 7.5 mM 4-methylbenzylamine as
an indirect detection coion. Separations in which
12-crown-4 or 15-crown-5 was used in place of
18-crown-6 failed to separate NH,; and K*.

Incorporation of 18-crown-6 into the elec-
trolyte containing lactic acid affects the migra-
tion of several metal ions other than K* and
NH; . The crown ether increases the migration
time of Sr** by 15%, Pb>* by 18% and Ba** by
35%, apparently by complexation to form a
bulkier, less mobile species. The effect of 18-
crown-6 on the migration times of metal ions,
compared to lactic acid alone, is summarized in
Table 1.

UV absorbance at 214 (arbitrary unit)

J L

20 3o 40 50 6.0 min

Fig. 1. Separation of 16 common metal ions and ammonium.
Electrolyte, 11 mM lactic acid, 2.6 mM 18-crown-6, 7.5 mM
4-methylbenzylamine, 8% methanol, pH 4.3; applied volt-
age, 30 kV; injection time, 30 s. Peaks: 1=NH, (5 ppm);
2=K" (5 ppm); 3=Na" (3 ppm); 4=Ca>" (3 ppm); 5=
Sr** (5 ppm); 6=Mg** (1.5 ppm); 7=Mn>* (3.2 ppm);
8=Ba’" (5 ppm); 9=Cd** (4 ppm); 10 =Fe* (3.2 ppm);
11=Li" (0.8 ppm); 12=Co’>" (3.2 ppm); 13=Ni** (3.2
ppm); 14 =Zn*" (3.2 ppm); 15 = Pb>* (5 ppm); 16 = Cu®* (4
ppm).
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Table 1

Effect of 2.6 mM 18-crown-6 on the migration times (f,;) of
metal ions in electrolyte also containing 11 mM lactic acid,
7.5 mM 4-methylbenzylamine and 8% methanol, buffered to

pH 4.3

Ion Lactic acid, Lactic acid + ty Increase
t, (min) 18-crown-6, (%)
1y (min)
NH; 2.33 2.37 1.7
K”* 2.33 2.54 9.0
Ba’" 2.78 3.75 35
Sr** 2.96 3.41 15
Na* 3.05 3.14 3.0
Ca’* 3.12 3.22 3.2
Mg** 3.28 3.43 4.6
Mn®* 3.42 3.54 3.5
cd*t 3.55 3.68 3.7
Li* 3.70 3.85 4.1
Co** 3.81 3.95 3.7
Pb>* 4.08 4.81 18
Ni** 4.15 4.44 7.0
Zn*" 4.30 4.62 7.4
Cu®* 5.96 6.20 4.0

3.2. Effect of methanol

Several investigators have studied the effect of
organic solvents on CZE [13,19-21]. Aceto-
phenone was used as a neutral marker to mea-
sure the electroosmotic mobility as a function of
methanol content in the electrolyte. The electro-
osmotic mobility decreases in a non-linear man-
ner, as shown in Fig. 2. The electrophoretic
mobility decreases almost linearly as the per-
centage of methanol in the electrolyte is in-
creased (Fig. 3). The sum of these effects is a
non-linear increase in migration times of the
metal ions (Fig. 4). In general, methanol in the
electrolyte improves the separation of metal ions
having adjacent migration times.

3.3. Effect of a high Na* concentration

One of the shortcomings of CZE is that ion
peaks become very broad at higher concentra-
tions. We investigated the determination of 1
ppm each of Mg?*, Ca®*, Sr’" and Ba’" in the
presence of 75 ppm of Na®. Fig. 5 shows that
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Fig. 2. Change of electroosmotic mobility with methanol as a
buffer modifier. Electrolyte, 15 mM lactic acid, 10 mM
4-methylbenzylamine, 0-24% (v/v) methanol, pH 4.3; ap-
plied voltage, 20 kV; injection time, 30 s; neutral marker,

acetophenone.

only Mg>* can be separated from this concen-
tration in 8% methanol, and only Mg®" and
Ca’" can be determined in 16% methanol or
32% methanol. However if 18-crown-6 is added
to the electrolyte, the migration times of Sr**
and Ba®" are slowed sufficiently that all four of
the trace metal ions can be determined (Fig. 6).
By lowering the applied voltage and reducing the
injection time from 30 s to 6 s, 1 ppm of each of
the four trace metal ions can be determined in
the presence of 1000 ppm of sodium (Fig. 7).
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Fig. 3. Change of electrophoretic mobility with methanol as
a buffer modifier. Conditions as in Fig. 2. O =Ba; O = Sr;
¥V =Na; V= Ca; 0 =Mg; B=Mn; A =Cd; A=Fe; O =Li;
¢ =Co.
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Fig. 4. Change of migration time with methanol as a buffer
modifier. Conditions as in Fig. 2. Symbols as in Fig. 3.

3.4. Calibration plots

Known concentrations of each of the metal
ions were separated under the conditions used in
Fig. 1 to test the quantitative aspects. Lithium(I)

() Na

Mg Mg

Ca

UV absorbance at 214 nm (arbitrary unit)
UV absorbance at 214 nm (arbitrary unit)

s o UL

—_—

-

25 30 35 490 min 4.0 50 6.0 min

Fig. 5. Effect of methanol in the separation of 75 ppm Na*
and 1 ppm Mg**, Ca®*, Sr** and Ba®*. Electrolyte, 15 mM
lactic acid, 10 mM 4-methylbenzylamine, pH 4.3, (a) 8%
(v/v) methanol; (b) 32% (v/v) methanol; applied voltage, 30
kV; injection time, 30 s.
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Fig. 6. Effect of 18-crown-6 in the separation of 75 ppm Na™*
and 1 ppm Mg**, Ca®*, Sr** and Ba®*. Electrolyte, 15 mM
lactic acid, 10 mM 4-methylbenzylamine, 32% (v/v) metha-
nol, 3.0 mM 18-crown-6, pH 4.3; applied voltage, 15 kV;
injection time, 30 s.
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Fig. 7. Separation of 1 ppm Mg**, Ca**, Sr** and Ba** from
1000 ppm Na”. Electrolyte conditions same as Fig. 6; applied
voltage, 10 kV; injection time, 6 s.
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Peak Area Ratio (Zn/Li)

00 20 40 60 8o 100
Concentration of Zn lon (ppm)

Fig. 8. Calibration plot of Zn’" using Li" as an internal
standard. Electrolyte, 15 mM lactic acid, 10 mM 4-methyl-
benzylamine, 0.6 mM 18-crown-6, 10% (v/ v) methanol, pH
4.3; applied voltage, 20 kV; injection time changing with the
concentration of Zn?* standard solution, 60 s for 0.10 ppm
and 0.25 ppm, 30 s for 0.50 ppm to 2.5 ppm, 15 s for 5.0
ppm, 15 s for 5.0 ppm, 11 s for 7.5 ppm, 8 s for 10.0 ppm;
internal standard concentration, 0.2 ppm Li” in 0.10 ppm or
0.25 ppm Zn®* solution, 1.0 ppm Li" in 0.5 or higher
concentration of Zn®" solution.

was selected as an internal standard. As might be
expected plots of peak height against concen-
trations were unsatisfactory over the range of 1
to 10 ppm. However, a plot of peak area
(relative to that of Li") vs. concentration gave a
linear plot over a 100-fold change in concen-
tration (0.1 to 10 ppm). A typical plot (Fig. 8)
shows linearity over the entire range. Slopes and
correlation coefficients are listed in Table 2.

Table 2
Slopes and correlation coefficients of calibration plot for
quantitative analysis of several metal cations

fon Slope (1/ppm) Correlation coefficient
Sr** 0.159 0.9983
Mg™* 0.560 0.9992
Mn** 0.241 0.9989
Co®" 0.277 0.9995
Zn*" 0.236 0.9995

Electrolyte, 15 mM lactic acid, 10 mM 4-methylbenzylamine,
0.6 mM 18-crown-6, 10% MeOH, pH 4.3; applied voltage,
20 kV; injection time, 860 s. The concentration of all metal
jon standards is from 0.1 ppm to 10.0 ppm.

3.5. Separation efficiency

The electrophoretic peaks were examined with
a recorder chart speed of 10 cm/min to spread
out the individual peaks and facilitate measure-
ment of peak width. The plate number (N)
widely used in chromatography was calculated
for Zn>", which was one of the better shaped
peaks. Mikkers et al. [22,23] have previously
explained why peak efficiency in CZE decreases
with increasing sample load. At 1 ppm, the
calculated value of N was ca. 365000, which
would indicate very efficient electrophoretic be-
havior. However, the calculated plate number
dropped drastically as the amount of Zn*" in-
jected was increased (Fig. 9). A somewhat
similar decrease in plate number with increasing
amounts of sample ions was noted in a recent

paper [3].
3.6. Separation of uncomplexed metal cations

Hydroxyisobutyric acid (HIBA) and lactic acid
have been used extensively to separate groups of
metal ions that have almost identical mobilities,
such as the divalent transition metal ions and the
trivalent lanthanides. Metal ions are complexed
to varying degrees, resulting in differences in the

350000

ARE

Theorstical Plate Number

100000

:

0.0 20 a0 6.0 8.0 10.0
Concentration of Zn Ion (ppm)

Fig. 9. Change of theoretical plate number with analyte
concentration. Same electrolyte condition and applied volt-
age as described in Fig. 8; injection time, 15 s. Theoretical
plate number calculated using (¢, /o)?, where t,, = the migra-

tion time and o = 2.35 W, ,, which is the half width of a peak.
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overall rates of movement of the various metal
ions. The zone of each element contains the free
metal cation in equilibrium with one or more
metal-ligand species. In the separation of the
lanthanides with lactic acid as the ligand, the
migration time has been shown to be a linear
function of 7, the average number of ligands
attached to the lanthanide [13]. It will be seen
that the equilibria between the free metal ion
and the several complexed species must be quite
fast in order to maintain a tight, compact zone.
If the equilibria are not rapid, the different
species would move at different rates and the
zone for an element would become very diffuse.

In the lactic acid system no peak could be
obtained for ions such as AI(III) and Fe(III).
This could be due to their complexation kinetics.
We therefore decided to study the separation of
metal ions by CZE under conditions where only
free, uncomplexed ions would be present. To
avoid complications from hydrolysis of metal
ions, a very acidic pH was chosen.

Attempts were made to separate metal ions
such as Cu®* and Cr’*, which have a reasonable
absorbance in the UV spectral range. Using
buffers such like protonated B-alanine (pK, =
3.6)—B-alanine or formic acid (pK, = 3.75)-for-
mate, Cu®*, Cr’*, UO2* and VO?* were sepa-
rated and directly detected at 214 nm. However,
the detection sensitivity was rather poor. The
absorbance of many other metal ions is so low
that direct detection is not feasible. The situation
becomes even worse if only a few detection
wavelengths are available on the instrument.

For these reasons indirect detection is the
better choice for multi-element detection with
high sensitivity. In practice, not all buffer sys-
tems are suitable for the indirect detection. The
baseline was very noisy and no metal ion peaks
could be discerned with B-alanine or formate as
the buffer and 4-methylbenzylamine or phenyl-
ethylamine as the UV-visualizing agent. How-
ever, good peaks were obtained at pH 3.2 with
nicotinamide (pK, =3.3) as the UV-visualizing
coion, and formate as the counterion.

Fig. 10a shows a separation of several metal
ions at pH 3.2 using 8.0 mM nicotinamide—
formate buffer. It is now possible to obtain good

UV absorbance at 254 (arbitrary unit)

40 5.0 6.0 7.0 min

2

UV absorbance at 254 (arbimrary unit)

. . ..
30 40 50 69 V7.0 win
Fig. 10. (a) Separation of a sample standard mixture using an
uncomplexing electrolyte. Electrolyte, 8 mM nicotinamide,
pH 3.2 adjusted with formic acid; applied voltage, 25 kV:
injection time, 40 s. Peaks: 1 =K* (1.5 ppm); 2= Ba** (1.5
ppm); 3 =Sr’" (1.5 ppm) and Ca’* (0.8 ppm); 4 = Mg>* (0.5
ppm) and Na™ (0.8 ppm); 5= AI** (0.8 ppm); 6 = Cu®* (0.8
ppm); 7=Li* (0.2 ppm); 8=VO*>* (2.0 ppm). (b) Sepa-
ration of the same sample standard mixture using an un-
complexing electrolyte with 18-crown-6. Electrolyte, 8
mM nicotinamide, 0.6 mM 18-crown-6, pH 3.2 adjusted with
formic acid; applied voltage, 25 kV; injection time, 40 s.
Peaks: 1=K" (1.5 ppm); 2= Ca** (0.8 ppm); 3 = Sr** (1.5
ppmy; 4 =Mg"* (0.5 ppm) and Na* (0.8 ppm); 5= AI’* (0.8
ppm); 6 =Cu”* (0.8 ppm); 7=Ba* (1.5 ppm); 8=Li* (0.2
ppm); 0=VO>** (2.0 ppm).

peaks for AI’* and VO®*. In other experiments
good peaks were obtained for UO3*, Cr’* and
Ag”.

%n Fig. 10a Ca®* and Sr** co-migrate (peak 3)
and Mg>* and Na® co-migrate in peak 4. The
separation was repeated under the same con-
ditions but with 0.6 mM 18-crown-6 also added
to the electrolyte (Fig. 10b). The crown ether
lengthened the migration times of Sr** and Ba®*
so that separation of Ca’* and Sr’* was ob-
tained.

The separation of AI’* was tried under the
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UV absorbance at 254 (arbitrary unit)
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Fig. 11. Electropherogram of a standard mixture with nine
common cations using a nicotinamide electrolyte. Elec-
trolyte, 8 mM nicotinamide, 12% methanol, 0.95 mM 18-
crown-6, pH 3.2 adjusted with formic acid; applied voltage,
25 kV; injection time, 40 s. Peaks: 1=NH; (1.5 ppm);
2=K"* (1.5 ppm); 3=Ca’* (1.0 ppm); 4=Na" (1.0 ppm);
5=Mg>* (0.5 ppm); 6=Sr** (1.0 ppm); 7= A’ (1.0 ppm);
8=Ba’" (1.0 ppm); 9=Li" (0.2 ppm).

same conditions as used for the separation shown
in Fig. 10b but with lactic acid added to the
electrolyte. No AI’" peak was found, suggesting
that the kinetics of forming and dissociating the
AP’ —lactate complex may be slow. The crown
ether in the electrolyte probably does not com-
plex AI’".

By adjusting slightly the concentrations of
nicotinamide and crown ether, and by adding
methanol to the electrolyte, it was possible to
completely resolve a mixture containing Mg“,
AI’" | the alkaline earths and the first three alkali
metal ions (Fig. 11).
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Abstract

In order to separate anions effectively it is usually necessary to eliminate or reverse the direction of
electroosmotic flow (EOF) resulting from attraction of cations to the negatively charged surface of a silica capillary.
Previous workers have accomplished this by adding a quaternary ammonium salt (Q") as an EOF “modifier”.
Under typical experimental conditions, a concentration of Q" >0.25 mM is required to reverse the EOF direction.
Addition of a low percentage of 1-butanol to the aqueous electrolyte was found to reduce the EOF. A combination
of butanol and a very low concentration of Q" (typically 0.03 mM) was found to be particularly effective in
controlling EOF and in giving effective separations of complex mixtures of anions. The probable mechanism of the

butanol-Q~ effect is discussed.

1. Introduction

Capillary electrophoresis (CE) has become an
efficient technique for separating inorganic and
organic anions. Several separations of inorganic
and short-chain organic acid anions have been
reported using UV detection [1-5]. Conductivity
detection has also been used successfully for
these separations [6,7].

In conventional CE using a fused-silica capil-
lary, the electroosmotic flow (EOF) is toward
the cathode where detection is performed.
Anions, however, have electrophoretic mobili-
ties toward the anode. Only anions having mo-
bilities with magnitudes less than that of the
EOF are detected with this configuration. Thus,
it is necessary to eliminate or reverse the direc-
tion of the EOF for most anion separations.

There are several ways to control EOF. These

* Corresponding author.

include altering the buffer pH [8-10] or the
electrolyte composition by adding surfactants
[6,11,12] or organic solvents [10,13,14]. Other
methods include coating the inner capillary walls
[15-17] or applying an external electric field
[18-20]. Several studies of the effects of these
parameters on anion separations have been pub-
lished [21-23].

The most common method used to reverse the
EOF for anion separations is to add a quaternary
ammonium salt to the electrolyte solution. The
positively charged compound is electrostatically
attracted to the ionized capillary wall, thus
creating a net positive charge on the wall. With
the use of a negative power supply, all anions are
detected at the anode.

In HPLC, Morris and Fritz [24] found that
chromatographic behavior of polar compounds
can be dramatically modified by use of a suitable
mobile phase additive. A concentration of 4-5%
1-butanol in water was found to be particularly
useful. A dynamic equilibrium of butanol exists

0021-9673/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0021-9673(93)E1179-4



438 N.J. Benz, J.S. Fritz | J. Chromatogr. A 671 (1994) 437-443

between the mobile phase and the resin, thus
coating the resin with a thin film of butanol.

It was thought that a similar effect was likely
to occur in CE. Again, a dynamic equilibrium of
butanol is expected between the aqueous elec-
trolyte and the walls of the silica capillary.
Several anion separations have been reported
which use electrolyte solutions with organic
solvent additives [2,22,23]. Most of these studies
have been limited to low-molecular-mass sol-
vents such as methanol, ethanol and acetonitrile.

In the present work, it is shown that a combi-
nation of low concentrations of a quaternary
ammonium salt and 1-butanol added to the
electrolyte solution affects anion separations.
EOF can be controlled more easily when butanol
is present and excellent anion separations are
possible.

2. Experimental

The CE system used for all experiments was
the Waters Quanta 4000 (Waters Chromatog-
raphy Division of Millipore, Milford, MA,
USA). Fused-silica capillaries (Polymicro Tech-
nology, Phoenix, AZ, USA) with lengths of 70
cm and inner diameters of 75 wm were used. At
62.5 cm from the injection end of the capillary,
the polyimide coating was burned off to create a
detection window.

New capillaries were conditioned by rinsing
with 1 M NaOH for approximately 1 h, followed
by a 15-min rinse with deionized water. A 5-min
rinse with NaOH, followed by a 5-min rinse of
deionized water was used to wash the capillaries
at the start of each day and between runs with
different electrolyte solutions.

Electrokinetic sampling was used with a sam-
ple voltage of 10 kV for 5 s (unless otherwise
specified) or the hydrostatic sampling mode was
used with a sampling time of 20 s and height of
10 cm. The capillary was purged with electrolyte
solution for 2 min before each run. All separa-
tions were carried out at room temperature. The
negative or positive power supply was used at 30
kV for each experiment.

On-column indirect UV detection at 254 nm

was used for all separations of inorganic and
short-chain organic acid anions. The electrolyte
solutions for these separations contained 5 mM
sodium chromate as the visualization reagent.
Direct UV detection at 254 nm was used for the
separation of the aromatic organic acid anions.

All solutions were prepared using deionized
water from a Barnstead Nanopure II system
(Sybron Barnstead, Boston, MA, USA). All
reagents and solvents used were reagent grade.
Stock solutions of the inorganic anions were
prepared from their corresponding sodium salts.
Stock solutions of the organic acids were pre-
pared from the organic acid and the pH raised to
form the anion. The chromate electrolyte solu-
tions were prepared from a stock solution of 100
mM sodium chromate (Fisher Scientific, Fair
Lawn, NJ, USA). The borate buffer solutions
were prepared from a stock solution of 20 mM
sodium tetraborate decahydrate (Fisher Scien-
tific). A 20 mM stock solution of OFM Anion-
BT, a proprietary reagent from Waters Chroma-
tography Division of Millipore, identified as
R(CH;);N"Br~, where R is a long-chain alkyl
group [25], was used as the quaternary ammo-
nium salt. All alcohols used were obtained from
Aldrich (Milwaukee, WI, USA). Adjustments of
pH were made with dilute solutions of reagent
grade HCI or NaOH.

3. Effect of Q* on EOF

Separation of inorganic and short-chain or-
ganic acid anions by CE requires the reversal or
elimination of EOF. A proprietary reagent de-
veloped by Waters, OFM Anion-BT (which will
be referred to as Q™), was used in our work as
an EOF modifier. When there is no Q" present
in a 5 mM chromate electrolyte solution and a
negative power supply is used, the EOF is strong
and toward the cathode. However, as increasing
amounts of Q" are added to the electrolyte
solution, the magnitude of the EOF to the
cathode is decreased until its direction is eventu-
ally reversed to the anode. As the concentration
of Q" in the electrolyte solution is increased, the
charge on the capillary wall becomes less nega-
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tive before obtaining a net positive charge. A
dynamic equilibrium is likely to exist between
the Q* on the surface of the capillary wall and
the Q" in the electrolyte solution.

Fairly high concentrations of Q" (e.g. 0.5
mM) have been used successfully for several
applications [2-5]. However, these concentra-
tions of Q" in the electrolyte solution may result
in a build-up of Q" on the capillary from run to
run thus making it necessary to clean the capil-
lary more often. Hydrophobic alkyl ammonium
salts, such as Q" also have limited solubility and
may form insoluble pairs with some electrolyte
components {23,26]. Therefore, a lower concen-
tration of Q7 in the electrolyte solution may be
beneficial for the analysis of some samples.

4. Effect of organic solvents on EOF

Buchberger and Haddad [22] studied the effect
of up to 30% methanol, acetonitrile, tetrahydro-
furan, acetone and ethylene glycol on the migra-
tion order of ten different anions. They noted a
general increase in migration times owing to: (1)
a decrease in conductivity resulting in a lower
current, and (2) a decrease in the amount of Q'
adsorbed on the inner capillary wall, resulting in
lower EOF to the anode.

If a low concentration (e.g. <0.05 mM) of Q"
is used in the electrolyte solution with a negative
power supply, the EOF is still in the opposite
direction to the electrophoretic flow of the sam-
ple anions. This results in very long migration
times.

Addition of alcohols such as methanol, etha-
nol, 1-propanol, 1-butanol and 1- and 2-pentanol
decrease the EOF toward the cathode, thus
resulting in faster migration times. However,
even high concentrations (e.g. 20%) of metha-
nol, ethanol and 1-propanol do not result in
satisfactory decreases in migration times. Low
concentrations of butanol (3-5%) and pentanol
(1-2%) result in significant decreases in migra-
tion times. Anions that had migration times of
ca. 30 min when a low concentration of Q" was
used as the lone additive to the electrolyte
solution showed migration times of ca. 3 min

when a low concentration of butanol or pentanol
was added to the electrolyte solution. Since
pentanol had limited solubility in the aqueous
electrolyte solution and less controllable effects
on the EOF, 1-butanol was chosen as the most
promising alcohol to use as an EOF modifier.

5. Effect of 1-butanol on EOF

The effect of 1-butanol on the EOF was
studied by measuring the EOF at increasing
butanol concentrations. The EOF was measured
using a positive power supply, a 5 mM chromate
electrolyte solution at pH 8.0, and deionized
water as the neutral marker. Electrolyte solu-
tions containing greater than 8% butanol were
not studied due to solubility limitations of
butanol in the aqueous solution. Fig. 1 shows the
effect of increasing butanol concentrations on
the EOF. The EOF coefficient was calculated
from the expression ., =(LL,)/(Vt), where
L = capillary length (cm), L, = capillary length
from injection to detector (cm), V= applied
voltage (Vs) and ¢ = time (s). Although butanol
does not reverse the EOF, there is a significant
decrease in the EOF to the cathode as the
concentration of butanol is increased. This effect
is due in part to the butanol adsorbing to the
capillary surface, thus cancelling the effect of the
covered ionized groups on the EOF. It is likely
that a dynamic equilibrium is established be-
tween the butanol in solution and the butanol on
the capillary surface.

6. Effect of Q* and butanol on EOF

Since neither a low concentration of Q™ or
butanol alone reversed the EOF, a combination
of the two modifiers was investigated. Fig. 2
shows the effect of increasing Q" concentrations
on the EOF in electrolyte solutions containing 0,
3 or 5% butanol. The EOF direction is reversed
at a much lower concentration of Q" when
butanol is added to the electrolyte solution.

Three possible mechanisms were considered to
explain the observed results. (1) Ton interaction
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Fig. 1. Variation of EOF coefficient versus percentage 1-butanol added to an electrolyte solution of 5 mM chromate at pH 8.0.

Negative coefficients indicate flow toward the cathode.

between the Q" and the analyte anions is unlike-
ly to occur in the solution phase because of the
very low concentrations of Q* (<0.1 mM) being

EOF Coetficlent [cm2AV 5)]x10%

0.3 0.4

mM Q*

Fig. 2. EOF coefficient as a function of concentration of Q*
added to electrolyte solutions of 5 mM chromate at pH 8.0
containing 0 (0), 3 (+) or 5% (<) 1-butanol. Negative
coefficients indicate flow toward the cathode.

used. Furthermore, the relative migration times
of several anions studied were unchanged when
the concentration of Q" was varied from 0.03 to
0.1 mM. (2) Formation of a micelle was ruled
out because the concentration of Q in the
electrolyte solution was far below the critical
micelle concentration [27]. (3) The most plaus-
ible mechanism is one in which both butanol and
Q" are adsorbed on the capillary surface by a
dynamic equilibrium. The adsorbed butanol
would shift the Q" equilibrium so that the
surface achieves a net positive charge at a
significantly lower Q" concentration. This mech-
anism is supported by the work of Scott and
Simpson [28] on the distribution of several sol-
vents including butanol between an aqueous
phase and a reversed phase silica surface. They
concluded that a dynamic equilibrium exists in
which there is a monolayer coating of butanol on
the surface.

The effect of using low concentrations of both
Q™ and butanol is more impressive when actual
CE separations are viewed. Fig. 3A shows an
attempted separation of an anion mixture using
0.075 mM Q" in an aqueous electrolyte solution
containing 5 mM chromate at pH 8.0. Migration
of the anions was so slow that only the first few
anions had appeared after an hour. Using the
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Fig. 3. Separation of inorganic and short-chain organic acid ani
ppm, w/w); 2=Cl~ (5 ppm); 3=S0;" (6 ppm); 4=NO, (7 p
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ons using varying concentrations of 1-butanol. Peaks: 1=Br~ (5
pm); 5=NO; (8 ppm); 6=F (8 ppm); 7 =HCOO" (10 ppm);

8§ =CO?” (7 ppm); 9= acetate (10 ppm); 10 = propionate (10 ppm); 11 = butyrate (10 ppm); 12 = valerate (10 ppm). (A)
Electrolyte: 5 mM chromate, 0.075 mM Q7, pH 8.0; applied voltage: —30 kV, current: 23 pA, electromigration injection 6 s/10
kV. (B) Electrolyte: 5 mM chromate, 0.075 mM Q7, 3% 1-butanol, pH 8.0; applied voltage: —30 kV, current: 21 pA,

electromigration injection 6 s/10 kV. (C

same experimental conditions except for the
addition of 3% butanol to the electrolyte solu-
tion, an excellent separation (Fig. 3B) was
obtained in less than 5 min. The separation (Fig.
3C) observed when 5% butanol was added was
even faster.

Several anions were separated using a combi-
nation of low concentrations of Q" and butanol.
A typical separation of some of these anions
using 0.03 mM Q" and 4% butanol is shown in
Fig. 4. Without butanol, a much higher concen-

) Electrolyte: 5 mM chromate, 0.075 mM Q°, 5% 1-butanol, pH 8.0; applied voltage:
—30 kV, current: 21 pA, electromigration injection 10 s/ 10 kV.

tration of Q% was required to obtain a compar-
able separation.

Several aromatic carboxylic acid anions were
separated using conditions similar to those used
previously (Fig. 5). Direct UV detection at 254
nm was used for these anions along with a borate
buffer solution. Separation of this mixture was
also attempted using the positive power supply
and a borate buffer solution with no additives.
Under these conditions, the EOF was toward the
cathode with the electrophoretic mobilities of the
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Fig. 4. Separation of inorganic anions. Electrolyte: 5 mM
chromate, 0.03 mM Q*, 4% 1-butanol, pH 8.0; applied
voltage: —30 KV, current: 23 pA, electromigration injection 5
$/10 kV. Peaks: 1=Br~ (5 ppm); 2=Cl" (5 ppm); 3=S0:"
(6 ppm); 4=NO; (7 ppm); 5 =NO; (7 ppm); 6 =MoO>"
(10 ppm); 7=N; (10 ppm); 8=CIO; (8 ppm); 9=F (8
ppm); 10 =HCOO~ (8 ppmy); 11 = CIO; (8 ppm); 12 =CO?"~
(7 ppmy).

anions in the opposite direction. The separation
was unsuccessful, resulting in poor resolution of
the less mobile anions and long migration times
for the most mobile anions.

7. Conclusions

The combination of low concentrations of 1-
butanol and a quaternary ammonium reagent in
aqueous solutions is an excellent way to modify
EOF in the CE separation of anions. Coating the
capillary surface by a dynamic equilibrium in-
volving butanol and Q" is an attractive alter-
native to other methods that have been proposed
for adjusting EOF. Separations using this system
are less noisy and more reproducible.
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Abstract

We have been able to show that capillary electrophoresis (CE) can be used for the rapid determination of sulfate
in granular detergents. With this method, an aqueous solution of the detergent (5 g/1) is prepared and a small,
filtered (0.2 wm) portion is used for the assay. The total analysis time per sample by CE is less than 15 min using
duplicate injections, with 2-min washes between each injection. The analytical method and a comparison of results
between CE and gravimetric determinations, will be discussed. Sodium sulfate was quantitated by CE and by a
BaCl, gravimetric method using 26 different granular detergents with levels ranging from 2 to 40% Na,SO,. A
least squares fit of the gravimetric data plotted versus the CE data resulted in r> =0.991, m=0.92+0.02 and
b= —0.41=0.24 (SEE = 0.864), where m = slope, b = y-intercept, and SEE = standard error of estimate. Day-to-
day CE results varied by less than 1.0% Na,SO,. Within a given day, results from replicate samples varied typically
by less than 0.5% Na,SO,. The optimum linear range for this method is between 10 to 100 pg/ml, even though the
response is linear up to and beyond 180 wg/ml. Sulfate concentrations above 100 pg/ml result in poor resolution

for samples with multiple ions.

1. Introduction

This paper describes the use of a technique for
the determination of low-molecular-mass ionic
analytes by capillary electrophoresis (CE), using
indirect ultraviolet detection. In particular, we
have selected an approach developed for the
determination of small inorganic anions using an
electrolyte composed of chromate and a quater-
nary amine electroosmotic flow modifier to affect
separation, as first reported by Jones and Jandik
in 1990 [1,2]. This approach has proven success-
ful especially for the determination of anions in
complex samples such as Kraft black liquors in
the pulp and paper industry [3], bulk phar-
maceuticals and their synthetic intermediates [4]
and prenatal vitamin formulations [5].

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(93)E1117-1

Since laundry detergents also represent com-
plex mixtures of organic and inorganic compo-
nents, this same approach was selected for de-
termining sulfate. Laundry detergents typically
include surfactants (anionic, cationic, non-ionic
and/or amphoteric), organic chelating agents
(i.e. EDTA), oxidizing agents (i.e. sodium
perborate), optical brighteners, enzymes, water/
solvents and inorganic salts such as sodium
carbonate, sulfate, chloride, silicate and borax.
The quantitation of sodium sulfate in detergent
products can be a long and tedious process using
well known gravimetric determinations. The
usual approach for quantitating sulfate in de-
tergent products is by a gravimetric method
using barium chloride [6,7], which can require 3
to 4 days per sample to complete, depending on
how easily the samples can be vacuum filtered.

Although ion chromatography may be consid-

© 1994 Elsevier Science B.V. All rights reserved
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ered as an alternative to gravimetric methods,
the cost involved in personnel training and
instrument maintenance is a serious considera-
tion, and still some preparation is needed for
detergent samples. We were interested in de-
termining if CE would provide us a fast and
simple means for the rapid quantitation of sul-
fate, thereby providing a significant improve-
ment in our lab’s productivity.

2. Experimental
2.1. Instrumentation

A Quanta 4000 CE system (Waters Chroma-
tography Division of Millipore, Milford, MA,
USA) equipped with a 60 cmx75 um LD.
fused-silica capillary (Waters AccuSep CE capil-
lary assembly), a Hg lamp with 254-nm filters
and negative power supply was employed for all
experiments. Data acquisition and processing
was performed using a Waters 860 Chromatog-
raphy Data System on a MicroVax 3100 Compu-
ter (Digital Equipment Corp., Maynard, MA,
USA). A Waters Laboratory Acquisition and
Communications/Environment (LAC/E) mod-
ule was used to connect the data system and CE
instrument over Ethernet and is interfaced with
the host computer for data archiving and pro-
cessing. The LAC/E module receives the analog
signal from the CE instrument through a Waters
SAT/IN (Satellite Interface) module, which is an
A/D converter. The CE instrument detector
output is connected directly to the SAT/IN
module with inverted signal polarity. The CE
detector time constant was set at 0.1 s with a
data acquisition rate of 20 Hz. Data collection
was initiated by a signal cable connection be-
tween the Quanta 4000 and the SAT/IN module.

2.2. Reagents

Sodium chromate tetrahydrate (analytical-re-
agent grade), Ultrex and reagent-grade sulfuric
acid were obtained from J.T. Baker (Phillips-
burg, NJ, USA). Sodium sulfate, 99.99 + %

pure, sodium hydroxide, potassium hydroxide
and barium chloride were obtained from Aldrich
(Milwaukee, WI, USA). A bromide standard
solution (500 ug/ml) was obtained from HACH
Co. (Loveland, CO, USA). Waters CIA-Pak
OFM Anion-BT solution was obtained as a 20
mM concentrate from the Waters Division of
Millipore. Purified water (18 M{2) was obtained
using a Millipore Milli-Q Plus water purification
system (Bedford, MA, USA) and this water was
used for preparing all solutions.

2.3. Solutions

Electrolyte solutions were prepared daily,
filtered using a 0.45-um Millipore membrane
(type HV) disposable syringe filter, and degassed
with a Waters solvent clarification kit. Solutions
of 100 mM KOH were used for pre-conditioning
the capillary daily. A chromate electrolyte con-
centrate was prepared by adding to a 1-1 volu-
metric flask, 500 ml Milli-Q water, 23.41 g
sodium chromate tetrahydrate and 68 ml of 10
mM sulfuric acid (prepared by diluting 560 ul of
concentrated sulfuric acid to 1 1 using Milli-Q
water). This concentrate may be stored in volu-
metric or sealed glass container for up to 1 year
and will make 20 1 of electrolyte. The working
electrolyte solution was prepared by diluting 5
ml of the Waters OFM Anion-BT solution [8]
and 7 ml of the electrolyte chromate concentrate -
to 100 ml. This results in a 5 mM chromate and
0.5 mM OFM electrolyte. The pH of the elec-
trolyte may be adjusted as necessary to pH 8.0
with 100 mM NaOH.

Sulfate quantitation was based on external
standard calibration. The sulfate standard solu-
tions of 10, 30, 70 and 100 ng/ml were prepared
from dilutions of a 4000 wg/ml concentrated
standard. Duplicate injections at each level were
used to calibrate the system.

The -presence of bromide in the electrolyte,
which is introduced by the OFM, causes a “dip”
in the baseline at the migration time corre-
sponding to bromide [9]. This could potentially
interfere with the quantitation of chloride and
sulfate so we have used a bromide diluent to
eliminate this problem. The bromide standard
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solution is used to prepare the diluent for the
final dilution step of the samples. The diluent
was prepared by diluting 30 ml of the 500 pg/mi
standard solution to 1 1. This results in approxi-
mately a 15 wg/ml bromide spike in the samples.

The granular detergent samples should be
riffled and ground before usage to ensure repre-
sentative samples are taken. Sample solutions
were prepared by dissolving 5 g of a detergent
sample in 1 1 of Milli-Q water. If the sample was
known to have less than 5% sodium sulfate, 300
ul of the 500 wg/ml bromide stock was diluted
to 10 ml using the sample solution (5 g/l) as
diluent. For samples having more than 5%
sodium sulfate, 1.0 ml of the sample solution was
diluted to 10 ml using the 15 wg/ml bromide
diluent. A small portion of the spiked sample
solution was then filtered using a disposable 5 ml
syringe and a 0.2-um Gelman lon Chromatog-
raphy Acrodiscs (Ann Arbor, MI, USA) filter
before being placed in the sample tray.

2.4. Gravimetric procedure

The gravimetric procedure [7] for determining
inorganic sulfate in laundry detergents is basical-
ly comprised of four steps: (1) alcohol separa-
tion, (2) removal of soluble silicates, (3) precipi-
tation of sulfate with barium chloride and (4)
weigh dry precipitate. For the alcohol separa-
tion, a 5-g sample of detergent was dissolved in
hot ethanol and digested on a steam bath. Then
the inorganic fraction was collected by vacuum
filtration. This fraction was washed with concen-
trated hydrochloric acid, followed by evapora-
tion to dryness and was repeated for a total of
three iterations. The silicate was then separated
by vacuum filtration. The filtrate was then di-
luted, and an aliquot taken and heated to boil-
ing. At this point barium chloride was added to
precipitate the sulfate. The precipitate was then
separated by vacuum filtration and dried in a
furnace.

2.5. Electrophoretic conditions
Waters capillary ion electrophoresis (Waters’

trade name: Capillary Ion Analysis) Method N-
601 for general anions was used without modi-

fication [10]. The conditions used were 20 kV run
voltage, hydrostatic injection at 10 cm height for
30 s, 254 nm detection, 0.1 s time constant,
negative detector polarity, ambient temperature,
60 cm x 75 pum L.D. fused-silica capillary and 5
min run time.

3. Results and discussion

Initial work with the CE method involved
determination of the linear dynamic range for
the quantitation of sulfate using standard solu-
tions. Sulfate concentrations of 4, 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 120, 140 and 180 pg/ml
were run with triplicate injections at each level.
A least squares fit of the data through a zero
intercept was linear over the entire range with
r2 =0.9985 and m =300. A linear least squares
fit with a non-zero intercept returned values of
P2 =0.9994, m=292+2.0 and b=789=177
(SEE = 379), where m =slope, b = y-intercept,
and SEE = standard error of estimate. The
working range was selected to be between 10-
100 wg/ml since resolution of the sulfate and
chloride peaks begins to seriously deteriorate at
levels approaching 100 pg/ml. Typical calibra-
tion curves over this range have a correlation
coefficient of r* =0.9994.

To compare results from CE and gravimetric
sulfate determinations, 26 laundry detergent
samples with sulfate levels ranging from 2 to
40% were used for both methods. A typical
electropherogram for a detergent sample is
shown in Fig. 1. In this figure, the bromide spike

Br-

2.00 T2.5e 3.00 T 4.90 4.5 s.00
Minutes

Fig. 1. Typical electropherogram for a detergent sample. In
this figure, the bromide spike is readily identified and well
separated from the sulfate peak, which represents approxi-
mately 20 pwg/ml sulfate.
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is readily identified and well separated from the
sulfate peak, which represents approximately 20
pg/ml sulfate. The CE results for laundry de-
tergent samples are summarized in Table 1.
Compact and regular detergents refer to differ-
ent types of detergent formulations. Typically,
absolute day-to-day results varied by less than
0.5% Na,SO, by CE, and by not more than
2.0%. Replicate hydrostatic injections of the
same sample typically varied by less than 0.05%.
The day-to-day variability for some of these
samples can be directly tied to particular de-
tergent formulations for which it was difficult to
obtain representative samples. To determine
within-day variability, seven ‘detergent samples
were run in duplicate and the results are summa-
rized in Table 2. As shown by the data, duplicate
samples varied typically by less than 0.5%
Na,SO, within a given day.

Table 1

Gravimetric results are given in Table 3. Since
the gravimetric determination is so labor inten-
sive, typically only one sample is ever run for a
sulfate determination. Duplicate gravimetric de-
terminations are rarely performed on a daily
basis unless some problem with a detergent
formulation mass balance is identified. As seen
by these results, gravimetric determinations can
vary substantially, and this approach is very
dependent on the skill of the analyst. Overall,
the gravimetric method is very reliable, and
results typically vary by less than 1% Na,SO,. A
correlation plot of the % Na,SO, determined by
the CE and gravimetric methods is shown in Fig.
2. A least squares fit of the data results in
r*=0991, m=0.92+0.02 and b= —0.41+
0.24 (SEE =0.864). Examples of differences for
several of the samples are given in Table 4 for
comparison. As shown by the correlation plot,

Summary of CE results for day-to-day determinations of % sodium sulfate in 26 granular detergent products

Description Day-to-day results, Average S.D.
% Na,SO, result, % Na,SO,
Compact granule 2.0,1.6,1.7,1.7 1.7 0.2
Compact granule 1.9,2.1,2.1 2.0 0.1
Compact granule 2.2,22,23 2.2 0.1
Compact granule 22,2.2,23 2.3 0.1
Compact granule 2.2,2.4,2.3 2.3 0.1
Compact granule 2.1,2.9,2.9,2.5 2.6 0.5
Compact granule 2.6,3.1,3.1 2.9 0.3
Compact granule 2.9,33 3.1 0.3
Compact granule 3.2,3.6,3.8 3.5 0.3
Compact granule 3.7,3.8 3.8 0.1
Compact granule 4.0,5.1,4.0 4.4 0.6
Compact granule 4.8,5.0 49 0.2
Compact granule 5.6,4.3 53 0.2
Compact granule 5.7,5.9 5.8 0.1
Compact granule 6.3,6.3,6.3 6.3 0.0
Compact granule 6.5,6.5 6.5 0.0
Compact granule 6.7,6.9 6.8 0.1
Compact granule 7.5,7.1 7.3 0.3
Compact granule 8.7,9.1 8.9 0.3
Compact granule 12.1,13.1 12.6 0.7
Regular granule 13.5,12.0,12.7 12.7 0.8
Regular granule 16.4,16.4,16.7,16.6,16.2 16.5 0.1
Regular granule 18.7,19.0 18.9 0.2
Regular granule 20.3,19.7 20.0 0.4
Regular granule 22.8,24.7 23.7 1.4
Regular granule 37.3,36.7 37.0 0.4
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Table 2
Summary of duplicate CE results for within-day determinations of % sodium sulfate in seven granular detergent products
Description Within-day Average, S.D.
results, % Na,SO, % Na,SO,
Regular granule 16.43, 16.66 16.55 0.16
Compact granule 5.59,4.55 5.07 0.74
Compact granule 5.43,4.82 5.13 0.43
Compact granule 2.07,2.25 2.16 0.13
Compact granule 2.91,2.86 2.89 0.04
Compact granule 2.51,2.60 2.56 0.06
Compact granule 7.21,7.50 7.36 0.20
Table 3
Summary of gravimetric results for day-to-day determinations of % sodium sulfate in 26 granular detergent products
Description Day-to-day gravimetric results, Average, S.D.
% Na,SO, % Na,SO,
Compact granule 2.6,1.9 2.2 0.4
Compact granule 2.8,2.6 2.7 0.2
Compact granule 2.8,2.6 2.7 0.2
Compact granule 29,29 2.9 0.0
Compact granule 1.9,2.8 2.3 0.6
Compact granule 4.3,3.1 3.7 0.8
Compact granule 3.9,33 3.6 0.4
Compact granule 3.3,35 3.4 0.1
Compact granule 4.3,2.6 3.5 1.2
Compact granule 51,14 3.2 2.6
Compact granule 5.9,5.8 5.9 0.1
Compact granule 5.1,49,1.8,4.9,55,55 4.6 1.4
Compact granule 7.1,6.2 6.7 0.6
Compact granule 7.9,7.5,6.8,7.6 7.4 0.4
Compact granule 8.3,8.8 8.6 0.4
Compact granule 82,85 8.3 0.2
Compact granule 8.8,8.0 8.4 0.6
Compact granule 8.3,9.3 8.8 0.7
Compact granule 9.5,9.5 9.5 0.0
Regular granule 13.9 13.9
Regular granule 15.6,15.6 15.6 0.0
Regular granule 16.9,17.2,17.3,16.3,18.1,17.8,16.8 17.2 0.6
Regular granule 22.1 22.1
Regular granule 23.5,23.5 23.5 0.0
Regular granule 24.0,23.6 23.8 0.3
Regular granule 40.4 40.4
CE results tend to be slightly lower than 4. Conclusions
gravimetric results. The absolute difference be-
tween CE and gravimetric results ranged from 0 CE provides an easier and accurate means for
to 3.5% Na,SO,, and typically varied by 1.0% quantitating sulfate in detergent products with
or less. This small difference was judged to be equivalent results to the gravimetric procedure.

insignificant for our purposes. The major advantages of CE are speed, simplici-
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Fig. 2. Correlation plot for sulfate determinations by CE and gravimetric methods. A least squares fit of the data results in
r*=0.991, m=0.92+0.02 and b = — 0.41 +0.24 (SEE = 0.864).

Table 4
Summary of CE and gravimetric results for the determination of Na,SO, in seven different granular detergents and the calculated
difference between methods

Sample Gravimetric CE Difference
results, % Na,SO, results, % Na,SO, (gravimetric — CE),
% Na,SO,
x S.D. n x S.D. n
Regular granule 17.2 0.2 7 16.5 0.1 4 0.7
Compact granule 4.6 1.4 6 4.5 1.0 3 0.1
Compact granule 7.4 0.5 4 5.8 0.1 2 1.6
Compact granule 9.5 0.0 2 8.9 0.3 2 0.6
Compact granule 3.2 2.6 2 3.8 0.1 2 -0.6
Compact granule 8.4 0.6 2 6.8 0.1 2 1.6
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ty, significant time savings and minimal con-
sumption of reagents. Because of the simplicity
and speed of the CE method, duplicate samples
can be easily run to check results or to get quick
answers. An added benefit not discussed in the
text of the paper is the potential to quantitate
sulfate and chloride simultaneously by CE.
Other anions such as sulfite, nitrate, orthophos-
phate and carbonate can also be identified in the
same run, and in some cases quantitated.
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