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!Fig....e 7. Interfacial energy diagram for a diamond thin·film electrode-electrolyte interface showing (A) the position of E", Eo" and the
nondiamono' impurity states at E = 5b, (8) the limited degree of band bending under reverse biDS conditions when E -<: E-b, and (C) the relative
positions ,~f the Efi2 values for the redox analytes studied with respect to the band edge positions e.t E = Eft.

p-type semiconductor electrode for the oxidation of a reduced

species, Red., is given by tbe following expression:49

where p"" (cre') is the concentration of majority camers at tbe
surface (hn:es), [Red.] is the concentration of the analyte at the
reaction zone (mo1/cm3), and kct (em'/s) is a bimolecular electron
transfer rare constant. In other words, tbe rate of the oxidation

i, dependent on the charge camer density (holes) at tbe electrode
SlJrface For redox couples witb E) values positive oftbe valence
band edge, electron transfer occurs under accumulation condi
tions. The p-1'Jpe semiconductor becomes degenerate due to the
excess densitj of holes concentrated at the surface, and the
behavior resembles that of a metal-electrolyte interface. Redox
couples with EJ values witbin the bandgap region of an ideally

behaved semiconductor-electrolyte interface tend to be inhibited
due a low density of available charge camers. Figure 7C shows
the band edge positions along with the £'/2 values of tbe redox

analytes studied at E = 1.:'10.
The only redox ""alyte studied with an E'/2 value positive of

the Kb was IrCIs'-/3-. In nearly all cases, quasireversible to
reversible kinetics were observed at the as grown diamond (Figure
4B). Fe(CN)Ii"-;"- has an E'/2 value positioned between Kb and
the lower ecige of the nondiamond carbon impurities within the

midgap region. At the as grown film, appreciable anodic and

cathodic currents are not obsened untii the applied potential

approaches E'b and the lower edge of the impurity states,
respectively (Figure 4A). Ru(NH3k+/2+ and MVH+/O have E1I2

values .,,,ithin the energetic region of the impurity states, and

consequently quasireversiblc to reversible electron transfer kinel

ics are observed at the as grovm film. The £1/2 values for HQ,

DA, and 4-MC are not preciseiy known because the pH of the
electrolyte solution was no: measured However, the values are

expected to be in the miclgap region between Kb and the impurity
states. Appreciable anodic and cathodic currents are not observed

until applied potentials positive of E'b and negative of the lower
edge ofthe impurity states, respectively (Figure 4C,D).

In this model. we suppose that the etching treatment modifies

tbe charge carrier demity at the surface by introducing sUliace
states witbin tbe micigap region which serve to facilitate electron

transfer Modifications of the density of states in the midgap
region would not be expected to affect the kinetics for 1rCI,,3-14-,

Ru (NH3lb3+/2+, and lv!V2+i+!O given the position of their £1/2 values,

and in fact this trend is observed. The kinetics for Fe (CN)(jH4- ,

FC, DA, IlQ, and 4-MC would, however, be expected to improve
witb pretreatmert as the density of states in !J,e midgap region is

increased. The data indicate that the kinetics for Fe(CN)Ii"-!4
are, in fact, significantly improved after etching. Quasireversible
to reversible kinetics for Fe are aiso observed after etching, but
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Table 3. Element Contents Determined in Two Different Titanium Samples by INAA and RNAA, and Achievable
Limots of Deteotion

content, J,g!g

sample Ti-l sample Ti-2 limits of de~ection, ,ug/g<l

INAA RNAA !NAA !,NAA INAA RNAA
P, 1.00 ± 030 7." + OS 0.004
C <1.1 <O.OJ <1.5 <01 11 O.O!
C <O! <0.0011 <0.12 <0008 01 O.OOH
C 0.0094 ± 0.0010 O.OOSO ± 0.0012 0.42 ± 0.01 0.43 0.01 0003 0.0002
C 2.4 -:L 0.3 118 ± 3 0.13
C <0.005 <0.00012 <0.007 <O.Oe03 0.005 0.00012
B 0.21 ± 0.04 5.6± 1.8 0.001
C 8.7 0.4 6.7 ± 0.8 3,,1 ± 5 338 5 1.8 0.03
B <0.0004 <0.004 0.069 ± 0.017 0.0,,6 ± 0.012 0.004 0.0004
C 00,,5 ± 0.002 0.039 ± 0.001 <0.01 0.0051 ± C.OO04 0.01 8x
C <0.] <0.001 <0.1 <0.003 0.1 0.001
C <6 x 10-' <2 x 10-' <9 x 10 (.s.6 ± 0.3) xHJ (; x lC 2 x Ie-Ii
p, <0.08 <0.03 <0.11 <0.0:': 0.08 om

0.12 ± O.Q3 7.2 ± 1.0 0.005
C <OA 0.045 ± 0.004 <0.55 050 004 OA 0.:J03
l' 0.017 ± 0.004 0.012 ± 0.001 <0003 <O.01i3 0.0002 5 x 10-)

C 6_9 :C' 1.9 6.9 ± 1.2 161 ± 2 162 ± 5 1.5 O.OOS
C <0.1 <0.001 <0.1 <0.008 0.1 0.001
B <0.002 <O.OOO! <0.002 <O.Ql)06 0.00'2 O.iJOiJl
C <0.035 <0.Oij02 <0.035 <0.:)C02 0.035
C 0.017 = 0.004 O.OOS ± 0.001(1 2.7± OJ 26 ± OJ" 0.003
C <0.14 <0.001 <OJ4 0.14
C <1.7" <O.25d 79 + 2(· 69 ± 1.7'-
C <1.6 <0.03 <1.6 <0.1 l.G 0.03
C 0.032 ± 0.001 0.029 ± 0.003 0.0053 ~ 0.0015 0.000:5 ± 0.0002 0.001 5x ]0
C <O.CO.53 (6.6 ± x 10-" <0006 ± 0.5) x 10 o.oem 3 x w-c,
C <0.011 <7 x 10 <0.014 ± 0.0003 0.011 7 x
B 0.030 (n=!) 0.U22 ± iJU02 U.24 ± 0.03 O.2C =003 O.OUb 0.0004
C <0.18 <C.OOI <0.18 <0.006 IJl8 0.001
C <4.3 1.8 ± U.1 <4..S 0.29 =0.04 4.:3 0.045

(lNAA) end the 468

Table 4, Comparison of !Results and of Limits of Detection Obtained by RNAA, mOMS, is and GDMS14 for Sample Ti..1

elemenl

Cd
C,
Cli
Fe

Th
Li

l"iAA.

RJ\AA

<0.0014
2.36 ± U.24"
0.210 ± 0.040
G.G7 ± 0.76
6.91 ± 1.15
(lib ±
<7 x

content, ,ug/g limib or detection, pg/g

lDMS GDMS RNAA IDMS GDMS

<0.0017 <0.050 0.0014 0.1l017 0.050
2.48 ± 0.05 3.8 ± !.4 0.1::'
0.217 ± 0.006 0.039 ± 0.008 0.001 eWOl
7.39 ± 0.54 4.2 ± 0.5 0.0': 0.:)33
7.01 ± U.46 3.6 ± U.4 0.009 O')O'!
<7 x 10-" <3 X 10-" 3 x lO-" 7 x 10-' 3 x 10-'1

<7 x 10-" <4 x lO-" 7 X 10-' 7 x 10-; 4 x 10-'

Table 4 shows the results of seven elements determined in
sample Yr-] by RNA" (er detennined by INAA), by IDMS after
matrix-traces separation, IS and by GDMS14 11,e results for Cr,
Cu, Fe, and Ni obtained by RNM and IDMS are in exce1Jent
agreement. Due to the lack of appropriate titanium standard
reference material, the quantification in the GDMS was perfonned
by using the typical relative sensitivity factors." The discrepancy

the resuits by R.\fAA and GDMS of a factor of -2 for the
elements Cr. Fe, and Ni and a factor of ~5 for Cu can be explained
by the insufficient accuracy of this calibration method. The
thorium coment detemlined by RNM is below the limit of
detection of lDMS and GDMS. For Cd and U, the element
concentrations in the sample are below the Limits of detection of
all three methods.

The limits of detection were experimental1y estimated for
sample Ti-1 (see Table 3). They were obtained from the
comparison of the measured y-ray peak intensities correspondinl(
to knovm element concentrations with the minimum detectable
peak intensities calculated by using the 3" criterion. For 27
elements, the limits of detection of INM could be significantly
improved by the radiochemical mode: improvement factors up
to 180 were achieved. For the trace elements of special interest
in microelectronic applications, Na, Th, and U, the achievable
limits of detection are at the 10 pg/g level, and for Co, Cu, Mn,
Ni, and Zn, representing relevant impurities, 1hey are at the ievels
of 0.1 and 1ng/g, However, only the indicator radionuclides of
Cu ("Cu), Th ('''Pa) , and U ("'"Np) are separated almost
selectively (see Figures 1 and 2). Since the indicator radionuclides
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Characterization of the Complexity of
Small-Molecule Libraries by Electrospray
Ionization Mass Spectrometry

Yl.lri1l' Dunayevskiy and Paul Voums*

Department of Chemistry, Barnett Institute, Northeastern University, Boston, Massachusetts 02115

Thomas Carell,t Edward A. Wintner, and Julius Rebek, Jr.*
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(6) ZllCkermann, R. N.; Martin, E. J.; Spellmeycc
Shoemaker, K. R; Kerr, ]. i\L FigliozzL M.: Goff, D.
Simon, R. ].; Banville, S. c.: Brown, E. G.: Wa:lg. L:
W. Mcd. Chern 1994.37.2678-268,

(7) Cho, Y: Moran, E. J.; Cherr:", S. R.: S:epllaus.
Adams, C. L.: Sundaram, A.; Jacobs, J. W.:
261,1303-1305.

(8) Cal-ell, T.: Wintner, E. A.: Bashir-I-Iashemi, A.;
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vrith a diversity of 104-10s.B,~) The 1ibral~es contain small organic

molecules with a well-defined drug-related structure. 1110 sug

gested methodology represents a departure Ji-om traditionallibraly

synthesis procedures, as the mixtures are prepared in SOIulioJ.l

and not on a solid support. The advantage of the new method is

that it is not limited to a few high-yielding reacticns performed

with solid supported substrate; therefore, a wide varlety of eflic:em
and well-documented solutior, phase syntheses can be employed.

However, the question which had to be answered in these libraries

was whether the generated libraties contained a sufficiently

variety of chemical structures, i.e., whether all of the expected

compounds were produced during the synthesis. Since

reaction is applied not to a single compound but to an

population of different substrate molecules, there is always the

potential of encountering some selectivity toyvard generation

of certain molecules at the expense of others. Thus. the important
issue in combinatorial chemistry is how complex the synthe

sized libraries.

Given the above considerations, it is essential to

analytical methodology capable of confinning the efBelency

synthesis. The traditional approaches to determining the

success, e.g., the purity of the reaction product and the

yield, were not appropriate for such a large substrare collection.

In addition, the analytical mainstays in chemistry, NMR and iR

spectroscopy, are not applicable to the analysis of large mixtures.

The inability to employ these powerful tools limits the optimization

of the reaction conditions and the capability of detecting any

products generated. To that effect, electrospray iDnization mass

spectrometry (ESI-MS), coupled to liquid chromatography. has

been recently applied to the analysis of peptide mixtures.''!'

limitation of the approach appeared to be the poorly

The growing interest in combinatorial chemistry has led
us to explore new analytical methods for the analysis of
complex molecular libraries, Because an investigation of
large mixtures with 104-10' different chemical entities
was not realistic, an alternative approach was pursued
that induded the analysis of small representative subli
braries using positive and negative ion electrospray mass
spectrometry. The detailed analysis of these model
mixtures, containing up to 55 components, allowed us
to obtain important information about the composition of
a library with considerable complexity. The results were
used to improve the synthetic procedure in order to
provide the maximum yield of expected library compo
nents. The applicability of mass spectrometry to the
analysis of complex matrices and the usefulness of the
technique for screening synthesized combinatoriallibrar
ies to probe their expected diversity and complexity have
been demonstrated.

A recent trend in medicinal chemistry ircludes the production

of vast compound mixtures referred to as molecular libraries.]-"

Instead of ~ynthesizing individual compounds and evaluating their

biological activity. promising lead candidates are efficiently

selected from those mixtures through application of modem

screening and isolation techniques. The corr.bined technology

of synthesis and screening of the large pools can dramatically

accelerate the development of potent compounds for a wide variety

of biological targets.' To date. this approach has been limited

to the generation of peptide and oligonueleotide libraries when

mix:ures of thousands or even millions of new chemical entities

are desired. Recently, now techniqLes have become available for

the production of mixtures of other compounds. such as benzo

diazepincs. b poptoids," ol'gocarbamates,' and hydantoinsS Rebek

at al. described an approach for the synthesis of molecular libraries

Switz-orland.
I)) .1.; Foe'or. S. P A.; Gordon. E. M

J
(2) COITIon, i\L Barrett, R. Dowel', \V. J: Fi){10f, S. P. /\.: Gallop, M. A

f. CflNn. 1994,37, n':-;5-14-01.
(3) .landa. K. Pmc..Nat!. Acad. Sci. USA. 1994.91,10779-10785.

Bunin.13 Ellman. j. Chem. Soc. 1992, 114, 10987~l0988.

Ci) [)cvVitl. S. 11.; Kicky, 1. S.: Stan)(ovic, C. ].; Schroeder, M. C.; Reynolds
Pavia. R. ;r;>mc. Natl. Acad. 51"1:. U.SA. 1993, 90. 6909-
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Table 1. Numbers Pm of Maxima Found in, and Numbers m of Components Estimated from, Simulations Containing
250 SCSs Distributed with Three Functions IIs,qla

in

Pm
procedure 1
independent

cubic
polY:1omial

255.3±170
249.6 ± 22.4
233.0 ± 18.6
211.8 ± 13.7
187.3 ± 12.5

0.07')2
0.10:)
0.140
O.17i,'3

o
0.D351
0.()702
0.105
0.14(\
0.176

250.0 ± 0.0
218.0 ± 4.7
192.4 ± 7.2
170.0 ± 7.0
153.5 ± 7.0
140.1 +69

250.0 ± 0.0
214.5 5.7
187.8 ± 7.3
161.1 ± 8.0
146.7± 6.8
133.5 ± 6.4

/(1;,,/) ~ 12'7(1; - 1;2)
250.7 ± 7.3 250.0 ± 7.3
253.9 ± 148 ± 14.9
248.1 ± 20B ± 202
233.3 ± 193 232.6 ± 18.1
215.1 ± 12.0 2149 ± 11.3
199.0 ± 11.4 198.6 ± 10.8

= 6(1; -1;')[1 +
250.1
2:;2.6 ± 16.0
2'16.6 ± 21.7
230.6 ± 17.1
2100 ± 12.5
1867", 12.0

247.5 =6.9
251.0 L.6
247.4 ± 20.7
232.5 ± 18.2
214.5::i:: 11.9
198.8 ± 11.4

248.8 == 8.6
251.8± 11;,.1
246.7 22.7
228.9 =17.6
208.4 =11.9
186.4 ± 11'1

248.0 ±
247.5 12.1
238.9 ± 19.1
218.9 ± 23.1
192.6 ± 22.1
171.7± 18.B

246.4 =7.1
24:;.3 ± 13.6
235.2 ± 21.4
216.3 ±
198.0± 17,3
174.0 22.5

o
O.O~~51

0.070:2
0.105
0.140
0.176

250.0 ± 0.0
229.3 ± q..l
:207.8 ± 6.'1
192.1 ±
178.8 ± 6",
165.0 ± 6.9

252.6 ± 8.3
2S3.3 ± 11.5
250.4 ± 13.9
238.7 ± 14.2
220.6 ± 13.3
200.9 + 126

/(1;,'7) = 1
252.7 ± 3.4
253.2 ± 11.6
250.8 ± 13.8
239.0 ± 14.1
221.2 ± 13.2
201..5 ± 12.6

252.2 =8.':
253.3 ± 11.7
250.1 ~c 1:3.9
238.3 ± 14.4
220,2 ± 1:3-::3
200.5 ± 12.4

251.6±7.0
252.3 ± 10.3
248.1 ± 16.6
Z~S.l + 22.9
2H?9 ± 2:3.8
200.D 25.6

"~~~~~~~~~;;~~~....~..~.~c~o~.~,~.." 14 with procedures 1 (independent and dependent means) and 2 (independent means only)
~nd

preted by eq 14 to predict the number m of components from the
coordinates of p", maxima. TIre number m was approximated by

the statistical parameter. m.
Table 1 reports the number fij of components estimated from

eq 14, when frequency j(l;,ry) was estimated with procedure 1,

independent and dependent means, and with procedure 2,
independent means. Three different frequency types were ex·

amined: the two defined by eqs 24 and 25, and the homogeneous
frequency, fi~,'/) = 1. It is apparent, without statistical tests, that
the ;ris estimated for any d and frequency are Independent of
the means by which;;C~,'7) was determined. Because of this close
agreement. little reason exists to determine mwith procedure 2,
dependent means.

Figures 6 and 7 are graphs of the optimal approximate
frequencies ;;(~,,/) estimated from simulations governed by eq
25. ThejC!;,rl)'s were calculated by the independent and depend·
ent means of procedures 1 and 2 for two different saturations, ii

= 0.0351 and 0.105 (j3d" = 2.514&). In all cases, the f,(~.q)'s

determined by procedure 2 are smoother than their procedure 1
counterparts, because procedure 2 reduces quantization errors.
Because of this reduction, at low saturation frequencies computed
by procedure 2 are superior 10 those computed by procedure 1
in terms of fidelity to the true frequency. At higher saturations,
the measurable maxima density becomes more randomlike,
because of greater overlap, and measurable frequencies lose much
of lhe true frequency's structure. In general, ds are smallest for
low saturation, larger for high saturations, and extremely large
when the SCS distribution is random. For reasons not dear, more
structure is apparenl in frequencies determined by dependent
means than by independent ones when procedure 1 is used. At
larger saturations, the procedure 2 frequencies are reduced at
the comers of the separation, because a is large and the sum of
Gaussians in eq 17 has more volume near the middle and along
the central edges of the separation than near its comers.

Surprisingly, the fe, (~,,/)'s generated by the independent and
dependent means of procedure 2 are essentially identical at high
saturation.

More important. the mestimates detemlined at low saturation
are accurate, and thif accuracy enables one to evaluate separation
quality by comparing Pm and m. Interpretation of these results
shows that, on average, fh's accurate to 10% can be estimated by

the means proposed here, when ii lies between 0.105 and 0.140

(j3d, = 2.5140). This finding is comparable to that based on
predictions of mwith the Roach equation. which were accurate
to 10% as long as Q was less than 0.13 3 Therefore, it appears
that the type of frequency has only a small effect on this threshold.

The algorithm used to detennine in from eq 14 is detailed and
requires much computational time. In contrast, the generation
of p'·plot coordinates is both simple and rapid. The final column
in Table 1 reports estimates of m determined simply by fitting
these coordinates 10 a cubiC polynomiaL This type offilting may
be attractive to those with limited computational power or who

are not interested in determininghC\,'7)' As is apparent, good m
estimates can be calculated at low saturation, but in general the
fij's are superior in both accuracy and precision when eq 14 is
used instead. The cubic degree appears to be the best choice
among several degrees; we Investigated polynomials having
degrees 1-12.

Some 2·D separations, e.g., 2·D TLC, do not contain large
numbers of components. Because theory is based on assumptions
that break down when component number m is small,23.39 it is
important to verify the analytical procedures for modest m. Table
2 reports results determined identically to those in Table 1, except
that m = 30, instead of 250, and that!i,(~,'7) was approximated by

only the independent means of procedure 2. On average. the i11

estimates are good. It is noted, however, that the in estimales

(:19) Martin. M.: Herman, ). P.; G;J.icc+on. Anal. Chern. 1986.58,2200.
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Table 1. parameters for Electropherograms of Figure 2"

CMjlCD eonen (mM)

15 25 35 45 55 60

(cm1 V-I min-l) 0.0214 0.0145 0.0130 0.0121 0.0113 0.0110 0.0105

Number ofT'leoretieal Plates (N!
BeP 590000 817000 836000 731 000 536000
BaP 496000 724000 749 000 705000 825000

2000 567000 738 DOD 691000 610 DOD 6]7 DOD 685 000
418 000 463 000 443 000 420000 440 DOD 469 000
363 DOD 378000 455000 391 000 415 DOD 402 DOD

ant:1raCCI1C' 419000 485000 482 000 405000 434000 409 000

Resolution (RJ between Isomer Peaks
BeP/BaP 0.00 0.00 0.91 1.38 1.66 2.16 2.12

0.00 1.93 3.50 4.69 5.54 6.92 7.24
0.00 2.19 3.63 5.06 5.84 6.74 6.94

[! Parametcl-s were calculated using eqs 1-3.

Table 2. Parameters for Electropherograms of Figure
3 S

SBflCD conen (mM)

1.5 5 15 25

(cm'V :nin-1) 0.0333 0.0320 0.030] 0.0264 0.0238

Number ofTheoretieal Plates (N!
anthracene 23 000 102 000 225 000 341000

38 000 89 000 255 000 315000
75000 162 000 203 000

42 000 67 000 150000 255 000
2000 16 000 59 000 130 000 136 000

16000 51000 174 000 223 000

ResolutiDn (Rs) between Closest Peaks
chjysene!phcn~lOthrcne 0.00 0.00 0.56 2.28 3.04.

'1 Parameters were calculated using eqs 1-3.

(vii)

Time (min)

Figure 2. Electrophe'ograms of PAH mixture 8.t 23 kV, 20 Ge, In
pH 9 buffer containing 50 mM borate and 30 mM HP!3CD WITh CM(JCD
concentrations of (I) 0, ill) 15. (iii) 25. 35. (v) 45, (vi) 55, and (vii)
60 mM. Peak iabels correspond to (1) (2) phenanthrene,
(3) ehrysene, (4) pyrene, (5) SaP, and (6) SeP.

CD forms, giving each a slightly different average mobility, which

caused separation of the migratmg components at a snfficient
concentration ratio of the CDs. The order of migration for the
PAHs in the HPjiCD/CM,6CD buffer was roughly largesHo
smallest molecule, indicating a general trend where large mol
ecules partitioned more to the HPflCD, whereas smaller molecules
preferred the CMjiCD. This separaticn was somewhat serendipi

tous, since the use of M,6CD instead of HPpCD was unable to
achieve the same degree of separation at any concentration ratio.

Quantitative resolution (i.e., R, > 1.5) of anthracene from
phenanthrene and ehrysene from pyrene was achieved with

addition of only 15 mM CMpCD to the 30 mM HPjiCD buffer
(fable 1). BaP and BeP were resolved from each other and /Tom
the pyTene peak only at CMj3CD concentrations of 45 mM or

of the increased viscosity. it was mainly a result of the increased
ionic strength of the buffer caused by addition of the negatively
charged CD components, including accompanying salts. The
electrophoretic current was used to calculate buffer conductivity
(k, Q-l m- l), which varied linearly with CMpCD concentration

(C) (k = O.llS + 0.0378C. R2 0.999,20 'c). This indicates the
ioric strength increase caused by addition of the anionic cyc!o
dextrin, which would then be expected to cause the decrease in
electroosmotic flow. Similar data for SBpCD also gave a linear
valialion (k = 0243 + 0.0354C, R' = 0.9999, 30 'C). The SBpCD
burrer had a lower current than CMpCD under identical condi
tions, so the elevated temperature was used with the SBpCD

buffer to increase eleclroosmotic flow (and electrophoretic mobil
ity of the SB[3CD) while having the same conductivity as the
CM;3CD.

Separation Using a Mixture of CMflCD and HPpCD.
Eleclropherograms of the PAH mixture at a fixed concentration
of 30 mM lIPpCD with CYrpCD varying from 0 to 60 mM are
shown in Figure 2. with related parameters listed in Table 1. These
Illustrate the separation of the PAHs by the competitive inclusion
scheme. With no CMBCD, a1l of the PAHs spent virtually 100%
of the migration time compiexed by the HPj3CD, and all emerged
in a single peak at 5.8 min. As the concentration of CMj3CD
increased. each PAH component partitioned between the neutral
and negative forms, resulting in a Innger average migration time.
The PAHs partitioned at slightly different ratius between the two

6 8 10

64 3 2 1

2 14 16 18
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HPCZE of Nonionic Compounds Using a Novel
Anionic Surfactant Additive

Vouchun Shi and ..lames S. Fritz

Ames Laboratory-USDOE and Department of ChemisTry, Iowa State University, Ames, Iowa 50071

Excellent separations of nonionie organic compounds
were obtained by adding sodium dioctyl sulfosuccinate
(DOSS) to an acetonitdle (~40% v/v)-water electrolyte.
Separation is based on differences in ihe strength of
analyte-DOSS association "complexes" in solution, which
results in differences in effective electrophoretic mobility.
Micelle fonnatioll is not believed to occur. The effects of
varying apparent pH, applied voltage, acetonitrile con
centration, and DOSS concentration were studied wiih
regard to eJectroosmotic mobility and effective electro
phoretic mobility, Under optimum conditions, excellent
separations of 23 organic compounds were obtained,

Capillary electrophoresis (CE) of nonionic ana]ytes cannot be

performed 'n a free solution due to lack of electric charges of

amJytes. This problem can be solved by using an additive to fonn

a pseudophase. In micellar electrokinetic capillary chromatog

raphy (MECC), which was introduced by Terabe,1.2 micelles are

used as a pS2udophase. MECC separations arc based on different
partitioning of analy1:es between solvent phase and micellar phase.

Sodium dodecyl sulfate (SDS) has been extensively used as an

electrolyte ad:litiv2 in MECC and has proven very nseful for

separation of water-solnble analY1es.:·
'

However, SDS micelles

are likely to disintegrate in electroly"ie solution containing more

than 20% (v/v) of many common organic modifiers, and 5DS
MECC has a limited elution range. Hydrophobic analytes are

difficult to resolve owhg to their very small solubility in water

and high partition coefficients into the pseudophase. Thus, SDS

MECC is not a good choice for separation of hydrophobic

compounds,' although separation of testosterone ester has been
reported in SDS solution cont.aining up to 50% acetonitrile. '!

Bile salts have been used in MECe for separations of

hydrophobic compounds's because the solubilizing power of

molecules is lower than that of SDS micelles. Paimer et al. used
a monomolecdar pseudophase for separation of hydropbobic

anaiytes such as alkyl phthalate and polycyclic aromatic hydro

carbons (PAHs),5 which are difficult to analyze by SDS MECe.

Nashabeth and Terabe were able to separate closely related

peptides by us'ng micelles of a nonionic surfactant, Tween 20 9

(1) ';'erau:::'. s.; OLsuka. K.; ichikawa, K.: Tsuchiya, A.: Ando. T. Anal Clwn.
1984.56.
Terabe, S.; Otsuka, K,: :\.ndo, T. Anal. Chern. 1985.57.834.

(3) Tcrabe, S. Trends Anoi. Chern. 1985. g 834
(4) r~.: fwle.LS.AnaL Chem.1991,63,823.
(5) Palmer. P: Khalod, M. T: McNair, EM.]. High Resohfl. Chruma/ogr.

1992. 15,
(3) VindcvogcJ. J: Salldra, P. Anal. Chem, 1991, 63, ~530.

(7) Cole, R 0.: Sepaniak I'd.}.: Hinze, \iV. L.: Gorse.].; O:diges. Kj. Ckromatogr.
1991. 55?,

H.: Fukuyam2.. T.: \1alsuQ, M.; Terabe, S.] Chromaiogr. 1990, /)13,
279.
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In another study. a zwittenonic detergent was used as a hydro

phobic selector in the CE analysis of recombinant insulin-like
grov{th factor variants. Hi

The behavior of surfactants in water-polar cosolvent systems

has been investigated by many autl10rs in the last 3 decades." "

The driving force "fmicelle fom1ation in pure water as the solvent
Was explained in terms of hydrophobic interactions between water

and the surfactan::. There is a strong tendency to minimize tbe

contact between waler and the hydrocarbon tails of the arn

phiphiles through formation 01 ag-g-regates in which the hydro

carbon tails are shielded from water by the polar head group. The

interaction of the amphiphilar taiis of the suriactants with the

nonaqueous solvent molecules is nedy as favorable as with any

other amphiphilar taiis, which effectively inhibits mieeHe forma

tion. Nonaqueous cosolvcnts can be divided into lhree or four

categories according co their inhibitory behavior. Acetonitrile

belongs to the group ,hat has a slightly inhibitory effect at very

low concentrations and totaHy in:,ibits mieeHe fonnation at 20%
(v/v) in water.

Several years ago, Walbroehl and Jorgenson repolied separa
tion of several nonionic compounds by capillary zone electro

phoresis (eZE) , using tetrahexylammoniuD1 ion as a solution

phase additive in an aq Cleous medium containing 50% acetonitrile
(vIv).u Due to the existence of four long carbon chains and a

high concentration of acetonitrile, tetrahexylammonium salts will
not form micelles.' The interaclion between tetrahexylammo

nium and analytes was called soivophobic association However,

the method had a small separation window and could not resolve

very many compound". Little anention had been paid to this

method until recently Shi and Fritz perfonned a systematic study
of CZE of hydrophobic compounds using a quaternary ammonium

salt with four long ehai 1S Ie It was found that pH, conccntration

of acetonitrile, am' type and concentration of quaternary am

monium salts \vere important variables. Under ap?fOpnate condi
tions, a broad range oj nonionic organic compounds, including

many PAHs, were separated using tetraheptylammonium ion as
the additive,

Sodium dioctyl sulfosuccinate (DOSS) is used as a liquid-phase

additive in the present work to separate nonionic organic com

pounds by CZE. The more accura,e chemical name for DOSS is

so:lium di-2-ethylhexyl sulfosuccinate.

(9) Matsuba:-a, N.; Terabe. S. 1992.34,493.
(10) Nashabeb, \:ll.; Greve, l\. F.; Kirby, Foret, F.: Karger. B. L; Reifsnyder

D. H.; Builder, S. E. AM;!. Chem, 1994, 66, 2148.
(11) Inonescu, L. G.; Rornane:;co, L. S.: N0l112. 1".ln Swfacto1/ts in. Soiution; MittaL

K L. Lir.dman. B .. Ecs.: PlenUI11" Yock, 1984; VoL 2, p 789.
(12) Magid. L Tn Sol1ftion C'emistry ?j Safar/aills; ;VIit:al, 1<' L., EeL Pknum:

New York, 1979; Vo!. L p 427
(13) W<llbrochl, Y.: )orgenso,:. ] 1986.58,
(14) Pramauro, E. Pri'/C1l": cOinmunil',-Hion,
OS) Shi. Y.: Ftill,.! Hig;: Reso{til. 1994, 17, in
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In pure water. DOSS has a lower critical micelle concentration
(cmc), 2.5 mM at room temperature,lli than SDS, 8.1 mM at 25

'c. In aqueous solution containing 50% (v/v) acetonitrile, DOSS
still has strong enough hydrophobic interaction with analytes to
make it suitable for separation of hydrophobic analytes. It is
shown that DOSS is more suitable than quaternary ammonium
ions for two reasons: DOSS gives even larger seoaration windows
and has less interaction "oth capillary wall. Systematic studies
of the DOSS electrolyte buffer were undertaken to determine the
effects of experimental parameters on electroosmotic mobility and
effecLive electrophoretic mobility.

EXPERIMENTAL SECTION
A Waters Quanta 4000 electrophoresis system (Waters, Mil

ford, MA) was employed for capillary electrophoresis. Fused silica
capillaries (polymicro Technologies, Phoenix, AZ) used for CE
had 50,urn i.d. and were 52.5 long between the injection end and
the detection window. Direct UV absorbance detection was
performed at 254 nm. The hydrodynamic injection was set for
30 s Electropherograms were collected at speed of 15 points/s
and plotted by a Chromperfect data acquisition system Gustice
Innovations, Mountain View, CA).

All standards and electrolyte solutions were prepared with 18
MQ deionized water from a Barnstead Nallopure II system
(Syboron Barnstead, Boston, !vIA). Analyte standards were
dissolved in water-acetonitrile (~30% v/v) containing about 30
mM DOSS. Most of analytes arc PAHs. and many PAHs are
cancer suspect agents. Gloves were worn when handling sample
solutions, and electrophoresis disposals were carefully labeled.
Preparation of electrolyte buffer solntions included mixing DOSS
(Aldrich, Milwaukee, WI), acetonitrile (Fisher Scientific, Fair
Lawn, NJ), and sodium borate (Fisher Scientific) and adjusting
the pH of the solution by adding phospr,oric acid (Fisher
Scientific) .

Between each run, capillaries were rinsed with 0.5 M NaOH
for 15 min, deionized water for 15 min, and mnning buffer for 12
min.

Three injections were made for each measurement under
identical conditions. The relative deviation of migration times was
not larger than 3%. The solvent used for analyte samples, a
mixture of water and acetonitrile, gave a UV absorbance peak
which was used as a marker for measurement of electroosmotic
flow.

RESULTS AND DISCUSSION
Principles. In CZE, nonionic organic mol,~cules undergo only

electroosmotic flow and therefore migrate at the same rate
through ti,e capillary. Separation of nonionic compounds becomes
possible only when a large ionic substance is added to the
electrolyte which can associate to varying degrees with nonionic

analytes and cause them to undergo electrophoretic migration.
Sample compounds that associate strongiy with the ionic additive
have a larger electrophoretic mobility magnitude than those that

are more weakly associated. DOSS was found to be an effective
anionic additive for forming association"complexes" with neutral
organic analytes.

(16) Williams. f,; Woodberry. N. T.: Dixon. j. K I Colloid Sci. 1957, 12,

(17) ]jn. 1. j. In SUYJort! Act/Dr ,'-lg01Is: The Societylf Chemical Industry: London,
p 69.
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Figure 1. Influence of apparent pH on electroosmotic mobility.
Electrolyte, 50 mM sodium dioctyl sulfosuccina!e. 8 mM sodium
borate, 40% (v/v) acetonitrile: applied voltage. 30 kV: current, 45
49.uA.

A positive power supply was employed so that eiectroosmotic
flow was toward the detection end of the capillmy (toward the
negative electrode), and the anionic additive migrated in the
opposite direction. Since the electroosmotic mobiiity (u,.,,) of any
analyte was always greater in absolute magnitu de than the
electrophoretic mobility 0J,.,,) in the opposite direction, the net
mobility (;I) was always positive (toward the detector). The
stronger the interaction beMeen an analyte and the negatively
charged DOSS, the longer the migration time of the analyte.

In this countermigration separation mode, migration times
become longer and longer as the negative electrophoretic vector
and the positive electroosmotic vector become closer in absolute
magnitude. However, resolntion of chemically similar molecules
becomes better at longer migration times.

A negative power supply was tried briefly to obtJin a separation
based on comigrarion. However, this would necessitate the use
of a positively charged chemical to coat the capillary surface and

reverse the direction of electroosmotic flow. This mode was not
successful, probably because of interaction of the positivelY
charged chemical with negatively charged DOSS.

Effect of pH. PreliminalY experiments showed that good
separations of several neutral aromatic compounds could be
obtained under the following conditions: an alkaline apparent pH,
40% acetonitrile (v/v in water), 50 mM DOSS, S mM sodium
borate, and 15-30 kV applied voltage. Each of the experimental
variables was then studied to determine its effect on separation
system.

The pH dependence of electroosmotic mobility in fused~silica

capillaries has been deternlined by Lukacs and Jorgenson.:B Their
study shows that electroosmotic mobility increases with pH over
the range 3-8 and reaches a plateau around pH 8. This was
explained by dissociation of surface silanol groups at higher pH
to leave a negatively charged surface.

Electroosmotic mobility in the DOSS electrolyte in 40% (vIv)

acetonitrile showed different and unexpected behavior at higher
pH. The 1",'" increased np an apparent pH of 9.0 and then
decreased above 9.0. The term "apparent pH" is used here
because the DOSS electrolyte contained 40% acetonitrile, which
made the measnred pH different from what it would be in water

alone. Figure 1 shows the change of 1",'" with apparent pH in 50

US) Lukacs. K. D.; Jorgenson. J. "\V.]. High Reso!l't. Chro!i7(.t!ogr.

Commull. 1985.8.407
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Figure 2. Effect of apparent pH on electrophoretic mobilities of
several nonionic compounds. Same conditions as in Figure 1. 0,
Nitrobenz2r8: ell, acenapnthylene; '7, phenanthrene; v, chrysene.

>
~ .LL----cc--~--

Figure 3. Separation of non ionic aromatic compounds. Electrolyte,
50 mM sodium dioctyl sulfosuGc:nate, 8 mM sodium corate, 40%
(v/v) acetonitrile, pH 9,0; appLed voltage. 20 kV; current, 29 pA.
Peaks: 1. acetopll8Ilonr::;: 2, nitrobenzene; 3, unidentified: 4, 5,6~

b~:;~~:~~t~~:~~~.5. be1zophenone: 6. azulene; 7, naphthalene: 8,
a 9, acenaphthene: 10. fluorene: 11, 3~aminof'uoran-
thene: 12. g, l O-dimethylbenz[a:anthracene; 13, benz[a]anthracene:
14, phenanthrene: 15, anthracene; 16, fluoranthene; 17, pyrena: 18.
2.3-benzafluorene: 19, chrysene: 2C, 2.3wbe1zphenathrene; 21,
Jerylene: 22. benzo[a}::Jyrene; 23, benzo[ghl]perylene.

mM DOSS electrolyte containing 40% acetonitrile. The increase
in between apparent pH 7 and 9 might be explained by
increasing ioaization of capillary silanol groups, but the reason
for the decrease in above apparent pH 9.4 is not clear, From
a practical ,iew, separation around apparent pH 9.0 is advanta
geous. First. the fastest separation will be obtained at this pH.
Second, and more importantly, results will be more reproducible
around apparent pH 9.0, where the change of fI,'" with pH is much
smaller than that at other pH values.

In early work in 40% acetonitrile, where a quaternary am
monium salt \vas used as the additive instead of DOSS, tetrahep
tylammonium bromide or tetrahexylammonium bromide caused
a drastic reduction in elecu'oosmotic mobility at apparent pH 9,0
but a much smaller reduction at apparent pH 10.5,11 This was
attributed to pali;al coating of the capillar; surface by the
quaternaly an',monium between pH 9.0 and 10.5.

The effective electrophoretic mobility of analytes was hardly
affected by pH change in the region between apparent pH c~8-

((9) Cohen, A. Paulus, A,; Karger, B. L Cliromalographia 1987,24,15.
Jorgenson. J. YV.: Lukacs, K. D. Science 1983,222,266.

F.; BC1CC!\. P. [:1 Adv(l};ces ElcctrGphoresis: Chrarrbach. A. Dunn.
VI. .f .. RadoI;:. B, .r.. Eds.: vCR \Veinheil11, 1989: Vo!. 3, p 273.

(22) ','011 Bull, Inl. Awe! Crat:ovic 1903. L8;:

ACN %

Figure 4~ Dependence of electroosmctic mooility on acetonitriie
content Electrolyte, 50 mM sodium dioclyl sulfosuccinate, 8 mM
sodium borate; apparent ~H, 9.0; apolied voltage, 30 kV.
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Figure 5. ChangeJf electropho:-eHc mobilities with acetonitrile
content. For condi~ions, see Figure 4. 0, Nitrobenzene; ., benzophe~

none; 7, acenaphthylene; 'V, plleilanthrene;::J, chrysene.

10." (Figure 2). This is in agreement with the behavior reported
in earlier work "ith tetraheptylammonium bromide as the addi
tive.::!

Effect of Applied Voltage. According to theory,E).20 use of a
higher voltage "ill yield more theoretical plates (thus giving
sharper peales) and shorter migration times of sample compo
nents. However, higher voltage can cause greater Joule heat
ingI9,21 and thus cause peak broadening. Migration times can
become too short to pennit good resolution of sample analytes.

Figure 3 shows the separation pf 23 nonionlc compounds at
20 kY. As expected, the migration times hecome sholter as the
applied voltage is increased, and some of the peaks are not as
well resolved. For example, the migration time of peak 23 (benzo
[ghi]perylene) decreases from 21 min at 20 kV, to 14.8 min at 25
kV, to 10.8 min at 30 kV,

Effect of Acetonitrile Conce::rtration. At apparent pH 9.0,
the electroosmotic mobility deceased almost linearly as the
content of acetollItrile in the electrolyte was increased, "ith
regression coefficient of 0.998 (Figure 4). The linearity was
detennined using a least-squares analysis (regression function of
Sigma-Plot program). The relationshIp between electroosmotic
mobility, fi,'o, and Spotential, which was derived by von Smolu·
chowski,22 is

(1)

where En is the permittivity uf vacuum, E is the dielectric constant
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Figure 9. Influence of DOSS concentration on resolution. (A)
[DOSS] = 10 mM, (8) [DOSS] = 30 mM. and (C) [DOSS] = 60 mM.
Other conditions are as described in Figure 7. Peaks: 1. acetophen
one; 2, nitrobenzene; 3, 5,6-benzoquinoline; 4, benzophenone; 5.
azulene; 6, acenaphthylene; 7, phenanthrene; 8, anthracene; 9,
pyrene; 10, chrysene; 11, perylene; 12, benzo[a]pyrene: 13, benzo
[ghl]perjlene.

electroosmotic flow with increasing content of acetonitrile is

caused mainly by low dielectric constant. which leads to a low
value for the 1;. The behavior in Figure 4 is in marked contrast
to previous work, where coating of the capillary walls by the

tetraheptylammonium bromide additive apparently took place.

Figure 5 shows that the magnitudes of effective electrophoretic
mobilities of nonionic compounds decreased as the content of
acetonitrile in the electrolyte increased (notice that the negative

sign of the effective electrophoretic mobility should be omitted

when only the magnitudes are compared). The reason is easy to

understand. The effective electrophoretic mobility of nonionic

compounds is a result of their association with DOSS. A higher
concentration of acetonitrile CACN) solvates the analytes !c"-.) more
strongly and reduces the strength of analyte-DOSS complexes.1991,63, 1801.

\ I
':~~_~~~_~~~ I

c.oo 0,02 0.04 0.06 0.08

>

'"OJ

6
o
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o

x

(23) Schwer. c.: Ke:mdlcr.

-20 '-__~__~ ~__...J

000

[DOSS] (M)
Figure 7. Electroosmotic mobility vs concentration of sodium dioctyl
sulfosuccinate. Eiectrolyte, 6 mM sodium borate; apparent pH, 9.0;
applied voltage, 25 kV.

of the medium, and '7 is the viscosity of the medium. Schwer

and Kenndler23 studied the influence of organic solvents on
electroosmotic mobility and concluded that the decrease of

>

'"OJ

6
o

cO
o

lM{rnln}

Figure 6. Separation of nonionic aromatic compounds in electrolyte
containing 36% (v/v) acetonitrile. Electrolyte, 50 mM sodium dioctyl
sulfosuccinate, 8 mM sodium borate; apparent pH, 9.0; applied
voltage. 20 kV; current, 30 ,uA. For peak identifications, see Figure
3.

[DOSS) (M)
Figure 8. Effect of concentration ot sodium dioctyl sulfosuccinate
on electrophoretic mobilites. Same conditions as in Figure 7. 0,
Acetophenone; _, 5,6-benzophenone; '\1, benzophenone; ..-, acenaph fi

thylene; D. phenanthrene; _, chrysene; L, benzo[a]pyrene; "-, benzo
[ghl]perylene.
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The solvophobic interaction between the analytes and DOSS can

be expressed using the follov.ing equilibrium equation:

A(ACN) + DOSS- = A(DOSS) - + ACN (2)

Figure 5 shows that large differences in effective electrophoretic

mobilities oceu!wd at lower concentrations of acetonitrile, a fact

that could improve the resolution of sample analytes. However,

an acetonitrile concentration that is too low reduces the solubility

of large analytes. A low acetonitrile concentration would result

in longer separation times. At lower acetonitrile concentration,

the solvophobic interaction between DOSS and analytes is

stronger, which makes effective electrophoretic mobilities larger

toward the injection end. Therefore, a modest reduction in

acetonitrile concentration is very beneficial. Figure 6 shows a

separation of 23 compounds in 36% (vIv) acetonitrile. Although

the separation time is somewhat longer, resolution is appreciably

better than obtained in 40% (v/v) acetonitrile (Figure 3).

Effect of DOSS Concentration. The effect of DOSS concen

tration on ace was studied at apparent pH 9.0 in 40% (v/v)

aceroniuile (Figure 7). This decrease can be explained by the

iLcreased ionic strength and viscosity of the electrolyte. Effective

eIecu-ophoretic mobilities of analytes became increasingly negative

'Vith increasing DOSS concentration (Figure 8), owing to more

complete association with DOSS.

For practical separations, the 'Vindow for separation is very

narrow (~o.7 mIn) at 10 mM DOSS (40% acetonitrile and 25 kV),

and resolution is very poor (Figure 9A). The separation window

increased to ~1.8 min at 20 mM DOSS, ~3.8 min at 30 mM
(Figure 9B), ~5.6 min at 40 mM, and ~83 min at 50 mM. The
best separation was obtained at 60 mM DOSS (Figure 9C), where
the separation window was ~12.3 min At 70 mM DOSS, the
separation window was ~18 min. but the baseline had become
noisy.

CONCLUSIONS
Use of sodium dioctyl sulfosuccinate as a solvophobic additive

is quite efficient in separating 2. broad range of nonionic aromatic
compounds, including PARs and fairly hydrophilic compounds.
The negative charge on DOSS results in less interaction with the
capillary surface than with cationic additiveu,'; and resuits in more
reproducible separations The countermigration separation mode
affords excellent separation of large molecules. A systematic study
indicated that apparent pH, applied voltage, acetonitrile concentra
tion, and DOSS concentration are key experimental parameters.
Separation of PAH compounds are particularly good in -40%
acetonitrile with DOSS as the solution-phase additive.
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Ion Exchange on Resins with
Temperature-Responsive Selectivity. 1.
lon-Exchange Equilibrium of Cu2+ and Zn2+ on
Iminodiacetic and Aminomethylphosphonic Resins

Dmitri Muraviev, Ana Gonzalo, and Manuel Valiente*

QUlmica Anantica, Universitat Autbnoma de Barcelona, E-08193 Bel/aterra, Barcelona, Spain

and AppHcati011S: Rodrigues,
Alphen aan den Rijm, 1978:

The ion-exchange equilibrium of Cuz-- and ln27 from
sulfate solutions at pH = 1.9 on iminodiacetic (IDA) and
aminomethylphosphonic (A'fP) resins has been studied
in the temperature range between 10 and 80 'C. The
values of the equilibrium separation factor a for Zn-Cu
exchange demonstrate a strong temperature dependence
in the case of IDA resin, while for AMP this dependence
is pronouncedly much weaker. A decrease of a at
elevated temperatures has been observed for both ion
exchangers. The absolute a~~ values for IDA resin lie
within between 83.0 (at 10 'C) and 30.0 (at 80 'c). In
the case ofAMP resin, 0. values have been shown to vary
from 1.67 to 1.4 in the same temperature interval. Ithas
been shown that thennostripping with stock solution at
20 'C from IDA resin pre-equilibrated with the same
solution at 60°C leads to selective desorption of CU27 ,

while under the same conditions AMP resin is selectively
releasing Zn2-. Thermodynamic interpretation of the
temperature dependencies of the separation factors ob
tained on IDA resin has been shown to allow a comparison
of the properties of the ion exchanger with those of
iminodiacetic acid in homogeneous solution.

Interphase mass transfer in a pre-equilibrated biphasic system
can be provoked by moduiating some intensive thermodynamic
parameter, such as temperature. ionic strength, pH, etc., which
is known to shift the equilibrium in the system under consider
ation. A group of separation methods, including temperature
swing ion exchange and pressure-swing adsorption, are based
upon this physicochemical concept. These methods are attractive
because they allow the design of practically reagentless (and. as
a result, wasteless) and ecologically clean separation processes.

Paramettic pumping iechniques, \-(1 dual-temperature ion~

exchange processes,'-'J and thermal ion-exchange fractionationiO,ll

(1) Chen, H, T. In Handbooi? 0/ Sej)rimtioJl Chemical Engineers;
Schweitzer, P. A., Eel.; McGraw-Hill: 1979; p 467.

(2) Grevillol G. In Handbook/or Heat and Mass Transfer, Chere01isinoff, N. P.,
Ed.: Gulf Publishing: \Vest NJ, 1985: Chapler 36.

(3) ToncleuL D.: Grevillol, G. In Science and Technology:
Rodrigues. A. E" EeL NATO AS! Seriesl07: Nijhoff: Dorclrechl,
1~)86: p 369.

(4) WankaL. P. C. In Percolation Processes,
E., Tondeur, D.. Eels.: Sijthoff and

p '\'43.
(5:1 S~any;.L 1'.: Hanak. L.: ;Vlohila, R ZIz. Prikl. Khi,'n. 1986,56,2194 (Russian).

((i,l SzanY£l, Hanak. L: Mohila. Hung. j. Ind. Chan. 1988.16.21.
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can be considered as the typical examples of ion-exchange
separation methods which exploit the different resin affinities
toward target ions at different temperatures. Besides this potential
capability. the main advantage of the above separation techniques
is the ability to exclude the resin regeneration step (completely
or partially), which is known to be the main source of wastes in

ion-exchange processes. In addition, the need for a column
conditioning procedure in the adsorption process is also ac
complished by this methodology in a straightforward manner. In
both cases, the saving of chemical reagents is remarkable. One
of the limitations for further development and wider application
of parametric pumping and allied techniques is the lack of

information available about the types of ion-exchange systems
(including both ion exchangers and ion mixtures) which are
appropriate for these separation methods, Most of the work has
been performed with commercially available ion exchangers of
two types: sulfonic resins lO,l1 and carbo1.ylic ion exchangers.l~ 17

Other ion exchangers, such as, e,g., chelating resins. have found

much less use in studies on temperature responsive ion-exchange
separation processes.

A high heat of ion exchange is knovm to serve as a etiterion
for identifying effective systems applicable to separations based
on parametric pumping and other dual-temperature ion-exchange
fractionation techniques." Enthalpy changes for ion-cxchange

processes on the resins of a conventional type are usually small""

(7) Andreev, B. M.; Boreskov, G. K.: Katalnikov, S. G. Khim. Pmm-st. 1961.6.
389 (Russian).

(8) Garshkav. V. 1.; Kurbanov, AM.: Apolonnik, V. Zli. J(/li;n. 1971.
45, 2969 (Russian).

(9) Gorshkov, V. 1.; Ivanova, M. V,; Kurbanov, A. M.: Ivanov, \ . A. Vcsln. /vJosk
Univ., Ser. 2: Khim 1977.5,535 (Russian): Moscow Gem. Bull
(Eng!. TransU 1977,32, 2.3.

(10) Bailly, M.: Tondeur,
(11) Bailly. !VI.: Tondeur, D. Chem. 11i.
(12) Timofeevskaya. V. D.: Ivanov. V. A: L Russ. ]. P!I)'s.

1988, 62. 1314,
(13) Ivanov, V. A: Timofeevskaya. V. D.; Gorshkov, V. Grishenina, S. N. Russ.

]. Phys, Chern. 1989. 63. 102L
(14) Ivanov, V. A; Timo[eevskaya. V. D.: Gorshko'l, V. 1.; EEseeva. TV

Purity Subst. 1990,4 (2),309.
(15) Ivanov, V. A: Timofeevskaya, V. D.: Gorshkov. V. L Eii3vflJ<I. T. V. Rllss.}.

Phys, Chern. 1991.65 (9). 1296,
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Nhen no formation of covalent bonds, association, or complex

formation is involved. In systems where association equilibria (or

complex 'olmation) occur in either the solution or U1e resin phase,

the equilibiium uptake may be shifted markedly,'"-" so that, as

a rule, the selectivity of the ion exchanger decreases with the

increase of 'temperature. For ion-exchange processes of this type,

moch higher enhalpy values can be expected.

This paper cornmences a series of investigations on temper

ature'sensitive ion-exchange systems invohing chelating resins

of differem types and metal ions of economical and ecological

concern'" The present study was undertaken (1) to obtain

information on thc Zn;·'·~Cu2-:- ion-exchange equilibrium at dif
ferent ternperatLres in systems involving two chelating resins of

iminodiacetic and aminomethylphosphonic types and (2) to

develop a novel approach for predicting temperature dependencies

of ion~exchange ecuiliblia on complexing resins on the basis of

tre enthalpies of the compiex formation reaction for metal ions

with monomelic allalogues of the resin under study. This is the

first ti'11e that such an approach has been applied successiully to

the mentioned prediction. The aim of these investigations

includes the application of the same approach for selecting ligands

'with promising properties tor the synthesis at ion-exchange resins

with temperrture-responsivc selectivity.

EXPERIMENTAL SECTION

Reagents, Ion Exchangers, and Apparatus. Zinc sulfate,

COJper sulfate. and sultulic acid of analytical grade were from

Paoreac (pA. Barcclona, Spain). lminodiacetic ion exchanger,

LewatitTP-i07. and aminomethylphosphonic resin, Lewatit R 252

K. were kindly supplied by Bayer Hispania Industrial, SA. Doubly

distilled water was used in all experiments. Plior to experiments,

all solucions were degassed by using an ultrasonic bath (Branson

1200) and 2 vacuum pump. The ratio of Zn'+ to Cu'" in stock

solotion with a total concentration of (Cu,Zn)SO., of 0.165 ± 0.008

mol!dm: was kept constant at 8.5 ± O.5levcL The pH of the stock

solution was adjusted to 1.9 ± 0.05 with H,SO, and kept constant."

Sta:1daro precautions recommended for handling suL'uric acid

solutions'" were followed when adjusting pH and prepaling the I

EC~SO,j solution from concentrated acid. The concentrations

metal ions were determined by the rep technique using an

ARI. Model 3410 spectrometer with minitarch. The emission lines

used for the spectrochemical analysi.s were 224.7 nm for Cu'" and

206.191 nm for Zn' . The uncercainty of metal ions delelmination

was < 1.5%. pH was controlled using a Clison pH meter 507

(Barcelona, Spain) supplied with a combined glass etectrode. Glass

columns (Df 1.1 cm i.o. for Lewatit TP-207 and 1.4 em i.d. for

Lewatit R-252) connected with a thermostat (Selecta Ultraterm

6000383; Barcelona. Spain) were used for studying the iOll-

Dickel. G.: Bnm~mer. H. Z. Physh, Chern. 1960,25, 8l.
Am Soc, 1955, 77, 807.
M.ridon. R].]. Am. Chun. Soc. 1960,82, 327l.

Am. Chern. Soc. 1982, .104, 2G63.
Sepc"ation, and Recovery; Pa':tCTson.

J :...ewis Boca luton. FL H8'i; p 63.
TI'le ratio of i11C'lal ions and the pH in Slack solution were to those 1n

mine walE'rs of th" Rio Timo areil (f-Iuc;va. Spain), to be one

'[he nalural ge:lf'rlc metal-bearing ef!1ucnts [r-um the pyritic
deiJosits t~'pica] of the southern provinces [,nel sec,

Valiemc. M.; Diez. S.; MaS<illi:l, Pt.; frias, : MJhammed. Mine
W",',,.z'nuinm. 1991,10,17.
eRe Handboo!: 01LaboMiory Safety, 2nd ed.; Stccr. N. V., Ed.: eRe Press:

I';aLon.

exchange equilibrium at different lempera;ures. The construction

of the columns permitted the thermos'a6c conditioning of both

resins and entering solution phases.
Narrow granulometric beti0l1s of resins were obtained by dry

sieving air-dried samples of ion exchangers using 0.42 mm mesh
so that only the resin beads stuck in the holes of the sieve were

collected. The columns were charged with 2.00 g of each ion

exchanger. The resin portions were kept constant during all

series of experimems carried cut
Procedures. Ion-exchange ecpilibrium was studied under

dynamic conditions by using· tixed bed colllmns~ The stock

solution was passed at constant flew rate (1.6 or 3.0 mL/min)

through the columns with resins in H'-form preconditioned with

H2SO, solution at pH = 1.9 and pre-equilibrated at a given

temperature. The eluate was collected in portions in preweighted

vials. and the eluate "ample volume was detccmined by weighing

vials \lith eluate samples and taking the difference in weight since

the density of stock solution was cousidered to be close to unit.

The accuracy at volume detennination was ±0.005 em'. The

concentrations of both Cu2c and Zn" were determined in all

samples. The aohievement of ion-exchange equiliblium in the

systems under study was determined by compruison of the metal

concentration in the column outlet Nith that of the initial feed

solution. After tlle e'uate sample was collected with concentra

tions of Cu'" and Zn"c close to [hose of the initial solution, the

flow of solution was stopped and then resumed after:; certain

period of time. The coincidence of the initial concentration with

that of the sample collected after the break was considered as

the criterion indicating the eqLiliblium in the system. After

equilibration, the ,esin was rinsed with twice distiller! water, and

the metal sU'ipping was carried out with 1 M H,SO.:, followed by

the analysis of Cu'c and Zn> ir, the resulting eluate. The results

of the stripping solution analysis were used to determine both

capacity of the resin toward copper and zinc and the equilibrium

separation factor, Ct, expressed as follows

(1)

where xand X are ti,e equivalent fracions of ions unde, separation

in resin and solution phases, respectively. The relative uncertainty

on a.. detelminatior did not exceed

ThennostIipping e:<periments were carried out as follows.

After equilibration of tJ'e resin at high temperature (60 ee) with

the initial solution, lbe excess of eqlliliblium solution was removed

from the column sc that its level coincided with that of the resin

bed. The temperature was then decreased to the preselected

value of 20°C. After :oquilib;-ation of the system at the lower

temperature, the sarr,e initial solution was passed through the

column at constan' t10w rale (1.3 mUmin) and collected in

portions where concemrations of Cu and Zn were determined.

After attainment of the ion-exchange equiliblium, the resin was

convened into H-·form with 1 III: H,SO, ane! prepared for the next

run.

RESULTS

Typical effluent concentration histories of Cu - Zn exchange

on iminocliacetic aDA) and aminomethyljlhosphonic (AMP) resins
obtained in equilibration of lhe ion exchangers \vith stock solution

Analytical Chemistry, Vol. 67, No, 7'7 September 1, 1995 3029
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Figure 1. Ccncentratior,-volume histories of loading Lewatit TP
207 at 40 (a) and 80 °C (b) with stock solution (see text). Flow rate,
1.6 cm 3/min; Cr and Co are concentrations of metal ions in j solution
sampie and in stock solution, respectively. Numbered dots indicate
moments of temporal solution flow interruptions (each break ~ 2 h).

at 40 and 80 'C are shown in Figures 1 and 2, respectively.
Comparison of the breakthrough curves presented in Figures 1

and 2 shows that the loading of IDA resin proceeds much faster

at high temperature, while in the case of lIMP resin, no remark
able influence of temperature on the rate of metal ions sorption
can be distinguished. Sorption of ZnH proceeds faster than that

of Cu'· on both types of resins and practically does not depend

on temperature. This effect pertains particularly to IDA resin, as
is clearly observed in Figure 1. It is also shown in Figure 1 (and

in Figure 2 as well) that CU"continues being sorbed even after
its concentration in the solution leaving the column becomes

practically equal to that in the initial one. Indeed, the concentra
tion of Cu'+ in the samples withdrawn after the breaks is

remarkably lower than that in the previous ones. This effect
indicates that sorption of Cu'" continues after temporal interrup

tion of passing the solution through the resin bed and testifies to

Figure 2. Effluent concentra:ion histories of loading Lewatit R-252-k
with stock solution (see text) at 40 (a) and 80 cC (b). Other details
are identical to those in Figure 1.

intraparticle diffusion to be the rate-controlling step in this caseY

In addition, Figure 1 shows the frontal separation 01 Zn'" and Cu'

to take place during the loading of IDA resin, and moreover,
improving at elevated temperature (cf. Figure 1)'"

Concentration-volume histories for stripping CU'T and Zn"

with 1 M H,S04 from IDA resin equilibrated with stock solution
at 40 and 80 'C (the sttipping was carried out at the same
temperatures) are shown in Figure 3. As seen from the elution

(27) Helfferich, F. G.; Hwang, Y-L In 101! Exchangers; Donlll'r, K., Eel.: "\Valter
de Gruyter: Berlin-New York, 1991; p L278

(28) ALhaugh the frontal separation of 2n:;--- and C:./ aliL of the main goal oi
the present stucy, it appears to be of practical imponance. indeed, the resu;l~

shown in Figure 1 have been obtained on a short resin (1.5 cm). Pi.
better separation (a wider pure Zn"~ zone) can be easily achieved
increasing the height of the bed or by carrying OUi the process
countercurrent column will a moving resin bed. In the last case,
separation proceeds, in fact. on the endless beel of the ;011 exchange]" thai
allows of the zone of the purified componer:l up to the optimum
dimensions collection 01 the pure product 2n:")
neously ,,,ith the separation process.
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3. ConcentraUon-volume histories for stripping Cu2 -'- and
from LEwati·. TP-207 with 1 IvI H,SO., at 40 (a) and 80 °C (b).

curves presentee in Figure 3. the partial separation of Cu2+ and
Zn'-' is achioved in the case of the IDA resin. For AMP ian
exchanger no separation of metal ions has been observed, at

neither 40 nor 80°C. It is interesting to note that the influence
aitho temperature an the separation of Cu" and Zn2~ during the
stripping follows the opposite trend than that during the loading
stage (see Figure 1). Although from data in Figure 3, a partial
separation of Cu' - and Zn'-' proceeds at both 40 and at 80°C, a

better separa"ion is observed at 40 'C, where the Zn2+ contamina
-cion is much iess tban that at 80 'C, and a wide zone of practically
pure Cu:2.-~ is obtained (see Figure 3a). The temperature increase

affect alsJ the sorbabiJities of both metal ions on both resins, so
that the "mounts of Cu1e- and Zn'+ stripped at 80 'C are
remarkably higher than those at 40 'c. This is a consequence of
the increased capacities of both resins toward both Cu2+ and Zn"
\V-jth the ~ncreasing temperature.

Temlwrature dependencies of for IDA and M1P resins,
detem1il1ed elL five different temperatures, are shown in Figure 4,
parts a and b. respectively. As shewn in Figure 4, both ion

exchangers studied are selective toward Cu2+ and are character
ized by decreasing values of the separation factor with increasing
temperature_ IDA resin demonstrates a much higher selectivity
(higher absolute values) and a stronger temperature depen
dence of 0. than AMP resin_

The capacities of IDA and AMP resins toward C,,2+ and Zn'c
versus temperature are shown ill Figures 5, parts a and b,
respectively_ As canje seen frem the data presented in Figure

5, the resins under study demons'xate different behaviors in tenns
of their capacities toward Cu'+ and Zn2+. Indeed, IDA resin
preferentially sorbs cepper, while A1\1P resin gives preference to

zinc ions. On the other band. two temperature intervals with
different dependencics of resin capacities (for both IDA and AMP
resins) can be clearly distinguished: from 10 to 40 'C and from
40 to 80 'c. The first interval is ch"racterized by a very slight
influence of temperature on metal ions socbability, while a much
stronger dependence of resin capacities on temperature is
observed in the second_ It is interesting to nato that the capacity
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Figure 5. Temperature dependencies of resin capacities toward
Cu2c and Zn2~ for Lewatit TP-207 (a) and Lewatit R-252-k (b) resins.

of IDA resin toward Cu'~ increases in the temperature range
between 20 and 60°C, while that toward Zn" remains practically
constant AMP resin in the same temperature interval demon
strates absolutely the opposite behavior, i.e.. its capacity increases
toward Zn" and does not change toward Cu'+. These results
allow for carrying out selective thermostripping of copper against
zinc from the IDA resin and zinc against copper from the AMP
resin, as is shown in Figures 6 and 7, respectively, where the
thermostripping elution curves are presented.

DISCUSSION
The results of this study must be interpreted from two

viewpoints: theoretical and practical. Theoretical considerations
of the temperalure dependencies of presented in Figure 4
can be based on thermodynamics of the ion-exchange reactions
under study. For IDA resin, this reaction can be written as follows:

RCH,N (CH2COO~)2Zn2+ + Cu2+ =
RCH2N(CH2COO~)2CU2+ + Zn2+ (2)

volume, cm3

Figure 7. Thermostripping breakthrough curves for Lewatit R-252
k. Stripping with stock solution at 20°C from resin pre-eqUilibrated
with the same solution at 60 °C; Cf and CJ have the same meaning
as in Figure 1.

Reaction 2 can be represented as a superposition of the
following equilibria:

RCH2N(CH2COOH)2 + Zn'+ =

RCH2N(CH,COO-)2ZnZ-- + 2H+ (3)

RCH2N(CH,COOH), + Cu2+=
RCH,N(CH2COO-),Cu2

' + 2H2+ (4)

which describe complexation of a single ionic metal species by
the resin phase. Reactions 3 and 4 are analogous to those of
complexation of the respective metal ions with iminodiacetic acid,
which is in fact the monomeric analog of the IDA resin.

3032 Analytical Chemistry, Vol. 67, No. 17, September 1, 1995



Table j, Separation Factors for Zn-Cu Exchange on
IDA Res~n at Different Temperatures

T,K cc
In ai~ Xcuo:.Zn

293 85.0 ± 51 4.44 0.90
313 73.3 ± 4.4 4.29 0.90
333 56.2 ± 3.9 4.03 0.88

Table 2. Calculated and Experimentally Determined
In(a/ai) Values for Zn~C" Exchange on IDA Resin at
Different Temperatures

In((o.Ja)

Ti-l~', K exptl caJed" caled"

333-293 0.41 + (I.IJ6 0.47 IJ.36
333-313 0.26 ± 0.06 IJ22 IJ.I?
313-293 IJ.15 ± IJ.25 0.19

+ Cu'-'=

HN (CH2COO-)2Cu2~ + 2n2+ (5)

(9)

were determined from the results obtained on stripping Cu" and
2n2+ from the resin (see, e.g., Figure 3).

As follows from the data collected in Table 1, the xc, values
are practically constant in the temperature ronge between 20 and

60 'c. This indicates that the a values given in Table 1 can be
used to estimate the M,p value from the slope of In a vs liT,
assuming the usual Arrhenius dependencies of a on temperature.
This estimation gives a value of -86 kllmol, which agrees well

with the average of the t1(!1H)cp-z". values given above (t1(!1H),,"
= -8.5 kl/mol)

From the coincidence of the apparent enthalpy of ion-exchange
reaction 2 "ith the value of the differential standard enthalpy of
reaction 5, one can assume a slight !lH =F7) dependence (see
eq 7) of Zn-Cu exchange on IDA resin, and one can also propose

the following approach for predicting temperature dependencies
of ion-exchange equilibrium on ehelating :-esins.

The prediction is based on applying literature data on the heats
of complex formation:" for different metal ions with ligands of the
same type as the chelating resin under interest (e.g., IDA in our
case). The influence of the temperature on the equilihrium

constant k can he described by the following relationship:

, /', (M!) ~ -9.61'J/moL ' f',(fCHI = ~7.410/mol (see eq 9 and lext)

(7)

(6)log k = t log a(x) dX
vO

The thermodynamics of formation of copper and zinc com
plexes with iminodiacetic acid was studied by Andereg29 and
Bonomo et aPI! They reported the following enthalpy values for
complex formation reactions: -18.6 (CuIDA), -92 (ZnIDA),29

and -16.6 kJ Imol (ClIIDA) 30 Since ion-exchange reaction 2 can
'oc obtained by subtracting eq 3 from eq 4, it can be considered
to be analogoue with the following complcx exchange reaction:

The corresponding differential enthalpy of reaction 5 is calculated
to be f',(f',H}c,-," = -9.4 kl/moj29 or -7.4 kllmol.29.3O

Now, Ih e differential enthalpy of ion-exchange reaction 2 is
estimated from the temperature dependencies of ai~ for IDA
resin sh own in Figure 4a. Although the separation factor a is
not a thermodynamically meaningful parameter, it can be associ

aced with 'he thermodynamic equilibrium constant (k) of the ion
exchange reaction (e.g., reaction 2) as follows:3l32

where x is the equivalent fraction of the larger sorbed ion in the
resin phase (Cu2- in our case). The standard enthalpy of the ion
exchange :'eaction can be determined as follows:

where x is the same as in eq 6 and !lH,p is the apparent
enthalpy"';;':;" depending on X.

Substitution of k for Q in the van't Hoff equation makes it
possible to determine !'>H,p fi'om the temperature dependence of
a through the use of the following equation:

(8)

Since the differentiation in eq 8 must be carried out at a fixed
x, value, tj-js condition has to be fulfilled by the practical application

of eq 8 to detemline i\H,p values from the experimental data, The
values of determined for IDA resin at 20, 40, and 60 "C are
given in Table 1, where the xc, values are also shovm. xc, values

G. Heh. Chim. Acta] 964.47, 180l.
?: ea'ii, R.: Rggi, F.; Rizzarelli, E.; Sammartallu, S.; Siracusa,

1979.18,3417.
E.; SilleL, L. G. Acta Chem. Scand. 1950,4,556.
1952,5, A7.

Ovcrslon,]. Chern. 1961, 65, 1599.
Pn:eU, E. KJ. 1959,63,1417: 1420.

which is valid when !lH is independent of the temperature in the
given temperature interval.

As follows from eqs 7 and 8, in the case when !lH does not
depend on the composition of the resin phase, k in eq 9 can be
subslituted by a, and the logarithms of a;!aj (the ratio of a values
determined at Ti and T;, respectively) can be calcnlated from the
!lH value for differem temperatnre intclvals. A comparison of

calculated a;!aj values with the corresponding experimental values
from Table 1 is presented in Table 2.

As can be seen from the results given in Table 2, the calculated
In (a/a) values demonstrate a satisfactOly fit "ith those deter
mined experimentally.

An estimation of M", for Zn-Cu exchange on llJvlP resin, in
a fashion similar to the above estimated for IDA ion exchanger,
gives !lH" = -0.3 kllmol for Xc, = 0.16, which is far lower than
the !lH,,, aetenuined for IDA resie. This result is consistent with
the much weaker temrerature deDendence of in the case of
AMP resin in comparison with that for IDA ion exchanger (of

Figure 4, parts a and h), and it confirms the conclusion byTolldeur

(35) Christer.scn, ], ].; Izali. R. M. !{G1Id.'JOO!< ofMf!toi L(qaJui lJw:s. 3rd eel.:
Murcel Dekker; l\"ew York, 1983.
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Table 3. Differential Enthalpies of Complexation for
Hypothetic Chelating Resins with Selectivity
Dependent on Temperature (Ratios of Equilibrium
Constants at Different Temperatures)

(10)

As follows from eq 10, at a fixed 6.T, the value of the term in
parentheses increases when T, decreases.

It seems reasonable to mention one more possible application
of the predicting data shown in Table 3. These data allow one to
preselect the ligands having greater promise to be used for the
purposeful synthesis of chelating ion exchangers "ith tempera
ture-responsive selectivity. This preselection must be based on
the fact that the differential heat of the complex fonnation reaction
between the chosen ligand and a certain metal ion couple shouid
not be less than 15-20 kl/mol, which can provide a sufficient
valiation of the synthetic resin affinjty toward the target ion in a
suitably narrow temperature range. The synthesis of ion ex
changers of this type has to stimulate the wider application of
the reagentless ion-exchange separation techniques, which can
allow for designing the wasteless and ecologically clean ion
exchange technologies.

Lastly, we will consider the results obtained in this study in
practical application to the separation of Cu" and 2n'''' from the
mixture under consideration.

As can be seen in Figures 1 and 3, 2n'" and Cu" can be
separated on IDA resins by frontal and reverse frontal separation
techniques, respectively. The frontal separation improves at
elevated temperatures (see Figure 1a). which is, in iact, the result
of two temperature effects acting in opposite directions. The

former effect deals with the influence of temperature on ion
exchange equilibrium and may be considered as "negative" since

significantly decreases with increasing temperature (see
Figure 4). The latter is connected with the rate of Cu" uptake
by IDA resin, which is positively affected by the temperature
increase, as demonstrated by Schmuckler et 11,e totai

separation effect observed testifies to the dominant role of the
"kinetic effect of temperature" in this case. A contrary conclusion
can be derived from the results presented in Figure 3, where a
better reverse frontal separation is observed at low temperature,

The validity of the proposed approach and its predictive ability
have been demonstrated above and can be illustrated by the
results presented in Table 2. All other predictions done must be
confirmed by the respective expelimental data, and we intend to
follow this fUliter. As follows from the compalison of the data
shown in Tables 2 and 3, the efficiency of separation the dual
temperature ion-exchange technique depends on two param
eters: the absolute value of the differential enthalpy of complex
ation and the value of the cOlTesponding temperature interval.
The efficiency in this case is known to be directly proportional to
the ratio k(T,)lk(T,)' As can be clearly seen from Table 3, higher
values of this ratio (i.e., higher separation efficiency) at a fixed
6.(Mf) can be achieved by widening the temperature range. For
aqueous solutions, the temperature range may be chosen within
the scale from 273 to 353 K. It seems useful to analyze tbe
influence of ~T = T2 - T, and its position on the temperature
scale (which can be determined by T, value) on the k(T;llk(T,)
ratio. Consider for this purpose again eq 9, which can be rewritten
as follows:

(36) Nativ, M.: Golthtein, S.; Schrnuckler. G.]. l!iOYg. Nil{';
1951.

(9a)

353-290 K
3.54
5.47
7.17
9.36
12.38
14.85
18.72
21.74
26.29
31.1

3,j3-290 K
/09
li.32
S.29
10.81
14.29
17.15
21.63
25.11
':0.37
:-;5.94

-t..H, kl/ma1"

33:)-290 K
4.89
7.S6
9.91
12.94
1710
20.S2
25.88
3li04
36.34
COO

0.405
O.4:n
0.693
0.916
1.099
1.386
1.609
1.946
2.303

1.5
1.7
2.0
2.5
3.0
4.0
5.0
7.0
10.0

'I Te:nperaturcs arc 12- '1'].

The result of such an estimation is shown in Table 3, where
the beats of ion-exchange reactions of chelating ion exchangers
with different Iemperature dependencies of their selectivities
(expressed as the con-esponding ratios of equiliblium constants
at given intervals of temperatures) are presented.

The data shown in Table 3 illustrate, on the one hand, the
range of enthalpy changes charactelizing the resins with remark
able temperature dependencies of tbeir selectivities (e.g., k(T,)1
k(T,) > 2) toward a certain ion couple; 011 the other hand, the
data allow one to preselect the ion exchangers suitable for
separation of certain ion mixtures in applying temperature
responsive ion-exchange fractionation techniques (e.g., parametric
pumping and others).

This preselection can be based on 6. (Mf) values for complex
ation of metal ions with the respective resin analogues. For
example, as follows from the heats of IDA complex formation with
Co'" (8.95 kl/mol), Ni" (-21 kl/mo!) , Cd'+ (-6.11 kl/mo!),
and Pb'+ (-13.97 klima!),'" IDA resin can be expected to
demonstrate a quite stnong temperature dependence of a. for the
exchange of the following ion couples: Co'--Cu2+ (6.(!:>H) = -9.8

kJ/mol). Co"-Ni2+ (-12.2 kl/mol) , Nih -Cd2+ (-15.0 kl/mol),;
Cd:'-Pb'- (-7.9 kllmol), and Zn"-Ni'- (-11.9 kl/mol) (this
series can be easily extended). For ion couples such as Cd2+
Zn" (-3.1 kl/mol) , Cd'--Co2+ (-2.8 kJ/mo!), and Ni"-Cu"
(-2.3 kl/mol) , a far weaker temperature dependence of a. values
can be predicted for the same ion exchanger. Finally, for Co'+
Zn'" (-0.25 kJ/mol) , practically no influence of temperaturc on
the ion-exchange equilibrium on IDA resin can be expected.

and Grevillot" that high heats of ion-exchange reactions are the
key for identifying temperature-responsive ion-exchange systems
which can be applied for, e.g., efficient parametric pumping
separation.

From this viewpoint. eq 9 seems useful for estimating the
values of enthalpy changcs for some hypotheticai ion exchangers
(e.g., of chelating type) charactelized by changes of their selectivi
ties toward some metal ion couples (in values of equiliblium
constants) in a given temperature interval. For this purpose, it is
convenient to rewlite eq 9 in the follov.ing form:
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which can be ascribed now to the dominating "equilibrium effect
of temperature" (higher value),

Anothe: possibility for separation of Cuz+ and Znz~ on IDA
resin is iHustrated hy the results shown in Figure 6, from which
it follows that this ion exchanger can he used for dual,temperature
fractionaticn of the ion couple under consideration in applying,
,e,g., the parametric pumping technique,

As ca') be seen from the data shown in Figure 7, AMP resin
also demonstrates the potential to be applied for dual-temperature
fractionati 0:1 of Ce'- and Zn'- mixtures. This result is interesting,
since neid1cr dwing the loading (see Figure 2) nor in the stripping
has remarkable separation of the mi.xture components been
obselVed; this can be attributed to strong temperature dependence
of AMP res:n capacity toward Zn'", This leads to the conclusion
that not only a vs T but also capacity vs T dependencies have to

be tal,en into account for selecting appropriate conoitions for
carrying dual-temperature ion-exchange fractionation.

CONCLUSIONS
From the results 01 the present study, the following can be

concluded:
(a) Lewa-:itTP-207 resin ofiminodiacetic type demonstrates a

strong temperarJre dependence of the equilibrium separation
lactor for Zn-Cu exchange from sulfate solutions at pH = 1.9
With a lZn'" jlCu>] ratio around 8,5, Such dependencies agree
with values predicted on the basis of the differential enthalpies of
complex exchange reactions between the metal ions under study

ad the monomeric analog of the resin (iminodiacetic acid in our

case).
(b) A sim pIe thennodynamic approach for preselection of ion,

exchange systems (Including ion exchanger and metal ion

mixtures), applicable for separations by dual-temperature frac
tionation techn:ques, such as, e,g., parametric pumping, has been
proposed, based 011 the heats of related ion,exchangE reactions,
which are considered practically constant in a relatively narrow

range of temperature. The same approach is thought to be
applicahle for selecting ligands which would be promising for the
synthesis of ion~exchange resins 'Nith temperature-responsive
selecti'ity,

(c) Thennostripping with stock solution at 20 'C from IDA
resin pre-equilibrated with the same solution at 6D °C results in
selective desorption of Cu". while under the samE conditions,

AlV[P resin selectively releases 2n'--, despite the fact that both
resins demonstrate preferential sel'2ctivity toward Cuz'

(d) Temperature dependencies of resin capacities toward
certain metal iOI1S a]jaw for preseleejon of conditions for selective

thelmostripping of the given ionic species that can be applied for
separation of the metal ions mixture by the paramettic pumpiIlg

technique.
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Flow Injection Preconcentration Using Differential
Flow Velocities in Two-Phase Segmented Flow
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In this work, a pseudostationary phase of organic solvent
replaces the microcolumn in flow injection preconcentra
tion. This pseudostationary phase results from the wet
ting of hydrophobic tubing by the organic solvent within
the concurrent flow of iwo immiscible phases through
narrow tubing. If this wetting fihn is sufficiently thick, a
differential velocity between the aqueous and organic
phases develops within the iwo-phase segmented flow.
The effect of experimental parameters such as sample
volume, flow rate, phase ratio, and tubing diameter on
the preconcentration factor are characterized. Using
these procedures, preconcentration factors in excess of
50-fold are obtained with a throughput of 30 samples/h.

Preconcentration is an indispensable step in many analytical
procedures, The preconcentration step serves the dual function

of increasing the response for trace amounts of analyte and
separating the analyte from the bulk matrix, Manual procedures
employ various methods, including coprecipitation, use of chelat
ing resins, ion exchange, and solvent extraction, While these
techniques can achieve impressive preconcentration factors, their
periormance manually is tedious, time-consuming, and labor
intensive, Significant effort has thus been expended to automate
these procedures, The direct approacb to automating sampie
preparation steps is the use of roboticsl This approach eliminates
the tedium of the procedure but does not reduce the total analysis
time and simply replaces a labor cost with a capital cost

A second means of automating preconcentration is the use of
flow injection (FI) methodologies.'-' The most common means

of FI preconcentration involves injection of a large volume of
sample onto a retentive minicolumn, Retentive phases that have
been used include cation exchangers,",6 anion exchangers,' chelat
ing resins,'-13 alumina,14 and even yeast.1S The minicolurrm retains

the analyte while aliowing the sample matrix to elute from the
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manifold, A small volume of eluting reagent is then injected to

elute the analyte from the column and onto the detector. Using
this technique, preconcentration factors up to SOo-fold have been
observed, albeit requiring a 25 min loading." A limitation of this

procedure is that it will be specific to only those analytes directly
retained by the minicolumn, [f a different selectivity is required,
it is necessary to replace the minicolumn,

An alternative means of performing FI preconcentration
involves the use of a hydrophobic column such as (", lli,)7 activated
carbon,15 and even fullerenes, 19 An organic chelating ligand such

as 8-hydroxyquinoline, 4-(2-pyridylazo)resorcinol (PAR), 1-(2
pyridylazo)-2-napthol (PAN), or diethyl dithiocarbamate (DDC)

is coated onto the support and chelates metal ions within the
sample, In this manner, preconcentration factors of GO-fold were
achieved with a throughput of 30 injections/h. 11;

A number of difficulties arc experienced using the solid phase
extraction FI manifolds described above, Most significant is the

instability of the dispersion (band broadening) and reagent flow
rate due to settling of the packing in the minicolumn, Use of a
more sophisticated flow manifold in which a second pump back
flushes the minicolumn with the eluent circumvents this dif
ficulty,s,20 Alternatively, the solute complex may be sorbed directly
by the hydrophobic tubing2H:J However, both the minicolumn
and the open column solid phase extraction approaches can be
plagued by irreversible binding of the sample matrix on the
retentive suriace, This binding can alter the retention character
istics of the minicolumn and thus the analytical response,

Preconcentration using liquid-liquid extraction circumvents
these difficulties, However, manual liquid-liquid extraction

procedures are tedious, time consuming, labor intensive, respon
sible for the generation of large quantities of environmentally
hannful waste, subject to contamination from the atmosphere and
laboratory environment, and prone to bias and error because of
the numerous requisite manipulations, One means of automating
liquid- iiquid extraction is t10w injection analysis, Karlberg and
Thelander" and Bergamin et at'5 introduced this technique
simultaneously in 1978, In this instrument, two immiscible solvent
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streams merge and flow through narrow « 1 mm) tubing. Under
these conditions, the flow is in the form of alternating segments
of eacle Dhase. Rapid extraction occurs between the two phases
as a res~lt of the high surface area-ta-volume ratio and the toroidal
mixing \vithir: each segment.2n,27

Since its int:-oductlon, solvent extraction-flow injection has
been used in over 100 applications. Also, 30% of all preconcen
tration methods in flow injection employ liquid-liquid extraction."

However, difficulties in maintaining the segmented flow and phase
separator efficiency at high phase ratios limit flow injection using
liquid-liquid partitioning to concentration factors ofless than 15-

Muitiple extraction systems that periorm both forward- and
back-extractiOJ' have also been developed. However, such
systems arc extremely complicated,o.J] and have also only achieved

emichment factors of 15-20.'32 Recently, a flow system was
devised that allows on-line extraction and preconcentration within
the cuvette of a standard speetrophotometer.33 However, the
inst]umen' requires two peristaltic pumps and has a low sample
throughput. Thus, while it is desirable to periorm sample
preconceJ):ration using liquid-liquid extraction, no simple and
robust manifold exists for this purpose.

BACKGROUND
Recently we introduced a simple and robust solvent extrac

don - FI svstem based on the film-forming characteristics of the

aqueous-"organic segmented flow.'" A detailed discussion of the
differentiall10w velocities resulting from this film formation has

been given previously,"!.' and so only a qualitative discussion is
giver herein. When twn immiscible solvents flow through narrow
tubing, a segmented pattern of tlow develops, with one solvent
freely wetting the inner tube wall.'7.:l5.36 ln hydrophobic tubing,

such- as the Teflon used herein, the organic phase forms the
continuous film-fanning phase. This organic film bridges suc
cessive segments of organic solvent and surrounds the aqueous
segments with organic phase (part a of Figure 1). Thus, the
aqueous phase Hows rapidly through the tubing without being
retained bv the walls. whereas the organic phase proportions into
both the Uowing segments and the stagnant film and thus is
retarded relative to the aqueous phase.

Thus, when a solute extracts into the organic phase, the solute
band migntes through the tubing more slowly than the aqueous

segmenb. Parts a-c of Figure 1 depict this process. ln Figure
1, the sample is initially injected into two aqueous segments
(segments 0). As these segments flow through the tubing (to
the right), the solute extracts into the adjacent organic segments
(pali b). HONever due to the lower axial velocity of the organic
nhase due to the wetting film, the extracted solute lags behind
;he initial injection segments (part c). This allows the separation
of exh·aeted and llDnextractcd components within a sample."'!
Fwthermore. since multiple organic segments contact the aque
Oug segment containing [he sample, any partially extractable
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Figure 1. Schematic representation of sample preconcentrafron
using the differential flow velocities in segmented flow. Flow is from
left to right in hydrophobic tubing (organic phase forms wetting film),
Siep a: sample injected into segments O. Step b: sample extracts
into the organic phase, where the zone Jags behind the aqueous
',n.ection segments and broadens due to the wetting film. Step C'

eluting reagent injected into segment 4. Slep d: eluting reagent
catches up to the sample zone and starts causing back-extraction
Step e sample has been folly tack-extracted into segment 4, which
contains the eluting reagent

material will eventually be quantitatively forward-extracted. The
partially extracted component then l10ws through the tubing at a
velocity intermediatc between that of the aqueous and organic
phases.37

To preconccntraiJe the extracted sample component, an eluting
reagent is injected (segment 4 of part c) after a time delay
sufficient to allow full extractiun of the sample, 'This aqueous
eluting reagent possesses a greater axial velocity than the organic
phase. Thus, the eluting reagem segment (segment 4) rapidly
catches up with the extracted sample band (part d), causing back
extraction of the analyje intu the aqueous segment containing the
eluting reagent (as indicated by the cross-hatching of segment
4). In essence, the technique can be viewed as a means of
focusing dispersed sample after extraction. As the eluting reagent
segment (4) passes through the extracted band, the solute

concentrates into this small aqueous volume. For instance, in
Figure 1, the solute is injected initially in two segments and is
concentrated into a single segment by part e (assuming quantita

tive back-extraction), yielding a preconcentration factor of 2.
In this work we investigate the factors affecting liquid-liquid

preconcentration performed using the differential flow velocities
within hexanol-water segmented flow.

EXPERIMENTAL SECTION
Apparatus, Figure 2 shows a schematic diagram of the

solvent extraction-flow injection system used for preconeentra
tion, Solvents are delivered by two separate pumps. Pump A
(Model M-6000; Waters, Milford, MA) delivers methanol. Pump
B is a dual piston IIPLC pump (Model 125; Beckman, Fullerton,
CA), modified to provide independent l10w of the two immiscible

solvents (lJexanol and water). All solvents are degassed by

sparging with helium. u:w-pressure pulse dampening is provided
by incorporating lengths of l.0 mm l.d. stainless steel into the
flow pathways.

Two fixed loop injectors (VI and Y2, Model 9125; Rheodyne,
Cotati, CAl are arranged in series in the aqueous carrier stream.
Injector V, injects the sample (20-1000 ilL), and V, injects the

(37) Lucy, C A; Hauscrmai:n. B. P. Anal. Chim. Acta 1995.307,17:3.
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Figure 3. Instrument response observed for the injection of
o-nitrophenol under conditions where it is extracted into the organic
phase (steps a,b in Figure 1) and under conditions where the
o-nitrophenol is extracted and then back-extracted into aqueous
segments containing the eluting reagent (steps c-e in Figure 1).
Experimental conditions: sample, 20 I'L of 05 mM o-nitrophenol: flow,
1.0 mUmin of 4:1 hexanol-aqueous pH 4.0 acetate buffer: extraction
coil, 300 em of coiled 0.5 mm i.d. Teflon tubing: eluting reagent. 20
I'L 01 0.1 M NaOH injected 0.4 min after the solute; methanoi, 1.9
mUmin; detection, 247 nm.
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RESULTS AND DISCUSSION
The system developed herein preconcentrates analytes using

the differential velocities within segmented two-phase flow as
described above. The characteristics of this system mirror those
of FI preconcentration using a retentive minicolumn when the
analyte is only partially retained (i.e., capacity factor is less than
infinity). The lower trace in Figure 3 is the signal observed after
injection of o-nitrophenol under acidic extractive conditions. The
upper trace is the response when 20 ,uL of 0.1 M NaOH eluting
reagent is injected 0.4 min after the injection of the o-nitrophenol
sample. The sample concentrates into a smaller volume that does
not undergo band broadening within the segmented flOW. 37 Thus.
the response is more intense and narrower for the b8ck-extraction

preconcentration.
Two factors govern the timing of injection of the eluting

reagent. First, all the sample injected with V, must load onto the
extraction coil before injection of the eluting reagent. No
additional delay was required for extraction of the sample into
the organic phase, as the extraction process is extremely rapid
in coiled tubing." Second, the eluting reagent must be injected

soon enough after the sample injection for the eluting reagent to
catch up to and pass all the sample zone on the extraction coil
(part e of Figure 1). Thus, the time delay between injection of
the sample and of the eluting reagent must be less than the
difference between the retention time of the leading edge of the
extracted sample (toeg - '/,W,,,,dicc) and the retention time of an
unextracted solute (I,q). The response for the back-extraction

0.2

Organic

~ ! 2

~~..
n 2v G 1 '"'-" T, Extraction

Coil

Figure 2. Schematic diagram of the liquid-liquid extraction-flow
injection manifold for pertorming preconcentratior. See text for details.

Com~uter

eluting eluent (0.1 M NaOH for an experiments). A bypass loop
around valve V, enstlres that the sample is adjusted to the desired
pH by throughly mixing the sample and the aqueous buffer from

pump B. The aqueous and organic solvents merge at T j , a 0.8
mm bore tee fitting (PIN 550731; Alltech Associates Inc., Deer
field,IL). The extraction coil is composed of ~3 m segments of
helically coiled (~5 mm coil diameter) Teflon tubing (0.5 and 1.0
mm i.d.) , connected in series with poly(ether ether ketone)
(pEEK) fittings and unions (P/N F-300X and P/N P472, respec
tively).

After passage through the column, the two phases merge with
methanol from pump A at T,. Thc combined solvents flow
through the mixing coil, M (26.3 cm, 0.8 mm i.d. Teflon tubing),
to homogenize the flow and then to the UV/visible detector
(Modc1166, Beckman). The wavelength monitored was 247 nm,
the isosbestic point of o-nitrophenol, for all studies.

The detector signal was collected on an IBM Model PS/2
microcomputer at 2 Hz using System Gold (Beckman), which also
controls the Beckman HPLC pump and detectcr.

Reagents. All aqueous solutions were prepared with distilled
and deionized water (Barnstead Type D4700 NANOpure deion
ization system). Analytical grade hexanol and methanol (BDH)
were used as received. The immiscible solvents were mutually
saturated (by vigorously shaking one with 2 or 3 drops of the
other) before use.

A 10 mM stock solution of o-nitrophenol (Eastman Kodak Co.)
was prepared in water and serially diluted in the desired pH buffer.
Acetate (pH 4) and phosphate (pH 2-8) buffers were prepared
at 0.1 M using analytical grade reagents (BDH). The eluting
reagent used to back-extract o-nitrophenol D-om the organic phase
was 0.1 M NaOH (BDH). Linearity of detector response was
confirmed by injection \'1,) of eluting reagent (0.1 M NaOH)
containing various concentrations of o-nitrophenol.

Procedure. In normal operation of the iEstrument, sample
is injected into a buffered aqueous stream using injector V,. After
a time interval sufficient to allow the sample to load into the
extraction coil, the eluting reagent is injected at V2• Specific
experimental conditions are given in the figure captions and the
discussion below.

In instrument characterization studies. the sample was intro
duced continuously into the system as part of the aqueous carrier
buffer. This eliminated the need tc determine the optimal delay
time between sample and eluting reagent injection. All injections
werc performed in triplicate Peak area is used throughout for
quantification. Preconcentration factors are defined as the 0 b
served response relative to the response observed for a 20 ,uL
injection containing the same sample concentration.

Instrument reproducibility was improved by rinsing the extrac

tion coil at the end of each day with concentrated HN03, distilled

IPump A IMethanol
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Figure 4. Effect of volume (V,) of o-nitrophenol sample injected
on the instrumental response for 300 (.A), 600 (0), and 900 (e) em
extraction coils. Experimental conditions: sample, 0.0625 mM 0

nitrophenol; flcw' 1.0 mUmin of 4;1 hexanol-aqueous pH 4.0 acetale
buffer: extraction coil, coiled 0.5 mm i.d. Teflon tubing; eluting reagent,
20 .uL cf 0.1 Iv1 ~i80H; methanol, 2.9 mUmin; detection, 247 nm.

preconcentratioll in Figure 3 represents the maximum delay that
still yields quantitative extraction of the sample.

The preconcentration factor will depend OIl the volume of

orgdllic phase that the eluting reagent encounters as it passes
through the extraction coiL This contact volume will increase as
the difference in the velocities between the aqueous and organic
phases increases. From lubrication theory, the wetting film

thickness (d',h') in hydrophobic tubing is related to the viscosity
oi the continuous (film-forming) phase, ~"g, the linear velocity of
the aqueous phase, V". and the interfacial tension, y:2838

kd ('Vaq~org)a
dfij;rJ tube)'

The terms k and a are constants -' /2_2;" for a single segment
passing through a continuous phase, In segmented flow such as
that used herein, me constant a was between 0.28 and 0.15,
depending on the phase ratio,37

TI,e diJlerential velocity between the aqueous and organic
phases is greatest when the wetting film is thick." Thus, an
organic solvent "ith a high viscosity (ry"g) and a low interfacial
tension with water ~!) is desirable. Previous studies",:" have
demonstratec that hexanol (ry = 4.578 cP;" y "" 6 dyn/em,
estimated from values for pentanol and octanol" ) yields a useful

diITerential velocity between the aqueous and organic phases
within the segmented flow, and so hexanol was used for all work
described herein,

S:unple Volume and Extraction Coill.ength. The volume
of organic phase in contact "ith the eluting reagent will also be

(38) Chen, ].-D.j. CulLoid Interface Sci. 1986,109,341.
(39) CRC Handbook of C/lemis;ry and Physics. 73rd ed.; CRC Press, Inc.: Boca

Rato:l, FL 1992-1993.
(40) lntenza!ioii(ll Critical Tables

1st ed.; National
1929:

a function of the distance thai: the organic and aqueous segments
must travel, i,e., the extraction coil length. Figure 4 shows the
peak area observed for increasing volumes of 0.0625 mM
a-nitrophenol injected onto three lengths of extraction coiL Th2

eluting reagent volume js constant at 20 ,uL. As the injection

volume increa3ed, the peal< a,'e" observed for the back-extracted
peak increasec' rectilinearly (300 em, linear range 0-300,uL, slope

= 0.034 ± 0,005, intercept = 1.5 ± 1.1, r" = 0,95; 600 em, linea'
range 0-500 /lL, siope = 0033 ± 0,002, intercept = 2.2 ± 0.8.
= 0,985; 900 cm, linear range 0-800 ilL, slope = 0.032 ± 0001
intercept = 2,5 ± 0.7, r" = 0.994) to a limiting value. This limiting
value corresponds to the maximum preconcentrati.oll that is

achievable with a given extraction coiL For the 900 cm coil, this
corresponds to a preconcentration factor in excess of 50-fold.

The minimlJill volume at which this maximum preconcentra

tion occurs is analogous to the breakthrough volume in frontal
chromatography; that is, the volume of sample solution that can
be loaded onto a chromatographic column before the effluent
possesses the same composition as the influent. For on-line liquid

chromatographic concentration, maximal 301ute preconcentration
is achieved when the sample volume is larger than the break
through volume of the precolumn." For a quantitatively extracted

component, the breakthrough volume (V, (breakthrough)) of an
extraction coil i3 described by

¢8q/org (
Vj (breakthrough) = /Veal! 1 ' . c 2)

I qJaq/Oi"f!

where/is the dilution factor resulting from some of the aqueous
solution flowing through the bypass loop, 10';'0;[ is the total volume

of the extraction coil, and iP"lo" is the ratio of aqueous phase to
organic phase,34 TI,e right-most term of eq 2 is the fraction of

the column filled with me aqueous phase
Therefore, eq 2 predicts that the breakthrough volume of the

extraction coil increases linearly with the coil length, provided

that the phase ratio remains constant. A plot of the limiting peak
areas observed in Figure 4 verSt's the extraction coil lengths (not
shown) displays a rectilinear relationship (slope = 0,033 ± 0,004,

intercept = 0,9 ± Hi, '" = 0.987).
Alternatively, the effect of experimental conditions on the

maximum preconcentration factor can be detennined using
continuous sample introduction, In this procedure, the aqueous
reagent delivered hy pump B (Figure 2) also contains the sample.
Aqueous reagent conditions (pH 4,0) ensure that the o-nitrophenol
extracts into the org211ic phase, such that all organic se),wents
within ti1e exiraction coil contain the same concentration of sample
(i,e" all organic segments in fran'e b of Figure 1 would be black).
Injection of eluting reagent using injection valve V, resuits in back
extraction of the sample into the aqueous phase, as depicted in

steps c-e in Figure L Figure) displays the analytical signal
observed when preconcentration is perfol111ed in this manner. The

baseline absorbance before the peak is proportional to the consrant

concentration of solute from the continuous sample feed. The
peak represents the preconcentration of solute back into the
aqueous phase as a result of injection of the eluting reagent. The
depression in the baseline after the preconcentration pealo cor
responds to the organic segnlenls [Tom which the solute was back

extracted from by the eluting reagent Under the conditions

(41) Subra, P.; Hennion, M.-C. Rosset, R.: Fr('!. R. W.]. ChrnmatogY. 1988.456.
121.

Analytical Chemis"ry, Vol. 67, No. 77, Sepiember 1, 1995 3039



1.5

1.2 -

'" 0.9
'"=
'",t:l...
~

oJ::.
< 0.6 -

0.3

~
15

'"... 12
~ 0 0 J C
0

'= D
;; 0 .£ 0

. .
~ Lo ..
'" f· .Q

~
..>:
'" f
Q

Q.
0

0.0 0.5 1.0 1.5 2,0 2.5 3.0

Flow Rate (mUmi,,)

Figure 6. Effect 01 flow rate on solute preconcentratioll in 0.5 mm
(.) and 1.0 mm (0) i.d. extraction coils. Experimental conditions:
extraction coil, 300 em; sample, continuous introduction of 0.0313
mM o-nitrophenolln pH 4.0 buffer; phase ratio, 4:1 hexanol-aqueous
buffer; eluting reagent, 20 ,uL of 0.1 MNaOH; methanol, 2.9 mUmin:
detection, 247 nm.

where V is the volume of each phase and Q".A is the fraction of
the acid in the fully protonated (extractable) form. For a solute

where b is a constant and q"q/,,, is the ratio of the aqueous to the
organic phase. Previous studies have confirmed the direct
relationship between the phase ratio and the differential velocity
between the two phases..1437 Figure 7 presents the effect of
aqueous-organic phase ratio on the preconcentration of o-nitro
phenol. A strong negative deviation from the predicted linear
response is observed. This deviation is due to the low partition
coefficient for extraction of o-nitrophenol between hexanol and
water. At pH 4.0 (conditions under which o-nitrophenol is
quantitatively in the protonated form), the partition coefficient (Kl')

was measureu to be 11.9. Thus, as the volume of aqueous solvent
to organic solvent increases, less of the sample extracts into the
organic phase, as described by the equation

(3)

(4)

Vaq - Vorg = b(Vaq1]org)a (l +
Vaq Y

fo,g=y + KY
aq aH.A: P org

the decrease in signal intensty observed in Figure 6 results from
the kinetics of mass transfer between the organic and aqueous
phases becoming finitely slow at the higher flow rates. Thus.
while the solute is thermodynamically favored to back-extract into
the eluting reagent, quantitative back-extraction is not achieved
due to the slow kinetics of mass transfer. A flow rate of about
1.0 mL/min is optimal for preconcentration of solutes in hexanol
water segmented flow.

Tube Diameter. As can be seen in Figure 6, 1.0 mm i.d.
tubing yields superior preconcentration factors for ail flow rates
studied. This is consistent with eq 1, which states that the film

thickness shonld increase linearly with increasing tube diameter
and decrease at the power a with decreasing velocity. Upon
doubling the tube diameter, the overall effect on the film thickness
is expected to be an increase of 35-62%, based on previously
determined measurements of the power tem1 a. 37

Phase Ratio. Incorporation of eq 2 into the expression for
the velocity of the organic phase yields the expression!7

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Figure 5. Instrument response obs8Ned with continuous sample
introduction. Experimental conditions: sample, 0.125 mM o-nitro
phenol in the aqueous pH 4.0 acetate buffer; flow, 1.0 mUmin of 4:1
hexanol·-aqueous buffer; extraction coil, 300 em of coiled 0.5 mm
i.d. Teflon tubing; eluting reagent. 20.uL of 0.1 M NaOH; methanol,
2.9 mUmin; detection, 247 nm.

utilized to obtain Figure 5, over a 20-fold increase in the signal
intensiry is achieved upon focusing the extracted sample.

Stuelies of the effect of extraction coil length on the maximum
preconcentration factor using continuous sample introduction
yield,eel results comparable to those shovm in Figure 4. For
extraction coils of 3-9 m of coilcd 0.5 mm i.d. Teflon tubing using
experimental conditions identical to those in Figure 4 (except the
aqueous reagent contained 0.0313 mM o-nitrophenol), the peak
area increased linearly with coil length (slope = 0.126 ± 0.001,
intercept = 0.6 ± 0.5; f! = 0.9999).

All further characterization studies of the flow injection
preconcentration system were conducted using continuous sample
introduction.

Flow Rate. Lubrication theory predicts that the thickness of
the wetting film increases with flow rate (eq 1). Thickening of
the wetting film enhances the difference in the flow velocities of
the two phases and so should enhance the preconcentration factor.
Figure 6 displays the peak area (corrected for changes in flow
rate) observed after injection of the eluting reagent into hexanol
water segmented flow ranging {yom 0.1 to 3.0 'IlL/min in 0.5 (e)
and 1.0 mm (0) i.d. Teflon tubing. For both tube diameters, the
response increased up to 1.0 mUmin, as expected due to the
predicted thicker wetting films. However. for flow rates greater
than 1.0 mL/min, the predicted behavior was not observed.
Rather, the response elecreased as the flow rate increased. In a
previous study, a similar anomalous behavior was observed for
partially extracted components, whereas fully extracted compo

nents showed no discontinuity in behavior.3' The continuity of
the behavior of the fully extracted component indicates that no
alteration occurs in the film behavior. Thus. it is believed that

Time (minutes)
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Figure 7. Effect of aqueous-organic phase ratio on the precon
centraton of o-nitrophenol. Experimental conditions: extraction coil,
300 em of 0.5 mm Ld. Teflon; sample, continuous introductio1 of
0.03' 3 mM o-nitrophenol in pH 4.D buffer; organic phase. hexanoi:
eluting reagent. 20 !,L of 0.1 M NaOH; methanol. 2.9 mUm in;
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pH
Figure 8. Effect Of pH on the preconcentration of o-ritrophenol.
EX:Jerimental conditicns: eX'raction coil, 300 em of 0.5 mm i.d. Teflon;
sample, continuous i1troduction of 0.0313 [T1M o-nitrophenol; phase
ratio,4:1 hexanol-aqueous phosphate buffer; eiuting reagent, 20 ,uL
of 0.1 M NaOH; metilanol, 2.9 mUmin~ detection, 2.17 nm.
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value of 7.21.'" The resultant curve obtained by multiplying the
fraction of solute in the organic phase by a factor (24.9 ± 1.0)

detennined by the jlt is show" in Figure 8.
Thus, the preconcentralioll factor achievable using the dif

ferential velocities within segmented two-phase flow win be
dependent all the fraction of the solute that extracts into the
organic phase. as wen as the differential velocities between the
two phases.

thai partitions only sparingly into the organic phase. the velocity
of the solu:e band will be intennediate between those of the
aqueous phase and the organic phase in proportion to the fraction
of solute eCl'1ilibrated within each phase. As a consequence, the
differential velocity between the solute zone and the eluting
reagent will decrease as less sample partitions within the organic
phase, resu Iting in lower preconcentration factors.

Distribution Coefficient. To test the irrfluence of the extrac
tion efficiency on the preconcentration factor, the distribution of
o-nirrophenol was systematically varied by altering the aqueous
phosphate buffer pH O.e., fl.,.,A was varied). The data points in
Figure 8 are 'be experimentally observed effect of aqueous reagent
pH on the peak acea ohserved for injection of eluting reagent into
a continuous stream of o-nitrophenol. Equation 4 predicts that
the response is proportional to the fraction of the solute ill the
organic phase. Filting of eq 4 using the experimentally deter
m:ned partit.on coefficient (Kp = 11.9), yields a pK, for a-ni
tTophenol of 7.15 ± 0.09, in excellent agreement with the literature ~) AbstJ'act publisll,:d in Adva1lce ACS Jlbsirads. L 1995,
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Chromatographic Evaluation of Porous
Carbon-Clad Zirconia Microparticles
Thomas P. Weber,t Paul T', Jackson, and Peter W. Carr*

Department of Chemistry, University of Minnesota, Minneapolis, MN 55455

The chemical vapor deposition ofhydrocarbons on porous
zirconia (ZrOz) microparticles creates a reversed-phase
support that is significantly different from conventional
bonded reversed-phase supports. This carbon-overlaid
zirconia support (C/ZrOz) is stable to conditions of
eJl.1:reme pH (0-12) and temperature (80 QC). It differs
greatly from conventionai supports in its chromatographic
selectivity; the separation of positional isomers is facile,
and they are well resolved compared to the separation on
ODS silica. The unique chromatographic nature of this
material was studied in detail to better understand and
find applications for this novel stationary phase. The
results ofloading capacity and chromatographic efficiency
studies are also discussed.

Zirconia Chromatographic Supports. Z,.O, is not a rare
metal oxide; it has been used in material science for fashioning
chemically and thermally robust components. Little use has been
made of this material for high-performance liquid chromatography
beyond reports fyom this laboratoryl-17 It is particularly well
suited for use as a chromatographic support due to its extreme
mechanical and chemical stability. Columns of uncoated porous
ZrO, microparticles (S-Sj1m) have been subjected to pressures
of 9000 psi and aqueous solutions over the pH range 0-14 (up to
100 'C) without any ill effect.' Other chromatographic supports
would suffer severe damage by such treatment. Another key
property of ZrO, is its excellent thermal stability; its more
refractory nature permits heating to high temperatures (700-ll00
"C) with considerably less change in pore structure than either
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silica or alumina. Changes in the pore structure of chromato
graphic supports, specifically the loss of surface area accompany
ing sintering, are generally undesirable.

Porous ZrO, with a light loading of cross-linked pDlybutadiene
(PBD) can withstand conditions as extreme as pH 14 (aqueous)
at 100 'C without any detectable loss of either the ZrO, support
or polymeric network" Under the same conditions, alumina
packing materials coated with PBD were substantially damaged.
Although PBD-ZrO, is quite promising as a support material, it
has one very significant limitation; a substantial amount of the
ZrO, surface is exposed. Increasing the load of polymer does
not give a large commensurate decrease in the solutes' acces
sibility to the ZrO,! surface sites. As a result solutes containing
Lewis base moieties (such as carboxylate, phosphate. sulfonate,
etc.) strongly interact with the exposed ZrO, surface. This can
cause extreme peak broadening, tailing, or even worse, irrevers
ible binding of the solute to the stationary phase. In some cases.
this situation can be remedied by adding phosphate. fluoride, or
a carboxylate to the mobile phase, but this is not always
desirable.17 Furthennore ion exchange sites, which can cause
irreversible binding of charged species and certainly complicate
the retention process, are still present on the surface.

The availability of Zr02 particles of high quality (small uniform
particle size and well-defined, uniform pore structure) provides a
unique opportunity to create and study chromatographic supports
using high-temperature chemical modification. High-temperature
modification is of interest for two reasons: (1) we expect that a
reversed-phase chromatographic support with a rigid structure
and adsorptive nature would have unique chromatographic
properties in contrast to that of conventional bonded-phase
supports which experience continual conformational change::H."·
(2) high-temperature chemical modification allows us to incre
mentally alter the surface chemistry by atomic units rather than
moleCUlar units (e.g., silane chemistry and polymer coating).
Modifying surfaces on the atomic scale may increase the efficiency
of particle coating, which in tum will "seal" the zirconia sunace
from access by solutes. Thus, it might create a more homoge
neous surface by removing the possibility of solute interactions
with the metal oxide matrix. 2I] These types of interactions are
most often detrimental to the chromatographic efficiency of the
support, much like the residual hydroxyl groups and metal
(impurity) sites on silica supportS.21.C2 Methods of chemically
masking the small amount of remaining ZrO, surface with strong,
hard Lewis bases such as fluoride or phosphate have also been
developed in this laboratory.7-111
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Tab!e Charactell'Dstics of Packing Materials

surface %carbonI!
ID ClZr02 areaC (w/w) m-2) %coverage!

A heptane (Hp) 8 230 28.0 1.3 39 6: 1.5
B isooclane (ID) 8 230 27.6 1.9 57 89 22

I-butanol (B) 8 230 27.5 1.9 58 90 2.2
[) (ep) 8 230 28.4 1.6 1.7 94 1.8

8 113 ~g.O 3.1 73 90 2.8
(Od) 8 230 26.3 5.0 158 96 6.0

(; 7 250 100
H 10 300 100 9.0
1 110 250 10.0
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passed over the porous 2rO, Darticles at an elevated temperature
(-700°C) and reduced pressure (~5 to 10 Torr).27-29 The

reduced pressure is maintained using a vacuum pump while the

earbon source is slowly introduced. Tlis procedure creates a

unifonn carbon coafing on the porous particles in which it is

possible to al:t2in greater than 97% coverage of the available I:rO"
surrace (see below) while still retaining the porous structure of

the particles. jllter completion of CVD, the carbon-eoated particles

were rinsed with THF or heptane to remove soluble pyrolysis

products. The material was packed into a column and used as a

reversed-phase support.

For purposes of comparison three commercially available

chromatographic support materials were also examined. Two of

these supports, Vydac C-18 (Sep/a/ra/fions Group, Hesperia, CAl
and ODS-Hypersil (Shandon Scientiiic Ltd., Runcom, Cheshire,

U.K), are silica-based chemically bonded octadecyl reversed-phase

materials. Hypercarb, a commercially available porous graphitic

carbon- (pGC-) based support, was obtained from Keystone

Scientiiic Inc.. Bellefonte, PA. This PGC support is made by the

silica gel template method of Knox and Kaur30 - 33 The identity

and physical characteristics of the particles used in this study are

given in Table 1.
Column Packing. Column blanks were cut and polished to

5 or 15 em lengths j~om 0.25 ir. D.d., 0.46 em i.d. precision bore

316 stainless steel tubing (Supelco). Parker-Hannifin, 316 stainless

steel column end fittings were used with 2 I'm stainless steel iiits

(Supelco). The columns were pacJeed using an upward stilTed

slnrry technique. For a 15 x 0.46 em column blank, '~8 g of

particles was slwTied in 2fi mL of 90/10 2-propanollhexane, and

this mixture was forced into the column using pure 2-propanol at
5500-6000 psi by a Haskel pneumatic pump.

In prnious work.' the development and characterization of a

reversed-phase chromatographic support made by the chemical

vapor deposition (CVD) of toluene on porous 2r02 microspheres

was described. That method produced a mechanically and

chemicdl)' stable chromatographic support that combined the

advantages of conventional inorganic supports (ie., mechanical
stability, weil-controlled pore structure, and high surrace area)

with lhose of carbon-based supports (i.e., chemical stability and

unique chromatographic sclectivity). 11le use of carbon as a

stationary phase in HPLC has been well documented and is still

being stJdied by a varieiY of research groups." 26 We now report

Or the expansion of the CVD process to encompass additional

carbon vapor sources.

This work focuses on the quality of carbon-overlaid zirconia

(C/ZrO,) chromatographic supports obtained by the chemical
vapor deposition of various hydrocarbons on porous 2rO, particles.

variety of C/ZrO, supp011s, made from the same base porous

ZrO, particles but differing only in the source of carbon for the

CliD reaction, are studied. The chromatographic nature of the

carbon-coaled materials is examined in detail in an attempt to

explain tl1C unique chromatographic character of these and other
carbon reversed-phase supports.

EXPERIMENTAL SECTION
Reagents. The chemicals used in this study were obtained

a'om the following suppliers, loluene, cyclopentane, hexane

(Omnisolvc grade). and heptane (reagent grade) were obtained

from EM Science. Cherry HilL NJ: 1,7-octadiene (99%) and all

solutes were obtainee' from Aldrich Chemical Co. Inc., Milwaukee,
\\1; I-bulenol (reagent grade), acetonitrile (ACN) , and tetrahy

drofuran (THF) were HPLC grade and obtained from Fisher

Scientific. Fairlavm, NJ: isooetane was obtained from Burdick and

Jackson, Meskegon, MI: and 2-propanol (Chromar grade) was

obtained fron Mallinckrodt, Paris. KY. The unstabilized THF was

tested ior peroxides before use. Waterforthe HPLe mobile phase
was purified by passing house deionized water through a Bam

stead/TherlLolyr:e (Dubuque, lA) Nanopure water purification

system with an "Organic-Free" final cartridge followed by a 0.2
urn particle Wer. Phenylphosphonic acid for the detennination

of the reletive amount of unblocked ZrO, was obtained from Pfaltz
& Bauer, V\'~aterbury, cr.

Chromatographic Support Preparation. The CvD process
utilizes a tu be [-um<:lce in which volatile organic compounds are
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Chromatographic Studies. All studies were conducted on
a Hewlett-Packard (Palo Alto, CAl 1090 high-periormance liquid
chromatograph with a DR5 solvent delivel)' system and a filter
photometric detector. Reported chromatographic parameters
were averages of at least triplicate determinations of each solute
and detection was at 254 or 210 11m. Absorbance data from the
filter photometric detector were digitized, integrated, and plotted
with a Hewlett-Packard 3393A integrator that controlled the liquid
chromatograph through an HP-IL interiace loop. Digitized data
were stored on a Hewlett-Packard 9153A disk drive connected to
the HP-IL interface loop. Column dead time was measured from
both solvent mismatch and deuterium oxide peaks. Uracil and
sodium nitrate cannot be used as dead volume markers because
they arc either slightly retained on the carbon support or interact
with residual ZrO" resulting in broadened peaks. Column
efficiencies were calculated from the retention times and peak
widths reported by the integrator, which assumes a Gaussian
band.

RESULTS AND DISCUSSION
Carbon Coverage and Deposition Rate. All of the carbon

coated ZrO, supports, except the I-butanol material, were made
by depositing for 45 min at the same temperature and pressure.
The 1-butanol material was made using two 45 min depositions
since the coating proceeded slowly under the experimental
conditions. It is possible to measure the chemical vapor deposition
eliiciency as a function of carbon source by measuring the amount
of carbon on the particles and the coverage of the carbon layer
with respect to available zirconia surface sites. Given the deposi
tion efficiency for a certain type of carbon source and how well
the carbon "seals" the suriace, one can estimate the time needed
to cover the surface to an appropriate extent (typically greater
than 98%). Table I gives both the percentage carbon on the
particles and percentage of the particle covered by carbon as
measured by the phenylphosphonic acid breakthrough method1

Unsaturated hydrocarbons deposit on the particle at a much
higher rate than do saturated hydrocarbons. It appears that the
unsaturated hydrocarbons are more reactive and create a carbon
suriace suscepbble to further deposition. that is, formation of
multilayers. On the other hand, the less reactive saturated
hydrocarbons produce a thin surface layer of carbon in the same
time. At a given carbon load, the saturated hydrocarbons appear
to be more efficient at completely coating the ZrO, suriace. It is
conceivable that the lower reactivity of the saluraced hydrocarbons
in combination with the porous nature of the ZrO, substrate
increases the probability of molecules diffusing into the porous
particle and decomposing inside the pores. Alternatively, the
reaction of saturated hydrocarbons with the hot Zr02 may be self
quenching as the carbon coats the Zr02 suriace.

Chromatographic Characterization. The type of chromato
graphic support obtained by the vapor deposition process is highly
dependent on the hydrocarbon used. In particular, when a
saturated hydrocarbon is used as the carbon source, the chro
matographic efficiency and loading capacity of the support material
are much greater than those of supports made by CVD of
unsaturated hydrocarbons. Figure I shows chromatograms of
ethylbenzene, butyl phenyl ether, propiophenone. and nitroben·

zene on columns packed "ith both heptane- and toluene-derived
ZrO, supports under identical conditions. Table 2 gives the
capacity factors and reduced plale heights for these peaks.
Despite the fact that nitrobenzene and propiophenone are less

3044 Analytical Chemistry. Vol. 67. No. 17, Saplember 1, 1995
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Hp-COZr ~A II

~

T-COZr

Figure 1. Chromatographic peak shape comparison 01 ethylben
zene (A), butyl phenyl ether (6), propiophenore (C), and nitrobenzene
(D) on Hp-C/ZrO, and T-C/Zr02 listed in Table 2.

Table 2. Column Performance Parameters foil' SeHected
Solutes on Carbon·Overlaid Zirconiaa

capacity factor reduced plale height

:solute Hp-C/Zr02 T-CIZ,-02 Hp-C/ZrO, T-C/ZrO,

ethylbenzene 3.3 2.4 4.5 11
butyl phenyl ether 10.0 5.1 7.i± 28
propiophenone 3.8 2.5 7.6 120
nitrobenzene 3.6 5.5 5.3 191

" 40/60 TIIF/water; flow rate 1 mL min-;, 254 nm detection.

retained than butyl phenyl ether, their reduced plate heights are
much worse. On the basis of these data, it is evident that large
differences do exist between these two support materials and the
heptane-based phase is clearly chromatographically preferable to
the toluene-based packing materiaL

Logarithm of Capacity Factor vs Homolog Number.
The reversed-phase nature of the chromatographic supports was

demonstrated by examining the slopes of plots of the logarithm
of the capacity factor against the number of methyl and methylene
carbons for a homologous series. Both the slope and the intercept
of the resulting line are a measure of the hydrophobicity (reversed
phase retentivity) of the packing materiaL The plots have a
positive slope and are rather linear, indicating reversed-phase type
retention; however, slight curvature is noted at low homolog
number on the carbon columns but not on the silica C 18 columns.
This effect is attributed to the difference in retention processes
between the C-18 column and the carbon columns. We postulate
that the retention mechanism is exclusively an adsorption process
on the rigid carbon suriace. Support for this interpretation comes
from carbon's superior chromatographic selectivity for isomers

over that of conventional C-18 supportsS On the conventional
C-18 columns. the retention mechanism is much more a "partition

like" process involving a dynamic surface that is not as sensitive
to solute shape. Thus, the curvature at low homolog number
is due to the fact that the alkyl chain of the solute becomes smaller
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Figure 2. Analysis of ,he alkylbenzene and alkylphenone homolog
senes on C0'umns listed in Table 1: (A) slope analysis; (8) intercept
analysis. C01ditions: 50/50 THF/water, flow rate 1 mL min-I, 40 °e,
and 254 nm detection. Columns: (0) saturated C/ZrG" (0) Cp-CI
ZrOa. (6) unsaturated C/ZrO" (9) Hypercarb, and (0) Vydac C·18.

and the rdative CDntribution of the bcnzene ling to retention
becomes more significant.

Figure 2A shows 2 comparison betwcen slopes of the homolog
study on various carbonaceous phases listed in Table 1. Error
bars are shown only when larger than the symbols and represent

a single standard deviation. The slope (free energy) of the log k'
vs homolog number line is indcpendent of the relative amounts
of carbon; therefore, the observed effects must be attributed to
interactions of the solutes with the stationary phase when mobile
plmse conditions are held constant. It can be seen that the C/Zr02
supports categorize themselves according to the vapor source:
an octadecy!silane phase and Hypercarb are induded for refer·
ence. That is. the magnitude of the slope for the materials made
by CVIl using heptane, isooctane, and I-butanol are quite similar;
the same can be stated for toluene and I,7-octadiene. The
positions oi the carbon supports relative to the one-to-one linc
indicate toat he chromatographic retention is quite different from
that in the octadecylsiJane phase. It is generally accepted that
homologous selies of solutes yield almost the same slope of log
k' vs homolog numbe c when analyzed on conventional bonded

RPLC phases: consequently, they would be scattered around the

one-to-cne line." The retention differences must oliginate in the

(3:~) Tchapl,a. Colin. H.; Guiochon, G. AUGI, Chern" 1984.56, 621-625.

stationary phase ane! its physicochemical properties. TIle fact that
the C-18 column lies in close proximity to the one-to-one line and
an energy difference of greater than 100 cal mol-I exists when

moving from the silane phase to Hypercarb suggests that the
above effects are nontrivial. pJl intercept-intercepl plot. shown
in Figure 2B, was constructed to check for additional relationships.
Since the intercept also reflects the relative carbon loading, it is
not surprising that we see matelials with higher weight perceot
carbon grouped ':ogether. As stated earlier, unsaturated materials

deposited carbon at a higher rate than did saturated matelials. A
slope-intercept plot ,:S not shown because no meaningful relation
ships were found and there is dfficulty in interpreting such plots
hecause of statistical artifacts that can lead to unreliable supposi
tions.34 .35

The categolization of the carbonaceous phases by the data,
shown in Figure 2, is not explicil; therefore, we employed
chemometrics in an effort to further evaluate data patterns.",j·:17

Principal component analysis, performed on the normalized and
mean-centered matrix containing the logarithm of the retention
data across all the columnslsed, found that two abstract
components incorporated 88.33 and 11.58% of the variance.
respectively. Figure shows the resulting eigenvector projection;

it unambiguously reveals thre," distinct clusters. First, the
octadecylsilane phase is far removed from any of the carbon
matelials and illustrates the dramatic differences one can expect
between carbon and bonded-phase silanes. Second, the eigen
vector projection rev',als differences betweeo carbon supports
prepared from umatucated and saturated vapor sources. There
is a small degree of scaLter within these latter two clusters. but
the behavior of a metllylene unit is expected to be similar within
a group.

(34) Tan. L. c.: Carr, P. W.j. Chromatogr. 1993,656,521 ::05.
(35) Li,].; Carr, P. V';.]. Cl.'YDmalogr. A 1993,670, 10S-116.
(36) Lowry, S. R: Ritkr. G. L.; VI/oodnlh, H. B.; Isenhour, 1'. L. /. Chromatogr.

Sci. 1976,14, 12G-129.
(37) Forina, M.; LllHcri. S.; Am:anlno, C. ill Curreri! Chemistry'

Springer-Verlag: Ekrlln, 1887; Vol. pp
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nitrobenzene on this class of stationary phases, then nitrobenzene

should be much more retaineu than both butyl phenyl ether and

butylbenzene. However, the elution order on the phases made

with saturated hydrocarbons is nitrobenzene followed by butyl

benzene and finally butyl phenyl ether. The loading capacity for

Hypercarb columns is very good for all solutes examined and the

solute elution order follows that of the C/ZrO,.saturated carbon

supports, These results coupled with the peak shapes shown in

Figure 1 and that nitrobenzene does not interact appreciably with

residual zirconia sites suggest nonuniform adsorption sites on the

carbon supports made from unsaturated organic vapors and a

homogeneity of sites in the other materials.

Organic Modifier Concentration Effects. The effect of

organic modifier concentration on retention was stndied and

compared to the results obtained on a conventional column.

Typically the logarithm of the capacity factor is linearly related to

the percentage of organic modifier in the mobile phase on a

bonded reversed-phase column43-'" This linear relationship is

often limited to the region of 30-70% organic modilier concentra

tinn.'" Cp-C!ZrO, and T-C!Zr02 columns, HypercarD oolumn, and

Log (grams)

Figure 4. Capacity factor vs mass of butylbenzene (01 butyl phenyl
ether (e), and nitrobenzene (6) injected on Hp-CIZrOa (Ai. Hypercarb
(B), and T-C/ZrOa (C). Conditions: 50150 THF/water, flow rate 1 ml
min-\ and 254 nm detection.

(43) Majors, R. E. In Bonded Stationary Phases Chromatogruj)!zy; Grushlza, E.,
Ed.; Ann Arbor Science: Ann Arbor, ML 197.(; Chapter

(44) Snyder, L R; Kirkland, K. K Introdu.ction To ModPnt Liquid Chromatography~

John Wiley and Sons: New York, 1979.

L.]. Chromatogr. 1989,484.61-82.
Chromatogr. 1978, 149, 169-197.

1976,119,41-54.
K]. Chromatogr. 1980,

(;-;8) Tanaka, N.; Tanigawa, T.; Kim<ltil, K; Bosoya. K; .\.raki. T. I Chromatogr.
1991,549.29-4t.

(;)9) Can", P. W.: Lucy, C. A; Wade.
(40) Colin, H.; Ward. N.: Guiochon.
Ul) Colin, II.: Eon, C.; Gulochon. G J
(-12) linger, K. K: Roumeliotis, P.: Mueller. H.:

202.3-14.

The mobile-phase conditions for this study are striking given

the strength of tetrahydrofuran as a modifier for reversed-phase

chromatography. In the 50/50 tetrahydrofuran/water solvent
system, both the alkylphenones and alkylbenzenes are highly
retained on carbon surfaces; ho\vever. much 10\'ler retentivity and
smaller slopes are noted for the conventional C-18 silica support

under the same conditions. The carbon supports are on average
much more retentive than are the conventional supports, especially
for the more polar solutes, that is, the alkylphenones. These

results are consistent with the findings of Taral,a3s

The alkylphenones are more retained on the carbon supports
than are the alkylbenzenes of the same hornolog number. To

(Jur knowledge, all C-18 bonded silica shows the opposite behavior
with respect to the above solutes; the more polar (hydrophilic)

alkylphenones are always much less retained than the alkylben

zenes. This effect is a clear sign of the unique nature of retention

on carbon-based supports. The selectivity between solute classes
(i.e., the selectivity between nitrobenzene and toluene) on the

carbon support is very different from conventional reversed-phase
supports. Thus, separations that are difficult on C-18 columns
may be much simpler on carbon columns, and it is expected that

there will be instances where the reverse will be true. The
retention properties are so differen: even though both are
fundamentally reversed-phase supports that it cannot be assumed

that a separation that fails on a conventionai bonded phase will

fail on a carbon surface and vice versa.
Sample Loading Capacity Study. The linear loading capacity

of a chromatographic support is extremely impoltant. A material

with low loading capacity will have poor chromatographic ef
ficiency, and the capacity factor will depend on the amount of
sample injected.:);) Several reports have indicated that carbon

packing matelials have very low loading capacityl,41H2 For this

reason it is imp011ant to evaluate the loading capacity of the
carbon-based supports.

Three compounds, based on their diffeting behavior on the

carbon supports, were selected as test solutes. Each solute was
injected over a slightly different concentration range due to

differences in their molar absorbances at 254 nm. Figure 4 shows
the resultant plots of solute capacity factor vs the logarithm of
the amount of solute injected on each column. The loading

capacities cover close to 3 orders of magnitude and illustrate some

important differences in these materials. Once again the supports
appear to fall into separate classes. The packing materials derived

from heptane, iso-octane, cyclopentane, and I-butanol have good

loading capacities for all solutes examined with a slight rolloff in

capacity factors at high solute loading. A slight rolloff is not
surprising; the amount of sample is large for a column of these

dimensions. On the other hand, the columns packed with toluene

and 1}-octadiene-derived materiaLs have reasonable loading
capacities for both bulyl phenyl ether and butybenzene, but there

is no region where the capacity factor of nitrobenzene does not

change with the amount of nitrobenzene injected. At low loading,
the capacity factor for nitrobenzene is much larger than that for

the other two solutes. If there were a linear loading region for

3046 Analytical Chemistry, Vol. 67, No 17, September 1, 1995



where r}!j and (~OIJS are the respective phase ratios, k' is the capacity

factor, and K is the partition coefficient. Moduli values across a

range of mobile-pbase compositions can be compared.

Acetonitrile Figure 5 shows the normalized retention modulus,

, as a function of mobile-phase composition for all the earbon

columns. En-or bars reflect one standard deviation and are shown

when larger than the symbols used in the plots. From the plots

Volume P..:rcent Ar:~fOnilri10

it is apparent that the carbon columns exhibit similar retention

behavior; the ord'cr 0' the solutes in each plot is constant over
the entire range of composition. The values of the moduli for

butylbenzene, D-lC'jlene, and iodcbenzene are virtually constant;
however, those for bl>tyropheno~e, nitrobenzene, and biphenyl
change with mobile-phase composition. These more polar and
polarizable solutes are quite sensitive to changes in the mobile
phase composition, but the contribution to retention that the
modulus measures is only that associated vdth the stationary
phase. Therefore. the results dearly show that the acetonitrile
induces variations in the solute interactiuns with the stationary"
phase.

Tetrahydrofura1!. Figure 6 shows the nonnalized retention
modulus, fl', as a function of mobile-phase composition for all

the carbon columns. In tet:rahydrofuran, the moduli display much
more variation between solutes end mobile-phase composition.
Crossover between solutes occurs both at low and high percent

tetrahydrofuran. but it is not seon with acetonitrile. Even the
moduli for butylbenzene, o-xylene, and iodobenzene show changes
as a function of tetrahydrofuran composition. Again, these
variations must take piace through solvent modifications of the
stationary phase and are greater in tetrahydrofuran compared to
acetonitrile. Therefore, tetrahydrofuran is a much stronger
stationary-phase modifier than is ~'Cetonbile. The mobile phase
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Figure 5. Normalized retention modulus (u~) vs volume percent
aceton.trile in the mabie phase lor biphenyi (_), butyrephenone (e),
butylbenzene (.6..), iodcbenzene (C), ni~robcnzene (.a), and o-xylene
(0) relative to Hypersil-ODS on Cp-C/ZIO, T-C!ZrO, (S). and
HypercarD (C). Conditions: flow rE>te i mL 254 nm detection
and temperature 40°C.

(1)

1979. 165,3-30.
W.; DeStefano.]. J.

(.15) Snyder. L R.: Dolan, 1- W.: Can,]. R.j.
(16) Horv<lfh. (s.: Meknder, \V. R.:

-:"'-'hmmo!ographio 1985,20,341

[where i is a particular solute, I and II denote the columns, and

r!, is the phase ratios. A valuc of the retention modulus greater

than 1 implies greater free energy of retention, phase ratio, or

both in column 1. If the moduli are not constant for all analytes,

Ole can make a simplifying assumption that the ratio 4"/r/J1I is

constant and the differences in the moduli arise only from

differences in the free energies for solute interaction with the

stationary phase. This assumption is not necessarily valid when

modulus values for solutes are compared across a range of mobile

phase compositions; therefore, one cannot separate the chemical

contlibution fTom the physical contribution to retention.

Since the retention modulus refleets changes in both phase

ratio and fTee energies, interpretation of the results may be

compromised by phase ratio effects if the phase ratio term

behVeen co1L:mns is not constant. The phase ratio effeet can be

removed by dividing the capacity factor of solute i on column I

by the sum of the capacity factors of all solutes on column I at a

particular mobile-phase composition. The same can be done for

the capacity 'actor of solute i on column II, where column II is

the ODS material. We define a normalized retention modulus,

, so that it 'Nil! be related to only ehemical phenomena and not

the phase ratio:

ODS-HYJlersil were chosen for this study. Acetonitrile and

tetrahydrofuran were used as organic modifiers over the range

of 30-100%. Linear regions on all phases were found in the range

30-70%, but more curvature was noted on the carbon phases

compared to the ODS-HYJlersil.

About 10 years ago, Horvath and co-workers" introduced the

concept of the retention modulus, fl, as a means of comparing

the similari•.y of the energetics of retention on a variety of related

but differing bonded phases. They defined the modulus as

follows:
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Figure 7. Reduced plate height vs linear velocity for bulylbenzene
(0), butyl phenyl ether (OO), valerophenone (6.), and nitrobenzene (..)
on Hp-C/ZrO, (A), T-C/ZrO, (B), Hypercarb (0), and Hypercarb uSing
65/35 ACN/water mobile phase (0), Conditions: 50150 THFlwater.
and 254 nm detection.

show extremely poor chromatographic efficiencies for both
nitrobenzene and valerophenone, The efficiencies for butylben
zene and butyl phenyl ether m'e considerably better. Poor packing
as a cause of the low chromatographic efficiency can be ruled
out by the much smaller values of reduced plate heights for the
latter two solutes, Unequivocally, this second group of supports
is chemically diflerent The nitrobenzene and allzylphenones most
likely interact very strongly with a small number of sites on this
carbon surface, This possibility is supported by the loading
studies, where we noted that the material is easily overloaded for
nitrobenzene but not for butylbenzene or butyl phenyl ether. The
reduced plate heights for valerophenone and nitrobenzene in
crease very rapidly at higher flow rates, which suggest stow
desorption from high-energy sites on the stationary phase, This
hypothesis is further confirmed by our finding in previous work:
that indicates high-temperature hydrogen u'eatment of the toluene
detived packing served to improve its chromatographic efficiency,
These high-energy sites may be due to oxidation of the carbon
surface, defect sites, or both,

The Hypercarb support shown in parts C and D, had very
low chromatographic efficiency in tetrahydrofuran/water mobile
phases, This effect is puzzling, and preliminary investigations
demonstrated that this column has reasonable chromatographic

Figure 6. Normalized retention modulus (u') vs volume percent
tetrahydroluran in the mobile phase for biphenyl (III), butyrophenone
(OO), butylbenzene (6.), iodobenzene (0), nitrobenzene ("-), and
o-xylene (0) relative to Hypersll-OOS on Cp-C/ZrO, (A), T-C/ZrO,
(B), and Hypercarb (0). Ccnditions are the same as Figure 5,

pmticipates in rctention through sorption on the carbon phases,
which changes their physicochemical properties,

Flow Rate Study, The chromatographic efficiencies of the
supports were explored by measuring the plate heights of fonr
different solutes over a reasonable range of mobile phase flow
rates, These test solutes were chosen to represent a wide variety
of functional groups, capacity factors, and chromatographic
efficiencies, It must be pointed out that it is difficult to measure
the efficiency of a chromatographic support on short columns,
but the small amounts of packing matetial available severely
limited the column dimensions, Even under these circumstances,

the large differences present in the efficiencies of the supports
facilitated comparisons and in some cases the supports demon
strated rather good efficiencies.

Figure 7 shows the representative results obtained from flow
rate studies on the carbonaceous columns, Although there is
significant scatter in the data, the carbon materials again fall into
two distinct classes, Those phases based all saturated carbon
compounds, shown in part l\ demonstrate respectable, but
certainly not excellent, chromatographic efficiencies (for columns
of these dimensions and jl31ticle size) for all of the solutes
examined. Also note that the rate of increase in reduced plate
height at larger linear velocity is quite smalL Hence, the packing
materials exhibit good mass transfer charactetistics, On the other
hand, the supports in part B, based on toluene and 1,7-octadiene,

10 20 30 4C 50 60 70
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CONCLUSIONS
The C/2rO, and Hypercarb supports offer unique retention

mechanisms. That is, not only are these supports hydrophobic,
but they also retain solLtes through electronic (.or-n) interactions.
This result is very impc,tant for the prediction of solute retention
on carbon supports; solvopbobic theory'S is not adequate for the
prediction of elution order.

The nse of saturated hydrocarbons for the CvIl of carbon on
the surface of ZrO, results in a more efficient chromatographic
support than when unsaturated hydrocarbons are used This is
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Figure 8. Gradient separatio:1 of PTH amino acids. Conditions:
acetonitrile/water (0.1% trifluoroacetic acid), floVJ rate 0.3 mL min- 1 ,

40 °C, 100 x 2.1 mm cotumn, anc UV detection at 254 nl1. (A)
Hyperslt-ODS, 51111 particles. Gradient: 0-2 min 20% ACN, 2-25
min gradient to 65% ACN, 25-35 l1in hold at 65% ACN. (B) CIZr02
8 flm particles. Gradiert: 0-2 min 20°/" ACN, 2-25 min ;vadient to
75% ACN. 25-35 l1in !)otd at 75% ACn Peaks: (1) "lis, (2) Arg, (3)
Sec, (4) Thr, (5) Gin, (6) Gly. (7) Glu, (8) Ala, (9) Tyr, (10) Aba, (11)
Val, (12) tie, (13) Phe, (14) Leu, and (:5) N!e.

(48) Horvath, Cs; Mcla:1der. w. R; :'vloIIl~,r,!.J Chyomatcgr. 1976. j25, 129
156.

A

residual silanol sites on the ODS-Hypersil support. This problem
could be solved "'ith :he addition of TEA to the mobile phase.
Additionally, these tv,Q species are protonated in this mobile
phase, which would explain the early elution of these compounds
on the carbon column.

em ~~u!"cshi, i\. In I-IPLC 0/ Proteins, and Polynudeotides: Contem-
Tupics G;!d :1ppk'ations; Hearn, T. W., Ed.; VCH: \lew York.

Chaplcr 19.

efficiency in acetonitrile/water mobile phases. For that reason
the flow rate study was repeated using an acetonitrile/water
mobile phase; the column took an extraordinarily long time to
equilibrate (-400 column volumes) before regaining its initial

chromatographic efficiency. The data, taken after full column
equilibration using 65/35 acetonitrile/water mobile phase, are

given in figure 7D. Here the minimum reduced plate heights
are more similar to those of the saturated C/ZrO, columns.
However. the reduced plate height increases dramatically as the
Dow rate is increased; this is in stark contrast to the behavior
observed on the saturated C/2rO, columns. The mechanism of
the process on the Hypercarb eludes us, but since our main
interest is the C/ZrO, materials we decided not to pursue the
behavior Hypercarb at this time. However a significant
structural difference between these materials is that Hypercarb
is consid,er,ed to be crystalline (graphite) whereas the CVD

carb ons are expected to be amorphous. The C/ZrO, columns
cio net exhibit the strong dependence of efficiency upon change
in mobile-phase organic modifier, although there are some modest
changes. The changes in efficiency with type of modifier are

interpreted as being due to differences in the amount of sorbed
mobile phase on tbc carbon surface. A uniform layer of sorbed
solvent would tend to create a more homogeneous chromato
graphic surface.

PTH Amino Acid Separations. The utility of the C/ZrO,

supports wc" explored by attempting the separation of a mixture
of amino acids and comparing that separation to those obtained
on a conventionai bonded-phase support. Chromatographic
separation of phenylthiohydantoin-derivatized amino acids (PTH

amino acids) is used extensively in the identification and sequenc
in;; of amino acids resulting from the Edman degradation of
proteins. Typical separation protocols call for conventional bonded
reversed-phase supports." Difficulties with this method include

the follo'Ning: low retention; peak broadening (interaction with
residual silanols); eoelution and short column lifetime due to the
use of b-i.'1uoroacetic acid in tile mobile phase. The use of C/ZrO,

columns might avoid the coelution. low-retention problems. It
will certainly solve the column lifetime problem. The use of
carbon columns might not provide a universal fix, but its value
would have to be tested on a case-by-case basis.

A set of 15 PrH amino acids were separated on B-ClZrO, and

ODS-Hypersil supports using an acetonitrile/water (0.1% trifluo
roacetic acid) gradient. The separations OIl both columns started
at the same compOSItion, but the gradient on the ca.rbon column
terminated at 75% acetonitrile. The corresponding gradient on
the ODS-Hypersil column ran to only 65% acetonitrile; this was
done te ensure elution of compounds from the more retentive
carbon column. II should be noted that the conventional ODS

column was substantially more efficienll1an the I-butanol-derived
carbon phase. Tbe chromatograms that were obtained for the
separation of PrH amino acids on the ODS-Hypersil and C/ZrO,
supports are displayed in parts A and B of Figure 8, respectively.

As seen boom the chromatograms, the elution order is not the
same on both .columns. PTH-histldine and PrH-arginine did not
elule on the ODS-Hypersil support, but elute early on the B-O/
2rO, support. We believe that the side-chain amino groups on
these compounds cause these solutes to be strongly bound to
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attributed to the improved energetic homogf>neity of the carbon
surface. These C/ZrO, supports offer a mechanically robust
alternative to the more delicate Hypercarb support. Synthesis of
the C/ZrO, support is less costly, and better control over particle
characteristics (surface area, pore size, particle size) than the

Hypercarb materials can be achieved.
Both the C/ZrO, and the Hypercarb supports have demon

strated reasonable chromatographic efficiency and loading capac
ity for a variety of solutes. The extremely retentive and selective
nature of the carbon support makes it an excellent candidate for
consideration when conventional chemically bonded reversed
phase supports fail-specifically the separation of structural
isomers. This is true when a modest number of solutes are to be
separated; however, as Giddings has pointed out, in complex
multicomponent mixtures there is really no alternative to the use
of columns with large numbers of plates and concomitant high
peal' capacity.,jf! The chromatographer must use caution when
first utilizing carbon supports and realize that although these

(49) Giddings,]. C.ln Gas ChromatogmjJh;r1964; Goldup, A, Ed.; The Institute
of Petroleum: London, 1965.
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supports generally behave as reversed-phase materials they have
many unique chromatographic characteristics. Therefore, simple

translations of chromatographic methods from conventional sup
ports to carbon supports may be difficult.
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Thin-Layer Immunoaffinity Chromatography with
Bar Code Quantitation of C-Reactive Protein
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A rapid t.1lln-layer immunoaffinijy chromatographic method
for quantitation in serum of an acute phase reactant,
C-reactive protein (CRP), which can differentiate between

viral and bacterial infections, is described, where material
and reagent costs are minimal. The analysis is based on
the "sandwich" assay fonnat using monoclonal antibodies
directed against two sites of CRP. One of the antibodies
is covalently bound to defined zones on a thin-layer
immunoaffinijy chromatography membrane, while the
other antibody is covalently bound to deeply dyed blue
latex particles. After incuhation (CRP sample and latex
particles), the CRP-Iatex immunocomplex is allowed to
migrate along the irnmunoaffinity chromatography mem

brane. In the presence of antigen, a sandwich is formed
between the CRP-Iatex irnmunocomplex and membrane
bound antibodies, which results in the appearance ofblue
lines on the membrane. i\ntibody immobilization on the
TLC membrane is made with a redesigned piezoelectric

driven ink-jet printer. The time required for the analysis
is less than 10 min. Quantitation is achieved either by

counting L'le lines visually, "ith scanning reflectometry,
or with a modified bar code reader. lbe limit of detection
was estimated in the low femtomolar range using the
naked eye as detector.

C-reactive protein (CRP, 220 kDa) was first desClibed in 1930
as a factor (ound in plasma from patients with pneumonia. The
proteiu was found to complex the C-polysaccharide in the
membrane of pneumococcus. CRP consists of five identical
peptide units which are associated to fonn a dish with pentameric
symmetry. CRP is produced by the liver and is also called an
acute phase reac~ant which increases in the case of tissue injury,
infectiDn, or :nilammation. The increase can be in the magnitude

of 100-1000. The rise is dependent upon the type of the disease
and its complications. The concentratIon of CRP in serum rises
qulcl<ly after stimuli but also falls off quickly and can fluctuate
during an illness. In healthy individuals, the serum level is below
10 mg/L: Increased serum levels of CRP are seen 6-12 h after
onset of the inflammatory reaction. and maximum levels are
reached within 48-72 h. CRP levels will return to nonnal 5-10
days afte" remission of inflammation. For differentiation between
viral and bacte,;,,1 infections, low or moderately elevated CRP
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leveis indicate viral infection. In general, bacterial infections ',;ill
cause higher CRP levels (>40 mg/L) than viral infections «40
mg!L). This knowledge is of Imparlance in differentiating

between viral and bacterial pneumonia, bronchitis, and other
infectious conditions, such as aseptic meningitis and bacterial
meningitis.2 Det~rmination of eRP levels in serum can aid in
diagnosing infections and inflammations. It can also be used to
evaluate a given therapy.' Apparently, for clinical analysis, it is
more important to quantitate the level of CRP in serum than to
report if it is present or not. Normally, most clinical laboratories
use latex agglutinaticn or quantitative nephelometry for CRP
detenninarion. Both methods have drawbacks. Latex agglutina
tion is only semiquantitative, and nephelometry has a practical
lower detection limit of 10-20 mg/L, although methods of
optimization have been studied.' More recently. an enzymatic
method was introduced for quantitation of CRP usIng immunoaf
finity membrane.:: Serum is dropped onto a pad, followed by a

number of reactions, and after a couple of minutes, a color
develops through an enzymatic reactIon. The color is then
compared to standards to detel1l1inc the CRP concentration.

Glad and Grubb reported in 1977 a heterogeneous immunoaf
finily chromatographic procedure for antigen quantitation.'
Antibodies were attached. through either adsorption or covalent
coupling, to a porous membrane. The antigen was allowed to
migrate up the membrane and suhsequently was detected on the
membrane with enzyme or FITC-labeled amibodies. We heve
further developed the immunoaDlnity chromatography procedure.
as described bclow, and coined the term thin-layer immunoaffinity
chromatography (TLIAC) for this procedure." The principle for
TLIAC is the employment of two monoclonal antibodies (Mabs)
directed against different sites c.f the antigen. One of the Mahs

is immobilized at defined zones onto a TLC membrane, while the
other Mab is covalently attached to dyed latex heads. The analyte
is allowed to react with either sllspended Mab-Iatex beads
(premixing) or membrane-adsorbed Mab-Iatex beads, and the
complex migrates along the TLC membrane until a sandwich
immunocomplex is formed between the Mab on the membrane,
the antigen, and tile Mab on the latex, thus creating an observable
dyed region of latex immunoeomplex on the TLIAC membrane.

Immobilization of antibodies in small, defined regions of a
preactivated membrane can be performed in several ways, for

(2) :\lorlc::\].: KU5hner, Ann. Acad. 1982,406-L7.
(3) Lrdal, P.; Borel" S. \1.; Landaas. S.; K..n':lllL's. l\t G.; Gogslad. G

Hjondalll, P. A1992. 38. 580-581.
(4) Glad, c.: Grubb, A. O. Biochcm. SOt". Tn.'lIs. 1977. :5. 712-714.
(5) Glad, c.; Grubb, ~\. O. Anal. BiocJlem. J 978.85. 130-187.
(6) Birnba,un, S.: Udt~n M~Lgcus$,on, c.-G. Ni!sstJIl S. Ana!

B{ochem. 1992.
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example. by slot blotting, direct clotting with i:l pipet, or stamping
lines with rubber stamps,'i In this paper, we describe a novel

method that uses a conventional piezoelecnic-chiven ink-jet printer

for defined deposition of antibodies on preactivated membranes.
The method enables immobilization of several bands with different
amounts of antibodies, from subnanogram and up, for quantitative

measurement of the antigen. Quantitation of the analyte was
achieved by optical scanning of the colored zones of the TLIi\C

membrane. Two methods of scanning were perfcrmed. The first

method used a commercial image scanner as a reference scanning

method; the second method used a low-cost modified bar code
reader to achieve the scan of the TLlAC membrane, which shows

results lhat match those of the l'derence method. To simplify
the analysis pro(f'dure further. Vie used an airbrush for gentle
deposition of dyed latex beads directly onto the TLC membrane,

to avoid premixing the latex beads and the analyte, thus creating
a self-contained analytical device for antigen quantitation. Semi
quantitation of the antigen concentration can also be achieved
visually by counting the number of zones.

MATERIALS AND METHODS
Monoelonal antibodies 6404 and 6405 (against CRP) were kind

gifts from OY Medix Biochemica (Helsinki, Finland). The
antibodies were in a solution containing 0.15 M NaCI and 0.1%

sodium azide. The solution of Mab 6405 also contained 10%

betaine. Human serum CRP and standard human serum protein

were obtained from Dako A/S fCopenhagen, Denmark). Preac
tivated nyion membrane for protein immobilization, lmmunodyne

",ith 3 i,m pores, was obtained from Pall Ltd. (Portsmouth,
England). Carboxylated blue-dyed latex (diameter 0.33 ,urn) was
purchased fl-om Rhone-Poulenc (Paris, France). All other chemi

cals were of reagent grade and were obtained commercially. The

ink-jet printer PT 89 S was purchased fTom Siemens (Stockholm,
Sweden). The airbrush 3000-S equipped with a 0.6 mlil nozzle
was ;rom Matton (Malmo, Sweden). The Umax DC 630 color

image scanner was from Uma'Z Data Systems Inc. (Hsinchu,
Tal",an). 11,c bar code reader, HBCS-llOO, was from Hewlett
Packard Components (Palo Alto, CA).

Preparation of Thin-Layer Immunoaffinily Chromatogra

phy Strips with an Ink-Jet PJinter. The CRP Mab 6405 with a

protein concentration of 20 mg/mL was diluted 20 times "ith 5%
ethyjene glycol (Merck, Darmstadt. Germany). A piezoelectric

dl'iven ink-jet printer was modified for moroelonal antibody
prinling.' The ink-jet cartridge (Figure 1) was replaced with a 1

mL syringe reservoir. Prior to adding the CRP antibodies, the

printer head was thoroughly washed with 5% ethylene glycol and
tested on a blank membrane to secure its tlmction. The reservoir

was emptied, and the diluted CRP antibodies were added to the

primer head with the aid of the 1 mL syringe. Simultaneously,
the printer's Hushing system v\-'as activated. The ink~jet printer

was then used as a conventional printer directed from a specially

dedicated BASIC program or froIT, a more extended drawing
program. A sheet of the prcactivated membrane (20 x 25 cm)

was loaded into the printer. The deposited Mabs were printed

as lines.

The line conligmation and amount of the deposited antibodies
could be freely chosen. We immobilized three zones where the

lirst. second, and third zones contained rela'jve CRP Mab amounts

of ;J, and 10, depending on how many times the line was

reprinted. The membranes were then allowed to dry for 5 ITin
at room temperature. Subsequently, the remaining activated

groups on the membrane were deactivated bv immersion in 50
mL of solution (0.5% (w/v) BSA in PBS, pH 7~4; 1000-3, (Sigma.
St. Louis, MO) and incubated for 2 h at room temperature on a

rotary shaker. The prepared membrane was then immersed 2 x

15 min in 50 mL of 0.05% (vIv) Tween 20 (Sigma) in PBS and
dried between Kleenex tissues for 30 milL The membrane \vas

mounted onto polyester film with double-sided tape (3M. St. Paul.

MN) and, if not used for latex deposition "ith an airbrush, eu t
into single test strips (40 x 5 mm) and stored dljl until use.

Preparation ofMab-Coupled Latex Beads. The Mab 6404

had an original protein concentration of 0.92 mg/mL and was
desalted on a PD 10 column from Pharmacia CUppsala, Sweden)

into 0.05 M 2-(N-morpholino)ethanesulfonic acid Cvfes) buffer
(Sigma), pH 5.5, prior to use. Fifty microliters (10% (w/v) in

water) of deeply dyed blue carboxylated latex beads (diameter
0.33 ilm) were changed to 0.05 M Mes bulrer, pH to a final

volume of 100 ilL with aid of a centrifuge. One to five milligrams
of l-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDe. Sigma)

was added to the latex beads, and the mixture was incubated un
a rotary shaker for 1 h at room tempe'·ature. TI,e latex heads

were subsequently washed wilh cold Mes buffer to a linal volume

of 100 ilL. To the antibody (50 ,ug) solution was added 100 ug of

BSA in a total volume of 600 ,uL of Mes buffer. The EDC-activated

beads to be coupled were added dropwise to the antibocly solu:ion
while voriexing. Coupling was allowed lo proceed overnight at 4

"C with mixing. Residual activated groups were deactivated by

adding 2 mL of buffer (0.2% (w/v) BSA (Merck) in 0.1 M Tlis
HCI, pH 8.0) and incubating for 30 min with mixing. The beads
were then pulse sonicated for 10 s (Branson Ultrasonics BY.

Soest, Netherlands) and washed extensively ",ith deactivating

buffer to a final volume of 500 ilL The preparation was then
stored at 4 'c.

Preparation of Complete TIlAC Strip with latex Beads,

First, 100 ilL of 1% antibody-coupled latex beads (wIv) in 0.1
Tris buffer, pH 8, was washed three times by centrifugation

(25 OOOg for 10 min) in a 0.1 M Tlis-HCl buffer (pH 74) containing

30% sucrose (w/v)' 0.15 M NaCI, 0.5% poly(vinyl alcohol) (PVA)

(wIv), and 0.25% Tween 20 (vIv). The beads were resuspended

to a final latex concentration of 2% (w Iv). The beads were chen

pulse sonicated for 10 s to a homogeneous suspension. TI,e
reservoir and the nozzle of the airbrush were cleaned and

saturated by spraying a couple of times "ith 10% (wIv) sucrose

,oreacUvated
afflrlity-menbrane

-,

~J
Ejected .. i
Mab-solullon !

Supply channel

Figure 1. Schematic drawing of the modified ink-jet printing
mechanism.

Jet channel

Shutter
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other hand, if the bar code scans are analyzed relative to the
baseline preceding each scan peak, a more consistent behavior
of the analysis is achieved, as can be seen in Figure 8.

Using the present analysis scheme, we have employed < 1 Jig
of monoclonal antibody immobilized to the strip and initially -0.5
fig of monoclonal antibody immobilized to the latex particles for
each analysis. Although the precise amount of immObilized
antibodies and the relationship between the amount on the lines
need further investigation in order to optimize the system with
respect to the antigen range and color intensity obtained. the
results clearly indicate that the various antibody concentrations
used could be employed to discriminate between various CRP
concentrations. Thus, as shown in Figure 6, if a peak height of
10 was visually detectable, then a single, double, or triple line
result would indicate a CRP concentration of 5-10, 10-20, or >20
mg/L, respectively. We therefore believe that an optimized sys
tem could easily be constructed on the basis of the general design
described above for the semiquantitation of the antigen of clinical
interest. The limit of detection (LOD) was estimated to be 12

3056 Analytical Chemistry. Vol. 67, No. 17, September 1, 1995

ng/mL of CRP in serum (sample volume 4 uL) with the naked
eye as detector. The same LOD was achieved with a scanner
discrimination between blue band and no band. Detection of
antigens other than those of clinical interest are also possible:'

The described TLIAC strip analysis system with a bar cede
reader or an image scanner, integrated into a cheap desktop or
hand-held device, will offer a rapid and low-cost immunoscreening
alternative for decentralized clinical anaiysis.
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Quantitative Open-Tubular Supercritical Fluid
Chromatography Using Direct Injection onto a
Retention Gap

T. l. Chester· and D. P. Innis
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tion (RSD) in OT-SFC in the range of about 2-6% for flow
splittingG,8-llJ and about 2--8% for time splitting.6.iUU ,12 Even if
the (absolute) peak area precision is excellent, any fann of splitting
injection is subject to systematic errors when the mass-transfer

properties of the various sample and standard solutiO!lS are not
identical, causing variations in the split ratios among the various
sample components. In flow-splitting injection, the split ratio wiil

change (from the volumetric ratio measured with mobile phase)

any time the vent flow resistance is disturbed. for example, by

the temporary accumulation of sample components in the splitter
vent tube.

In time-splitting injection, the effective split ratio depends on
the volumetric flow rate of the sample in the injection valve and
the time the valve loop is in the mobile phase flow path.::'; TI,e

accuracy and precision of time-splitting injection is expected to
be excellent in liquid chromatography (LC), where the mobile

phase and sample are virtually incompressible and the mobile
phase is delivered !lnder flow-controlled conditions. However, in

OT-SFC the pump is operated under pressure rather than flow
control. Thus. viscosity differences among the test solutions can
result in differences in flow resistance. volumetric flow rate
through the valve, anel effective injection volume of time·splitting

injections. Schomburg et aJ. repOlted a reduction in absolute solute

peak areas exceeding a f-actor of 8 in OT-SFC when switching

the sample solvent from pentane (with a viscosity of 0.22 mPa s
at 25 'C13 ) to 2-propanol (2.04 mPa s at 25 "C1'1)." Sample

dependent systematic errors in tile effective injection volumes of
splitting-injection techniques are often difficult to detect in

practice.
The use of internal standards, or other techniques using

relative peak areas "ithin one chromatogram, has often been
considered necessary in OT-SFC with splitting injection to correct

for split ratio uncertainty. The precision of relative peak areas
has been reported in the range of 0.05% to about 5% RSD with
flow splitting,,·8-11',., and abollt 1-7% RSD for time splitting.""""

Unfortunately, it is not always possible to use an appropriate
internal standard ·n all analyses.

Open-tubular supercritical fluid chromatography (OT-SFC) is

performed capilla"y tubes \lith an inside diameter (i.d.) 01
typically only 50 urn. The potential for solute band broadening
by sample-flooding processes is enormous in tubes of this
diameter wh en sample volumes approaching just 1flL are injected.

Dynamic flow·splitting injection' and time-splitting'-7 injection
techniques were developed for OTSFC to limit the initial solute

band ,preading simply by reducing the injection volume to a few
tens of nanoliters. Recent improvcments in time·splitting injection
were aimed at further reducing the valve-switching time to allow
the injection of even smaller volumes.!? However, detection limits,
expressed as concentration in the injected sample solution, worsen
as effective injection volumcs are reduced. TIlis problem seriously

limits the usefulness of these injection techniques.
A secono. problem rcgards the accuracy and precision of

analyses peIiormed "ith splitting injection in SFC. Reports of
the precision of absolctc peak areas (that is, comparing the same
peak on repetitive injections of a test solution) vary among
workers. Several reports set the percent relative standard devia-

Injectioll in opell-tubular supcrcritical fluid chromatog
raphy is usually accomplished using a dynamic-flow
splitting or time-splitting technique. These techniques
limit the effective injection volumes to low-nanoliter levels.
Sample volumes can be increased significantly without
broadening the detected peaks, and injection precision
improved by using direct injection and a retention gap.
The required instrument modifications are simple and
very inexpensive. The initial oven temperature and pres
sure must be set with respect to the phase behavior of
the binary mi>.wre formed by the mobile phase and the
sample solvent. Relative standard deviations of peak
areas and peak heights (comparing the same peak among
repeated injections) are in the range of 0.6-1.8% for well
behaved solutes using injection volumes of 0.1 and 0.5
fiL.

((-j) B. Knnwies, D. L /\l1dero~en. .\1. R.; P~rteT, N. L CampbeJ], E.
R.: Later. :). \1",'.]' High Reso!ut. Chromatogr. Chromatogr. Commun. 1988,
J1, :i9~:j2.

!-larvC'y C.', Robin:'>(Jll, R. E: Harvey, M. c.: Stearns, S. DJ Chmmatogr.
Sci. 1994, 32. 1~Y)-194.

(U P::aclen. r. Fjclc1s[ul, J C: Lee. M. L.; Springston, S. R: Novotny, M.
flna!. ClU'ilI 1982, 1090-1093.

(2) Moor"e, J. c.]. Pofym. Sci. 1962, A2, 83.5-847.

(:~) H<lI-vcy, c.: Stcalll~, S. D.}. Chromatogr. Sci. 1983,21, 473-477.
Harvey, M. Stearns, S. D. Anal. Chcm. 1984. 56, 837-839.

(5) Richter. ]3. l~. The Pittsburgh Conference and Exposition on Analy~ieal

Chemistry imd Applied Spectroscopy, March 10-14, 1986, AtlaJ1tic City. NJ,
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Uncoated inle: tube -
0.25 m (or more) at
room temperature ...

Synnge port

..and 2.5 m
tube in the oven
as a retention gap

Oven wall

Mobile phase suPply~
tube (25 em x50 urn d \

---=~~) I~~~

Figuwe 1. Schematic representation of the injector. Although the retention gap and column are shown separately in the figure, in practice they
a,e wound together on the same column support.

1.: l.ee, ?vi L. Anal. Cham. 1993. 65,

completely compatable with commercial SFC instruments. A few

meters of fused-silica tubing and one union are the only new

components required, No additional instrument control is neces

sary.

Direct Injection-Retention Gap Technique OT-SFc'
Outside the oven, the mobile phase (CO,) exists as a liquid. The

short, room-temperature segment of inlet tubing is necessary to

dampen the injection pressure pulse and its recoil (or echo) from

the much more compressible supercritical mobile phase present

in the oven. The pressure pulse occurs because actuation of the

injection valve momentarily blocks and then abruptly restores the

mobile-phase flow. The recoil, if not sufficiently dampened, can

displace some of the sample solution into the mobile-phase supply

tube (on the pump side of the injection valve), its valve connector,

and the valve port, causing unacceptable mass-transfer problems.

Initial chromatographic conditions are set so that either liquid

mobile phase or liquid sample solution exists at ali times in the

room-temperature components. Note that even though a piece

of the retention gap tubing is simply withdrawn from the oven to

function as the inlet tube and pulse dampener. this room

temperature segment does not function as a retention gap. The

total volume of the room-temperature segment of inlet tubing is

not much larger than the sample injection volume. so there is

little opportunity for sample dilution by the mobile phase.

Furthermore, sample solvents are chosen that are miscible with

liquid CO, so there is never a phase separation between the

sample solution and mobile phase outside the oven. Since no

evaporation, no phase separation of the liquid components, and

little dilution by mobile phase are allowed to occur before the

sample solution reaches the oven, sample components are

predominantly transported to the oven in the original liquid sample

solvent. The actual retention gap processes, i.e., phase separation

of the sample solution and the mobile phase, separation of sample

components from the sample solvent, and the subsequent refocus

ing of the solutes into nan-ow initial bands, occur in the oven.

The liquid-/vapor-phase separation is accomplished by the

(isobaric) change in temperature as the sample solution is

13,

C. D. U.S. Patent 5

MicrocolllJ'i.'n Se,l). 1991, 3, 17~25.

L. s. AJzal. Oem. 1992,64,2852-

Himes, R P.:

Innis. D. P. J /I,.I,- 'mcolulI'In Se,::. 1993,5,261-273.

Efforts to increase the effective injection volume and to avoid

splitting have led to a variety of alternative injection techniques

for OT-SFC including delayed splitting,15 solvent venting,1G solvent

backflush," dilution chamber methods,Ii" pressure focusing with

solvent venting,'''''' and solid-phase injection." Among these

techniques, the pressure-focusing/solvent-venting technique has

achieved the most impressive results, with RSDs of 0.16-0.63%

and injection volumes up to 100,Llt." Unfortunately, users cannot

add this or any of these more sophisticated techniques to

cummercial OT-SFC instruments without considerable effort and
expense. Additional components are required, commercial SFC

instI1lments may not provide enough control capability to automate

these components, the modifications required are not supported
by the instrument manulacturers, md in the case of pressure

focusing/solvent venting, a U.S. patent has been issued disclosing

this technique." TI1erefore, the need exists for yet another simple,
effective, inexpensive, and readily available injection technique

providing larger injection volumes and better quantitative perfor

mance than the flow- and time-splil1ing techniques.
Direct injection using a retention gap~:l (Figure 1), when

combined with knowledge and use of the phase behavior of the

binary mixture formed by the mcbile phase and the sample

solvent, provides significantly larger sample volumes than flow

and time-splitting injection. Direct injection, in principle, avoids

the potential systematic elTors of the splitting techniques by

transferring the entire contents of the injection loop and is
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Figure 2. Pressure-temaerature phase diagram for COz/toluene
mixtures. CO2 is the usual mobile phase for OT-SFC. Toluene is one
of many well-beh<:lVed sample solvents for direct injection onto a
retention gap, All CO2.1toluene mixtures, regardless of proportions,
will exist as a single liquid phase in the (room-temperature) injector
and the room-temperatu:e ~ortjon of the inlet tubing. The correspond
In9 condillons ace at POint I on the figure. However, when a plug of
tolJene is trarsported to the SFC oven, the necessary liquid-/vapor
(I-v) phase separation occurs as the fluid is heated from point i to
po'nt o. The 3.pprDpriate ranges of pressure and temperature for
successful injection change with the choice of the sample solvent.
(A complete description of liquid film formation in an SFC retention
gap is given in ref 23. Appropriate temperatures and pressures are
mapped for a variety of solvents in ref 24.)

delivered to the oven. This is illustrated for toluene as the sample
solvent in Figure 2. Note that the pressure is virtually the same
everywhere m an open-tubular system, regardless of the local
temperature. The initial selections of pressure and oven temper
ature must be matched to the phase behavior of the mobile-phasc!
sample solvent binary mixture for successful injection. We
recently reported phase beha'ior for mixtures of CO2 with 13
common sample solvents over a range of conditions necessary
for SFC'>I

Once the sample solution reaches the oven, the mass transfer
processes of the direct injection-retention gap method are very

similar to those described by Grob et aL for cold on-column
injection into a retention gap for gas chromatography."5-28 The

mobile-phase flow against the liquid injection solvent resuits in
the dynamic fonnation of a liquid film, coating the retention gap
walis. The coated (or flooded) zone can be many meters in length,
depending on the sample volume injected and several other
parameten."': The liquid injection solvent can distribute soiutes
over the entire length of this flooded zone. It is generally
necessary lo provide a retention gap long enough to contain the
flooded zone so that the stationary phase on the analytical column
is never wet by the liquid. The liquid film, while on the retention
gap, aots as a temporary stationary phase that retains the solutes
(ur, at ieasl those otherwise mobile on the retention gap at
injection pressure and oven temperature) until the liquid is
evaporated and removed.

Although a long flooded zone is produced and solute bands
are initially verf wide, refocusing the solutes into small bands in

[)c1rscy.]. G.: Chester, T. L.: fnnis, D. P. Ana!. Chern. 1995,

1982,237,15-23.
1982, 244, 185-196.

1985,324, 129-155.

space is simple and eutomatic "'ith the COITect parameter choices.
Both solvent trapping (also kno\'m as the solvent effect) and phase
ratio focusing can be used with the retention gap to narrow the
solute bands before migration cn the analytical column begins'"
Pressure (or density) programming is usually necessary for
successful phase ratio focusing. (Ii injection conditions are not
appropriate for the chosen sample solvent and the mobile-phase!
solvent binary mlxtl1re remains in one phase, then the sample
solvent becomes a mobile-phase modifier. strengthening the
mobile phase and possibly distributing solutes deeply into the
amalytical column." Refocusing of peaks broadened over the
stationary phase of the anaiytical column is not easily ac
complished.)

Our previous work investigded and explained in detail the
mass-transfer prDcesses involv':tl in injection of liquids into
streams of C02 in heated retentim gaps."" That work provided
the foundation and initial demonstraticn of the direct i~jection
retention gap technique for OT-SFC The purpose of the present
paper is to demonstrare tile analytical performance of this iniection
technique and provine guidelines for its use in OT-SFC .

EXPERIMENTAL SECTION
A Model 501 SFC instrument (Dianex. Salt Lake City. un

equipped V\ith a Dame ionization detector (FID) was used. The
standard CI4W intemalloop injection valve (Valeo. Houston, ']A')

with pneumatic actuawr was located outside the oven at room
temperature, as usual for OT-SFC. The valve was rotated 90' from
Its original position to place the syringe port on the top for easier
access. Valve rotors containing loop volurr,es of 0.1 and 0,5 ilL
were used. A 25-cm section of 50-,um-J.d. fused-silica tubing was
used to supply the mobile phase to the valve. A piece of fused
silica tubing, 25 em y 50 I'm (i.d.). was attached to tile waste
port. The waste port restrictor technique'" (which requires
pressurizing the loop "ith the sampie syringe immediately before
and during the actuation of the v,lve from the load to the inject

position) was used to ensure complete filling of the intemalloop
of the injection valve. It is not necessary to cool the valve ",ith
the waste pOli resuictor filling technique, and the valve-cooling
apparatus normally provided on the instrument was disabled.

A 2 m x 00 I'm i.d. fused-silica tube was used as the retention
gap (with the first 0.25 m left outside thp oven) for O.I-uL
injections. For 0.5-IIL injections, " rdentioll gap length of either
10 or 15 m was used with the iirst OJ m left olltside the oven.
The remaining length of retention gap was wound with the
analytical column in the oven on the column support. Although
we have never experienced failure of the supply tube or inlet tube
(even at pressures to 680 atm), the supply tube and the room
temperature section of the inlet tube should be encased with loose
fitting plastic tubing or otherv,~se shielded for safety.

The analytical column was a 1a-m SB-Biphenyi-30 (009:\ biphen
yl, 70% methyl polysiloxane, 50-Jim i.d., 0.25-llm film thickness,
Dionex). It was imerfaced to the detector wit"! a flit restlictor
(Dionex). The mobile phase was SFC!SFE-grade CO, ",ithout
He head (Air Products. AllentoW11, PA). Data acquisition was
accomplished using Turbochrom v. 3.1 (P. E.-Nelson, Cupcliino,

CAl·
All connections of fij'sed-silica tubing to the valve were made

using approximately 2-cm-long sleeves made from i !]lcin.-outside
diameter (o.d.) PEEK tuhing or witI-, molded PEEK sleeves (1'219,

(29) Chesler T. L Innis. D.
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F220, or F221, Upchurch Scientific. Oak Harbor, WA). The
sleeve inside diameter must be selected to closely match the
outside diameter of the fused-silica tubing. The sleeves and the
fused-silica tubing were secmed to the valve using standard
]h,-in.-i.d. steel ferrules (Valeo). If the fused-silica tube outside

diameter and the PEEK sleeve inside diameter were closely
matched, the ends of the fused-silica tube and PEEK sleeve could
be made flush. However, if a significant gap exists between the
fused-silica tube and the PEEK sleeve, which can only be removed
by compression of the ferrule, then recessing the fused-silica tube
so that its end coincides with the nan-owest point of the sleeve as
it is compressed results in less unswept dead volume.'o The
retention gap-analytical column and analytical column-restrictor
connections were made using ZU.5T unions (valco) with FS.5
fen-ules (Valco). The ferrules are available in several inside
diameter choices and were matched as closely as possible to the
fused-silica tube outside diameter. When a fused-silica tube much
smaHer than the smallest available fen-ulc hole is used, much
compression is required before the felTule adequately grips the
tube. In these cases, the front surface of the fen-ule may be
crushed when the connection is tightened, resulting in a poor
connection. In such situations, better results are obtained by first
slightly trimming the front end 01 the ferTU Ie using a razor Imife.
Only about 0.2-0.5 mm is removed. The tlimmed ferrule must
be inspected with a magnifier to ensure its end is trimmed ueatly
and is perpendicular to the flow axis. \lVhen done properly,
trimming allows enough room in the fitling for the Ierrule to flow
in and fill the available space just when sufficient compression
for a leak-free connection is reached. 1ltis results in no dead
volume and no damage upon tlghtening.

A test mix was prepared by dissolving n-eiccsanol, anthracene,
n-docosanoic acid, n-triacontane, and tli-n-dodecylamine (all
reagent grade) at a concentration of approximately 0.1 mg/mL
for each component in a mlxture of 90:10 toluene/methyl ethyl
ketone. Polystyrene-400 (AmeJican Polymer Standards, Mentor,
OH) was dissolved in acelone at a concentration of 2.2 mg/mL.

RESULTS AND DISCUSSION
Mass Transfer from the Injection Valve. Complete transfer

of the valve contents to the column is desired as long as it does
not take unreasonable time or cause peak shape problems. We
have found that returning the valve to the ioad position after
injection is often necessary to improve the trailing edge of the
solvent peak, in analogy with restoring the septum purge in gas
chromatography. So, it was necessary to determine how long the
injection valve sample loop should be left in the mobile-phase
stream to achieve essentially complete transfer. We investigated
the mass transler of solvents from the injection valve with 0.1
and O.5-,uL loops, mal(ing a series of injections at various injection
times while holding the SFC instrument at constant pressure and
temperature.

1,Vhen the sample solvent is miscible with liquid CO" it is not
unreasonable to expect sample transfer Irom the injection valve

to resemble first-order exponential dilution. The expected rate
constant is F/V where F is the Oocal) volumetric flow rate through
the valve and V is the valve loop volume. F can only be estimated
from the system holdup time (allowing for the density difference

(30) Analytical Supercriiical Fluid ChromalograpI,'y mid Extraction: Lee. :vI. L
:vrarkides, K E.. Eds.; Chromalography Conkrenc::s, Inc.: Provo, liT, 1990:
Chapler 6.
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between room-temperature and oven-temperature mobile phase)
with the flow at equilibrium. The actual flow rate during injection

is also perturbed from this estimate by pressure surges occurring

when the flow is inten-upted and reestablished as the valve is
actuated from its load to inject position. For a first-order process.
the rate constant would be given by the slope of In (1'/ (v - x)

plotted against the injection time, where v is the ma.x.imum peak

area (corresponding to injections of the full volume of the sample

loop). The variable x is the peak area obtained with shorter

injection times.
We measured the mass-transfer rates of two solvents, metha.'1ol

and carbon tetrachloride, using 0.1- and O.5-,uL loop sizes "ith
flow rates through the valve of 0.0079 and O.lJ ,uL/s, and
compared the results with theoretical exponential dilution plots.
Whenever the actual mass-transfer rates deviated significantly

from first-order exponential dilution, the actual rate was always
faster. A transfer of 98% of the loop contents requires flushing

the valve for at least 5.6 half-lives, or a time 4 VlF. This would
require injection times from approximately 3 to 250 s for the small
loop/fast-rate and large-Ioop/slow-rate combinations. respectively.

We typically use a 3(1-s injection time for the O.l-,uL ioops and a

12(1-s injection time for the O.5-I'L loops at our usual mobile-phase

flow rate (about 0.5 ,uL/s on the column, corresponding to about
0.1 ,uLls in the valve). This gives us at least 20 half-lives lor

transfer. With these conditions, solvent injections were highly
reproducible with relative standard deviations from 0.2 to 0.8%
for the solvent peak areas.

Precision of OT-SFC with the Direct Injection-Retention
Gap Technique, The analysis problems experienced by a large
number of workers in the past doing SFC with conventional flow

or lime-splitting injection have not been due to an inherent limit

of supercritical fluids. Instead. they resulted from insufficient
knowledge and control of mass transfer through the various
components of the chromatograph. When mass transfer and

mobile-phase flow are adequately understood and appropriate

conditions are chosen, the precision of peak areas and heights
upon repetitive injection in OT-SFC should approach thai expe

rienced in liquid chromatography, where similar injection valves

are used. Direct injection makes significant progress toward this
goal and provides significantly larger effective injection volumes

to the analytical column than either flow- or time-spiitting injection.
Figure 3 shows chromatograms of five O.S,uL injections of the

test mlxture. They have been superimposed to emphasize

reproducibility and are so similar that the figure appears to be of
only a single chromatogram at first glance. Relative standard
deviations of the (absolute) peak areas and heights for these five

injections are shown in Table 1, along with results for a series of

O.l-I'L injections of the same test solution.
Figure 4 shows chromatograms of seven O.l,uL injections of

the Polystyrene-400 solution, superimposed to emphasize repro

ducibility, and an enlargement showing only the peal'S with degTee
of polymeJization (DP) equaling 4 and 5. 11,e relative standard

deviations of the (absolute) peal< areas and heights for these

injections, along with those for a series of 0.5-,uL injections, are
also given in Table 1. The peaks in Figure 4 are not split by the

injection process, but are the partial separation of diastereomers.
This is supported by SFC-MS and NMR analyses, which show
that the molecular masses of all the peaks at a given degree of

polymerization are the same and correspond to n-butyl initiation



~
Figure 5. Typical peak shapes iodicating nass-transfer problems.
Solutions are discussed in the text

---' L
Figure 4. Seven successive chromatograms, superimposed. result·
ing from O.1-pL injections of the Poi,ystyrene-400 solution using a 2~m

retention gap with 0.25 m left at rocm temperature. The injection time
was 60 s. The oven temperature was 160°C. The pressure was
programmed from 100 \0400 atm at 1Catm/nein Detail oj the seven
superimposed chromatograms for the ,Jeaks with degree of polym
erization equaling 4 an::J 5 is enlarged.

docosanoic

aCi~ tria·
anthracene contane

eicosanol tri(do-
decyl)
amine

1~,--
16 24 32 40

Time (minutes)

Figure 3. Five chromatograms resulting from five successive
injections 0' C.5 IlL of ~he test mix using a 15·m retention gap with
0.7 m left at room temperatJre. The injection lime was 120 s. In the
figure. the five Chromatograms are superimposed to demonstrate
rerlfo(juci~ilty of the technique. The oven temperature was 120°C.

pressure was linearly programmed from 120 to -: 70 atm at 2
atm/min end tllen from 170 to 270 atm at 5 atmfmin.

Table 1" Reiative Standard Deviations Co/a) of
(Absoh.de) Peak Areas and Heights

Text Mix Peaks
n-C"C)H anthracene "-C"OOl-I n-GioHG2 amine

Loop (n = 5)
area 3.0 1.7 1.3
height U 1.1 2.6 0.9 2.0

Leap (n =
area L2 1.3 18
heighl L~ 0.6 LO 08 1.1

DP =4 DP=3DP=4
I

DP =: 5

cJlli, ~OH
I I I I I I ~

12 18 24 3D
Time (minutes)

Polyslyrcne-400 Peaks
Dr ~ 3 DP ~-1 D" = 5 DP=o DP=7

:-Oop = 5)
area .~.d 2.3 1.4
height 1.9 1.7 1.3 L1 L1

Loop (n = 7)
ano-a 1.9 1.7 1.7 1.9
heighl 1.8 1.8 1.4 1.7 L9

and hydro.gen termination of the oligomers31 Polysiyrene dia
stereomers have been separdted in greater detail by recycle
adsorption liquid chromatography.'"

Possible Problems and Their Solutions. Figure 5 gives
examples of peak shapes indicating various mass-transfer prob

lems we have observed when parameters are not properly set
In Figure 50., the baseline is flat on both sides of the peak. but

is somewhat elevated on the trailing side compared to the leading
side. This is often caused when the mobile-phase supply tube.
its conneclor to the valve, or the valve supply port become
contaminated with sample solution, as described earlier. A
nan-ow-i.d. supply lube minimizes problems in the event it
becomes contaminated." We have found that 50-,um-i.d. fused
silica works even better than the 130-,um-i.d. (O.OO5-in.) stainless
steel supply tube furnished "lith the instrument. If a peak like

\vork. The Procter & Gamble Co.. 1995.
Y. In h'JV[[,' a"d "fao'om,,!ecules Seq/(ence, Dynamic. and

J)?lJ1ail1 StnlclJlre; KmdalL]' D.. Ed.: ACS Svrnuosiurn Senes 247; American
C:lcmical Soci"ly: \!v"ashinglof: DC. 1984: 181-196.

Figure 5a is obserJed when a fused-silica supply tube is in use,
10 or 20 em of additional retention gap can be removed from the
oven to lengthen the room-temperature section. If the problem
persists. then the fitting connecting the supply tube to the valve
should be disassembled and reconnected. taking care to avoid
introducing unnecessary volume as J it were in the sample path.

Chair-shaped peaks like Flgtirc 5b (with the misshapen portion
or "seat" eluting first), or split peaks with an early-eluting fraction,
may result when the stationary phase on the analytical column is
wet by the liquid injection solvent These shapes are often most
severe for early-eluting peaks More strongly retained solutes may
be adequately focused Dn the stationary phase even if it is wet

with liquid injection solvent. This is illustrated in Figure 6,
chromatogram a, where the problem clearly diminishes with peak
retention. For the chromatograms in Figure 6, the pressure
program consisted of rvo segments: an initial 1 atm/min rate
for refocnsing mateJial from the retention gap and a 10 atm/min
rate to elute the peaks. AIl but tbe first solute peak eluted when
the program was well into its the 10 atm/min rate. TIle inilial
ramp time was varied with the starting pressure, as necessary, to
produce the same pressure-time relationship in eve!y chromato
gram after 10 min and to elute the major peaks vlith the same
times, pressures, and program mtes in every case. Fur the
conditioIlS used, the lowest starting pressure produced the best
resnlts.

As Figure 6 shows, simply making the injection conditions
milder can .-:.ometimes eliminate peak shape problems when the
retention gap i~ too short for the injection volume, and the
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tube lengths to reduce analysis time. Larger injection volumes
are also possible ·.vith appropriate changes in tube lengths, times,
and rates.'(~

TIle underlying processes of liquid film fonnation and solute
"efocusing are somewhat more complicated than typical injection
processes in gas and liquid chromatography. However, when the
direct injection-retention gap technique is used in actual analysis
settings, the details of the mass transfer and wlute focusing are
self·working and (ransparent to the analyst in most applications.
Precision more than adequate for external standardization is
possible, \dh injection volumes averaging about 10 times larger
than the typical splitting injection techniques.
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Desiccation Effects on Stability of Pesticides
Stored on Solid-Phase Extraction Disks

Scott A. Senseman,* Terry L.LaV}', and John D. Mattice

The Altheimer Laboratory, Pesticide Residue Research, Agronomy Department, University of Arkansas,
Fayetteville, Arkansas 72704

Four desiccation methods were applied to pesticide
enriched solid-phase extraction disks (SPE) to determine
whether enhanced stabili1y would result when residual
water was removed from SPE disks before storage.
Pesticides were loaded onto 47-mm Empore C18 disks
by filtering 250 mL of deionized water fortified with 12
pesticides, After a 5-min vacuum and weight detennina
lion, the disks were further treated either by (1) freeze
drying, (2) vacuum desiccation with CaS04' (3) storage
in direct contactwith CaS04, or (4) not desiccated. Disks
were stored for 3, 10, or 30 days at either ambient or
frozen temperatures. Desiccation treatments were equally
effective at removing water from the disks; however, itwas
postulated that freeze-drying removed water faster than
other desiccation treatments due to the strong vacuum
(3.7 x 10-6 MPa) and the higher recoveries of hydrolysis
susceptible analytes. Desiccation of disks resulted in
lower recovery of trifluralin than from disks not desic
cated. Frozen storage provided a more stable environ
ment than ambient temperatures during storage for
metribuzin, profenofos, and cyanazine but had little effect
on the other compounds.

Goven1ment agencies and private firms studying environmental

contamination of pesticides in water often do not possess the
analytical instrumentation needed to get qualitative and quantita
tive analytical results. As a result, these groups routinely send
water samples to private laboratories for analysis. Transportation
costs are high because of the size and weight of the water samples.
Also. sample integrity during shipment may be compromised
because of hydrolysis and other losses associated with adverse
shipping conditions such as high heat and humidity. Loss of
san:p]e integrity for some compounds during shipping may limit
the method sensitivity desired analytes and, therefore, make
trace-level determinations more difficult.

With the advent of solicl-phase extraction (SPE), the possibility
exists that temporary storage of pesticide analytes could be
accomplished in an octadecyl (C18) matrix. This technology has
been used in the form of a cartridge or a membrane and is best
suited for ext'actions of environmental poliutar.ts from an aqueous
mabix-'Y The technique is rapid and less lebor intensive than
Iiqnicl/liquicl extraction (LLE) and eliminates large volumes of
potentially hazardous and expensive solvents. Consistent recovery

and better purity of extracts obtained from drinking water samples
using SPE disks compared with LLE encourage further use of
this technology considering the previously mentioned disadvan
tages3

Enrichment of organic contaminants on SPE material has
exhibited potential flexibility in storing and transporting organic
analytes from water samples. i-Ii Our earlier work on storage
stability of emiched SPE disks has indicated that the Co"~

membrane is a more stable environment for storage of many
pesticides than pesticides stored in water for periods up to 180
days; however, some pesticides still degraded slowly while stored
on the C18 matrix.'·1i It was hypothesized that residual water
surrounding the nonpolar matrix of the disks after f1llration of
pesticides may have caused hydrolysis of susceptible compounds.'i
It is postulated that a more stable environment for pesticides
partitioned into the C's matrix could be achieved by rapid removal
of residual water through desiccation. However. potential adverse
effects such as loss of volatile compounds and excessive chro
matographic noise from undesirable chemical interferences may
overshadow any increase in analyte stability. To study the
feasibility of enhanced pesticide stability under diffeting desicca
tion treatments and potential problems involved. a study was
conducted to (1) determine quantitative differences of water
removed due to desiccation treatments, (2) detennino whether
storage stability of selected pesticides on SPE disks after ext'ac
tion from water is affected by desiccation and temperature, and
(3) determine whether desiccation treatments cause deleterious
effects such as increased pesticide volatility loss or increased
chromatographic noise from impurities used in desiccation.

EXPERIMENTAL SECTION
General Infonnation. Twelve pesticides were included in the

analysis representing substantial differences in physical and
chemical properties as well as varying degrees of storage stability
in aqueous media (fables 1 and 2). Analytical standards (>98S
purity) were used to prepare fortification and standard solutions.
The fonn of solid-phase extraction used was the 47-mm diameter
Empore disk for environmental anaiysis (3M lndustrial and
Electronic Sector, New Products Department, 51. Paul, MI'.
distributed by ]. T. Baker Inc., Phillipsburg, NJ). Methanol.
methylene chloride, and ethyl acetate used in the extraction were
HPLC grade solvents obtained from Fisher Scientific Co., Fairlawn,
N].

(3) Davi, L M.; Baldi. M.; Penazzi. L.; UbanL M. Sci. 1992.35,
(4) Green, D. R; I.e Pape, D. LAnai. Chem. 1987. 59, 6~)9-703.

(5) Johnson. IV. G.: Lavy, T. L: Senseman. S. A]. Eilvirm: Olia!. 199:L
1027-1031

(6) SC:1seman, S. A: Lavy. T. L.; Mattice, 1. D.; B. Sku]l11an
Environ. Sci. Techno!. 1993.27.516-519.

Soil and \..~rop Sciences, Texas A&M
E-mai!' s-scnseman@tamu.edu.

SchmitL G. A: Ble"ins, D. D. Anal. Chim.

address: Dcpa:·trnent
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(1) Ha.gen. D. \'Jarkd1. C.
r1rta 1990,236.
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Ii DeJa extracted from ref 8.

Table 2. Aqueous Storage Stability of Analytes in
Desiccation Study

After the sample had heen drawn tbrough, tbe vacuum was

left on for 5 min to allow the disk to dry. The disk was then

removed from the filter holder, placed in a plastic weighing boat.

and weighed on an Obaus GA 200D analytical balance (Ohaus

Corp., Fordham Park, NJ). Ntcr weighing, the disk and the

weighing boat were placed in a zipper·sealed plastic bag and

placed under the appropriate storage couditions.

Description ofTemperature Treatments of Disks. The C;>c

enriched disks were stored at two :'emperatures: ambient and

frozen. Ambient storlge consisted of isolated slorage of weighing

hoats containing disks in a Boel<el desiccating cabinet that

contained no desiccant. A battery-operated temperature probe

(Hobo-Temp Temperature Logger, Onset Computer Corp., Poc

asset. MA) was placed in the chamber with the disks u1at recorded

the temperature every hour for 30 days during the incubation

The temperature 1uring incubation was 23 1. 1.3 'c. TIle disks

were left in the cabinet until the storage period had elapsed.

Disks anel weighing boats slored at frozen temperatures were

placed in sealed polyethylene bags after the 5-min vacuum

filtration step and appropriate dlylng treatment Disks were stored

for tbe appropriate storage period in a walk-in freezer that had a

daily temperature of -21 '" 1.9 'C for Ihe 30--day storage.

Description of Desiccation Treatments ofSPE Disks. No

Desiccation. The least amounl of water would be expected to

be removed by the 5-min vacuum Eltration without additional

desiccation. This step ,epresenter! 2 typical step in the extraction

procedure after water had miered through the disk The disks

were then placed in plastic weighing boats thaI were 75 mm x

75 mm x 25 mm c'eep The boats and disks were weighed and

then placed in either ambient or .frozen storag-e. All desiccation
treatments included an initial vacuum filtration plus all

additional water removal treaLmeIlt.

Vacuum Desiccation of SPE Dish:s. \lacuum desiccaLion

of the enriched disks IVas dme by placing the pesticide-loaded

disks in the weighing boats. The boats were then placed on a

porcelain plate near IDe bottom a Pyrex 250-mm-id. vacuum

desiccator containing 500 g of Dricrite anhydrous CaSO,,, 8 mesh

(yr. A Hammond DrieJite Co.. Xe:1]a, OH). The desiccator was

sealed with light gr',ase anel altached to Ihe vacuum source with

a vacuum hose. A vacuum of -8.:l x 10-' MPa was applied for

24 h. After 24 h. the elisks were :.ransferred either 10 ambient

storage or frozen storaQe for tbe remainder of the 3-, 10-, or 30

day storage periods.

Freeze-Drying of SPE Disks. The disks receiving 24-h

freeze-drying were prepared by temporarily freezing the disks at

-6°C in weighing boals that were sealed in plastic bags for 1 h

after pesticide enrichment and 5-min vacuum. Freezing was

necessary so that a solid would be fO:TIled, allowing for sublimation

and efficient removal of water from the disk. liller freezing, the

plastic bags containing the weighing boats and the disks were

opened and then placed in the vacuum conlainer of a Virtus

Freezemobile 25 SL freeze-dryer (Thc Virtis Co., Inc., Gardiner,

NY). TIle vacuum container was sealed and a vacuum of 3.7 x

10-6 MPa was applied for 24 h. The vacuum was removed, and

the plastic bags and contents were lcansferrerllo the appropriate

storage temperature.

Storage of SPE Disks with Desiccant_ This treatment was

included to detenninc the effectiieness of a simple drying
technique using no additionallaboraro(y equipment (e.g., frccze
dryer or vacu.um clesiccaLor). Disk:;. stored 'Ni~h desiccant were

stability in aqueous median

in alkaline and acidic media
bV3tn,"~ acids and alkalis

stable to and alkalis
stable in aqueous solution in alkaline or acidic

solutions

hydrolyzed by strong acids and alkalis
slable in neutral, weakly acidic, weakly alkaline

media: hydrolyzed in strong acids and alkalis
and at high temperatures in neutral media

sl;::ble pH 5 and pH 9 but hydrolyzed by

,kl!,1einacids and alkalis; slowly decomposed

pesticide

metnblJzin
nor[Jurazcn

lriilUlaJil1

profenofos

cyanazine

)cDd:m,<-,thal:,l'1

alach]or
at-azine

Extraction of Pesticides onto Solid-Phase Extraction

Disks. A 250-mL volume of deionized water (pH ~5.0) was

dispensed into a 250-mL Erlenmeyer flask One miililiter of a

methanol foniilcation solution containing all analytes was added

to the water. Blank quality control samples received 1 mL of

melhanol containing no pesticides. Fortified quality control

samples included samples fortified at concentrations of 5 and 20
pg L-1 for each pesticide. One sample of each concentration plus

two nonfortiiied samples (blanks) were included with every batch

of 24 storage samples
Solid-Phase Extraction Disk Preparation. Ten milliliters

of 1:1 methylene chloride/ethyl acetate solvent was added to the

Elter funnel, and the solvent was drawn through the disk by
vacuum at ~2 mL S-1 Subsequently, air was drawn through the

disk ior I min. Ten milliliters of methanal was then added. As
the solvent was drawn through, the vacuum was removed when

a Elm of methanol covered the disk. This action prevented drying

and subsequent slow filtration. Deionized water (10 mL) was

added to the Elm of methanol and drawn through by vacuum until

a tbin film of deionized water covered the disk; the vacuum was
again removed. The entire 250--mL fortified sample was then

adeleel to the Elter limnel and drawn through by vacuum at
approximately 25-30 mL min-I.

soil vapor
sorption pressure

pesticide (Ke,,) (MPa)

alachlor 2tO 15 170 1.9 x 10- 9

mrazine 33 60 100 3.9 X 10-11

170 14 190 2.1 x 10- 13

60 5lO0 2.0 x 10 9

530 90 200 4.2 X 10-9

metribuzin 1220 40 60 <1.3 X 10-(1

noruurazon 28 30 700 2.7 X 10-12

pendimethalin 0.3 9D 5000 1.2 x 10-9

p:ofenofos 28 8 2000 1.2 x 10- 10

200 1 149 5.3 x 10-9

8.2 60 130 2.9 x 10- 12

lriOuralin 0.3 60 8000 1.5 x 10-8

reflo. These data represent values measured
at

Table 1. Characteristics of Pesticides Analyzed in
Drying Treatment Study'
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placed in a weighing boat with 10 g of Drierite placed on top of

the disk such that direct contact of the desiccant ",ith the
extraction disk was aChieved. Weighing boats and disks to be
stored at ambient temperatures were then placed in a separate
desiccation chamber. Disks stored with desiccant receiving the
frozen temperature treatments were sealed in the plastic bags and
placed in the walk-in freezer.

Spent desiccant was replaced several times during the storage
of the 30-day samples because desiccant pulled n-oisture from the
air causing depletion of drying capacity. DeskcalJt was considered
spent when the indicator in the desiccant changed color from light
blue to pink. Desiccant was changed more often in the ambient
treatments probably due to the higher humidity in the laboratory
where ambient storage took place.

The percent of water removed from the SPE disks for each
treatment was calculated by the following formula:

Woe-We·
%water removed = W;:e _ W:: x 100 (1)

where Wb,. is the weight of the disk in grams hefore extraction,
Ww is the weight of the disk in grams after extraction, and W,t is
the weight of the disk in grams upon completion of the desiccation
treatment and storage period.

Elution of Stored Pesticides from SPE Disks_ After storage
and determination of the percentage of water removed, the disks
were visibly reoriented on the filter apparatus so that the originally
exposed area was above the sintered glass hase. Borosilicate glass
vials (20-mL capacity) were placed in the base of the vacuum
manifold to catch the eluate. The pesticides were eluted from
the disks with four 5-mL portions of ethyl acetate. During each
application of ethyl acetate. the vacuum was applied and removed
quickly to allow some ethyl acetate to penetrate the entire
thickness of the disk for an equilibration perod of 2 min. The
vacuum was then reapplied, and the remainder of the ethyl acetate
was eluted into the glass vials. Anhydrous sodium sulfate (4 mL)
was added to the vial to remove any excess water. The ethyl
acetate was decanted into a calibrated test tube. The borosilicate
glass vials were rinsed three times with ethyl acetate. each time
decanting into the calibrated test tube. The volume of ethyl
acetate was reduced by evaporation using a stream of dry nitrogen
while the calibrated test tubes were immersed in a 30-35 °C water
bath until 2.0 mL remained in the tube. The calibrated test tubes
were vortexed twice at a low speed such that the sides of the
tubes could be rinsed with solvent. A l.5-m:'- aliquot was
transferred to a sample vial and sealed by Teflon septa and vial
cap before analysis.

Analytical Methodology. All samples were identified and
quantified by a Varian 3400 gas chromatograph/mass spectrom
eter (GC/MS) equipped with a 0.25 mm i.d. x 30 m DB-5 column.
The chromatograph temperature program used was an initial oven
temperature of 82 'C for 2.5 min increased to 300 'c at 14 'C
min- t and held for 1 min for a 19-min run time. The sample (1
I'L) was injected at a rate of 0.2 I'L SI iIto a programmable
injector The initial temperature of the injector was 57 'C, held
for 0.25 min. then increased to 260 'C at 180 'C min-I, and held
for 2 min before returning to 57 'C.

Mass spectrometer conditions included a manifold temperature
of 220 'C. ionization time of 100 ms, and 0.75 s scan-I The
method of ionization was electron impact. Retention times of each
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Table 3. Retention Times and Percent Recovery of
Quality Control Samples of Analytes Fortified at 20 fig
L -1 and Analyzed by Gas Chromatography/Mass
Spectroscopy

recovery

pesticide retention umt; meaD ~td error

alachlor 13.4 78.7 4 "
atrazine 12.1 4.2
cyanazine 13.9 89.4 3.1
methylparathion 13.2 8Z.7 4.2
metolachlor HO 80.1 4.7
metri.bt.::zin D.Z 79.4 5.6
norllurazon 165 77.1 5.2
pendimethalin 145 79.0 4.7
profenofos 15.4 88.2 4.6

J:J.l 83.4 4.Z
12.0 3-1..6 S.5

trifluralin 11.5 72.3 4.4

11 Values obtained from seven extractions.

compound are listed along with mean recovery from quality
control samples in Table 3.

Statistical Analysis, The experiment was analyzed as a
completely randomized design with a factOlial arrangement of
three storage periods (3, 10, and 30 days). two temperatures
(ambient and frozen), and four desiccation treatments (no desic
cation, 24-h vacuum desiccation, 24-h freeze-drying. and storage
with desiccant). Treatments were replicated three times. Means
of percentage of water removed from SPE disks and percentage
recovery of each pesticide from the extraction werc separated by
Fisher's least significant difference (LSD) at a 0.05 level of
significance. I

RESULTS AND DISCUSSION
Water Removal by Desiccation, The statistical significance

of the Pvalues (P < 0.05) indicated that the percentage of water
removed from the disks was a function of interactive effects from
desiccation treatment, storage period. and temperature (fable 4).
The means of percentage of water removed from the disks are
statistically compared in Table 5. Data showed that ~9990 of the
water had been removed from the disks after 3 days of storage
when the disks were stored at ambient temperature regardless
of desiccation treatment. When disks were stored at frozen
temperatures, the percentage of water removed indicated that
residual water had been lost from desiccated disks whereas the
disks not desiccated had lost only 19-47% of the residual water.
Comparisons of water removed for the two temperature regimes,
when the disks were not desiccated, indicated that evaporation
of residual water from the disks occurred at ambient temperatures.
A total of 63-80% of the water was retained on the nondesiccated
disks stored at frozen temperatures compared with> 99% removal
of water when the disks were subjected to desiccation treatments
and stored at frozen temperatures. These data suggested that
faster water removal would occur through desiccation treatments
than if water were allowed to passively evaporate. The increased
rate of water removal by desiccation may provide greater stability
of hydrolysis-susceptible pesticides, presumably by decreasing the
exposure of pesticides to residual water.

Pesticide Recovery. Sources of variation and associated P
values of pesticide recovery for the analytes are presented in Table

(7) SAS Institute. SAS User's Guide.- Stal{sttcs, Version 6. S.A..S Institute. Carl,
NC. 1988.









a: , increases v"ith the CS concf:n1:ration and with the magnitude

of the K+iK~ ratio. 11,e separation factor also increases with

the hydrophobicity of the solvent system. The higher hydropho

bicity of the solvent system decreases Do and this in turn increases

ICSL,~·, in the stationalY phase by shifting the balance of [A-joe"

[CS] "', = [CSA.1 '" toward the left.
The results of the experiments described below are in good

accord with this mathematical analysis.

EXPERIMENTAL SECTION

Apparatus. The presen t experiments were perfonned using

a commercial high-speed CCC centrifuge (Itc multilayer coil

separator/extractor) purchased from P. C. Inc., Potomac, MD; a

comparable instmment is available from Phanna-Tech Research

Corp.. Baltimore, MD and from Shimadzu Corp., Kyoto, Japan.

The general features of the apparatus are described in detail

elsewhere.' The apparatus holds 11 multilayer coil separation

column on the rotary frame at a distance of 10 cm from the central

axis of the centrifuge. A counterweight is mounted on the

opposite side for balancing the column. The desired planetary

motion of the column was produced by couplhg a plastic gear

mounted on the column holder to an identical stationary gear on

the cenrrifuge axis; the column holder undE'rgoes a synchronous

planetaly motion, i.e., one rotation about its own axis dnring one

revolution aronnd the central a;;is of the centrifuge both in the

same direction.

110r column was prepared in our 12boratory by winding a single

piece of about 160 m long, 1.6 mm i,d. poly(tetrafluoroethylene)

(PTFE) or Tefzel tubing (Zeus Industrial Products, Orangeburg,

SC) around the holder hub. making 11 coiled layers berReen a

pair of flanges spaced 5 em apart. The total column volume

measured 320-330 mL. 11,e ends cf the coil were connected to

l10w tubes (0.85 mm i.d. PTFE) that enter and exit the centJifuge

through its hollow cenD-al stationary pipe..\s described earlier,4,5

these 110w tubes are twist-free when the column is rotated so that

the elution can be perf01111Cd through the rotating column without

the 'jSt of rotaIy seals.

In the present studies, the column was rotated at 800 rpm

regulated by a speed conD'oller (Bodine Electric Co., Chicago,

IL).

Reagents. Glass-distilled HPLC-grade organic solvents includ

ing hexane, ethyl acetate, and methanol were purchased from

Burdick and Jackson Laboratories, Muskegon, ML HydrochloJic

acid (Fisher Scientific Co" Fair Lawn, NJ) was analytical grade.

(=)-(3.5-Dinitwbenzoyl), (DNB)-Ieucine, and (±)DNB-phenyl

aladne were purchased from Aldrich Chemical Co. (Milwaukee,

WI). Other (±)-DNB-amino acids and N-dodecanoyl-L-proline-3,5

dimethylanilide (chiral selecto!'. CS) were synthesized according

to the method described by Oliveros et al. i

Preparation of Solvent Systems and Sample Solutions.

Solvent systems consisting of hexane, ethyl acetate, methanol,

and 10 miVl hydrochloric acid (10:0:5:5,9:1:5:5,8:2:5:5,7:3:5:5,6:4:

5:5, and 5:5:5:5, each by volume) were used. Each solvent mixture

was thoroughly equilibrated in a separatery funnel, and the two

phases were separated shortly before use. A given amount of

the CS was added to the organic stationary phase. The sample

Camacho-Frias, E.;
17,2301-2318.

solutions were prepared by dissolving 5-10 mg of Oem-amino
acid in the 2 mL two-phase solvent system consisting of equal

volumes of each phase.

General cee Procedure~ Each experiment was initiated by

filling the column with the organic statiollillY phase according to

the method described earlier.:' About 150-200 mL of the C5

free stationary phase was pumped into the column. This was

followed by continuous feeding of a desired volume (usually 200

mL) of the C5-comaining stationary phase by discharging an
excess amount of the C5-free organic phase from the outlet of

the column. Finally. the column contained about 200 mL of the

C5-containing stationary phase in the proximal portion of the

column and about 130 mL of the C5-free stationary phase in the
distal portion of the column. In this way, a portion or the C5-free

stationary phase is retained at lhe column tern1inus absorb any

CS that may be carried over by the mobile phase. thus ensUling

the elution of C5-free fractions. After silluple solution was injected

through the sample port, the aqueous mobile phases was pumped

into the column while the column was rotated at 800 rpm reglllated

by the speed controller. The absorbance of the effluent was

continuously monitored at 254 mil, and 3.0 rnL £r8ctions were

collected, 11,e chirality of the CCC fractions was assessed based

on the previous analysis using both the polarimeter and CD

apparatus as described earlier, G

Effects ofVarious Parameters on Peak Resolution. In the

first experiments, the effects of the CS concentration on the

separation were investigated using a two-phase so lvent system

composed of hexane/ethyl acetate/methanol/l0 mM HCI (8:2:

5:5 by volume). About 130 mL of C5-free orgal1ic phase was first

pumped into the column followed by 200 mL of organic phase

containing CS at vaJious amounts (0.0.5, LO, 2.0, anei 4.0 g). Four

5-10 mg samples of racemic DNB-arnino acids (DNB-phenyl

glycine, DNB-phenylalanine, DNB-valine, DNB-Ieucinel were

successively injected at each CS concentration without renewing

the column contents.

The experiment was continued to investigate the effect of the

distribution of a given amount of CS in the stationary phase. Thus,

1 g of CS in various volumes of the stationary phase ranging from

50 to 200 mL was placed in the beginning portion of the column

while the remaining column space was filled with the C5-free

organic phase. This column-filling procedure is described above.

The four racemic DNB-amino acids (5-10 mg each) were

separated using a two-phase solvent system composed of hexane/

ethyl acetate/methanol/IO mM HCI (8:2:5:5 by volume) as ir. the

previous studies.

The second series of experiments examined the effect of

hydrophobicity of the solvent system on the chiral separation. The

hexane/ethyl acetate/methanol/lO mM HCI solvent system

provided a gradual shift in hydrophobicity by chill1ging the volume

ratio between hexane and ethyl acetate while the methanol anel

HCl were kept constant. Six different volume ratios were used:

10:0:5:5, 9:1:5:5, 8:2:5:5, 7:3:5:5, 6:4:5:5. and 5:5:5:5, In all experi

ments, 1 g of the CS was dissolved in 200 mL of the organic

stationary phase which was then placed in the beginning portion

of the column using a procedure descJibed earlier. Two (I)-DC/B

amino acids (DNB-valine and -leucine, each 5-10 mg)

separated by successive injections without rene"ing the stationary

phase in each solvent system.

Computation of Separation Factor (0) and Peak Resolu

tion (R,). In the above studies, the partition efficiencies are
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Table 1. Gold Electrode Data for Experiments in 0.10
III TBAI> Acetonitrile (1 mM Fer.ocenel"

solid gold electrode 1 electrode 2

0.0314 0.0707 0.0707
0.0314 (100%) 0.0014 (2%) 5E-5 (0.1%)
20 1111 4454
30 347 166
777 (Ip) 2136 (Ip) 6400
0.6 (1.3%) 0.08 (1.3%) 0.02

to ~O.1 s = 3), after which overlap of diffusion layer appears
to begin. Given eq 1 for the current (1) at an inlaid electrode, the

i = nFCD[A/ (-;rDt) 1/2 + P/2 + ...J (1)

active area (A) of the electrode can be determined from the slope
Of the line at short times, and the perimeter of the active sites
(P) can be determined [yom the intercept. The determined area
and pelimeter to area ratio for the two gold composite electrodes
fabricated, as wall as those for a solid gold electrode, are given in
Table L The capacitance data listed in Table 1 were estimated
from cyclic 'loltammettic experiments on blank solutions using
the difference in the background at 0 V and the fact that C =

t1i/(2dE/dt). Table 1 also contains data pertaining to cyclic
staircase vo]tammetry data obtained on ferrocene, to be discussed
shortly.

Table 1 clearly indicates that the percent active area for t.1-ze
two composite eiecLrodes is very small (2 al1d 0.1%). This and
the small e]2e of the gold bands or lines lead to very large
perimeter area ratios, a measure of expected current enhance
ment due Lo nonlinear diffusion. The capacitance of these
electrodes is higher than that found for the pure conductor on an
aclive area basis. This has been observed with other precious
metal composites at low frequencies and has been attributed to
leakage of solution into the interface. where thc conductor makes
contact with itsellI!

Figure 3 shows the results from cyclic staircase voltammetry
on 1 mM ferrocene for the three eleotrodes. For comparative
purposes, the data have been normalized by plotting current
densiLy vs pOlential. As expected from the perimeter to area data,
there is a significant enhancement in the cun-ent for the two
composite eiectrodes compared "ith that of the solid gold
electrode. This currcnt enhancement is also summarized in Table
1 as the limiting current density (Id) for electrode 2 and the peak
current density (IP) for the solid gold electrode and electrode 1.
Ccmpalison of these data with the capacitance data indicates that

:r- ~~~
11. It- .J

N E I A AI---------------------J! _~jL=~ --S1/?-~~j
~ -2j ;=--~ 1( I

j3~~11 I

-4k c /~/ _II
-5~~
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700 6)0 500 400 300 200 100

Potertial (mV)

Figure 3. Cyclic voltammetric data obtained using a solid gold
electrode (A) ana gOid/Kel-F composte electrodes 1 (B) and 2 (e)
(see Table 1). Expe"iments were pertormed in a 0.10 M TBAPI
acetonitrile soluflon with 1 mM ferrocene (scan rate, 0.5 Vis) using a
Ag/AgCI reference electrode. The currents are normalized to the
active surtace areas orthe electrodes. An intentional offset was added
to the curves for plotting purposes

the current enhancement more than compensates for the unusu
ally high capacitances observed with the composites, particularly
with respect to electrode 2. Thc standard deviations in the Id
and Ip values are also given in Table 1. It should be noted that
the electrodes were polished between each of the five experiments
performed and averaged to obtain these values.

CONCLUSIONS
The sputter coating of gold onto the Ke1-F particles prior to

electrode fabrication has proven to be a useful approach for
fabricating gold composite electrodes with low active areas. When
the active area is small enough, these electrodes have the
advantage of behaving as an array of isolated ultramicroelectTodes.
Future refinemerJ of the sputter coating procedure (duration of
coating and Kel-F particle size) should provide control over the
percent active area as well as thickness of the active sites. Finatly,
this process should be applicable to the fabrication of other
precious metal composite electrodes.
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