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Letter

Electrothermal vaporization of trace beryllium via in situ
alkylation for inductively coupled plasma atomic emission
spectrometry

Shiquan Tao, Takahiro Kumamaru *

Department of Chemistry, Faculty of Science, Hiroshima University, Higashi-Hiroshima, 724 Japan
(Received 22nd March 1994)

Abstract

A novel sample introduction method based on in situ alkylation for inductively coupled plasma atomic emission
spectrometry was proposed for determination of beryllium. A very low detection limit (1.1 pg of beryllium) was

obtained.

Key words: Inductively coupled plasma; Atomic emission spectrometry; In situ alkylation; Diethylberyllium; Beryl-

lium

1. Introduction

In inductively coupled plasma atomic emission
spectrometry (ICP-AES), the hydride generation
procedure has been adopted as an efficient sam-
ple introduction process for the enhancement of
sensitivity together with separation of analyte
from matrix [1-3]. However, only a limited num-
ber of elements has been introduced into the ICP
as volatile hydrides. For introducing analytes into
ICP as gaseous species, there are other groups of
compounds such as alkoxylboron [4] and some
halides [5], neither of which volatilize at room
temperature, but can be vaporized by mild heat-
ing. Such sample introduction procedures obvi-
ously share the merits of hydride generation.
Alkylmetals are also among these groups of com-
pounds and their boiling points are usually below

* Corresponding author.

300°C. However, most alkylmetal compounds are
highly reactive and some are unstable on expo-
sure to moisture and even to air. These proper-
ties make it inconvenient to transport metals into
the ICP as alkylmetals.

In this letter, an in situ alkylation system is
reported for introducing beryllium as diethyl-
beryllium into the ICP. With on-line vaporization,
beryllium was efficiently carried into the ICP and
a sensitive atomic emission signal was obtained.

2. Experimental
2.1. Apparatus

A Kyoto Koken (Kyoto, Japan) Model UOP-1S
high-resolution inductively coupled plasma atomic
emission spectrometer was used, by which the
second derivative emission signals from the ICP
were measured on a strip chart recorder. For

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Experimental procedure and schematic diagram of the
apparatus for in situ alkylation. A, Tungsten boat furnace; B,
furnace electrodes; C, glass dome; D, silicone rubber stopper;
E, O-ring, F, electrode terminal; G, argon carrier gas inlet; H,
outlet to ICP; I, micropipette.

vaporization of diethylberyllium into the plasma,
a Seiko Instrument (Tokyo) Model SAS-705V
metal furnace atomizer for atomic absorption
spectrometry equipped with a tungsten boat fur-
nace was used after modification. Sample cu-
vettes were also made by cutting both edges of
the tungsten boats. A schematic diagram of the
apparatus used for the alkylation and vaporiza-
tion of beryllium is shown in Fig. 1.

2.2. Reagents

Beryllium(II) standard solutions were pre-
pared by diluting a stock standard solution (1000
mg Be 17 !; Kanto, Tokyo) with water. For alkyla-
tion, an ethylmagnesium bromide solution in te-
trahydrofuran (0.9 mol 1~!; Kanto) was used as
received.

2.3. Recommended procedure
A 10-u1 aliquot of aqueous sample solution

was pipetted into the cuvette. After the sample
was dried in an oven at 110°C, the cuvette was

S. Tao, T. Kumamaru / Analytica Chimica Acta 292 (1994) 1-3

loaded into the boat furnace and 15 wl of the
ethylmagnesium bromide solution was added. The
program for heating the atomizer was set at 70°C
(40 s) for desolvation, and then at 600°C (15 s) for
vaporization of diethylberyllium. An argon carrier
gas flowed through the dome at a flow-rate of
0.45 1 min~! to carry diethylberyllium vapour into
the ICP; the beryllium emission signal from the
plasma was recorded.

The ICP was operated at 1.5 kW with an argon
plasma gas flow-rate of 16 1 min~! and auxiliary
argon gas flow-rate of 1.5 1 min™'. The beryllium
emission signal at 313.042 nm (Be II) was moni-
tored 6 mm above the load coil.

3. Results and discussion

Beryllium can form various alkyl compounds
by a Grignard reaction, but none of these com-

17
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-
&
_8 | 150 s |
=)
. 25 50
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- 5
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Fig. 2. Atomic emission signals vs. the amount of beryllium(II).
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pounds is stable in the presence of water. Thus,
for introducing beryllium into the ICP as diethyl-
beryllium, it is necessary to ethylate beryllium in
an anhydrous atmosphere. In this work, after the
aqueous sample in the cuvette was heated com-
pletely to dryness, the ethylmagnesium bromide
solution was added in the argon stream (Fig. 1).

As for the amount of ethylmagnesium bro-
mide, 15 ul of the reagent solution was sufficient
to give quantitative results. Diethylberyllium was
formed immediately after the addition of the
Grignard reagent. For the vaporization of diethyl-
beryllium, a heating temperature of 600°C was
optimal though the appearance temperature of
the beryllium emission signal was at around 230°C
(the boiling point of diethylberyllium is 194°C).
The optimum temperature is much lower than
the boiling points of most inorganic matrices.

A calibration graph was prepared according to
the recommended procedure. An example of the
signals obtained is shown in Fig. 2. The emission
peak height signal increased linearly with increas-

ing amounts of beryllium(II) up to at least 125 pg.
The relative standard deviation (n = 8) was 5.2%
for 10 pg of beryllium. The detection limit (30)
was 1.1 pg of beryllium, which is nearly half of
that obtained by conventional electrothermal va-
porization ICP-AES [1-3].

The application of this method to the determi-
nation of beryllium in aluminium-based alloys
and geochemical samples is now being studied.
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Diagnosis and resolution of multiwavelength chromatograms
by rank map, orthogonal projections and sequential rank analysis

Yi-zeng Liang !, Olav M. Kvalheim *
Department of Chemistry, University of Bergen, N-5007 Bergen, Norway.

(Received 12th October 1993; revised manuscript received 19th January 1994)

Abstract

Cases with unresolved chromatographic peaks, where the diagnosis and subsequent resolution using common
procedures from evolutionary factor analysis fails, are investigated and discussed in some detail. A new procedure is
then developed. Local principal component analysis is first performed using a window procedure called eigenstruc-
ture tracking analysis. This evolving and dynamic procedure provides the best possible sensitivity for assessment of
the number of cocluting analytes at a particular retention time as the method adapts the window size to the number
of coeluting analytes. The result is a rank map in retention timae direction, showing, in any retention time interval,
the number of eluting analytes. The information in the rank map is subsequently used to define a set of » orthogonal
projection matrices (n is the total number of detected analytes in the chromatogram). Each projection matrix is
constructed from n — 1 loading vectors obtained, e.g., from principal component analysis of the zero-concentration
window for a particular analyte. This procedure enables unambiguous identification of the peak pattern in an
unresolved region. Resolution of the chromatographic peaks can then be accomplished by the combined use of
orthogonal projections and a procedure called sequential rank analysis to solve the problem of embedded peaks.
Sequential rank analysis assumes local symmetry around peak maxima and uses first-order differentiation for unique
resolution of embedded peaks. The approach is demonstrated on some simulated chromatographic systems.

Key words: Principal component analysis; Chromatography; Multiwavelength chromatograms; Rank map; Orthogo-
nal projections; Sequential rank analysis

1. Introduction realization of the treasury provided by the evolv-
ing nature of many analytical profiles, e.g., the

Evolving factor analysis (EFA) is an estab- continuous character of chromatographic elution
lished method for resolving multiwavelength profiles with sequential appearance and disap-
chromatographic data. Maeder and co-workers pearance of each analyte. The implementation of
[1-3] pioneered multicomponent analysis by their this insight as the resolution method EFA, how-

ever, has certain limitations and deficiencies. For
instance, the peak detection procedure of EFA

* . with stepwise increasing matrix size in forward
Corresponding author. . K X

! On leave from the Department of Chemistry and Chemical and backward directions is rather Yumer?ble to,

Engineering, Hunan University, Changsha, China. e.g., correlated and heteroscedastic noise and
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strong spectral correlation between analytes [4—6].
In order to extract and use the evolving informa-
tion more efficiently, several new methods have
therefore recently been developed, among others,
the fixed-size moving window evolving factor
analysis (FSMWEFA) [7,8], evolutionary factor
analysis (EVOLU) [9,10] and heuristic evolving
latent projections (HELP) [4-6]. With these de-
velopments most of the practical and theoretical
problems encountered with the original EFA
method have been solved and the usability of
evolutionary factor analysis improved.

A key assumption for correct utilisation of the
evolving nature of analytical profiles which has so
far escaped evaluation in the literature, is that
the so-called zero-concentration window for each
eluting analyte can be unambiguously identified.
In order to obtain this crucial information, evolv-
ing factor analysis focuses its attention to reten-
tion times at which the analytes appear and dis-
appear. A basic assumption for the procedure is
that the order of appearance and disappearance
is the same, i.e., that the first analyte to appear is
also the first one to disappear [1,2]. This assump-
tion is necessary in order to define uniquely the
zero-concentration window for each eluting ana-
lyte. Unfortunately, this assumption does not al-
ways hold. A common example is represented by
cases where tailing of major peaks corrupt the
assumption of the same order of appearance and
disappearance of peaks with fatal results for the
subsequent resolution. Such cases are commonly
encountered in the separation of complex natural
products, peak purity analysis and other real
world problems [11-13].

Fig. 1 highlights the kind of interpretation
problem that may be encountered using the as-
sumption in evolving factor analysis for the loca-
tion of the zero-concentration window for the
eluting analytes. The two elution situations A and
B result in almost identical patterns for the evolv-
ing eigenvalues (lower part of Fig. 1). The as-
sumption of the same order of appearance and
disappearance of the overlapping peaks thus re-
sults in the interpretation shown in B also for
system A. It is obvious that if the elution pattern
denoted by A in Fig. 1 is misinterpreted as the
one denoted by B in Fig. 1, the resolution proce-

dure fails completely. Correct diagnosis of the
elution pattern is mandatory for successful reso-
lution.

The aim of this work is two-fold: (i) to present
a new diagnostic procedure for evolutionary fac-
tor analysis that enables correct identification of
the elution pattern, and (ii) the development of a
resolution procedure that can adapt to the differ-
ent elution patterns. The new approach can be
outlined as follows: (i) obtain the rank map in the
retention time direction by eigenstructure track-
ing analysis [6], (ii) identify the elution pattern by
use of orthogonal projections defined through the
information contained in the rank map, and fi-
nally, (iii) resolve the chromatogram into pure
peaks by means of orthogonal projections alone
or for the case of embedded peaks in combina-
tion with so-called sequential rank analysis [14]
upon the first-order differentiated two-way chro-
matogram. The novel approach is illustrated on
multiwavelength chromatograms simulating dif-
ferent elution patterns.

2. Theory

2.1. Rank map by eigenstructure tracking analysis

Instead of extracting only the retention times
of appearance and disappearance in the chro-
matographic direction as done in EFA, eigen-

A B

1/&\2 12253

Fig. 1. Limitation of EFA for diagnosis of different elution
patterns. Top part: two different elution patterns. Lower part:
evolving eigenvalues for both elution patterns obtained by
EFA.
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Rank Map

Fig. 2. Orthogonal projection procedures (denoted by a, b and
¢) for all the possible (n — 1) component submatrices for the
elution pattern with same order of appearance and disappear-
ance of three analytes. Left part: the (presently unknown)
concentration profiles for three analytes with the shaded part
defining subregions embracing (n —1) analytes. Right part:
the evolving information from orthogonal projections.

ELUTION TIME
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3
:

ELUTION TIME

ABSORBANCE
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WAVELENGTH

WAVELENGTH ELUTION TIME

Fig. 3. Pure spectra and concentration profiles for three
different simulated systems.

ABSORBANC €
ABSORBANCE
@]

structure tracking analysis (ETA) [6] focuses upon
the construction of a rank map which shows the
number of analytes at every retention time (and /
or wavelength). The ETA procedure analyses the
whole chromatogram several times by use of a
moving and expanding window. It starts with a
window size of two, then increases the window
size in steps by one and repeats the analysis until
the window size just exceeds the largest number
of coeluting analytes by one. Ref. 6 contains the
detailed procedure for determining the rank map
in retention time direction (consult Fig. 1 and the
accompanying text in Ref. 6). The rank map is
the key to unambiguous identification of elution
pattern and thus correct resolution (see later in
the text). Three kinds of regions have previously
been shown to be of particular interest: (i) the
zero-component regions, which can be utilised to
take care of background and to establish noise
level and detection limit in a chromatogram, and
(ii) the selective regions, i.e., regions with only

LOG (EIGENVALUE)

ELUTION TIME

LOG (EIGENVALUE)

e

EUVOIE gt
T

ELUTION TIME

Fig. 4. Results from EFA for the two systems A and B in Fig.
3. Similar results are obtained although the elution patterns
corresponding to systems A and B are completely different
(see Fig. 3).
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1
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0 RRTENTION TIIE Ll 0 RETENTION $INE 1]
2 3
0 RETENTION 21N "
0 RITEINTION TINR %0
3
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0 RETENTION TINE 80 0 RETENTION TINZ LY

Fig. 5. The normalised concentration profiles obtained by orthogonal projections of all three (n — 1) submatrices for system A (Fig.
5a) and system B (Fig. 5b). Crosses imply the estimated concentration profiles and squares the real ones. The numbering in the
plots denotes the results from the different projections. The numbering is the same as used in Fig. 2.
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Fig. 6. Some results for system B (see Fig. 3) from heuristic evolving latent projections (HELP). Left part shows the results of the
eigenstructure tracking analysis. Right part shows pure spectra (upper) and the resolved chromatogram with the selective regions

for analyte A and B marked.

one eluting analyte, and (iii) the zero-concentra-
tion regions for each analyte. In this work, we
focus our attention to the latter region.

2.2. Concentration profiles of the pure analytes by
orthogonal projections

With the rank map available from ETA, a
procedure of orthogonal projections can be per-
formed to determine the concentration profile of
each analyte. Lorber used projection matrices for
defining the net analytical signal of an analyte in
a mixture [15]. In this work, we use projection
methodology for acquiring the concentration pro-
files of the analytes.

Projection matrices are constructed through
the following steps: (i) use the rank map to deter-
mine the probable number n of eluting analytes

in the studied peak cluster, (ii) select/combine
local regions to obtain submatrices {A,; k=
1,2,...,n} each embracing (n — 1) analytes, (iii)
factor-analyse every submatrix A, thus obtained
to calculate (n — 1) orthonormal loading vectors
{Piwy i=1,...,n—1; k=1.2,...,n}, and finally,
(iv) construct the projection matrix M, for each
submatrix as

Mk — (I _ P’En - I)chn— I)PISn - l)t)

(k=12,...,n) (N
Here P{"~ " is the matrix of loading vectors, i.e.,
P D= ® 1Py -+ P =106 G{* Y is the di-
agonal matrix of eigenvalues of A, A,, and I is
the (n — 1) times (n — 1) identity matrix. Super-
script ¢ is used for transposition.
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At every retention time j, a composite spec-
trum a} is acquired which can be expressed as a
linear combination of the (presently unknown)
spectra of the pure analytes:

aj=(c;5,+cy8,+ ... +¢,8,); (2)

The spectra of the pure analytes are denoted {s;;
i=12,...,n}, while {¢;; i = 1,2,...,n} are the cor-
responding concentrations of the analytes at re-
tention time j. By projecting the matrix M, onto
the mixture spectra {a}; j = 1,2,...,m}, we obtain

A =aiMy = (c,s%); j=12...m )

In Eq. 3, s* =s;M,. Proof of Eq. 3 is found in
the Appendix.

Eq. 3 shows that the mixture spectra {a’*;
j=12,...,m} resulting from the use of an or-
thogonal projection spanning (n — 1) analytes are
a function of information exclusively related to
analyte n with no contribution from the other
coexisting (n — 1) analytes. This is a very useful
feature of the orthogonal projection technique.
Thus, Eq. 3 shows that when the orthogonal
projection is repeated for all the mixture spectra
{a}; j=1,2,...,m}, a chromatographic profile re-

PC2

-¢ 279F

-5.952 5.9582
PC1

Fig. 7. The latent-projective graph for system B after stripping
off the contribution from analyte 1.

sults which is proportional to the concentration
profile of analyte n. The concentration profile
can be extracted simply by calculating the norm
of the row vectors {a}*; j=1,2,...,m}:

Cea)i=lla* /Il (Gi=12,...m) (4

Note that the s* is independent of the subscript j
(retention time point) and therefore constant
throughout elution. However, |la}* || changes at
every retention time j and so it maps the relative
concentration profile. Thus, we can rewrite Eq. 4
in vectorial form:

.= {|a}/lI(s3)I=B"'a (5)

Here B=lI(sH)Il
o lank .

and d=C(llaf* I, lla5*Il,

2.3. Resolution of the ordinary case by orthogonal
projections

The projection procedure described above is
performed for all n analytes. All we have to
ensure is correct selection/combination of local
regions containing the coexisting (n — 1) analytes.
A common situation for a three-component peak
cluster is illustrated in Fig. 2. From this figure, we
observe that the normalised concentration pro-
files for all three analytes can be obtained by use
of orthogonal projections. With this information
at hand, the pure spectra of the three analytes is
obtained by a simple least-squares calculation.
Thus, the measurement matrix A can be ex-
pressed as a product of the two matrices C and S
containing concentration profiles and spectral
profiles, respectively:

A=CS (6)

Least-squares calculation provides the spectra
of the pure analytes as

§'=(c'c)”'ca (7

It should be pointed out that the procedure of
orthogonal projections can be readily extended to
deal with multicomponent systems with more than
three components (see example below).
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Fig. 8. The results of sequential rank analysis upon the first-order derivative matrix obtained by differentiation in chromatographic
direction of system B, Fig. 3, after stripping of analyte 1. Upper part shows the plot from sequential rank analysis, points denoted
by 1 and 2 signify the maxima for both the large and embedded peaks. The corresponding spectra for these two maximum points
are shown in the lower part. Crosses indicate the spectra selected at these two points, while the squares signify the real pure

spectra for the two analytes.

2.4. Unambiguous identification of elution patterns
by orthogonal projections

Using the two different systems shown in Fig.
1 as examples, we shall now illustrate how the
orthogonal projections can be utilised for identifi-
cation of the elution pattern.

For the identification of the elution pattern in
the two three-component systems, we first carry
out principal components analysis of all possible
submatrices embracing (n — 1) analytes in order
to obtain the corresponding orthogonal projec-
tion matrices. The selection of regions is gov-
erned by the rank map. Fig. 2 illustrates the
selection procedure and the result of applying the
three possible projection matrices with rank 2 to
the measurement matrix A acquired for system B
in Fig. 1, i.e. the ordinary case in which the

common EFA interpretation also accomplish the
task. Three different (normalised) concentration
profiles are obtained as shown in Fig. 2 (left side)
and the spectra can subsequently be obtained by
least-squares using Eq. 7

For systems of type A in Fig. 1, two of the
three concentration profiles obtained by use of
orthogonal projections are identical: the concen-
tration profile of analyte 3 is obtained twice,
while the profile of analyte 2 is not obtained at
all. This fact makes it possible to distinguish the
two elution patterns exemplified by A and B in
Fig. 1. Inspection of the rank map and the ex-
tracted concentration profiles for analytes 1 and
3, makes it possible to unambiguously define the
elution window also for analyte 2. The orthogonal
projection procedure therefore provides unam-
biguous identification of the elution pattern in
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the two cases, a necessary but not sufficient con-
dition for resolution in both cases.

2.5. Resolution of embedded peaks by orthogonal
projections and sequential rank analysis

As discussed above, one of the three concen-
tration profiles for systems of type A in Fig. 1
cannot be obtained by means of orthogonal pro-
jections. The pure concentration profiles for ana-
Iytes 1 and 3 can be estimated by orthogonal
projections due to the presence of well-defined
regions for the (n — 1) coeluting analytes. The
concentration profile for analyte 2 cannot be ob-
tained by orthogonal projections, since a local
region for the other two analytes does not exist.
On the other hand, pure spectra for the analytes
labelled 1 and 2 in Fig. 1 can be estimated by
local factor analysis upon the selective regions as
prescribed by the HELP method [4]. However,
without any knowledge of the spectrum for ana-
Iyte 3, the concentration profile for analyte 2 is
still out of reach.

It is obvious that we need some additional
technique for complete resolution of the studied
overlapping peaks. Since both the concentration
profile and the pure spectrum of the first analyte
are available, the component stripping technique
developed in the heuristic evolving latent projec-
tions (HELP) method [14] can be used for sub-
tracting the contribution from the first eluting
analyte. After application of that procedure, the
three-component peak cluster becomes a two-
component one with an embedded peak. Such a
system can be resolved by means of sequential
rank analysis using first-order differentiation as
described in detail in a previous paper [14].
Through the determination of the retention time
of the chromatographic peak maximum for the
major analyte, the resolution of the overlapping
peaks becomes possible if the peaks are symmet-
ric just around peak maxiraum [14].

Fig. 9. The normalised concentration profiles obtained by the
orthogonal projections of all four (n—1) submatrices for
system C. Crosses show the estimated concentration profiles,
while squares signify the real ones.
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3. Experimental

The procedures described in the Theory sec-
tion has been implemented in VAX FORTRAN
as a part of the heuristic evolving latent projec-
tions (HELP) program [4—6]. The implementation
is running on a VAX station 2000. Three differ-
ent multiwavelength chromatograms were created
to simulate mixtures with three and four coelut-
ing analytes. Spectra and chromatograms of the
pure analytes are shown in Fig. 3. Random noise
with a relative standard deviation of 0.0001 was
added. This is comparable to what is commonly
observed in real LC-DAD data [5].

4, Results and discussion

4.1. Diagnosis and resolution of three-component
systems

The results of EFA on systems A and B in Fig.
3 are shown in Fig. 4. Although the two systems
have quite different elution patterns, the evolving
information from the EFA is for all practical
purposes the same. The subsequent resolution for
these two analytical systems produces results that
are either uncertain (case A) or wrong (case B).

The orthogonal projection technique described
in the Theory section can provide useful informa-
tion for the identification of the elution patterns
in the two analytical systems. If we carry out the
projection procedure illustrated in Fig. 2 for both
analytical systems, concentration profiles are ob-
tained as shown at the left side of Fig. 5a for
system A and at the right side of Fig. 5b for
system B. These two clearly different sets of
concentration profiles suggest two systems with
different elution patterns. For system A, we fur-
ther observe three different concentration pro-
files (Fig. 5a), while for system B, we only obtain
two different concentration profiles. In the case
of system B, two of the three calculated concen-
tration profiles are the same (Fig. 5b). These
observations confirm that the two studied analyti-
cal systems are different.

For system A, the pure spectra of the three
analytes can now be obtained by simply using the

simple least-squares technique (Eq. 7 in the The-
ory section). However, we need to use a more
sophisticated technique for the resolution of the
system B, since the orthogonal projections only
provided concentration profiles for two of the
analytes. By means of the heuristic evolving latent
projections (HELP) method, one can also reveal
selective regions for two analytes. The results
from the eigenstructure tracking analysis (Fig. 6a,
left side) and the corresponding rank map are
shown together with the spectra of the pure ana-
lytes and their selective regions in the retention
time direction (Fig. 6b, right side). The two pure
concentration profiles (obtained by orthogonal
projections) correspond to the two analytes num-
bered 1 and 3 in Fig. 3a, while the two pure
spectra (obtained by HELP method) represent
the two analytes numbered 1 and 2 in Fig. 3b.
Complete information, both spectral and concen-
tration profile, is only available for analyte 1.
Stripping off the contribution from analyte 1
changes system B into a two-component system
with one embedded peak (see Fig. 7). The resolu-
tion for such systems has been discussed in detail
in a previous paper [14]. The results from so-called
sequential rank analysis upon the first-order
derivative matrix differentiated in chromato-
graphic direction are shown in Fig. 8a. Assuming
local symmetry of the pure analytes around chro-
matographic peak maxima, the estimate of the
pure spectrum for the embedded chromato-
graphic peak is obtained (Fig. 8b). With all the
pure spectra at hand, the pure concentration
profiles can then be obtained by applying the
least squares technique to Eq. 6, completely anal-
ogous to the way that Eq. 7 was obtained.

4.2. Diagnosis and resolution of a four-component
system

The methodology described above can be di-
rectly extended to handle multicomponent sys-
tems with more than three coeluting analytes.
The results from the orthogonal projections on
the four-component system C in Fig. 3 are shown
in Fig. 9. Since we only obtain three different
concentration profiles for four different orthogo-
nal projection procedures, the studied system
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must include one embedded peak in a peak clus-
ter of four analytes. After stripping off the contri-
butions from the two analytes with concentration
profiles and spectral profiles estimated by orthog-
onal projections and the HELP method, respec-
tively, the system reduces to a two-component
system with one embedded peak. The resolution
of this subsystem can be conducted by the same
procedure as described in the last paragraph
above.

5. Conclusion

As discussed in previous papers, limitations of
evolving factor analysis [1-3], such as low ability
for detection of minor analytes coeluting with
major ones [5], can be cured by heuristic evolving
latent projections (HELP) and fixed size moving
window evolving factor analysis (FSMWEFA) in
conjunction with proper correction for the pres-
ence of heteroscedastic noise [5,8]. In this paper,
we have presented a new procedure in order to
overcome another limitation of evolving factor
analysis: the diagnosis and resolution of peak
clusters with elution patterns disobeying the as-
sumption of same order of appearance and disap-
pearance of analytes. By means of the eigenstruc-
ture tracking analysis, rank map in retention time
direction, construction and use of orthogonal pro-
jections and sequential rank analysis [14] using
first order differentiation, the identification and
resolution of systems with rather complex elution
patterns has been accomplished.
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Appendix
Proof of Eq. 3

Assuming that A~V is a matrix involving (n —
1) analytes in some local region and (A~ D)% its

generalised inverse (Moore-Penrose inverse), an
orthogonal projection matrix M can be con-
structed as

M = (I— (A"~ D*AC-D) (A1)

The matrix A"~ can be decomposed by princi-
pal component analysis to obtain

A(n—l) — T(n-—l)P(n—l)t (A2)

The score and loading matrices, TP and
P~ respectively, contain the (n —1) score
and loading vectors with largest eigenvalues. The
generalised inverse (A”~D)* can then be ob-
tained in the following way:

(A(n—l)) t_ (T(n—l)P(n—])t) -1_ p-Dn—1x
(A3)
Eq. A3 follows because T~V and P"~ 1 are

orthogonal matrices. The orthogonal projection
matrix for the studied case is obtained simply as

M — (I _ A(n—l)+A(n—1))
= (I _ P(n—l)G(n—l)P(n—l)t) (A4)

G~V js the diagonal matrix of eigenvalues of
A"~ DIA=D The generalised inverse matrix has
the following important property:

A(n—I)A(n—1)+A(n—1)= A(n—l) (A5)
Eq. A5 shows that for one row in A"~V
a(in—l)tA(n—l)+A(n—1) —_ a(in-—l)t (A6)

The vector al* " is the ith row in the matrix
A~V Any mixture spectrum in the matrix A~V
can involve (n — 1) analytes, so the mixture spec-
tra al"~ 1 can be expressed as

alr V= (cs,+cy8,+ ...t C,i5,_1); (A7)
Here {s;; j=12,...,n—1}and {c; j=1.2,...,n
— 1} denote the pure spectrum of the species j
and the concentration of the corresponding ana-
Iytes at retention time . For a mixture spectrum
a); with contributions from all » analytes, we have

t t
a;=(c;8;+c8,+....4c¢,_15,_1+¢C,8,);

=(a" D +c,s,); (A8)
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By utilising the property defined by Eq. A6, the
orthogonal projection onto the mixture spectrum
a) proceeds as follows:

a;M = (a(n—l) + Cnsn);(l _ A(n—1)+A(n—l))
— (a(jn—l)t _ afin—l)tls(n—1)+1*(n—1))
+(c,8,)5(1~ APV A8 D)
= (casuM); = (c,87); (A9)

This is Eq. 2 in the text above. The vector s}

spans an orthogonal complement subspace of
A",
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Abstract

The retention of fourteen 3,5-dinitrobenzoic acid esters on thin layers prepared from a water-insoluble
B-cyclodextrin polymer was determined using water—-methanol mixtures as eluents. Linear correlations were
calculated between the R,, value of the solutes and the methanol concentration in the eluent, and the relationship
between the chromatographic characteristics (slope and intercept values of the above correlation) and the physico-
chemical parameters was elucidated by stepwise regression analysis. The R, value of solutes decreased or increased
with increasing methanol concentration in the eluent. This anomalous retention behaviour was tentatively explained
by possible ternary complex formation: cyclodextrin—solute—methanol. Stepwise regression analysis proved that the
steric parameters of solutes have the highest impact on their retention on the polymer layers.

Key words: Thin-layer chromatography; Water-insoluble 8-cyclodextrin polymer; 3,5-Dinitrobenzoic acid esters

1. Introduction

A wide variety of organic and inorganic com-
pounds form inclusion complexes with cyclodex-
trins (CDs) [1,2]. Due to their modification of the
physicochemical parameters of the guest molecule
(hydrophobicity, adsorption capacity, etc.) CDs
have found growing acceptance and application
in many fields of chromatography such as capil-
lary gas-liquid chromatography [3,4], capillary
zone electrophoresis [5,6], supercritical fluid
chromatography [7,8], isotachophoresis [9] and

* Corresponding author.

liquid chromatography (LC). In LC CDs can be
used either as eluent additives [10,11] or cova-
lently bonded to the surface of silica supports. LC
supports with covalently bonded CDs on the sur-
face can be used either in the reversed phase
[12,13] or direct separation mode [14,15). It has
recently been reported that phenylethyl and
naphthylethyl carbamate substituted CD bonded
phases can be successfully used in both separa-
tion modes [16]. CD polymer coated LC columns
have recently been introduced [17] and their re-
tention characteristics have been determined [18].

As a rapid and easy to carry out analytical
technique thin-layer chromatography (TLC) has
frequently been used. Polar inorganic and organic

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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supports such as silica, alumina, cellulose and
diatomaceous earth (Kieselguhr) are generally
used in TLC, but apolar sorbents as octadecyl
modified silica have also gained some limited
application. In this instance the support is more
apolar and the mobile phase (water and organic
modifiers miscible with water) is relatively polar.
The retention of solutes in reversed-phase TLC
(RP-TLC) is determined by their hydrophobic
(lipophilic) character; the more lipophilic solute
shows higher retention. New TLC sorbents such
as aminopropyl-, cyanopropyl- [19] and diol-
bonded silicas [20] make possible the separation
of compounds which cannot be easily separated
on traditional adsorptive and reversed-phase lay-
ers. These new supports can be used both in
adsorptive and reversed-phase separation modes
[21,22].

The objectives of our investigation were to
study the possible application of water-insoluble
B-cyclodextrin polymer (BCDP) beads as TLC
sorbents, to find the physicochemical parameters
of solutes influencing the retention, and to gain a
more profound insight in the binding properties
of B-cyclodextrin polymer supports. As it has
been proved that TLC can be successfully used to
predict the retention of solutes in LC [23,24], the
data can help to predict the retention behaviour
of solutes on BCDP coated LC columns.

2. Experimental

Water insoluble B-CD polymer was a pilot
product of cycLoLAB Research and Development
Laboratory (Budapest). It was prepared by
crosslinking B-CD monomers with epichlorohy-
drin and ethyleneglycolbis(epoxypropyl ether). It
was ground and the 10-50 pm fraction was used
in the experiments. TLC plates were prepared on
20 X 20 cm glass plates: S g BCDP and 25 mg
poly(vinylalcohol) were suspended in the poten-
tial eluent, spread on the glass surface and dried
at room temperature. Owing to the considerable
swelling of the pB-cyclodextrin polymer, the
preparation of the TLC plates has to be carried
out in the eluent. The use of poly(vinyl alcohol)
was motivated by the low mechanical stability of

the BCDP layer. The methyl (compound 1), ethyl
(I), n-propyl (III), isopropyl (IV), n-butyl (V),
isobutyl (VI), tert.-butyl (VII), n-amyl (VIIL),
isoamyl (IX), tert.-amyl (X), cyclopentyl (XI), cy-
clohexyl (XII), n-octyl (XIII) and n-dodecyl esters
(XIV) of 3,5-dinitrobenzoic acid were applied as
test compounds. Solutions containing 5 mg of
compound in 1 ml isopropanol were prepared,
and 5 ul of these solutions were spotted on the
plates. Water—methanol mixtures were used as
the eluent; the methanol concentration varied
from 0 to 90 vol.% at 10 vol.% intervals. The use
of the wide range of methanol concentration was
motivated by the very different binding of solutes
to the BCDP surface. All experiments were run
in four independent parallel determinations. The
developments were carried out in sandwich
chambers of 22 X 22X 3 c¢cm at room tempera-
ture, the distance of development was about 16
cm. After development and drying the plates the
spots were detected by their UV-visible spectra.

The R,, value characterizing the molecular
lipophilicity in RP-TLC was separately calculated
for each solute in each eluent system: R,, =
log(1/R¢ ~ 1). When the coefficient of variation
of the parallel determinations was higher than
8% the R, value was omitted from the following
calculations. To increase the reliability of hy-
drophobicity determination the R,, values were
extrapolated to zero organic phase (methanol)
concentration: Ry = Ry, + bC, where R, is the
value for a solute determined at a given methanol
concentration; Ry, is the Ry, value extrapolated
to zero methanol concentration (best estimate of
the retention capacity of solutes); b represents
the decrease in the R, value caused by 1 vol. %
concentration change of methanol in the eluent
(related to the specific surface area of solute in
contact with the stationary phase) [25]; and C is
the methanol concentration in the eluent (vol.%).

To check the validity of the hypothesis that in
the case of homolognus series of solutes the re-
tention capacity and specific contact surface (R,
and b values above) are strongly intercorrelated
[26,27] and linear correlation was calculated be-
tween the two chromatographic parameters.

To find the physicochemical parameters of so-
lutes significantly influencing their retention on
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BCDP layers stepwise regression analysis was ap-
plied [28]. In the common multivariate regression
analysis the presence of independent variables
which exert no significant influence on the de-
pendent variable lessens the significance level of
those independent variables which have signifi-
cant influence on the dependent variable. To
overcome this difficulty stepwise regression analy-
sis automatically eliminates from the selected
equation the insignificant independent variables.
This procedure increases the information content
of the calculation. The retention capacity of so-
lutes (R, value) is the dependent variable, and
the various calculated physicochemical parame-
ters are the independent variables. The physico-
chemical parameters included in the calculation
are:

7 = Hansch-Fujita’s substituent constant char-

H-Ac and H-Do = indicator variables for pro-
ton acceptor and proton donor properties, re-
spectively [31];

M-RE = molar refractivity [32];

F and R = electronic parameters characteriz-
ing the inductive and resonance effect, respec-
tively [33];

o = Hammett’s constant, characterizing the
electron-withdrawing power of the substituent
[34];

Es = Taft’s constant, characterizing steric ef-
fects of the substituent [35];

B1 and B4 = Sterimol width parameters deter-
mined by distance of substituents at their maxi-
mum point perpendicular to attachment [36,37].

As the character of the correlation (linear or
quadratic) had not previously been established
the quadratic forms of the above parameters were

acterizing hydrophobicity [29,30];

Table 1

also included in the calculation.

Parameters of linear correlations between the Ry, value of 3,5-dinitrobenzoic acid esters and the methanol concentration in the

eluent (C, vol.%)

Parameter Ry =Ry +56C
Compound No.
1 11 111 v \'%
n 16 16 14 14 9
Rmo 0.67 0.88 —0.03 -0.09 -0.37
—1.12x 1072 -1.42x 1072 824x 1073 9.01x 1073 9.95x 1073
Sp 9.69 x 10~* 1.27x 1073 5.90 x 104 8.40x 104 1.97 x d10~3
Feale. 133.57 124.78 195.53 115.13 25.53
r 0.9051 0.8991 0.9422 0.9056 0.7848
Parameter Compound No.
A%t VIl VIII IX X
n 9 9 12 12 11
Rumo -0.38 -0.36 -0.34 -0.44 —0.50
b 1.13x 1072 931 x1073 1.21 x 1072 1.20 x 1072 1.14 x 1072
5 144x1073 731x 1074 1.66 x 1073 1.24x1073 1.28 x 1073
Fioc 61.57 162.32 53.26 92.52 78.50
r? 0.8979 0.9587 0.8419 0.9025 0.8971
Parameter Compound No.
X1 XII X111 X1V
n 10 10 10 10
Ruo -045 —-0.50 —-0.80 —-1.04
b 9.21 x 1077 9.68 x 1073 1.62x 1072 1.79 x 1072
Sp 1.01x 1073 7.14x 10~* 1.91 x 1073 9.80 x 104
Fealc. 81.98 183.88 72.51 335.21
r? 09111 0.9583 0.9006 0.9767
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3. Results and discussion

The parameters of linear correlations describ-
ing the dependence of the R,, value of the so-
lutes on the methanol concentration in the eluent
are compiled in Table 1. In each instance a
significant linear correlation was found between
the dependent and independent variables. Except
for compound V, the significance level was always
over 99.9% (see F__ values). The change in
methanol concentration accounted for 78-98% of
the change in Ry, value (r? values). The fact that
the retention of solutes strongly depended on the
length of the alkyl chain makes it improbable that
inclusion complex formation between the cy-
clodextrin cavity and the bulky dinitrobenzene
group determines the retention behaviour. The
role of alkyl substitution can tentatively be ex-
plained by the supposition that the longer alkyl
chain and not the dinitrobenzene part of the
solutes enters the cavities on the surface of the
BCDP support. The longer alkyl chain can bind
more strongly to the apolar inner surface of the
cavity by hydrophobic forces. However, it cannot
be excluded that the alkyl chains interact only
with the relatively hydrophobic substructures of
the BCDP surface formed by the crosslinking
agents.

Only the esters with short alkyl chains (methyl
and ethyl derivatives) follow the general rule of
RP-TLC that their retention decreases with in-
creasing concentration of methanol in the eluent.
Esters with longer alkyl chains exhibit markedly
anomalous retention behaviour, their retention
increasing with increasing methanol concentra-
tion. It is assumed that methanol, although form-
ing very weak complexes with cyclodextrins [38],
can also enter the cyclodextrin cavity and pro-
mote the formation of cyclodextrin—solute—
methanol ternary complexes. The stability of the
ternary complex increases with increasing con-
centration of methanol, which results in en-
hanced retention. Unfortunately, there is no ex-
perimental proof to support this hypothesis.

A highly significant linear correlation was
found between the adsorption capacity (R ,,,) and
specific contact surface (b) of the solutes: Ry, =
0.15—-53.34.b, n=14, rg =0.9613, rgo, =

RMg = 1.28-9.64 -1072- M-RE + 9.90 -107% - (M-RE}Z

r2= 0.8808  Foyc = 4063  Fggge, = 13.81

0.0 -

Fig. 1. Relationship between the retention capacity of 3,5-di-
nitrobenzoic acid esters (Ry,) and the molar refractivity
(M-RE).

0.7800. This indicates that the strong relationship
between the two chromatographic parameters also
exists for the BCDP support and the solutes
behave from a chromatographic point of view as a
homologous series of compounds.

Rmo

12 )
Ryg=T7.61+7.60 -Eg+1.69 - (Eg)

r2=07066 F...=13.24 o

calc. Fo9.954, =13.81

0.6

0.0 \
o
s] o/8
5 4
-0.6 -
a

“12 1 ] 1 1 ! !
-3 =24 -1.8 -1.2
Es
Fig. 2. Relationship between the retention capacity of 3,5-di-
nitrobenzoic acid esters (Ryy) and the steric effect of sub-
stituents (Es).
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Marked non-linear correlations were found be-
tween the steric characteristics of 3,5-dinitro-
benzoic acid esters and their adsorption capacity
on the BCDP support (Figs. 1 and 2). The corre-
lations are highly significant, the significance level
being over 99 or 99.9% (compare F,,_ values
with the tabulated F values). The steric parame-
ters explained 70-88% of the retention capacity
of the solutes (see r? values). The non-linear
dependence of the retention capacity on the steric
parameters can easily be explained by the rela-
tively rigid structure of the B-cyclodextrin cavity.
Only solutes with certain dimensions can fit well
into the cavity. When the molecule is too big or
too small, the stability of the complex decreases
resulting in increased chromatographic mobility.
The considerable impact of steric parameters on
the retention indicates also that accessible CD
cavities remained on the surface of the BCDP
support even after polymerization and they influ-
ence the retention behaviour of the support.

It can be concluded that the B-cyclodextrin
polymer support exhibits retention characteristics
different from those of well-known TLC sorbents.
Inclusion complex formation between the solutes
and the accessible cyclodextrin cavities on the
surface of the BCDP support is involved in the
separation mechanism. The steric parameters of
solutes have the highest impact on the retention.
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Abstract

An amino-functionalized silica commercial liquid chromatography packing material was used instead of con-
trolled-pore glass as the support to react with glutaraldehyde and then to directly immobilize the B-glucosidase.
After enzymatic hydrolysis, the urinary phenol was separated by reversed-phase liquid chromatography and
monitored by an electrochemical detector at 0.85 V (vs. Ag/AgCD. Factors that affect the immobilization and
hydrolysis were investigated. The proposed method provides a simpler procedure with a less expensive material for
glucosidase immobilization, and the electrochemical detection avoids the interference from other urinary species and
hence simplifies the chromatogram obtained. The detection limit was 0.2 ng with a 20 ul injection. The relative
standard deviations for 1.2 ng and 2.0 ng levels of phenols were 1.16% and 3.38%, respectively.

Key words: Enzymatic methods; Liquid chromatography; Packing materials; Glucosidase immobilization; Phenol;

Urinary phenol

1. Introduction

Conjugation of phenols with p-glucuronic acid
or sulfate ions is a common metabolic pathway of
benzene in human [1-4]. These compounds are
regarded as metabolic products for excretion in
urine [5,6). Since in vivo about 30% of all re-
tained benzene finally turns out to be phenol, the
urinary excreted phenol is therefore applied in

* Corresponding author.

the evaluation of the biological exposure index
(BEI) for benzene.

The conjugates are usually analyzed via chemi-
cal or enzymatic hydrolysis procedures, followed
by measurement of the liberated phenol [7-10].
The enzymatic hydrolysis using B-glucuronidase
or sulfatase is preferred over the acid hydrolysis
because of the mild reaction conditions. How-
ever, there are some disadvantages for the use of
soluble enzymes in hydrolysis, such as high cost,
long incubation time, introduction of contamina-
tion and potential interference in a chro-
matogram. Immobilization of enzyme onto a solid

0003-2670 /94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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support is an alternative approach to decrease
these limitations associated with the soluble enzy-
matic hydrolysis [11-15]. Controlled-pore glass
(CPG) is the most popular support for enzymes
determined via a silanization and a glutaralde-
hyde immobilization scheme [11-19]. Due to oc-
casional difficulties of silanization and the high
costs of CPG, a conventional LC-NH, liquid
chromatographic, silica-based packing material is
proposed to substitute for CPG. The LC-NH,
beads were first reacted with glutaraldehyde, and
then with the enzyme.

The purpose of this study is to investigate the
optimal conditions for immobilizing glucosidase
by using the LC-NH, support and for enzymatic
hydrolysis to release urinary phenols. A conven-
tional electrochemical detector was used to moni-
tor the phenol species.

2. Experimental
2.1. Apparatus

An ICI LC 1100 pump module equipped with
a Rheodyne 7125 injection valve (20-ul sample
loop) and a Spherisorb 5 ODS column (250 X 4.6
mm i.d., Supelco, Bellefonte, PA) was used as the
chromatographic system. An ICI LC 1260 electro-
chemical detector working at 0.85 V vs. Ag /AgCl,
with a DP 800 Analysis System was used to detect
and collect the chromatographic data. A Beck-
man Module 168 diode array detector (PDAD)
was also used to detect and identify the separated
species.

An UV U-3210 spectrophotometer (Hitachi,
Kyoto) was used to detect the enzymatic hydroly-
sis product ( p-nitrophenol) at 397 nm.

2.2. Reagents

Distilled-deionized water was used to prepare
all solutions. The liquid chromatographic (LC)
eluent was prepared from HPLC-grade methanol
(Mallinckrodt, St. Louis, MO) and water (30%,
v/v, CH;0H in pH 6.8 phosphate buffer-0.01%
H,;PO, adjusted with NaOH). The eluent was
filtered through a 0.45-um PVDF membrane fil-
ter and degassed ultrasonically.

B-Glucuronidase, sulfatase (type H-2 from He-
lix), glutaraldehyde, phenyl B-p-glucuronide, p-
nitrophenylglucuronide, (3-aminopropyl)dieth-
oxysilane, Tris buffer, p-cresol, and Controlled
Pore Glass, (Stock No. PG-75-400 with 200-400
mesh, 77 A mean pore diameter, +7.1% pore
distribution, 0.47 ml/g pore volume, and 182
m?/g surface area), were all from Sigma (St.
Louis, MO). LC-NH, supports were obtained
from Supelco (Bellefonte, PA, Supelclean LC-
NH,, Cat No. 5-7205) which are silica-based
monomerically bonded packings with 40-um par-
ticles and 60-A pores. All other chemicals were of
analytical grade and obtained from commercial
suppliers.

Phosphate buffers (pH 5.0, 5.8, 8.5, 9.5):
NaH,PO, (23996 g and Na,HPO,:2H,O
(7.1196 g) were dissolved in 480 ml water, the pH
was adjusted with NaOH (3.0 M) and HCI (1.0
M) and diluted to 500 ml.

Acetate buffer (pH 4.82): acetic acid (0.6005 g)
and sodium acetate (4.102 g) were dissolved in
500 ml water.

Tris—HCI buffers (pH 5.00, 6.82, 7.82, 8.50,
9.00, 9.50): tris(hydroxymethyl)aminomethane
(24.23 g) was dissolved in 970 ml water, the pH
was adjusted with NaOH (1.0 M) and HCl (1.0
M), and the solution was diluted to 1000 ml.

Enzymes in buffer: g-glucuronidase (H-5, con-
tains sulfatase, 5.7 mg) was dissolved in 25 ml
acetate buffer solution. Each ml of solution con-
tained 400 IU B-glucuronidase and 200 IU sulfa-
tase. The solution was stored in a refrigerator.

2.3. Immobilization of enzymes

Immobilization onto CPG

The immobilization method used was based on
the procedure developed by Bowers and Johnson
[20]. The CPG (3.0 g) was first washed with nitric
acid (5%) at 90°C for 2 h and then silanized with
10% 3-aminopropyltriethoxysilane (3-APTES) (50
ml in toluene) at 120°C for 24 h. A solution of 25
ml glutaraldehyde (0.5%) in acetate buffer (pH
4.82) was reacted with the activated CPG for 1 h
at room temperature to generate aldehyde func-
tional groups on CPG for the reaction with the
enzymes. Excess glutaraldehyde was removed by



J.-F. Jen et al. / Analytica Chimica Acta 292 (1994) 23-30 25

washing with 100 ml each of water and then
acetate buffer (pH 4.82). B-Glucuronidase (5.7
mg in 25 ml acetate buffer, pH 4.82) was attached
onto the modified CPG by reaction with gentle
stirring for 1 h and standing overnight at 4°C. The
immobilized CPG was then washed with 200 ml
each of water and Tris buffer (pH 7.82) to re-
move any absorbed or entrapped enzymes. The
immobilized B-glucuronidase was stored in a re-
frigerator (4°C) by wetting with Tris buffer (pH
7.82).

Immobilization onto the LC-NH, solid support
The LC-NH, beads (3.0 g) were reacted di-
rectly with 25 ml of glutaraldehyde (0.5% in wa-
ter) in a 50-mi flask for 1 h at room temperature
to generate aldehyde functional groups there. At
this time, the LC-NH, beads turned from white
to yellowish. After filtration, excess glutaralde-
hyde was removed by washing with 100 ml each
of water and acetate buffer (pH 4.82). B-
Glucuronidase (5.7 mg in 25 ml acetate buffer,
pH 4.82) was attached to the modified LC-NH,
beads by reaction with gentle stirring at room
temperature for 1 h and standing overnight at
4°C. After pipetting the solution, the immobilized
LC-NH, beads were washed with 200 ml each of
water and Tris buffer (pH 7.82) to remove any
absorbed or entrapped enzymes. The immobi-
lized B-glucuronidase was stored in a refrigerator
after wetting with Tris buffer (pH 7.82) at 4°C.

2.4. Determination of the immobilized enzyme ac-
tivity

After the immobilization of enzyme, it was
necessary to determine the quantity of glu-
curonide which could be hydrolyzed. A 10 ppm
(wg/ml) p-nitrophenylglucuronide solution (10
ml) was mixed with the immobilized enzyme
product (0.5 g) in a rotary evaporator at 150 rpm
at 30°C for 2 min. The resulting p-nitrophenol
was separated and determined by LC with elec-
trochemical detection (ECD). The activity of the
immobilized enzyme was evaluated. (1 U = the
amount of enzyme required to hydrolyze p-
nitrophenylglucuronide and to produce one gwmol
of p-nitrophenol per min)

2.5. Collection and pretreatment of urine samples

The urine samples were collected in 100-ml
pyrex glass flasks and frozen immediately. They
were stored in a freezer (—20°C) until analyzed.
When the sample was analyzed, it was first de-
frozen at room temperature, and the suspended
matter removed by centrifugation (1000 rpm) for
10 min. Finally the sample was filtered through a
0.45-um PVDF membrane filter, and was ready
for pre-column enzymatic hydrolysis.

2.6. Pre-column enzymatic hydrolysis of urine sam-
ples

After 1+ 6 dilution with Tris buffer (0.1 M,
pH 7.82) the diluted urine sample solution (3 ml)
was mixed with 0.5 g of the immobilized enzyme
product in a rotary evaporator (150 rpm) at 30°C
for 20 min. After filtration, the hydrolyzed solu-
tion was ready for chromatographic analysis.

3. Results and discussion

The reactions related to the immobilization of
enzyme onto various supports have been dis-
cussed elsewhere [15,21,22], and will not be de-
scribed here. However, the optimal conditions of
immobilization on various supports are different.
Thus, factors that affect the immobilization of
B-glucuronidase and sulfatase onto the LC-NH,
support, such as concentration of glutaraldehyde
and coupling reaction time, were studied to find
the optimum immobilized conditions. In addition,
factors that influence the hydrolysis activity of
immobilized enzyme, such as amounts of enzyme,
reaction time, buffer pH, temperature and urine
concentration, were also investigated.

3.1. Immobilization of enzyme onto LC-NH,

Because glutaraldehyde acted as the coupling
bridge between the LC-NH, support and the
enzyme, the bonded glutaraldehyde had great
influence on the coupling of B-glucuronidase and
sulfatase and thus on the hydrolysis efficiency.
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The influence of glutaraldehyde in the coupling
reaction on hydrolysis efficiency is demonstrated
in Fig. 1. It indicates that the activity of immobi-
lized enzymatic hydrolysis decreases as the glu-
taraldehyde concentration increases. This is due
to the coupling of two NH, groups between the
LC-NH, supports with glutaraldehyde. More se-
riously, polymerization of LC-NH, supports will
arise through the glutaraldehyde bridge if much
excess of glutaraldehyde is added. Hence, the
bonding sites for enzyme on the modified sup-
ports decreased as the concentration of glu-
taraldehyde increased, and thus caused the de-
crease of hydrolysis efficiency. Fig. 2 is the influ-
ence of reaction time for enzyme bonding on the
hydrolysis efficiency. Initially, the efficiency in-
creased as the time increased and reached a
maximum in about 1 h, then decreased smoothly.
Therefore, 1-h reaction in the enzyme immobi-
lization is chosen to obtain the optimum activity
of the immobilized enzymatic hydrolysis.

3.2. Comparison of the enzyme activity immobi-
lized on LC-NH, to that on CPG

The enzyme activities immobilized onto LC-
NH, and onto CPG were compared by determin-
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Fig. 1. Influence of glutaraldehyde usage on the immobilized
enzymatic hydrolysis. Enzymatic hydrolysis of p-nitrophenyl-
glucuronide (10 ppm, 10 ml) at pH 7.82 and 30°C for 10 min
by immobilized enzyme with different amounts of glutaralde-
hyde for bridging glucosidase onto LC-NH,. The hydrolysis
product was detected by UV at 397 nm.
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Fig. 2. Influence of the time for the enzyme-bonding reaction
on enzymatic activity. Enzymatic hydrolysis of p-nitrophenyl-
glucuronide (10 ppm, 10 ml) at pH 7.82 and 30°C for 10 min
by immobilized enzyme produced with different enzyme-bond-

ing reaction. The hydrolysis product was detected by UV at
397 nm.

ing their hydrolysis efficiencies with 10 ppm p-
nitrophenylglucuronide (10 ml). The hydrolysis
products were analyzed by LC. According to the
definition of activity unit, the LC-NH, support
carried 19.2 units of enzyme activity, whereas the
CPG support carrier only 10.4 units. This differ-
ence might derive from less NH, sites placed on
CPG support which could relate to the surface
area of the supports or unskillful silanization of
CPG to provide NH, groups. Immobilization of
enzyme onto the LC-NH, support therefore has
the advantages of higher enzymatic activity, a
simpler process and lower price. It is also easy to
handle.

3.3. Enzymatic hydrolysis of p-nitrophenyliglu-
curonide

In order to investigate factors such as amounts
of immobilized enzyme, reaction time, tempera-
ture, pH, and urine matrix, that affect the hydrol-
ysis efficiency, p-nitrophenylglucuronide was used
as the reference sample for enzymatic hydrolysis.
Fig. 3 shows the hydrolysis of p-nitrophenylglu-
curonide with various amounts of immobilized
enzyme at different reaction times. As expected,
the extent of hydrolysis increased initially with



J.-F. Jen et al. / Analytica Chimica Acta 292 (1994) 23-30 27

0.035

e
o
@

0.025

0.02

0.015

0.01

absorption of hydrolyzed solution

0.005 1 L L i n ) L " L s
o 5 10 15 20 25 30 35 40 45 50 55

Time for hydrolysis (min.)

#2,0g ©3.0g %509

Fig. 3. Hydrolysis of p-nitrophenylglucuronide under varied
amounts of immobilized enzyme and reaction time. Enzymatic
hydrolysis of p-nitrophenylglucuronide (10 ppm, 10 ml) at pH
7.82 and 30°C. The hydrolysis product was detected by UV at
397 nm.

time initially, then reached a constant value after
several minutes of reaction. Meanwhile, the hy-
drolysis efficiency also increased with the in-
crease in amount of immobilized enzyme used.
Fig. 4 shows the variation of UV spectra during
the enzymatic hydrolysis. Spectrum A is for p-
nitrophenylglucuronide before hydrolysis, B and
C are those for 30 min and 50 min of reaction,
respectively. The characteristic absorbance of p-
nitrophenylglucuronide at 301.8 nm decreased
from 0.358 and 0.156 to 0.097, and the 397 nm
absorbance for the hydrolysis product (p-
nitrophenol) increased from 0.03 and 0.089, to
0.148 as the reaction proceeded. These results
confirmed the occurrence of enzymatic hydroly-
sis.

Enzyme activity increased as the temperature
increased. However, a higher temperature (over
40°C) might destroy the enzyme activity. Thus,
the enzymatic hydrolysis was chosen at 30°C for
the study. Usually, the enzyme activity is also
affected by the pH. Fig. 5 shows the effect of pH
on enzyme activity. As can be seen, the immobi-
lized enzyme has optimal activity at pH 7.8 which
is somewhat higher than those while using the
soluble enzymes. Bowers [21] explained this phe-
nomenon as being an interaction of the support

Abs Abs
0.600 7 0.600

0.000 0.000

200 250 300 350 400 450 500

Wavelength (nm)

Fig. 4. Variation of UV spectra in the immobilized enzymatic
hydrolysis of p-nitrophenylglucuronide. Enzymatic hydrolysis
of p-nitrophenylglucuronide (10 ppm, 10 ml) at pH 7.82 and
30°C. The hydrolysis product was detected by UV scanning
from 200 to 500 nm. Scan speed, 120.0 nm/min, and 2.00 nm
band pass.

with the active site of the enzyme or being the
result of a difference between the bulk properties
of solution and the microenvironment near the

0.35

03

0.25

0.2

absorption of hydrolyzed solution

0.156 . L L
6 7 8 9 10

pH of buffer solution

Fig. 5. Effect of pH on the immobilized enzymatic hydrolysis.
Enzymatic hydrolysis of p-nitrophenylglucuronide (10 ppm, 10
ml) with 0.5 g immobilized enzyme at 30°C for 10 min. The
hydrolysis product was detected at 397 nm.
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Fig. 6. Influence of urine matrix on the immobilized enzy-
matic hydrolysis.

enzyme. Possibly, as the enzyme was immobilized
onto the LC-NH supports, the pH around the
enzyme (microenvironment) decreased due to the
attraction of H*. Thus, the pH of the bulk solu-
tion is greater than the pH experienced by the
enzyme. So, the optimal pH for the immobilized-
enzyme on the LC-NH, support was higher than
those of the soluble enzymes in hydrolysis.

3.4. Effect of urine concentration

The complicated urine matrix is toxic to the
enzymes and causes a decrease in enzyme activ-
ity. Because it is difficult to remove the toxic
matrix, the dilution method was therefore investi-
gated to maintain the enzyme activity. Tris buffer
(0.1 M, pH 7.82) was used to dilute urine by
1+0, 1+2, 1+4, 1+6 and 1+ 8 (urine to
buffer). Each 1.0 ml diluted urine sample was
taken and mixed with 1.0 ml of p-nitrophenyl-
glucuronide (10 ppm) as the hydrolyzed samples.
A 0.5 g sample of immobilized enzyme (onto
LC-NH,) was used for the enzymatic hydrolysis
for 20 min, and the absorbance was measured at
397 nm for p-nitrophenol. Fig. 6 shows the influ-
ence of dilution on the enzyme activity. As can be
seen from Fig. 6, the peak UV absorbance values
for the 1+ 6 and 1+ 8 dilutions are identical.
Thus, a 1 + 6 dilution of urine sample is recom-
mended.

3.5. Chromatographic separation and detection of
phenol in urine

Owing to the high content of p-cresol in urine,
the solution after enzymatic hydrolysis can not be
detected by UV directly. Therefore, a chromato-
graphic separation is necessary prior to the phe-
nol determination. Because there are many UV
detectable species in urine, there would be seri-
ous interferences if a UV detector was used. The
high selectivity electrochemical detector there-
fore was used to detect the separated species.
Fig. 7 shows the chromatogram of a urine sample
after enzymatic hydrolysis by reversed-phase LC
with electrochemical detection. The separated
species were compared with the reference sample
in retention behaviours. This was also verified
with a photodiode array detector at 215 and 270
nm by scanning the peaks between 200 and 500
nm. Table 1 lists the spectrophotometric charac-

0 H 10 15 20
Retention time (min.)

Fig. 7. The chromatogram of a urine sample after the immobi-
lized enzymatic hydrolysis by RP-LC with electrochemical
detection. Elution: 30% methanol in water at pH 4.15 ad-
justed by H,PO,, with a Spherisorb 5 ODS column. Flow-rate,
1.0 ml/min. Detection, electrochemical at 0.85 V (vs.
Ag/AgCl. Peak 4 is phenol, peak 5 is p-cresol, and peaks
1-3 are other electrochemically-detective species.
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Table 1

Retention times and UV absorption characteristics of enzy-
matic hydrolysis products ® and their reference standards by
LC with photodiode array detection ®

Hydrolysis products Reference standards

Peak  Reten- A, Com- Reten- A
no.in tion (nm) pound tion (nm)
Fig.7 time time

(min) (min)
1 2.96 220
2 3.56 217
3 422 232
4 7.59 214,270 Phenol 7.62 214,270
5 15.97 232,277 p-Cresol 16.02 232,277

® The enzymatic hydrolysis was performed as: after removing
the suspended material (1000 rpm for 10 min and filtration
using a 0.45-um filter), the urine sample was diluted with Tris
buffer (1+6), and then hydrolyzed by immobilized enzyme
under 30°C for 20 min.

® Detection was at 215 and 270 nm by photodiode array, and
UV-visible spectra were scanned in the 200-500 nm range.

teristics of these species. Peaks 4 and 5 in Fig. 7
were agreed well with those for phenol and p-
cresol, respectively. Peaks 1-3 were other elec-
trochemically detected species in the hydrolyzed
urine sample. Comparison with the further oxida-
tion products of phenol (hydroquinone, resorci-
nol, catechol and 1,4-benzoquinone), these peaks
were found not to correspond to these species.
When using the electrochemical detector, the ap-
plied potential should not too high to maintain
selectivity and obtain a stable baseline. According
to the cyclic voltammogram of phenol and consid-
ering the sensitivity, 0.85 V vs. Ag/AgCl was
chosen as the applied potential for phenol deter-
mination. It should be noted that polymerization
products from phenolic compounds adsorbed on
the surface of the glassy-carbon electrode after
long-time use should be removed daily to ensure
the quality of detection.

3.6. Calibration graphs and detection limits

In order to test the applicability of the pro-
posed method for the determination of phenol in
hydrolyzed urine samples, a linear calibration
graph for peak area was obtained for 0.1-5.0

ppm as phenol (correlation coefficient > 0.999,
n = 6). The reproducibilities were examined with
five replicate enzymatic hydrolysis of 60 and 100
ppb phenylglucuronide. After four 20 ul injec-
tions of each hydrolyzed solution into the chro-
matographic system, peak areas were measured
and the relative standard deviations were calcu-
lated. The R.S.D. values were 1.16 and 3.38% for
1.2 ng (60 ppb sample) and 2.0 ng (100 ppb
sample) injections, respectively. The instrumental
detection limit was 0.2 ng (20 ul) based on the
three times the average background noise level.

3.7. Analysis of a real urine sample from a refinery
worker

A urine sample collected from a refinery
worker was analyzed with the standard addition
method by the proposed enzymatic hydrolysis
chromatographic procedure under the optimal
experimental conditions. Because phenol was
readily oxidized, the enzymatic hydrolysis and
other treatments were deaerated by purging with
nitrogen gas. The phenol concentration in the
urine was found to be 33 ng/g and the p-cresol
concentration was 1.2 ug/g. Compared to the
creatinine content (85 mg/100 ml urine), the
phenol content was 0.039 mg and the p-cresol
content was 14.1 mg per g of creatinine.

4. Conclusions

In this study, the proposed method was proved
to be an effective alternative to other hydrolysis
and analytical methods for the determination of
phenol in urine samples. With a cheaper LC-NH,
material and a convenient procedure, the glucosi-
dase was immobilized and a high efficiency of
enzymatic hydrolysis was obtained. The resulting
chromatographic method offered a stable base-
line, high selectivity and sensitivity in urinary
phenol determination. This technique can be used
to determine the phenol content in urine and can
thus also be used as a biological exposure index
for benzene.
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Abstract

The enrichment of carboxylic acids using a supported liquid membrane was experimentally studied. A supported
PTFE membrane was impregnated with a solution of tri-n-octylphosphine oxide (TOPO) dissolved in di-n-hexyl
ether (DHE). TOPO was found to be an effective extractant, especially for highly polar acids. The extraction
efficiency and the memory effects of the acids were investigated under various conditions of TOPO content and pH
of the acceptor phase. It was observed that the pH of the acceptor phase had a great influence on the memory effect
and extraction efficiency when using the TOPO-containing membrane; these effects were more pronounced for
highly polar acids. The mechanisms of the extraction and the memory effects of carboxylic acids and also the
influence of the co-diffusion of carbonic acid on the extraction are discussed.

Key words: Carboxylic acids; Extraction; Supported liquid membrane; TOPO

1. Introduction

Determination of carboxylic acids at low con-
centrations usually necessitates enrichment in or-
der to improve the detection limit. The conven-
tional enrichment techniques for short chain car-
boxylic acids from water are distillation, solvent
extraction or a combination of both {1,2]. How-
ever, the conventional solvent extraction of the
most polar short chain carboxylic acids is difficult
because of their high degree of hydrophilicity,
and hence unfavourable distribution coefficients.

* Corresponding author.

Improved efficiency can been obtained by adding
a second component, an extractant, to the solvent
to facilitate the extraction [2].

The supported liquid membrane (SLM) tech-
nique for on-line enrichment has been used in
our laboratory for a wide range of compounds in
various matrices [3,4]. The principle of the en-
richment is a liquid extraction and back extrac-
tion of the analytes from an aqueous donor
stream, through a hydrophobic liquid membrane,
into a stagnant aqueous acceptor phase. By care-
ful choice of solvent for the impregnation of the
membrane, combined with a proper composition
of donor and acceptor phases, a selective precon-
centration and an efficient clean-up of the sam-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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ple can be achieved simultaneously. Considering
the extraction of organic acids, the selectivity in
the process is achieved by adjusting pH of the
two phases so the uncharged species pass the
membrane by diffusion and are trapped by ion-
ization in a stagnant acceptor phase [4].

Facilitated transport through a liquid mem-
brane using a chemical extractant (carrier) dis-
solved in the membrane liquid enhances the flux
of the analyte through the membrane [5-7]. This
enhancement of the flux is due to a reversible
reaction between the analyte and the extractant
molecules [8]. It has been found that the addition
of tri-n-octylphosphine oxide (TOPO) as a carrier
to the liquid membrane promoted the flux of
carboxylic acids [9,10].

TOPO is known as an efficient extractant for
carboxylic acids [5]. Owing to the two lone elec-
tron pairs on the oxygen atom, TOPO has the
ability to form hydrogen-bond complexes of vari-
ous composition [11-14]. Therefore, it is particu-
larly useful in the extraction of acids, especially
highly polar acids. Moreover, TOPO is very sta-
ble when used in a liquid membrane, as it is
soluble in organic solvents but insoluble in water.

Kue and Gregor [5] investigated the reversible
reaction between acetic acid and TOPO in a
liquid membrane. The phase equilibrium con-
stants and apparent diffusion coefficients of acetic
acid through these membrane were measured.
The extraction rate and mechanism of volatile
fatty acids transferred from the acid source across
the SLM to a basic acceptor solution was mea-
sured by Nuchnoi et al. [9] and Yano et al. [10]. It
was observed that only undissociated acids can
penetrate into the membrane and that complex

formation between TOPO and the acids (1:1
mole ratio) inside the membrane enhanced the
transfer rate of the acids across the membrane.
Hano et al. [15] examined the recovery of organic
acids from fermented broth by the application of
a liquid surfactant membrane, containing TOPO
as a carrier. The solvation numbers of the acids
were found to be the same as the numbers of the
carboxyl groups in the each acid molecule. The
permeation rate of the acids was in the order:
monocarboxylic acid > dicarboxylic acid > tri-
carboxylic acid.

The analytical application of SLM with TOPO
as a extractant for preconcentration and determi-
nation of carboxylic acids was developed in our
group [16]. Air samples were enriched by means
of a SLM incorporated in a flow system con-
nected on-line to an ion exclusion column. It was
observed that the memory effects, i.e., organic
acids remaining in the membrane during the back
extraction, was an important factor influencing
the recovery of the acids.

In this paper PTFE supported membranes im-
pregnated with solutions of TOPO dissolved in
di-n-hexyl ether (DHE) were studied for extrac-
tion of carboxylic acids. The influence of the
TOPO concentration in the membrane as well as
the acceptor phase pH on the extraction effi-
ciency and on the memory effect were investi-
gated. The mechanisms of the extraction and the
influence of the co-diffusion of carbonic acid on
the extraction are discussed.

2. Experimental

2.1. Membrane and flow system

Details about the construction and operation
of the flow system were as published in Ref. 16 so
only a short description is given here. The PTFE
membrane (TE 35 Membrane filter, Schleicher
and Schuell, Dassel, Germany) with a pore size of
0.2 wm was cut to 36 X 77 mm?, The membrane
was immersed in the selected organic liquid for
30 minutes and then clamped between two blocks
of PVDF (polyvinylidene difluoride) with mean-
der channels (0.1 mm deep, 2.5 mm wide and 750
mm long, 188 wl) facing each other. Thereby the
membrane, containing an organic phase, sepa-
rates the donor and acceptor aqueous phases.
The membrane unit was incorporated in a flow
system as shown in Ref. 16, connected together
with PTFE tubing and screw fittings.

A peristaltic pump and pneumatic actuators
were used to provide the flow. The system was
controlled by a personal computer using the
JCL6000 chromatography data system (Jones
Chromatography).
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2.2. Operation of the enrichment system

The sample is injected via a 3-ml sample loop
and introduced into a water stream and mixed
with 1 M HCI in a knitted tube reactor, resulting
in a pH of ca. 1. The neutralized carboxylic acids
diffuse into the liquid membrane, and are trapped
in the acceptor side in a stagnant alkaline solu-
tion. After the entire sample has passed the
membrane unit, the enriched sample is pushed
into a 300-u1 injection loop and injected into the
chromatographic column.

The donor and acceptor channels are washed
with the corresponding solutions for 3 min before
the membrane unit is used for the next extrac-
tion. The enrichment time is determined by the
volume of the sample loop and the flow rate. A
typical enrichment time for a 3.0-ml loop is 23
min, which is equal to the chromatographic analy-
sis time.

2.3. Chromatographic equipment

A Dionex 4000i ion chromatographic system
fitted with a HPICE-AS1 column and an anion
micro membrane suppressor (AMMS-ICE) was
used. Eluent and regenerant were 1 mM HCI and
5 mM tetrabutylammonium hydroxide with 0.8
ml/min and 2 ml/min flow rates, respectively.
The injected volume was 300 wul. The chro-
matograms were collected and handled by the
JCL6000 chromatography data system.

2.4. Studies of memory effects

The overall memory effect OME is defined as
the quotient P,/(P,+P,). P, and P, are the
peak areas of an enriched sample and a subse-
quent blank, respectively.

To investigate the membrane memory effect
(MME), which is the major part of the OME,
caused by sample remaining in the membrane,
the following procedure was undertaken.

After a sample had been enriched, the donor
and acceptor channels were washed for 3 min and
then the pump was stopped. After a certain time
interval (stop time), the acceptor solution, which
contains analyte desorbed from the membrane,

was pumped into the injection loop for analysis.
With the peak area (P,) measured in such a
procedure, the MME is calculated as the ratio
P./(P, +P).

2.5. Determination of extraction efficiency

The extraction efficiency (E) is defined as the
fraction of the analyte extracted into the acceptor
phase to the total amount of analytes in the
sample:

E=CV,/(CH.)

where C, is the concentration of analyte in the
acceptor measured after extraction as a peak
area, related to a calibration graph, V; the vol-
ume of the injection loop, C, the concentration
of analyte in the sample before extraction. This
was separately measured with manual introduc-
tion of the sample into the injection loop, and V,
is the volume of the sample loop.

2.6. Chemicals

The acids studied are listed in Table 1. Stock
solutions (20 mM) of these acids were prepared
in water and 0.5 ml chloroform (Merck, Darm-
stadt) per 100 ml was added as a biocide. The
solutions were stored in a refrigerator. Di-n-hexyl
ether (Sigma, St. Louis, MO) and tri-n-oc-
tylphosphine oxide (Fluka, Buchs) were used as
components in the membrane. Tetrabutylammo-
nium hydroxide (1.5 M) was also obtained from
Fluka. Tristhydroxymethyl)aminomethane (Tris),
sodium carbonate and hydrochloric acid were
from Merck, and sodium hydroxide from EKA

Table 1

Carboxylic acids studied

Name Abbreviation Source pK,;, pK,, [18]
Malic acid Ma Sigma 3.40,5.11

Lactic acid La BDH 3.08

Formic acid Fo Merck  3.75

Acetic acid Ac Merck 475

Propanoic acid Pr Aldrich 4.87

Butanoic acid Bu BDH 481

Succinic acid Su Merck 4.16, 5.61




34 Y. Shen et al. / Analytica Chimica Acta 292 (1994) 31-39

(Bohus, Sweden). The water was purified with a
Milli-Q/ RO4-unit (Millipore, Bedford, MA).

3. Results and discussion

3.1. Influence of TOPO concentration on the ex-
traction efficiency

The extraction of various carboxylic acids in
membranes with 0-20% TOPO in DHE was
studied. The extraction efficiency depended
strongly on the concentration of TOPO in the
membrane as can be seen in Fig. 1. The highly
polar hydroxy acids (malic and lactic acid) were
not extracted with the 0% TOPO membrane.
With this membrane, the extraction efficiency of
the other acids increased with the carbon chain
length. For most acids, the extraction efficiency
increased with the TOPO concentration in the
whole range, only propanoic and butanoic acid
showed a slight decrease at high TOPO concen-
trations. These acids have the lowest polarities
and are less efficiently extracted with a highly
polar membrane.

Comparing lactic acid with malic acid, acetic
acid with formic acid and butanoic acid with

100 -
80
60 |
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@ 40 F
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0 1 i | J
0 5 10 15 20
TOPO % in DHE

Fig. 1. Influence of TOPO content (%) in DHE on extraction
efficiency (E, mean of 4 successive injections). Pyruvic, ¢;
malic, ®; lactic, ®; formic, B; acetic, OJ; propanoic, a; and
butanoic acid, a. Acceptor solution: 20 mM NaOH. Sample
concentration: 20 uM.
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Fig. 2. Influence of acceptor pH on extraction efficiency (E).
Malic, ®; succinic, o; lactic, ©@, formic, O; acetic acid, a.
Membrane: 10% TOPO in DHE (solid lines), 0% TOPO in
DHE (dashed lines). Acceptor phase: 50 mM tris buffer.
Sample concentration: 20 uM. For E,,,,, see the text.

propanoic acid, respectively, it can be seen that
the extraction efficiency of the more polar acid in
each pair increased faster with TOPO content
than the less polar acid. Pyruvic, malic and lactic
acid show generally lower extraction efficiencies
than the other acids. These observations are in
agreement with Hano et al. [15]. A concentration
of TOPO higher than 20% was found to be
impractical since TOPO would precipitate within
half an hour.

3.2. Influence of acceptor solution and TOPO con-
centration

The pH of the acceptor phase is critical for a
selective and efficient trapping of the acids. Ac-
cording to Ref. 17, the condition of pH > pK, +
3.3 is necessary to prevent the acids from re-en-
tering the membrane.

A Tris buffer solution was chosen as acceptor
phase since it was found that this buffer did not
introduce any additional interfering ions into the
chromatogram. Figs. 2 and 3 show the influence
of the acceptor phase pH on the extraction effi-
ciency (E) and on the overall memory effect
(OME), respectively, of some carboxylic acids ex-
tracted with a 10% TOPO membrane. In the pH
range 7-12, the efficiency decreased while the
memory effect increased with pH. This effect was
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especially pronounced for malic and succinic acid.
The same experiment was performed with a
membrane of 0% TOPO, but the same phe-
nomenon was not found for formic and acetic
acid (dotted lines in the figures). Since no malic,
succinic and lactic acid was extracted with the
DHE membrane, the effect could not be evalu-
ated for these acids. However, the results suggest
that the unexpected decrease in extraction effi-
ciency with pH is related to the presence of
TOPO.

In previous experiments [16] a NaOH solution
was used as acceptor solution. It was found that
the pH dropped during the extraction due to
transfer of the carboxylic acids as well as HCI
from the donor. This fact suggested that a high
concentration of the NaOH solution should be
used, but unexpectedly, the extraction efficiency
was found to decrease when the NaOH concen-
tration was too high. This effect was therefore
studied in more detail.

Table 2 lists the pH of the acceptor phase as
well as the £ and OME values of some acids
trapped in different concentrations of the NaOH
solutions. The pH was measured with a universal
pH indicator paper, drop by drop when the en-
riched sample was pumped out from the separa-
tor. The pH intervals shown in the table corre-
spond to the lowest and highest values measured.

70

50 |

40_—

OME (%)

20 +

10 |

7 8 9 10 11 12
pH

Fig. 3. Influence of acceptor pH on overall memory effect
(OME). Symbols and conditions as in Fig. 2.

Table 2
Influence of acceptor phase on extraction efficiency (E) and
overall memory effect (OME)

[NaOH]mepmr (mM) 5 10 20 50
pH before extraction 115 12 12 >12
pH after extraction 5-8 6-9 7-10 >12
Malic acid E (%) 228 319 231 19.9
OME (%) 1.0 132 271 399
Lactic acid E (%) 286 441 333 20.5
OME (%) 222 135 180 34.2
Formic acid E (%) 664 91.6 879 55.9
OME (%) 53 7.8 75 27.6
Acetic acid E (%) 354 731 707 49.1
OME (%) 6.0 7.3 6.8 26.1
Butanoic acid E (%) 472 885 939 87.2
OME (%) 15 2.3 0 8.9

Membrane: 10% TOPO in DHE.

The variations of £ and OME with pH show the
same tendencies as with Tris buffer (see Figs. 2
and 3), except in the case of the lowest concen-
tration of NaOH (5 mM). The relatively low
efficiency for this case is a result of insufficient
alkalinity.

In Table 2 it is seen that the decrease in
extraction efficiency found at high pH of the
acceptor phase is caused by an increased memory
effect.

Another observation was that, at high pH, not
only was OME increased, but so was the time
required for the back extraction of the acids from
the membrane. One blank was not enough to
release all the remaining acids (Fig. 4). The sum
of the sample peak area and the peak areas from
several subsequently injected blanks was used to
calculate E,., (Fig. 2). These values are approxi-
mately equal to the values of £ found at low pH
values, which indicates that the residual acids in
the membrane are indeed the main reason for
the decreased extraction efficiency at high accep-
tor pH.

In Fig. 5, it can be seen that with longer
contact time between the acceptor solution and
the membrane (stop time), increasing amounts of
acids are released from the membrane. The
membrane memory effect (MME) of malic acid
increased markedly up to 23 min stop time, indi-
cating that malic acid adsorbed more strongly in



36 Y. Shen et al. / Analytica Chimica Acta 292 (1994) 31-39

90

80

70

(%)
3
1

50

40 F

n
>, OME,
=]

i

30 |

10 L/?'_’T_d—? Il

3
—
(o]
w
N
w
>
~3

Repetitions (n)

Fig. 4. Variation of the accumulated overall memory effect
with repetitions (n) of blank extractions. Symbols and condi-
tions as in Fig. 2.

the membrane than the other acids. For the least
polar butanoic acid, MME was small and virtually
independent on the stop time. Apparently, the
residence time and the amount of adsorbed acid
in the membrane increase with the polarity of the
acids.

Fig. 6 demonstrates the influence of the TOPO
content on MME, which increased markedly from
10 to 20% TOPO in the membrane. The result

25
20 F
& i}
; r
1 -
E 0
5 -

b

0 5 10 15 20 25

Time (min)

Fig. 5. Variation of membrane memory effect (MME) with
stop time (see text). Malic, ®; lactic, ®; formic, O; butanoic
acid, a. Membrane: 10% TOPO in DHE. Acceptor phase: 50
mM NaOH.

30
25 F
20

15[

MME (%)

10

TOPO % in DHE

Fig. 6. Influence of TOPO content (%) in DHE on the
membrane memory effect (MME). Stop time: 23 min. Symbols
and conditons as in Fig. 5.

shows that TOPO content has a strong influence
on the memory effect of acids in the membrane.

The mechanism of TOPO extraction has been
suggested to involve hydrogen bonding between
the phosphoryl oxygen of TOPO and the acidic
hydrogen atoms of uncharged acids [5,9]. An acid
diffuses through the membrane as a free acid or
as a complex formed by a reversible reaction with
TOPO. At the acceptor side of the membrane,
the complex breaks and the acid is desorbed into
the alkaline acceptor solution and dissociates
(Fig. 7).

The whole reaction scheme can been pre-
sented as follows:

On the donor side:

H*+ A" —=—=HA, q (1)
lkaq € ILLorg (2a)
Donor phase Membrane Acceptor phase

(aqueous) (organic) (agueous)
RCOO" @ RCOO"
/‘ RCOOH
RCOOH--
® j
X RCOOH-TOPO
Acid Base
TOPO

Fig. 7. Enrichment principle of carboxylic acids without (a)
and with (b) TOPO as carrier in the membrane.
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or
HA,, + TOPO,,, ——=TOPO-HA (2b)
On the acceptor side:

HA,, + OH" ==A"+H,0 (3a)

org

or
TOPO - HA,,, + OH™ —=
A~ + TOPO

org

+H,0 (3b)

For free acids, an acceptor pH > pK, is neces-
sary to ionize the acids and trap them as soon as
they arrive at the membrane—acceptor interface.
A higher pH would not cause any negative effect.
This is the observed case when the pure DHE
membrane is used. The free acids will stay in the
membrane if the acceptor solution is not alkaline
enough.

In the case of a membrane containing TOPO,
the dissociation of the complex is suggested to be
a key step in the desorption of the acids. In the
presence of TOPO, step 2b is more favourable
than step 2a, but the dissociation in step 3b is less
favourable than 3a. A dicarboxylic acid such as
succinic acid probably forms a twin hydrogen
bond, thus associating more strongly with TOPO.
A hydrogen bond can also be formed between a
hydroxyl group and TOPO [11,13], so lactic acid
might also form a twin bond. Malic acid may even
form a triple hydrogen bond. The order of the
memory effects shown in Fig. 3 are in agreement
with the stabilities explained in this way.

Summarizing, it is clear that the rate of acid
transfer from the membrane to the acceptor phase
considerably decreases with increasing pH in the
presence of TOPO. The detailed reasons for this
decrease remains unknown.

3.3. Influence of carbonate

Samples originating from air sampling in di-
luted base contain a large amount of carbonate,
which interferes the with propanoic acid peak in
the chromatogram. Therefore carbonate was re-
moved from the sample before it was injected
into the column [16]. On the other hand, the

— -4 14
-4 12
o~
= J 10
£
~
: 1% -
17 —== acceptor
£ s =
»
e
Nn d 4
=}
= )
! 1 ! 1 | 0
00 10 20 30 40 50 60

[C032 Taddea (MM)

Fig. 8. Influcence of the carbonate concentration added in the
sample ([CO%~],44.4) ON the extracted carbonate concentra-
tion ([CO3 ™ Jexeracted)s donor pH and acceptor pH after extrac-
tion. Membrane: 10% TOPO in DHE. Acceptor phase: 50
mM NaOH.

co-extraction of a certain amount of carbonate
promoted the efficiency and decreased the mem-
ory effect of the carboxylic acids when NaOH was
used as acceptor solution.

To investigate the influence of carbonate, dif-
ferent amounts of Na,CO; were added to solu-
tions of acids which were extracted with 50 mM
NaOH as acceptor. The acceptor pH decreased
significantly as the carbonic acid was trapped in
the acceptor phase. The final pH was around 7.5
in the range 10 to 24 mM of added carbonate
since a HCO; / COZ%~ buffer solution was formed
(Fig. 8). In the same range the maximal extraction
efficiency and the least memory effect were ob-
tained (Fig. 9). Further addition of Na,CO,
caused the donor pH to increase, thus decreasing
the flux of all acids.

To clarify whether the effects of carbonate
originated from the diffusion process or only from
the acceptor pH adjustment, the same experi-
ments were carried out at a given pH (7.3) which
was controlled by a Tris buffer. Even then, the
extraction of carbonic acid still decreased the
acceptor pH slightly, as shown in Table 3. There-
fore, the extraction efficiency of acetic acid de-
creased with increase of carbonate concentration
(Fig. 10). For lactic acid, the maximum efficiency
was obtained when 6 mM carbonate was added to
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Fig. 9. Influence of the carbonate concentration added to the
sample ([CO3 ™ 1,4404) ON extraction efficiency (E) and overall
memory effect (OME). Lactic, ®; acetic acid, a. Conditions
as in Fig. 8.

Table 3

Influence of the carbonate concentration added in the sample
(ICO%~1,44eq) On the extracted carbonate concentration
(ICO3™ Jeyiractea)» donor pH and acceptor pH after extraction

[CO3 ™ lagged MM 0 2 6 10 16

[COZ )mecs MM 01 26 33 40 4.7
p]-Idonor 1 1 15 1.5 1.5
PH sccoptor 7 65 65 65 665

Membrane: 109% TOPO in DHE. Acceptor phase: 50 mM tris
buffer.

30 72
70 Foo
60 < -4 15
50 | )
§ 40 | - 10 E
“ sk 5
L B
20 | . et 5
10 h:*'_—:::g::_,_-o >
o o ! 12 0
0 5 10 15 20
(€O, L ggea (MMD

Fig. 10. Influence of the carbonate concentration added to the
sample ([CO3™ ],44eq) ON extraction efficiency (E) and overall
memory effect (OME). Lactic, ©; acetic acid, A. Membrane:
10% TOPO in DHE. Acceptor phase: 50 mM tris buffer, pH
7.3.

the sample and the memory effect was approxi-
mately constant in the whole range. The results
indicate that the co-diffusion of a large amount of
carbonic acid facilitates the extraction of car-
boxylic acids to a certain extent but the adjust-
ment of acceptor pH to a appropriate value is a
more important factor to improve E. Considering
the interference of CO3~ in the chromatograms,
it is worth to remove it if determination of
propanoic acid is of interest.

4. Conclusions

The addition of TOPO as an extractant in the
supported liquid membrane, significantly in-
creased the extraction efficiency, especially of
hydroxy, oxo and dicarboxylic acids. If the pH of
the acceptor phase is increased above the pH
value needed for complete trapping of the acids,
the release of the acids from the membrane is
considerably slowed down when TOPO is used,
leading to a decreased extraction efficiency.
Therefore, the pH control is of great importance.
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Abstract

New reactive azo dyes are described which are useful for optical determination of pH. The dyes are covalently
linked (via ethylsulfonyl groups) to a novel type of transparent solid films consisting of a thin film of cellulose on top
of a polyester support. The resulting membranes exhibit distinct color change when changing the pH and, in most
cases, are compatible with LED light sources. Various membranes have been developed with pK, values ranging
from 0.5 to 11.28, thus practically covering the whole pH range. Because of the stability of the dyes, the covalent
bond and the solid support, the new membranes exhibit storage stability over years, and operational lifetimes of
weeks, good reproducibility and a fast (30-60 s) response to pH.

Key words: Sensors; Azo dyes; Immobilization; Optical sensors; pH determination

1. Introduction

Optical sensors for pH (pH optodes, from
Greek omrode — the optical way) are usually
obtained by immobilizing pH indicators on a solid
support and monitoring their optical properties
[1-4]. The majority of pH optodes can be classi-
fied into two main groups. The first comprises
dyes statically immobilized on solid supports such
as ion exchangers {5,6], the second comprises dyes
covalently bonded to hydrophilic supports such as
cellulose or glass [6-10]. The former are easy to
make but suffer from numerous disadvantages,
the more serious ones being swelling, hysteresis,

* Corresponding author.

dye leaching at high ionic strength, and inhomo-
geneity of the material. It is probably therefore
that such materials, despite their ease of prepara-
tion, have never been incorporated into commer-
cial instrumentation.

Covalently immobilized dyes, in contrast, do
not suffer from leaching and hysteresis, and ef-
fects of swelling can be minimized. This is partic-
ularly true when extremely thin sensor mem-
branes come to use. Cellulose membranes have
the additional advantage of being rapidly pene-
trated by protons and, in contrast to glass-im-
mobilized materials, can more easily be manufac-
tured and handled.

Most indicators used so far cover the near-
neutral pH range. If other pH ranges are to be
covered, entirely different indicators along with

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

$8DI 0003-2670(94)00096-5
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different immobilization protocols have to be ap-
plied. In the present work, we describe a more
general logic for obtaining pH optodes by apply-
ing one single synthon and one single immobi-
lization protocol. The synthetic route presented
here allows the covalent immobilization of nu-
merous dyes (including similar ones not described
here) with taylor-made optical properties and pK,
values, resulting in sensors that cover the whole
pH range of interest.

2. Experimental
2.1. Instrumentation
Absorption spectra were run on a UV-2101-PC

photometer (Shimadzu, Kyoto). The pK, values
were determined with the help of a flow-through

1

NZNOSOZ-CHZ-CHZ-OH

OH

SOK
9@ 3
NOSOZ-CHZ-CHZ-OH

N=
H
N
~
~ 5

N:NOSOZ-CHZ-CHZ-OH

SO;Na
HO” ‘ ‘ 7

NZN—Q-SOZ-CHZ-CHZ-OH

NaO,

cell in a Perkin Elmer Lambda 5 photometer.
Response time and reproducibility measurements
were performed with an experimental arrange-
ment [11] comprising an autosampler (Besta, Hei-
delberg), a peristaltic pump (Minipuls 3, Gilson
Medical Electronics, Villiers-le-Bel, France), a
fiber-optic photometer (Oriel 3090, Chelsea In-
struments, London) with a xenon flash lamp (FX
800, Polytec, Waldbronn, Germany) pulsed at 9
Hz, a data acquisition unit (Keithley 575, Taunton,
MA) and a 386 PC. pH measurements were per-
formed with a pH meter (Metrohm, Buchs,
Switzerland) calibrated with Aldrich pH stan-
dards of pH 7.00, 4.00 and 10.00 at 21°C

2.2. Reagents

All reagents were of analytical reagent grade.
A buffer covering the pH 2-12 range was used
which was 0.04 M in sodium acetate, 0.04 M in

OH

O O N:N_Q—SOZ-CHz-CHZ-OH
2

OH

OO N=N©-soz-CH2-CH2-0H
4

SO;Na

9@ ‘
HO
N=N—©—SOZ-CH2-CH2-0H

O SO3Na
HO ‘ 8
N=NOSOZ-CH2-CH2-0H

Fig. 1. Chemical structures of reactive phenolic azo dyes 1-8.
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boric acid, 0.04 M in sodium dihydrogen phos-
phate, and 0.1 M in sodium sulfate. The pH was
adjusted to the desired value by adding 1.0 M
sodium hydroxide or 6 M sulfuric acid. The syn-
thesis of dyes 1-11 has been described elsewhere
[12].

2.3. Polymeric support

The dyes were immobilized on transparent
overhead foils (Hewlett Packard, prod. no.
177037T), consisting of a 10-um layer of cellulose
acetate fixed onto a transparent 100-um polyester
support. The cellulose acetate is converted into
cellulose under the experimental conditions of
the dye immobilization. Cellulose is the preferred
polymeric support for optical sensors for ions on
grounds of its good permeability for ions includ-
ing protons [13]. Because the cellulose membrane
is very thin, the sensor exhibits fast response
(30-60 s for t45).

2.4. Covalent immobilization of vinylsulfonyl pH
indicators

The following is a general protocol for immo-
bilizing vinylsulfonyl dyes on cellulose. The chem-
ical structures of the phenolic dyes used in this
work are given in Fig. 1, while the indicators
derived from aromatic amines and covering the
low pH range are given in Fig. 2. Typically, 0.1 g
of the dye is treated with 1.0 g of concentrated
sulfuric acid for 30 min at room temperature.
This operation converts the hydroxyethylsulfo
group of dyes 1-11 into the -SO,-CH,-CH ,-
O-SO;H group, i.e., sulfo esters are formed.

NH,

9@ ;
N:N@—SOZ-CHz-CHZ-OH

H,C

Then, the solution is poured into 1 1 of distilled
water and neutralized with 1.8 ml of a 32% (m/v)
sodium hydroxide solution. The membranes to be
colored are placed in this solution. After 5 min,
25 g of sodium carbonate and after another 5
min, 5.2 ml of a 32% (m/v) sodium hydroxide
solution are added. This leads to elimination of
sulfuric acid and formation of the reactive vinyl-
sulfonyl group (-SO,-CH=CH,). Simultaneously,
the cellulose acetate on the polyester support is
hydrolyzed to form cellulose (Cell-OH). In
strongly alkaline solution, the vinylsulfonyl group
reacts with cellulose (Cell-OH) to give the
dye /cellulose conjugate [dye-SO,~CH,-CH,—
O-Cell]. After 45 min, the colored membranes
are removed from the dyeing bath and washed
with distilled water [8—10]. The resulting mem-
branes are ready for use.

2.5. Spectroscopic measurements

The pK, values of the sensing membranes
were determined from pH-dependent absorption
data at fixed wavelength. The wavelength was
chosen such that the difference in the ab-
sorbances between acid and conjugate base form
was largest. Buffers of defined pH were passed
over the membranes mounted in a flow-through
cell, and absorbance was recorded once it was
constant. Plots of absorbance versus pH provided
sigmoidal curves. The pK,’s were calculated with
the help of the following equation:

pK:pH+lOg(Ax_Ab)/(Aa_Ax) (1)
where A4,, A,, and A, are the absorbances of
the immobilized dye at a defined pH near the

NH,

OO N=N©—soz-CH2-CH2-0H
10

SO;Na

o
AN
1 HC NOSO2-CH2-CH2-OH

Fig. 2. Chemical structures of reactive amine azo dyes 9-11.
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pK,, of the base form, and of the acid form,
respectively.

The response toward pH changes was moni-
tored by placing the membranes in a flow-through
cell and monitoring optical changes with the help
of an optical fiber-optic arrangement (Oriel). Af-
ter passing a 560-nm interference filter, light was
guided through the input fiber bundle of a bifur-
cated fiber-optic onto the sensing membrane. Re-
flected light was guided back through a second
fiber bundle to hit the photomultiplier tube.
Buffer solutions were pumped through the cell at

a flow-rate of 1.5 ml min~'.

3. Results
3.1. Stategy for the synthesis of reactive azo dyes

The objective of this work was to provide a
generally applicable scheme for making pH-sensi-
tive membranes, resulting in a simple and gener-
ally applicable method for making sensor mem-
branes. In addition to the widely applicable syn-
thetic route to the reactive dyes [10], the method
should be flexible enough to allow the prepara-
tion of dyes with highly different pK, values,
thus providing sensors covering almost the whole
pH range.

The dyes have been synthesized by the help of
the new synthon 4-(2-hydroxyethylsulfonyl)ani-
linium chloride [12], referred to as GM-1. In
combination with various coupling components, it
is capable of forming a large variety of different

dyes with different properties. GM-1 possesses
two chemical functions, namely (a) an amino
group which allows diazo coupling to form the
azo chromophore, and (b) a 2-hydroxyethyl-
sulfonyl group which, after activation, enables
immobilization of the dye onto the cellulose sup-
port. The synthon has been coupled to various
naphthols and amines allowing the development

.of a variety of indicators (see Figs. 1 and 2).

3.2. Dye immobilization

Immobilizing vinylsulfonyl dyes onto cellulose
is an established technique in textile chemistry in
case of the so-called “Remazol” dyes [14]. The
method requires the use of both strong acid and
strong base and therefore the support material
must be resistant to both. We find the cellulose-
on-polyester support to be a viable substrate be-
cause it does not undergo a detectable change in
its optical properties during immobilization of the
dyes, and because all dyes invariably could be
coupled to this particular solid support. It should
be kept in mind, however, that the support mate-
rial in fact is a cellulose triactetate foil which,
because of treatment with strong alkali during
immobilization, is converted into cellulose. Dyes
1-11 resulted in pH sensor membranes M-1
through M-11. A schematic of the structure of
membrane M-3 is given in Fig. 3.

The material chosen for dye immobilization (a
cellulose-on-polyester compound foil) has a num-
ber of advantages over conventional cellulose.
The cellulose film is only 10 um thick and hence

OH
H

Fig. 3. Schematic of the chemical structure of the indicator—cellulose conjugate in membrane M-3.
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the acid—base equilibria are established within
seconds, resulting in fast response times. In addi-
tion, the membranes are fully transparent and
can be easily subjected to photometric analysis,
while conventional cellulose membranes (includ-
ing the commercial test strips) are not transpar-
ent at all and have response times on the order of
many minutes when operated near their pK,
although they respond quite quickly on changing
between pH'’s outside the titration curve.

3.3. Spectral properties and dissociation constants

Dyes 1-8 (Fig. 1) are derived from phenolic
compounds which dissociate in alkaline solutions.
Their pK,’s range from 7.34 (resulting in a pH
sensor useful for measuring physiological pH’s)
up to pK, 11.28, i.e., a pH range, where the glass
electrode is prone to deterioration as a result of
the attack of strong alkali. Sensor membranes
usually are of yellow or orange color at low pH,
- and red to purple at high pH. The color change
in going from the acid to the base form is most
significant in case of the para-azo dyes (1, 3, 5),
the color changes being from yellow to purple.
There is little overlap in the absorption spectra of
the acid and conjugate base forms of 1, 3 and §
(Fig. 4). This contrasts the behavior of dyes de-
rived from 2-naphthol (6-8), which do not display

00

400 525 650

wavelength/nm

Fig. 4. Absorption spectra of M-3 in (A) the acid form, and
(B) the base form.

0.45 i !

absorption

0.00

370 510 850

wavelength/nm

Fig. 5. Absorption spectra of M-7 in (A) acid form, and (B)
the base form.

such an intense color change and have strongly
overlapping spectra (Fig. 5). The absorption max-
ima of the sensor membranes in their acid and
conjugate base forms, respectively, along with
their pK, values are summarized in Table 1.
Azo indicators 9-11 are derived from aromatic
amines (Fig. 2) and show an entirely different
behavior in that the absorption maxima of the
amine (conjugate base) forms occur at shorter
wavelengths than those of the protonated (con-
jugate acid) form (Fig. 6). This is in agreement

Table 1
Absorption maxima of acid and conjugate base forms, and
pK, values of dyed cellulose sensor membranes M-1 to M-11
at 21°C

Membrane A pay (nm) Amay (nM) pK,
(base form) (acid form)

M-1 553 460 9.37
M-2 535 501 9.26
M-3 541 473 7.55
M-4 517 491 7.83
M-5 518 455 7.34
M-6 476 487 11.28
M-7 474 479 10.68
M-8 481 488 10.64
M-9 507 509 3.68
M-10 492 518 ~0.5
M-11 486 503 2.24
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wavelength/nm

Fig. 6. Absorption spectra of M-11 in (A) the acid form, and
(B) the base form

with established structure—color relationships.
The respective membranes (M-9 through M-11)
are orange colored in their base forms (i.e., at
high pH) and turn to red or purple on protona-
tion. The spectra overlap significantly.

3.4. Performance of the indicator membranes

Fig. 7 shows the response of membrane M-3
on exposure to buffers ranging from pH 5.0 to
9.5. The response is fast (3040 s for zy), and
signal changes are fully reversible. A constant
baseline is good proof that the covalent dye-to-
cellulose bond (see Fig. 3) is stable. No leaching
or bleaching of the immobilized dyes was ob-
served.

100

=
2
2
5
g} 50
172
£
T
D
= 0
0 60 120
time/min

Fig. 7. Response time, relative change in the intensity of
reflected light, and reversibility of membrane M-3 in the fiber
optic pH meter (using the Oriel instrument) on exposure to
buffer solutions of pH 5.0 (top) to 9.5 (bottom) in 0.5 pH
increments.

10 %*—
)/'//
I 4
00l

50 6.0 7.0 8.0 9.0 10.0
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Fig. 8. pH titration plot of membrane M-3 in the presence of
0, 0.1 and 1.0 M sodium sulfate (absorption measured at 560
nm), showing the effect of ionic strength.

3.5. Effect of ionic strength (IS)

A major disadvantage of optical pH sensors is
the effect of ionic strength (IS) on the dissocia-
tion constant and, consequently, the pK, of the
dye [1-4]). The effect of IS cannot be distin-
guished from signal changes caused by pH. Fig. 8
shows the pH titration of M-3 with different
concentrations of sodium sulfate being added to
the buffer (composed of 0.04 M sodium acetate,
0.04 M boric acid, 0.04 M sodium dihydrogen
phosphate). The pK, decreases from 7.64 to 7.45
in going from 0 to 1.0 M sodium sulfate. The
effect of IS on the pK, is more expressed at low
IS: the shift is 0.09 units on changing from 0 to
0.1 M sodium sulfate, and 0.1 units on going from
0.1 to 1.0 M sodium sulfate (see Fig. 8).

3.6. Effect of immobilization on pK,

Not unexpectedly, the pK,’s are different for
the dissolved and the immobilized forms. The

[ i
0.0 M sodium sulfate

relative signal change [%]

time/min

Fig. 9. Relative signal change of membrane M-4 on exposure
to a buffer solution of pH 8.17 containing 0, 0.1, 0.5 and 1.0 M
concentrations of sodium sulfate (absorption measured at 560
nm).
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pK, of immobilized hydroxynaphthalenes 1-8
usually is higher by around 0 to 1 unit, whereas
the pK, of immobilized aromatic amines 9-11 is
lower by around one unit in the immobilized
form. A similar effect has been found for dyes
covalently [15] or electrostatically [16] bound to
hydrolyzed cellulose acetate.

4. Discussion

The method for preparing pH-sensitive mem-
branes by immobilizing indicator dyes via the
vinylsulfonyl group to result in optical pH sensor
membranes shows several advantages over exist-
ing approaches for optical measurement of pH.
Dyes are covalently bound to a highly transparent
sensor membrane, and both leaching and bleach-
ing is absent. In fact, the covalent bond is stable
over the whole pH range 0-13. This is in contrast
with the leaching observed with surface adsorbed
dyes when used over prolonged periods of time.

More recently, another type of pH-sensitive
matrices have been introduced which, like the
materials based on surface adsorbed materials,
are highly lipophilic. The matrix is composed of
plasticized PVC [17]. In order to make dyes appli-
cable for such matrices, they have to be
lipophilized which, unfortunately, does not pre-
vent slow leaching when becoming charged by
protonation or deprotonation. Furthermore, in
order to improve the mobility of protons,
lipophilic counterions have to be added. Notwith-
standing this, such materials still can be very
useful if the respective sensors are not intended
for long-term use or frequent recalibration is
possible.

Immobilization of pH probes on ion exchang-
ers can solve the problem of slow response, be-
cause in this case the dye is located on the
surface of the support [4]. Electrostatic binding of
dyes onto ion exchangers is rather strong so that
leaching is not a serious problem. However, such
materials are charged even after immobilization
of the dye. This results in a number of shortcom-
ings: (a) the surface charges can act as ion chang-
ers; as a result, the counterion may change with
each new sample, giving rise to a change in the

optical signal due to varying ionic strength near
the dye; (b) ion exchangers are prone to hystere-
sis [18]; (c) at very high ionic strength, the dye
may also be exchanged by another electrolyte; (d)
Donnan potentials may be formed at the surface
and may limit the diffusion of ions to the dye; (e)
many ion exchangers suffer from pH-dependent
swelling. Due to these limitations, neutral copoly-
mers such as styrene—divinylbenzene (e.g., the
XAD type) have also been used as supports and
do not suffer from such limitations but binding of
the dye to the support is too weak for long-term
applications.

The transparent cellulose support, onto which
dyes may be immobilized covalently by the method
presented here, is uncharged, so the typical draw-
backs of charged supports are not encountered.
The membranes have high proton permeability,
and this results in fast response times. No hys-
teresis was found in either case. From a manufac-
turing point of view it is important to know that
the cellulose-on-polyester support (designed for
use as a foil for graphic plotters) is easily avail-
able in constant quality. Thus, membranes can be
produced with well-defined and reproducible
properties. Moreover, the membrane preparation
does not require the use of a toxic solvent such as
chloroform or tetrahydrofuran.

The synthetic scheme allows various dyes with
tailor-made optical properties and pK, values to
be made, and a wide pH range is covered. It
should be mentioned here that the synthetic
scheme and immobilization protocol is not lim-
ited to pH-sensitive dyes. In fact, numerous chro-
moionophores (such as those for alkali, earth
alkali, and heavy metals) conceivably may be im-
mobilized this way [14].

The dyed membranes resist standard steriliza-
tion protocols such as steam heating or 6% hy-
drogen peroxide [9] and, therefore, can be used
for bioreactor monitoring. In order to compen-
sate for interferences caused by turbidity and
coloration of the sample, and by fluctuations of
the light source, a double-cell configuration is
recommended in which the light beam split and
passes through both a dyed and an undyed sec-
tion of the sensor foil [19].

When coated with a layer of silicone (such as
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the E-4 from Wacker, Burghausen, Germany),
sensors are obtained which respond to acid or
basic gases such as carbon dioxide [20] or ammo-
nia. Sensor membranes with high pK, may be
used for monitoring highly alkaline solutions
where the glass electrode is known to perform
poorly. Because the sensor material is rather un-
expensive, sensor spots conceivably may be used
only once and evaluated visually as it is done with
conventional pH test strips. Even when used in
an optical pH meter, replacement of damaged
pH sensor membranes is affordable.

5. Conclusion

Cellulose membranes colored with reactive in-
dicator dyes can be applied for optical pH sens-
ing. A general scheme for obtaining tailor-made
indicators and immobilizing them onto a new
kind of support is presented which results in
sensor membranes covering a wide pH range,
depending on whether naphthols or aromatic
amines are used for diazo coupling. Dyes derived
from 1-hydroxynaphthalene derivatives display the
best optical properties for application in pH sens-
ing in showing large changes in the absorption
spectra in going from the acid to the base form,
being compatible with the green LED and highly
photostable. Because the dyes are covalently
linked to the transparent cellulose membranes,
no leaching is observed.
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Abstract

Applications requiring the immobilisation of whole cells presents a need for rigorous control of the ‘environment’
of the cells more so even than in the use of isolated enzymes, since the phase must be isotonic with the cell, if the
cell membrane is to remain intact. In this paper we report on an immobilisation matrix for whole cells. The
preparation of film forming emulsion polymers based on methacrylates and acrylates is described. Photosynthetic
bacteria were immobilised in latex films retaining nearly 100% activity of the photosynthetic electron transport
chain, determined in an amperometric system. The diffusion properties of the latex films were studied in rotating

disc electrode experiments.

Key words: Enzymatic methods; Film-forming emulsion polymers; Immobilisation; Photosynthetic cells

1. Introduction

The immobilisation of whole cells or intact cell
components e.g. thylakoid membranes or mito-
chondria have attracted attention for use as a
‘alternative energy source’ [1,2), for the biosyn-
thesis of organic compounds [3-5] or ‘recognition
systems’ in biosensors. In many of these applica-
tions the activity of a highly complex biological
system has to be retained. Therefore, the immo-
bilisation presents a need for rigorous control of
the ‘environment’, more so even than in the use
of isolated enzymes, since the phase must be

* Corresponding author.

isotonic with the cell, if the cell membrane is to
remain intact.

Existing methods for whole cell immobilisation
are often based on polysaccharides such as cal-
cium alginate [6,7) and gelatine [8] or proteins
etc., but their commercial application is limited
as they do not have the right hydrating or me-
chanical properties where the film must be fabri-
cated and stored for months before use. They
also lack the adhesion onto metal surfaces often
required in sensor technology. Nevertheless, a
common and essential feature of these methods is
that they maintain the aqueous cell environment.
Synthetic matrices like acrylamides have also been
explored, which retain water in the phase, but
they are liable to deactivate the cell due to the

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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toxicity of the monomers [9]. This can be circum-
vented by employing pre-polymerised linear poly-
acrylamide gels, containing functional groups to
allow chemical cross linking in situ [10]. This
method, however, still relies on a cross linking
reaction in the presence of the biological material
which may lead to loss of activity and post-fabri-
cation treatment is required. Celis and organelles
can also be entrapped in pre polymerised photo-
crosslinkable resins based on hydroxyethylacry-
late and poly(ethylene glycol) or poly(propylene
glycol) [11]. The physio-chemical nature of these
matrices can be altered via changes in the net-
work size, the hydrophilic—hydrophobic balance
and the ionic nature, thus allowing optimal activ-
ity of the biocatalyst in the polymer matrix. Nev-
ertheless, ds the prepolymer is water soluble cross
linking of the matrix is necessary.

The principle problem of immobilisation of
sensitive biological materials is the need to form
a water insoluble matrix from an aqueous solu-
tion. The key to the solution is the formation of
emulsion polymers, which also have industrial
applications such as paints, coatings and adhe-
sives. Latex membranes have already been ex-
plored for the immobilisation of glucoamylase
[12]. A latex polymer is an emulsion which can be
defined as a stable dispersion of water insoluble
polymer particles ranging in size from 1 nm to 1
pm. The word stability here means that the parti-
cles in the dispersion will remain as single entities
over long periods. The forces which keep the
polymer particles in solution are mainly electro-
static interactions between charged groups on the
polymer chain or the surfactant and steric effects
arising from the geometry and conformation of
adsorbed or grafted molecules [13,14]. The pro-
cess by which the polymer colloids in the disper-
sion are transformed into a continuous film is
termed coalescence. When a latex polymer is
dried by evaporation of water from its surface,
the polymer particles are driven closer together
until the stabilising forces keeping them apart are
overcome. A soft latex (i.e. one above its mini-
mum film forming temperature) then forms a
continuous film.

Miller [12] has described a latex membrane
based on butadiene for the immobilisation of the

enzyme glucoamylase. Although the enzyme was
found to be stable for several hydrolysis steps, its
activity subsequently decreased to zero. This was
attributed to loss of enzyme into the surrounding
solution. *Co y-radiation improved the stability
of the enzyme in the membrane, but this treat-
ment decreased the initial activity of the
enzyme-membrane, and is not readily compatible
with the intact photosynthetic cells, which are
subject of the study reported herein. In contrast
to this previous work, we describe the prepara-
tion of a group of latex polymers based on differ-
ent methacrylate and acrylate monomers and the
incorporation of intact photosynthetic cells in
films cast from these polymers, to test their appli-
cation as immobilisation matrices for complex
and sensitive biological materials. The activity of
the immobilised cells was monitored by their abil-
ity to generate a photocurrent measured in an
electrochemical cell.

2. Materials and methods
2.1. Reagents

Synechococcus (PCC 6301) was a gift from Dr.
Peter Rowell (University of Dundee). All chemi-
cals for the preparation of the BG-11 medium
were of analytical grade and were supplied by
BDH, Sigma and Aldrich. 3-(N-Morphinol)pro-
panesulphonic acid (MOPS) was obtained from
Sigma. Diaminodurene (DAD) and ammonium
peroxodisulphate were used as received from
Aldrich. Poly(vinyl alcohol) (PVA) was 100% hy-
drolysed and purchased from Aldrich, as were all
monomers employed in the emulsion polymerisa-
tion.

2.2. Growth of the cyanobacteria

The cells were grown in batch cultures in 250-
ml conical flasks using BG-11 medium [15], with
100 oscillations/ min in an orbital shaker with
warm fluorescent light at 25°C. Stock cultures
were maintained using the same medium with
addition of 1.5% agar. Cells were harvested in 1
ml aliquots by centrifugation for 5 min at 13000
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rpm in a desk top centrifuge (Microcentaur MSE).
Pellets were then frozen in liquid nitrogen and
stored at —80°C without significant loss of activ-
ity over one week.

2.3. Estimating chlorophyll in whole cells

A pellet of cyanobacteria prepared as de-
scribed above was thawed. The pellet was then
dissolved in aqueous acetone (80%). The cells
were further disrupted by three ultrasonic bursts
of 5 s with 20 s cooling time on ice. The cell
debris was then separated by centrifugation for
10 min at 13 000 rpm in a MSP desktop cen-
trifuge. The absorbance of the bright green su-
pernatant was determined at 663 nm and at 645
nm. Using these values in the MacKinney-Arnon
equation the chlorophyll concentration was esti-
mated [16].

2.4. Electrochemical measurements

All measurements were performed in a ther-
mostatically jacketed glass vessel (15 ml capacity)
coated to exclude light at 25°C. In all experiments
a three-electrode set up was used with glassy
carbon (0.07 cm?®) as the working electrode, a
platinum flag (1.5 ¢cm?) and a saturated calomel
electrode (SCE) as the counter and reference
electrodes respectively. BG-11 medium contain-
ing MOPS (50 mmol, pH 7.0) was used as the
electrolyte in all experiments. Stock solutions of
DAD were freshly prepared in ethanol and the
required amount added into the electrolyte. A
computer controlled potentiostat (Autolab, Eco-
chemie, Utrecht) was used and the current—time
response was recorded on an y—¢ chart recorder
(Gould BS-273). Cyclic voltammograms were
recorded on an x-y plotter (Philips PM 8043).

Rotating disk electrode (RDE) experiments
were performed using a platinum disk electrode
with a geometric surface area of 0.125 cm?. Ref-
erence and counter electrode were the same as
described above. Rotation speed of the electrode
was controlled by a EG&G PARC Model 616
controller and stand. For each rotation rate a
single cycle from —0.2 V to 0.3 V was recorded
at a scan speed of 5 mV /s, or the electrode was

held at a potential of +300 mV on the diffusion
controlled oxidation plateau for DAD.

A halogen lamp (1 W, 12 V) served as the light
source for the photocurrent measurement and
was fitted underneath the electrochemical cell
such that direct illumination of the working elec-
trode was achieved. During the photocurrent
measurement the electrode was exposed either to
constant illumination or light pulses controlled by
an ‘in-house’ constructed timer producing pulses
of 250 ms length with a dark period of 2.5 min.

2.5. Emulsion polymerisation

The emulsion polymerisation was carried out
at 70°C in a reactor flask stirred at 500 rpm. The
recipes of the polymerisation are shown in Table
1. The initial charge was prepared by dissolving
PVA in deionised water. The solution was purged
with nitrogen for 30 min and then transferred
into the thermostated reaction vessel. After the
temperature had stabilised the initiator, ammo-
nium peroxodisulfate, was added. The monomer
mixture was then added slowly over 15 min.
Monomers were used without further purifica-
tion. Sodium methacrylate was prepared by the
neutralisation of a stoichiometric amount of
methacrylic acid and sodium hydroxide in an
aqueous solution and the water was then re-
moved under reduced pressure at room tempera-
ture. The second aliquot of the initiator, dis-
solved in deionised water (10 ml), was then added
dropwise over 10 min. The polymerisation reac-
tion was terminated after 3 h by cooling the
reactor to room temperature. The emulsion was
then transferred into a storage container via a
25-pm sieve.

The emulsions were cleaned from any residual
monomers or water soluble oligomers in two steps.
First the emulsion was evaporated under reduced
pressure to 2 /3 of the original volume to remove
residual monomers and than topped up to its
original volume with BG-11 medium. This was
repeated twice. The emulsion was cleaned further
by dialysis over night at room temperature against
deionised water and a second dialysis over night
against BG-11 medium. Finally the pH was ad-
justed to 7.0 with NaOH.
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2.6. Immobilisation of the photosynthetic cells

Calcium alginate matrix

The immobilisation of the photosynthetic cells
in a calcium-alginate matrix was performed as
follows. The cell pellet obtained after centrifuga-
tion as described above was suspended in a
sodium alginate solution (20 ul of a 1% solution
in BG-11 medium). 3 w1 of this suspension was
then used to drop coat a glassy carbon electrode.
This electrode was then dried for 30 min at room
temperature and subsequently incubated for 30
min in BG-11 medium containing MOPS (50
mmol /I, pH 7.0) and CaCl, (50 mmol/1). The
calcium alginate matrix thus formed was then
protected using a dialysis membrane secured onto
the electrode by a rubber o-ring.

Emulsion polymer

For the immobilisation of cells in films cast
from emulsion polymers a cell pellet was resus-

Table 1
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pended in the emulsion (20 wl). 3 wl of this
suspension was applied on to the glassy carbon
electrode. The electrode was then left drying at
room temperature over night or for 1 h at 40°C.
The polymer matrix did not require protection by
covering with a dialysis membrane.

3. Results and discussion

3.1. Emulsion polymerisation and film formation

Table 1 shows the composition of different
emulsions based on the acrylate monomers,
methyl methacrylate (MMA), methacrylic acid
(MAA), the sodium salt of methacrylic acid
(NaMAA) and butyl acrylate (BA); poly(vinyl al-
cohol) (PVA) was the surfactant. The emulsions
were initially tested by visual inspection, in terms
of film forming properties by drop coating of

Monomer composition of the emulsion polymerisations (PVA was 100% hydrolysed and ammonium peroxodisulfate was used as

the initiator. Results: +, poor; + +, satisfactory; + + +, good)

Initial charge Monomer Addition Initiator Stability Film formation
Volume Surfactant Initiator MMA MAA NaMAA BA
Poly3 150ml 5% PVA 1.82¢g 006M 002M - - 182¢g <1month +
MW 100 000 60g) (1.72g) +PVA '
Tween 20 + Tween 20
45¢g
Poly4 150ml 5% PVA 0.18¢g 006 M 0.02M - - 05¢g <1month +
MW 100 000 60g 1729 (pH dependent)
Poly6 150ml 2% PVA 0.18 g 006 M - 002M - 05¢g > 1year -
MW 100 000 6.0 ) 1.72g)
Poly7 150ml 2% PVA 018 g 0.055M 002M - 0012M 05¢ > 1 year +
MW 100 000 55g Q729 159 (pH dependent)
Poly 10 150ml 2% PVA 0.18 ¢ 0.055M 0013 M - 0017M 05¢ > 1 year ++
MW 100 000 55 (L1g) 22g) (pH dependent)
Poly12 150ml 2% PVA 0.18 ¢ 0055M - - 0.030M 05¢g > 1 year +++
MW 100 000 559 (3.84g)
Poly14 150ml 2% PVA 0.18 0.030M - - 0056M 05¢g > 1 year ++ +
MW 100 000 (3.00g) (717 g
Poly 15 150ml 0% PVA 0.18 g 0055M - - 0.030M 05¢ <lweek +++
MW 100 000 (5.5g) (3.84 ¢
Poly16 150ml 0.2% PVA 0.18g 0055M - - 0.030M 05g <1month +++
MW 100 000 (5.58) (3.84g)
Poly 17 150ml 1% PVA 018 ¢ 0.055M - - 0.030M 05¢g <lmonth +++
MW 100 000 (55g (3.84g)
Poly 18 150ml 2% PVA 0.18 ¢ 0055M - - 0.030M 05¢g <1month +++
MW 65 000 (5.5g) (3.84 g
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electrodes and drying of the latex suspension.
Secondary evaluation was made by comparing the
photocurrent achieved with a comparable algi-
nate immobilisation, to assess the activity of the
immobilised cells.

Poly3 was prepared employing PVA and Tween
20 as the emulsifiers and MMA and MAA as
monomers. Although the emulsion showed rela-
tively good stability and the films cast from Poly3
appeared to give a uniform coating, this polymer
was unsuitable for the immobilisation of photo-
synthetic cells as it was found that Tween 20 was
responsible for the inactivation of the photosyn-
thetic system, probably due to the destruction of
the cell membranes. Tween 20 has been used in
emulsion preparations as a non-ionic emulsifier,
but as can be seen in the other polymers pro-
posed in Table 1, its presence is not required for
film formation and stability.

Better control over the polymerisation could
be achieved if the initial concentration of ammo-
nium peroxodisulfate was decreased significantly
compared with Poly3. High concentration led in
some cases to coagulation. Poly4 for example,
exhibited good stability and film formation, but
here the quality of the film cast onto an electrode
was dependent on the pH of the emulsion from
which the film was cast. The pH of the emulsion
resulting from the Poly4 recipe was strongly acidic
"due to the high methacrylic acid content (pH
1.5-2) and films cast at this low pH appeared
uniform. However, if the emulsion was adjusted
to pH 7.0 the resultant films were inhomoge-
neous. Obviously, for the immobilisation of whole
cells a pH as low as 2 is unsuitable, so to circum-
vent this problem in Poly6, MAA was replaced
with NaMAA such that the pH during the poly-
merisation was neutral. However, although this
emulsion showed good stability the film forma-
tion was strongly inhibited.

The pH dependency of the film forming prop-
erties of all emulsion polymers containing either
MAA or NaMAA is probably due to the strongly
charged emulsion particles. Around pH 7 the
acid groups in the polymer are fully dissociated
and therefore the particle carries maximum nega-
tive charge. This results in a strong repulsion
force inhibiting the coagulation of the particles

when the emulsion is dried and resulting in poor
quality inhomogeneous films.

The coalescence mechanism of latex polymers
with a core-shell structure has been studied by
Dobler et al. [17]. They found that the kinetics of
coalescence was closely related to the interfacial
tension at the polymer particle water interface.
The rate of coalescence decreased as the amount
of methacrylic acid in the shell was increased, or
when sodium dodecyl sulfate was adsorbed onto
the particles. The formation of homogeneous
films was further inhibited when MAA in the
shell was neutralised with sodium hydroxide.
These findings are consistent with the results
reported for Poly4 and Poly6. At low pH values
the acid groups in the polymer are protonated
giving the emulsion particle less charge and
therefore the coalescence of particles during the
drying is not hindered.

Furthermore the glass transition temperature
(T,) of MAA and NaMAA is relatively high com-
pared to MMA. It is known that a high T, will
affect the film forming temperature (7}) of the
emulsion polymer. For the application as an im-
mobilisation matrix for biological materials it is
obvious that polymers with a high T}, requiring
curing at elevated temperature, are unsuitable, as
this would lead to inactivation of the biological
material. The introduction of BA into the poly-
mer addresses this problem, as this monomer has
a low T, and thus decreases the T; of the poly-
mer. Poly7 shows the influence of BA, but as
would be anticipated from the foregoing discus-
sion, the films were still dependent on pH.

In order to achieve a film which can be cast at
about pH 7, it is apparent that the resultant
charge on the emulsion must be adjusted. Poly10
and Polyl2 investigate the effect of decreasing
the MAA ratio. In Polyl0 the molar ratio of
MAA has been decreased in favour of BA and
Polyl2 is a copolymer of only MMA and BA. It
can be seen that the stability of the emulsion was
not diminished as the MAA was replaced, but the
film forming properties of the emulsion were
improved and films cast from Polyl2 were of
good quality at a neutral pH. The introduction of
BA also increased the adherence of the films to
metal surfaces, a property which is required in
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the application of these polymers as an immobili-
sation matrix in sensor technology.

Further adjustments in the molar ratio of BA
and MMA allow the physical properties of the
film to be manipulated. For example Polyl4 re-
sulted in an emulsion again with good stability,
and films cast from this polymer appeared ‘softer’
compared with films cast from Polyl2. In both
cases the quality of the films was good at neutral
pH values.

Additional tuning can be achieved by adjusting
the emulsifier. In Polyl5 to Polyl7, for example
the influence of the PVA concentration was in-
vestigated. It was found that although the poly-
mers showed good film formation properties, the
decrease in the PVA content led to a decrease in
the stability of the emulsion stored at room tem-
perature. This was most apparent in Polyl5 were

no PVA was added and significant coagulation
occurred after a few weeks storage.

The polymers 12 to 17 were considered suit-
able for further testing for their application as an
immobilisation matrix for whole cells.

3.2. Photocurrent measurement

Initial apparent activity of the PET

The photosynthetic cyanobacterium Syne-
chococcus sp. was immobilised as described in
Materials and methods. The activity of the immo-
bilised cells was tested by determination of the
activity of the photosynthetic electron transport
chain (PET) which is located in the thylakoid
membrane. To retain its activity this membrane
and all its components have to remain intact after
the immobilisation. This can be determined by

Electrode

COMPLEX

= P700

Light

Fig. 1. Principle of the generation of a mediated photocurrent employing whole photosynthetic cells. Light energy, absorbed by the
antenna pigments in the light harvesting complexes of the two photosystems PSII and PSI, is transferred to the respective reaction
centre chlorophylls P680 and P700 which are in turn exited and eject electrons. The exited electrons are transported along a series
of intermediates to ferredoxin (Fd), the final electron acceptor for photosystem I. The excitation of P680 is accompanied by the
splitting of water and oxygen evolution, a reaction catalysed by the water splitting complex and the electrons from water are
transferred to P680. A photocurrent is generated via the reduction of mediator which intercepts the electron transport between
photosystem II and photosystem I and its subsequent reoxidation at the electrode. Pheo = Pheophytin, Q, and Q, = plastoquinones
associated with PSII, PQ = plastoquinone pool, Cyt bs—f complex = non heam iron sulphur complex, PC = plastocyanin, NADPH

= nicotinamide adenine dinucleotide phosphate.
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coupling the PET to an electrode employing a
redox mediator (in this case DAD) which is able
to accept electrons from the PET within the cell
during activation by illumination. The reduced
mediator is subsequently reoxidised at the elec-
trode thus generating a photocurrent dependent
on the activity of the PET. The general principal
is shown in Fig. 1 and discussed in detail in a
previous publication [18].

Fig. 2 shows the current response of an elec-
trode modified with Synechococcus immobilised
in the calcium-alginate /dialysis membrane sys-
tem and in the emulsion polymers Polyl2 and
Poly14. The photocurrent is in all three cases of a
similar magnitude although the time response
varies. The steady state currents shown in Fig. 2
were normalised for the amount of chlorophyll
immobilised at the electrode and compared with
cells immobilised in Ca-alginate (Table 2). Ca-al-
ginate was employed in this comparison since it is
an extremely mild method of immobilisation of
whole cells, as it does not involve the use of any
bifunctional crosslinkers or other toxic reagents
and can thus be considered as the ‘standard’ to
relate the performance of these new latex poly-
mers.

The composition of Polyl5, Polyl6 and Polyl7
differ from Polyl2 only in the amount of PVA
present. However, although the influence of the
PVA concentration on the activity of the immo-
bilised cells is not straightforward it is apparent
that a decreased signal accompanies a reduced
PVA content. Polyl6 and Poly17 (0.2% PVA and
1% PVA respectively) gave almost the same cur-
rent response (30% of the photocurrent mea-
sured with Polyl12), while with no PVA (Polyl5)
only 14% of the activity of Polyl2 was recorded.
In Polyl8 a different molecular weight PVA was

light off

{

a light off

|

b lightoff

{

! l

light on light on

Fig. 2. Photocurrent generated by cells immobilised in calcium
alginate (a), Polyl4 (b) and Polyl2 (c) at 0.2 V vs. SCE
employing DAD as a mediator (0.2 mmol /1). The illumination
period is indicated by the arrows.

added as the emulsifier: this again led to a signifi-
cant decrease of the photocurrent compared to
Poly12.

In conclusion therefore, the emulsion poly-
mers could be fabricated which compared
favourably with calcium alginate in their response
and since unlike alginate the adherence of these
films was good, no further physical support to
hold the films at the electrode was necessary. The

Table 2
Activity of the PET in cells immobilised in different matrices

Ca-alginate Poly12 Polyl4 Polyl5 Polyl6 Polyl7 Poly18
I(pA) 3.30 2.46 2.80 0.52 122 1.17 1.01
3Chl 2 0.018 0.012 0.015 0.018 0.018 0.018 0.014
(ng/elec)
I(pA/ng) 183.33 205.00 186.67 28.89 67.78 65.00 72.14

? Immobilized chlorophyll (ug per electrode).
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fabrication of the emulsion polymer modified
electrodes was thus significantly simpler.

The current—time transient of the photocur-
rent measurement differs significantly for all three
immobilisation matrixes shown in Fig. 2. The
most obvious source of this difference would be
the diffusion properties of DAD in these films
and indeed the steady state photocurrent may be
limited by the diffusion of the mediator. The
diffusion properties of these films will be ad-
dressed later in this paper.

Long term stability

In view of the reduced stability of emulsions
with lower PVA content, only Polyl2 was tested
over long periods. The long term stability of the
immobilised photosynthetic cells was tested by
measurements of the photocurrent as a response
of the modified electrode to a series of light
pulses. Light pulses rather than continuous illu-
mination, were employed to minimise the deacti-
vation of the photosynthetic system by illumina-
tion (photoinhibition). The photocurrent was
measured daily, always employing the same elec-
trode and the electrodes were stored at 4°C in
fresh BG-11 medium when not in use. Fig. 3
shows the stability over a period of 10 days for
cells immobilised in Polyl2 and calcium alginate.
In each case the behaviour was very similar, with
a stable signal being recorded for three days,
followed by a reduction over 3 days to a new
stable level of about 80% of the original.

It must be concluded that since in the alginate
electrode the cells are physically retained by a
dialysis membrane, the deterioration in this in-
stance is not due to leaching. By inference there-
fore, the similarity of the response from the
emulsion polymer suggests that cells do not leach
either, even though no retaining membrane is
employed. It would be interesting to reflect on
the cause of the reduction in the photocurrent
since it is observed with the same pattern over
the same time scale in both the Ca-alginate and
the emulsion systems, but there is insufficient
information from these experiments to make fur-
ther conclusions.

Although the films cast from both Polyl2 and
Polyl4 appeared uniform by visual inspection
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Fig. 3. Stability of the activity of the immobilised cells in
calcium alginate (&) and Polyl2 (e). The electrodes were
stored in fresh buffer at 4°C when not in vuse. The electrodes
were illuminated by light flashes (250 ms) and DAD was used
in a concentration of 0.2 mmol /1.

when cast onto electrodes with a small surface
area (0.07 cm?) the coatings were less uniform
when larger electrodes where employed. This was
thought to be due to the low viscosity of the
emulsions. An increase in the viscosity of the
emulsion may therefore not only overcome this
problem, but also make these emulsions applica-
ble to mass production processes such as ink-jet
printing or screen printing. We therefore added
high molecular weight poly(ethylene oxide) (PEQ,
MW = 5 x 10%). This improved the uniformity of
the coatings at larger electrodes. Fig. 4 shows the
current response of electrodes modified with
photosynthetic cells immobilised in Poly12 with
the addition of different amounts of PEO to the
casting solution. The photocurrent measured
could be improved by the addition of low concen-
trations of PEO (up to 10% of the solid content
of the emulsion polymer). However high concen-
trations of PEO added to the emulsion polymer
led to a decrease in the measured photocurrent
(e.g. 40% in Fig. 4). This may be associated with
the high solubility of PEO in water, leading to a
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water-soluble coating at high concentrations. It is
also apparent from the time—current transient of
the photocurrent measurements shown in Fig. 4,
that the addition of PEO changes the time re-
sponse, presumably due to the diffusion proper-
ties of the latex films. Changes in the partition of
DAD in the phase next to the electrode would
also modulate the steady state photocurrent.
The long term stability of the photosynthetic
cell was also investigated when the electrodes
prepared, as described in materials and methods,
were stored in a dry state at 4°C (Fig. 5). A fresh
electrode was employed for each experiment.
Within the first two days the photocurrent de-
creased to about 50% of the original activity for
both, the calcium-alginate/dialysis membrane
and Polyl2/PEOQO, but thereafter retained the
same activity for up to 3 weeks. One cause of this
rather large initial loss in activity of the photosyn-
thetic system could be the maturation of the
emulsion polymer film: a process in which the
polymer film cast from a emulsion does not loose

200 nAI
—
— 15s

p

Light on

Fig. 4. Influence of the addition of PEO to Polyl2 employed
to immobilise the photosynthetic cells on the photocurrent
generated. PEO was added to the emulsion before the film
was cast at concentrations of a (0%), b (5.3%) ¢ (10.7%) and d
(42.1%) weight /weight with respect to the solid content of the
emulsion polymer. Conditions of the photocurrent measure-
ment as in Fig. 2.
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Fig. 5. Stability of the activity of immobilised cells in calcium
alginate (@) and Poly12 /PEO (). The electrodes were stored
dry at 4°C, and disposed after the first use. The photocurrent
was measured under constant illumination, the DAD concen-
tration employed was 0.2 mmol /1.

significant amounts of water but changes its phys-
ical properties due to changes in the morphology
of the film [19]. This can cause a change in the
diffusion properties of the polymer film and
therefore influence the magnitude of the pho-
tocurrent measured. Furthermore the process of
maturation itself could lead to inactivation of the
photosynthetic system. It seems however unlikely
that the same maturation mechanism occurred in
both Poly12/PEO and Ca-alginate, yet the initial
drop of activity was similar for both immobilisa-
tion systems. The only commonality in the two
methods lies in the identity of the cells, so that an
explanation as to the cause of the decrease in
activity, may lie in the rehydration properties of
the cells themselves. After this initial loss of
activity a slow gradual decrease of the measured
photocurrent was recorded. Again Polyl2/PEO
and Ca-alginate gave very similar results. This
decrease may reflect the deterioration of the pho-
tosynthetic system.

3.3. Investigation of the diffusion model for the
emulsion polymer

Rotating disk electrode measurements allow
the investigation of the mass transport of elec-
troactive species through polymer membranes.
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Gough and Leypoldt [20-22] showed that for an
electroinactive polymer coated electrode the
steady state current at low rotation rates is linear
with the square root of the rotation rate. How-
ever, with the increase of the rotation rate the
diffusion layer is confined within the polymer
layer causing the steady state current to be inde-
pendent of the rotation rate. Gough and Ley-
poldt derived the following relationship between
the limiting steady state current, and the
rotation rate of the electrode:

1 1 5

= 4

iym  0.62nFAc, D?*/?y=1/5¢!/? nFAKc, D,
(1)

where i, is the steady state current measured
employing a rotating disc electrode modified with
a polymer membrane measured at the plateau
current of the oxidation wave. The first term of
the equation is given by the Levich current i, =
0.62nFAcD?*?v~1%9/2 which applies for the
current measured at an uncoated electrode. The
second term in Eq. 1 involves the permeability of
the polymer membrane given by:

Liim»

Py = (2)

Where K is the partition coefficient, D the
diffusion coefficient of the electroactive species
in the membrane and & is the thickness of the
membrane. The other terms have their usual sig-
nificance. From this it is clear that only the
permeability can be extracted from RDE experi-
ments unless both the thickness of the polymer
membrane and the partition coefficient are deter-
mined by an independent measurement. Never-
theless the P, value by itself will allow a qualita-
tive comparison of the transport of DAD in the
different emulsion polymer films prepared in this
study.

Fig. 6(I) shows single sweep voltammograms of
an uncoated RDE at different rotation rates. The
cathodic current was almost independent of the
rotation rate indicating that DAD is present in its
reduced from in the bulk solution. The anodic
current reached a plateau current at + 100 mV
and was strongly dependent on the rotation speed.
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Fig. 6. Single sweep cyclic voltammograms of an uncoated (I)
electrode and an electrode coated with Poly12 (ID) at different
rotation speeds (a = 50 rpm, b = 100 rpm, ¢ = 150 rpm, d = 200
rpm, € =300 rpm, f =400 rpm, g =500 rpm, h =750 rpm).
The concentration of DAD was 2.4 mmol /1.

In Fig. 6(II) the same experiment was performed
with a coated electrode. The anodic current is
again dependent on the rotation rate, however
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Fig. 7. Koutecky-Levich plot for electrodes coated with films
cast form Polyl2 with 7.24% solids (), 6.33% solids (@),
4.2% solids (W) and an uncoated electrode (o). The rotation
rate was varied from 10 rpm to 900 rpm, the electrolyte
consisted of 0.1 mol /1 KCI and 0.05 mol /1 MOPS adjusted to
pH 7.0. DAD was added to the electrolyte at a concentration
of 2.4 mmol /1.
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the magnitude of the current was greatly reduced
compared with the uncoated electrode. In all
further experiments the electrode was held at a
positive potential of 300 mV and the steady state
current was measured as a function of the rota-
tion speed.

According to Eq. 1 a plot of i;;} vs. @™ !/2
(Koutecky-Levich) for a polymer modified elec-
trode should have the same slope as a similar plot
for the uncoated electrode given by the Levich
equation. The positive intercept is determined by
the permeability of the polymer coating. Such
plots for electrodes coated with different amounts
of Polyl2 and Polyl14 are shown in Fig. 7 and Fig.
8, respectively. The amount of polymer was var-

Table 3
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Fig. 8. Koutecky-Levich plot for electrodes coated with films
cast form Polyl4 with 6.33% solids (e), 4.22% solids (a),
3.16% solids (*), 2.11% solids (@) and an uncoated electrode
(@). Conditions as described in the legend of Fig. 7.

Estimated values for the permeability (P, in cm/s) of films cast from the emulsion polymers, employing the membrane model

(a) Different solid content, Poly12 and Poly14

Solids 211% 3.16% 4.22% 6.33% 7.24%
(w/v)

Poly12 7.4x1074 28 x107* 142 x 10~*
Poly14 30.6 x10~* 10.7 x 10~4 8.0x 104 6.29 x 10~

(b) Different solid content, Poly12 /PEO and Poly14 /PEO

Solids 2.07% 4.22% 6.33%

(w/v)

Poly12/PEO 346x 1074 173x 1074 8.1x10"*

Polyl4/PEO 320x 107 14.7x 104 89x10~*

(c) Different concentrations of DAD

DAD (mol /1) 0.61 x 1076 1.22x 107 2.44%x 1078

Polyl2/PEO 63x1074 58x107* 62x10"*

(6.33% solids)

Polyl4/PEO 18.1x 1074 18.6 x 1074 172x 1074

(4.22% solids)

(d) Poly12 dried for different times

Drying time 1 3 16

(h)

Poly12/PEO 9.1x1074 11.5x 1074 16 x 1074 13.8x 1074

(e) Different immobilised cell concentrations (as chlorophyll)

SChl (ug) 0 0.17 034 0.67 1.27

Polyl4 /PEQ 7.7%x 1074 75%x 1074 63x1074 56x107* 516x1074
6.33% solids

SChl (ug) 0 0.09 0.22 0.45

Poly12/PEO 17.7x 1074 16.1 x 1074 124x 1074 11.3x 10~*

6.33% solids
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ied by changing the solid content of the emulsion
polymer from which the film was cast.

As would be expected, the intercept is seen to
increase with solid content, allowing an estimate
of P which decreased systematically (Table 3a).
It is also apparent that deviation from the levich
slope increases with solid content and that this is
greater in Poly12 (Fig. 7) than Poly14 (Fig. 8). In
the former case estimates of P, made by extrapo-
lation, are of the same general order as Poly14. It
is clear however, that adoption of the membrane
model of an electroinactive matrix is not really
appropriate here, since the deviation from both
linearity and levich slope is significant. As already
suggested, films of Polyl2 and Polyl4 are not
completely uniform. Indeed, this non-uniformity
may be the result of ‘pinholes’ in the membrane.
These may not be holes in the membrane in the
strict sense, but areas of low density where the
diffusion coefficient is of the same order of mag-
nitude as in solution and other areas where the
electrode surface is effectively inactivated. Such a
model would be consistent with the coalescence
mechanism idea as described earlier.

An analysis of the pinhole model has been
made by Landsberg and co-workers [23-25], al-
lowing the size and distribution of such holes to
be estimated from RDE data. According to their
model, diffusion to the electrode surface occurs
via the pin-hole channels and not through the
membrane itself.

X8,
YA, tangh[ }

1 1.61»1/6 r,

_— +
nFD?3c . Aw'/?

nFD, Ac,

Uim

(3)

where 8,=1.61D'?v, 0~ '/*=nFADLev; 2r,
= distance between adjacent holes; r, = radius of
the hole; x, = zero point of the 1st order Bessel
functions A, is a function of r, r, and x,.

Since 8, is a function of w, a plot of 1/i vs.
1 /wl/ ? will be non-linear. The two limiting cases
are:

(i) 6,>r,, A, tanh[x 5 /r,]1 > A . Therefore,
for small rotation rates i.e. large values of &,

compared to r,, Eq. 3 will reduce to:
1 1.61p'/ YA,
—_— +
nFD23c,A'? ~ nFD, Ac,

Liim

(4)

According to Eq. 4 a plot of i}, vs. @'/? will
result in a straight line parallel to the Levich plot
with a non-zero intercept. Extrapolation to w =0
allows the estimation of A,. According to Eq. 3
deviation from the linear relationship of i}, on
w'/? should occur at 8,=r,. A working curve
[24] equates the value of A4, /r, to the ratio of r,
and r, from which the surface coverage can be
calculated.

Gii) 6,<r,, A, tanh[x 8 /r,]>A,x,8./7,.
The linear dependency of 8, on w'/? leads to a
straight line with a zero intercept and a slope as

in Eq. 5:
Anxn
1.61»'/6|1 + —)
"
Slope = D%, A0/ (%)

Fig. 7 shows that for films cast from Poly12
with different solid contents the rotation rate at
which deviation from the straight line occurred is
constant. At high rotation rates where §, is ex-
pected to be significantly smaller than r, the
graphs tended towards a zero intercept. The slope
in the region of 8, > r, (low rotation rates) did
change with the increase in the solid content of
the emulsion. This is in disagreement with Eq. 4
and may be explained by a change in D, in the
first term. As mentioned above, the pin hole
model is based on a blocked electrode with circu-
lar active sites, the diffusion coefficient in the
holes is equal to that in free solution and is
obviously not dependent on r,. In our case the
increase in the solid content may decrease the
mass transport rate of DAD through the low
density areas which we considered to be the
active area of the electrode, resulting in a in-
crease of the slope in the Koutecky-Levich plot.

Values for r,, r; were estimated according to
the method of Scheller et al. [24] and the surface
coverage V¥ (Table 4) obtained from the r,/r,
ratio [24]. r, was independent of the solid con-
tent, whereas r; decreased with increasing solid
content. The surface coverage increased, as could
be expected with the increase of the solid con-
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Table 4

Values for the parameters describing the ‘pin-hole’ model
estimated according to the method developed by Landsberg
and co-workers [23-25] for a film cast form Poly12

Solid  7.24% 6.33% 4.20%

content

SA, 16 x1073 7.02x1073 2.80x1073

ry 1.57%107 % em  1.57x1073cm  1.57x107% cm
r 1.09%107% cm 2.19%10"*cm 4.39x107% cm
¥ 99% 98% 92%

tent. These findings indicate that films cast from
Polyl12 are not uniform in their morphology.

By comparison, for Poly14 the Koutecky-Levich
plot was linear over the whole range of w!/? and
had a non zero intercept for all solid contents
investigated (Fig. 8). Treated in the pin-hole
model d,>r, (r, <63 %X 107* cm) for all solid
contents and therefore, case ii for Eq. 3 can be
eliminated for this polymer. A4, calculated ac-
cording to the model of Landsberg has a value of
3x 1073 cm so that if r, becomes less than 0.6
pum, then r, is of the order of 50 nm which tends
towards a “pin-hole-free” polymer. From this
point of view it seems that Poly14 leads to a more
uniform morphology of the film compared with
Poly12. This may be a result of the difference in
the monomer composition of Polyl2 and Polyl14.
The increased BA content of Polyl4 compared
with Poly12 is expected to cause a decrease in the
lowest film forming temperature of Polyl4, as the
glass transition temperature of BA is consider-
ably lower compared with MMA. If the lowest
film forming temperature for Polyl2 is above
40°C, the temperature at which the films were
dried, the coagulation of the polymer particles
will not be complete, leading to inhomogeneous
coatings cast from this polymer.

Based on these models, coagulation of the
polymer particles occurs during the drying pro-
cess to give high density areas in the case of
Poly12 which cause “inactivation of the electrode
surface” and areas of low density with relatively
high transport rates of the electroactive species.

In Fig. 9 and Fig. 10, Koutecky-Levich plots
for polymer coatings from both Poly12 and Poly14
with the addition of PEO also indicate a more
uniform film. For both polymers the change in
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Fig. 9. Koutecky-Levich plot for electrodes coated with films
cast form Poly12-PEO (10.7%, w/w) with 6.33% solids (),
4.22% solids (a), 2.07% solids (m), and an uncoated elec-
trode (3@). Conditions as described in the legend of Fig. 7.

solid content of the coating did not influence the
Levich slope, indicating that these coatings can
be better represented by the membrane model.
The permeability for both polymers increased
significantly with the decrease of the solid con-
tent of the emulsion (Table 3b) and were of a
similar magnitude for a given solid content. How-
ever, the addition of PEO to Polyl2 and to Poly14
increased the extrapolated permeability of the
resulting film and this may be responsible for the
increase in the photocurrent for the PEO con-
taining films shown in Fig. 4. PEO has been used
extensively as a polyelectrolyte as it forms poly-
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Fig. 10. Koutecky-Levich plot for electrodes coated with films
cast form Poly14-PEO (10.7%, w /w) with 6.33% solids (@),
4.22% solids (), 2.07% solids (M), and an uncoated elec-
trode (a). Conditions as described in the legend of Fig. 7.
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mer-salt adducts with many common alkali salts
[26]. However, the salts employed in this study
are unfavourable for the interaction with PEO as
a polyelectrolyte and it seems unlikely therefore,
that this property is responsible for the increase
in the permeability of the films with PEO added
to the emulsion polymer. Roulstone et al. [27]
investigated the influence of the addition of a
non-ionic surfactant, containing a relatively short
chain of ethylene oxide, on the film forming
properties of a poly(butyl methacrylate) latex. The
addition caused an increase in the water vapour
permeability and hydrophilicity of the film cast
from the emulsion. In a similar way, PEO may act
as a plasticiser when added to Polyl2 and Poly14
improving both the homogeneity and the hy-
drophilicity of the films, yielding an increase in
their permeability. The permeability for both
polymers was, as expected from Eq. 1, independ-
ent of the concentration of DAD in the bulk
solution (Table 3c).

The formation of a continuous film from a
latex polymer can be divided into three stages
[28]. During the first stage, defined as the time
until the polymer particles come into irreversible
contact with each other, which is due to the
concentration occurring as the water evaporates,
the rate of evaporation is very similar to that of
water in the presence of the surfactant. In the
intermediate stage the particles coagulate and
fuse into a continuous film. The rate of evapora-
tion decreases significantly during this period.
The third stage, often referred to as maturation
of the films describes further changes of the
physical properties of the film. Distler and Kanig
[29] observed that in a film cast from an acrylate
latex, the boundaries between deformed Ilatex
particles were maintained even after the films
were dried. Chainey et al. [19] compared the
permeability of gases through films cast from
different latex polymers and solvent cast films.
They found that the permeability of films cast
from the emulsions showed generally higher per-
meabilities compared with solvent cast films from
the same polymer. However, the permeability for
the latex film decreased significantly with the age
of the polymer as the latex particles boundaries
deteriorate. We therefore studied the permeabil-

ity of DAD in films cast from Poly12-PEQ as a
function of the drying time. The P, did not
change significantly if the film was dried for 1 h
or 16 h at 40°C (Table 3d), but this PEO contain-
ing polymer did not show “pin-hole” behaviour
so that one could propose that in this instance
the latex boundaries had already merged. This is
again an indication that the initial decline in
activity of the immobilised cells when the elec-
trodes are stored in the dry state (Fig. 5) is not
due to a change in the diffusion properties of the
polymer film due to maturation.

We also investigated the influence of the im-
mobilisation of photosynthetic cells into the poly-
mer matrix on its permeability. It was found that
for both polymers the amount of cells immo-
bilised, determined by the chlorophyll concentra-
tion (Z3CHL), had no or only little influence on
the permeability of the polymer film (Table 3e).

4. Conclusions

In this paper the use of film forming emulsion
polymers based on acrylates for the immobilisa-
tion of photosynthetic cells is described. Latex
copolymers of methylmethacrylate and rn-butyl
acrylate were found to exhibit good stability when
stored at room temperature. The activity of the
photosynthetic system retained in the polymer
matrix was similar to activities measured when
the cells were immobilised in Ca-alginate ma-
trixes but the emulsion polymers could be de-
posited in thin layers, not requiring retaining
membranes. The long term stability of the cells in
both the emulsion polymer films and Ca-alginate
films were similar when the electrodes were stored
in buffer and its dry state.

RDE experiments were performed to study
the morphology and diffusion properties of the
films. A modified “pin-hole” model was pro-
posed to describe the inhomogeneity in Polyl12.
When the model was applied to Polyl4 it led to
the conclusion that the “pin-holes” tended to
zero and presented a more homogeneous mem-
brane. The addition of PEO to the emulsions
generally increased the permeability and homo-
geneity of both the Poly12 and Poly14 films. These
results are encouraging for the further develop-
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ment of these polymers for the immobilisation of
intact cells as they allow a rigorous control over
the immobilisation conditions and are compatible
with many mass production techniques such as
screen or ink jet printing. However, their further
exploitation must identify the nature of the aging
process which lead to the signal deterioration in
the model presented here.
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Abstract

A protein sensing system using a piezoelectric sensor with an AT-cut quartz crystal of a basic resonant frequency
of 9 MHz has been developed and applied to the determination of total protein in urine. The measurement method
is based on the sedimentation of proteins by a turbidimetric procedure. The amount of precipitate formed was
determined as the resonant frequency change of the quartz crystal because of the mass change on the surface of the
piezoelectric sensor due to the precipitation. A satisfactory correlation was observed between the protein concentra-
tion and the frequency change at the range from 50 to 1000 mg/1, and a coefficient of variation (C.V.) of 5.3%
(n=10) was given for 300 mg/] albumin when sulfosalicylic acid was used as the precipitation reagent. When
trichloroacetic acid was used as the precipitator, the C.V. was 3.2% (n = 12), and the difference in results for the
same concentration of albumin and globulin was much less than that when using sulfosalicylic acid. Treatment with a
protease after the measurement was effective for cleaning the electrode surface, allowing the device to be repeatedly
used over 300 times.

Key words: Sensors; Piezoelectric sensors; Urinary protein sensor; Quartz

1. Introduction ciation with renal glomerular hyperfiltration; it
occurs in the initial stage of disease [2]. There-
The need for an accurate, simple and rapid fore, the measurement of proteins in urine is
method for determining total protein in urine is significantly important in the field of renal
quite apparent. Slightly increased excretion of pathology.
protein in urine has been recognized as an early Urinary proteins have been determined by col-
indicator of renal damage in diabetes [1]. In dia- orimetric methods [3,4], and automated assays
betes, urinary protein excretion increases in asso- employing these methods have been used in clini-

cal laboratories. Although the colorimetric meth-
ods can be easily performed, they are sometimes
* Corresponding author. problematic because these methods give different

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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absorbances depending upon proteins to be
tested. Turbidimetric methods using precipitants
are also used and the sensitivity is acceptable for
practical use [5-7). An advantage of this tech-
nique is that the differences in results among
various proteins is less than those in the colori-
metric methods, thus, more precise levels of total
protein could be determined more precisely.

In this study, we employed a microbalance
system based on the measurement of small mass
changes on the surface of a piezoelectric quartz
crystal caused by sedimentation of proteins in
urine, instead of using a conventional optical
detection systems. The piezoelectric quartz crys-
tal is well-known as a nanogram-sensitive mass
detector [8]. It has been applied in chemical
analysis to the direct determination of metal ions
[9], microbes [10], immunoglobulins [11,12] and
gases [13,14]. It has also been found that piezo-
electric quartz crystals can oscillate in solution
[15].

In this paper, two precipitation reagents, sul-
fosalicylic acid (SSA) and trichloroacetic acid
(TCA) were used for the quantitative precipita-
tion of proteins, and the mass precipitated was
determined by the piezoelectric sensor. The ef-
fectiveness of the sensor is demonstrated by the
determination of total urinary protein and the
reusability of the sensor is discussed.

2. Experimental

2.1. Reagents and materials

SSA, TCA, bovine serum albumin (BSA), hu-
man +vy-globulin and a kit for measuring total
protein (MICRO TP-TEST WAKO; pyrogallol
red method) were obtained from Wako (Osaka).
Human serum albumin (HSA, Fraction V), pro-
tease (Type 1, crude) and Triton X-100 were
obtained from Sigma (St. Louis, MO). Quantita-
tive urine controls (Lyphochek, normal and ab-
normal) manufactured from pooled human urine
were obtained from Bio-Rad (Richmond, CA).
Other reagents were of analytical grade and dis-
tilled water was used for all procedures.

quartz ,
crystal ]
oscillating frequency| GP1B ",
circuit counter =
thermostatic personal
bath (A) computer

electrode

< quartz plate
— cell

B)

Fig. 1. Schematic diagram of the sensor system (A) and the
well-type cell (B). The quartz crystal plate is set at the bottom
of the cell.

A protein stock solution (1 g /1) was dissolved
in 0.1 M glycine buffer solution (GBS, pH 3.0),
and was standardized by the pyrogallol red
method. It was stored at 4°C and prepared freshly
in each month. The working standards were pre-
pared by diluting the stock solution with GBS to
yield the appropriate concentrations (50, 100, 200,
300 and 500 mg/1).

Urine samples collected from healthy volun-
teers were preincubated at 30°C in a water bath
before the determination. Quantitative urine con-
trols (normal and abnormal) are also used in the
same way.

2.2. Apparatus

Fig. 1 shows a schematic diagram of the sens-
ing device. Quartz crystals were obtained from
Seiko (Tokyo). The piezoelectric quartz crystals
used in this study consist of AT-cut quartz with a
basic resonant frequency of 9 MHz. The crystal
surface was coated with silver by vapour deposi-
tion to form silver electrodes and in order to
protect the electrode surface palladium layers
were deposited on the surface by electrochemical
plating. The quartz crystal was fixed to the cell
with silicon gum in which only one side of the
quartz crystal electrode was allowed to contact
with liquid phase (Fig. 1B). An oscillator circuit
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constructed from a TTL-IC (SN7400, Texas In-
struments) was directly connected to the quartz
crystal electrodes and the crystal frequency was
monitored with a universal counter (Iwatsu SC-
7201, Tokyo). An NEC microcomputer (PC-9801
RX, Tokyo) was used to record resonant fre-
quency data. The cell, sample and precipitant
solutions (SSA and TCA) were kept at 30°C in a
thermostated water bath during the experiments.

Response of piezoelectric crystals to changes
in mass at the surface is given by the following
equation [8]:

AF=-KAm

where AF is the frequency change (Hz), Am is
the change in mass at the crystal surface (g). The
constant K depends upon the resonant fre-
quency, thickness, electrode area and density of
the crystal.

2.3. Standard procedures

Four hundred wxl of sample or a standard
solution is pipetted into the cell. The steady
resonant frequency (F,) was measured after 200 s
from the injection, and 71 wl of 0.79 M SSA is
pipetted into the cell (the final SSA concentra-
tion is 0.12 M). The resonant frequency (F,) after
250 s from the injection of SSA was measured. A
frequency change is calculated by AF =F, — F,.
When TCA is used as the precipitate, 100 ul of
sample solution and 300 wl of 0.31 M TCA were
injected into the cell. All the measurements were
carried out by the batch process. The quartz
crystal was stored in distilled water.

2.4. Cleaning procedure of the electrode surface

Four solutions, (a) 1 M HC, (b) 5 g/ protease
dissolved in 0.1 M phosphate buffer at pH. 7.0,
(c) 1% Triton X-100, and (d) 0.1 M NaOH, were
examined for cleaning the electrode surface. Af-
ter measuring the protein standard solution (300
mg/1), the cell is washed five times with distilled
water, then 200 ul of treatment solution is in-
jected into the cell. After 200 s, the cell was then
washed five times with distilled water. Distilled

water (400 ul) is poured into the cell, and after
200 s the resonant frequency is measured.

3. Results and discussion
3.1. Protein determination with SSA

When a protein solution was injected into the
cell, the frequency decreased rapidly and after
200 s from injection the frequency became con-
stant (F,). When SSA was added to the cell, the
resonant frequency (F,) became stable after 10
min from injection. The frequency change caused
by the addition of the precipitation reagent was
137 Hz in the SSA system. Fig. 2 shows typical
responses of the sensor for BSA with SSA as the
precipitate. As can be seen the extent of the
frequency change depended on the concentration
of BSA. It was found that the values of F, after
250 s from injection showed good reproducibility
although the precipitation reaction had not yet
reached equilibrium, therefore this time period
(250 s) was used for further experiments.

A relationship between protein concentrations
and the resonant frequency changes is shown in
Fig. 3. Linear calibration graphs were obtained
for BSA and HSA in the range 50-1000 mg/1.
The amplitude of the frequency change depended
on the concentration of each protein. For human

1
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w 3 (c)

1 min

TIME

Fig. 2. Resonant frequency responses to 100 (a), 500 (b) and
1000 (c) mg /1 BSA standard solutions at 30°C. The downward
arrow shows the injections of SSA.
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Fig. 3. Relationship between protein concentration and the
resonant frequency change with SSA at 30°C. The frequency
change (AF) was measured after 250 s from the injection of
SSA; (a) BSA, (e) HSA, (O) human y-globulin.

v-globulin, no linear relationship was observed
and the sensitivity appeared to be approximately
half that of HSA and BSA. It was reported that
there was a great discrepancy between the total
protein found and calculated for an artificial mix-
ture of albumin and globulin when SSA was used
because of the difference in turbidity produced
by SSA with albumin and globulin [7]. The same
tendency was observed in the present piezoelec-
tric sensor system.

Proteins are ordinarily present in human urine
at a low concentration level, < 100 mg/Il, there-
fore when a sustained value is about 150 to 300
mg /1 or more, it is usually regarded as abnormal
[2]. Because the detection limit of the system
using SSA was 50 mg/l, the sensitivity is high
enough to apply to the determination of urinary
protein for initial screening.

The system was applied to the determination
of urinary proteins in order to examine the effect
of the urine matrix. Two healthy urine specimens
and a quantitative urine control were analyzed by
the present method and a conventional colori-
metric method using pyrogallol red. A good lin-
ear correlation was observed between the fre-
quency changes using the present method and the
concentration of total protein measured using the
pyrogallol red method: AF (Hz) = 5.94 [protein]
(mg 171+ 214 (r = 0.993, n = 4) for these three

samples over the range 0-600 mg 1~ !. The results
demonstrate the technical feasibility of this sys-
tem; however, more detailed investigation may be
necessary for further practical applications be-
cause factors such as pH, viscosity and the ionic
strength of the urine sample may affect the for-
mation of precipitate and the sedimentation rate.

3.2. Effect of the protein removal treatment

When the sensor was used repeatedly, the
resonant frequency became unstable and eventu-
ally a low sensitivity and a poor reproducibility
were observed. The major reason for these phe-
nomena could be the adsorption of proteins onto
the surface of the quartz crystal, because the
resonant frequency gradually decreased. In order
to improve the poor reusability, we examined
four treatments, (a) 1 M HCJ, (b) 5 g/I protease,
(¢) 1% Triton X-100, and (d) 0.1 M NaOH for the
removal of impurities on the surface. The treat-
ment was carried out each time after measuring
the protein standard solution (300 mg/l BSA;
n = 10). As shown in Fig. 4, no improvement was
observed with treatments (¢) and (d), while the
resonant frequency gradually increased with
treatment (a). Treatment (b) gave the most satis-
factory results because the sensor gave the most
stable responses among the four treatments.

(a)

-500

Relative frequency change (Hz)

1 10
Number of measurements

Fig. 4. Resonant frequency responses by the effect of BSA
adsorption measured in the water after the rinsing with (a) 1
M HCI; (b) 5 g/1 protease; (¢c) 1% Triton X-100; (d) 0.1 M
NaCl.
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Table 1
Effect of the protease treatment

AF Without protease With protease
mean (Hz) 256 334

S.D. (Hz) 40.6 17.7

CV. (%) 15.8 53

Table 2
Comparison of relative resonant frequency change after the
injection of TCA or SSA

50s 100 s 150 s
TCA (%) 96.6 98.9 100
SSA (%) 88.2 934 100

Sample: BSA 300 mg/1

From these results, it appears that the sensor
could be used repeatedly if the protease treat-
ment was performed between measurements.
Within-day precision of the frequency change was
determined by repeated assays of 300 mg/1 BSA
(n=10), and the resulting arithmetic means,
standard deviations and coefficients of variation
are listed in Table 1.

The quartz crystal device was found to be
reusable for at least 300 analyses in 3 months if
the protease cleaning treatment was used. Al-
though the resonant frequency decreased by 100
Hz in 3 months, the device still showed a good
performance. Without the protease treatment, the
device showed an unstable response after 20-50
repetitive measurements. These results show that
this treatment removes the adsorbed protein from
the quartz crystal, so that the sensor can be
reused after treatment with the protease solution.
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Fig. 5. Resonant frequency responses to 100 (a); 500 (b); 1000
mg/1 (c) BSA standard solutions with TCA at 30°C. The
upward arrow shows the injections of TCA.

Sample: BSA 300 mg /1

3.3. Protein determination with TCA

Fig. 6 shows typical sensor responses for BSA
with the use of TCA. The frequency changes
depended on the concentration of BSA. Repro-
ducibility of the measurement in the TCA system
was evaluated by within-day repetitive analyses
involving the protease treatment. The resulting
arithmetic means, 192 Hz, and standard devia-
tion, 6.17 Hz, were obtained by assaying a BSA
standard (300 mg/l; n=12), and a C.V. value
was calculated to be 3.2%. The time to equilib-
rium in the TCA system was found to be shorter
(Table 2) than that in the SSA system. The rela-
tionship between protein concentrations and fre-
quency changes (AF) at 250 s after the injection
of TCA is shown in Fig. 6. The results indicate
that TCA gives almost identical turbidity for HSA,
BSA and human vy-globulin. A value of A/G
ratio, which is defined as a ratio of frequency
change in albumin and vy-globulin at 1000 mg/1,
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Fig. 6. Relationship between protein concentration and the
resonant frequency change with TCA at 30°C. The frequency
change (A F) was measured after 250 s from injection of SSA;
(a) BSA, (e) HSA, (O) human y-globulin.
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was calculated to be 2.14 in the SSA system,
while that in the TCA system was 0.96. Such
small differences were also reported in a spec-
trophotometric method [6]. These results sug-
gested that the difference in turbidity between
albumin and globulin could be improved by using
TCA.

In conclusion, the proposed method requires
only a sample size of 100-400 w1 and gives reli-
able results for protein concentrations between
50 and 1000 mg/I. The sensitivity and calibration
graphs for this method were comparable to those
in the turbidimetric procedure. In nephelometry,
the intensity of scatter depends not only on the
protein concentration but also on the size of the
precipitate particles or the colour of the urine.
Different proteins may therefore give different
turbidities even if their concentrations are equal.
Because the proposed method is based on the
piezoelectric mass sensor, such interference may
be avoidable. Although the sensitivity was not
greater than that of other sensitive methods such
as the dye-binding procedure, an advantage of
the present system is its simplicity, so that the
system may be easily automated by developing a
flow-injection system, extending the capability for
continuous and repeated assays. This end-point
determination may be completed within 5 min.
We have demonstrated that the relatively cheap
piezoelectric quartz crystal can be effectively ap-
plied to the determination of total urinary pro-
tein. This simple method appears to be feasible
and practical for the analysis of total urinary
protein, and expected for use not only in basic

researches and clinical practice but also in health
screening and home care.
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Abstract

An anaerobic thin-layer spectroelectrochemical cell design and fabrication is described. The cell’s anaerobicity
and spectroelectrochemical response is demonstrated using methyl viologen dye and flavodoxin. A comparison
between the new cell and bulk spectrocoulometric cells provides the following attractive features: (1) results for
spectroelectrochemical characterization of methyl viologen agree very well; (2) no mediator dye is needed for the
reduction of flavodoxin; and (3) the time of analysis is considerably shortened (12 min compared to 12 h).

Key words: Voltammetry; Thin-layer spectroelectrochemical cell

1. Introduction

In 1967, Heineman et al. [1] first reported a
design for an optically transparent thin-layer
electrode (OTTLE) [1]. Since then, many ad-
vancements have been made in order to increase
the applicability of thin-layer cells. These include
studies in the infrared [2], visible and ultraviolet
[3-7]. Special designs were also made to ease the
process of deoxygenation [8] and for studies in
nonaqueous solvents [9]. A flow through cell had
also been designed to electrochemically monitor
the eluent in a chromatographic column [10].

Stankovich and co-workers [11-13] have suc-
cessfully used an anaerobic bulk cell to perform
spectrocoulometric titrations of flavodoxin and
glucose oxidase using mediator dyes. Mediators

* Corresponding author. Current address: Department of
Chemistry, University of Cincinnati, Cincinnati, OH 45221-
0172, USA

are necessary to rapidly transfer electrons from
the electrodes to the proteins. The process of
choosing the optimum mediator is time consum-
ing. Even in the presence of the mediators, the
spectrocoulometric titrations still required 4-12 h
to complete the redox process. Also, an interfer-
ence in the last step of the titration was observed.

Methyl viologen dye (MV?2*) is one of the best
known electron transfer mediators. It is reduced
according to the following equation:

MV?*+e == MV*(E* = —450 mV)

The reduced form (MV ™) is extremely sensi-
tive to oxygen. Therefore, it serves as a good
compound to test the anaerobicity and spectro-
electrochemical response of our cell.

Flavodoxin is an electron transfer protein with
a molecular weight of approximately 15 000. It
contains one molecule of flavin mononucleotide
and substitutes for the iron-sulfur protein ferro-
doxin in pyruvate metabolism [14].

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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Thin-layer cells have several attractive fea-
tures; among these are the speed of coulometric
titration, the requirement of a very small volume
of analyte [15] and the capability of electrochemi-
cal characterization of a large variety of electro-
chemically active compounds [16—20]. The fabri-
cation of an anaerobic thin-layer cell in which
rapid coulometric reduction of methyl viologen
can be performed with nearly 100% current effi-
ciency is described here. Using this cell, we were
able for the first time to perform a direct (un-
mediated) spectrocoulometric titration of flavo-
doxin with a current efficiency near 100%.

2. Experimental
2.1. Cell construction

A diagram of the thin layer spectroelectro-
chemical cell used is shown in Fig. 1A. The
OTTLE (the bottom part of the cell) was fabri-
cated by sandwiching a 500 wires-per-inch gold
minigrid (Buckbee-Mears, St. Paul, MN) and a
PTFE tape (0.30 mm) between two quartz slides
(40 X 9.5 X 1 mm). The sandwiched minigrid has

40mm
[+2}

i €03 mm

ey

9-5mn
Fig. 1. Thin-layer spectroelectrochemical cell for coulometric
titrations. (A) Front view; (B) side view; (1) main connection
of nitrogen line; (2) samplet inlet; (3) silver—silver chloride
reference electrode; (4) silver—silver chloride auxillary elec-
trode; (5) copper wire; (6) gold minigrid working electrode.

dimensions of 50 X 9.5 mm so that it covers the
length of the slides and extends beyond it where
the connection with a copper wire is then made
as shown in Fig. 1B. The OTTLE is then attached
to the top part of the cell by means of Elmer
epoxy glue (Borden, Columbus, OH).

The top part of the cell is fabricated from
glass. The auxiliary and reference electrode com-
partments end with long ground (7/15") female
joints to isolate the cell from the outside oxygen.
The sample inlet ends with a long ground male
(7/15") joint which is covered by the female
(7/15") after introducing the sample.

The reference electrode is a silver—silver chlo-
ride electrode. Electrical contact is made to the
solution through a piece of thirsty glass. The
auxiliary electrode is a coiled silver wire con-
tained in a fritted compartment which is sealed
by a piece of thirsty glass and filled with 0.1 M
KCl. Both electrodes were pretreated according
to the method of Stankovich [11].

2.2. Reagents

Methyl viologen was purchased from BDH. A
buffer of pH 7.25 was made from 0.1 M sodium
phosphate. Flavodoxin, isolated from Megas-
phera was a gift of Dr. Jed Fisher.

2.3. Instrumentation

Electrochemical experiments were performed
with a BAS 100 electrochemical analyzer. A Var-
ian Cary 219 UV-visible recording spectropho-
tometer was used to record spectra.

2.4. Procedure

A 5% 10™* M solution of methyl viologen in
phosphate buffer pH 7.25 was deoxygenated in a
separate cell for 0.5 h. This is a heart-shaped flask
with two stopcocks, one for connection to a nitro-
gen line and one through which the needle is
inserted for the withdrawal of sample. Approxi-
mately, 0.5 ml was then drawn out by means of a
No. 1750 gas tight syringe (Hamilton, Reno, NV)
and transferred to the previously nitrogen-flushed
cell. The sample inlet joint was closed by means
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of its male joint and another 30 min of evacuation
and nitrogen equilibration was applied to the cell.
The auxiliary and reference electrodes were then
inserted in the cell under positive nitrogen pres-
sure. The cell was then ready for electrochemical
or spectroelectrochemical experiments. The po-
tential of the reference electrode was checked
before and after each experiment against the
hexacyanoferrate(II) / (III) redox couple [21].

3. Results and discussion
3.1. Cyclic voltammetry

A typical cyclic voltammogram of 5 X 10™% M
methyl viologen is shown in Fig. 2. The cycle has
a cathodic peak potential of —505 mV vs. SHE
and an anodic potential of —410 mV at a scan
rate of 10 mV /s. The formal potential of methyl
viologen is —450 mV vs. SHE. In thin layer cells,
the peak potential for both the oxidative and
reductive processes should be identical. There is
a 95 mV separation indicating the presence of an
iR drop in this cell as is found with most other
thin layer cells [1].

3.2. Spectrocoulometric titration

In this technique, the potential of the system is
controlled at a value (— 480 mV) negative enough
to reduce MV2™* during the coulometric titration.
The resulting current is then integrated and the
number of coulombs Q is accurately determined.

0uA
—

| | ! { I 1
o1 =02 -03  -04 -05 -0.0
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Fig. 2. Thin-layer cyclic voltammogram at a gold minigrid
optical transparent thin-layer electrode for 5 10~* M methyl
viologen, phosphate buffer pH 7.25. Scan rate, 10 mV s~ 1.
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Fig. 3. Controlled potential thin-layer coulometric titration of
methyl viologen. E = —480 mV. Methyl viologen 5X10™* M,
phosphate buffer pH 7.25. (1) Reduced methyl viologen; (2)
n = 0.6 electrons per mol methyl viologen.

Spectra are periodically recorded throughout the
reduction; thus absorbance (A4) can be obtained
as a function of Q. As a result, two pieces of
information can be directly obtained: (a) the mo-
lar absorptivity of all species, oxidized and re-
duced; (b) the number of electrons (n) trans-
ferred to the system [22].

Fig. 3 shows a typical spectrocoulometric plot
of 5% 10™* M methyl viologen in pH 7.25 phos-
phate buffer. This titration was used to test the
anaerobicity of the cell as well as the speed of
titration. At 602 nm, the absorbance increases as
a function of charge added. A plot of A4, versus
number of moles (n) was linear with a non-zero
intercept (Fig. 4). The non-zero intercept corre-
sponds to the amount of current consumed by
oxygen initially present in the cell. This was calcu-
lated to be 2.4x107® M oxygen. The slope
yielded a molar absorptivity of (12 176 M™!
cm~!). When the absorbance of 50% reduced
methyl viologen was monitored as a function of
time, the oxygen leak rate was found to be 0.07
nmol min~!. The reductive titration of methyl
viologen took 12 min to complete.

Fig. 5 shows the spectral change which oc-
curred upon coulometric reduction of 2.3 X 1073
M flavodoxin in pH 7.25 phosphate buffer. No
mediator dye was used. The concentration of
flavodoxin was calculated from the measured ab-
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Fig. 4. Controlled potential thin-layer coulometric titration of
methyl viologen. Plot of absorbance at 602 nm vs. amount of
charge added to the system (n equal equivalents of charge).
The non-zero intercept is due to residual O, in the system.
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sorbance and the molar absorptivity [14]). The
maximum absorbance at 445 nm corresponds to
the oxidized form of flavodoxin (EFLox). The
decrease in absorbance at this wavelength corre-
sponds to the gradual reduction of (EFLox)

EFLox + ¢ + HY —— EFLH?’

to the one electron reduced form (EFLHY). Its
spectrum is shown in Fig. 3. From A vs. Q plots,
the molar absorptivity of EFLox is calculated to
be 9250 M~ ! cm ™. The rest of the spectra repre-
sents the transfer of the second electron to pro-
duce EFLH H™. At 580 nm, where EFLox ab-
sorbs least (e = 1850 M~! cm™!), the solid lines
represent the increase in absorbance as EFLox is
reduced to EFLH®. The broken lines represent
the decrease in absorbance as EFLH® is further
reduced to EFL  H™. Fig. 6 is a plot of A4, and
A, as a function of the number of reducing
equivalents added per flavin molecule. The non-
zero intercept corresponded to the residual oxy-
gen in the system 7.8 X 107% M. The value of
Asg, increased linearly with the number of equiv-
alents added to the system up to n» =1 equiva-
lent/FMN. Between n=1 and n=2, it de-
creased linearly. A,,; decreased linearly with the
number of equivalents added up to n =1 equiva-

00

Wavelength(nm)

i

Fig. 5. Controlled potential thin-layer coulometric titration of flavodoxin. E = —380 mV. Flavodoxin 2.3 X 107* M in phosphate f
buffer pH 7.25 without any mediator. (1) Oxidized flavodoxin; (2) n = 0.4 electrons per mol flavodoxin; (3) n = 1 electron per mol |
flavodoxin; (4) # = 1.3 electrons mol flavodoxin; (5) n = 2.03 electrons per mol flavodoxin.
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Fig. 6. Controlled potential thin-layer coulometric titration of
flavodoxin. Plot of absorbance at 445 and 580 nm vs. amount
of charge added to the system (n equal equivalents of charge).
The non-zero intercept is due to residual O, in the system.

lents as well as from n=1 up to n=2, with a
less steep slope. The A 4, maximum occurred at
the same value of n as did the inflection in the
Ay plot. The spectral data are in agreement
with those previously obtained in a bulk cell with
the mediator dye methyl viologen [11].

The region n = 0-1, represents the equilib-
rium between EFLox and EFLH’. This is re-
flected in the spectra of Fig. 5 and in the plots of
Fig. 6. That is, As, increases from n=0 to
n=1 while A4,,; decreases. This equilibrium is
broken at n = 1. From n =1 to n = 2 the equilib-
rium is between EFLH® and EFL H™. A, as
well as A4, decreases from n=1to n=2.

From the plots of Fig. 6, it can be seen that
100% EFLH" was formed at n = 1.09 equivalents
of FMN, an error of 9%. The two-electron reduc-
tion was complete at n = 2.16, an overall error of
8%.

To discuss the utility of the new cell, the
following points should be considered:

(1) Ease of construction. The two major compo-
nents of the cell are easily constructed within
a short period of time. The top part is fabri-
cated in the glass shop in less than 30 min;
cutting and sandwiching the gold minigrid
requires less than 10 min. The complete unit
assembly (attaching the top part to the slide-
minigrid using epoxy resin) requires 20 min.
An additional 2 h are required for complete
drying of the resin.

(2) Ease of cleaning. The cell is cleaned through
one of its electrode compartments. It is
flushed several times with soap and water
followed by cyclohexane.

(3) Life time. In aqueous media, the cell can be
used for complete spectroelectrochemical
characterization of electroactive compounds
regardless of the number of experiments per-
formed. If cross-contamination is suspected,
the cell components can easily be dissambled
by soaking the cell in formic acid for 30 min.
A new slide-minigrid is then easily attached
to the previous top (which can be reused).

(4) Oxygen leakage. Once the solutions are de-
oxygenated and the electrodes are pretreated,
the cell proves to be easily protected from
oxygen, at least within the short time (12 min
for methyl viologen and 1 h for flavodoxin)
needed for the experiment to be completed.

4. Conclusions

We have constructed an anaerobic thin-layer
spectroelectrochemical cell and demonstrated
that it can be used successfully for the coulomet-
ric titrations of methyl viologen and flavodoxin.
The reduction of flavodoxin can be performed
directly without a mediator dye and with a shorter
time of analysis (1 h) than the 12 h required for
bulk spectroelectrochemical cells. The oxygen
leak rate is 3-fold lower than reported by
Hawkridge and Kuwana [22]. In addition, the cell
is easy to construct and maintain. The accuracy of
our measurements has been demonstrated by re-
producing values of € and n for the previously
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well characterized methyl viologen and flavo-
doxin.
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Abstract

Results are given for a method of determination of Cr(VI) by amperometry at a solid electrode. By using a
fluoride containing electrolyte at a controlled pH and an amalgamated gold electrode, previously reported problems
of electrode passivation by Cr(III) have been overcome. The method gives reproducible results and can be used for
monitoring Cr(VI) with a detection limit of 0.9 X 10~° mol cm~2 at the 95% confidence level.

Key words: Amperometry; Chromium; Amalgamated gold; Solid electrode

1. Introduction

During the course of studying the corrosion
mechanisms of stainless steels, we have needed to
determine low levels of Cr(VD) in solution. Trace
level determination of this species has been the
subject of various investigations [1]. Traditionally
a spectrophotometric method involving the com-
plexing agent diphenyl carbazide in acid solution
to produce a clear, intense violet colour with
trace amounts of Cr(VI) has been used [2-4].
This technique is, though, not particularly suit-
able for in situ analysis during corrosion studies.
Differential pulse polarography (DPP) at a drop-

* Corresponding author.

! present address: Company Research Laboratory, British
Nuclear Fuels plc, Springfield Works, Salwick, Preston PR4
0XJ, UK

ping mercury electrode (DME) has also been
developed for Cr(VI) analysis [5,6]. Analysis is
usually carried out in neutral or basic solution
since in acidic solution Cr(VI) readily oxidises the
mercury. Electrolytes which have been investi-
gated include ammonium tartrate [5,6] ammo-
nium acetate [6,7], sodium phosphate [8]. sodium
hydroxide [5] and sodium fluoride [7]. Although
the last of these electrolytes, sodium fluoride, has
been found to be particularly useful for the deter-
mination of Cr(VI) down to ~ 10~% M, which is
comparable to the sensitivity achievable with the
spectrophotometric method, a DME is again not
very practicable for in situ monitoring of the very
dilute solutions that will be produced by the
corrosion and dissolution of stainless steels.
What would be useful for this application is a
solid material that could form either a ring de-
tecting electrode around a corroding stainless
steel disc or a monitoring electrode downstream

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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from a generating electrode. This would then
allow detection of the Cr(VI) within the diffusion
layer at a low level [9]. However, the amperomet-
ric determination of Cr(VI) at solid electrodes is
hindered by the formation of films of Cr(IIl)
which passivate the electrode surface [10,11].
Some modified electrodes have been developed
to try and overcome this problem. For example
Cox and Kulesza [12,13] have used a protonated
film of poly(4-vinylpyridine) into which Cr(VI) is
preconcentrated by ion exchange, and then they
have measured the amount of metal incorporated
into the film by cathodic voltammetric stripping.
In this case it was thought that passivation of the
electrode surface was prevented by the ejection
of the Cr(IIl) species during the stripping step
and that this was facilitated by the use of fluoride
ions in solution. This type of electrode, though,
may not be readily adaptable to the fabrication of
a ring detector electrode. Larochelle and Johnson
[14] have also used a different type of modified
electrode for monitoring Cr(VI) eluting from an
ion chromatography column. They have adsorbed
iodine onto a platinum electrode and have sug-
gested the adsorbate exerts an electrocatalytic
effect on the Cr(VI)/Cr(III) couple and this pre-
sumably prevents irreversible film formation on
and passivation of the electrode surface. On the
basis of the results obtained with a DME it has
occurred to us to try an alternative approach for
in situ monitoring of Cr(VI) by using an amalga-
mated metal electrode. This paper presents re-
sults for the amperometric determination of
Cr(VI) on an amalgamated gold electrode for

concentrations as low as ca. 10~? mol cm 3.

2. Experimental

All experiments were carried out using solu-
tions in doubly distilled water. A Cr(VI) stock
solution was prepared by dissolving K,Cr,O,
(AnalaR) in 0.05 M H,SO,. The background
electrolyte solution of NaF (0.15 M) at pH 3.5
was prepared by dissolving 6.5 g of NaF in 950 ml
of water and adjusting the pH to the required
value by dropwise addition of dilute HCl (4 M
Proanalysis). The solution was then made up to

1000 ml. A Hg(II) stock solution for plating the
gold electrode was prepared by dissolving Hg
(NO,), (BDH) in water.

An Oxford Electrodes potentiostat was used,
in conjunction with an Oxford rotating disc elec-
trode (RDE) system. Current—voltage curves were
recorded on a Bryans X-Y recorder. A three-
electrode cell configuration with a main compart-
ment volume of 150 ml was used. The cell was
maintained at 25°C by circulating water from a
thermostat through a jacket around the cell. The
main compartment of the cell had a lid with an
opening for the RDE and for a degassing tube.
The solution was deoxygenated with nitrogen
prior to the voltammetric experiments and nitro-
gen gas was blown over the solution during the
experiments. The reference electrode was con-
nected to the main cell via a Luggin capillary. A 7
mm diameter gold disc surrounded by a 20 mm
diameter epoxy resin insulator (Oxford Elec-
trodes) was used as the working electrode (WE).
A large surface area platinum foil served as the
counter electrode. A saturated calomel electrode
(SCE) was used as the reference electrode and all
potentials are reported with respect to the SCE.

Prior to experiments, the gold RDE was pol-
ished using a 600 grit paper followed by 1 um
diamond paste. The polished gold electrode was
electrolytically cleaned by cycling at a sweep rate
of 50 mV s~ ! in degassed 0.15 M NaF from —0.2
V to + 1.0 V for 50 to 100 cycles. The electrode
was then held in the hydrogen evolution region
for 3 min to reduce any oxide on the surface. To
plate mercury onto the gold electrode, 1.5 ml of
400 mg dm~> Hg(II) solution was added to the
cell. The electrode was rotated at 10 Hz in this
solution and was amalgamated at a potential of
—0.4 V for 15 min. For Cr(VI) determination,
initially a blank scan was run in the supporting
electrolyte over the potential range 0.6 Vto —0.1
V at a rate of 50 mV s~! with the electrode
rotating at 10 Hz. Standard additions from a 1 g
dm~3 Cr(VI) stock solution were then made and
after each addition the electrode potential was
scanned as for the case of the blank. The diffu-
sion limited current was measured as the differ-
ence between the blank and the standard at a
potential of 0.1 V (cf. Fig. 1). A constant elec-
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Fig. 1. Reduction waves for Cr(VI) reduction at the various
concentrations shown, on a Au/Hg RDE. Rotation rate, 10
Hz; scan rate, 50 mV s~ !; scan range, +0.6 V to —0.1 V;
supporting electrolyte, 0.15 M NaF at pH 3.5.

trode rotation speed of 10 Hz was maintained
throughout.

3. Results and discussion

In preliminary experiments it was found that,
in agreement with other published results [10,11],
determination of Cr(VI) at a clean gold or plat-
inum RDE in both acidic and basic solutions was
not possible due to electrode passivation. How-
ever, using a mercury plated gold RDE well de-
fined reduction curves for Cr(VI) over the con-
centration range 0.5 to 5 mg dm 3, were obtained
using linear sweep voltammetry with a NaF sup-
porting electrolyte. Typical current—voltage curves
are shown in Fig. 1. The calibration graph ob-
tained from these results had a slope of (9.15 +
0.24) A (mg dm~3)"! and an intercept of (1.62
+0.74) wA, where the errors have been calcu-
lated at the 95% confidence level. Using a statis-
tical procedure based on that suggested by Caul-
cutt and Boddy [15], the limit of detection was
estimated as 0.92 X 10™° mol cm 3. Repeating
the procedure on a freshly prepared electrode
resulted in a calibration curve within the given
errors. With repeated scans of the electrode in
Cr(VI) solution there was no sign of electrode
passivation and reproducible reduction curves
were obtained. The electrode amalgam could,
though, be removed electrochemically or by gen-
tle polishing. On carrying out a cyclic voltammo-

gram of the gold RDE in 0.5 M H,SO, after
removal of the amalgam, a scan typical of gold
[16] was obtained, indicating the amalgam was
only on the very top surface layers of the elec-
trode.

As mentioned above, the fluoride anion has
been found [7] to assist in the determination of
Cr(VI) at 2a DME. It has been suggested [12] that
this occurs because of the high coordinating power
of the anion and that this accelerates dissolution
of Cr(III) and so prevents electrode passivation.
This is apparently the case as well for an amalga-
mated electrode. A pH of 3.5 has also been
suggested [11] as minimising the precipitation of
Cr(III), and again this seems to have been a
successful ploy for an amalgamated electrode.
The amalgamation also, of course, minimises any
interference from H* ion reduction.

For the determination of Cr(VI) from a cor-
roding alloy it would be necessary to extend the
technique to a double electrode system with a
stainless steel electrode as a central disc or as an
upstream electrode, and an amalgamated gold
electrode as a concentric ring or a downstream
electrode. The required test solution of pH 3.5
and a background electrolyte of 0.15 M F~ could
have an influence on the corrosion process. The
system of a double electrode in a flow channel
[17] would more readily lend itself to overcoming
this problem than a rotating ring disc electrode
[9] by having a small injection port for the analyti-
cal solution between the upstream corroding
electrode and downstream detection electrode.
The application of the technique to the monitor-
ing of corrosion processes is being investigated
further.
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Abstract

Differential puise polarography (DPP) has been used to monitor the degradation of benzimidazole sulphoxide
antiulcer drugs SK&F 95601 and omeprazole in 1072 mol dm~3 HCI to two main products, i.e., the sulphenamide
and the benzimidazole sulphide. It is also used to follow the reactions of 2-mercaptoethanol with the respective
products of these degradations, as simulations of their believed reactions in vivo. These reactions are also followed
by UV spectrophotometry, spectrofluorimetry and liquid chromatography. DPP can also be used to selectively
determine nanomolar concentrations of these antiulcer drugs and their degradation products, of value in formulation

and body fluid analysis.

Key words: Differential pulse polarography; ATPase inhibitors; Thiols; Omeprazole

1. Introduction

H*/K* ATPase inhibitors such as SK&F
95601 (I) and omeprazole (II) are effective in
stomach ulcer treatment due to their acid catal-
ysed rearrangement to form sulphenamides such
as (D) for SK&F 95601. The sulphenamide then
irreversibly inhibits the H* /K* ATPase enzyme
which is part of the “proton pump” located in the

* Corresponding author.

parietal cell of the stomach wall [1] by reaction
with a thiol residue [2-4). This paper is con-
cerned with the use of differential pulse polarog-
raphy (DPP) to monitor the degradation of I and
II in acidic media, pH 2 and the reaction of a
thiol (i.e., 2-mercaptoethanol) with the respective
products of these degradations, as simulations of
the believed reactions in vivo. These reactions are
also followed by UV spectrophotometry, spec-
trofluorimetry and liquid chromatography (LC).
Limits of detection (LODs) for I and II, and their
respective degradation products are also assessed
using DPP.

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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2. Experimental

The degradation of benzimidazole sulphoxides
I and II was followed by differential pulse po-
larography using the Metrochm 646 VA processor.
The mercury drop size was 0.40 mm?, the voltage
step for the sweep 8 mV, the pulse amplitude was
50 mV and the time step for the measurement
interval 500 ms. To a 20 ml solution of 1 X 1072
mol dm~? HCl was added 200 ul of a 1 x 1073
mol dm 3 solution of the benzimidazole sulphox-
ide in methanol. The time from this addition, i.e.,
start of the degradation, to the appearance of the

D, peak was noted and this designated the par-
ticular reaction time ¢. Scans were initiated every
few minutes for first 30 min then every 15 min for
the next 2 h. During the remainder of the 5-day
studies, scans were initiated every 3-4 h.

The reaction of 2-mercaptoethanol with the
benzimidazole sulphoxides I and II was carried
out as follows. I was allowed to degrade in 10~?
mol dm~2 HCI for 3 min, together with deaera-
tion. 1 X 10~3 mol dm > mercaptoethanol (0.08 g
of thiol /100 ml of methanol is 1072 mol dm™~3)
was added to the degrading solution and the
sample vessel deaerated with nitrogen for 1 min.
A DPP cathodic scan was then initiated at ca.
+100 mV, terminating at —1.050 V approxi-
mately 5 min after addition of the thiol. Similar
experiments were carried out in which I was
allowed to degrade for increasing lengths of time
up to 7.5 h prior to 2-mercaptoethanol addition.
In the case of II, omeprazole was allowed to
degrade for 30 min up to 2 h prior to 2-
mercaptoethanol addition.

Supporting data on degradation of I and II in
acidic media and subsequent reactions with 2-
mercaptoethanol was obtained by UV spec-
trophotometry using a Perkin-Elmer Lambda 5
spectrophotometer and LC using a C,; Novapak
column, a mobile phase of acetonitrile and water
(50:50, v/v) and a UV detector set at 300 nm.
Fluorescence spectrophotometry was carried out
with a Perkin-Elmer LS-5B instrument.

3. Results and discussion

3.1. The degradation of I and II in acidic media
(pH 2.0)

The degradation of 1 X 107> mol dm™3 I in
1072 mol dm ™3 HCI was monitored by DPP (Fig
1). I gives a cathodic peak at —544 mV which
rapidly decays and is replaced by a new cathodic

Fig. 1. DPP and UV study of degradation of I in 1072 mol dm~2 HCL. DPP study for 10~° mol dm~3 I with starting potential
+100 mV, end potential — 1000 mV (a) after 2 min 39 s degradation, (b) after 18 min degradation and (c) after 60 min degradation.
The quoted times in a, b and ¢ refer to the exact time at which the D{ peak is observed. UV study for 5 X 107> mol dm ™3 I with
scan speed 120 nm min !, scan initiated at 400 nm (d) immediately on addition of I to 10~2 mol dm~3 HCI, (e) after 18 min
degradation and (f) after 108 min degradation. (g) UV spectrum of Dé following its separation from the degradation mixture by LC
[6], (h) UV spectrum of the degradation product of D} following the separation of D! from the degradation mixture by LC [6]. Both
spectra g and h have been elevated on the absorbance axis by 0.5 absorbance units for visualisation purposes.
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peak at —491 mV (D)) with only one composite
peak ever being observed. Its peak height reaches
a constant value by about 10 min and remains so
for the rest of the 5-day study. A new peak (D)
is also rapidly formed at —739 mV and this
reaches a constant peak height in about 10 min,
maintaining this for approximately 1 h, prior to
decreasing to one third of its maximum value
after two days. The D] peak height then remains
constant till the end of the 5-day study. A third
cathodic peak (D)) is observed at —891 mV after
two days and its height remains essentially con-
stant for the remainder of the study. The rate of
appearance of D] and its partial disappearance
after approximately 1 h is matched in a study of
the degradation of 5 X 107> mol dm 3 I in 1072
mol dm 2 HCI using UV spectrophotometry (Fig.
1), i.e., I gives its major UV absorption peak at
305 nm (Fig. 1d) which in a pH 2 medium rapidly
changes to a major UV absorption peak at 380
nm (Fig. 1e). The half life of this transformation
can be calculated at 1.2 min, in agreement with
other data [5]. The absorbance of this 380 nm
peak reaches a maximum in ca. 10 min, its wave-
length and absorbance remaining constant for ca.
60 min. After this time the 380 nm peak gradually
disappears giving rise to a new peak at 340 nm
(Fig. 1).

It is possible, therefore to postulate that the
D! peak in polarography and the 380 nm peak in
UV spectrophotemetry are due to the one and
the same degradation product, i.e., the sulphen-
amide D!]. This long wavelength band at 380 nm
can be attributed to the sulphenamide on the
grounds that coplanarity of the aromatic entities
in D| is achieved by virtue of the S-containing
ring which allows for greater conjugation/
delocalisation. This assignment is in agreement
with a report by Sturm [5]. Further evidence in
support of coplanarity of the aromatic entities in

Fig. 2. DPP study of degradation of 107> mol dm~3 II in
1072 mol dm~> HCI with starting potential 100 mV, end
potential —1.050 V, (a) after 4 min 37 s, (b) after 10 min 39 s,
(c) after 20 min 9 s, (d) after 35 min, (e) after 3 h 10 min, (f)
after 5 h 10 min, (g) after 24 h, (h) after 73 h. The quoted
times in a to h refer to the exact time at which the D' peak at
ca. —900 mV is observed.
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- k- sulphenamides such as D can be obtained from

T 160 mV the following spectrofluorimetric data. SK&F
25nA 95601 (I) and omeprazole (II) at concentrations
4 of 3.3 X 107> M were each allowed to degrade to

their respective sulphenamides in acetonitrile—
water (83 + 17) (pH 2) for 15 min after which
time the fluorescence emissions in the range 420
to 700 nm were recorded following excitation at
optimum wavelengths 400 and 390 nm, respec-
tively. Significant fluorescent signals were ob-
served for SK&F 95601 and omeprazole at 554
and 552 nm respectively with a ratio of emission
intensities of 11.1:14.0 arbitrary units. It should
also be noted that when the sulphenamide of
SK&F 95601 (D)) is prepared in pH 2 media and
is then subjected to LC conditions [6] which de-
grade it to a compound in which coplanarity of
the aromatic entities is lost, the resulting eluting
compounds (i.e., I, degraded D} and D}) gave no
fluorescence emission when monitored by an on-
line fluorescence detector. The significant fluo-
rescent emissions of the sulphenamides of I and
II are to be expected for such coplanar molecules
with electron donating groups such as mor-
pholino, methoxy (for D}) and methyl, methoxy
(for D).

In both DPP. and UV studies of the degrada-
tion of I, the sulphenamide D] itself begins to
degrade after ca. 1 h. This is manifested in DPP
by a partial loss of the peak at —739 mV and in
UV spectrophotometry by a move of the A,
from 380 to 340 nm. It is likely then that the
sulphenamide D] has its S-containing ring broken
to yield a product which still gives a DPP signal at
—739 mV and which possesses more conjuga-
tion/delocalisation than the parent compound I
or the degradation product D3, both of which
give their primary absorption maxima at 305 nm.
(a) -177mV (Fig. 1d and g, respectively). Possible candidates

Fig. 3. Reaction of 10> mol dm ~? 2-mercaptoethanol (RSH)
with 10~3 mol dm ~3 omeprazole II. (a) 10~5 mol dm~3 RSH.
After 40 min degradation of Il in 102 mol dm~3 HCI then
addition of 1073 mol dm 3 RSH and DPP recording (b) after
7 min 11 s, (c) after 17 min, and (d) after 27 min 50 s. The
quoted times in b, ¢ and d refer to the exact time at which the
D} peak at ca. —915 mV is observed.
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are disulphides noted in the paper by Senn-
Bilfinger et al. [4]. It should also be noted that
when the sulphenamide D{ is prepared in pH 2
media and is then subjected to LC-UV [6], it is
unstable in the LC mobile phase of acetonitrile—
H,O (50+50) and degrades to a compound
whose UV spectrum is given in Fig. 1h also with
maximum absorbance at 340 nm.

The degradation of 1 X 107> mol dm™3
omeprazole in 1072 mol dm~3 HCl was moni-
tored by DPP (Fig. 2). II gives a cathodic peak at
ca — 600 mV which decays less rapidly than SK &
F 95601 to a cathodic peak at ca —900 mV. This
latter peak has a similar kinetic profile to D! in
that it reaches a maximum DPP peak height (in
this case after 35 min degradation), remains at
this value for a period of time (in this case ca. 3 h
degradation) and then decreases until after 48 h
degradation, it has disappeared completely. The
half life of 1 X 107> mol dm™3 II in 10”2 mol
dm™* HCI can be estimated as 10 min by DPP.
This can be compared to data by Ife et al. [7] in
which the ¢, , of Il in pH 1.0 using acetonitrile-
buffer (1 + 3) at ambient temperature was quoted
as 2 min compared to a value of 1 min for I under
identical conditions. The degradation of II can
also be followed by UV spectrophotometry in
that the principal absorption bands of the parent
molecule at 278 and 300 nm are replaced by one
at 270 nm and a long wavelength absorption band
at 362 nm, when recorded in acetonitrile—water
(50 +50) (pH 2) for 1x10™* M IL. The —900
mV cathodic DPP peak is believed to be due to
the omeprazole sulphenamide which in addition
possesses a long wavelength UV absorption peak
at 362 nm when recorded in the above medium.
It is therefore ascribed the appropriate symbol
DI At the same time the II peak is disappearing
and DY is forming two new cathodic DPP peaks
appear. One occurs ca. —480 mV and this reaches
a maximum current value after 40 min degrada-
tion, remaining constant for the remainder of the
study (i.e., 73 h). These kinetic characteristics,
combined with its relative ease of reduction,
would suggest its similarity to the D} species in
the case of SK&F 95601. It is therefore labelled
D). Another DPP peak appears at ca. —700 mV,
reaching its maximum current value after 35 min.

After 3 h at this maximum value, it then de-
creases and totally disappears after 48 h degrada-
tion. This peak possesses none of the kinetic
characteristics of D} but seems to follow the
prl(;file of DI! (see Fig. 2). It is therefore labelled
Dia.

3.2. Mechanism of degradation / electrode reac-
tions

Using the conditions described in this paper,
SK&F 95601 and omeprazole degrade somewhat
similarily, as monitored by DPP. This is illus-
trated in Fig. 1 where the 4e and 2e reductions of
benzimidazole sulphoxide and sulphide respec-
tively have been observed for similar model com-
pounds [8]. It should be noted that in an earlier
paper [6], it was presumed that the sulphenamide
D!, due to its particularly large DPP peak height
in comparison to those of I and D!, gives rise to
catalytic hydrogen evolution with D] as the cata-
lyst, adsorbed on the Hg surface, with its un-
shared electron pairs picking up protons prior to
reduction and catalytic generation of H,. It is
now believed that the signals for sulphenamides
D} and Dj' and related molecules are due to
reduction of entities such as III

Fowees
H

(III)

as opposed to catalytic hydrogen evolution. These
entities are adsorbed on the Hg surface with the
electrostatic attraction of the negatively charged
Hg surface for the positively charged quaternary
nitrogen atom assisting in this adsorption process.
The DPP peak height for D] is therefore rela-
tively large due to the effect of this reactant
adsorption. This is further illustrated in a strip-
ping voltammetric study of I and its degradation
products in pH 2 supporting electrolyte where the
strong reactant adsorption of D] allows it to be
determined down to a limit of detection of 1 X
10~# mol dm ™2 [9]. The DPP peak height for D!!
is relatively small due to a lesser degree of reac-
tant adsorption. Further evidence to negate cat-
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alytic hydrogen evolution as an explanation of the
DPP signals of a sulphenamide such as D] and
related molecules which contain the molecular
entity III is that D! shows DPP behaviour over
the pH range 1-9 more characteristic of electron
transfer leading to reduction, i.c., it has a more or
less constant peak height in this pH range with an
E, varying from —0.66 to —1.20 V. It should be
noted that D! will degrade in neutral media to a
molecule which also contains the reducible
molecular entity III. The height of signals corre-
sponding to catalytic hydrogen evolution are par-
ticularly influenced by variation in pH for exam-
ple.

degradation
inpH 2

(RV
N CH[_S_<N:I::]/
| N
O H

benzimidazole sulphoxide

degradation
inpH 2
(Route 2)

N OCH,
N +
Q _<N further degradation in pH 2
’ or neutral media
y \
OCH,
Oy~ 1OV
N
H

sulphenamide (D,)

+2e” | +2H*

+2e-V
N OCH,
O~ + ¢ @/
N

H

+4e +4H*
H
oL -
N CH, N

3.3. Reaction of 2-mercaptoethanol with degrading
I and II in solution at pH 2

DPP has been used to follow in situ the reac-
tion between a thiol such as 2-mercaptoethanol
and I in pH 2 supporting electrolyte as a simula-
tion of its believed reaction in vivo [6]. It was
found that the thiol signal at ca. —100 mV (due
to reduction of the Hg salt of the thiol) practically
disappeared as I degraded to give the D} and D}
signals in a 30 min time scale. No new peaks
appeared and the pattern of D! and D} signal
production was essentially the same as in the
absence of the thiol. This is still consistent with

1€
CH —s—(/

benzimidazole sulphide (D,) *

+2e” | +2H*

N OCH,
= 10
H

(+H,O0 in the case of sulphoxide )

(11D

Scheme 1. Mechanism of degradation /electrode reactions as monitored by DPP. * Structure determined for SK& F 95601 in an

earlier paper [6) by preparative TLC + mass spectrometry.
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the sulphenamide D] reacting with the thiol to
produce a disulphide IV since a structure such as
this disulphide can still give rise to a reduction
peak at the same potential observed for D].

N OCH,
0O N N—
O
Cl H
S—S—R
av)

As has already been stated in this text, an
unsuccessful attempt was made to isolate a sam-
ple of D! by LC using a mobile phase of acetoni-
trile-H,O (50 + 50). Instead D} degraded to a
compound whose UV spectrum is given in Fig. 1h
with a A, of 340 nm, believed to be a disul-
phide of similar structure to IV. When this degra-
dation product of D] with a DPP peak at —720
mV was mixed with 1 X 107> mol dm™* 2-
mercaptoethanol in 102 M HCI the thiol peak
did not decrease. The same event occurred when
a sample of D}, prepared in a previous paper [6],
was mixed with 2-mercaptoethanol, i.e., the thiol
peak did not decrease and the D} peak at —493
mV was unaltered.

Since the D!/sulphenamide signal at —739
mV attains its maximum peak height between 10
min and 1 h of the initiation of its degradation in
pH 2 media prior to decreasing to one third of its
maximum value after two days (this residual sig-
nal at —739 mV being due to a sulphenamide
degradation product such as a disulphide rather
than the sulphenamide), it would therefore be
supposed that the reaction of the thiol and the
sulphenamide would be maximised between 10
min and 1 h of the initiation of the degradation
reaction. 1 X 107> mol dm™3 I was therefore
allowed to degrade for various times in 1 X 1072
mol dm~3 HCI prior to introduction of 1 X 1073
mol dm~? of 2-mercaptoethanol into the polaro-
graphic cell and immediate recording of the po-
larogram. Since it takes 25 s from the start poten-
tial of +100 mV to reach the thiol peak at — 100
mV plus 1 min deaeration time then the reaction
time allowed between generated sulphenamide
D! and 2-mercaptoethanol is 85 s.

Table 1
Effect of degradation time at pH 2 on the height of the thiol
peak at ca. —100 mV

Time allowed for I
to degrade in 102
mol dm 3 HCI (min)

Thiol peak height at

ca. —100 mV with

running of DPP

(arbitrary units) after a delay
period of 1 min

I absent 26.0
3 7.0

9 5.5
15 45
30 75
40 6.5
50 6.5
60 6.0
80 12.0
120 15.0
160 18.0
200 20.0
240 22.0
360 26.5
450 28.0

Results in Table 1 show that between 9 and 60
min of degradation of I in pH 2 medium prior to
introduction of the thiol is optimum from the
view point of maximum reaction of the
sulphenamide D! and the thiol, as expected. It
also suggests that with a reaction time of 85 s the
reaction between D! and 2-mercaptoethanol in
1072 mol dm ™2 HCl is relatively rapid. The reac-
tion of SF&K 95601 I with 2-mercaptoethanol in
1072 mol dm~® HC! was also followed by UV
spectrophotometry in that the long wavelength
absorption band at 380 nm due to the
sulphenamide (D!) was moved to 340 nm upon
addition of the thiol. This is to be expected of the
disulphide reaction product IV from the preceed-
ing discussion in this paper.

The reaction of 1 X 107> mol dm~2 omeprazo-
le I and 1 X 10~° mol dm~3 2-mercaptoethanol
was also studied by DPP after allowing II to
degrade for various times prior to introduction of
2-mercaptoethanol into the polarographic cell.
Lowest thiol peak heights of 10 arbitrary units
were found (compared to 6 units for SK & F 95601)
when omeprazole was allowed to degrade for 30
min to 1 h prior to thiol addition as already
predicted since omeprazole’s sulphenamide D! is
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generated more slowly than D!. This is illustrated
in Fig. 3 after allowing II to degrade for 40 min
prior to thiol addition. As with SK&F 95601, the
cathodic phenomena, i.e., DY, Di. and D' are
essentially unaffected by the presence of 2-
mercaptoethanol (RSH) but the thiol peak is
noticeably reduced due to its reaction with
sulphenamide D}' generated in the degradation
of Il in pH 2 media.

3.4. Limits of detection of I, Il and their respective
degradation products using DPP

Not only has DPP proved itself to be a very
useful tool in monitoring the degradation of I and
I in acidic media, pH 2 and in following the
reactions of 2-mercaptoethanol with the respec-
tive products of these degradations, it can also be
used to selectively determine trace levels of these
compounds at nanomolar concentrations. This
could then be applied to the analysis of such
molecules in formulations or in the analysis of
biological fluids. SK&F 95601 in Britton-Robin-
son (BR) buffer (pH 9) shows linear calibration in
the range (1-10) X 10~7 mol dm~2 with a corre-
lation coefficient of 0.9974 as calculated by linear
regression analysis. A limit of detection (LOD)
can be calculated from this latter analysis by
taking the intercept on the signal axis as the
blank signal and adding three times the standard
deviation of the blank signal to this to give a
signal which corresponds to the LOD. For I, this
LOD corresponds to 0.7 X 10”7 mol dm~>. The
reproducibility of measurement at a concentra-
tion of 4x 1077 mol dm™3 I is calculated as
6.11% relative standard deviation (R.S.D.) (n =
6). Calibration is linear for I up to a concentra-
tion of 1x10™* mol dm~3 where the repro-
ducibility of measurement is 1.15% R.S.D. (n =
6). Omeprazole in BR buffer (pH 9) also gives a
linear calibration in the range (1-10) X 10~7 mol
dm~* with a correlation coefficient of 0.9992.
The LOD, calculated as for I, is 0.8 X 10~7 mol
dm~3, Reproducibility for IT at a concentration of
4X 1077 mol dm ™3 is calculated as 4.38% R.S.D.
(n=6) and at a concentration of 1 X 10~* mol
dm™3 II up to which linearity for II is achieved, a

value of 0.55% R.S.D. (n = 6) was calculated. In
the absence of complete kinetic pictures of the
respective degradations of I and II in 1 X 1072
mol dm~2 HCI, it is impossible to calculate abso-
lute LODs for degradation products D} and D!
(for I) and D} and D} (for II) in this supporting
electrolyte. However, bearing in mind that the
actual concentrations of the degradation products
are less than the parent compounds from which
they are derived in 1 X 1072 mol dm~3 HCI the
LODs for D} and D} would be expected to be
comparable to the LODs of I and II whereas the
LOD:s for sulphenamides D} and D, which pro-
duce relatively large DPP signals, would be ex-
pected to be lower than the LODs of I and II.
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Abstract

A critical and systematic evaluation of four chelating agents for adsorptive stripping voltammetric measurements
of trace uranium is reported. The utility of propyl gallate (PG) and N-benzoyl-N-phenylhydroxylamine (BPA) is
illustrated for the first time and compared to that of previously used cupferron and oxine. All ligands offer
convenient quantitation of low wg/l uranium concentrations, following short adsorption times. The sensitivity
pattern is: PG > cupferron > oxine > BPA. A large difference in the selectivity (in the presence of co-existing
metals) is observed, according to the following selectivity order: PG = cupferron > BPA > oxine. Applicability to
rapid assays of groundwater and sediments is illustrated. Such comparison of the analytical performance of various
ligands should serve as a guide for selecting the most appropriate adsorptive stripping scheme for other target

metals.

Key words: Adsorptive stripping voltammetry; Propyl gallate; N-Benzoyl-N-phenylhydroxylamine; Uranium

1. Introduction

Considerable interest has developed (upon the
end of the cold war) in highly sensitive and reli-
able analytical procedures for monitoring trace
uranium in contaminated nuclear energy sites.
Because of their portable character and low power
needs, voltammetric techniques are highly suit-
able for the task of on-site characterization, and
have been used for the determination of uranium
in various matrices. In particular, highly sensitive
(and yet inexpensive) adsorptive stripping proce-

* Corresponding author.

dures — based on the formation and adsorptive
accumulation of various uranium chelates — have
been developed in past years [1-6]. Such proce-
dures offer extremely low (subnanomolar) detec-
tion limits, coupled to different degrees of selec-
tivity.

This paper reports a systematic comparison of
several (new and old) chelating agents for adsorp-
tive stripping measurements of uranium. It at-
tempts to critically evaluate the analytical utility
of four such ligands, and to compare all aspects
of the adsorptive stripping performance (and not
only the detection limits). While the utility of
cupferron and oxine for stripping measurements
of uranium has been described previously [1,2],

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Chemical structure of chelating agents used for adsorp-
tive stripping measurements of trace uranium: (A) propyl
gallate; (B) cupferron; (C) oxine; (D) N-benzoyl-N-phenylhy-
droxylamine.
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the use of propyl gallate (PG) and N-benzoyl-N-
phenylhydroxylamine (BPA) for the same task is
reported here for the first time. Fig. 1 displays
the structure of the ligands used in this compara-
tive study. It is hoped that such comparison will
serve as a guide for the selection of the most
appropriate procedure for uranium. In addition,
since numerous ligands are now available for
adsorptive stripping measurements of various
trace metals [6], we hope that such critical com-
parison will be adopted as a general approach for
choosing an adsorptive stripping scheme for a
given target metal.

2. Experimental
2.1. Apparatus and reagents

An EG& G PAR 264A voltammetric analyzer,
a PAR 303A static mercury drop electrode
(SMDE), and a PAR 0073 X-Y recorder were
used to obtain the voltammograms. A medium-
size hanging mercury drop electrode (with an

Table 1

area of 0.016 cm?) was employed. The potentio-
metric stripping response was obtained with a
TraceLab unit (PSU 20, Radiometer) and an IBM
PS/2 558X computer. All solutions were pre-
pared from doubly-distilled water. The stock so-
lution (1000 mg /1) of uranium (atomic absorption
standard, Aldrich) was diluted daily as required.
The ligands cupferron, oxine and BPA were re-
ceived from Aldrich, while propyl gallate was
obtained from Sigma. Various acetate buffer,
PIPES and HEPES solutions served as support-
ing electrolytes (see Table 1). The groundwater
and soil samples were collected at the Hanford
site (Richland, WA). The soil sample (1.0 g) was
microwave digested for 10 min in 20 ml of a
(1+1, v/v) Ultrex nitric acid solution, filtered
through a 0.45-um cellulose acetate syringe and
diluted with 100 ml Milli-Q water.

2.2. Procedure

The supporting electrolyte solution (10 ml),
containing the desired level of the chelating agent
was pipetted into the cell and deaerated by nitro-
gen for 8 min. The preconcentration potential
was applied to a fresh mercury drop while the
solution was stirred. Following the preconcentra-
tion step, the stirring was stopped and after 15 s
the voltammogram was recorded by applying a
negative-going linear potential scan (with 100
mV /s scan rate). Aliquots of the uranium stand-
ard solution were introduced after recording the
background voltammograms. Throughout this op-
eration, nitrogen was passed over the solution.
All data were obtained at room temperature.

Experimental conditions used in the adsorptive stripping procedures for uranium

Conditions Chelating agent
PG Cupferron Oxine BPA
Media 0.05 M acetate 0.1 M acetate 2% 1073 M PIPES 0.05 M HEPES
buffer (pH 4.5) buffer (pH 4.5) (pH7.1) (pH 8.1)
Ligand conc. (M) 5x 1073 5x107¢ 2x1074 5x1073
E,..(V) -0.15 -0.10 —0.40 —-0.10
Egina (V) —0.60 -0.60 -0.80 —0.80
Waveform DC DC DC DC
Scan rate (mV /s) 100 100 100 100
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Details of the specific procedures used for each
chelating agents are given in Table 1.
Potentiometric stripping measurements were
made on a preplated mercury film, covering the
glassy carbon electrode. The film was obtained by
plating mercury from a 800 mg/1 Hg*? (in 1.3 M
HC) solution at —0.9 V for 15 min following a 2
min ‘cleaning” at —0.1 V. A constant current
(—20 nA) was used during the stripping step,
followed by a one-min ‘cleaning’ at —1.40 V.

3. Results and discussion

The strong interfacial accumulation of the
U-PG and U-BPA complexes is indicated from
Fig. 2, which shows repetitive cyclic voltammo-
grams for 50 g/l uranium in unstirred solutions
containing 5 X 107> M PG (A) or BPA (B). For
both ligands, progressive increases of the ca-
thodic and anodic peaks are observed upon repet-
itive scans, until saturation is achieved. The ca-
thodic peaks are observed at —0.38 (A) and
—0.62 (B) V, while the anodic ones are at —0.14
(A) and —0.26 (B) V. The peaks at saturation
remained stable upon continuous scanning, with
no desorption over prolonged periods. The maxi-
mum charges obtained by integrating the reduc-
tion current (at saturation) were found to be 88
(A) and 53 (B) nC, i.e., surface coverages of
2.87x 107" and 1.73 X 10~ mol cm ™2, respec-

CURRENT (nA)

POTENTIAL (V)

Fig. 2. Repetitive cyclic voltammograms for 50 wg /1 uranium
in the presence of 5 10~ M propyl gallate (A) and 5x 1073
M N-benzoyl-N-phenylhydroxylamine (B). Scan rate, 100
mV/s; electrolyte, 0.05 M acetate buffer (pH 4.5) (A) and
0.05 M HEPES buffer (pH 8.1) (B).
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Fig. 3. Stripping voltammograms for 10 pg/1 uranium, in the
presence of 5X107° M propyl gallate, following different
adsorption times 0 (a) 30 (b), 60 (c), 90 (d), 120 (e), 150 (f) and
180 (g) s. Linear scan at 100 mV /s; acetate buffer solution
(pH 4.5, 0.05 M). Also shown (inset) current—time plots in the
presence of propyl gallate (A) and BPA (B). See Experimental
section for details.

tively. For both ligands, plots of log (peak cur-
rent) vs. log (scan rate) were linear over the
5-100 mV /s range. The resulting slopes of 0.88
(PG) and 0.73 (BPA) indicate deviations from a
behaviour expected for an ideal surface-bound
redox couple (i.e., slope of 1.0).

The spontaneous adsorption of the U-PG and
U-BPA complexes can be used as an effective
preconcentration step, prior to the voltammetric
measurement. In this way, highly sensitive ad-
sorptive stripping measurements of uranium can
be achieved. For example, Fig. 3 displays strip-
ping voltammograms for 10 pg/1 uranium, in the
presence of 5 X 1073 M PG, after different accu-
mulation periods (0-180 s, a—g). The longer the
preconcentration time, the more U-PG chelate is
adsorbed, and the larger the current response.
For example, with 180 s accumulation there is a
24-fold enhancement of the peak relative to that
obtained without accumulation (a vs. g). Such
current enhancements offer convenient quantita-
tion of low (ug /D uranium levels. Also shown in
Fig. 3 (inset) are plots of peak current vs. accu-
mulation time for BPA (A) and PG (B) over the
0-5 min range. For both ligands, the current rises
linearly with time first, and then more slowly.

While experimental conditions have been opti-
mized earlier [1,2] for the use of oxine and cup-
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ferron, it is essential to examine the influence of
various variables upon the uranium response in
the presence of BPA and PG. Fig. 4 displays the
effect of solution pH (A), ligand concentration
(B), and accumulation potential (C) upon the
uranium peak current. The U-BPA peak in-
creases gradually upon raising the pH between
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Fig. 5. Voltammograms obtained with increasing uranium
concentration in steps of 2.5 g/l (a-h). Ligand, PG; precon-
centration for 60 s. Also shown (inset) are calibration plots
over the same range using BPA (A), oxine (B), cupferron (C)
and PG (D). Conditions, as in Table 1.

6.3 and 7.6, and then more slowly up to 8.3 (a); a
sharp decrease is observed at higher pH values.
Similarly, the pH of the acetate buffer strongly
influences the U-PG response (b). This peak
rapidly increases between pH 3.6 and 4.5, and
gradually decreases at higher values. The ligand
concentration has a similar effect upon the U-
PBA and U-PG peaks, with a sharp increase up
to 2X 107> M, and a levelling off at higher
concentrations. The accumulation potential has a
minor effect upon the resulting response. Yet,
most favourable signal-to-background character-
istics were obtained following accumulation at
—0.15 V (PG) and —0.10 V (BPA). Such condi-
tions offer also good reproducibility, as indicated
from the relative standard deviations (2.2 (PG)
and 2.4 (BPA)%) for 12 repetitive measurements
of 10 ug/l uranium (90 s accumulation; not
shown).

Fig. 5 displays stripping voltammograms for
PG solutions of increasing uranium concentration
(2.5-20 ug/l, a-h). Well-defined peaks over a
flat baseline, are observed at this low level follow-
ing a short (60 s) preconcentration time. A linear
relationship exists between the peak height and
uranium concentration over the entire range (see
inset, D). Also shown, are calibration plots,
recorded under similar conditions, but in the
presence of BPA (A), oxine (B) and cupferron
(O). All ligands exhibit high linearity, reflecting
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conditions of low surface coverage (linear iso-
therm conditions). Least squares treatment of
these data yielded slopes of 1.7 (BPA), 3.4 (oxine),
3.9 (cupferron) and 4.3 (PG) nA-1/ug. Addi-
tional calibration experiments with PG over the
5-100 pg/1 range indicated a linear response up
to 80 wg/1 (not shown); high linearity over the
entire range was obtained for a shorter (30 s)
adsorption period. Detection limits of 0.06, 0.05,
0.15 and 0.22 pg/1 uranium were estimated based
on the standard deviation (3 X ) of repeated mea-
surements of 0.25 pg/1 uranium in the presence
of cupferron, PG, oxine and BPA (10 min adsorp-
tion; not shown).

While the various chelating agents offer re-
markable sensitivity and convenient quantitation
of low ug/1 concentrations, it is as important (for
practical environmental surveillance work) to
achieve high degree of selectivity. Coexisting
metal ions may compete for the ligand binding,
thus influencing the uranium response. The effect
of large excess of common metal ions upon the
adsorptive stripping response of various uranium
complexes is illustrated in Table 2. Both PG and
cupferron result in high selectivity, with no inter-
ference in the presence of a 10-fold excess of
copper, thallium, cobalt, cadmium, manganese,
chromium, antimony, thorium, iron, lead or zinc.
In contrast, additions of 100 ng/1 iron and lead

Table 2
Effect of coexisting ion upon the response for 10 g/l ura-
nium, in the presence of various chelating agents (100 ug/1)

Coexisting ion  Change in response (%)

PG Cupferron Oxine BPA

Cd(ID) 0 0 —100 0
Cr(VD 0 0 0 0
Cu(ID 0 0 0 0
Fe(IID) 0 0 —100 —-78
Pb(ID) 0 0 -39 +14
Zn(I1) 0 0 0 0
Th(Iv) 0 0 0 0
Sb(I1I) 0 0 0 0
Co(I) 0 0 =70 0
Mn(ID 0 0 -82 0
THD) 0 0 0 0
Ti(V) -100 -100 -30 —100
Mo(VI) -20 +150 0 0

Conditions as in Table 1, with 60 s accumulation.

resulted in a 78% decrease and 14% increase,
respectively of the uranium—BPA peak. (The in-
crease in the presence of lead is attributed to an
overlapping response.) Similarly, the uranium-
oxine peak disappeared in the presence of 10-fold
excess of iron and cadmium, and decreased by
nearly 30, 40 and 82% in the presence of cobalt,
lead and manganese, respectively. The presence
of molybdenum masked the uranium-cupferron
peak, and caused a 20% decrease of the ura-
nium-PG response (with a large molybdenum-
PG peak appearing at —0.27 V). Only excess
titanium severely affected the uranium peak of all
four ligands. Such interference can be addressed
by addition of EDTA. Overall, the trend in selec-
tivity is cupferron = PG > BPA > oxine. Other
potential interferences (as in all adsorptive strip-
ping schemes) include natural surface active or-
ganic materials and uranium complexing agents
in the sample.

The highly sensitive and selective response of
the adsorptive stripping procedures allows direct
assays of relevant environmental samples. Fig. 6
demonstrates their suitability for monitoring ura-
nium in an untreated and diluted groundwater
sample. With a 1 min preconcentration time,
three of the ligands (PG (A), cupferron (B) and
BPA (D)) display a well defined response for the
(1:20 diluted) sample (a), thus permitting conve-
nient quantitation following standard additions of
10 wg/1 uranium (b, c). In contrast, because of
severe interference problem, oxine cannot be used
for such assay (C). The resulting standard addi-
tions plots (also shown, inset) yield similar values
(147 (PG), 153 (cupferron) and 166 (BPA) ng/1)
following correction for the dilution. The three
ligands were also found useful for the determina-
tion of uranium in a contaminated sediment sam-
ple (that was microwave digested and 1:100 fold
diluted; not shown). The large dilution, accrued
from the inherent sensitivity towards uranium,
greatly minimizes potential matrix effects.

Potentiometric stripping procedures may be
advantageous over their voltammetric counter-
parts in connection with on-site (field) assays of
groundwater or sediments. In particular, the po-
tentiometric stripping approach eliminates the
need for a time-consuming sample deaeration
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step, and should minimize concerns related to
field handling of mercury (as it relies on a pre-
plated thin mercury film, rather than fresh mer-
cury drops). Fig. 7 displays stripping poten-
tiograms, in the presence of cupferron (A) and
PG (B), for a contaminated groundwater sample
(a), and following two standard additions of 10
ug/1 uranium (b, ¢). Convenient quantitation is
indicated from the well-defined potentiometric
stripping response, and the resulting standard
additions plots (also shown). Both ligands yielded
similar uranium values (148 (cupferron) vs. 143
(PG) ng/D). Yet, cupferron exhibits more favour-
able response characteristics. Similar to the
voltammetric scheme, the inherent sensitivity of
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Fig. 6. Voltammograms for a groundwater sample (a) and
successive concentration increments of 10 pg/1 uranium (b,
c). Sample was diluted (1:20) with the supporting electrolyte.
Ligands, PG (A), cupferron (B), oxine (C) and BPA (D).
Preconcentration for 60 s. Also shown (inset) are the resulting
standard addition plots for BPA (D), cupferron (B) and PG
(A). Conditions, as in Table 1, except that the cupferron
concentration was 1 X 1074 M.
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the potentiometric approach permits significant
(20-fold) dilutions and short preconcentration
times. Fig. 8 demonstrates a potentiometric strip-
ping assay of a contaminated sediment sample.
The sediment was microwave digested and the
leachate was diluted (50-fold) in the cell. The
resulting uranium value (1.16 mg/1) is in good
agreement with the value (1.21 mg/I) obtained by
ICP-MS.

In conclusion, the utility of new chelating
agents for adsorptive stripping measurements of
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Fig. 8. Stripping potentiograms for a soil sample. (a) Response
for the electrolyte; (b) same as (a) but after adding 400 wl of
the leachate; (c—¢), same as (b), but after additions of 20 ug/I
uranium. Conditions, as in Fig. 7A, but using 1X10™* M
cupferron.
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trace uranium has been demonstrated, and sys-
tematically compared to other ligands used for
the same task. Particularly attractive is the use of
PG which offers remarkable sensitivity as well as
high selectivity. This ligand, along with cupferron,
appear to be most suitable for the task of field
screening for uranium. Details of such on-site
operations will be reported in the near future.
The use of a family of ligands, of varying coordi-
nation strength may open the door for uranium
speciation studies (via displacement of different
fractions from natural complexes). In addition,
important information relevant to the oxidation
state is expected using cupferron, which displays
peaks for different oxidation states of uranium
[2]. It is hoped that future selection of the most
appropriate chelating agent for a given target
metal will rely on a similar critical comparison of
their overall analytical performance.

Acknowledgements

This work was supported by a grant from Bat-
telle PNL (Contract 152891) and the U.S. De-
partment of Energy (Waste Management Educa-
tion and Research Consortium, WERC).

References

(1] CM.C. van den Berg and M. Nimmo, Anal. Chem., 59
(1987) 924.

[2] J. Wang and R. Setiadji, Anal. Chim. Acta, 264 (1992) 205.

[3] J. Wang and J. Zadeii, Talanta, 34 (1987) 247.

(4] J. Wang, R. Setiadji, L. Chen, J. Lu and S. Morton,
Electroanalysis, 4 (1992) 161.

[5] C. Hua, D. Jagner and L. Renman, Anal. Chim. Acta, 197
(1987) 265.

[6] M. Pandi and A. Voulgaropoulos, Electroanalysis, 5 (1993)
355.



ELSEVIER

Analytica Chimica Acta 292 (1994) 99-105

ANALYTICA
CHIMICA
ACTA

Static and flow-injection voltammetric determination
of periodate by reduction at a rotating platinum wire electrode

H.I. Gokgel ?, G. Nigli >*

“ Chemical Engineering Department, Faculty of Engineering
b Chemistry Department, Faculty of Science, Ege University, 35100 Izmir, Turkey

(Received 24th September 1993; revised manuscript received 20th December 1993)

Abstract

A method for periodate determination was developed as a result of static and flow-injection voltammetric
investigations where a rotating platinum wire electrode was employed. In the static system, 4.0 X 107°-4.2 X 1074 M
periodate could be determined in the cell in pH 7.0-7.5 phosphate buffer. In the flow-injection system, periodate
solutions of 20-100 n1 were injected into the carrier stream of a phosphate buffer solution at pH 7.0. The flow rates
were in the range of 1.0~1.7 ml min~'. The peak currents were measured at —0.07 V against a saturated calomel
electrode. The determination of periodate concentrations in the range 1.0 X 1073-1.0 X 10~* M was possible with a

throughput of 15-40 samples per hour.

Key words: Flow injection; Voltammetry; Periodate

1. Introduction

Periodate is used as a strong and selective
oxidant for the determination vicinal polyhydroxy
compounds such as carbohydrates and polyols [1].
Quantitation of these compounds depends on
either the determination of the oxidation prod-
ucts of the organic compounds, the measurement
of 105 formed or of the excess of 10,

The kinetics and mechanism of oxidation path-
ways of such compounds have also been de-
scribed, and were determined by means of spec-

* Corresponding author.

trophotometric and /or titrimetric methods [2-7].

The determination of such compounds could
also be based on the detection of periodate by
spectrophotometric methods [8—12] or by electro-
metric methods, employing a periodate-selective
electrode or measuring the polarographic reduc-
tion current of periodate [13-16]. In recent years,
continuous-flow and flow-injection techniques
have been employed in the periodate oxidation
methods [17-21].

In the present article, the behaviour of perio-
date at a rotating platinum wire electrode
(RPWE) was studied as a function of pH and
concentration of periodate in a static system. The
developed voltammetric procedure was then ap-
plied to the flow-injection amperometric determi-

0003-2670/94 /307.00 © 1994 Elsevier Science B.V. All rights reserved
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nation of the periodate under optimum pH and
flow conditions.

2. Experimental
2.1. Apparatus

All experiments were performed with a Tacus-
sel UAP1 polarograph and a Tacussel PRT 500LC
potentiostat, in conjunction with a GRSO Tacus-
sel recorder. The three-electrode system con-
sisted of an RPWE (Metrohm EA 222), an auxil-
iary platinum electrode (Metrohm EA 201) and a
saturated calomel reference electrode (SCE,
Tacussel C5). A rotation speed of 750 rpm was
obtained, using a Metrohm GCY 82 X M rotator.

A Metrohm E 510 pH meter was used for pH
measurements with a combined glass electrode.
The temperature was maintained at 25 + 1° C with
a Heto Ultrathermostat, 05 E 623.

In the static system, a conventional electrolytic
cell with a water jacket was used.

The manifold used for flow experiments is
shown in Fig. 1. The supporting electrolyte (as
eluent) was pumped by a mini-peristaltic pump
with six rollers (Ergun Medical, Turkey) through
the flow cell. The sample was introduced into the
system by means of a Rheodyne 7125 sample
injection valve with 20, 50 and 100 ul loop vol-
umes. A 50 cm X 0.51 mm i.d. PVC tubing was
employed as a delay coil.

S DC

MP
Fig. 1. Flow-injection manifold for the determination of perio-
date. N = nitrogen gas; ER = eluent reservoir; MP = mini-
peristaltic pump; S = sample injection valve; DC = delay coil;
FC = flow cell; P = potentiostat; R = recorder.

D
e 3
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6 e
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2em
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Fig. 2. Cross-section of flow-through three-electrode cell. 1 =
inlet; 2 = PTFE elements; 3= RPWE; 4 = Pt electrode; 5=
SCE; 6 = outlet.

A new flow cell with a volume of 0.6 ml was
constructed from PTFE and plexiglas (Fig. 2). All
interconnections were made with 0.51 mm i.d.
and 2.30 mm o.d. PVC tubing and fitting.

2.2. Reagents and solutions

Doubly distilled water and analytical-reagent
grade chemicals (BDH or Merck) were used.
Potassium metaperiodate (KIOQ,) stock solution
(1.0 X 1072 M) was prepared by dissolving the
salt in water and diluting to 100 ml. Lower con-
centrations of solutions of periodate were pre-
pared by further dilution of this solution.

Acetate buffer (pH 5.59); 10.7 ml of 1.250 M
acetic acid was added to 100 ml of 0.125M
sodium hydroxide. Phosphate buffers (pH 6.10—
7.50). 50.0, 11.5 or 3.4 ml of 1.000 M sodium
dihydrogenorthophosphate (NaH,PQO,) solutions
were added respectively to 100 ml of 0.125 M
dipotassium hydrogenorthophosphate (K,HPO,).
Borate buffers (pH 8.48-9.64): 65.4, 13.0 or 3.85
ml of 0.500 M boric acid (H;BO,) were added
respectively to 100 ml of 0.330 M sodium borate.
All buffer solutions were diluted to 250 ml and
their final pH values were measured by a pH
meter at 25°C. These solutions were used as
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supporting electrolyte after deaerating with nitro-
gen.

2.3. Procedure

The electrode was preconditioned in the con-
ventional voltammetric manner by repeated scans
of the applied potential in the range +1.3 V to
-0.7 V versus SCE until identical current—
potential (i—E) curves for each buffer solution
were obtained in consecutive runs. The RPWE
was also cleaned by polishing with alumina, when
required.

In the static system, the concentration of peri-
odate (C) in the cell was increased from 4.0 X
1075 to 42 x 10™* M by successive addition of
0.2 ml of the stock periodate solution into 50 ml
of supporting electrolyte. After each addition, the
corresponding i—E curves were recorded.

In the flow system, the supporting electrolyte
(pH 7.00) was first pumped through the cell.
After a steady background current at —0.07 V
was obtained, the periodate solutions in increas-
ing concentrations were injected and the cur-

-E

rent—time (i—t) curves were recorded. Injection
of each solution was repeated 2 to 5 times. Flow
rates were measured volumetrically.

3. Results and discussion

3.1. Investigation of the reduction of periodate in
the static system

Periodate gives two reduction signals in aque-
ous buffered solutions (Fig. 3). The height of the
first peak (i,), related to the first reduction step
of periodate (Eq. 1), increased linearly with in-
creasing periodate concentration in the pH range
5-10. The values of the slopes of the graphs
i=1f(C) in Fig. 4 were greatest in the pH range
6.10-7.50, indicating the highest sensitivity for
analysis.

I0; +2¢ +2H*=10;+H,0 (1
Various pH-dependent equilibria exist in

aqueous periodate solutions [14,15]. The higher
values of the slopes of the graphs were, therefore,

Fig. 3. i-E curves for periodate in the static system. (A) pH 7.00, (B) pH 7.93, at (1) 0.00, (2) 0.40, (3) 0.80, (4) 1.20, (5) 1.57, (6)

1.96, (7) 2.32, (8) 2.72 X 10~* M cell concentrations of periodate.
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attributed to the relatively high concentration of
reducible species, possible metaperiodate (10, ),
in this pH range.

The peak current of periodate (i;) was mea-
sured after subtracting the peak for the support-
ing electrolyte (Fig. 3), which was attributed pre-
viously to oxide formation on the platinum elec-
trode [22]. Since the oxide peak potential and the
reduction potential of periodate slightly differ at
different pH values, and the i = f(C) graphs are
linear for up to 102 M periodate, the current for
periodate cannot be attributed to catalysis by
platinum oxide.

The second signal (i,) in the i—E curves is
related to the second reduction step of periodate
(Eq. 2) [23]. This was confirmed by comparing the
i-E curve of KIO, at the same pH with that of
KIO;, and also by polarographic measurements
f15].
1074+ 6e "+ 6H *=1"+3H,0

(in acidic medium)
or
I0;+4e +3H,0=1"4+60H"
(in alkaline medium) (2)

Both the potential of the first (E|) and that of
second reduction step (E,) of periodate shift

Fig. 4. Currents of periodate (i,) against concentration (C) as
a parameter of pH. pH values: 5.59 (+); 6.10 (®); 7.00 (a);
7.50 (v); 8.48 (@); 9.28 (©); 9.64 (X).

pH —o

Fig. 5. Dependence of potentials of periodate reduction on
pH. C=1.0x10"*M. (a) E,, (b) E,.

towards the negative potential values with in-
creasing pH values (Fig. 5), because protons are
consumed during each reaction (Egs. 1 and 2).
From curve a in Fig. 5, the value of the slope is
ca. 100 mV /pH unit, indicating the involvement
of 2 protons in Eq. 1, whereas the slope of curve
b does not have any definite value because of the
changes in the mechanism shown in Eq. 2 with
pH. Similar shifts in the half-wave potentials with
pH were also observed in a previous polaro-
graphic study [15].

The current obtained by the RPWE was greater
than that established by polarography, because of
the faster mass transfer to the electrode surface
and different surface area of the electrodes in-
volved. Thus, the sensivity increased as expected
according to the Levich equation [22] which ex-
plains that the limiting current increases by ef-
fects of rotation and surface area of the elec-
trode. The first reduction step can be used for
the determination of periodate in the range 4.0 X
1075-42x107* M, at pH 7.0-7.5. This proce-
dure is more sensitive than the conventional po-
larographic methods. The correlation coefficient
of the regression line 1s 0.998 and the limit deter-
mination is 4.0 x 107° M (Fig. 4). Taking into
account the results of the static system, the sec-
ond reduction step of periodate at the RPWE
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was not found suitable for the determination of
periodate.

3.2. Investigation of the reduction of periodate in a
flow system by an amperometric method

In view of the results of the above voltammet-
ric studies, the experiments in a flow system
would best be carried out at pH 7.0-7.5. How-
ever, as the buffer capacity is higher at pH 7.0,
this pH was preferred and i-t curves were
recorded at a constant potential of —0.07 V (Fig.
5a).

Effects of flow rate and concentration

The mass transport to the electrode surface
determines the current and varies greatly with the
hydrodynamic conditions in the cell. In general
the limiting current (i,) is related to the bulk
concentration of the electroactive species (C,)
and the flow rate (v) as represented by Eq. 3,
where n, F and A have their usual electrochemi-
cal significance, k is a constant related to the
diffusion coefficient and geometric parameters,
and B is a function which is a characteristic of
the electrode geometry and fluid dynamics [24].

iy =knFACw* 3)

In this work, the dependence of the current on
the flow rate was first studied with solutions of
periodate from 1.0 X 1072 to 7.0 X 107> M and

Table 1

103

Fig. 6. i—t curves for periodate in the flow system. pH 7.00;
E=-007V; V,=20 ul; v (ml min~1): (A) 1.0; (B) 1.7.
Concentrations (injected): (a) 7.0, (b) 5.5, (¢) 4.0, (d) 2.5, (e)
1.0x1073 M.

with a sample volume of 20 w1 (Fig. 6). For a flow
rate of 1.0 ml min !, the current changed linearly
with concentration (Fig. 7a). However, when 1.7
ml min~! was used, the current increased linearly
at the same rate with increasing concentration of
periodate up to 2.5 X 1073 M, but the increase
was not linear above this concentration (Fig. 7b).
Moreover, the areas of the peaks, which are
directly proportional to concentration, decreased

Change of periodate peak currents with concentration and sample volume (pH 7.00, E = —0.07 V, v = 1.0 ml min~, injection

series is numbered 1-X)

Cx10° Sample volume (ul)
M) 100 50 20
1 11 111 v A\ vi?2 VvII VI IX X
1.0 0.180 0.148 0.100 0.076 0.036 0.112 0.084 0.068 0.020 0.015
3.0 0.284 0.198 0.136 0.116 0.060 0.168 0.130 0.116 0.038 0.028
5.0 0.358 0.256 0.194 0.172 0.092 0.236 0.192 0.176 0.056 0.049
7.0 0.424 0.294 0.240 0.212 0.112 0.288 0.248 0.228 0.080 0.064
10.0 0.506 0.360 0.308 0.280 0.148 0.374 0.332 0.308 0.116 0.085
m® 3565 2354 2362 2288 1251 2023 2793 2690 1070 797
ro 0991 0998 0998 0999 0998 0999 099 0999 0997 0997

® The RPWE was cleaned.

® Slopes (m) and correlation coefficients (r) were calculated for i p=mC+b.
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Fig. 7. Dependence of the peak current of periodate on flow
rate and concentration. pH 7.0; E=—0.07V; V,=20 ul; v
(ml min~1); (a) 1.0, (b) 1.7.

with increasing flow rate for the same concentra-
tion.

Thus, although the sampling rate increases with
increasing flow rate, because of the faster re-
moval of periodate from the cell, the sensitivity of
measurement decreases.

Effects of sample volume and concentration

The influence of the sample volume was inves-
tigated using more dilute periodate solutions (1.0
X 1075-1.0 X 10~* M) at a flow rate of 1.0 ml
min~!. Each series of solutions in Table 1 was
injected in order of increasing concentration.
During the measurements in the series I-1V, the
RPWE was not cleaned. When the peak currents
obtained by injection of 100 wl of the same
solution in different series, the peaks decreased
with series number, i.., as the electrode was
used, the sensivity decreased. However, when the
electrode surface was cleaned as described above,
the peak intensities increased once again, as can
be seen by comparing column V and VL

The peak intensities also decreased almost lin-
early with sample volume, as shown in Table 1.
For 20 pl injections, the calibration graph was
linear (regression equation: i, = 796.7C + 6.77 X
1073; correlation coefficient = 0.997) in the range
1.0 X 107°-1.0 X 10~* M periodate.

The increase in peak currents with changes in
concentration was greater when the flow rate was
smaller (1.0 ml min~!) and the sample volume
was larger (100 pl). When the sample volume
increased, the rate of sampling decreased due to
the longer retention time of periodate in the cell.
15-40 injections per hour could be achieved de-
pending on the flow rate and sample volume.

4. Conclusions

Periodate can be determined in the range 4.0
X 1075-42x107* M and 1.0 X 107°-1.0 X
10~* M by the static and flow systems, respec-
tively. If it is taken into consideration that 4.0 X
10> M periodate is the diluted sample concen-
tration in the cell of the static system and 1.0 X
107> M is the original sample concentration in
the flow system, it is evident that the sensitivity is
much higher in the flow system.

The method developed is more sensitive than
the reported direct potentiometric [13] and
chemiluminescence methods [20].

As the peak current changes linearly with con-
centration of periodate even at high concentra-
tion (7.0 X 1073 M) the flow-injection ampero-
metric methods described can be applied to the
indirect determination of some organic and inor-
ganic compounds based on the measurement of
the excess periodate after periodate oxidation of
such compounds. This has already been proved
by application to the determination of adrenaline
[21].
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Abstract

Dicyanobis(1,10-phenanthroline)iron(I1)-modified glassy carbon electrodes were shown to exhibit an electrocat-
alytic response for the oxidation of acetaminophen with a decrease of 100 mV in the potential required. It can also
inhibit the oxidation of ascorbic acid and uric acid. When used for amperometric monitoring of acetaminophen in a
flowing stream, the coated electrode may permit detection at lower potentials compared with the naked surface. The
method gives a linear range from 0.05 to 100 pg ml™' and a detection limit of 0.02 pg ml~! (signal-to-noise
ratio = 2). The application of the method to the determination of acetaminophen in urine by LC is briefly described.

Key words: Amperometry; Flow injection; Liquid chromatography; Acetaminophen; Catalytic oxidation; Chemically
modified electrodes; Dicyanobis(1,10-phenanthroline)iron(II); Pharmaceuticals

1. Introduction

The scope of electrochemical detection in lig-
uid chromatography (LC) has been greatly in-
creased by the development of chemically modi-
fied electrodes (CMESs), which offer great poten-
tial for alleviating fouling of the electrode surface
and lowering the overpotential (with otherwise
slow electron-transfer kinetics). Such acceleration
of the desired reaction can offer a significant
lowering of detection limits in addition to im-
proved selectivity, which is highly desirable to
meet new challenges posed by clinical samples.

* Corresponding author.

Much effort has been devoted to developing de-
tectors based on CME:s for biologically important
species [1-5].

Acetaminophen is a commonly used analgesic
drug that has been detected at more than 0.7 V
at glassy carbon electrodes [6,7). Zhou and Wang
[8] described the detection of acetaminophen in
urine by HPLC using dual electrodes with an
upstream electrode (oxidation £, =0.7 V) and a
downstream electrode (reduction E,=0.12 V).
The detection limits of all above methods were
more than 0.2 ug ml~!. Wang and Golden [5]
demonstrated that metalloporphyrin-modified
electrodes can produce a catalytic electrode re-
sponse towards acetaminophen, but gave no de-
tailed data for its determination or practical anal-
ysis.

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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Analogues of dicyanobis(1,10-phenanthro-
line)iron(II) (DBPI) such as tris(4,7-diphenyl-
1,10-phenanthroline)iron(II) have been used to
modify electrodes and to detect NO, [9]. How-
ever, to our knowledge, there has been no previ-
ous report on DBPI-modified electrodes. In the
present work, it was found a DBPI-based CME
exhibits the electrocatalytic oxidation of acet-
aminophen, and moreover it can inhibit the oxi-
dation of co-existing compounds such as ascorbic
acid and uric acid in urine. A detailed examina-
tion was made of the behaviour and analytical
advantages of DBPI-modified electrodes for
voltammetric and amperometric measurements of
acetaminophen, ascorbic acid and uric acid with
both flow-injection analysis (FIA) and LC. This
paper reports the construction of a DBPI-mod-
ified CME intended to provide a stable response
to acetaminophen. In addition, the electrode was
applied to the measurement of acetaminophen in
urine.

2. Experimental

2.1. Reagents

DBPI was obtained from Sigma and was used
as received. Acetaminophen was of pharmaceuti-
cal grade from Harbin Medicine (Harbin, China).
Other chemicals were of analytical-reagent grade
and were used as received. All solutions were
prepared with doubly distilled water.

2.2. Apparatus

Voltammetric experiments were performed
with a laboratory-built voltammeter. All experi-
ments were done by using a three-electrode cell
configuration with a modified or unmodified
glassy carbon working electrode, a saturated
Ag/AgCl reference electrode and a platinum wire
auxiliary electrode.

Flow-injection analysis and liquid chromato-
graphic (L.C) experiments were performed with a
Gilson Model 306 pump (Gilson Medical Elec-
tronics, France) and a Model 7125 injector

(Rheodyne, Berkeley, CA) with a 20-ul sample
loop. A Model 400 electrochemical detector with
a MP 1303 glassy carbon electrode (EG& G PAR,
Princeton, NJ, USA) was used for detection. The
stationary phase for the chromatographic separa-
tions was Nucleosil C,; (10 pm) in a 200 X 4 mm
i.d. column. The mobile phase was 0.04 M potas-
sium phosphate buffer (pH 4.2), containing 15%
(v/v) methanol, and was delivered at a constant
flow-rate of 1.0 ml min~"'. The mobile phase was
filtered through filter-paper and was briefly de-
gassed in an ultrasonic bath before use. The
experiments were carried out at room tempera-
ture.

2.3. Procedure

A stock standard solution was prepared by
dissolving 100 mg of acetaminophen (weighed
accurately) in ethanol in a 100-ml volumetric flask
and diluting to volume with ethanol, and was
stored at 4°C in the dark. An aliquot was diluted
to the appropriate concentration with mobile
phase before an actual analysis.

A drug-free urine sample from a healthy sub-
ject who had been fasting for the preceding 12 h
was taken and immediately filtered through a G-4
glass filter (2-5 um pore size) and was kept at
4°C in the dark.

2.4. Electrodes

Prior to surface modification, the glassy carbon
electrode was polished successively using 1-, 0.3-,
and 0.05-um alumina powder suspension on a
smooth cloth, thoroughly ultrasonicated in a
water-bath and ethanol-bath alternately and then
rinsed with water. This electrode is referred to as
a fresh bare glassy carbon electrode (GCE). The
CME was prepared by dipping in 10 il of 1 mmol
17! DBPI solution in ethanol containing 1%
Nafion, allowed to dry under an IR lamp, and
then cycled in 0.1 mol 17! potassium phosphate
buffer (pH 4.0) between —0.2 and 1.1 V at a scan
rate of 100 mV s~ ! for 6 min to obtain a steady
current—potential profile. This electrode is re-
ferred to as the DBPI-CME and was subjected to
further experiments.
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3. Results and discussion
3.1. Electrochemistry of acetaminophen

The cyclic voltammograms (CVs) in a conven-
tional cell obtained for a DBPI-CME immersed
in 0.1 mol 1-! KH,PO, solution (pH 4.0) are
shown in Fig. 1. The CVs exhibit a reversible
process. The reduction and oxidation peaks of
DBPI-CME at about 0.55 and 0.60 V vs. Ag/
AgCl (saturated KCl) are due to the redox reac-
tion of dicyanobis (1,10-phenanthroline)iron-
(ID) /-iron(I1I) couple. Good voltammograms with
sharp peaks and a steady response were obtained
after potential scanning for 6 min from —0.2 to
1.1 V in the above solution. The DBPI-CME can
allow 1000 cycles at a scan rate of 100 mV s~ ! in
the same potential range with a slight decrease in
peak current (11%). This indicates that the
DBPI-CME prepared with adsorption is very sta-
ble.

CVs obtained in 0.1 mol 17! KH,PO, (pH 4.0)
for a 1 X 107® mol 17! solution of acet-
aminophen, ascorbic acid and uric acid are shown
in Fig. 2 for both GCE and DBPI-CME. The
modified electrode exhibits a dramatic improve-
ment in the response for acetaminophen. The
overvoltage for the oxidation process for ac-
etaminophen is 100 mV lower than that at the

1.T1.0 0.8 0.6 0.4 0.2 0.0
E(V)

Fig. 1. Cyclic voltammogram of DBPI-CME in 0.1 mol 1!
KH,PO, solution (pH 4.0). Scan rate, 100 mV s~ !; electrode
diameter, 2.5 mm.

1o

1.1 09 0,7 05 03 0.1 -0.1 0.3
E(V)

Fig. 2. Cyclic voltammograms of 10 g ml~' (a) acet-
aminophen, (b) ascorbic acid, (c) uric acid and (d) blank
solution at (solid lines) GCE and (dashed lines) DBPI-CME
in 0.1 mol 1= KH, PO, solution (pH 4.0). Scan rate, 100 mV
s71L



110 L. Huimei et al. / Analytica Chimica Acta 292 (1994) 107-112

Table 1
Comparisons of peak current and oxidation potentials of
acetaminophen on DBPI-CME and GCE

Parameter Electrode pH
20 35 40 50 73
E,, GCE 084 0.72 0.70 0.70 0.66
CME 0.74 0.63 0.60 0.60 0.56
E,, GCE 0.60 0.20 0.11 0.08 0.0
CME 0.58 0.46 0.50 0.10 0.06
AE, Gce 0.24 052 0.59 0.62 0.66
AE, cme 0.18 0.17 0.10 050 0.50
i, cME /ip, GCE 1.2 12 16 16 14

Experimental conditions as in Fig. 2.

bare GCE. Also, there is a significant improve-
ment in the magnitude and sharpness of the
anodic peaks. The effect of pH on the catalytic
peak current and oxidation wave towards ac-
etaminophen is presented in Table 1. It can be
seen that both the oxidation potential peak and
current peak (not shown here) increase with de-
crease in pH from 7.0 to 2.0 on both the naked
and modified electrodes. The catalytic effect re-
mained unchanged. Note that the increased back-
ground charging current was enveloped at the
DBPI-modified electrode. This, however, does not
affect analytical measurements commonly made
by fixed-potential amperometry. The cyclic
voltammetric peak potentials are not affected by
the solute concentration. The current observed is
directly proportional to the square root of scan
rate in the range 10-250 mV s~! as shown in
Fig. 3, indicating that the catalytic reaction is very
fast with respect to diffusion and the catalytic
currents are proportional to concentration. This
suggests that DBPI may work as a charge-transer
mediator. It also shows that the oxidation peak of
ascorbic acid and uric acid was greatly restrained,
which may be due to the Nafion on the DBPI-
CME. This can help to improve the selectivity in
the determination of acetaminophen in biological
and pharmaceutical samples.

3.2. Flow detection
On the basis of voltammetric data described

above, it appeared likely that amperometric mon-
itoring of acetaminophen in a flow system might

be greatly improved. The DBPI-CME allows am-
perometric detection at a lower operating poten-
tial and hence yields improved selectivity and
signal-to-noise characteristics, and the large cat-
alytic current permits a high sensitivity of detec-
tion of acetaminophen. Hydrodynamic voltammo-
grams (HDVs) for acetaminophen with GCE and
DBPI-CME are shown in Fig. 4. A substantial
decrease in the half-wave potentials was observed
at the coated electrode and the response to acet-
aminophen was greatly enhanced. The optimum
response in terms of sensitivity, i.e., operation on
the plateau region, occurred at 0.62 V compared
with 0.88 V at the ordinary electrode. The rela-
tive standard deviation (R.S.D.) of the peak cur-
rents (ip) with 20 repeated injections of 10 ug
ml~! acetaminophen within 20 min was 5.0%.
The response of the DBPI-CME was stable. The
calibration graph was linear for acetaminophen
from 0.05 to 0.1 ng ml~! (slope 60.4 nA pug~',
with a correlation coefficient of 0.982). The de-
tection limit was 0.02 pg ml™! (signal-to-noise
ratio = 2), which extends the assay sensitivity at
least 100-fold {10,11] to allow the measurement of
concentrations necessary for pharmacokinetic
studies. Ascorbic acid and uric acid were chosen
as potential interferents and the chromatograms
of 10 ug ml~! each of ascorbic, uric acid and

1’109 0.7 0.5 0.3 0.1 ~0.1-0.3
E(V)

Fig. 3. Cyclic voltammograms of 10 ug ml~' acetaminophen
at DBPI-CME in 0.1 mol 1! KH,PO, solution (pH 4.0) at
scan rates of 10, 25, 50, 75, 100, 150, 200 and 250 mV s~ ..
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E(V)
Fig. 4. Hydrodynamic voitammogram of 10 ug ml~! ac-
etaminophen at (X ) DBPI-CME and (®) GCE. Mobile phase,
0.04 mol 1=! KH, PO, buffer (pH 4.2) at a flow-rate of 0.1 ml

min~ .

120nA

0.0 2.0 4.0 6.0

t(min)

Fig. 5. Chromatogram for 10 ug ml~' (left peak) acet-
aminophen, (middle peak) uric acid and (right peak) ascorbic
acid at DBPI-CME. Conditions as in Fig. 4.

a0nA

Bl AL

0.0 2.0 4.0

6.0 0.0 2.0 4.0 6.0

t(min) t(min)
Fig. 6. Chromatograms for diluted (1:15) urine sample with
2.5 pg ml~! acetaminophen added obtained at (left) GCE
and (right) DBPI-CME. Conditions as in Fig. 4.

acetaminophen are shown in Fig. 5. LC separa-
tion and detection of urinary acetaminophen was
done roughly. The chromatograms of a drug-free
diluted urine (1:15) sample with 2.5 pg ml™!
acetaminophen added are shown in Fig. 6. The
advantage of the selected detection model is
clearly demonstrated by the high sensitivity of
acetaminophen and the low sensitivity of ascorbic
acid and uric acid. A high sensitivity and selectiv-
ity can certainly be achieved with application of
the proposed method to the accurate determina-
tion of the drug in urine.

4. Conclusions

It has been demonstrated that a GCE with
adsorbed DBPI can catalyse the electrooxidation
of acetaminophen, and an additional advantage
was achieved by coupling the catalytic features of
DBPI with the permselective function of Nafion,
that is, Nafion could exclude anions such as
ascorbic acid and uric acid anions that co-exist in
urine samples. The modified electrode is easy to
prepare, inexpensive and stable. The use of this
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modified electrode offers the possibility of detect-
ing acetaminophen in biological samples with high
sensitivity and selectivity.
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Abstract

The thermal lens spectrometric (TLS) signal increases when Ag* is added to a halide solution or vice versa. The
change in the TLS signal is due to the disproportionation and darkening of the surface of the silver halide particles
produced by the Ar* laser pump radiation. The change in the TLS signal depends on the nature of the ions in
excess. The injection of an excess Ag™ into chloride and bromide solutions gives the fastest and largest responses,
respectively. TLS monitoring of titrations of chloride solutions with Ag* is also possible. Absorbance is effectively
discriminated from scattering in the slightly turbid silver halide suspensions.

Key words: Disproportionation; Lasers; Silver halides; Thermal lens spectrometry

1. Introduction

Very low absorbances can be accurately mea-
sured using thermal lens spectrometry (TLS). Ul-
tratrace concentrations of metal ions [1-3] and
other inorganic {4] and organic species [5—8] have
been determined. Together with the photother-
mal effect, other effects such as thermal convec-
tion [9,10], photolysis [11,12] and transport of
small particles [12] can also be produced by the
intense pump radiation.

We study here the effect of the TLS Ar™
pump radiation on a solution containing a sus-
pended precipitate of a silver halide. In the pres-
ence of the suspended particles loss of radiation

* Corresponding author.

by scattering is produced and the TLS back-
ground noise increases noticeably. According to
the theory, the noise should increase, but the net
TLS signal should not be modified by the pres-
ence of the particles [13]. However, due to the
disproportionation and darkening of the precipi-
tate, a positive change in the TLS signal was
observed when a silver halide suspension was
illuminated by Ar* laser radiation.

2. Experimental
2.1. Apparatus

The coaxial pump-probe TLS setup was con-
structed using a 4-W Ar™* laser (Spectra-Physics,

Model 2016, Mountain View, CA) and a 5 mW
He-Ne laser (Spectra-Physics, Model 105). The

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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pump beam was modulated at 4 Hz using a
chopper (Stanford, Model SR540, Sunnyvale,
CA). Data acquisition and treatment was per-
formed with a PC/ AT computer through a DAS-
8 interface (MetraByte, Taunton, MA). The TLS
measurements were generated at a rate of one
point every two seconds. Other details were as
published before [10,14].

A standard quartz cell of 1 cm optical path
length was used. The cell was cleaned after every
measurement series with 2 M ammonia and 3.3%
H,0,, and rinsed with water and ethanol, to
eliminate any residue of silver halide. The mea-
surements were normalized against a potassium
dichromate solution to assure inter-series repro-
ducibility. All the experiments were carried out in
an inner room where the sunlight was absent.

2.2. Reagents

Solutions of BaCl, - 2H,0, anhydrous Na,SO,,
KI and KBr (analytical grade, Probus, Barcelona),
AgNO; (analytical grade, Panreac, Barcelona)
and NaCl (analytical grade, Merck, Darmstadt)
were used. Silver and iodide solutions were kept
in the darkness. Distilled, deionized water (Barn-
stead deionizer, Sybron, Taunton, MA) was used
throughout.

2.3. Procedures for the direct injection experiments

For the direct injection experiments, 2 ml of a
1 X 10~* M NaCl, KBr, or KI solution, or alter-
natively, 2 ml of a 1 X 10~* M AgNO; solution
were introduced into the cell. The cell was lo-
cated into the beam path, and 225 ul of 1 X 1073
M AgNO;, or the same volume of a 1 X 107 M
halide solution, were added with an automatic
pipette. The TLS signal was continuously moni-
tored.

Triplicate injections at increasing halide or
silver concentrations were made to obtain the
calibration curves. For the determination of chlo-
ride, the difference between the signal before and
30 s after the injection of the excess Ag* was
measured. For the determination of Ag®, the
signal was measured before and 2 min after the
injection of the excess Cl ™.

2.4. Procedures for the titrations

The 2 ml aliquots of 1 X 10~* M halide solu-
tions were titrated with Ag™ with continuous
monitoring of the TLS signal. For this purpose,
20 ul aliquots of a 1.03 X 107* M AgNO, solu-
tion were successively added to the cell.

3. Results and discussion
3.1. Addition of an excess Ag* to a halide solution

The change in the TLS signal produced when
an excess Ag* was added to a cell containing
halide, is shown in Fig. 1. After the injection, a
rapid increase in the signal followed by a slower
drift was observed. The noise also increased. In
the case of chloride, the AgCl suspension to-
gether with an increase in the radiation scattering
was visually observed. Blanks performed in the
absence of halide gave only a very small change
in the TLS signal and associated noise.

Scattering from the suspended particles intro-
duces random noise in the signal, and also pro-
duces some loss of intensity in both the pump and
probe beams. When the intensity of the pump
beam decreases, a weaker thermal gradient is
formed and the sensitivity also decreases. The
scattered energy cannot contribute to an increase
in the thermal gradient; on the contrary, if a
sufficiently large amount of energy is scattered,
some loss of sensitivity of the TLS signal should
be produced.

On the other hand, the TLS signal is obtained
as the average of the relative variations of inten-
sity at the probe beam center produced by the
pumping cycles. Therefore, no changes in the
TLS signal should be expected when intensity
variations of the probe beam are produced at a
frequency which is different from the pumping
frequency, or at frequencies which are not multi-
ples of the pumping frequency. A given amount
of scattering produces a permanent decrease in
the intensity of the probe beam, and therefore,
this should not affect the TLS sensitivity. Some-
times in TLS experiments, the TLS signal is ob-
tained from the absolute variations of the inten-
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Fig. 1. Change in the TLS signal produced by injecting an
excess Ag* into a halide solution: (A) NaCl, (B) KBr, (C) KI;
(1) 1x10~* M halide solution, (2) blank.

sity at the probe beam center. In this case, the
reduction of the intensity of the probe beam
produced by scattering will also appear as a loss
of sensitivity.

Therefore, the net change in the TLS signal
should be produced by absorption of the pump
beam, with a loss of sensitivity if the scattered
energy is large. Scattering cannot positively con-
tribute to the TLS signal. This was confirmed by
mixing barium chloride and sodium sulphate so-
lutions at several concentrations. The BaSO, sus-
pensions gave rise to a higher background noise,
but the average TLS signal was not modified
significantly by the presence of this precipitate.

When illuminated by the intense pump radia-
tion, the halide colloidal particles become dark
due to the photocatalyzed disproportionation re-
action which produces free halogen and reduced
silver [15,16]. Absorption of the pump radiation
by the darkened particles followed by transfer of
the thermal energy to the medium could explain
the increase in the TLS signal.

To achieve an adequate understanding of the
effect, other considerations should be made. The
diameters of the pump and probe beams within
the cell were of about 0.2 mm and, therefore,
only a very small part of the ca. 2 ml sample was
illuminated. In the absence of an absorbing
species other than the solvent, the thermal lens
effect was very small and the solution in the
illuminated region was relatively calm, but a con-
vective stream crossing the illuminated region
increased when the TLS signal increased [11].
The upwards movement of the precipitate at the
beam region could be visually observed using a
microscope tube (enlargement 56 X ) and a polar-
izing filter to reduce the scattered radiation. The
particles quickly crossed through the irradiated
region, and the movement stopped when the
pump radiation was shut off.

The initial jump of the signals, which is pro-
duced immediately after the injection of Agt,
should be explained as due to darkening reac-
tions which were much faster than the process of
establishment of the dynamic equilibrium be-
tween thermal gradient and convection. In the
case of chloride, all the injections performed
showed a small minimum immediately after the
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signal jump. This minimum, which should be dis-
tinguished from the noise produced by the mixing
of the reagents, can be explained by the establish-
ment of a dynamic equilibrium in which convec-
tion sweeps off the initially darkened particles,
and introduces new particles into the beam path.
The new particles are also darkened and the
intensity of the thermal lens effect, together with
the associated convective stream, are maintained
constant.

In the presence of thermal convection, the
colloidal particles which are present in the beam
path are continuously renewed, and the pump
beam works as a continuous reactor which pro-
gressively darkens the whole precipitate. The pos-
itive drift of the signals after the initial jump can
be explained as due to the increase in the con-
centration of dark particles, although it could
also be produced by a higher darkening rate. The
slow negative drift of the TLS signals which is
finally observed in all cases (not shown in the
figure), can be attributed to the ageing of the
precipitates, including recrystallization and floc-
culation of the colloidal particles.

When the volume of the NaCl solution initially
introduced into the cell was decreased (from 2 ml
to 1.5, 1.0, 0.75 and 0.50 ml), the height of the
initial TLS signal jump was approximately con-
stant, but the positive drift period was reduced
and was not produced for a NaCl volume of 0.50
ml. In the latter case, a negative signal drift was
produced immediately after the signal jump. This
suggested that ageing of the precipitate was faster
in the reduced volume.

Curiously, no variation of the TLS initial signal
was observed when an Ag™ solution which was
0.06 M in HNO; was injected into an NaCl
solution. This could be due to the substitution of
the adsorbed hydrogen ions by the silver ions on
the AgCl surface in the presence of the much
larger H* concentration.

3.2. Addition of an excess halide to an Ag* solu-
tion

The properties of colloidal solutions strongly
depend on the charge and nature of the adsorbed
ions. When an excess of a halide solution was

added to an AgNO; solution, an initial jump of
the TLS signal was never produced, but the signal
increased slowly up to a maximum value after ca.
12 min for C1™ and Br~, and after 1 min for I~
(Fig. 2). The differences between the curves in
Figs. 1 and 2 should be attributed to the substitu-
tion of the halide ions by the silver ions in the
primary adsorption layer.

In comparison with the fast reactions shown in
Fig. 1, slower darkening processes, carried out
always under convection quasi-equilibrium condi-
tions, can explain the absence of the initial peak
and the shape of the curves in Fig. 2. The AgCl
precipitate undergoes the disproportionation re-
action:

2 AgCI(s) + hv == 2 Ag(s) + Cl,(g) (1)

This reaction produces darkening of the precipi-
tate formed in the presence of an excess halide.
In addition, when the precipitate is formed in a
solution containing an excess Ag™*, the following
reaction could also be produced [17]:

3CL,+5A8"+3H,0 —=

5AgCl+ ClO;+ 6H" (2)
From Eqgs. 1 and 2, we have:
AgCl+5Ag"+3H,0+hv ==

6Ag(s) + ClO; +6H™ (3)

which indicates that the contribution of the ad-
sorbed Ag™ ions to the darkening of the precipi-
tate can be very effective. In the presence of an
excess of halide ions only disproportionation of
the silver halide contributes to the signal, while in
the reverse experiment, an additional contribu-
tion produced by the conversion of chlorine or
bromine into chlorate or bromate and silver halide
can also occur. This can explain the larger change
in the signal, which was produced when the ions
in excess were Ag®, when compared to the re-
sults obtained in an excess of chloride or bromide
ions. Kinetic effects may also exist, that is, the
darkening of the precipitate may be more rapid
with adsorbed silver ions than with adsorbed
halide ions. ‘

Finally, the smaller change and faster drift of
the signal obtained with iodide in Fig. 2 sug-
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Fig. 2. Change in the TLS signal produced by injecting an
excess halide into an Ag™ solution: (A) NaCl, (B) KBr, (C)
KI; (1) 1x107* M AgNO,, (2) blank.

gested a faster ageing of the Agl precipitate,
which agrees with the prevailing tendency of this
precipitate to flocculate [17].

3.3. Halide titrations with TLS monitoring

Fig. 3, part A, shows a TLS titration curve of a
chloride solution with Ag*. The linearity of the
curve before the equivalence point suggested that
the sensitivity of the TLS measurements was ap-
proximately constant and that the signal was di-
rectly proportional to the amount of suspended
AgCl. The linear part after the equivalence point
showed also a positive slope. This can be ex-
plained by the additional AgCl produced by the
common ion effect, but also by the higher sensi-
tivity which is achieved in the presence of an
excess Ag*, compared to the solutions containing
an excess Cl—.

The final point of the titration was calculated
from the intercept of the two regression straight
lines obtained after removing the points located
within the region where the slope changed. The
final volume was found to be 0.203 ml, which
deviated 1.5% from the theoretical value (0.200
ml).

Titration curves of Br~ and I~ solutions with
Ag* are shown in Fig. 3, parts B and C. The
curves indicate a large change in the properties of
the precipitates before the equivalence point. At
the beginning of the titrations the sensitivity was
low, but it increased in the vicinity of the equiva-
lence point. Therefore, before the equivalence
point the TLS signal was not proportional to the
amount of silver halide formed. Probably, this
change in sensitivity was due to the early adsorp-
tion of silver ions, which, as shown above, in-
creased the darkening rate of the precipitates.
After the equivalence point the sensitivity was
approximately constant and did not depend on
the excess Ag*. For I~ the background noise
increased noticeably in this region.

3.4. Determination of the solubility product of sil-
ver chloride

If a directly proportional relationship between
the TLS signal and the concentration of colloidal
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Fig. 3. Titration of 2 ml of a 1x10~* M halide solution with
Ag* and TLS monitoring: (A) NaCl, (B) KBr, (C) KI.

AgCl is assumed, the chiloride titration data can
be used to determine the AgCl solubility product.
The following expression can be deduced:

S,— S, S, — S,
Ks= (CAg—T)(CCI— k ) (4)

where C,, and C, are the analytical concentra-
tions of the silver and chloride ions, S, and S, are
the TLS signals before the addition of Ag™ and
at any moment, respectively, and k is the sensitiv-
ity. The value of k£ can be obtained by least-
squares fitting of the points located before the
equivalence point, and at some distance of the
equivalence point. Using the data located in the
vicinity of the equivalence point resulted pK, =
9.8 + 0.3 (4 titrations, ~ 25 + 2°C), which agreed
with the literature value (pK, = 9.81 at 25°C) [18].

The accurate value of K, confirmed that the
TLS signal was proportional to the AgCl concen-
tration, and that the sensitivity was maintained
approximately constant from the beginning of the
titration to at least some distance after the equiv-
alence point. The calculation of the AgBr and
Agl solubility products was not possible due to
the sensitivity changes along the titration curves.

3.5. Calibration curves for the halides and Ag * by
direct injection with TLS monitoring

The possible analytical value of the direct in-
jection experiments for the determination of both
halide and silver ions was studied. Fig. 4 shows a
calibration curve for chloride in the 2 X 107°-1
X 10™* M range. From the solubility product it
may be calculated that the AgCl precipitate was
formed for chloride concentrations over 2 X 10~°
M. However, the calibration curves performed at
chloride concentrations within the 1 X 107%-2 X
1073 M range were very noisy and did not show a
positive slope. Therefore, at chloride concentra-
tions below 2 X 107> M the signal was not pro-
portional to the suspended AgCl concentration.

With 8.1 X 107> M Cl~ the coefficient of vari-
ation was 13% (8 injections). The use of mechani-
cal stirring of the solution to improve repeatabil-
ity was tried. For this purpose, a miniature flat-
tened glass rod was rotated at several rates with a
d.c. motor. Stirring was stopped about 30 s after
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Fig. 4. Calibration curve of chloride obtained by direct injec-
tion of an excess Ag* (averages of triplicate points).

the injection to take the TLS measurement under
static conditions. The sensitivity was lower and
the repeatability was worse than without stirring
the solution. The lower sensitivity suggested that
mechanical stirring promoted the coagulation of
the colloid.

Similar experiments performed without stir-
ring the solution, and with 4.4 X 10> M Br~ and
5.9x 107> M I, gave a coefficient of variation of
14% and 22%, respectively (6 injections, signal
measured 150 s after the injection of Ag™). Com-
pared to chloride, sensitivity ratios were 2.4 and
0.4 for bromide and iodide, respectively. There-
fore, the sensitivity was not correlated to the
solubility of the silver halides. The sensitivity
could be a function of many parameters other
than the solubility, including the shape, size and
number of the particles initially produced, the
flocculation rate, the rate of the darkening pro-
cess, and the rate of convective transport of the
particles through the illuminated region.

The calibration curve obtained by injecting an
excess chloride into an Ag? solution was fairly
linear, with r =0.993. This agreed with the lin-
earity of the chloride titration curves before the
equivalence point, where Cl~ was also in excess.
The coefficient of variation for 5.1 X 1075 M
Ag* was 14% (7 injections). When bromide in-
stead of chloride was injected, the coefficient of
variation was 32% (7 injections, signal measured

200 s after the injection). Sensitivity was slightly
lower than with chloride.

4. Conclusions

When an Ag* solution is added to a halide
solution, or vice versa, the continuous dispropor-
tionation of the precipitate which enters the pump
beam, followed by absorption of the pump radia-
tion by the darkened surface of the particles,
makes the TLS signal to increase. The rate and
extent of the change in the TLS signal depends
on the nature of the adsorbed ions. Thus, the
injection of an excess Ag* into chloride and
bromide solutions gives the fastest and largest
responses, respectively. When the ions in excess
are halides, much slower responses are obtained.
Only in the latter case, calibration curves were
linear. The TLS monitoring of titrations of chio-
ride solutions with Ag™ is also possible.

From the viewpoint of the determination of
the halides and Ag™, the TLS procedures studied
here lack reproducibility, and cannot be used at
concentrations where the solubility product of the
silver halide is approached. However, the experi-
ments have shown how the TLS signal behaves in
the presence of fast and slow chromogenic reac-
tions produced by the pump radiation. It has also
been shown that TLS can be used to discriminate
absorbance from scattering in slightly turbid me-
dia. This point has also been studied recently
[13].
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Abstract

The variations observed in the synchronous fluorescence spectra of a soil fulvic acid, collected in the north of
Portugal, with pH (between 2 and 7) and with Cu(II) concentration (at pH 3, 4, 5 and 6 and total copper
concentrations between 0.005 and 4 mM depending on the pH) were studied by SIMPLISMA, a self-modelling
mixture analysis technique. Three components were detected when varying the pH, corresponding to three
acid-base equilibria with pK, values around 3.0, 5.0 and 6.0, and their individual spectra were obtained. Two
components were detected when varying the Cu(II) concentration, corresponding to two different ligand sites, and
their spectra and concentration profiles (based on the two detected pure variables) were obtained. The spectrum of
one binding site is similar to the component associated with the acid—base equilibrium with pK, = 3.0 and that of
the other binding site is similar to the sum of the spectra of the components associated with the other two acid—base
equilibria. Using a 1:1 stoichiometry for complex formation, complexation capacities (C;) and stability constants
(K) were calculated for the two binding sites at the four pH values. The calculated stability constants were
log K, =3.42(4), log K, =3.05(5) at pH 3, log K, =4.17(3), log K, =3.71(1) at pH 4, log K, =4.51(3), log K, =
3.95(2) at pH 5 and log K, = 4.57(3), log K, = 4.03(1) at pH 6.

Key words: Fluorimetry; Copper; Fulvic acid; Soils; Self-modelling mixture analysis (SIMPLISMA)

1. Introduction

Fluorescence spectrometry has been used to
study the complexation of metal ions by fulvic
acids (FA) [1-7], alone or combined with ion-
selective electrode potentiometry [4,6]. From flu-
orescence data obtained for a fixed set of experi-
mental conditions, if a 1:1 stoichiometry is as-

* Corresponding author.

sumed for complex formation, the stability con-
stant and complexing capacity of the ligand can
be calculated. In these calculations, only one type
of binding site is defined and only one fluores-
cence intensity value, the maximum of the emis-
sion fluorescence spectrum, is used, because the
excitation and emission fluorescence spectra of
FA usually show only one band.

More recently, synchronous fluorescence (SyF)
spectra were obtained for FA, which are charac-
terized by several overlapped bands [9,10], and
the information was treated by multi-wavelength

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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chemometric techniques of soft modelling, namely
principal component analysis (PCA) [10,11] and
evolving factor analysis (EFA) [12,13]. With PCA,
a qualitative tool was developed for the study of
the quenching induced in the SyF spectra of FA
by metal ions [9]. PCA and EFA of SyF spectra
obtained when varying the pH in the presence
and absence of metal ions allowed the calculation
of the ionization constants of a soil and a marine
FA and the observation of the effect of the metal
ions on the acid-base distribution diagrams [10].
These results open up new perspectives for the
understanding of the structure of FA, and the use
of soft modelling techniques in this field deserves
further investigation.

SIMPLISMA [14-17], a simple-to-use interac-
tive self-modelling mixture analysis based on the
pure variable concept, can be used to find the
number of components that cause variations in
spectral data, their pure spectra and concentra-
tion profiles. Following the strategy of soft mod-
elling spectroscopic data of FA (FT-IR and SyF),
successfully used in previous work [10,18], this
paper reports a study of the application of the
SIMPLISMA approach to SyF spectra of a soil
FA obtained when varying the pH (between 2
and 7) and when varying the Cu(IT) concentration
at constant pH (3, 4, 5 and 6) (quenching experi-
ments). The purpose of the work was to deter-
mine and characterize the components that cause
variations in spectral data by obtaining their spec-
tra and concentration profiles. In addition, for
the quenching experiments, after isolation of the
variations due to the different components (dif-
ferent binding sites), stability constants and com-
plexing capacities were calculated assuming 1:1
complex formation.

2. Theory

The self-modelling multi-wavelength analysis
strategy used in the first part of this work, SIM-
PLISMA, was recently developed by Windig and
co-workers [14—17] and is briefly described in this
section.

The first step of the SIMPLISMA procedure is
the determination of the pure variables. In the

present case, a pure variable is a wavelength of
the SyF spectrum of which the intensity value is
due to only one component of the mixture. In this
process, the spectra under analysis [represented
by a matrix D, size nv X ns, where nv is the
number of variables (wavelengths) and ns is the
number of spectra) are reduced to three vectors
or spectra, named the mean spectrum, m, stan-
dard deviation (SD) spectrum, s, and purity spec-
trum, p. The elements of the mean spectrum are
defined by

m,.=(1/ns)§di,j (i=1,...,mw) )

j=1
the elements of the SD spectrum by

1/2

s;={(1/ns) Z (di,j_mi)z
j=1

and the elements of the purity spectrum by
p;=s;/m; (i=1,...,n0) 3)

For small m, values, where information is small
and the noise is relatively large, the p; values may
become large. In order to remove this unwanted
effect, an offset is added to the data.

The visualization of vectors s and p in the
form of a spectrum will be crucial for the detec-
tion of pure variables. The wavelength with the
highest intensity in the purity spectrum is the first
pure variable. The SD spectra can be used to
check the validity of the selected pure variable.
The variations that are associated with the se-
lected pure variable are removed from the stan-
dard deviation and purity spectra and the second
pure variable is determined. This process is re-
peated until these spectra show only noise, i.e.,
when all the useful information is removed. If the
determination of the rank of the system (the
number of independent species, np, that are in-
cluding variance in the data) is not visually sharp
after determining j pure variables, two error
functions, R, (relative total intensity of the SD
spectra) and R, (ratio of the relative total intensi-



A.A.S.C. Machado et al. / Analytica Chimica Acta 292 (1994) 121-132 123

ties of the j SD and the j + 1 SD spectra), can be
helpful:

nv nv

R,; =100 Z 8./ Z S 4
i=1 i=1

Rrjstj/Rs(j+1) (5)

The second step of the SIMPLISMA proce-
dure is the resolution of the data into spectra
(matrix S, size np X nv) and concentration pro-
files (matrix C, size ns X np) for the number of
detected species. Assuming that all the compo-
nents have the same fluorescence efficiencies, the
concentration profiles are equal to the fluores-
cence intensities of the corresponding pure vari-
ables after normalization. If the data matrix is
expressed as

D’=CS (6)

the spectra and concentration profiles can be
calculated by a least-squares procedure:

s=(cTc) '¢Tp? (7)
C=D7sT(ss7)"" (8)

In Eq. 7, the intensities of the pure variables in
the D spectra matrix are used in C.

The components found in the analysis of the
varying pH experiments are related to the groups
involved in the acid-base transformations that
occur in the FA molecules, because the variations
observed in the SyF spectra are a macroscopic
view of that phenomenon. As the concentration
profiles are related to the variation of the con-
centrations of the acid—base groups as a function
of pH, the 50% ionization point provides an
estimate of the ionization constant, which is equal
to the pH of that point, if monoprotic acids are
considered.

The concentration profiles obtained from the
analysis of the quenching effect observed on the
SyF spectra give different fluorescence intensity
(I) variations that correspond to binding sites
with different metal ion complexation capacities.
If the stoichiometry of the complex formation
between the metal ion and the ligand (binding
site type) is 1: 1, the conditional stability constant

K (at fixed pH) for each binding site is calculated
by

K =[ML]/([M][L]) (9)
where [ML] is the concentration of the complex,
[M] is the uncomplexed metal ion concentration
and [L] is the total concentration of uncomplexed
ligand (charges omitted). The relationship be-
tween I, K, C, (total ligand concentration or
complexation capacity), C,, (total metal ion con-
centration), Iy, (fluorescence intensity when no
more quenching occurs), with data adjusted so
that the fluorescence intensity before quenching
begins (before any metal ion is added to the FA
solution) is equal to 100, is [2]

I = [(Iyy — 100) /(2KCy)] {(KCL +KCy + 1)

—J[(KC, + Ky + 1)7 — 4K7C, Cy] }
+100 (10)

This equation can be solved for K, C; and I,
by non-linear regression analysis using simplex
optimization. In this work, the modified simplex
method [19] was used. A large initial simplex with
a step size of 0.8 was built so that all the informa-
tion of the domains of the chosen factor was used
[20]. Different factor domains were tried to check
the validity of the found optimum.

The results obtained with the above data treat-
ment of FA data should always take into consid-
eration that FA is a highly complex mixture of
low-molecular-weight polymers. Stability con-
stants and complexation capacities of these sub-
stances, even if different binding sites are de-
tected, must always be considered as mean values
that are characteristic of more or less well de-
fined classes of reactive chemical structures.

3. Experimental
3.1. Reagents

The sample of FA was isolated from a Por-
tuguese forest soil collected at Louros, Famalicdo

(30 km from Porto) by the procedure recom-
mended by the THSS [21].
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Solutions of 150 mg 17! were prepared in 0.1
M potassium nitrate. In the titrations at varying
pH and those at pH 3 and 4, standard 0.1 M
nitric acid was added to the titrated FA solutions.
A solution of decarbonated potassium hydroxide
was used as the titrant in the varying pH titra-
tions and to adjust the pH to a constant value in
the other experiments. A standard copper nitrate
solution (Radiometer) was used as the titrant in
the constant pH titrations. The following ranges
of Cu(Il) concentrations were covered: pH 3,
0.01-4 mM; pH 4, 0.005-3 mM; pH 5, 0.005-1
mM; and pH 6, 0.005-0.5 mM.

3.2. Instrumentation

Potentiometric titrations with pH measure-
ment were conducted with a PC-controlled sys-
tem, assembled with a Crison MicropH 2002 pH-
meter, a Crison MicroBU 2030 microburette, a
Crison MicroBU 2031 microburette, a Philips
GAT 130 glass electrode and a Radiometer K711
(double-junction) reference electrode. The exper-
iments were done under nitrogen at 25.0 + 0.2°C.
The cell was calibrated with three buffer solu-
tions with ionic strength adjusted to 0.1 M [22].

Fluorescence measurements were made with a
Perkin-Elmer LS-50 luminescence spectrometer
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with a flow cell. A Gilson Minipuls 2 peristaltic
pump forced the displacement of the titrated
solution into the flow cell after each addition of
titrant and, when required, after pH adjustment.
During pH and fluorescence intensity measure-
ments, the pump was turned off. Synchronous
fluorescence spectra were recorded with the fol-
lowing settings: between 280 and 550 nm; 0.5-nm
resolution between points; 7.5-nm excitation and
emission slit widths; wavelength difference of 20
nm; and scan rate 200 nm min~!. Emission fluo-
rescence spectra were recorded with the follow-
ing settings: between 350 and 600 nm; 320 nm as
the excitation wavelength; 5.0-nm emission slit
width and 15-nm excitation slit width; 0.5-nm
resolution between points; and scan rate 200 nm
min~!. After the subtraction of the reference
spectrum (0.1 M potassium nitrate solution), data
spectra were stored on disk, converted into ASCII
format with LAB CALC software (Galactic In-
dustries) and reduced to a version with 5-nm
resolution (55 points per spectrum) to be used in
the calculations.

3.3. Programs and data treatment

All calculations were done with software de-
veloped in this laboratory and written and com-
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Fig. 1. Synchronous fluorescence spectra of a soil fulvic acid (a) as a function of pH and (b) at pH 5 as a function of Cu(II)

concentration.
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piled with Turbo Pascal 5.0 (Borland Interna-
tional). An IBM AT-compatible computer with
math coprocessor was used for calculations.

4. Results and discussion
4.1. Preliminary analysis

Synchronous fluorescence spectra of FA as a
function of pH and as a function of Cu(II) con-
centration at pH 5 are shown in Fig. 1a and b,
respectively. Several bands are observed in these
spectra that can be identified by peak positions:
360, 392, 435, 469, 481 and 494 nm. Varying the
pH leads to different variations (increases and
decreases) in the intensities of these peaks, while
the expected quenching is observed with increas-
ing Cu(Il) concentration.

The quenching effect at the four pH values
studied can be observed in more detail in Fig. 2.

201
104

Int.

20 c.

101

a.
204 e.
104
04

300 400 500
Wavelength (nm)

Before Cu(Il) ion is added to the FA solution
(spectra a, ¢, € and g), the bands of the SyF
spectra show markedly different intensities at dif-
ferent pH values, but after sufficient Cu(II) ion
has been added no further quenching is observed
and the SyF spectra obtained for different pH
values are similar (spectra b, d, f and h). Never-
theless, the simple observation of the quenching
on the SyF spectra, exemplified in Fig. 1b for the
four pH values shown in Fig. 2, gives no indica-
tion of whether there is one or more than one
component inducing variations in these spectra.
Multi-wavelength mixture analysis techniques
must be used to extract more information from a
set of spectra such as these.

4.2. SIMPLISMA analysis of the pH effect

The SD and purity spectra that correspond to
the selection of four pure variables are shown in

Int.
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44 f.
24
04

300 400 500
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Fig. 2. Synchronous fluorescence spectra of a soil fulvic acid at (a, b) pH 3, (c, d) pH 4, (e, f) pH 5 and (g, h) pH 6, (a, ¢, e, g)
without Cu(I) and (b, d, f, h) after no further quenching is observed on addition of Cu(Il).
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Table 1
Values of the error functions to determine the number of
components in the varying pH experiment

N® R, R,

1 100.0 19
2 5.1 334
3 1.5x1072 988
4 1.6x1073 4507
5 3.5%107°

? Number of the pure variable.

Fig. 3 (the arrows in the purity spectra show the
selected pure variables) and the error functions
for this process in Table 1. The R, error function
(Table 1) shows a marked decrease (R, = 988) on
passing from the third to the fourth SD spectrum
(from 1.5% 1072 to 1.6 X 107°) and the fourth
SD and purity spectra (Fig. 3g and h) are almost
zero. These results show that there are three
components with influence on the data.

With the three pure variables found (355, 420
and 465 nm), the spectra (Fig. 4a—c) and normal-
ized concentration profiles (Fig. 5a) were calcu-
lated for the three components. The analysis of
the concentration profiles shows different be-
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haviours for the three components: the first com-
ponent decreases the concentration and reaches
50% transformation at pH = 5.0; the second in-
creases the concentration and reaches 50% trans-
formation at pH = 6.0; and the third component
increases the concentration up to pH = 5.0, with
50% transformation at pH = 3.0, but for pH val-
ues > 5.0 decreases the concentration, with 50%
transformation at pH = 6.0 as with the second
component. These results show that the acid-base
properties of the present FA sample are charac-
terized by three types of acid-base systems with
ionization constants around 3.0, 5.0 and 6.0.
These SIMPLISMA results are very similar to
those obtained for the same sample with a more
rigorous and different approach in which PCA
and EFA were used [10). In the latter study, the
same number of acid—base systems were obtained
and their SyF spectra (characterized by main
peaks at 465, 420 and 355 nm, the pure variables
detected in this study) were similar to those found
here with SIMPLISMA and represented in Fig.
4a-c. The three acidity constants determined with
the EFA approach (pK,; =3.0, pK,,=4.6 and
pK,;=6.4) are close to the estimates obtained

4
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. \/’\
t
f.
o
h.
0

300 400 500

Wavelength {(nm)

Fig. 3. Standard deviation (a, c, e, g) and purity (b, d, f, h) spectra resulting from the SIMPLISMA analysis of the varying pH
experiment: (a, b) first set; (c, d) second set; (e, f) third set; and (g, h) fourth set. Maximum intensities of the third (e) and fourth
() standard deviation spectra are 8 X 10~* and 6 X 1077, respectively.
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Fig. 4. Spectra based on the pure variables as extracted by the SIMPLISMA analysis: (a, b, ¢) varying pH experiment; (d, e) pH 3;

(f, ) pH 4; (h, i) pH 5; (j, k) pH 6.

from the representation of the concentration pro-
files (Fig. 5a).

Carboxylic acid groups in an ortho position
relative to a hydroxylic or a carboxylic group in
aromatic structures of the salicylic and phthalic
acid types are responsible for the first acid—base
constant. Carboxylic acid groups free from strong
interactions with neighbouring groups (benzoic
acid type) are responsible for the second. The
third acid—base system is constituted by a mixture
of weakly acidic carboxylic acid groups and /or by

strongly acidic hydroxylic groups, probably also in
an aromatic structure.

4.3. SIMPLISMA analysis of the quenching effect

The SD and purity spectra that correspond to
the selection of four pure variables are shown in
Fig. 6 for pH 3 and in Fig. 7 for pH 6 (the arrows
in the purity spectra show the selected pure vari-
ables), and the error functions for these processes
are given in Table 2. These results show that the

Table 2
Values of the error functions to determine the number of components in the constant pH experiments
N pH3 pH 4 pHS5 pH6

RS Rl’ RS Rl’ RS Rr RS Rl’
1 100.0 31 100.0 27 100.0 28 100.0 24
2 32 1905 39 1235 35 773 4.1 909
3 1.7x1073 3168 3.1x1073 1837 45x1073 1108 45x1073 2294
4 53x1077 1.7x107° 41x10°% 20x10°°

* Number of the pure variable.
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number of components that induce independent
variations (quenching) of data is only two for the
four pH values. The same criterion as for the
varying pH data is followed here: the third SD
spectrum has an R, lower than — 100, the second
SD an R, of almost 1000 or greater, and the third
SD and purity spectra are almost zero (maximum
intensity lower than 10~°). The band observed in
Fig. 7e~h at the left-hand extreme of the wave-
length range in the third and fourth SD and
purity spectra is due to noise and, therefore, was
not selected as a pure variable. These results
show that there are two types of binding sites in
the FA molecules responsible for the observed
quenching.

With the two pure variables found, which were
similar for the experiments at the four pH values
(ca. 470 and ca. 380 nm), the spectra of the two

components were calculated (Fig. 4d—k). The four
pairs of spectra are similar, showing that the
same two types of binding sites are active and are
responsible for the complexation between pH 3
and 6.

The comparison of the pure variables (wave-
lengths) and the spectra found for the varying pH
[without Cu(I1)] and for the constant pH experi-
ments [with Cu(I)] (Table 3 and Fig. 4) shows
two identical features: the third pure variable of
the varying pH experiments (465 nm) is similar to
the first pure variable of the constant pH experi-
ments (470 nm); and the spectrum that corre-
sponds to the third pure variable of the varying
pH experiments is very similar to the first spec-
trum of the constant pH experiments. This is an
interesting result because it shows that the most
important binding site, which induces more varia-

0 100 200 300

0 20 40 0
Cu(Il} conc. (MMx10)

0 20 40
Cu(ll) cone. (MmMx10)

Fig. 5. Concentration profiles for the pure variables (O = first; X = second; + = third) as extracted by the SIMPLISMA analysis:

(a) varying pH experiment; (b) pH 3; (c) pH 4; (d) pH 5; (¢) pH 6.
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Fig. 6. Standard deviation (a, c, ¢, g) and purity (b, d, f, h) spectra resulting from the SIMPLISMA analysis of the constant pH 3
experiment: (a, b) first set; (c, d) second set; (e, ) third set; and (g, h) fourth set. Maximum intensities of the third (e) and fourth
(g) standard deviation spectra are 4 X 10™* and 6 x 108, respectively.
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Fig. 7. Standard deviation (a, c, e, g) and purity (b, d, f, h) spectra resulting from the SIMPLISMA analysis of the constant pH 6

experiment: (a, b) first set; (c, d) second set; (e, f) third set; and (g, h) fourth set. Maximum intensities of the third (e) and fourth
(g) standard deviation spectra are 6 X 10~ and 3 X 1077, respectively.
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Table 3
Pure variable (wavelength, nm) detected by the SIMPLISMA
analysis in the varying and constant pH experiments

N? pH

Varying 3 4 5 6
1 355 470 470 470 475
2 420 380 390 380 370
3 465

? Number of the pure variable.

tion in the SyF spectra, is the same as that
defined by a ionization constant around 3.0. This
binding site [denoted No. 1, BS1(SyF)], must cor-
respond to a class of chemical structures having
very similar acid—base and complexation proper-
ties because the same spectra were obtained from
two different experiments. These results show
that BS1(SyF) is constituted by structures of the
salicylic and /or phthalic acid types and that they
are the most important in the complexation of
the Cu(Il) ion. ‘

The second binding site [BS2(SyF)] spectrum
corresponds to a mixture of the other two spectra

found in the varying pH experiments, indicating a
binding site with a higher degree of mixing of
chemical structures and complexity of the binding
process.

Fluorescence intensity profiles extracted using
the two pure variables are shown in Fig. Sb—e.
Comparison of the curves that correspond to the
quenching associated with the BS1(SyF) (O0) and
BS2(SyF) (x), shows that, for all pH values,
BS1(SyF) is a stronger binding site than BS2(SyF).
The fluorescence intensity for BS1(SyF) de-
creases more rapidly at lower Cu(II) concentra-
tions whereas for BS2(SyF) it decreases slowly
during the whole titration.

The existence of two components in the data
for quenching experiments is a fact, but it might
wondered whether the two pure variables are
really “pure”. This question is not easy to an-
swer. The fact that the results obtained for the
varying and constant pH experiments, which are
experimentally distinct, were highly compatible,
and also with those obtained with the EFA
method [10], which is a different data treatment
approach, strongly suggests that the pure vari-
ables have a high degree of purity. As the use of

Table 4
Average results of the non-linear adjustment of the SyF spectral data
Binding site Parameter pH
3 5 6
BS1(SyF) Log K 3.42(0.04) 4.17 (0.03) 4.51 (0.03) 4.57(0.03)
CL 0.028 (0.014) 0.053 (0.017) 0.033 (0.016) 0.071 (0.008)
InmL 1) 11 0
N, 11 17 18
ACu 0.61-2.38 0.076-1.2 0.016-0.53 0.016-0.35
AE 0.33 0.46 0.32 0.30
SSR 1.74 4.28 3.60 2.21
N, 3 3 3
BS2(SyF) Log K 3.05 (0.05) 3.71 (0.01) 3.95(0.02) 4.03 (0.01)
CL 0.016 (0.006) 0.019 (0.004) 0.031 (0.026) 0.13 (0.03)
I 28 (3) 16 (2) 5(D 0
N, 13 14 15
ACu 0.65-2.92 0.23-1.1 0.059-0.53 0.076-0.49
AE 0.45 0.25 0.29
SSR 3.87 2.82 1.62 1.84
N, 3 3 3

€

? Log K = logarithm of the stability constant (standard deviation in parentheses); C . = complexing capacity (uM for experiments
at pH 3 and 4; mM for experiments at pH 5 and 6); Iy, = fluorescence intensity value when no further quenching is observed;
N, =number of points used in calculations; ACu = Cu(II) concentration interval used in calculations (mM); AFE = average

P

deviation of the estimates; SSR = sum of squares of residuals; N, = number of experiments.
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derivatives minimizes the problems due to band
overlapping, one further test of the purity of the
variables is to work with the second-derivative
SyF spectra [17]. However, the second-derivative
transformation of the SyF spectra markedly low-
ered its intensity and the variations shown in the
raw spectra almost disappeared.

4.4. Non-linear adjustment of data

Table 4 shows the results obtained by non-lin-
ear adjustment of data for the two binding sites
detected in the SyF spectra, BS1(SyF) and
BS2(SyF). In Table 5, for comparison, similar
results calculated from the maximum of the emis-
sion fluorescence spectra (420 nm after excitation
at 320 nm), for one binding site, BS(emission),
obtained from the same experiments in which
SyF spectra were determined, are presented.

The non-linear adjustment process always gave
an average deviation from the experimental value
for the calculated fluorescence intensity (/) of
< 0.7, which was less than the experimental error
of the measurement of /. Also, the sum of the
squares of the residuals was always < 6. These
results show that the adjustment was good. Nev-
ertheless, the complexation capacity (C; ) showed
variations with the factor domain, while the sta-
bility constant (K), I, and the quality of the
adjustment showed no such variations, particu-
larly for the experiments at pH 3 and 4, and
therefore the value of the C, parameter should
be considered as a rough estimate. This problem
in the determination of C, by this procedure has

been discussed previously [2] and appears when
K and C| are relatively small.

As expected from the analysis of Fig. 5, the
stability constants for BS1(SyF) are larger than
those for BS2(SyF); the difference between log K
values is ca. 0.5. The C values for BS1(SyF) are
similar to those for BS2(SyF) at pH 3 and 5,
larger at pH 4 and smaller at pH 6. These varia-
tions show that groups associated with BS2(SyF)
are weaker acids than BS1(SyF), because a large
increase in C relative to the variation that oc-
curs for the BS1(SyF) was observed only at pH 6.
These results agree with what was said above
about the relationship of the binding sites and
the acid—base systems.

The variation of the K values with pH is as
expected, i.e., an increase in K occurs with in-
crease in the extent of neutralization of the lig-
and. For BS1(SyF) and BS2(SyF), the variation
between pH 3 and 6 is ca. one log K unit, whereas
for BS(emission) it is ca. two log K units. This
larger variation for BS(emission) is due to a more
unrealistic model in the analysis of data which
ignores that more than one binding site is present
and that these show different variations of K and
C, with pH.

The comparison of the K values obtained for
BS1(SyF) and BS2(SyF) (Table 4) with those ob-
tained for BS(emission) (Table 5) shows that there
is no clear relationship between the two sets of
results, although they all are in the same range:
for pH 3 and 4, the K values for BS(emission)
are close to the K values for BS2(SyF); for pH 5,
the K value for BS(emission) is between the two

Table 5
Average results of the non-linear adjustment of the emission fluorescence spectra data
Parameter ? pH
3 4 5 6
Log K 2.90 (0.03) 3.63 (0.02) 4.11 (0.03) 5.03 (0.01)
Cy 0.021 (0.003) 0.031 (0.031) 0.17 (0.01) 0.27 (0.01)
Iy 29(1) 20(1) 6(2) 16(1)
N, 12 12 16 18
ACu 0.61-2.5 0.090-0.82 0.020-0.48 0.010-0.34
AE 0.33 6.06 0.96 0.3
SSR 1.85 0.61 0.17 3.60
N, 3 2 2 2

® See footnote to Table 4.
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values for BS1(SyF) and BS2(SyF); and for pH 6,
the K value for BS(emission) is larger than the
two values for BS1(SyF) and BS2(SyF). These
results are due to the unpredicted overall re-
sponse to the different variations of the complex-
ation parameters of different binding sites with
pH for the one binding site model.
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Study of the Eu(III)-tetracycline—thenoyltrifluoroacetone system
by using the stopped-flow mixing technique:
Determination of tetracycline in serum
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Abstract

The enhancing effect of thenoyltrifluoroacetone on the fluorescence intensity of the Eu(IIl)-tetracycline system
in the presence of Triton X-100 was studied by using equilibrium and kinetic measurements. This ligand significantly
improves the sensitivity of equilibrium methods for tetracycline determination based on energy-transfer processes.
Kinetic methodology implemented by means of the stopped-flow mixing technique allows analytical data to be
acquired within 5 s after the reactants are mixed, thereby minimizing manipulation and enabling ready application of
the proposed method to routine analyses for tetracycline in serum samples. The calibration graph was linear over the
range 20—1000 ng ml !, but can be expanded up to 10000 ng ml~ ' by increasing the reagent concentrations. The

within- and between-assay relative standard deviations were close to 1%. The mean recovery obtained in the analysis
of serum samples was 98.8%.

Key words: Fluorimetry; Kinetic methods; Energy-transfer processes; Europium; Serum; Stopped-flow technique;
Tetracycline

1. Introduction level of the europium ion, which yields a charac-
teristic line-type emission at 612 nm. Analytical

The intramolecular energy-transfer process methods for tetracycline based on this system
from tetracycline to europium ions has been have also been developed by using liquid chro-
widely studied and used for the determination of matography (LC) and flow-injection analysis [3].
the antibiotic [1,2], with a very low detection limit Recently, Georges and Ghazarian [4] reported
(10 ng ml™'). Tetracycline excited at 392 nm that the sensitivity can be increased by adding
undergoes intersystem crossing to its triplet state Triton X-100 to the aqueous solution. The detec-
and the associated energy is transferred to the 4f tion limit thus obtained is ca. three-fold lower

than that obtained in the absence of micelles.
The positive effect of surfactants on the fluores-
cence of lanthanide chelates is well known [5].
* Corresponding author. The micellar environment cancels the quenching

0003-2670,/94 /807.00 © 1994 Elsevier Science B.V. All rights reserved
S§DI 0003-2670(94)00050-V
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of coordinated water molecules, which tend to
create an efficient deactivation route. Also, the
non-aqueous environment provided by the surfac-
tant protects the chelate against non-radiative
processes. Although these chelates usually fluo-
resce maximally at a surfactant concentration
above its critical micelle concentration (c.m.c.),
some of them only require the formation of sub-
micellar aggregates.

Analytical methodologies involving the forma-
tion of lanthanide chelates and decay time mea-
surements have been widely used in time-re-
solved fluorescence spectroscopy, particularly in
immunoassays [6]. However, formation rate mea-
surements of these lanthanide chelates have
scarcely been used for analytical purposes [7].
Because the Eu(IIl)-tetracycline system provides
a very low detection limit for tetracycline, we
choose to use it in this work with the aim of
extending the scope of application of kinetic
methodology to systems involving energy-transfer
processes. Use of the stopped-flow mixing tech-
nique is essential here in order to obtain kinetic
data for this system since the formation rate of
the chelate is very high, so it cannot be deter-
mined by the batch technique. Moreover, this
approach allows the method to be automated for
routine analyses, which is quite an interesting
advantage over the equilibrium method.

Only two kinetic methods for the determina-
tion of tetracycline have previously been re-
ported. One is based on the inhibitory effect of
tetracycline on the Mo(VI)-catalysed oxidation of
Azorubin S by hydrogen peroxide [8], with a
linear calibration graph over the range 18-160
wg ml~!. The other is based on measurements of
the rate of degradation of tetracycline to its anhy-
drous derivative [9]; the linear dynamic range for
this method is 0.8—-4.0 mg%. The high determina-
tion levels of these methods led us to develop a
sensitive, kinetic, automatic alternative for the
determination of tetracycline.

The tetracycline molecule contains several sites
at which chelation with metal cations is possible
of which the B-diketone group is the most impor-
tant portion; through it, tetracycline can act as a
bidentate ligand to form six-membered rings with
metal ions. Since the stoichiometry of the

Eu(Ill)-tetracycline chelate is reportedly 1:1[1,4]
and europium ion has nine available coordination
sites [10], water molecules can be admitted into
the coordination sphere of the ion, which is dele-
terious to europium emission. Water molecules
can be displaced from the chelate either by using
a surfactant, as stated above, or by adding a
second ligand to displace water molecules from
the ligand field. The formation of ternary lan-
thanide complexes has been widely studied and
used for analytical purposes (e.g. the determina-
tion of lanthanide ions [11,12] and time-resolved
fluoroimmunoassays [5]). One of the ligands is
usually a B-diketone, which absorbs the excita-
tion light and efficiently transfers the energy to
the chelated ion, whereas the second ligand has a
merely synergistic effect (it removes water
molecules from the coordination sphere of the
lanthanide ion). Thenoyltrifluoroacetone (TTA)
is the most commonly used B-diketone in this
respect, as are 1,10-phenanthroline (phen) and
trioctylphosphine oxide as synergistic ligands.

In this work, the Eu(III)-tetracycline-TTA
system was studied in the presence of Triton
X-100 for two main purposes: (1) to determine
the kinetic behaviour of the system and develop a
fast, simple, automatic method for tetracycline
determination by kinetic methodology with the
aid of the stopped-flow mixing technique and (2)
to improve the sensitivity of previous equilibrium
methods for tetracycline determination involving
energy transfer by using a ternary complex forma-
tion reaction and a micellar medium.

2. Experimental
2.1. Instrumentation

A Hitachi F-2000 fluorescence spectropho-
tometer fitted with a stopped-flow module [13]
supplied by Quimi-Sur Instrumentation was used.
The module, furnished with an observation cell of
1 cm path length, was controlled by the associ-
ated electronics and an Ataio 640 microcomputer
running a linear regression program for applica-
tion of the initial-rate method. The solutions in
the stopped-flow module and cell compartment
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were thermostated by means of a circulating wa-
ter-bath.

2.2. Reagents

All chemicals used were of analytical-reagent
grade. A standard solution of tetracycline (2 X
10~% M) was made by dissolving the appropriate
amount of its hydrochloride salt (Sigma) in dis-
tilled water. A stock aqueous solution of eu-
ropium (102 M) was prepared from europium
(I1D) nitrate pentahydrate (Aldrich). A 4.5 x 103
M solution of thenoyltrifluoroacetone (TTA)
(Sigma) was prepared by dissolving the appropri-
ate amount of reagent in the minimum volume of
ethanol and making up to volume with distilled
water. Finally, a 0.1% Triton X-100 (Serva) aque-
ous solution and a Tris [tristhydroxymethyl)-
aminomethane] buffer solution (0.1 M, pH 7.4)
were also used.

2.3. Procedure

Two solutions (A and B) were used to fill the
two 2-ml drive syringes of the stopped-flow mod-
ule. Solution A contained TTA (5.4 X 107¢ M),
europium(III) (2 X 1073 M) and tris buffer (102
M). Solution B contained tetracycline at a final
concentration between 20 and 1000 ng ml ™!, Tri-
ton X-100 (0.01%) and Tris buffer (1072 M). In
each run, 0.15 ml of each solution was mixed in
the mixing chamber and the variation of the
fluorescence intensity throughout the reaction was
monitored at A, =342 nm and A, = 612 nm.
Fluorescence values were obtained for 10-15 s
and processed by the microcomputer, furnished
with a linear-regression program for application
of the initial-rate method. The reaction rate was
determined in ca. 5 s and each sample was as-
sayed in triplicate. All measurements were made
at 30°C. The blank signal was found to be negligi-
ble.

2.4. Determination of tetracycline added to serum
No sample pretreatment was required for these

analyses. Serum samples were spiked with appro-
priate amounts of tetracycline to obtain a final

concentration of the antibiotic within the thera-
peutic range (1-5 wg ml~'). Each determination
was carried out by using 0.4 ml of sample and
treating it as described above. The concentration
of tetracycline in the samples was determined by
interpolation on the calibration graphs con-
structed by adding 0.4 ml of a previously pre-
pared serum pool to each tetracycline standard.
The graph was linear over the range 0.050-1.0 ng
ml™.

3. Results and discussion

As shown elsewhere [1], tetracycline forms a
very stable 1:1 complex with Eu(III) that gives
rise to an intensely fluorescent signal (A, = 392,
Aem = 612 nm) as a result of energy transfer from
tetracycline to europium ion. At europium con-
centrations above the stoichiometric ratio, the
fluorescence intensity decreases owing to the
quenching effect of the excess probe ion. How-
ever, in the presence of excess Triton X-100
(1%), such a quenching effect is changed into an
enhancing effect {4]: micelles shelter the chelate
from free europium ions in the aqueous phase.
While the excitation wavelength does not change,
the emission peak is higher than in the absence of
surfactant. This enhances the sensitivity of tetra-
cycline determination. Adding a second ligand
such as TTA to the Eu(III)-tetracycline system in
the absence of surfactant results in no change in
its fluorescence. However, if Triton X-100 is
added together with TTA, the results are rather
different, as can be seen in Fig. 1, which com-
pares the excitation and emission spectra ob-
tained under such conditions with those recorded
under optimal conditions in previous work [2,4].
The band at 392 nm in the excitation spectrum,
characteristic of tetracycline excitation, overlaps
with a shoulder at ca. 375 nm and a very tall peak
at 342 nm. Excitation at this wavelength gives rise
to an emission intensity at 612 nm (curve 4') that
is ca. 30 times higher than that obtained for
tetracycline in the presence of Eu(III) alone
(curve 1) and ca. 5 times higher than that for the
system in the presence of Triton X-100 (curve 2'),
with excitation at 392 nm in both cases. The
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excitation band at 342 nm, the intensity of which
depends on the tetracycline concentration, sug-
gests an interaction between TTA and tetracy-
cline which only takes place when Triton X-100 is
present in the solution at a suitable concentration
that is given below. As shown elsewhere [14],
Eu(IIl) forms ternary complexes with TTA and
some substituted ammonium cations and neutral
ligands such as 1,10-phenanthroline. Thus, the
Eu(III)-TTA-phen system in the presence of
Triton X-100 exhibits maximum excitation and
emission wavelengths at 371 and 612 nm, respec-
tively, and its stoichiometry is 1:3:1 [15]. Al-
though TTA is assumed to be the species which
undergoes excitation and transfers its energy to
Eu(IIl), the presence of the second ligand is
essential in order to obtain the fluorescent signal
at 612 nm [14]. Similarly, the Eu(III)-tetra-
cycline—-TTA system studied here provided no
fluorescent signal in the absence of tetracycline at
A, = 342 nm, which shows that a ternary complex
needs to be formed. As both ligands are B-dike-
tones in this case, the excitation at this wave-
length can be attributed to a different arrange-

300 1

2001

100+

Rz2icative fluorescence intensity

575 600 625
A {nm)

325 350 375 400

Fig. 1. Excitation (1-3) and emission (1'-4’) spectra for the
Eu(III)—tetracycline system in the absence (1,1') and presence
of Triton X-100 (2,2') and TTA + Triton X-100 (3,3',4'). All
excitation spectra were obtained at A, =612 nm. A, was 392
nm for emission spectra 1'-3 and 342 nm for 4. [Tetra-
cycline]=1 pg ml~!. [Eu(IID]=3.3x10"* M (curves 1,1,
2.5%1075 M (curves 2,2') and 10~* M (curves 3,3',4’). [Triton
X-100]= 1% (curves 2,2') and 0.01% (curves 3,3',4'). [TTA]=
2.7%10~5 M (curves 3,3',4").
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Fig. 2. Kinetic curves obtained for: (1) Eu(III) + tetracycline,
(2) Eu(IIl) + tetracycline+ 1% Triton X-100, (3) Eu(IID+
tetracycline + TTA+0.01% Triton X-100. [Tetracycline]=1
wgml~ L [Eu(IID]= 6.6 X 10~* M (curve 1), 5% 1073 M (curve
2) and 2X107* M (curve 3). [TTA]=5.4%x10"5 M (curve 3).

ment and orientation of the ligand molecules in
the ternary complex when the surfactant is pre-
sent. Several assays were carried out in order to
determine the stoichiometry of the Eu(III)-tetra-
cycline—TTA fluorescent system, which was found
to be 1:1:3 and hence similar to that reported
for the Eu(III-TTA-phen system.

In order to apply kinetic methodology to the
proposed fluorescent system by using the
stopped-flow mixing technique, the distribution
of the reactants between the two syringes of the
module was first studied and the following con-
clusions were drawn: (1) The best results were
obtained by placing Eu(III) and TTA in one
syringe and tetracycline plus Triton X-100 in the
other, with which the reaction rate of the blank
solution was negligible. (2) Placing tetracycline
and TTA in a syringe and Eu(III) alone in the
other, resulted in very poor reproducibility of the
kinetic curves and a non-linear relation between
the reaction rate and the tetracycline concentra-
tion, Fig. 2 shows the kinetic curves obtained for
the Eu(III)-tetracycline system in the absence
and presence of TTA and Triton X-100. While
the reaction rate was very low in the first case
(curve 1), the rate in the presence of TTA and
surfactant (curve 3) was ca. 10 times higher than
that obtained in the absence of TTA (curve 2).
These results show that the combined use of TTA
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Fig. 3. Effect of pH (A) and the Triton X-100 concentration
(B) on the Eu(IlD)-tetracycline-TTA system.

and Triton X-100 significantly increases the com-
plex formation rate, so kinetic methodology im-
plemented by means of the stopped-flow mixing
technique is suitable for this system.

3.1. Effect of variables

Variables affecting the performance of the
proposed kinetic method for the determination of
tetracycline were optimized by the univariate
method. All stated concentrations are initial con-
centrations in the syringes (twice the actual con-
centrations in the reaction mixture at time zero
after mixing). Each kinetic result was the mean of
three measurements.

The effect of pH on the system is shown in
Fig. 3A. The maximum fluorescence intensity was
obtained at pH 8.0-9.0 in the absence of TTA
and Triton X-100 [1], at pH 7.0-8.5 in the pres-
ence of the surfactant [4] and at pH 7.0-7.5 in
the presence of both TTA and Triton X-100,
which also resulted in the maximum reaction
rate. A Tris buffer of pH 7.5 was chosen to adjust
the sample pH. The optimum buffer concentra-
tion was in the range 8 X 1073-1.5 X 1072 M.

The Eu(IIl) and TTA concentrations were
found to have a critical effect on the reaction rate
of the system as their optimum values were de-
pendent on the tetracycline concentration in the
solution. A similar influence was previously re-
ported for the Eu(Ill) concentration in equilib-
rium methods: the optimum analytical signal in
the absence of TTA and surfactant was obtained
at an Eu(I1I)-tetracycline ratio of 1:1[1], whereas

the maximum signal in the presence of Triton
X-100 was reached at a ratio of 1:6 for an
analyte concentration of 107> M and 1:20 for
10~% M [4]. The increased optimum Eu(III) con-
centration in the presence of the surfactant can
be ascribed to the micellar environment, which
prevents the complex from colliding with free
Eu(IIl) ions and favours energy transfer between
the complex and free ions. We thus assayed vari-
ous tetracycline concentrations and found 2 X
107> M Eu(III) and 5.4 X 107¢ M TTA to result
in a good linear relationship between the reaction
rate and tetracycline concentration. Fig. 3B shows
the effect of the Triton X-100 concentration on
the system. The reaction rate was independent of
this variable over the range 1.00 X 1072-1.25 X
1072% Below this range the blank signal was
negligible, but above, the reaction rate of the
blank solution increased with increasing surfac-
tant concentration; thus, at 2.0 X 1072% (twice
that in the reaction mixture), the reaction rate of
the blank was the same as that of the sample.
Therefore, increased surfactant concentrations
favour the interaction between TTA and Eu(IID)
and hence the energy-transfer process, and can-
cels the effect of the tetracycline. With regard to
the temperature, the reaction rate was maximal
and independent of this variable over the range
30-35°C.

3.2. Figures of merit

In order to determine to which extent the
presence of TTA can enhance the sensitivity of
equilibrium methods for tetracycline determina-
tion [1,4], equilibrium measurements on solutions
prepared under the above-described optimum
conditions and containing different tetracycline
concentrations (batch technique) were made. The
equation obtained for the calibration graph was
Iz =1.09 [tetracycline (ng ml~')]— 1.2, with a
Pearson’s correlation coefficient r = 0.997 (n = 6).
The equation for the calibration graph in the
absence of TTA and surfactant [1] obtained by
using the same instrument was [ = 0.36 [tetra-
cycline (ng mi~D] + 0.5, with r=0.998 (n =6).
The detection limit, as defined by IUPAC [16]
was 1.4 ng ml™! in the former case and 3.2 ng
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ml~! in the latter. Similarly, the slope of the

calibration graph obtained in the presence of
Triton X-100 and absence of TTA [4] was 2.6-
times lower than that obtained under our working
conditions. These results show that the presence
of TTA significantly improves the sensitivity of
the equilibrium determinations.

The kinetic curves obtained at different tetra-
cycline concentrations by using the above-de-
scribed procedure, were processed by the initial-
rate method. The calibration graph was linear
over the range 20-1000 ng ml~! and conformed
to the equation v (s™') = 7.0 X 10~° [tetracycline
(ng ml™1)}-3.4x 1073 with r=0.996 (n=06).
By increasing the TTA and Eu(III) concentration
10 times (5.4 X 10~° M and 2 X 10™* M, respec-
tively) the linear range can be expanded to 10 ug
ml~L. Unlike the equilibrium methods, where all
measurements need to be corrected for the blank
background fluorescence, the blank signal is neg-
ligible in the kinetic method. The detection limit
was 6.5 ng ml~!, which is higher than that af-
forded by the equilibrium method {4]. This can be
ascribed to the nature of the stopped-flow mixing
technique, where the analyte concentration in the
reaction mixture is half that in the initial sample
held in the syringe; also, because of the way the
observation cell is arranged, the portion of exci-
tating radiation which impinges on the sample
solution is smaller than with a conventional cell.
However, the stopped-flow mixing technique of-
fers some advantages such as reduced reactants
manipulation and the ability to make measure-
ments shortly after mixing (a mere 5 s is needed
to obtain analytical data, which facilitates au-
tomation of the method).

The calibration data and detection limit given
for the kinetic method were obtained by using
standards prepared in water, similarly as in the
equilibrium methods. The slope of the calibration
graph decreased by ca. 30% on addition of 0.4 ml
of a previously prepared serum pool to each
tetracycline standard. Under these conditions, the
detection and quantification limits of the kinetic
method in the presence of serum matrix were
increased to 15 and 50 ng ml~!, respectively.
However, these concentrations are low enough
for tetracycline to be determinable at its thera-

Table 1
Recovery of tetracycline added to serum samples

Sample Tetracycline (ug ml~1) Recovery (%)
Added Found ?
1 2.5 2.75 110
5 4.57 914
10 9.20 92
2 2.5 2.47 98.8
5 4.97 99.4
10 103 103.0
3 2.5 2.35 94
5 4.91 98.1
10 10.3 103.0

# Average of three determinations.

peutic levels in serum (1-5 g ml~1).

The precision of the proposed method was
evaluated by assaying replicates of serum samples
containing 2 ug ml~! tetracycline. The within-day
relative standard deviation (n = 10) was 0.9% and
the between-day relative standard deviation 1.1%
(n =5). The selectivity of the method was studied
by assaying several antibiotics. None of the peni-
cillins (ampicillin, amoxycillin, cloxacillin and di-
cloxacillin) or cephalosporins tested (cephradin,
cephalexin and cephaloridin) interfered with the
determination of tetracycline at least at concen-
trations 5 times higher than that of the analyte.
However, other tetracyclines such as oxytetracy-
cline, chlortetracycline and doxycycline interfered
at the same concentration level as the analyte.

3.3. Analysis of serum samples

The proposed kinetic method was applied to
the determination of tetracycline in three spiked
human serum samples: a volume of 0.4 ml was
analysed with no pretreatment (precipitation of
serum proteins was not required). Table 1 sum-
marizes the results and analytical recoveries ob-
tained. The mean recovery was 98.8%.

4. Conclusions

The results obtained in the equilibrium and
kinetic study of the effect of TTA on the
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Eu(IID)-tetracycline system in the presence of
Triton X-100 reveals that: (1) the sensitivity of
the equilibrium method for tetracycline is signifi-
cantly increased, and (2) application of kinetic
methodology to this system, via the stopped-flow
mixing technique allows the method to be auto-
mated, thereby avoiding the need for blank back-
ground fluorescence corrections and providing
analytical results within a few seconds. One other
inference is that kinetic methodology can be ap-
plied to complex-formation reactions involving
energy-transfer processes, which has so far been
scarcely explored for analytical purposes.
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Abstract

’

Retinoids are prone to oxidation or isomerization and are therefore difficult to quantify in complex media. It is
expected that their inclusion in cyclodextrins would increase their stability and maintain or improve their emission
properties. It seems then that such complexed retinoids would lend themselves to a better quantification. A
methodology has been developed with 1,6-diphenyl-1,3,5-hexatriene (DPH), a model molecule for retinoids, to
follow the formation of the complex. The latter is insoluble in cold water and soluble in acetonitrile—water (1:3,
v/v) mixtures. The complexes were detected by fluorescence on thin-layer chromatography plates. Free DPH and
the inclusion complex are so well separated that the quantification of the unbound molecule was carried out without
interference by means of a charge-coupled device camera. Differences in the absorbances of the free and totally
solubilized DPH are used to determine the quantity of included DPH. Preliminary kinetic studies suggest that the
oxidation or isomerization of DPH is decreased in the inclusion complex.

Key words: Fluorimetry; UV-Visible spectrophotometry; Cyclodextrins; Inclusion complexes; Retinoids; 1,6-Di-
phenyl-1,3,5-hexatriene

1. Introduction complexed retinoids would then be more easily

quantified.

Vitamin A is especially known for its anti-
cancerous properties and for its role as a visual
pigment. However, molecules of this family are
easily oxidized and isomerized. These properties
render their quantification in complex media dif-
ficult. It is expected that complexation of retinoids
with cyclodextrins would increase their stability
and maintain their emission properties. Such

* Corresponding author.

Cyclodextrins are cyclic oligosaccharides be-
longing to a class of sugars also known as
Schardinger dextrins. These sugars are degrada-
tion products produced by the bacterium Bacillus
macerans [1]. They are generally composed of 6,
7, or 8 p-glucose units linked by «-1,4 glycosidic
bonds and are respectively named a-, 8-, and
y-cyclodextrin.

The cyclic form of cyclodextrin and its partially
hydrophobic interior and hydrophilic exterior
have many uses. In pharmaceutics it can be used
to include hydrophobic drugs such as retinoic

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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acid to increase their bioavailability [2]. In chem-
istry, cyclodextrins are used as catalysts [3] and as
separating agents in chromatography [4].

B-Cyclodextrin (BCD) was chosen instead of
the a- or y-oligomer for several reasons. a-
Cyclodextrin is more strained and less flexible
than the B-conformer. Although the cavity of
y-cyclodextrin is larger than that of pB-cyclo-
dextrin, the inclusion driving force for the guest
molecules obtained by water expulsion from their
cavities is greater for B- than for y-cyclodextrin.
Complex formation with BCD is therefore ther-
modynamically more favourable. Thus, BCD’s
structure allows a deeper penetration and a bet-
ter inclusion of the guest molecule [5].

1,6-Diphenyl-1,3,5-hexatriene (DPH), a fluo-
rescent probe used to monitor membrane dynam-
ics [6], is a symmetrical, fluorescent molecule. As
it is more stable than retinoids and bears some
similarity with the latter (presence of a conju-
gated chain ending in a six-membered ring and
almost the same size as retinol), DPH was chosen
for the development of a method to quantify
these molecules.

Since DPH is poorly soluble in water, it should
be attracted to the hydrophobic cavity of cy-
clodextrins. Complexation of these two molecules
should therefore be energetically favourable.
However, our attempts to complex these two
molecules via solubilization (using water as sol-
vent and a DPH film) or a solid grinding method
were unsuccessful. A second water-miscible sol-
vent, acetonitrile, which dissolves DPH better
(solubility = 0.56 g/1 CH,CN at 20°C), was cho-
sen to increase DPH’s solubility in a predomi-
nantly aqueous environment.

UV-visible electronic absorption spectrome-
try, thermogravimetric analysis and thin-layer
chromatography (TLC) were used to detect the
formation of DPH-BCD complexes.

2. Experimental

2.1. Solubilization procedure

All solubilization techniques used are based on
those described by Higuchi and O’Connors [7].

In all the following experiments purified
Roquette B-cyclodextrin, Lancaster 1,6-diphenyl-
1,3,5-hexatriene, SDS™ 99.5% acetonitrile and
trice distilled water were used.

Acetonitrile-water (25:75, w /w) solvent. 3 ml
of 0.4x 1072, 0.8%x 1072, 1.2x 1072, 1.6 X 1072
and 2.0x 1072 mol/l BCD in CH,CN-H,O
(25:75, w/w) were added to 10 mg solid DPH.
One control consisted of 2.0 X 1072 mol/1 g-
cyclodextrin only. A second control contained 10
mg DPH in 3 ml! CH,CN-H,0 (25:75, w/w)
only. The flasks were sealed, protected from light
and agitated at 60°C for 48 h in a thermally
controlled shaker. All samples contained excess
solid DPH which was filtered off without cooling
with a Millipore filter holder and filter paper
(Ederol no. 4) prior to analysis by UV electronic
absorption or TLC coupled to fluorescence.

Acetonitrile—water (38:62, w /w) solvent. Sam-
ples with the same concentrations of BCD as
above were prepared in CH;CN-H,O (38:62,
w/w) and treated as above. The increase in ace-
tonitrile content in this mixture represents a 50%
increase as compared to the set using 25:75
(w/w) acetonitrile—water as solvent.

2.2. Crystallization

In view of analysis by thermogravimetric meth-
ods (TGA) the sample containing 2 X 10~2 mol /1
BCD was prepared again in larger quantities but
under the same conditions as for the solubiliza-
tion of DPH with 38:62 (w/w) CH,CN-H,0. 40
ml of a solution containing 2 X 10~2 mol /1 BCD
in 38:62 (w/w) CH;CN-H,O with 30 mg DPH
were agitated in the dark at 60°C for 48 h. The
unsolubilized DPH was then filtered off and the
filtrates were set to crystallize at 0°C for 24 h.

The crystals were separated from the solvent
and left to dry for 24 h in air in a dark room.
They gave, when deposited on a quartz slide, a
fluorescence typical of DPH. Part of these crys-
tals were analysed by TGA. The remaining crys-
tals were resuspended in pure cold water to de-
termine whether they were soluble in water or
not. They were found to be soluble in water at
60°C. The solution thus obtained was cooled to
0°C and the resulting crystals were separated
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from the water, left to dry in air in a dark room
and analysed by TGA. This last recrystallization
also ensured that no acetonitrile was left in the
samples.

2.3. Analytical techniques

2.3.1. Electronic absorption spectrophotometry
Absorption spectra were measured with a Pye
Unicam SP8-400 UV-visible double-beam spec-
trophotometer in 10-mm quartz cells. The refer-
ence was the solvent mixture used in each set.

2.3.2. Thin-layer chromatography

The following experiment was performed in a
dark room.

Merck Art. 5553 silica gel TLC plates (0.2 mm
thickness) without fluorescent indicator were ac-
tivated 5 min at 105°C. The TLC plates were
spotted with 1 ul (Nichiryo capillary pipette) of
the samples in 25:75 or 38:62 (w/w) acetoni-
trile—water- kept at 60°C. They were eluted with
hexane—ether-ethanol (95:5:1, v/v/v). This
eluent allows the visualization of separate free
and complexed DPH since the complex remains
at R;=0. A second eluent, isobutanol-water—
acetic acid (12:5:3, v/v/v) used on a separate
plate, was chosen to completely dissociate com-
plexed DPH molecules from their cyclodextrin

hosts. Here only BCD remains at R;= 0. After
clution, all the plates were left to dry in air for 3
min at room temperature and were immediately
observed with a Camag TLC illuminator cabinet
with excitation at 366 nm.

Since little DPH was solubilized by BCD and
CH,CN-H,0, the free form was quantified by
comparison with standards consisting of 20, 50, 80
and 100 pmol DPH entirely dissolved in pure
CH,CN. A Sony 705 charge-coupled device
(CCD) camera was used to quantify and record
the results. The TLC plates were filmed through
two superimposed 400-nm (Corning 3-72) and
420-nm (Corning 3-73) cut-off filters. The filmed
data was transferred onto a compatible 486 PC
computer by means of a Vitec Videomaker card.
The data were first converted to 8 bit and 256
indexed grey scale images. The latter were then
transformed with the Floyd-Sternberg algorithm
into 2-bit images which conserve light energy.
The densities of the spots were then determined
with a computer program written by one of us.
This program also enables the subtraction of
background light from the spots to obtain a more
accurate quantification.

2.3.3. Thermogravimetric analysis
Purified Roquette B-cyclodextrin crystals, and
solids separated from 38:62 (w/w) acetonitrile—
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Fig. 1. Solubility curves of the total amount of DPH solubilized by BCD in the 25:75 and 38:62 (w/w) CH;CN-H,O solvent
systems. Application of Beer’s law and DPH’s molar absorptivity in CH;CN-H,0 of 66400 was used to determine the

concentration of solubilized DPH in each sample.
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water and from water were analysed by thermo-
gravimetric methods. All samples were heated up
to total combustion (900°C) at the rate of
300°C/h. The thermogravimetric analyses were
performed with either a Setaram Model TG and
a Setaram B85 weighing balance or with a setup
assembled in the laboratory. This setup consists
of a Mettler AC100 balance and a Eurotherm 818
regulator piloted by an AT286 computer using a
program written by one of us.

3. Results and discussion
3.1. Electronic absorption spectrophotometry

A molar absorptivity of 66400 at 355 nm was
found for DPH in both 38:62 and 25:75 (w/w)
CH,CN-H,O solutions. It was used to deter-
mine the concentration of solubilized DPH in
each sample. Data for totally solubilized DPH in
both solvent mixtures plotted versus BCD con-
centrations is summarized in Fig. 1. The solubility
of DPH in the 25:75 (w/w) acetonitrile—water
solvent system slightly increases with increasing
concentrations of BCD. In the 38:62 (w/w) ace-
tonitrile-water solvent system the increase in the
solubility of DPH with augmenting BCD concen-
trations is more pronounced.

In the presence of BCD in solution, an equilib-
rium of DPH should be established as schemati-
cally represented by the following equation:

DPH(free) + nBCD =—=— DPH-BCD,,

The most probable value for n is 1 or 2.
However, in solution, no detectable difference
between the free or complexed form was found in
the UV electronic absorption spectra of DPH. It
was then expected that by using thin-layer chro-
matography, the presence of the two separate
forms could be established and their respective
amounts quantified.

3.2. Thin-layer chromatography
3.2.1. General observations

Isobutanol-water—acetic acid (12:5:3, v/v/
v). This eluent dissociates any complex present

t 2 »«5 ‘”‘ «”.’; » :' .

w

Fig. 2. Reproduction of CCD filmed view of TLC plates
eluted with isobutanol-water—acetic acid (12:5:3, v/v/v). (1)
BCD in acetonitrile-water (25:75, w/w). (2) BCD in acetoni-
trile—water (38:62, w/w). (3) DPH in acetonitrile-water
(25:75, w/w). (4) DPH+4x10> pmol BCD in acetonitrile—
water (25:75, w/w). (5) DPH+12x10* pmol BCD in ace-
tonitrile—water (25:75, w/w). (6) DPH +20x 103 pmol BCD
in acetonitrile~water (25:75, w/w). (7) DPH+4x 10> pmol
BCD in acetonitrile-water (38:62, w/w). (8) DPH+12x 103
pmol BCD in acetonitrile~water (38:62, w/w). (9) DPH +20
% 10% pmol BCD in acetonitrile—water (38:62, w/w). (10} 50
pmol DPH standard. (11) 80 pmol standard. (12) 100 pmol
standard. All DPH standards are in pure acetonitrile.

and induces all DPH molecules to migrate at an
R, value of 0.8 (Fig. 2). So it can be used to
quantify the total solubilized DPH. On heating
the plate, BCD becomes carbonized and its loca-
tion at the start becomes apparent.
Hexane—ether—ethanol (95:5:1, v /v /v). This
eluent induces DPH standards in pure acetoni-
trile as well as free DPH from the sample under
study to migrate at an R; value of 0.5 where it
leaves a fluorescing spot. Samples of DPH with
increasing BCD concentrations leave spots of in-
creasing fluorescence intensity at the start. This
eluent does not dissociate the DPH-BCD com-
plex and allows the quantification of the free
form of DPH (Fig. 3). Attention should be payed
to the fact that even if complexed DPH is sepa-
rated from the free form of DPH, it cannot be
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directly quantified since the quantum vyield of
emission of the bound form may be very different
from that of the complexed one. It is well known
that many flexible fluorescent molecules show an
increase in fluorescence following binding to a
solid, a large molecule or by inclusion. The expla-
nation lies in the fact that in the bound species
vibrational or torsional modes are hindered and a
greater planarity is obtained. This lowers the
efficiency of deactivation of their emitting state
[8]. One such example relevant to our study con-
cerns cyclodextrin spray reagents. The latter cause
fluorescence enhancements on solid supports in
the densitometric analysis of polycyclic aromatic
hydrocarbons [9]. The eluted fluorescent spots of
free DPH from both 25:75 and 38:62 (w/w)
acetonitrile—water solvents (at R; 0.5) display
intensities which change in opposite directions
with the increase in BCD. In the 25:75 solvent
mixtures the emission intensities increase and in
the 38:62 solvent mixtures they decrease. BCD
alone in both solvent mixtures does not fluoresce
(Fig. 3).

Results from the TLC studies referred to above
point to the existence of a complex which must be
bound by Van der Waals forces. They show also
that the complexation between DPH and BCD is
maintained in non-polar environments such as in
hexane—ether mixtures and that the complex is
dissociated in polar mixtures like isobutanol-
acetic acid—water mixtures.

At this stage nothing can be said about the
stoichiometry of the complex. The presence of
the cosolvent may even lead to the formation of a
ternary complex in which DPH could be included
together with one or more acetonitrile molecules.
Complexes of this type have been described be-
fore [10].

3.2.2. Densitometry study of the spots

Two problems prevent a precise quantification
of solubilized DPH. First, the CCD detector is
rapidly saturated with increasing fluorescence in-
tensity of the spots. DPH’s emission intensity on
the TLC plates depends on the quantity spotted
and on its diffusion on the plate [11]. The satura-

Fig. 3. Reproduction of a CCD view of a TLC plate eluted with hexane—ether—ethanol (95:5:1, v/v/v). (1) BCD in acetonitrile—
water (25:75, w/w). (2) BCD in acetonitrile—water (38 : 62, w/w). (3) DPH in acetonitrile-water (25:75, w/w). (4) DPH + 4 x 103
pmol BCD in acetonitrile—water (25:75, w/w). (5) DPH + 12 X 10> pmol BCD in acetonitrile—water (25:75, w/w). (6) DPH + 20
x 10° pmol BCD in acetonitrile—water (25:75, w/w). (7) DPH + 4 x 10° pmol BCD in acetonitrile—water (38:62, w/w). (8)
DPH + 12 X 10% pmol BCD in acetonitrile—water (38:62, w/w). (9) DPH + 20 X 10® pmol BCD in acetonitrile~water (38:62,
w/w). (10) 50 pmol DPH standard. (11) 80 pmol standard. (12) 100 pmol standard. All DPH standards are in pure acetonitrile.



146 J.-C. Guilleux et al. / Analytica Chimica Acta 292 (1994) 141-149

tion effect is further demonstrated by the data
which were transferred to the computer and by
the pixel representations of the spots. The anal-
ysed data show that signals due to the non-eluted
spots containing high concentrations of DPH and
to DPH eluted by isobutanol-water—-acetic acid
(12:5:3, v/v/v) are over-saturated and hinder
the quantification of complexed DPH. On the
other hand, DPH in free form from the samples
prepared in the 38:62 acetonitrile—water solvent
is present on the plates in quantifiable amounts.
Secondly, samples with too low amounts of DPH
(as free DPH from 25:75 acetonitrile—water sam-
ples) gave visually detectable fluorescence signals
which could not be quantified because the signal-
to-noise ratio was too low. It was also observed
that TLC plates give a background emission un-
der UV excitation which contributes to the over-
all noise and lowers the dynamic range.

Plates eluted with hexane—ether—ethanol. The
amounts of free DPH were determined by com-
parison with DPH standards of 0, 50, 80 and 100
pmol spotted on the TLC plates. The points
taken from Fig. 3 for the standards fit on a
regression line determined with four points where

75

the slope is 0.484 4+ 0.051, the correlation coeffi-
cient 0.966, and the intercept, —4.02 + 4. It must
be noted that the standards must be on the same
plate as the other samples and that each regres-
sion, although similar to others, is unique for
each plate. This limits the space available on each
TLC plate and consequently the number of
standards and samples which can be spotted.

The behaviour of free DPH separated from
the complex is depicted in Fig. 4. The amount of
free DPH tends to decrease as BCD concentra-
tions increase. This behaviour differs from the
one observed for the detailed complexation of
cinnamic acid [12]} in which a plateau is obtained.
However, this is not unexpected since in our case
the complexes are solubilized in a mixed solvent
containing 38% of an organic component. The
observed decrease is probably due to a salting-out
effect induced by the increasing amount of solubi-
lized BCD which is not seen in the absence of an
organic cosolvent.

Complexed DPH was determined by subtract-
ing the value for free DPH concentrations ob-
tained from the TLC data from the total solubi-
lized DPH obtained by UV absorption spec-
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Fig. 4. Free DPH or unbound DPH versus increase of BCD concentration as quantified on TLC plates eluted with hexane—ether~
ethanol. Free DPH tends to decrease with increasing BCD concentrations.
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Fig. 5. Bound DPH in 38:62 CH,CN-H,O per increasing concentrations of BCD were determined by subtracting free DPH values
obtained by TLC from total solubilized DPH quantified by UV-visible absorption spectroscopy.
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Fig. 6. This graph depicts the complexation tendencies of BCD and DPH in the acetonitrile—water (38: 62, w/w) solvent for each
BCD concentration. On the ordinate are the number of DPH molecules per BCD. On the abscissa are BCD concentrations in
solution. The data used to plot this graph were calculated from the values of free and bound DPH in 38:62 acetonitrile—water
solvent in Table 1.



148 J.-C. Guilleux et al. / Analytica Chimica Acta 292 (1994) 141-149

Table 1

Values for totally solubilized DPH and free DPH (prepared
with BCD and 38:62 CH;CN-H,0) were respectively ob-
tained by UV-visible electronic absorption spectroscopy and
CCD camera transferred TLC data

[BCD] [DPH] (pmol / 1)
(pmol/ul) (38:62 CH,CN-H,0)
Total Free Bound
0 68 +3 63+70 0
4000 76 t4 65+ 7 11+7
12000 99.5+5 55+ 6 4416
20000 91 +4.5 34+ 4 56+4

Bound DPH = total {DPH]—free {[DPH].

troscopy of the samples. This data is summarized
in Table 1 and in Fig. 5. The amount of totally
solubilized DPH by the 38:62 acetonitrile—water
solvent obtained by UV absorption spectroscopy
(68 + 3 pmol /1) is similar to the value read from
the TLC plates (63 + 7), thus demonstrating that
complexed DPH can, within error limits, be
quantified by this method. Total DPH tends to
increase from 68 + 3 pmol /u1 without BCD to an
approximate maximum of 99.5 + 5 pmol /1 when
12000 pmol/ul BCD is added to the solution.
These results demonstrate that more DPH is
complexed as BCD is added to the solution.

Another representation of complex formation
tendencies is shown in Fig. 6, in which DPH-
BCD : BCD ratios are plotted against BCD con-
centrations in solution. DPH-BCD :BCD com-
plex ratios tend to increase to a maximum around
12000 pmol/l1 of BCD with 3.5x 107 DPH
molecules per BCD.

Table 1 demonstrates that free DPH is present
in solution in greater quantities than complexed
DPH-BCD. However, the spots’ fluorescence on
the TLC plates gives the impression that the
opposite is true. Comparison of the dot pixels of
the free DPH containing 12000 pmol BCD with
the bound DPH containing 20000 pmol BCD
(Fig. 3), where the value of the latter is underesti-
mated because of over-saturation, demonstrates
that the quantum yield of included DPH is in fact
higher than that for the free form. This explains

Fig. 7. A view reproduced from CCD of the TLC plate eluted
in hexane-ether—ethanol solvent refilmed five days after first
exposure to excitation at 360 nm light and air. The spots at
the start from left to right are (1) BCD in acetonitrile—water
(25:75, w/w); (2) BCD in acetonitrile—water (38:62, w/w);
(3) DPH in acetonitrile—water (25:75, w/w); (4) DPH+4x 103
pmol BCD in acetonitrile-water (25:75, w/w); (5) DPH+12
x10% pmol BCD in acetonitrile—water (25:75, w/w); (6)
DPH+20x10° pmol BCD in acetonitrile—water (25:75,
w/w); (7) DPH+4x10° pmol BCD in acetonitrile—water
(38:62, w/w); (8) DPH+12x 10> pmol BCD in acetonitrile—
water (38:62, w/w); (9) DPH+20x 103 pmol BCD in ace-
tonitrile-water' (38:62, w/w); (10) 50 pmol DPH standard.
(11) 80 pmol standard. (12) 100 pmol standard. All DPH
standards are in pure acetonitrile.

why the spots at the start, which correspond to
very polar complexes of high molecular mass, are
much brighter than those corresponding to the
same quantity of free DPH. The quantum yield of
fluorescence of DPH is seen to increase on com-
plexation.

3.2.3. Aging study of DPH on TLC plates
Comparison of freshly spotted TLC plates (Fig.
3) and the same plate, kept in the dark and
wrapped in aluminium foil, filmed five days later
(Fig. 7) demonstrates that free DPH, including
free DPH in the standards, is completely
quenched in an unknown oxidative process. DPH
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Fig. 8. TGA of BCD-DPH crystals separated from acetoni-
trile—water (38:62, w/w) solvent.

in the complex, on the other hand, is still visible
and appears to be protected by BCD from
quenching.

3.3. Thermogravimetric analysis

The graph in Fig. 8 demonstrates that each
B-cyclodextrin includes approximately 11.5 water
molecules. The two solids which display fluores-
cence and ought to contain the complexes release
no detectable DPH or acetonitrile but only water.
Even in the crystals which were simply separated
from the 38:62 (w/w) acetonitrile—water solvent
the presence of acetonitrile is not apparent. These
results concord with the ones obtained in UV
absorption spectroscopy and TLC where stoichio-
metric ratios up to 3.5:1000 DPH:BCD were
obtained. These values are well below the sensi-
tivity limit of TGA.

4. Conclusion

Free and complexed fluorescent BCD guest
molecules can easily be detected and separately
quantified by a combination of TLC, UV absorp-
tion spectroscopic and fluorescence methods. This
technique allows also a quantitative determina-
tion of the stabilization resulting from inclusion
as well as a kinetic study of the stability of the
inclusion complex at various temperatures or in
the presence of actinic light. Further work is
presently under way to obtain the same quantifi-
cation using only fluorescence analysis on TLC.
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Abstract

Even in the absence of potassium periodate, rhodium(III) caused an increase in the chemiluminescence (CL) of
luminol both in conventional aqueous basic buffer solution and in a reverse micellar medium of cetyltrimethylammo-
nium chloride in chloroform-cyclohexane (6:5, v/v)-water (buffered with sodium carbonate). The CL emission
intensity was observed to decrease significantly when oxygen was excluded from the reaction. The rhodium(III)-cata-
lyzed CL emission from luminol oxidation by oxygen in a reverse micellar medium can be used for analytical
purposes. Under the optimized experimental conditions, the present emission was applied to determine rhodium(I1I)
in chloroform using a flow-injection system. A detection limit of 50 ng ml1~' Rh(III) and a linear calibration graph
was obtained with a dynamic range from 0.40 pg mi~! to 10 pg ml~ 1.

Key words: Catalytic methods; Chemiluminescence; Flow injection; Reverse micelles; Rhodium; Luminol; Micelles

1. Introduction

There is a great need for the development of a
simple and selective procedure for the determina-
tion of platinum group metals using inexpensive
instrumentation. Chemiluminescence (CL) pro-
vides a valid detection system for routine analysis
in several fields of analytical chemistry [1-4]. The
simplicity of the procedure and use of cheap
instrumentation in addition to high sensitivity are
the main advantages associated with CL detec-
tion systems. The CL reaction of luminol with
potassium periodate in aqueous sodium hydrox-

* Corresponding author.

ide solution at pH 12 has been reported to be
catalyzed by transient Rh(V) produced from peri-
odate oxidation of Rh(III) in the basic medium
[5]. Furthermore, a similar CL procedure was
utilized for the quantification of Rh(III) [6]. Al-
ternatively, the CL reaction in the absence of an
oxidizing reagent is simple and more selective.
Metal ions such as iron(II) [7], cobalt(IT) [8]} and
gold(III) [9] have been reported to cause CL from
luminol in aqueous solution even when no hydro-
gen peroxide is present. In a preliminary study of
luminol CL using Rh(II) as a catalyst, we ob-
served an increase in the emission intensity when
the CL reaction was carried out in the absence of
periodate.

In CL measurements, an interesting develop-
ment of analytical significance is the incorpora-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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tion of reverse micelles into the detection system
with subsequent achievements of multiple bene-
fits [10-18]. Lower detection limits and improved
selectivity are reported for reverse micellar medi-
ated CL (RMM-CL) measurements. Owing to the
effectiveness of reverse micelles in the CL reac-
tions, it is of particular interest to investigate the
catalytic behaviour of different metal ions in the
RMM-CL reaction for their quantification at trace
levels. In fact, a new CL method for Au(IIl)
based on the oxidation of luminol in reverse
micelles with [AuCl,]” in chloroform using a
flow-injection (FI) system has been developed
(16]. This work was extended to the CL determi-
nation of gold in aqueous medium after the ana-
lyte was quantitatively transferred from an aque-
ous acidic solution into chloroform containing
tri-n-octylphosphine oxide [17]. After studying the
interference effect from the presence of different
species in aqueous solution, this method was ap-
plied to the determination of gold in industrial
samples, using both batch extraction [18] and
continuous flow extraction through a micro-
porous PTFE membrane [19].

In this paper, the effect of Rh(III) in chloro-
form on the RMM-CL oxidation of luminol, using
a flow-injection method, is described in detail.
Preliminary observation revealed that Rh(IID)
alone is sufficient to give an increased CL emis-
sion in reverse micellar as well as in aqueous
media. After optimizing the reaction parameters,
reproducible calibration graphs and detection
limits lower than those for aqueous media were
obtained. Since various methods can be used to
extract Rh(IIT) from an aqueous medium [20-22],
the present investigation suggests that consider-
able opportunities exist to develop a new CL
procedure for Rh(III) based on the combination
of the CL system with on-line liquid-liquid ex-
traction.

2. Experimental
2.1. Reagent

Rhodium(III) was obtained in the form of
99.9% pure rhodium nitrate (Rare Metallic Co.,
Tokyo). A stock Rh(III) aqueous solution was

prepared in 0.2 M perchloric acid. Analytical
grade pure (60%) perchloric acid (Katayama, Os-
aka) was used for the preparation of acidic solu-
tions. All working solutions of rhodium(III) were
prepared by serial dilution of the stock solution
using fresh deionized water. To prepare standard
Rh(II) solutions in chloroform, a certain volume
of the aqueous stock solution of rhodium nitrate
was placed in a clean beaker and was evaporated
to dryness on an electric hot plate. The solid
residue was dissolved in the minimum amount
(0.4 ml) of ethanol and was diluted to the re-
quired concentration with chloroform (Wako, Os-
aka). Using the same procedure, a blank solution
in chloroform was also prepared.

An aqueous solution of luminol (Aldrich, Mil-
waukee, WI) was prepared in 0.2 M sodium car-
bonate (Kanto, Tokyo). The pH of this solution
was 12.0. The luminescent reagent was prepared
by dispersing a certain volume of the sodium
carbonate buffered solution of luminol in a bulk
solvent of chloroform-cyclohexane (Wako) 6:5
(v/v) mixture containing 0.010 M cetyltrimeth-
ylammonium chiloride (CTAC, Tokyo Kasei Ko-
gyo, Tokyo). A water-to-surfactant molar ratio
(R =[H,0]/[CTACD of 22.2 was used in the
present work. All chemicals were used as re-
ceived.

2.2. Apparatus

The multicomponent instrument used for the
determination of flow CL measurements was
composed of a Hitachi (Tokyo) Model K-1000 FI
analyzer, a Tosoh (Tokyo) Model CCPM com-
puter-controlled pump unit and a Niti-on (Funa-
hashi) Model LF-800 photometer. The CL signals
were recorded on a strip-chart recorder. For batch
detection of luminescence, a Hitachi Model F-
2000 fluorescence spectrophotometer with 1-cm
cell was used. For pH measurements, a Horiba
(Tokyo) Model M-8L pH meter was used. A YSI
(Yellow Springs, OH) Model 58 dissolved oxygen
meter was used to measure the content of oxygen
in aqueous solutions. Deionized water was freshly
collected from an Advantec Toyo (Tokyo) Model
GSU-901 water purification apparatus and was
used in making all aqueous preparations.



Imdadullah et al. / Analytica Chimica Acta 292 (1994) 151-157 153

2.3. Procedure

All the analytical conditions were optimized
using the FI system reported in our previous
studies [13,15-18]. After suction into their re-
spective loops, sample (90 p1) and reagent (100
wl) were simultaneously inserted into the carrier
flow streams of chloroform using a rotary injec-
tion valve. The carrier flow rate in both streams
was 2 ml min~!. CL signals were produced upon
mixing sample and reagent solutions in a coiled
cell (70 wl) mounted in front of the photomulti-
plier tube of the CL detector. For the batch CL
measurements, 0.5 ml of the luminescent reagent
was initially placed in the cell and was mixed with
an equal volume of the sample solution injected
quickly with a glass syringe [13].

3. Results and discussion
3.1. Rhodium catalyzed chemiluminescence

For luminol chemiluminescence using rhodi-
um(III) as a catalyst in aqueous alkaline solution,
it was believed that the presence of periodate is
required [5,6]. As reported for gold(III) [9,16],
however, CL signals characteristic to luminol
alone were observed even in the absence of a
co-oxidant like periodate when either a reverse
micellar or conventional aqueous solution of the
luminescent reagent was placed in the cell. Upon
mixing either the former solution with Rh(III) in
chloroform (Fig. 1a) or the latter solution with
Rh(IID) in water (Fig. 1b), intense CL signals
were produced at room temperature.

Previous studies of the effect of Rh(III) on the
luminol reaction did not mention such an occur-
rence. In earlier studies on the CL reaction of
luminol in the -absence of hydrogen peroxide, it
has been pointed out that oxygen is required for
the CL reaction of luminol with metal ions such
as iron(I) [7], cobalt(II) [8], and gold(III) [9],
although this has been disputed in the case of
iron(I1) [23]. In order to verify that oxygen is
involved in the luminol CL reaction with Rh(III)
in the absence of periodate, experiments were
conducted in which oxygen was excluded from
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Fig. 1. CL intensity—time profiles observed from the luminol
oxidation in CTAC reverse micellar solution (a) and in con-
ventional aqueous solution (b). Standard solutions of 10 ug
ml~?! rhodium(III) in chloroform and in water were added to
the former and latter solutions, respectively.

the reaction. Continuous flow CL measurements
were conducted by pumping solutions of Rh(III)
and luminol through the flow system and mixing
these streams in a coiled glass flow cell. The
aqueous solutions run without deaeration (Fig. 2a
and c) contained oxygen from the air. At 25°C,
the observed content of oxygen in the aqueous
solutions at equilibrium with air (air-saturated)
was 8.5 mg 17!. When both the conventional
aqueous solutions of luminol and Rh(III) were
deaerated by bubbling with nitrogen (the oxygen

—y
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(=]

a b c

Fig. 2. CL emission intensity obtained with conventional aque-
ous solutions air-saturated (a), (c) and deaerated (b) using a
continuous flow system. Oxygen content: (a) 8.5; (b) 2.0; (¢)
8.5 mg ml~!. Luminol, 1 mM; Na,CO4, 0.2 M; Rh(1ID), 10 pg
mi~ L.
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content of these solutions was decreased to 2.0
mg 17!, Fig. 2b) and the CL emission intensity
was observed to decrease significantly. A de-
crease in CL intensity because of the removal of
oxygen from the aqueous solutions indicates that
oxygen is indeed required for the CL reaction of
luminol with Rh(III) ion.

The intensity—time profiles (Fig. 1), in both
the conventional aqueous and reverse micellar
solutions, were identical, having an intense lumi-
nescence for the initial few seconds after mixing
followed by a sharp decline. This indicates that
uptake of Rh(II1) from chloroform into the water
pool of the reverse micelle occurs just upon mix-
ing Rh(III) in chloroform with the reverse micel-
lar solution of luminol. After its uptake by the
reverse micelle, Rh(III) is apparently capable of
catalyzing luminol oxidation in the presence of
dissolved oxygen present in the central reverse
micellar aqueous pool as observed with the con-
ventional aqueous solution mentioned above. In
conventional aqueous as well as in reverse micel-
lar media, the 3-aminophthalate (3-AP) di-anion
produced by the Rh(III) catalyzed oxidation of
fuminol with oxygen is probably the primary emit-
ter. Additionally, when the CL reaction of lumi-
nol with Rh(III) ion was run in the presence of
the added oxidant, potassium periodate, follow-
ing the reported procedure [6], there was a negli-
gible increase in the emission intensity in the
reverse micellar solution. Additional work will be
needed to elucidate the difference between the
CL profiles with and without periodate in con-
ventional aqueous and in reverse micellar solu-
tions.

In order to evaluate the behaviour of Rh(III)
as a catalyst, CL signals were recorded in conven-
tional aqueous and in reverse micellar media
under the same experimental conditions using an
FIA system. The calibration graphs shown in Fig.
3 reflect some characteristic features. At higher
concentrations (2.5-10 pg ml™!) of Rh(III), the
graphs are parallel but the signal observed in
reverse micellar medium was much higher than
that in the aqueous medium. In the latter, below
5 wg ml~ ! Rh(III), a suppressive effect of Rh(III)
on the CL emission was observed. Similar be-
haviour has been reported for Au(I1I) [24], where

N
—

Relative CL intensity

% a2 8
[Rh1/pig mi-

Fig. 3. Dependence of the CL intensity from the luminol
reaction on rhodium(III) concentration in reverse micellar
medium (®) and in conventional aqueous medium (O).

the intensity of luminol CL decreases to zero
owing to hydrolysis and the formation of
[AuCl;OH]". By assuming such an effect of hy-
drolysis, the present inhibition phenomenon might
be due to the formation of a rhodium hydroxide
which is produced upon mixing Rh(III) with the
basic solution of luminol. As the formation of
rhodium hydroxide is increased with an increase
in the concentration of Rh(III) in solution, a
decrease in the CL intensity is observed (Fig. 3).
However, an increase in the CL signals was ob-
served for Rh(III) concentrations above 1.0 ug
ml~ ", In contrast, in the reverse micellar medium,
a linear graph was obtained at all concentrations
above 400 ng ml~! Rh(II) (Fig. 3). To explain
the linearity, it could be presumed that upon the
uptake of Rh(ITI) by the reverse micelles, a chloro
complex of the analyte is produced in the water
pool of the reverse micelle rather than the hy-
droxide as is the case in bulk water. Since a small
volume of the water pool is used for accumula-
tion of the chloride counter jon in the CTAC
surfactant, the effective chloride counter ion con-
centration in the water core region of the reverse
micelle is much higher than the 0.01 M CTAC
stoichiometric concentration. Under the optimum
conditions (R = 22.2), for example, the effective
chloride concentration calculated by taking into
account the aqueous core to organic bulk phase
volume ratio of 0.004 is 2.5 M. This complex will
subsequently participate in the CL reaction with-
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out any loss due to the formation of a rhodium
hydroxide.

3.2. Optimization studies

As the initial investigation demonstrated the
usefulness of reverse micelles [13~18], all experi-
mental variables for the reaction of luminol in
reverse micelles catalyzed by Rh(II) in chloro-
form were optimized. Interestingly it was ob-
served that all the reaction parameters, i.c., the
effect of the [H,0]/[CTAC] mole ratio, CTAC
concentration, carbonate buffer concentration,
luminol concentration in the final total volume,
and composition of the bulk organic solvent were
almost identical as to those observed for gold(I11)
{16] (Table 1). The initial studies of the Rh(1II)
catalyzed CL reaction [5,6] were conducted in
strong sodium hydroxide solution. Therefore, a
thorough investigation concerning the pH of the
luminol buffer solution and the effect of sodium
hydroxide was required. As is evident from Fig. 4,
considerable changes in the CL intensity were
observed when the pH of the luminol solution in
0.2 M sodium carbonate (pH 12) was varied by
addition of either hydrochloric acid or sodium
hydroxide. CL signals appeared at pH>9 and
reached a maximum around pH 13.

The 3-aminophthalate (3-AP) di-anion is con-
sidered to be the primary emitter in luminol CL
reactions. Buffer at high pH will presumably facil-
itate the formation of these di-anions and result

Table 1
Optimum experimental and instrumental operating conditions
for the determination of rhodium(1II)

Reagents

Final luminol concentration 4 uM

Aqueous buffer concentration 0.2 M Na,CO,

R (=[H,0]/[CTAC) 222

CTAC concentration 0.01 M

Reverse micellar bulk solvent Chloroform-
cyclohexane
6:5,v/v)

Flow system

Sample loop size 90 ul

Reagent loop size 100 wl

Carrier Chloroform

Flow rate 2 ml min !

-
T

Relative CL intensity

o 0 * 12
PH
Fig. 4. Variation of CL intensity with the pH of luminol buffer

solution in reverse micellar medium.

in enhanced CL signals. However, when sodium
hydroxide (5 X 1073-1 M) was added to the lumi-
nol solution in 0.2 M sodium carbonate, only a
slight increase (ca. 50%) in the CL signals was
observed. A proportional increase in the blank
CL signal and poor reproducibility in the pres-
ence of sodium hydroxide were also observed. A
plausible explanation for this phenomenon could
be the formation of more 3-AP di-anions at the
expense of an increase in the total anionic popu-
lation inside the aqueous pool of reverse micelles.
If sodium hydroxide is used, a competition among
different anions (e.g., OH™, CO%~ and Cl~) and
the 3-AP anion, all present in the same aqueous
pool, for the positively charged water—surfactant
interface which is the most probable site for the
CL reactions [11,12], is highly likely. The water—
surfactant interface of the reverse micelle is of
great significance in its reactivity [25,26]. Addi-
tionally fluorescence quenching at pH > 12.5 in
reverse micellar medium and the quenching of
CL have already been reported [12,27] for hydrox-
ide. Sodium carbonate buffer was preferred over
sodium hydroxide because of the stability and
reproducibility of the RMM-CL signals in the
former, thus the use of sodium hydroxide in the
present investigation was not considered further.

3.3. Sensitivity and dynamic range

A study regarding the analytical application of
the FI-CL procedure was carried out to establish
the utility, dynamic range and reproducibility for
the quantification of Rh(III). No increase in the
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CL signal was observed for the blank, indicating
the absence of any catalysis. The difference in the
observed peak heights for the analyte and blank
was considered as the analytical signal. Under the
optimized experimental parameters, a detection
limit of 50 ng ml~' was obtained using the
RMM-CL detection system for Rh(III) in chloro-
form where the detection limit is considered as
the concentration of the analyte for which the
analytical signal is 3 times higher than the base-
line noise. The calibration graph was linear from
0.40 pg ml~! to 10 g ml~! Rh(III) in chloro-
form (Fig. 5). The relative standard deviation
(n = 6) was 3%. In a similar comparative study, a
certain volume of the aqueous Rh(II) standard
solution was dispersed directly in the reverse
micellar medium (R = 22.2) and their CL signals
were recorded with a reverse micellar solution of
luminol under the same experimental conditions.
The calibration graphs were similar in both cases.
The RMM-CL signals for the reverse micellar
solutions of Rh(ITI) nevertheless appeared to be
slightly higher than those for the sample solutions
of Rh(III) in chloroform at the same concentra-

2 -
- / v
> O /.
% . / .
\/
IS / o/
4 1+ O
O J/
- O
3 yd
po 0
(4] /.
E ?
m i 'I,l
9 0 é
[
1 1
2 3 4

Log ( [Rh] / ng mi! )
Fig. 5. log-log calibration graphs for the determination of
rhodium using the RMM-CL reaction of luminol. Rh(III)
sample preparation: (0) Rh(III) aqueous solutions were dis-
persed in reverse micelles; (®) a concentrated Rh(III) ethano-
lic solution was diluted with chloroform.

tion of Rh(III) (Fig. 5). The chloroform solution
of Rh(III) contains traces of ethanol which most
probably damages the reverse micellar structure
on mixing with the reverse micellar solution of
Iuminol, thus causing a mild inhibition in the
RMM-CL intensity as well as a higher detection
limit.

Apart from sensitivity, the present micellar
method is no doubt simpler, faster and less ex-
pensive than other sophisticated instrumental
methods. It is quite likely that this method could
be applied to the quantification of Rh(III) in
diverse aqueous samples after liquid-liquid ex-
traction. Work is in progress to select a suitable
CL-active system for the extraction of Rh(IID)
and to examine the interference effect from the
presence of different species on the rhodium
determination.
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Abstract

The chemiluminescent characteristics of the oxidation of some xanthone dyes were studied in detail. The
chemiluminescence spectra of these dyes and the absorption and fluorescence spectra of some products of the
chemiluminescent reactions were investigated; all these dyes were studied by the Hiickel molecular orbital method.
On the basis of these investigations, an initial explanation for the relationship between the structure of the dye
molecules and their chemiluminescent behaviour and a possible mechanism for this chemiluminescent reaction were
proposed. The effects of various types of surfactants on the chemiluminescent reaction were also studied. The
mechanism of the enhancement of chemiluminescence by surfactants is discussed. The catalysis of some metal ions
was also examined, and it was found that trace Co(II) would catalyse the chemiluminescent reaction in the presence
of the cationic surfactant cetyltrimethylammonium bromide. The detection limit was 4—10 pg Co ml~, depending on
the dye.

Key words: Chemiluminescence; Cobalt; Dyes; Xanthone dyes

1. Introduction

All xanthone dye molecules have multiple aro-
matic rings with a rigid plane structure. They are
highly fluorescent reagents and all of these kinds
of reagents have the basic structure shown. The
predominant characteristic of these dye molecules
is that there is an oxygen bridge between two
benzene rings, the presence of which makes it

* Corresponding author.

much easier to adopt a rigid plane structure [1,2].
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These dyes are principally used in analytical
chemistry as fluorescent indicators and reagents
for spectrophotometric analysis. In the presence
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of surfactants, their sensitivity is greatly in-
creased, the molar absorptivity of their complexes
generally being > 1X10° I mol ™! em ™! [3,4].

It was found that when some xanthone dyes
were oxidized with hydrogen peroxide in alkaline
solution, chemiluminescence could be observed.
In this work, attempts were made to probe the
relationship between the structural characteristics
of these dye molecules and their chemilumines-
cent behaviour, and further to elucidate the
mechanism of the chemiluminescent reaction. For
this purpose some xanthone dyes (dibromo-
alizarin violet, phenylfluorone, o-hydroxyphenyl-
fluorone, eosin B, eosin Y, dibromophenylfluo-
rone and fluorescein) were investigated. The ef-
fects of various kinds of surfactants on these
chemiluminescent reactions and their catalysis by
some metal ions were also studied.

2. Experimental
2.1. Apparatus

A Lambda 9 spectrophotometer (Perkin-
Elmer), RF-540 spectrofluorimetry (Shimadzu)
and HFC-I chemiluminometer (made in the labo-
ratory) were used. A block diagram of the HFC-1
is shown in Fig. 1. The detector chamber (A)
consists of a reaction cell (I), filter (II), shutter
(IID), reflecting mirror (IV) and photomultiplier
tube (V). The photomultiplier tube used is a
GDB-413 (Nanjing Electron Tube Works) with a
light detection range of 300-700 nm. The high

| [ R

Fig. 1. Block diagram of HFC-I chemiluminometer A =
detector chamber (I = reaction cell; II = filter; III = shutter;
IV = reflecting mirror; V = photomultiplier tube); B = high-
voltage power supply; C = amplifier; D = recorder.

voltage supplied is 900 V from B, C is an ampli-
fier with a low noise level and small baseline shift
and D is a recorder.

2.2. Reagents

All reagents were of analytical-reagent grade
or better and water doubly distilled in a fused-
silica apparatus was used throughout.

The xanthone dyes used were dibromoalizarin
violet (Shanghai Chemical), phenylfluorone
(Shanghai Chemical), o-hydrophenylfluorone
(Beijing Chemical), eosin B (Guangzhou Chemi-
cal), eosin Y (Guangzhou Chemical), dibro-
mophenylfluorone (Shanghai Chemical) and fluo-
rescein (Koch-Light). These dyes were dissolved
in absolute ethanol and the solutions were di-
luted to the required concentration with water.

The surfactants used were cetyltrimethylam-
monium bromide (CTAMB) (Beijing Chemical),
sodium laurylsulphonate (Beijing Chemical) and
Triton X-100 (Aldrich).

2.3. Procedures

Detection of non-catalysed chemiluminescence

A 0.5-ml volume of xanthone dye solution,
0.1 ml of 1.5 mol 1=! NaOH and 0.5 ml of surfac-
tant solution were added in turn by pipette to the
reaction cell and mixed. The cell was placed into
the detector chamber, the shutter was opened
and the zero point of the recorder was adjusted.
Then, 0.25 ml of 2.0 mol 1-! H,0, solution was
injected into the reaction cell and the chemilumi-
nescence signal was recorded.

Detection of catalysed chemiluminescence

A 0.5 ml volume of 3.0x 107% mol 17! dye
solution, 0.1 ml of 2.0ml 1~! H,0, solution,
0.1 ml of 1.5 mol 17! NaOH solution and 0.5 ml
of 5.0%10* mol 17! surfactant solution were
added in turn by pipette to the reaction cell and
mixed. The cell was placed into the detector
chamber, the shutter was opened and the zero
point of the recorder was adjusted. Then, 0.25 ml
of metal ion (or non-metal ion) solution was
injected into the reaction cell and the chemilumi-
nescence signal was recorded.
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Table 1
Chemiluminescent behaviour of some xanthone dyes
Xanthone dye Structure Optimum concentrations I
Xanthone dye NaOH H,0,
(X107* M) M) ™M)
HO c” OH
o-Hydroxyphenylfluorone OH 2.5 0.15 0.50 12
HO c” OH
Phenylfluorone 2.0 0.10 0.40 17
OH OH
Dib lizarin viol Br ¢ Br 2.3 0.10 0.37 23
t . B B
ibromoalizarin viole COOH
Br Br
HO c” OH
Dibromophenylifluorone 22 0.15 0.45 87
HO (e} O
|09 @
Fl i ¢ 1.8 0.20 0.35 99
uorescein . R .
©/ COOH
Br Br
O,N c” NO,
Eosin B 1.8 0.25 0.35 840
COOH
Br Br
. Br c” Br
Eosin Y 2.0 0.20 0.30 1610

COOH

<

I = chemiluminescent intensity, which is represented by peak height (mm). All the results are averages of ten measurements.
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Measurement of fluorescence spectra

Measured amounts of dye solution, CTMAB
solution and NaOH solution were placed into
reaction cell and mixed and the flurorescence
spectrum was measured from 400 to 650 nm with
excitation at 390 nm. Hydrogen peroxide solution
was then added to the cell and the fluorescence
spectrum was again measured under the same
conditions at regular intervals.

3. Results and discussion

Of the many available xanthone dyes, we se-
lected dibromoalizarin violet, phenylfluorone, o-
hydroxyphenylfluorone, eosin Y, eosin B, fluores-
cein and dibromophenylfluorone for investiga-
tion. It was found that xanthone dyes gave chemi-
luminescence when they were oxidized by hydro-
gen peroxide under alkaline conditions and the
chemiluminescent intensity is dependent on the
concentrations of dye and hydrogen peroxide.
Because there was obvious interaction among
these parameters, it was difficult to find the opti-
mum conditions for these systems by traditional
methods; the modified simplex method (MSM),
however, is readily adaptable to solving such a

1
22x1072

7ig. 2. Relationship between & and chemiluminescent inten-
iity.

Table 2

Relationship between & and chemiluminescent intensity
Xanthone dye 8 I Log Iy
o-Hyrdoxyphenylfluorone 0.1487 12 1.0792
Phenylfluorone 0.1520 17 1.2304
Dibromoalizarin violet 0.1590 23 1.3617
Dibromophenylfluorone 0.1745 87 1.9395
Fluorescein 0.1764 99 1.9956
Eosin B 0.2002 840 2.9243
Eosin Y 0.2194 1610 3.2068

I = chemiluminescent intensity.

problem, and was therefore used for this purpose.
The optimum conditions found for these dyes are
given in Table 1.

3.1. Relationship between structure of dye molecule
and chemiluminescent behaviour

Using the optimum conditions, we investigated
the chemiluminescent behaviour of different xan-
thone dye systems, and found that their chemilu-
minescent intensities are very different (see Table
1). In order to probe the effects of various sub-
stituent groups on the chemiluminescent be-
haviour, the electron-density distribution in the
dyes studied was calculated by the Hiickel molec-
ular orbital method. For convenience in discus-
sion, the carbon atoms of the dye molecules are
numbered.

The calculation shows that for all the dyestuffs
tested the mr-electron density at C-1 is lower than
that at the other carbon atoms; of the three

Table 3
Linear range, relative standard deviation and detection limit
of Co(II)

Xanthone dye Linear RS.D. DL
range (%) (mgml~1
(ng ml~1)

o-Hydrophenylfluorone  0.5-400 3.5 10

Phenylfluorone 0.5-400 4.0 10

Dibromoalizarin violet 0.1-100 2.7 5

Dibromophenylfluorone  0.1-100 1.9 5

Fluorescein 0.1-100 5.1 5

Eosin B 0.1- 50 32 4

Eosin Y 0.1- 50 4.5 4

R.S.D. = relative standard deviation [for 0.2 ng ml~! Co(II);
n =10); DL = detection limit.
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atoms connected with C-1, the C-15 atom has the
lowest -electron density. We also found that the
chemiluminescent behaviour of the dyes is depen-
dent on the difference in mr-electron density be-
tween C-1 and C-15 (denoted &), and the chemi-
luminescent intensity increases with increasing &
(see Table 2). On plotting the logarithm of rela-
tive chemiluminescent intensity against &, a
straight line was obtained (see Fig. 2), with a
correlation coefficient of 0.993. Based on the
quantum mechanical calculations, several initial
conclusions can be drawn, as follows:

The selected dyes could be divided into two
kinds, one such as fluorescein with a carboxy
group at C-16 and the other kind such as
phenylfluorone with no carboxy group at C-16. It
is very obvious that the chemiluminescent inten-
sity is increased greatly on introducing a carboxy
group at C-16. Because of the electron-withdraw-
ing effect of a carboxy group, not only will the
mr-electron density at C-1 be lowered, but also the
value of & will be increased and the chemilumi-
nescent intensity, therefore, will be greatly in-
creased.

b A

1
300 400 500 600 700

Fig. 3. Chemiluminescence spectra and visible absorption
spectra of dibromophenylfluorone. (1) Visible absorption
spectrum in the absence of CTMAB: (2) visible absorption
spectrum in the presence of CTMAB: (3) chemiluminescence
spectrum in the absence of CTMAB; (4) chemiluminescence
spectrum in the presence of CTMAB.
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Fig. 4. Fluorescence spectra for the oxidation products of
dibromophenylfluorone. (a)-(e) For dibromophenylfluorone
[t=(@) 0, ) 1, (c) 6, (d) 13 and (e) 18 min); (H-(i) for
pyrogallol [t =(f) 0, (g) 1, (h) 3 and (i) 8 min].

From the molecular structures of dibro-
mophenylfluorone, dibromoalizarin violet, eosin
Y and eosin B, we know that the chemilumines-
cent intensity will be increased by introducing a
bromine atom at C-4, C-6, C-10 and C-12. This
effect is greatest when the bromine atoms are
introduced at C-6 and C-10, as shown by compar-
ing the chemiluminescent behaviour of dibro-
mophenylfluorone and dibromoalizarin violet. In-
troduction of a carboxy group at C-16 in dibro-
moalizarin violet increases &, which is favourable
for chemiluminescence to occur, whereas there is
no carboxy group at C-16 in dibromophenylfluo-
rone. Normally, the chemiluminescent intensity
of the former should be greater than that of
latter, but when bromine atoms are introduced at
C-6 and C-10, their chemiluminescent intensity
order is inverted.

Comparison of the chemiluminescent be-
haviour of eosin Y and ecosin B shows that the
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introduction of a nitro group at C-4 and C-12 is
not as effective as bromine in producing chemilu-
minescence, which may be due io the stronger
electron-withdrawing effect of bromine.

Comparing the chemiluminescent behaviour of
phenylfluorone and o-hydroxyfluorone, it can be
concluded that the mr-clectron density at C-1 is
increased by introducing a hydroxy group at C-16,
further decreasing the value of 8§, which is not
favourable for chemiluminescence.

3.2. Mechanism of chemiluminescence

Chemiluminescence spectra

The chemiluminescence spectra of the selected
dyes were measured; and three chemiluminescent
peaks, at 475, 580 and 620 nm, can be observed
for all of the dyes. Typical chemiluminescent
spectra for dibromophenylfluorone are shown in
Fig. 3. The first two peaks are very similar to the
chemiluminescent peaks from polyphenols, such
as pyrogallol, catechol and resorcinol, when they
are oxidized by hydrogen peroxide in alkaline
solution [5]. This suggests that when these xan-
thone dyes are oxidized, polyphenols such as py-
rogallol and catechol may be produced during the
reactions, and that the chemiluminescence occurs
on further oxidation of these intermediates.

Absorption spectra

We also investigated the visible absorption
spectra of the dyes in alkaline solution, and found
that they overlap considerably with the chemilu-
minescence spectra, and therefore energy transi-
tion may occur. Taking dibromophenylfluorone as
an example, as shown in Fig. 3, the maximum
absorbance is at 582 nm in the absence of
CTMAB, but is 532 nm in the presence of
CTMAB; both overlap the chemiluminescence
spectrum at 580 nm. Therefore, it can be pro-
posed that some dye molecules are oxidized to
produce polyphenols, as the luminescence donor
part of the oxidation products of polyphenols
transfer energy to unoxidized dye molecule, and
the latter as the acceptor will provide the energy
transfer luminescence, and it will shift in the long
wavelength direction, which corresponds to the
chemiluminescent peak at 620 nm.

Fluorescence spectra of the products of some dyes

The xanthone dyes and some polyphenols were
oxidized by hydrogen peroxide in alkaline solu-
tion and the variation of their fluorescence spec-
tra were investigated in detail. It was found that
during the oxidation of dyes, the fluorescence
spectra gradually became similar to those of
polyphenols. Taking dibromophenylfluorone as a
typical example (Fig. 4), in alkaline solution it
shows two peaks at 460 and 545 nm in the fluo-
rescence spectrum when it is excited at 390 nm
(Fig. 4a). After addition of hydrogen peroxide,
the peak at 545 nm decreases with time and shifts
in the violet direction, while the peak at 460 nm
increases with time and shifts in the red direc-
tion. When the reaction is complete, the solution
only gives a fluorescence peak at 495 nm (Fig.
4e), which is very similar to that of the oxidation

1000

80.0 -

60.0 *—

400+ -

20.0 —

0 . o T T T T I
5800 6000 7000

Fig. 5. Fluorescence spectra of dibromophenylfluorone using
different excitation wavelengths: (a) 580; (b) 500; (c) 475 nm.
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products of pylogallol (Fig. 4f-i). The other dyes
show similar trends. This also suggests that the
polyphenols are involved in the reaction mecha-
nism.

Moreover, in order to draw the correct conclu-
sion that the unreacted dye is chemi-excited by
the reaction of a portion of the dye with hydro-
gen peroxide, the fluorescence spectra for dibro-
mophenylfluorone system were recorded using
different excitation wavelengths. The results show
that the dye gives a fluorescent peak at 620 nm
when using 580 nm as excitation wavelength (see
Fig. 5a), and it gives only a small peak when using
500 nm (see Fig. 5b) and none at all using 475 nm
(see Fig. 5¢). This result is in agreement with that
from the chemiluminescence spectra and absorp-
tion spectra. It can be proposed again that an
energy transfer mechanism is involved in the
chemiluminescent reaction.

The results of quantum calculations showed
that for all the dyestuffs tested the m-electron

0] o) (O o o) o
XX T XX
"0 C O~ H,0, O C=0O 0
—_—
OH™

Q i
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density at C-1 is the lowest. It is generally recog-
nized that in alkaline solution hydrogen peroxide
produces an O; " ion radical. This should attack
the C-1 position first, with possible production of
a peroxide bridge between C-1 and C-15, fol-
lowed by formation of the polyphenols. The
polyphenols are further oxidized to produce
chemiluminescence. The mechanism of the
chemiluminescent oxidation of polyphenols has
been shown to proceed in several stages to pro-
duce low-molecular-weight, water-soluble poly-
mers, and several other as yet unidentified prod-
ucts, and the chemiluminescence is due to emis-
sion from singlet oxygen [5]. The mechanism is
shown in Scheme 1 for phenylfluorone as an
example.

To summarize, two steps could be involved in
the chemiluminescent reactions of xanthone dyes.
First, the xanthone dyes are oxidized to produce
polyphenols in alkaline solution and the polyphe-
nols are further oxidized to produce chemilumi-

Lij <I

Oj::[o]i;/[o
# -
A+ O C% o

B

=475 nm
= 580 nm

nrzA
O

th (620 nm)

Scheme 1.
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nescence emitted from singlet oxygen; second,
some polyphenols in the excited state, as the
luminescence donor, transfer the energy to unoxi-
dized dye molecules and the latter as the accep-
tor gives the energy transfer luminescence at
620 nm.

3.3. Enhancement of chemiluminescence by surfac-
tants

Recently, there has been increasing interest in
investigating the enhancement of chemilumines-
cence by surfactants and its mechanism. Many
chemiluminescence systems have been found to
be enhanced by different kinds of surfactants
[6,7]. As the enhancement of chemiluminescence
by surfactants is very complex, the explanations
for the mechanisms in different cases are there-

2x1073
mote. ™
concentration of surfactants
Fig. 6. Enhancement of of chemiluminescence by surfactants:
(a) CTMAB; (b) Triton X-100; (c) sodium laurylsulphonate.

Fig. 7. Typical chemiluminescent signals for the phenylfluo-
rone system. (a) Blank; (b) 0.1; (c) 0.2; (d) 0.4; (¢) 0.8 ng mi~ L.

fore not the same, but they are always related to
the formation of micelles.

We examined the effects of a cationic surfac-
tant (CTMAB), an anionic surfactant (sodium
laurylsulphonate) and a non-ionic surfactant (Tri-
ton X-100) on the chemiluminescence of xan-
thone dyes. Fig. 6 shows the effects of these
surfactants on the phenylfluorone system. Fig. 6a
shows that when the concentration of CTMARB is
very low, it actually inhibits the chemilumines-
cence. This is because CTMAB is present in the
form of single molecules when its concentration is
very low, which can easily form an ion-association
complex with the dye ions. Because of the forma-
tion of such a complex, many dye ions in the
excited state return to the ground state by a
non-radiative internal transfer process, which
would lower the chemiluminescent quantum yield.

When the concentration of CTMAB in solu-
tion increases gradually, it starts to enhance the
chemiluminescent reaction. At this stage the
chemiluminescent intensity increases linearly with
increasing concentration of CTMAB, but its slope
is small. We ascribe this stage to the formation of
premicelles [8,9]. From Fig. 6a, when the concen-
tration of CTMAB increases continuously and
eventually becomes higher than the critical micel-
las concentration (CMC), the chemiluminescent
intensity increases greatly, and is also linearly
related to the concentration of CTMAB, but its
slope is much larger than previously; a turning
point therefore occurs at the CMC. From Fig. 6a,
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the CMC can be calculated, and the result is
1.05 X 10~3 mol 17}, whereas the literature value
is 0.9x1073 mol 17! [7]; the slight difference
could be ascribed to the different solution condi-
tions.

Fig. 6b shows the effect of Triton X-100 on the
chemiluminescence of phenylfluorone. Here the
effect of the formation of premicelles with Triton
X-100 is not obvious; however, a turning point at
the CMC can still be observed. In contrast, the
anionic surfactant sodium laurylsulphonate has
no effect (Fig. 6¢).

3.4. Catalysis of chemiluminescence by metal ions

We examined the catalysis by many metal ions
of the chemiluminescence of the dyes studied,
and found that 10000 ng ml~' Ca(ID), Fe(IID),
Mg(I1) and Zn(II), 1000 ng ml~! Ti(IV), Bi(II),
Ge(II1), Ag(I), Au(IIl) and La(III), 200 ng ml~!
AIIID, Cr(IID, Cu(ID), Mo(VD), Pb(II), Cd(II),
Nb(V), V(V), Ga(lI) and Mn(II) and 20 ng ml ™'
Ni(II) did not have an obvious catalytic effect on
these chemiluminescent systems. Only Co(II) was
found to show obvious catalysis; it is very strong
especially in the presence of CTMAB, and the
chemiluminescent intensity is proportional to the
concentration of Co(II). Hence these chemilumi-
nescent systems are suitable for determination of
trace Co(II). We therefore tried to find the opti-
mum conditions for the determination of traces
of Co(II).

The catalytic chemiluminescent intensity from
a xanthone dye is dependent on the concentra-
tions of dye, hydrogen peroxide, CTMAB and
sodium hydroxide used. The modified simplex
method was used to find the optimum conditions
for these catalytic chemiluminescent systems. Un-
der the optimum conditions the linear response
range, relative standard deviation and detection
limits (defined as three times the concentration
corresponding to the standard deviation of the
blank signal) for these systems are shown in Table
3. A set of typical chemiluminescent signals for

the phenylfluorone system are shown in Fig. 7.
The correlation coefficient (n = 10) was 0.9997.

4. Conclusions

The rigid plane structure of xanthone dye
molecules is favourable for producing chemilumi-
nescence. Polyphenols are involved in the chemi-
luminescent reactions of xanthone dyes, and the
chemiluminescence is due to emission from sin-
glet oxygen and intermolecular energy transfer.
The cationic surfactant CTMAB enhances the
chemiluminescent reactions of xanthone dyes.
Traces of Co(II) catalyse the chemiluminescent
reaction of xanthone dyes, and the catalytic
chemiluminescent intensity is proportional to the
concentration of Co(II), based on which a sensi-
tive method may be developed for the determina-
tion of traces of Co(Il).
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Abstract

A flow-injection system for investigating the chemiluminescence of aromatic ketone hydrazones is developed,
based on KMnO, oxidation with formic acid as a carrier. Rhodamine B has proved to be an efficient sensitizer. The
hydrazones studied are benzophenone hydrazone, benzil dihydrazone, acetophenone hydrazone and benzoin
hydrazone. The relative standard deviation for ten replicate injections of 1 X 107> M benzophenone hydrazone and
the detection limit (3 o) are 2% and 3 X 10~% M (30 pmol, 10-u1 injection), respectively. The interference effect of
some metal ions is also investigated. Cu(Il), Cd(II), Zn(II), Ca(II), Co(II) and Ni(II) have no effect whilst Mn(II),

Mo(VI) and Ce(IV) suppress the signal.

Key words: Chemiluminescence; Flow injection; Hydrazones; Interference effect; Ketones; Sensitizers

1. Introduction

Chemiluminescence (CL) (light emission from
a chemically induced electronically excited
species) is emerging as a powerful analytical tool
with widespread applications in various fields
[1,2]. This is attributed to the advantages of CL
measurements over its rival techniques spec-
trofluorimetry, spectrophotometry and spec-
trophosphorimetry [3]. These advantages include
higher sensitivity, wider linear dynamic range and
elimination of the light source with its inherent
problems of stray radiation. The combination of
CL with flow-injection (FI) methods [4] or liquid

* Corresponding author.

chromatography (LC) [5,6] has made the tech-
nique even more attractive. These features have
led to the detection of a wide range of analytes
including organic and inorganic species.

Most of the methods for the determination of
carbonyl compounds are based either on spec-
trophotometry via their 2,4-dinitrophenylhydra-
zones, or spectrofluorimetry using different fluo-
rophores [6,7]. Few CL methods are known for
carbonyl compounds. The most common one in-
volves their conversion to the hydrazone of a
fluorophore and detection with peroxyoxalate CL,
with a detection limit in the fmol range [6]. CL
methods have also been reported for the determi-
nation of acetaldehyde via its oxidation in the
presence of xanthine oxidase. Hydrogen peroxide
is formed which is detected by the luminol-
K4[Fe(CNy)] CL reaction [8], or by its enhance-

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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ment of the isopropanol-ClIO —-H,0, CL system
[9], down to 4x 107 M and 1.8 X 107 M, re-
spectively. Aliphatic aldehydes have also been
determined by their inhibition of the H,O,-
luminol-K ;[Fe(CN()] CL system [10]. The lowest
concentration measured was 2 X 107> M.

This paper describes a flow-injection method
for determination of aromatic ketone hydrazones,
based on the previously reported hydrazine CL
reaction [11], which are readily prepared from the
parent ketones. The following aromatic ketones
were selected as model reactants: benzophenone
(its hydrazone has been the most studied), benzil
(to give the corresponding dihydrazone), benzoin
(a well known fluorophore) and acetophenone
(the simplest aromatic ketone).

2. Experimental
2.1. Reagents

All the chemicals used were analytical grade
unless otherwise stated. Doubly distilled, deion-
ized water was used throughout. Hydrazine hy-
drate (99%), formic acid and rhodamine B were
obtained from Merck (Poole, UK). Benzophe-
none, benzil, benzoin and acetophenone were
obtained from Janssen (Newton, UK).

2.2. Apparatus

The measurements were made with the lumi-
nometer described earlier [11]. The injection valve
was a Rheodyne RH-5020 rotary valve obtained
from Anachem, (Luton, UK). The manifold tub-
ing was 0.5 mm i.d. PTFE. The peristaltic pump
used to deliver the solutions was a Gilson
Minipuls 3 (Anachem). The flow-injection mani-
fold used is shown in Fig. 1.

2.3. General procedure

The working hydrazone-rhodamine B solu-
tions were prepared daily from 1 X 1072 M and
1 X 10~* M stock solutions, respectively, to give a
hydrazone solution in 1 X 1075 M rhodamine B.
The hydrazone solution (10 wl) was injected into

=

}1.2M HCOOH

5x10"M KMnO,,

Fig. 1. FIA manifold: P, pump; S, sample; W, waste and F,
flow cell.

1.2 M formic acid carrier which merges with
5% 10~* M KMnO,, both at flow-rates of 1.3 ml
min~!, in a T-piece located in front of the coiled
glass flow cell.

2.4. Preparation of hydrazones

Few methods are available for the preparation
of unsubstituted hydrazones. Those involve either
the preparation of the azines [12] or the dimethyl
substituted hydrazones [13,14] (as intermediates),
which are then reacted with anhydrous hydrazine,
or the direct reaction of hydrazine hydrate with
the carbonyl compounds in the presence of a
dehydrating reagent [15] or alone [16].

The hydrazones were prepared by modifying
the procedure reported earlier [15] by using 99%
hydrazine hydrate. The general procedure was as
follows: the ketone and hydrazine hydrate were
refluxed (molar ratio 1:5) for 5 h in a minimum
volume of absolute ethanol. The products were
recrystallized from aqueous ethanol. Their in-
frared (IR) spectra and elemental analyses were
obtained to verify the nature of the products. The
IR spectra showed a band at 1640-1620 cm™!
(C=H), two bands at 3500-3300 cm~' (NH,) and
the disappearance of the band at 1720-1680 cm ™!
(C=0). The elemental analysis results confirmed
the identity of the hydrazones.

3. Results and discussion

3.1. Reaction conditions and optimization of vari-
ables

Benzophenone hydrazone was used through-
out to optimize the CL parameters. Because of
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Table 1

Effect of the solvent (2 ml) on the emission intensity of
1X1073 M benzophenone hydrazone using 5x10~* M
KMnO, and 1.2 M HCOOH

Table 2
Effect of different acid carrier streams on the CL intensity of
1x10°* M benzophenone hydrazone using 5X10°* M
KMnO,

Solvent Emission Blank Carrier Concentration Emission
intensity (mV) intensity (mV) M) intensity (mV)

DMF 11.6 0.0 H,S0, 2.00 28
THF 12,0 0.0 H,S0, 1.00 11
CH,CN 8.0 40 H,S0, 0.50 1.1
DMSO 6.5 6.5 HCl 2.00 1.1
HCI 1.00 1.1
HCI 0.50 1.1
. . . HNO 2.00 1.1
the insolubility of the hydrazones in aqueous me- HN03 100 0.0
dia and their disproportionation in acidic media HCOOH 1.00 11.0

{16], different aqueous—organic solvent mixtures
were investigated. The organic solvents used were
N,N’-dimethylformamide (DMF), acetonitrile,
dimethyl sulphoxide (DMSO) and tetrahydrofu-
ran (THF). The last two gave a considerable
blank signal. With the other two, a higher hydra-
zone CL signal was obtained with DMF (Table 1)
and no blank signal was observed up to a concen-
tration of 2.7 M DMF. Thus the concentrations
of DMF used to dissolve the hydrazones were the
minimum necessary, and always < 2.7 M.

The CL reaction was first investigated under
conditions found to be optimum for hydrazine,
ie. 5x107* M OCl -buffer pH 11.50r 5 x 10~*
M KMnO,-5 X 10~2 M polyphosphoric acid [11].
However, no signal was observed with the former
system up to a hypochlorite concentration of 2 M,
nor with the latter system. In addition, no signal
was observed with Fenton’s reagent [Fe(ID)
/H,0,]. Using KMnO, as an oxidant and chang-
ing the carrier to test the effect of other acids, i.e.
H,S0,, HNO,, HCI and HCOOH in the range
0.6-1.8 M, all acids gave rise to some CL, but
formic acid gave the greatest intensity as shown
in Table 2. Therefore, formic acid solution was
chosen as a carrier and KMnO, as an oxidant for
further studies.

The effect of KMnO, concentration (6 X
107%-6 X 1073 M) using a 1 X 10~* M hydrazone
solution and 1 M formic acid carrier was studied.
There was only a slight change in the intensity
over the range, so 5X 10°* M was used in fur-
ther studies. The effect of formic acid concentra-
tion (0.6-1.8 M) using 1 X 10~* M benzophenone
hydrazone is shown in Fig. 2; 1.2 M formic acid

gave the most intense emission, so it was used as
a carrier in further studies.

3.2. Effect of sensitizers

Potentially chemiluminescent molecules can
transfer their excitation energy to a fluorophore
(sensitizer) with the subsequent emission of the
energy by the fluorophore (indirect CL), often
resulting in an enhancement of the intensity. To
be a sensitizer, the fluorophore should possess a
high fluorescence efficiency, low oxidation poten-

2+

Emission Intensity (mV)
S 9 * 3

(5]

Concentration of HCOOH (M)

Fig. 2. Effect of HCOOH concentration on the emission
intensity of 1xX10™* M benzophenone hydrazone using 5X
10~* M KMnO,.
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Log Emission Intensity (mV)
[~ = — -
2 &8 - 8 v kb B O
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Log concentration of rhodamine B (M)

Fig. 3. Effect of rhodamine B concentration as a sensitizer on
the CL intensity of 1X10™* M benzophenone hydrazone
using 5X10~* M KMnO, and 1.2 M HCOOH.

tial and low-energy singlet excited state [17,18].
This phenomenon has been well exploited in de-
termining fluorophores by peroxyoxalate CL [19].

To study their effect as potential sensitizers on
the hydrazone CL, riboflavin (1 X 10~4-5 x 10~¢
M dissolved in the carrier), fluorescein (5 X
1075-1 X 107°® M) and rhodamine B (5 X 1074-5
%X 10~% M) (both dissolved in 1 X 10™* M hydra-
zone solution) were investigated. It was found
that both fluorescein and riboflavin suppressed
the signal (ca. 50% for the concentration range of
fluorescein and ca. 90% for the concentration
range of riboflavin). However, rhodamine B en-
hanced the CL signal. Fig. 3 shows the effect of
rhodamine B concentration on the CL signal. As
1Xx 107> M rhodamine B gave rise to the most
intense emission, it was used in all subsequent
studies.

3.3. Effect of metal ions

The effect of some metal ions on the CL signal
was investigated by adding a third stream for the
metal ion solution to the FI manifold to merge
with the hydrazone solution immediately after
injection or by preparing the metal ion in 1 X 1074
M hydrazone solutions containing 1 X 107> M
rhodamine B. Both approaches gave similar re-
sults. Cu(II), Cd(ID), Zn(II), Ca(Il), Co(II) and

Ni(II) had no effect over the concentration range
0.1-25 pg mi~!, whilst Mn(II), Mo(VI) and
Ce(IV) produced a gradual decrease in signal
with increase in concentration. Fig. 4 shows the
effect of Mn(II), Mo(VI) and Ce(IV) ions on the
CL emission of 1 X 10™* M benzophenone hydra-
zone.

3.4. Analytical performance

The optimum concentrations for the CL reac-
tion were established to be 1.2 M formic acid,
5% 10"* M KMnO, and 1 X 107°> M rhodamine
B in the hydrazone sample solution. The log-log
calibration graphs, prepared from peak height
intensities measured under these conditions, for
the four aromatic hydrazones are shown in Fig. 5.
The detection limits (3 o) were, for a 10-ul
injection, 2 X 10~% M for benzil dihydrazone, 3 X
107% M for benzophenone hydrazone and ace-
tophenone hydrazone and 4 X 107> M for ben-
zoin hydrazone. The slopes of the least-squares
linear log-log plots (Fig. 5) were 0.50 (6), 0.44 (7),
0.42 (7) and 0.56 (4), respectively, for the above
compounds (the numbers in parenthesis are the
numbers of data points used in the calculation).

25

=] & B

Emission Intensity (mV)

w
:
+

0 3 4 I } 3 n 1 i
T T T T T T T 1

0 2 4 6 8 10 2 14 16

Log concentration of metal ions (ug mi-1)

Fig. 4. Effect of (a) Mn(II), (b) Ce(IV) and (c) Mo(VI) ion
concentrations on the emission intensity of 1X10~% M ben-
zophenone hydrazone in 1x10~° M rhodamine B using 1.2
M HCOOH and 5x10~* M KMnO,.
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Log Emission Intensity (mV)
o I - = —-
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Log Concentration (M)

Fig. 5. Calibration for (m) benzil, () benzophenone, (®)
acetophenone and (-) benzoin.

The relative standard deviation (R.S.D.) for ten
replicate injections of 1 X 107> M benzophenone
hydrazone and the linear regression coefficient
(n=17) for the log-log graph in the range 4 X
1075-6 X 10™* M were 2.0% and 0.998, respec-
tively.

4, Discussion

The CL of aromatic ketone hydrazones pro-
vides a simple, direct method for their determina-
tion at trace levels. Conversion of the aromatic
ketones to their hydrazones is straight forward.
The yield was above 95% for benzophenone, ben-
zil and acetophenone, whereas benzoin gave an
oily product which could not be crystallized. The
CL intensities decreased in the order benzil, ben-
zophenone, acetophenone and benzoin. Benzil,
partly because it has two hydrazone groups, pro-
duced the highest sensitivity, whereas the weak
intensity observed with the benzoin hydrazone
may partly be attributed to the faster oxidation to
a weaker emitting fluorophore, similar to benzoin
itself [20]. Hydrazine itself was found to give a
signal down to 1x 107> M under these condi-
tions. Therefore it must be removed during the

purification of the aromatic hydrazones. Rho-
damine B (1 X 10> M), in the absence of the
hydrazone, gave a blank signal of 2.7 mV. The
sensitization of the CL reaction by rhodamine B
may be ascribed to its red fluorescence and hence
its low excitation energy, in contrast to the other
two fluorophores which fluoresce at shorter wave-
lengths.

Metal ion interference arises only from Mn(II),
Mo(VI) and Ce(IV). These are unlikely to be
present in samples such as drugs which contain
hydrazones. No enhancement by metal ions, which
has been observed for hydrazine itself [11], was
observed. The suppression of the CL signal by
Mo(VI) and Ce(IV) is due to their oxidation of
the hydrazone while the reason for the Mn(II)
effect is not clear and needs further investigation.

No signal was found for benzophenone hydra-
zone in DMSO. As DMSO is known to be a weak
oxidant [21], it may be that oxidation of the
hydrazone by DMSO has occurred so that it is no
longer chemiluminescent.

5. Conclusions

The method provides a rapid, reasonably sen-
sitive means of determining hydrazones of aro-
matic ketones. The method should therefore also
be applicable to aromatic ketones themselves,
after derivatisation.

Previous methods for unsubstituted hydrazone
preparation are tedious and take place under
drastic conditions which make their adaptation to
analytical work impractical. However, by using
highly concentrated hydrazine hydrate it became
possible to decrease the reaction time as well as
the number of preparation steps. In contrast with
aromatic ketones, the synthesis of hydrazones of
aromatic aldehydes is rapid and simple, and a
study of the CL of these hydrazones will be
described in a subsequent paper.
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Abstract

Mercury(II), monomethylmercury cation (MeHg), dimethylmercury (Me,Hg) and diethylmercury (Et,Hg) were
simultaneously determined from aqueous samples by hydride generation volatilization, trapping and separation on a
chromatographic column, and detection by atomic absorption spectrophotometry in a heated quartz furnace.
Simplex optimization showed us the most effective choice of hydride formation and purge conditions. Absolute
detection limits are 50 pg for the three organomercury compounds and 110 pg for Hg(II). Calibration curves are
linear from 0.05 to 5 ng, and the reproducibility range for 1 ng Hg of the four analytes is 3-7%. Large differences
among measured MeHg concentrations in a recent interlaboratory study using different measurement methods
confirm that a new, completely independent method for determining mercury compounds in environmental samples
is important. The method was applied to estuarine samples of the marsh grass Spartina alterniflora and eelgrass
(Zostera marina L.) and found Hg(II), MeHg (eelgrass only) and Me,Hg. Our difficulties in determining Me,Hg
suggest that it is more common in the aquatic environment than commonly believed.

Key words: Atomic absorption spectrometry; Hydride generation; Cryogenic trapping; Mercury; Monomethylmer-
cury; Dimethylmercury; Diethylmercury; Environmental analysis

1. Introduction

Many researchers have determined mercury
compounds in a variety of environmental sam-
ples. Nriagu [1] estimated that anthropogenic
mercury emission to the atmosphere in 1983 was
3.6 X 10° g/year of which natural sources con-
tributed 2.5 X 10° g/year, i.e. 41% of the total.

* Corresponding author.

Total mercury concentrations from 0.19 to 2.1
pg/g over 3400 years in Antarctica ice core sam-
ples [2] demonstrate the influence of atmospheric
deposition over millennia. Recent careful work
shows that the concentration of total mercury in
sea water is typically less than 0.004 ng/ml and
similar values occur in lakes [3]). Not only is
inorganic mercury toxic, but it forms extremely
toxic methylmercury via environmental methyla-
tion processes. In addition researchers have rec-
ognized that methylmercury contamination of

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rlghts reserved
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food chains leading to humans is a potential
health hazard. Major concern has resulted from
the large number of pristine lakes in the USA
and elsewhere that contain fish with high meth-
ylmercury concentrations [3,4]. Marine fish typi-
cally contain 4 to 1000 ng/g (dry weight) total
mercury of which > 95% is methylmercury [4].
The potential of human health risk from eating
fish has driven research for speciation of mercury
in environmental samples.

Speciation of inorganic mercury (Hg(II)), mon-
omethylmercury cation (MeHg), and dimeth-
ylmercury (Me,Hg) in environmental samples
generally requires steps of extraction and deriva-
tization (not all cases), separation and concentra-
tion, and detection [5,6]. Researchers have pub-
lished hundreds of papers based on many meth-
ods, and the following brief summary of methods
is necessarily selective. We will, however, summa-
rize major themes.

Many papers use the extraction method of
Westdd [7] or modifications of it. The methods
typically rely on selective extraction of MeHg
from strongly acidic hydrochloric acid or hydro-
bromic acid solution into a solvent such as ben-
zene, toluene or dichloromethane [8]. Re-
searchers then often determine MeHg by gas
chromatography (GC) or atomic absorption spec-
trometry (AAS). The organic phase extracts
MeHgX (X = Cl or Br), but not Hg(IDX, (X = Cl
or Br), from an aqueous solution [9]; but extrac-
tion methods are undesirable because they are
extremely tedious, time-consuming, and prone to
contamination or loss errors.

Other researchers have avoided the above ex-
traction steps in various ways. For example,
Lansens et al. [10] and Decadt et al. [11] used a
technique in which iodoacetic acid is the extrac-
tant and volatilizing agent for MeHg with result-
ing formation of MeHgl. They separate MeHgl
from headspace components by GC and detect it
by spectrophotometric methods.

Bloom [4,12] has developed an ethylation
method for determination of Hg(II), MeHg, and
Me,Hg based on a method pioneered by the
Weber group [13] for Pb(II) and methyllead com-
pounds. Ethylation converts Hg(II) into dieth-
ylmercury (Et,Hg) and MeHg into methyleth-

ylmercury. After ethylation, the method includes
cryogenic trapping, separation, and detection by
atomic fluorescence spectrophotometry. The de-
tection limits are sufficiently low for environmen-
tal samples. Recently, Fischer et al. [14] applied
the method to fish samples using AAS detection.

Two groups have used the hydride derivative
of MeHg to determine it. Filippelli et al. [15]
derivatized MeHg to volatile methylmercury hy-
dride (MeHgH) by reactions with NaBH,. After
GC separation of headspace gases, they deter-
mined MeHgH by Fourier transformed infrared
spectrometry (FTIR). MeHgH has never been
isolated in the pure state and characterized, but
they confirmed it in the head space by comparing
its FTIR spectra and mass spectra to the deu-
terium analogue MeHgD. The 200 ng absolute
limit of detection for MeHgH is far too high for
environmental determinations. Quevauviller et al.
[16] used the method with AAS detection of
MeHg and Me,Hg in sediments, but gave few
experimental details.

This paper describes the simultaneous deter-
mination of Hg(II), MeHg, Me,Hg, and Et,Hg
with limits of detection of 50 pg for organomer-
cury compounds and 110 pg for Hg(II). The
method is sufficiently rapid that researchers can
do approximately five runs per hour. It is an
improvement on the two previous publications on
the hydride method for two reasons. Previous
studies on the hydride generation technique ei-
ther had a high limit of detection [15] or did not
simultaneously measure the three above mercury
compounds and give full experimental details [16].
An advantage of our hydride generation method
over the ethylation generation method is that the
rapid formation of hydrogen gas in the hydride
method instantaneously purges the newly formed
Hg® and MeHgH as well as unchanged Me,Hg
and Et,Hg onto the trap. The helium carrier gas
in the ethylation method purges more slowly and
less effectively. A recent interlaboratory study
[17] using several methods including ethylation
resulted in large differences in measured MeHg
concentrations in mussels and fish and confirmed
the need of a new independent method. The
hydride generation method developed in this pa-
per is an excellent candidate for a comparison of
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the speciation of Hg(IT), MeHg, and Me,Hg in
environmental samples with the results of ethyla-
tion studies and other published methods.

2. Experimental
2.1. Apparatus

The optimized setup (Fig. 1) includes a hy-
dride generation reaction flask, PTFE transfer
lines, a cold trap, and a quartz furnace. The
hydride generation flask has a 5 X 4.5 cm round-
bottom and a 11 X 2.5 cm neck (100 ml total
volume) with an injection port on the side for a
septum. It is important to cover the inside tip of
the septum with PTFE tape to minimize inor-
ganic mercury blanks. The flask head is heated to
prevent H,O condensation by applying voltage to
a 26-gauge Nichrome wire wrapped around it. A
Hamilton four-way valve (No. 86731) allows the
He carrier gas to bypass the reaction flask. The
He flow rate is controlled by a Cole-Palmer flow
meter. Hg®, MeHgH, Me,Hg, and Et,Hg are
trapped at —196°C (liquid N,) on 2.5 g of Chro-
mosorb G AW-DMCS (45 /60 mesh) coated with
10% SP-2100 packed in a silanized U-shaped (45
¢cm X 6 mm id.) Pyrex trap. The 10% Sp-2100
liquid phase gives better separations than the 3%

A

Fig. 1. Hydride generation flask (A), cryogenic trap (B) and
quartz furnace (C) for determination of inorganic mercury
and organomercury compounds.

coating previously used by us [18]. The trap is
wrapped with Nichrome wire (26 gauge, 0.088
Q) / cm resistance). Power to the column, transfer
lines, and furnace are individually supplied by
Variacs.

Flexible PTFE tubing transfer lines (2.5 mm
i.d.) are inserted in 3 mm i.d. Tygon tubing. Then
Nichrome wire (32 gauge, 0.35 )/ cm resistance)
is coiled around the outer Tygon tubing and
insulated by wrapping PTFE tape around it.
PTFE-to-PTFE and PTFE-to-Pyrex connections
are made with Omnifit PTFE variable-bore con-
nectors.

The 15 cm X 8 mm id quartz furnaces (Fig. 1)
are custom-made by Anderson Glassblowing
(Fitzwilliam, NH), and treated and annealed by
the method of Hatfield [19]. Each is wrapped
with a 1 mm wide layer of woven quartz tape
(Wale Apparatus Co., No. 17-1790), coiled with a
double strand of 26-gauge Nichrome wire then
insulated by 2.0 cm wide Waletex high-tempera-
ture glass tape wool (Wale, No. 17-1730). The
furnace is mounted on a custom-made stainless
steel frame placed on the AAS burner head.

The following conditions are optimal in our
Perkin Elmer Model 560 atomic absorption spec-
trometer and derivatization-purge system. The
Jarrell-Ash mercury hollow cathode lamp is used
at 12 mA in the continuous mode. The AAS
operates at 253.7 nm with a 2-nm slit width and a
0.2-s integration repeat mode. The output signal
(1-V full deflection) is integrated by a Hewlett-
Packard Model 3392A integrator. Integrator pa-
rameters are as follows: attenuation, 2-5; thresh-
old, 4; peak width, 0.16; chart speed, 1.0 cm/ min;
area reject, 0. The helium flow rate is 140 ml/
min. The Variacs’ outputs to the transfer lines
(20 V, ca. 50°C) and furnace (35 V, 825° C) are
constant, but output to the column varies (see
below). All temperatures are measured with a
chromel / alumel thermocouple.

2.2. Reagents, glassware and plasticware

Doubly deionized, distilled water (Corning
Mega-pure still), is used in all experiments. All
glassware used for preparation storage and dilu-
tions is soaked in 7% HNO,; (rough bath)
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overnight and then soaked in a second solution of
7% HNO, (final bath) overnight and rinsed with
water. Between runs the reaction flask is rinsed
successively with a 1% (v/v) HNO;-0.002% (w /v)
KMnO, solution, 1 M HCl and water. Pipetter
tips are soaked overnight in 6% aqueous NaBH,
and then rinsed with 1 M HCl and water to
decrease mercury blanks. Aqueous 12% NaBH,
(m/v) is prepared from 99% sodium tetrahydri-
doborate (Aldrich) in a beaker. The solution is
covered, refrigerated overnight, filtered with a 0.2
pm Nuclepore filter, diluted to a 6% solution in a
volumetric flask, and purged with N, for 30 min.
The overnight standing and purging with N, de-
crease the mercury blank. HCl was isothermally
distilled [20]). The HCI is further treated to re-
move mercury by adding 33 ul of 6% NaBH, to
50 ml of ca. 6.3 M HCI and purging it with N, for
5 min [21]. All other reagents unless stated other-
wise are of analytical grade.

2.3. Standards

Stock solutions of 1000 pg/ml Hg are made
as follows. MeHgCl (Alfa), Me,Hg (Alfa), and
Et,Hg (Alfa) are dissolved in methanol, and
HgCl, is dissolved in 0.1 M HCI. All stock solu-
tions are kept at 4°C in the dark in hypo-vials
sealed with crimp-on PTFE-lined septa. Working
standards (10 ng/ul) and standards (0.1 ng/uD
are made by successive dilution of stock solutions
in the stock solution solvents. Working standards
remain stable at least seven days and standards
are made daily. Standards are injected into the
reaction flask using an adjustable 0 to 20 ul
Gilson Pipetman.

2.4. Samples

From the Great Bay Estuary (NH) were col-
lected marsh grass (Spartina alterniflora) samples
from Chapman’s Landing and eelgrass (Zostera
marina L.) samples from Portsmouth Harbor
(NH). One gram samples (fresh weight) of S.
alterniflora or eelgrass are ground to a fine pow-
der in liquid nitrogen using a mortar and pestle
and placed in serum vials along with 5 ml of 0.1
M HCI and capped with septa and aluminum

caps. The samples are sonicated 1 h at 40°C and
50/60 Hz in a B-22-4 Branson sonicator and
transferred to 30 ml polyallomer centrifuge tubes.
The small amount of residual sample is rinsed
from vials into centrifuge tubes with 5 ml
methanol. The samples are centrifuged for 15
min at 7500 rpm, the extracts are decanted from
the solid, and 100 to 500 wl aliquots are used for
AAS measurements. Percent recoveries from 5
ml 0.1 M HCI containing 1 g of plant were done
by this procedure using 200 ng spikes.

Me,Hg, which is volatile, was also separated
from S. alterniflora without use of chemical ex-
tractants. A 1 g sample was ground as above and
placed in a 50 ml round bottom flask which was
attached to a vacuum line. Me,Hg was volatilized
for 1 h by a vacuum of 0.2 mm Hg at room
temperature into a U-trap containing glass beads
to a height of 5 cm at liquid nitrogen tempera-
ture. The sample in the trap was dissolved in 5 ml
of methanol and run on the AAS as described
below.

2.5. Operating procedures

The optimum purge time, HCl concentration
and NaBH, concentration were determined by
simplex optimization. Water (10 ml) and suffi-
cient 0.63 M HCI, using a glass pipet, are intro-
duced into the reaction flask to give a 0.01 M (pH
2) HCI acid solution. Standards (or sample ex-
tracts) are then added to the reaction flask. Et,Hg
is used as an internal standard for samples. The
reaction flask is capped with the reaction flask
head and He is bubbled through the stirred solu-
tion for about 30 s to remove O, from the flask.
Then 0.8 ml of 6% NaBH, is injected through
the septum below the surface of the solution with
a glass syringe at a sufficiently slow rate to pre-
vent excess foaming and the sample is purged 6
min. During this procedure the solution is purged
predominantly by the H, formed by the reaction
between HCl and NaBH,. The final pH is 10.
The reaction flask is then bypassed by use of the
Hamilton four-way valve. At the same time the
liquid N, is removed from the column, the Variac
for the column is turned to 15 V, and the integra-
tor is started. After 2 min, 30 V is applied and
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this voltage is maintained for 2 min past the
elution of the last compound to ensure removal
of water. Retention times with the above condi-
tions are: Hg(II) (1.6 min), MeHgH (2.6 min),
Me,Hg (3.0 min) and Et,Hg (4.0 min). Tempera-
tures in the trap at times of elution are: 50°C
(Hg(ID)), 75°C (MeHg), 80°C (Me,Hg) and 90°C
Et,Hg). The final temperature 2 min after elu-
tion of Et,Hg is 100°C. Et,Hg (1 ng) was used as
an internal standard in all determinations.

3. Results and discussion
3.1. Formation of Hg° and MeHgH

Mercury(Il) reacts with NaBH, to produce
Hg® (Eq. 1).

Hg?*+ 2NaBH, + 6H,0 —
Hg® + 7H, + 2H,BO, + 2Na* (1)

Methylmercury cation reacts similarly with
NaBH, to yield the corresponding methylmer-
cury hydride (Eq. 2).

MeHg*+ NaBH, + 3H,0 —
MeHgH + 3H, + H,BO, + Na* (2)

In contrast to results of Bricker [22], Sarzanini et
al. [23] and Rezenda et al. [24], NaBH, does not
reduce MeHg to Hg® under our reaction condi-
tions. These researchers used air as a carrier gas
[22], high HNO; concentration and air as a car-
rier gas [24], or APDC complexes eluting from a
liquid chromatography column in acetonitrile and
acetic acid [23] in their studies showing reduction
of MeHg (and other organomercury compounds)
to Hg®. In our experiments under a He atmo-
sphere 0.01 M HNO, does not decompose any of
the three organomercury compounds. However,
in the presence of O, or O, and relatively high
HNO, concentrations, NaBH, very likely forms
radicals that cleave the carbon—-mercury bond in
organomercury compounds and induce their re-
duction to Hg® It is unclear why the MeHg-
APDC complex in a flow of N, carrier gas leads
to formation of Hg®. The observation that under
some conditions NaBH, reduces MeHg to Hg’

demonstrates that researchers must carefully
choose reaction conditions for determination of
MeHg as MeHgH.

MeHg has never been isolated in pure form,
but experiments demonstrate its presence in the
gas phase and methanolic solution. MeHgH that
forms in the headspace of a closed vial after
reaction of an aqueous solution of MeHgCl with
NaBH, has a half-life of 1.5 h. This half-life is
easily long enough for determination of MeHg by
our method. In agreement with Filippelli et al.
[15] we confirmed the presence of MeHgH vapour
by mass spectral analysis. We saw no trace of a
cluster near m/e 252 for CH;HgCl. Additional
evidence for the formation of MeHgH was a
polarographic demonstration of its presence in
methanol by Devaud [25].

3.2. Simplex optimization of reaction conditions

Stirring with a PTFE magnetic stirring bar and
injection of NaBH, beneath the surface of the
sample solution is important for maximum repro-
ducibility of MeHgH areas and absence of purged,
unreacted MeHgCl. We monitored peak arcas for
1 ng amounts of mercury as Hg® MeHgH,
Me,Hg, and Et,Hg by simplex optimization of
purge time and concentrations of HNO, and
NaBH, in 10 ml of water in the hydride genera-
tion flask. Because of our emphasis on MeHg
relative to Hg(II), we chose conditions that
favoured maximum areas for MeHgH. Because
neither Me,Hg nor Et,Hg form hydrides, their
peak areas are relatively insensitive to reaction
conditions studied. The highest peak area for
MeHgH results from a reaction medium of 0.01
M HCI (pH 2), addition of 0.8 ml of 6% NaBH,
and a 6 min purge time. The reaction of NaBH,
with H* at the low pH of 2 results in formation
of considerable H,, which contributes signifi-
cantly to, or is predominant in, effective purging
of Hg®, MeHgH, Me,Hg, and Et,Hg from solu-
tion. This purging effect is a major advantage of
hydride derivatization over the ethylation proce-
dure [4,12,14]. We never observed any mercury-
containing degradation product of MeHgH.

No appreciable analyte remains in the reaction
flask because a second injection of 0.8 ml NaBH,
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after 5 min to the same solution previously con-
taining Hg(IT) and MeHg at pH 10 or reacidified
to pH 2 yields no appreciable Hg® or MeHgH
peaks. This result indicates nearly complete (>
95%) removal of Hg(II) and MeHg from the
reaction flask and of Hg? and MeHgH from
transfer lines during our standard procedure.

3.3. Optimization of transfer lines and quartz fur-
nace

Heating of transfer lines at different voltages
between 10 and 30 V did not affect the peak area
of Hg® and organomercury compounds. However,
a minimum of 20 V is necessary to remove be-
tween-run blanks.

The temperature in the quartz furnace and its
configuration contribute to low detection limits
for mercury compounds. We tested different con-
figurations of quartz furnaces to optimize peak
area and chose a 15 cm X 8 mm i.d. one based on
work by Hawley and Ingle [26]. Peak areas are
100% higher with this furnace than one with
quartz windows. Temperature vs. peak area curves
for Hg(Il), MeHg, Me,Hg, and Et,Hg analytes
(Fig. 2) demonstrate that a temperature of 825°C
is sufficient to maximize atomization efficiency
and peak areas. At this temperature peak areas
for MeHgH, Me,Hg and Et,Hg are near their
maxima, but that of Hg? is much greater at lower
temperatures.
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Fig. 2. Peak areas for 1 ng of Hg(II) (0), MeHg (), Me,Hg
(x) and Et,Hg (a) analytes from 118 to 895°C. The areas of
Hg(II) were corrected for background.
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Fig. 3. Chromatogram for 1 ng each of Hg(II), MeHg, Me, Hg
and Et,Hg analytes.

3.4. Confirmation of analytes and absence of their
decomposition

Fig. 3 is a typical chromatogram for simultane-
ous determination of 1 ng standards of Hg(ID),
MeHg, Me,Hg and Et,Hg. Reproducibility of
retention times is less than 5% R.S.D. for all
analytes. We confirmed retention times for Hg(II),
MeHg and Me,Hg under conditions listed in the
Experimental section in several ways. We used
pure Hg® vapour over liquid Hg for Hg(II), and
MeHgCl vapour over solid MeHgCl for MeHgCl
which rarely appears. We corroborated the reten-
tion time of Me,Hg by its vapour over a solution
in methanol and by placing a methanolic solution
of it into a dry hydride generation flask and
purging it onto the trap. We also authenticated
the retention time of MeHgH after forming it in
the headspace of a vial [15].

We demonstrated the absence of decomposi-
tion of MeHgH, Me,Hg and Et,Hg using 5 ng
standards. MeHgCl vyielded no underivatized
MeHgCl or Me,Hg. Neither Me,Hg nor Et,Hg
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Table 1

Calibration curve data and detection limits for mer-
cury(I1), monomethylmercurycation (MeHg), dimethylmercury
(Me,Hg) and diethylmercury Et,Hg)

Compound  Linear Slopex10~°  detection
calibration (area/ng) P limit (ng) ¢
range (ng) ?

Hg(ID 0.05-5 3.15 0.11

MeHg 0.05-5 3.72 0.05

Me, Hg 0.05-5 4.37 0.05

Et,Hg 0.05-5 4.42 0.05

? R.S.D. for 1 ng samples ranges from 3-7%.
" Correlation coefficients are generally greater than 0.99.
“Basedon S/N=3.

form the potential monoalkylmercury product
MeHg* or EtHg*. We know the retention times
of MeHgH and Et,Hg from standards and esti-
mate that of EtHg™ to be between 2.6 min
(MeHgH) and 4.0 min (Et,Hg).

3.5. Sensitivity, precision and limits of detection

Table 1 describes calibration parameters and
precision for Hg(II) and organomercury com-
pounds. The linear calibration range extends from
0.05 to 5 ng for all analytes. Three or five repli-
cates that typically result in 3-7% R.S.D. for 1 ng
standards of Hg(II) and three organomercury
compounds demonstrate appropriate repeatabil-
ity for each analyte. Detection limits (S/N = 3)
are 110 pg for Hg(IT) and 50 pg for organomer-
cury compounds.

Table 2

3.6. Relative calibration curve slopes

The relative sensitivities of the mercury ana-
lytes (Table 1) are: Me,Hg = Et,Hg > MeHg >
Hg(II). Neither variable mass transport nor effi-
ciency of hydride formation cause different cali-
bration curve slopes because we find no measur-
able analyte by re-running solutions in the reac-
tion flask. Atomization efficiency in the furnace
controls relative sensitivities of the organomer-
cury analytes. This means Me,Hg and Et,Hg
have higher atomization efficiencies than Me-
HgH. Hg° requires no atomization in the fur-
nace, but has lower sensitivity than the organo-
mercury compounds because the 825°C furnace
temperature is not optimal for Hg? (Fig. 2). We
chose to maximize the sensitivity of MeHgH over
that of Hg(II) in the simplex optimization be-
cause its determination is the main goal of this
work.

3.7. Eelgrass and S. alterniflora samples

Under the extraction conditions (see Experi-
mental section) percent recoveries for 200 ng
spikes in 5 ml of 0.1 M HCI range from 75 to
104% for Hg(Il), MeHg and Me,Hg (Table 2).
This result means that neither MeHg nor Me,Hg
demethylate during the extraction procedure. Re-
coveries from S. alterniflora were excellent for
MeHg (90%) and Me,Hg (81%). The disappoint-
ing recovery for Hg(II) can undoubtedly be im-
proved by modifying extracting conditions.

Percent recoveries of mercury(1I), monomethylmercurycation (MeHg) and dimethylmercury (Me,Hg) and their concentrations in
S. alterniflora and eelgrass

Compound %Recovery © %Recovery © Concentration (ng Hg /g) *°
gfm 10)'1 ((I\; HCl f;{)m ]‘; alt. S. alterniflora Eelgrass
S.D. (%) (RS.D. (%)) (RS.D. (%) (RS.D. (%))
Hg(1D) 75 (%) 43(27) 12.5 (30) 13.7 (48)
MeHg 104 (14) 90 (6) <5 7.9 (35)
Me,Hg 98 (12) 81 (7 9.1(22) 9.7 (19)

? Fresh weight.
® Data from extractions of two separate solid samples and 4-6 AAS runs each extract.
¢ Based on 200 ng spike per 5 ml 0.1 M HC!/5 ml methanol (v/v) or per 1 g (fresh weight) plant sample in the same extractant.



182 R. Puk, J.H. Weber / Analytica Chimica Acta 292 (1994) 175-183

Data in Table 2 describe the speciation of
mercury in S. alterniflora and eelgrass, and Fig. 4
shows the chromatogram for eelgrass. Total mer-
cury concentration of 21.6 ng Hg /g fresh weight
in 8. alterniflora (Table 2), when converted to dry
weight basis by a 0.27 dry weight/fresh weight
factor [27], is about 80 ng Hg/g. This result is
well within the 20 to 190 ng/g range found by
Kraus et al. [28] and references quoted therein.
The appearance of relatively high concentrations
of Me,Hg in S. alterniflora and eelgrass is sur-
prising. Much of the high R.S.D. for mercury
concentrations results from difficulty in homoge-
nizing plant samples. Previously Me, Hg has been
found in the aquatic environment only in marine
sediments [16] and the Pacific Ocean [29]. For
this reason we confirmed the presence of Me,Hg
in S. alterniflora by a vacuum technique without
added chemicals. The resulting amount of Me, Hg
found approximated that found in HCl/ MeOH
extracts of S. alterniflora.

We cannot overemphasize the difficulty of de-
termining Me,Hg in environmental samples due
to its volatility, potential for demethylation by
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Fig. 4. Chromatogram of Hg(IT), MeHg and Me,Hg from an
extract of eelgrass. Et,Hg is an internal standard.

strong, concentrated acids and insolubility in
aqueous media. We solved the volatility problem
by using sealed vials and the demethylation prob-
lem by extracting under relatively mild condi-
tions. However the insolubility of Me,Hg in
aqueous media caused us considerable difficulty.
Before adding methanol to our aqueous extracts
we found Me,Hg only occasionally but some-
times at large concentrations. The reason for the
irreproducibility was that the aqueous extracts
were heterogeneous with very insoluble, dense
Me,Hg (ca. 3 g/ml) at the bottom of the vials.
The addition of methanol resulted in homoge-
neous solutions and significantly improved repro-
ducibility.

4. Conclusions

Inconsistent results of an interlaboratory study
of MeHg in mussels and fish [17] accentuate the
need of a new speciation method for mercury
compounds for comparison to current methods.
The hydride derivatization procedure developed
here for speciation of mercury(II) and organo-
mercury compounds is excellent for that purpose.
Our observations of relatively high concentrations
of Me,Hg in S. alterniflora and eelgrass, coupled
with its volatility and insolubility in aqueous me-
dia, suggest that Me,Hg may be more common in
the aquatic environment than commonly thought.
This opinion is corroborated by a recent finding
of Me,Hg formation from MeHg and S2~ in the
presence of sulfate reducing bacteria [30]. Now
that we have solved initial problems with the
hydride generation method, we will further de-
velop it in the future for speciation of Hg(I) and
methylmercury compounds in estuarine plant,
shellfish, fish, sediment, and porewater samples.
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Abstract

A flow-injection screening method based on urease inhibition is described for the determination of trace amounts
of the heavy metal ions, mercury and silver. The method is based on the inhibitory effect that these ions have on the
enzyme urease which catalyzes the conversion of urea to carbon dioxide and ammonia. The liberated ammonia is
monitored fluorimetrically using o-phthalaldehyde as the fluorophore (A, = 340 nm, A, =455 nm). A detection
limit of 2 ppb can be achieved. Comparison of this flow injection method with that of the standard cold vapour
atomic absorption technique for mercury determination gave a standard deviation of 0.02 and a coefficient of
variation of 2%. Also one-way ANOVA shows no significant difference between these two methods.

Key words: Flow injection; Fluorimetry; Mercury; Silver; Ureca

1. Introduction

The determination of traces of pollutants in
biological materials, natural waters and air is
becoming increasingly important as man becomes
more aware of the importance of the environ-
ment to their survival. One class of these pollu-
tants which is of major concern is the toxic heavy
metals to which the environment is especially
vulnerable.

The most widely used techniques for the quan-
tification of these heavy metals are based on
atomic absorption spectrometry (AAS) [1], anodic
stripping voltammetry (ASV) [2] or resistance

* Corresponding author.

measurements on thin gold films [3], all of which
are characterized by high sensitivity and speci-
ficity. With specific reference to mercury, the
following methodologies have been successfully
applied: electrothermal AAS (0.5 ppb) (4], ASV
(40 ppb) [5], x-ray fluorescence spectrometry
(XRF) (10 ppm) [6], neutron activation analysis
(NAA) (10 ppb) [7]; inductively coupled plasma
spectrometry (ICP) (10 ppb) [8] and atomic fluo-
rescence spectrometry (10 ppt) [9]. These meth-
ods involve, however, considerable instrumenta-
tion cost and require skilled and trained person-
nel. Furthermore, in many cases sample handling
prior to analysis involves preconcentration and
purification steps which will lengthen the analysis
time.

For many purposes, however, a simple and fast

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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but less specific screening method for the deter-
mination of heavy metals in general is desirable.
Such a method could be used in fast screening
tests of for instance industrial process water or
foodstuffs to indicate the existence of heavy met-
als. In this respect, the use of activity measure-
ments of enzymes appears to have some merits.
Detection of enzyme inhibitors can be done in a
very sensitive way since the interaction of a single
inhibitor molecule with an enzyme can result in a
large reduction of the enzyme activity, the en-
zyme thus acting as an amplifier. Furthermore,
the enzymes are often specific for the inhibitor
and in many cases the effects of pollutants on
enzymatic activity are related to their biological
toxicity.

This principle of enzyme activity measure-
ments has already proven useful in a number of
applications, such as in the determination of low
concentrations of copper and mercury [10],
methotrexate [11], and 2,4-dinitrophenol [12]. This
principle has also been used for the detection of
nerve gases based on the inhibition of the enzyme
cholinesterase and has now become a commercial
analytical procedure [13].

In the present study, the potential of using
urease activity measurements as a basis for the
determination of trace amounts of mercury and
silver is investigated. The method is based on the
inhibitory effect of mercury and silver ions on this
enzyme which catalyzes the conversion of urea to
carbon dioxide and ammonia. The activity of the
enzyme is determined from the rate of the ammo-
nia produced.

Peristaltic
pump

The liberated ammonia is monitored fluori-
metrically (A, =340 nm, A_, =455 nm) using
flow-injection analysis (FIA). The fluorophore
used is o-phthalaldehyde:

CHO
HSCH,CH, + @[ + H-NH,
CHO

SCH,CH,0H

/
_— —H
S

(fluorescent adduct)

2. Experimental
2.1. Materials

Jack bean urease (E.C. 3.5.1.5, 5020 U/mg
protein), was obtained from Sigma (St. Louis,
MO), o-phthalaldehyde from Merk (Darmstadt),
montmorillonite from Aldrich, B-mercaptoetha-
nol from Fluka, while urea, sodium hydroxide,
hydrochloric acid, boric acid, ethanol, Tris(hy-
droxymethyl)aminomethane, silver nitrate, mer-
cury(IT) chloride and ammonium chloride were
obtained from BDH (Poole).

2.2. o-Phthalaldehyde (OPA) reagent

This reagent was prepared by dissolving o-
phthalaldehyde (0.8 g) and mercaptoethanol (1

Microporous
PFTE membrane

Flow through
detector
Recorder

Y

—1__]

——— Haste

OPA reagent ~ ] 1.15
pH 10.2 Injection port
Urease in PO4 Buffer 0.3 @ AN AAANT
0.25 mg mL-l
Urea 0.3
0.01M, pH 3.0
NaOH 0.6
0.25M
mL min-l

Separator
reactor
device

Fig. 1. FIA manifold used in the determination of Hg?* and Ag™* ions via urease inhibition.
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ml) in ethanol (10 ml) and diluting to 1 1 with
borate buffer (0.44 M, pH 10.2). This solution is
stable for up to 2 weeks at 4°C.

2.3. FIA determination of mercury and silver

The arrangements of the FIA module used in
this study are shown in Fig. 1 with optimal condi-
tions for operation as indicated. Except for the
pump tubing (2 mm i.d.), PTFE tubing (0.5 mm
i.d.) was used throughout the system. Reagents
were pumped through the FIA manifold via a
peristaltic pump (Gilson Minipulse 11). Standards
of the inhibitor ions (Hg?*, Ag™ in the concen-
tration range 10~° to 10~® M) were injected into
the urease stream by means of a PTFE rotary
injection valve. The function of the sodium hy-
droxide stream was to ensure complete conver-
sion of any ammonium ions produced as a result
of urease action on urea at pH 7.0 to NH,.

A separation unit, consisting of a PTFE gas
permeable membrane (14 cm diameter), was used
to separate the ammonia produced from other
components of the system which might otherwise
react with the o-phthalaldehyde and hence cause
interference. The fluorescent adduct formed be-
tween ammonia and o-phthalaldehyde was moni-
tored at A, =340 nm and A_, =455 nm on a
Perkin Elmer 650-105 fluorescence spectrometer
equipped with a 10-ul flow cell and a strip chart
recorder.

2.4. Preparation of soil samples for mercury analy-
sis

Soil samples (montmorillonite clay type) were
obtained from a mud volcano (Devil’s Woodyard)
in Trinidad, West Indies. They were collected
using an Eknam Dredge Grab Sampler, drained
and immediately stored in polypropylene bags at
0°C. When ready for use samples were homoge-
nized and representative subsamples equivalent
to 1.2 g of dry weight were weighed in 100-ml
volumetric flasks. The sediment was then rinsed
down to the bottom of the flask with not more
than 10 ml of distilled deionized water and then
15 ml of conc. H,SO,~HNO, (2:1) solution was
added slowly in an ice water bath. Upon cooling

HCl (1 M, 2 mi) was added. After expelling the
acid fumes from the volumetric flask, samples
were placed in a shaking water bath set at 55°C
and digested for 2 h. The flasks were then al-
lowed to cool for 30 min. KMnO, solution (15
ml, 6%) was added slowly while cooling the flasks
in an ice water bath. After 0.5 h potassium per-
sulfate solution (5 ml, 5%) was added with gentle
stirring and then allowed to stand overnight. A
hydroxylamine sulfate-sodium chloride solution
(10 ml, 1:1) was then added, mixed thoroughly
until the solution clears and all the precipitated
magnese dioxide is dissolved. The solution was
then made up to volume. A homogeneous aliquot
of the solution was then centrifuged at 10000 g
for 5 min, and the clear supernatant was used for
analysis of mercury as outlined in Fig. 1.

The total concentration of organomercurials
present in sediments/soils is usually < 1.5% of
the total mercury content. The pretreatment pro-
cess employed the above results in complete
breakdown of organomercurials [14].

2.5. Preparation of mercury and silver standards

These were prepared in the supernatants ob-
tained from a reference montmorillonite clay
which was treated in the same manner as the
actual soil samples. This was done to compensate
for any possible matrix effect. It was found that
the differences in fluorescence intensities ob-
tained from standards prepared in this way were
insignificant when compared to corresponding
standards prepared in distilled, deionized water.

3. Results and discussion

3.1. Optimization of the FIA manifold

In order to determine the optimum operating
parameters for the FIA determination of the
heavy metals (Hg?* and Ag™*) using the urease
inhibition technique a series of preliminary inves-
tigations were first conducted in order to deter-
mine the influence of urease concentration,
sodium hydroxide concentration, sample injection
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Table 1
Compromised optimal FIA conditions for mercury and silver
determinations at 37°C using the FIA mainfold show in Fig. 1

Reagent Flow rate pH Concentration
stream (m! min~ 1)

OPA 1.15 10.2 0.8 mgml~!
Urease 0.30 7.0 250 pgml~!
Urea 0.30 7.0 0.01 M
NaOH 0.60 >10.0 025 M

volume and the flow rates of the OPA and NaOH
reagent streams on the detection levels of urea.

The effect of urease concentration was studied
in order to determine the minimum amount of
urease that can be used to give a measurable
degree of urea hydrolysis and hence fluorescence
detection. It was found that under the operating
FIA conditions (Table 1) complete urea hydroly-
sis occurs at urease concentrations > 250 ug/ml)
and resulted in readily measurable fluorescence
intensities (peak heights). It was also observed
that when urea solutions of varying concentra-
tions (1073 to 10~! M) were passed through the
FIA manifold (Fig. 1) at a flow rate of 0.3 ml
min~!, the highest fluorescence intensity was ob-
tained at urea concentrations of 10™2 M. Above
this concentration there was a rapid drop in fluo-
rescence intensity. This is probably due to prod-
uct inhibition which is not unique to the urea-
urease system [13].

The fluorescence intensity of the OPA-NH,
adduct was also monitored as a function of the
concentration of the NaOH stream. It was found
to increase with increasing NaOH concentration
up to about 0.1 M and then levels off. Hence a
NaOH concentration slightly over 0.1 M was used
in all subsequent investigations. This was done to
ensure that any NH] ions produced as a result of
urea hydrolysis are converted into NH ; and hence
maximize the amount of NH, under any given set
of conditions which will diffuse across the separa-
tor membrane to complex with the OPA reagent.

The fluorescence intensity was found to de-
crease linearly with increasing sample (Hg?* or
Ag*) volume up to 500 ul injected into the
urease stream. Deviation from linearity observed
with injection volumes greater than 500 wl may
be attributed to increase dispersion of the sample

plug. The best FIA peaks (rapid onset and decay
times) were observed with a sample volume of 90
wpl. Similar effects of sample volumes on fluores-
cence intensity were reported by Goyal et al. [15].

Utilizing these optimized conditions, the flow
rates of the urease, urea, sodium hydroxide and
OPA reagent streams were then varied to obtain
compromised optimal flow rates which would lead
to maximum fluorescence intensity and sensitivity
as well as a reasonable sample throughput rate.
As a compromise the best fluorescence intensities
were obtained with an OPA-urease—urea~-NaOH
ratio of 4:1:1:2. It was selected for all further
studies since it resulted in sharp FIA peaks, rea-
sonable sample throughputs (40 h™!) and rela-
tively low detection limits (0.1 ppb).

3.2. Calibration graphs

Mercury standards

Utilizing the compromised optimal FIA condi-
tions (Table 1), aliquots of Hg?* standards were
injected into the urease stream. Calibration curves
are found to be linear up to 22 ppb. Curvature is
observed at concentrations outside this range.
The following least squares regression equation
was found to hold over the linear range: y =
0.083(Hg2™, ppb) + 0.484, n =9, r = 0.995.

As low as 2 ppb, based on variability of the
blank (3c¢), can be detected at an urease flow
rate of 0.3 ml min~!, with a sampling frequency
of 40 h~'. Winquist et al. [16] determined trace
levels of Hg?" using urease in combination with
an ammonia gas sensitive semiconductor detector
and found that the enzyme had to be incubated
with the inhibitor for at least 3 min to obtain a
maximum decrease in the activity. However, in
the present study no incubation time was found
to be necessary. Winquist et al. [16] also reported
a detection limit for Hg?* of at least 0.2 ppm
with a sampling frequency of 20 h~!. The present
method offers the advantage of much lower de-
tection limits (2 ppb) for screening samples and
higher sample throughput when compared to ex-
isting enzymatic methods. This detection level is
also within the legal levels of Hg permitted in
soils and way below the probable background
levels found (10 ppb).
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Silver standards

Utilizing the same compromised optimum con-
ditions (Table 1), aliquots of Ag™ standards were
injected into the urease stream. Calibration curves
were found to be linear over the concentration
range 0.1 to 1.0 ppb. However at Ag* concentra-
tions higher than 1.0 ppb, curvature was ob-
served. It was also found that fluorescence inten-
sity decreased with increased Ag* concentrations
as expected since Ag* is a known inhibitor to
urease activity [13]. The following least squares
regression equation was found to hold over the
linear range: y = 7.89(Ag*, ppb) +0.195, n =9,
r =0.999.

The detection limit is (as expected) flow rate
dependent and is found to be 0.1 ppb (based on
the variability of the blank, 30') at a carrier stream
flow rate of 0.3 ml min~!. At such a flow rate a
manual sampling frequency rate of 40 h™! can be
achieved. This compares extremely favourably to
the flame atomic absorption method for Ag*
where detection limits of 0.2 ppm are usually
obtained with a sampling frequency of 60 analy-
ses h=1 [17].

3.3. Analysis of Hg?* in soil samples

In these analyses soil extracts and mercury
standards were injected into the urease stream of
the FIA mainfold (Fig. 1) and the fluorescence
intensities monitored. Soil “blanks” were anal-
ysed for any “free” ammonia present by injecting
samples into the FIA mainfold except that in this
case the urease stream was replaced by a phos-
phate buffer stream (pH 7.0). The difference in
fluorescence intensities between the sample and
the “blank” was taken as that due to heavy metal
inhibition.

A comparison of the FIA method developed in
the present study with the cold vapour technique
[17] used routinely at the Institute of Marine
Affairs (IMA, Trinidad and Tobago) for Hg?*
analysis was performed on five samples. The re-
sults are reproduced in Table 2. The following
least squares regression was found to hold: IMA
= 0.998FIA — 0.001, n =5, r = 0.999.

Comparison of the two methods for Hg?* de-
termination gave a standard deviation of 0.02 and

Table 2

Analysis of mercury in soil samples by atomic absorption
spectrometry (cold vapour technique) and by the fluorescence
(FIA) method

Sample Fluorescence FIA Atomic absorption
number method method
(Hg**, pge™") (Hg**, nge™"

1 0.065 0.064

2 0.066 0.064

3 0.058 0.056

4 0.067 0.065

5 0.023 0.022

a coefficient of variation of 2%. One-way analysis
of variance (ANOVA) gave no significant differ-
ences between the above-mentioned methods [the
calculated F value was found to be 4.444; the
theoretical value is 5.05 (p =0.05)]. Therefore,
these methods can be considered to be compara-
ble and give quite similar estimates for the Hg?™*
content in the samples.

4. Conclusions

The FIA-urease inhibition method described
herein offers a simple, fast, cost effective and
reliable alternative for screening samples for their
Hg?*/Ag" content. Detection limits are 0.1 ppb
for Ag* and 2 ppb for Hg?*. However, the
method cannot separately quantify Hg?* and Ag*
in a sample since both ions are inhibitors of
urease. The small test samples (90 wul) could
make this method very useful in analyses of sam-
ples from small areas such as on the surface of
amalgam fillings in teeth.
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Abstract

Microwave heating associated with flow-injection (FI) analysis was used to expand the field of application of FI
analysis. A laboratory-made microwave-irradiation flow-injection analyser and a chromogenic reagent, 4-(5-chloro-
2-pyridylazo)-1,3-diaminobenzene (5-CI-PADAB), were used to establish an FI spectrophotometric method for the
sequential determination of Pd and Rh. The relationship between the dispersion coefficient D of various
chromogenic reagents and the microwave irradiation time, ¢, was established as D =a + bt /(t,, + ¢), where a, b
and c¢ are constants. The relationship between D and the molecular weight M of the solvent (methanol, ethanol,
propan-1-ol, propan-2-ol, butan-1-ol and pentan-1-0l) was found to be D =a’ + b’'M, where a’ and b’ are constants.
The effect of microwave irradiation on the coordination reactions between 5-CI-PADAB and Pd, Rh, Ru, Os, Ir and

Pt was studied.

Key words: Flow injection; UV-visible spectrophotometry; Dispersion; Microwave irradiation; Palladium; Rhodium

1. Introduction

Microwave irradiation has been increasingly
applied in chemistry in recent years, mainly for
the rapid decomposition of samples in analytical
chemistry and the acceleration of reactions in
organic chemistry. Hesek and Wilson [1] used the
microwave technique for sample preparation in
analytical chemistry and the first report in which
microwave energy was used as the heat source in
acid digestion of samples appeared in 1975 [2].
Most of the early work on the use of microwave

* Corresponding author.

energy as a heat source in acid digestion related
to biological samples [3,4]. Because an open ves-
sel was used in the digestion of samples, it un-
avoidably led to mechanical or volatile loss of the
analyte. Also, the highest digestion temperature
was limited by the boiling point of the acids used.
In an attempt to avoid these problems, some
researchers used closed digestion vessels made of
polytetrafluoroethylene (PTFE) or polycarbonate
to obtain elevated temperature and pressure [5-
11]. In flow-injection analysis (FIA), Burguera
and co-workers [12—14] used a microwave oven in
a flow system to digest solid samples. In 1986,
Gedye et al. [15] first used microwave irradiation
in organic synthesis.

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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In research on the determination of noble
metals, we found that the reaction between noble
metals and organic chromogenic ligands was of-
ten slow, and required heating for an appreciable
time. In FIA, the analyte stays in the reaction coil
for a very short time, so only fast reactions can
normally be used, although some slow reactions
can be accommodated by use of stopped flow.
This meant that the sample throughput rate de-
creased significantly. The use of microwave irra-
diation, however, might accelerate such reactions.

This paper describes the effect of microwave
irradiation on the rate of reactions between 5-
CI-PADARB (see Table 1) and Pd, Rh, Os, Ru, Ir
and Pt ions in a flow-injection analyser. As a
result, a spectrophotometric method for the se-
quential determination of Pd and Rh was estab-
lished. In addition, the effect of microwave irradi-
ation on the dispersion coefficient D of 5-Cl-
PADAB [16], 5-Br-PADAP [17,18], DBC-
arsenazo [19] and chlorophosphonazo-mN [20] in

Table 1
Chromogenic reagents

Reagent ? Concentrations®  Sources ©
(mol171)

5-CI-PADAB 1.61x10°3 1
8.05%x10°3

5-Br-PADAP 8.59x 1074 1
3.44%x10°3

DBC-arsenazo 1.20x 1073 2
6.00x 1073

Chlorophosphonazo-mN  1.40x 103 3
7.00x 1073

# 5-CI-PADAB = 4-(5-chloro-2-pyridylazo)-1,3-diaminoben-
zene; 5-Br-PADAP = 2-(5-bromo-2-pyridylazo)-5-diethyl-
aminophenol; DBC-arsenazo = 2-(2-arsonophenylazo)-7-(2,6-
dibromo-4-chlorophenylazo)-1,8-dihydroxynaphthalene-3,6-
disulphonic acid; chlorophosphonazo-mN = 2-(4-chloro-2-
phosphonophenylazo)-7-(3-nitrophenylazo)-1,8-dihydroxynaph-
thalene-3,6-disulphonic acid.

® When the effect of microwave irradiation on dispersion
coefficients in different solvents was studied, more concen-
trated ethanolic solutions of the chromogenic reagents were
diluted to a certain concentration with the corresponding
solvent. In order to ascertain the effect of microwave irradia-
tion on the reactions between 5-CI-PADAB and noble metal
ions and to determine Pd and Rh, 1.61x1073 mol 17! 5-Cl-
PADAB solution in ethanol was used in the experiments.

¢ 1= Beijing Chemical Works; 2 = Department of Chemistry,
Wuhan University; 3 = East China Normal University Chemi-
cal Works.

solvents such as water, methanol, ethanol,
propan-1-ol, propan-2-ol, butan-1-o0l and pentan-
1-ol, was studied and quantitative relationships
between D, the microwave irradiation time, ¢,
and molecular weight, M, of the solvent were
studied.

2. Experimental
2.1. Apparatus

A microwave oven (Model ER-761MD, Qing-
dao Refrigerator Factory) was used, the fre-
quency being 2450 MHz. The power levels can be
adjusted in steps from setting 1 to 10, equivalent
to 70-700 W. The range of microwave heating
time is from 0 to 100 min. All functions of the
microwave oven are controlled by an integral
MIiCroprocessor.

All experiments were performed on a flow-in-
jection analyser (Hitachi Model K-1000) equipped
with a peristaltic pump, a sixteen-way injection
valve, a two-channel plunger pump and an elec-
tric oven. The carrier stream was driven by the
two-channel plunger pump. The sample and
reagent streams were driven by a peristaltic pump.
A UV-visible spectrophotometric detector
(Hitachi Model L-4200) was used for flow-injec-
tion and batch measurements, the flow-through
cell having a 5-mm optical path length and an
11.3-ul volume.

A spectrophotometer (Beckman Model DU-7)
was used to measure the maximum absorbance
wavelengths of the 5-CI-PADAB-noble metal ion
complexes and all chromogenic reagents.

To obtain Eq. 2 (see later), the software used
for non-linear curve fitting was written in Mi-
crosoft MBASIC. The algorithm used was the
damped least-squares method.

The reaction coil (10 m X 0.5 mm i.d.) was
wound into a ring 10 cm in diameter and placed
on the centre of a glass turn-table in the cavity of
the microwave oven. The two ends of the reaction
coil passed through the air vents of the oven and
were connected to the flow-injection analyser.
The reaction coil length in the cavity of the
microwave oven was 7 m. The flow diagram of
the experimental device is shown in Fig. 1.
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Fig. 1. Flow diagram of experimental device. C = carrier
stream; P = two-channel plunger pump; D = damper; IV =
sixteen-way injection valve; S = sample; R = reagent; PER =
peristaltic pump; MO = microwave oven, r.c. = reaction coil;
DE = detector; RE = recorder; b.c. = back-pressure coil, W =
waste. Experimental conditions for measuring dispersion coef-
ficient D: flow-rate, 1.78 ml min~!; microwave power, 533 W;
reagent volume, 520 unl. Experlmental conditions for studying
the reactions between 5-CI-PADAB and noble metal ions:
flow-rate, 1.78 ml min~!; microwave power, 533 W; sample
volume, 392.4 ul; reagent volume, 127.5 ul.

2.2. Reagents

The concentrations and sources of the reagents
studied are given in Table 1, and their structures
are shown in Fig. 2.

Pd(II) and Pt(IV) stock standard solutions (1.00
mg ml~!) were prepared by dissolving 0.1000 g of
palladium and platinum metal in aqua regia,
adding 0.2 g of NaCl to the solutions and evapo-
rating the solutions on a boiling water-bath nearly
to dryness. The solutions were diluted to 100 ml
with 10 ml of concentrated HCI and water succes-
sively. Working standard solutions were prepared
by diluting the stock standard solutions with wa-
ter to appropriate concentrations.

Ru(III), Rh(II), Os(IV) and Ir(IV) stock stan-
dard solutions (0.100 mg ml~!) were prepared by
dissolving the appriate amounts of (NH,),RuCl,

H,0, (NH,),RhCI;-H,0, (NH,),0sCl, and
(NH,),IrCl¢ in 10 ml of concentrated HCl and
water and diluting the solutions to 100 ml with
water. Working standard solutions were prepared
by diluting the stock standard solutions with wa-
ter to appropriate concentrations.

2.3. Procedure

The microwave oven was connected to the
flow-injection analyser as shown in Fig. 1. While

the carrier stream was pumped into the flow
system, the sample and reagent were pumped
into the injection valve. A sample was not in-
jected into the flow system until a steady baseline
had been obtained. When a sample plug reached
the reaction coil in the cavity of microwave oven,
the microwave oven was immediately switched
on. When the sample plug passed the flow-
through cell of the detector, the absorbance was
measured at the maximum absorption wave-
length.

The procedure for the sequential determina-
tion of Pd and Rh is as follows. First the ab-
sorbance of Pd is measured, with no microwave
heating. Then total absorbance of Pd and Rh is
measured after microwave heating. The ab-
sorbance of Rh is obtained by subtracting the
absorbance of Pd from the total absorbance. The
system is calibrated with standard solutions of Pd
and Rh (see later).

When the relation between dispersion coeffi-
cient D and microwave time ¢, or molecular
weight M of the solvents was studied, the solvent

Qe O
N~ N=N
NH,

5-CI-PADAB

Br@ N(C,HJ),
SN=N
OH

5-Br-PADAP
AsO;H,
o™ N*N 0L
DBC-arsenazo

PO,H, OH OH

HO S SO, H

Chlorophosphonazo-mN

Fig. 2. Structures of the reagents studied.
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to be studied was used as the carrier stream and
only the chromogenic reagent solution was in-
jected into the flow system. Under these condi-
tions, there was only physical dispersion and no
chemical reaction occurred.

When the effect of microwave irradiation on
the chemical reactions was studied, a buffer solu-
tion was used as the carrier stream and the chro-
mogenic reagent and noble metal ions were in-
jected into the flow system.

The maximum absorbance wavelengths of 5-
Cl-PADAB-noble metal ion complexes were de-
termined in a 1-cm cell. A 5.0-ml volume of pH
4.0 HOAc~-NaOAc buffer solution, 2.0 ml of 8.05
X 10~% mol 17! 5-CI-PADAB solution in ethanol
and 2.0 ml of 10.0 wg mi~! noble metal ion
solutions were added to a 25-ml test-tube and the
mixed solution was heated on a boiling water-bath
for 1 h and subsequently diluted with water to 25
ml. The absorption spectra of the solution ob-
tained was measured.

3. Results and discussion

3.1. Evaluation of the available power in the mi-
crowave cavity

The following equation was used to calculate
the maximum output power of the oven [10]:

W, = (KcATm) /t (D)

where W, is the apparent power absorbed by the
sample (W), K is the conversion factor from
thermochemical calories to watts (4.184 J cal™!),
c is the heat capacity (cal g™' K™!), AT=T;-T,
is the difference between the final and initial
temperatures (K), m is the mass of sample (g)
and ¢ is time (s). At full power, it takes 95 s for
the temperature of 200 g of distilled water in a
500-ml beaker to increase from 19.5 to 80°C. The
available power in the microwave cavity is 533 W.
Because the microwave energy in the microwave
cavity of the oven is not uniformly distributed, the
location of the reaction coil must be same during
experiments, which will ensure reproducible re-
sults.

3.2. Effect of microwave irradiation on dispersion
coefficient D

We studied the effect of microwave irradiation
on the dispersion coefficients of 5-CI-PADAB,
5-Br-PADAP, DBC-arsenazo and chlorophos-
phonazo-mN in water, methanol, ethanol,
propan-1-ol, propan-2-ol, butan-1-ol and pentan-
1-ol, and obtained the relationship between dis-
persion coefficient D and microwave time ¢, for
the chromogenic reagents as follows:

bt,,
+c

D=a+t (2)

m

where a, b and ¢ are constants whose values vary
with particular reagents and solvents, Eq. 2 was
obtained by measuring the absorbance of original
and dispersed solutions of 5-CI-PADAB, 5-Br-
PADAP, DBC-arsenazo and chlorophosphonazo-
mN at 460, 445, 535 and 545 nm in the different
solvents and computer simulation. Constants a, b
and ¢ in Eq. 2 for different chromogenic
reagent—solvent systems are given in Table 2.
Microwave irradiation affects the dispersion
coefficient of every chromogenic reagent in dif-
ferent solvents, decreasing it to some extent. Af-
ter the solvents have absorbed microwave radia-
tion, microwave energy is converted into thermal
energy with macroscopic dielectric loss heating
effects associated with the solvents. Both water
and alcohols have high dielectric loss tangents
and are effective in converting microwave energy
into thermal energy [21]. These efficient heating
effects rapidly lead to elevated temperatures of
the solvents and the radial mass transfer of the
solute is thereby enhanced. The enhanced radial
mass transfer leads to a decrease in solute disper-
sion or of the dispersion coefficient. It should be
emphasized that these considerations are merely
speculative. The dispersion coefficient of every
chromogenic reagent decreased slightly when the
same reaction coil as that in the microwave oven
was heated to 150°C in an electric heating oven.
Based on the above findings, it appears that there
is also a non-temperature effect between mi-
crowave irradiation and the solvent molecules.
There is no effect of microwave irradiation on the
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Table 2
Constants a, b and ¢ in Eq. 2 for different chromogenic
reagent-solvent systems

Solvent Con- 5-Cl- 5-Br- DBC- Chloro-
stant PADAB PADAP arsen- phos-

azo phon-
azo-mN

Water 2 a - - 1.53 1.51
b - - —-022 -024

c 8.71 1434

Methanol a 133 1.34 1.57 1.58
b -0.13 -0.15 -0.38 —0.62

c 8.19 15.87 40.80 87.08

Ethanol a 1.74 1.73 2.06 1.98
b —0.46 -0.34 -049 -0.55

c 27.46 12.81 13.34 17.54

Propan-1-ol a 2.34 2.31 2.89 2.89
b -0.98 —-1.59 —1.54 —-475

c 45.12 86.38 52.02 191.79

Propan-2-ol a 2.45 2.28 2.65 3.25
b —-2.05 -1.43 -257 -2.83

c 103.33 77.65 11131  98.80

Butan-1-ol a4 2.58 2.60 297 3.73
b -0.72 -1.15 -277 —4.08

c 30.30 62.92 165.48 137.92

Pentan-1-0l a 3.03 3.06 3.54 4.55
b -0.60 -1.72 -094 -1.86

c 25.68 98.11 63.49 3832

 Because 5-CI-PADAB and 5-Br-PADAP are not soluble in
water, the values of a, b and ¢ could not be measured.

dispersion coefficient of 5-Br-PADAP in ben-
zene, acetone or carbon tetrachloride. It is as-
sumed that the phenomenon can be attributed to
little or no microwave energy absorption by ben-
zene, acetone and carbon tetrachloride. The ef-
fects of microwave irradiation on the dispersion
coefficients of 5-CI-PADAB, DBC-arsenazo and
chlorophosphonazo-mN in benzene, acetone and
carbon tetrachloride were not examined.

Constant a in Eq. 2 is equivalent to the disper-
sion coefficient D without microwave irradiation.
The constant b reflects the extent to which D is
influenced by microwave irradiation.

3.3. Relationship between dispersion coefficient D
and molecular weight M of solvents

The relationship between the dispersion coef-
ficients of 5-CI-PADAB, 5-Br-PADAP, DBC-

arsenazo and chlorophosphonazo-mN and the
molecular weights of methanol, ethanol, propan-
1-0l, propan-2-ol, butan-1-ol and pentan-1-ol was
studied. On the basis of a series of experimental
results, it was found that there was a good linear
relationship between D and M:

D=d +bM (3)

where ¢’ and b’ were constants whose values
varied with particular chromogenic reagents and
microwave irradiation time. Constants &’ and b’
and the correlation coefficients in Eq. 3 for dif-
ferent chromogenic reagents and microwave times
are given in Table 3.

An increase in solvent molecular weight leads
to a decrease in molecular diffusion coefficient of
the chromogenic reagents or a decrease in radial
mass transfer. Hence the dispersion coefficient
increases with increasing solvent molecular
weight. On the other hand, the viscosities of the
solvents increase with increasing solvent molecu-
lar weight, which leads to an increase in the
thickness of the boundary layer near the wall of
the flow tube and hence an increase in axial
dispersion. Thus the dispersion coefficient in-
creases with increasing solvent molecular weight.

Table 3
Constants ¢’ and b’ and correlation coefficients, » (n = 6), in
Eq. 3 for different chromogenic reagents and microwave times

tn(8) Con- 5-Cl- 5-Br- DBC-  Chloro-
stant PADAP PADAP arse- phos-
nazo phonazo-
mN
0 a 042 0.39 0.55 —0.28
b’ 0.0300 0.0302 0.0342 0.0540
r 0.9824 0.9946 0.9781 0.9878
10 a 0.39 0.30 0.38 —-0.33
b 0.0288 0.0298 0.0346 0.0523
r 0.9805 0.9947 0.9840 0.9842
20 a 0.34 0.31 0.27 —0.0882
b 0.0274 0.0279 0.0342 0.0438
r 0.9907 0.9958 0.9910 0.9800
30 a 0.37 0.40 0.34 -0.16
b 0.0260 0.0247 0.0312 0.0431
r 0.9940 0.9969 0.9836 0.9812
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Eq. 3 is not obeyed by the dispersion coeffi-
cients of DBC-arsenazo and chlorophosphonazo-
mN in water. If the molecular weight M in Eq. 3
is replaced with the carbon number N of the
solvent, a linear relationship between D and N
still holds: D =a” + b"N.

3.4. Effect of microwave irradiation on the coordi-
nation reactions between noble metal ions and 5-
CIl-PADAB

Coordination reaction between Pd(II) and 5-Cl-
PADAB [22,23]

In pH 4.0 HOAc-NaOAc buffer solution and
at 568.5 nm; the effect of microwave irradiation
on the coordination reaction between 5-CI-
PADAB and Pd(II) was studied using a labora-
tory-made microwave flow-injection analyser. Be-
fore the experiments were done, it was expected
that microwave effect would accelerate the coor-
dination reaction and enhance the complex ab-
sorbance. However, the results indicated no ef-
fect of microwave irradiation on the coordination
reaction between 5-CI-PADAB and Pd(II). It
seems that the reaction between 5-CI-PADAB
and Pd(I) is rapid enough to reach an equilib-
rium at room temperature within a very short
time.

Coordination reaction between Rh(IIl) and 5-Cl-
PADAB [24]

In pH 4.0 HOAc-NaOAc buffer solution and
at 555 nm, the effect of microwave irradiation on
the coordination reaction between 5-CI-PADAB
and Rh(III) was studied using a laboratory-made
microwave flow-injection analyser. The results in-
dicated that after the sample plug had passed
through a 7-m reaction coil heated to 150°C by an
electric oven or at room temperature, no reaction
took place between 5-CI-PADAB and Rh(III).
When the reaction coil was heated at 533 W
microwave power for 30 s, the sample plug con-
taining 10.0 ug ml~! Rh(III) produced an ab-
sorbance of 0.57.

Coordination reaction between Ru(Ill) and 5-Cl-
PADAB

In pH 5.0 HOAc-NaOAc buffer solution and
at 562.5 nm, the effect of microwave irradiation

on the coordination reaction between 5-Cl-
PADAB and Ru(III) was studied, using a labora-
tory-made microwave flow-injection analyser. The
results indicated that after the sample plug had
passed through a 7-m reaction coil heated to 90°C
by an electric oven or at room temperature, no
reaction took place between 5-CI-PADAB and
Ru(III). When the reaction coil was heated at 533
W microwave power for 30 s, the sample plug
containing 10 xg ml~! Ru(III) produced an ab-
sorbance of 0.31.

Coordination reaction between Os(IV) and 5-CI-
PADAB

In pH 5.0 HOAc-NaOAc buffer solution and
at 516 nm, the effect of microwave irradiation on
the coordination reaction between 5-CI-PADAB
and Os(IV) was studied, using a laboratory-made
microwave flow-injection analyser. The results in-
dicated that after the sample plug had passed
through a 7-m reaction coil heated to 90°C by an
electric oven or at room temperature, no reaction
took place between 5-CI-PADAB and Os(IV).
When the reaction coil was heated at 533 W
microwave power for 30 s, a sample diluted with
ethanol and containing 20.0 xg ml~! Os pro-
duced an absorbance of 0.35. Both microwave
heating and the presence of ethanol were neces-
sary. Based on the above finding, it seems that
after Os(IV) has been reduced to Os(III) by
ethanol under microwave heating, the reaction
between Os(III) and 5-CI-PADAB proceeds
rapidly. It should be emphasized that the above
suggestion is only speculative.

Coordination reaction between Ir(IV) and 5-Cl-
PADAB [25]

In pH 5.0 HOAc-NaOAc buffer solution and
at 535 nm, the effect of microwave on coordina-
tion reaction between 5-ClI-PADAB and Ir(IV)
was studied, using a laboratory-made microwave
flow-injection analyser. The results indicated that
after the sample plug had passed through a 7-m
reaction coil heated to 90°C by an electric oven or
at room temperature, no reaction took place be-
tween 5-CI-PADAB and Ir(IV). To accelerate the
rate of reaction between 5-CI-PADAB and Ir,
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Ir(IV) was reduced to Ir(III) with 2.5% ascorbic
acid before injecting the sample. When the reac-
tion coil was heated at 533 W microwave power
for 30 s, the reduced sample containing 20.0 pg
ml~! Ir produced an absorbance of 0.24. Both
microwave heating and ascorbic acid reduction
were necessary.

Coordination reaction between Pt(IV) and 5-Cl-
PADAB

In pH 4.0 HOAc-NaOAc buffer solution and
at 575 nm, the effect of microwave on coordina-
tion reaction between 5-CI-PADAB and Pt(IV)
was studied, using a laboratory-made microwave
flow-injection analyser. The results indicated that
after the sample plug had passed through a 7-m
reaction coil heated to 90°C by an electric oven or
at room temperature, no reaction took place be-
tween 5-CI-PADAB and Pt(1V). To accelerate
the reaction between 5-CI-PADAB and Pt, Pt(IV)
was reduced to Pt(II) with 2.5% ascorbic acid
before injecting the sample. When the reaction
coil was heated at 533 W microwave power for 30
s, the reduced sample containing 20.0 ug ml~! Pt
produced an absorbance of 0.08. Both microwave
heating and ascorbic acid reduction were neces-
sary.

Summary

According to the above findings, Pt(IV) is
chemically inert and Pd(II) the most chemically
active of the six noble metals studied. It is diffi-
cult for Pt to react with 5-CI-PADAB even if
microwave heating and ascorbic acid reduction
are applied.

An attempt was made to explain the difference
in the chemical activities between Pd(II) and
Pt(IV) on the basis of their ion potentials z/r
where z is ionic charge and r is ionic radius. The
z/r values for Pt(IV), Pt(II) and Pd(I) are 5.7,
2.4 and 2.3, respectively [26]. Because the values
of Pt(II) and Pd(II) are approximately the same,
both Pt(II) and Pd(II) react with 5-CI-PADAB.
As there is a great difference in the reaction rates
between 5-CI-PADAB and Pt(II) and Pd(1]), it is
possible to a certain extent to estimate the chemi-
cal activities of ions from the ion potentials z/r.

3.5. Conditions for determining Rh and Pd with
5-CI-PADAB

According to literature {22], the reaction rate
between 5-CI-PADAB and Rh is very slow. It is
impossible for a slow reaction to be used in
flow-injection analysis. However, microwave irra-
diation accelerates the reaction between 5-Cl-
PADAB and Rh so that a flow-injection spec-
trophotometric method for the determination of
Rh can be established. The maximum absorbance
wavelength of the 5-CI-PADAB-Rh complex is
555 nm. The optimum experimental conditions
are as follows: pH 4.0 HOAc-NaOAc buffer so-
lution, flow-rate 1.78 ml min~!, 1.61 X 1073 mol
17! 5-CI-PADAB solution in ethanol, microwave
time 30 s, microwave power 533 W, sampling
volume 392.4 ul, reagent volume 127.5 ul and
sampling frequency 25 h™!. Beer’s law is obeyed
in the range 2.0-10.0 g Rh ml~'. The calibra-
tion equation for peak absorbance measurements
is A=(-250x%x10"%)+[5.80x 1072 ¢ (ug
ml~1)] under the optimum conditions. The corre-
lation coefficient is 0.9934 (n = 6) with a detec-
tion limit of 0.05 wg Rh ml~'.

There is no effect of microwave irradiation on
the reaction between 5-CI-PADAB and Pd(ID),
but the reaction between 5-CI-PADAB and
Rh(III) is accelerated by microwave irradiation.
The difference in the chemical properties of
Pd(II) and Rh(III) was taken advantage of to
establish a microwave flow-injection spectropho-
tometric method for sequential determination of
Pd and Rh. The experimental conditions for de-
termination of Pd are the same as those for Rh.
Beer’s law is obeyed in the range 2.0-10.0 ug Pd
ml~!. The calibration equation for peak ab-
sorbance measurements is A =(3.90 X 1072) +
[—2.99 X 107 2¢c (g ml™1)]. The correlation coef-
ficient is 0.9999 (n = 6) a detection limit of 1.0 g
Pd ml™ %,

3.6. Accuracy and precision

The precision was evaluated by measuring the
absorbance of Pd and Rh for artificial sample 4
(see Table 5) five times under the experimental
conditions described above. The Pd and Rh con-
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Table 4
Effect of other ions (4.0 ug Rh ml~1)
Other Concentration of Recovery
ion other ion of Rh (%)
(pgml™h)
Pt(1V) 40.0 106
Os(IV) 20.0 97
Ru(11D) 4.0 106
rav) 10.0 103
Ir(111) 10.0 103
Au(IID) 40.0 97
Cu(Il) 5.0 97
Ni(ID 47.0 94
Fe(IID) 40.0 103

centrations in the sample solution were deter-
mined from the respective calibration equations.
The Pd and Rh concentrations in artificial sam-
ple 4 and standard deviations were 6.9 + (.12 and
3.2+ 0.11 g 17!, respectively.

To check the accuracy of the method, the
recoveries of Pd and Rh were determined in
artificial sample 4 by adding known amounts of
Pd and Rh. The recoveries were 103% and 98%
on adding 3.0 ug Pd 17! and 5.0 pg Rh 17},
respectively.

3.7. Effect of other ions on Rh-5-CI-PADAB sys-
tem

It can be seen from Table 4 that Pd(II) and
Co(ID) interfere in the determination of Rh. Ag*

Table 5

Determination of Pd and Rh in samples

Sample Concentration Concentration Relative

No. present found error (%)
(pgml™1) (pgml™?)

1 Pd 4.1 4.2 2.4
Rh 4.0 4.2 5.0

2 Pd 5.1 5.1 0.0
Rh 7.0 6.7 —-43

3 Pd 5.1 4.9 -39
Rh 5.0 4.7 -6.0

4 Pd 7.2 6.9 —4.2
Rh 3.0 32 6.7
Ru 1.0
Ir 1.0
Pt 5.0
Os 4.0

and Cl™ in solution produce an AgCl precipitate
and the absorbance of the solution will increase
owing to the presence of this precipitate.

3.8. Sequential determination of Pd and Rh in
artificial samples

The results for the determination of the con-
centrations of Pd and Rh in artificial samples are
given in Table 5.

4. Conclusion

It is convenient to use an in-line microwave
oven in a flow system to study the effect of
microwave irradiation on dispersion coefficients
and chemical reactions. With microwave irradia-
tion, the dispersion coefficient of chromogenic
reagents decreases and some chemical reactions
are significantly accelerated. According to the
experimental results, two situations were ob-
served: either the reactions could be accelerated
by microwave irradiation, or there was no effect
of microwave irradiation on the reactions. This
difference in chemical reactions under microwave
heating can be used to establish a microwave
irradiation flow-injection spectrophotometric
method for the sequential determination of Pd
and Rh.
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Abstract

The application of lucigenin chemiluminescence for the determination of trace concentrations of kanamycin is
described. The method is based on the inhibiting effect that kanamycin has on the reaction of lucigenin and
hydrogen peroxide in a basic solution. The effect of the concentrations of the reagents was studied and the reaction
conditions are discussed. The proposed method allows the determination of kanamycin in the range of 1 X 1013 to
1 X 1075 M with a relative standard deviation of ca. 1.91%. The method is relatively free from the interference of
common excipients accompanying the drug in pharmaceutical samples. The results obtained for the assay of
commercial preparations compared well with those obtained by another known method and showed good accuracy
and precision.

Key words: Flow injection; Chemiluminescence; Kanamycin; Lucigenin system; Pharmaceutical preparations

1. Introduction

CH,OH
Kanamycin [I, 6-O-(3-amino-3-deoxy-a-D-
glucopyranosyl)-4-O-(6-amino-6-deoxy-a-p-gluco- NHy
pyranosyl)-2-deoxy-p-streptamine] is a polybasic CHy NHz”
aminoglycoside antibiotic which possesses clini- OH O
cally useful activity against a variety of pathogenic oH
bacteria [1]. It has a bactericidal effect and a HO o
broad spectrum of activity against a range of oH
Gram-negative and Gram-positive organisms [2]. NH,
Ny

Chemiluminescence (CL) is the emission of
- radiation, usually in the visible or near-infrared
* Corresponding author. region, as a result of a chemical reaction. Chemi-

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI 0003-2670(93)00010-7



202 A.A. Alwarthan et al. / Analytica Chimica Acta 292 (1994) 201-208

luminescent reactions can occur very rapidly (< 1
s) or can be long lasting (> 1 days) and the light
intensity produced is dependent on the CL quan-
tum yield. Analytical interest in CL has increased
considerably over the last decade [3].

Probably the most thoroughly investigated ap-
plication of CL is for metal analyses. Luminol-
hydrogen peroxide, lucigenin—hydrogen peroxide
and lophine (2,4,5-triphenylimidazole)-hydrogen
peroxide are three very popular systems used for
trace metal detection and quantitation [4—10].

Very few reactions leading to CL are known
for organic analytes, except those which have
been found by Townshend and co-workers [11-13]
and others [14-16). The organic compounds can
be determined via their influence on the CL of
some systems. The most sensitive analyses are
possible with compounds containing a metal such
as haem compounds (containing ironmetal) and
vitamin B,, {containing cobalt(IID] [17,18]. Other
organic compounds such as EDTA, 8-hydroxy-
quinoline and amino acids have been determined
by their inhibition of CL from metal-enhanced
systems [19-21].

A variety of techniques have been utilized to
detect kanamycin (KM) in clinical as well as in
pure and pharmaceutical samples. The most com-
monly used and official method for determining
KM potency is the microbiological [22,23] assay
procedure. Because of many disadvantages asso-
ciated with the microbiological assays which in-
clude specific variables (media, test organism and
conditions of incubation), reproducibility, and
day-to-day variation [24,25], other methods for
determining KM concentrations have been devel-
oped. In particular, UV -visible spectrophotome-
try [26-28] and liquid chromatography [29,30].
Other procedures for determining KM, e.g., fluo-
rimetry (31,32], radioenzymatic methods [33] and
mass spectrometry [34] have also been reported.

In recent years flow injection (FI) has been
used with CL (FI-CL) as a simple means for
detection of some organic analytes {35-37]. In
this paper a new FI method is described for the
determination of KM based on its remarkable
suppression of the CL of lucigenin systems.

If KM is made to be the rate-limiting reagent,
then the amount of emission suppressed is pro-

portional to the concentration of KM, and can be
used to quantify KM by measuring the decrease
in the CL.

2. Experimental
2.1. Reagents

Kanamycin monosulphate stock solution (1 X
10~2 M). Prepared by dissolving 0.4845 g of
kanamycin monosulphate (Sigma) in 100 ml of
distilled water. Working standard solutions were
prepared by appropriate dilution of the stock
solution. A 1X 1072 M stock solution of luci-
genin (Aldrich) was prepared by dissolving 0.5105
g of the chemical in 100 ml of distilled water.
Cobalt(I) nitrate hexahydrate (AnalaR, BDH)
stock solution (1 X 10~% M) was prepared by dis-
solving 0.2910 g in 100 ml of distilled water.
Hydrogen peroxide solution was prepared daily
by diluting a measured amount of 30% (m/v)
H,0, (Merck) with distilled water. Potassium
hydroxide (AnalaR) stock solution (1 X 1072 M)
was used.

2.2. Instrumentation

All chemiluminescent measurements were
made with the instrumentation described previ-
ously [35,36].

2.3. Flow system for the determination of KM

A schematic diagram of the flow manifold is
shown in Fig. 1. A 4-channel peristaltic pump
(Gilson Minipuls 3MP4) was used to deliver the
lucigenin solution through R; which acts as a
carrier stream for the cobalt(II) solution which is
injected via a solenoid activated rotary valve
(Rheodyne 5020). This stream was merged 10 cm
downstream with a stream of hydrogen peroxide
(R,) at a PTFE T-piece and merged again 6 cm
downstream with a stream of potassium hydrox-
ide (R;) at a second PTFE T-piece. At 5 cm
further downstream, all the three solutions merge
at a third PTFE T-piece with a stream of KM
monosulphate (R,). All four streams were
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Fig. 1. Schematic diagram of the flow-injection system used
for the determination of KM monosulphate and some of its
pharmaceutical preparations: (1) peristaltic pump; (2) sample
injection; (3) Perspex T-piece; (4) waste; (5) coiled flow cell;
(6) PMT; (7) housing; (8) recorder; (R;, R,, R3, R,) flow
streams.

pumped at the same flow rate via the Gilson
pump (3.5 ml min~! in each channel). PTFE
tubing (0.8 mm i.d.) was used throughout the
remainder of the manifold. The four merged
zones travelled 2.5 cm (the smallest practical dis-
tance) before passing into the flow cell. The out-
put from PMT was fed to a strip-chart recorder
(Yokogawa Model 3021) and the peak heights
were measured manually. All results are the mean
of five injections of Co(II) solution into five dif-
ferent KM solutions (KM solutions having the
same concentrations), unless otherwise stated.

2.4. Optimization of the flow system

A series of experiments was conducted in or-
der to optimize the analytical conditions for the
CL determination of KM by using the lucigenin—
H,0,-Co?* reaction in alkaline medium. The
variables studied were the lucigenin, hydrogen
peroxide, potassium hydroxide and cobalt(II) so-
lution concentrations, flow rate and the buffers
used as a solvent for lucigenin and hydrogen
peroxide.

The influence of the lucigenin concentration
on the analytical signal was investigated. Luci-
genin solutions of different concentrations were
prepared (1 X 107%2-1 X 10~ M). The maximum
CL intensity was obtained with a 1 X 1073 M
lucigenin solution. Fig. 2 shows the variation of
the CL emission intensity expressed as peak

height with the concentration of lucigenin solu-
tion. In order to ensure maximum sensitivity, a
lucigenin concentration of 1 X 1073 M was cho-
sen.
The effect of hydrogen peroxide on the CL
reaction was investigated. By appropriate dilution
of the stock solution of hydrogen peroxide a
series of solutions was prepared (1 X 1071-1 X
10~* M). Fig. 3 shows the variation of the CL
intensity expressed as peak height with the hydro-
gen peroxide concentration; 1 X102 M H,0,
was found to be suitable. Higher concentrations
(up to 0.01 M) gave higher emission, but the
signal was noisy and irreproducible.

Since the conventional CL reaction of luci-
genin with hydrogen peroxide catalyzed by vari-
ous metal ions, three metals (Cr3*, Co?* and
Fe?") were tested for their effect on the luci-
genin—H,O, system in the presence of KM. The
results obtained are shown in Table 1. Since
cobalt(II) was the only metal ion that catalysed
the lucigenin CL reaction, as reported by Mon-
tano and Ingle Jr. [9], optimization of KM deter-

2800
2100

1400

CcL intensity/mv

700

10° 10° 16 10° 10°
C Lucigenin]/M
Fig. 2. Effect of lucigenin concentration on the net CL inten-

sity for 1X10~5 M KM, 1x10~2 M H,0,, 0.1 M KOH and
1x10~* M cobalt(II) solution.
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Fig. 3. Effect of H,0, concentration on the net CL intensity
for 11075 M KM, 1x10~3 M lucigenin and 1x107* M
cobalt(II) solution.

mination was based on this catalyst. Hence the
effect of its concentration was optimized. Differ-
ent concentrations of cobalt(IT) solution were
prepared (1 X1072-1x 1075 M) and their ef-
fects on the net CL intensity were investigated.
Fig. 4 shows that 1 X 1073 M cobalt(II) solution
gave the greatest intensity and was chosen for
further study in order to achieve the maximum
possible sensitivity. The result of the hydroxide
ion optimization study is shown in Fig. 5. The
maximum response was obtained at 0.1 M KOH,
therefore, this level was chosen for all further
work.

In the chemiluminescent reactions the effect
of the flow-rate is essential because its variation

Table 1
Effect of various metal ions (all 1X10~° M) as catalysts for

the lucigenin-hydrogen peroxide reaction in the presence of
KM (1x107° M)

Metal ion Salt Observation

Cr3* Nitrate No signal obtained
Co?* Nitrate Strong enhancement
Fe2* Sulphate No signal obtained

2000

CL intensity/ mvV

[ c*1 /M

Fig. 4. Effect of cobalt(Il) concentration on the net CL
intensity for 1x 1075 M KM, 1x 1072 M H,0, and 1x10~3
M lucigenin.

has a great influence on the CL intensity. Using
the above optimized experimental parameters for
maximum CL intensity, the effect of total flow-
rate was studied. Flow rates of 5.8, 8.6, 11.4, 14.0,
16.90 and 19.6 ml min~! were employed. The
results (Table 2) show that the CL intensity con-
tinues to increase with increasing total flow rate.
A flow-rate of 14 ml min~! was selected for
further studies, because at higher flow rates no
significant increase in the CL intensity was shown.

3. Results and discussion
3.1. Choice of manifold and FI technique

The determination of KM is based on the
inhibition of the lucigenin system so that the
peaks resulting from the indicator reaction will be
decreased in proportion to the inhibitor concen-
tration.

In a preliminary study, several manifold ar-
rangements were tested using similar conditions.
In a system where the Co(II) solution was in-
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Fig. 5. Effect of potassium hydroxide on the net CL intensity
for 1x1075 M KM, 1x10~> M lucigenin, 1x107%> M
cobalt(1).

Table 2

Effect of flow-rate on the emission intensity from 1x 1075 M
KM, 1x1072 M H,0,, 1 X103 M lucigenin and 1X 107> M
cobalt(IT) solution

Flow-rate Emission

(ml min~ 1) intensity (mV)
5.8 110
8.6 158

114 184

14.0 206

16.9 240

19.6 245

jected into a lucigenin carrier and mixed with a
continuously flowing hydroxide solution stream,
then with the hydrogen peroxide stream, and
then with the KM stream, the intensity obtained
was not strong (ca. 140 mV). In a similar system
in which the lucigenin carrier was mixed with
hydrogen peroxide stream instead of the hydrox-
ide solution, the CL intensity obtained was slightly
greater (ca. 188 mV). In a third arrangement,
where Co(II) solution was pumped through R,
(instead of KM solution), so that a steady light
emission would be obtained, if KM solution was
injected into the carrier stream, then an inhibit-
ing signal directly proportional to the concentra-
tion would be recorded. However, this version did
not show chemiluminescence, and therefore no
signal was obtained.

Improved results were obtained if the Co(II)
solution was injected into the lucigenin stream
which mixes with hydrogen peroxide before it
mixes with potassium hydroxide. the KM solution
should be pumped through R, meeting the other
solutions in front of the detector.

Other oxidants

Since CL arises most frequently from oxidation
reactions involving large free energy changes, sev-
eral oxidizing systems were examined to see if
they offered any advantages over hydrogen perox-
ide. A 1 X103 M solution of potassium perio-
date, hydrogen peroxide, sodium hypochlorite so-
lution, sodium thiosulphate, potassium bromate
and ammonium peroxodisulfate, were prepared
and pumped through R,. No signals were ob-
served from any of these oxidants except hydro-
gen peroxide, which was selected for further study.

Effect of buffers

Since most of the CL systems occur under
alkaline conditions, various buffer solutions (0.1
M sodium carbonate, 0.1 M sodium phosphate
and 0.1 M ammonium citrate) were prepared and
used as solvents for the lucigenin and hydrogen
peroxide. The pH of each buffer solution was
adjusted to 10.5. Phosphate and ammonium cit-
rate buffers did not give any emission, while
carbonate buffer gave only a weak emission. Best
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results were obtained when lucigenin and hydro-
gen peroxide were prepared in water.

3.2. Inhibition mechanism

The cobalt(Il) ion is a catalyst for the luci-
genin—-H,0, system. KM alone does not function
as a catalyst because in an alkaline solution of
lucigenin-H,0,-KM without cobalt(II), no
chemiluminescence is observed.

The CL reaction mechanism can be briefly
expressed by the following reactions [38]:

lucigenin + [OH™] + H,0, — peroxide adduct —
N-methylacridone® — N-methylacridone + hv

In solution, there are two forms of oxygen
which may play an important role in the reaction
with lucigenin. One is singlet oxygen and the
other is the superoxide anion (‘O;). However,
previous work [39] has shown that singlet oxygen
is not stable in alkaline solution. Therefore it is
concluded that the superoxide anion is probably
the only species involved in the oxidation of luci-
genin to N-methylacridone.

The lifetime of the superoxide anion is only
several milliseconds [40], even in alkaline solu-
tion. Addition of KM monosulphate to the luci-
genin—-H,0,-Co?* system shortens the duration
of CL. In the concentration range studied, the
inhibition is increased as the drug sample concen-
tration is increased. This probably indicates that
KM can combine with the superoxide anion to
form a peroxide adduct which speeds up the
decomposition of the superoxide. The lumines-
cent species is N-methylacridone with or without
KM. This means that the KM peroxide adduct
can react with lucigenin to exchange superoxide
anions. Clearly a much more extensive investiga-
tion of these reactions is needed.

3.3. Calibration data

Under the conditions established an analytical
calibration curve was obtained. The linear dy-
namic range, slope and the correlation coefficient
of the corresponding log-log working curve, de-
tection limit and specific reaction conditions are

Table 3
Summary of data for the analytical working curve [log(CL
signal) vs. log(concentration)] and detection limit for KM

1x10~B-1x107?

log I(mV) = 3.125
—0.038 log C(10~7 M)
Correlation coefficient (n = 5) 0.994

Detection limit (M) 1x10°13
Precision(R.S.D., %) (n = 10) 1.91

at6x10~’ M

Linear dynamic range (M)
Linear regression equation

summarized in Table 3. The relative standard
deviation is 1.91% for ten determinations of 6 X
107 M KM. A non-logarithmic graph for a nar-
rower concentration range [(2-10) X 10~7 M] has
a regression equation of emission intensity (/) on
KM concentration (C) of I = 3378 —

0.986C(10~7) (r = —1.000, n = 5).

3.4. Effect of some organic compounds of clinical
significance

The reaction of lucigenin in basic solution with
some clinically important organic compounds have
been investigated previously [41-44]. Therefore,
we have also examined the CL reaction of luci-
genin with various organic compounds that are
related to kanamycin, such as aminoglycosides
(neomycin, streptomycin), amino sugars (gluco-
samine), reducing sugars (fructose, glucose, galac-
tose) and amino acids (glycine, alanine, trypto-
phan). All these compounds were effective in
producing CL from alkaline solutions of luci-

Table 4
Recovery of 11075 M KM from solutions containing 10 and
1000-fold concentration of various excipients

Excipient Recovery (%)
1x107° M 1x107* M

Glucose 95.3 82.6

Fructose 97.4 87.6

Polyethylene glycol 98.5 93.0

(Carbowax)

Magnesium stearate 104.5 106

Cellulose acetate 95.6 93.2

hydroxyphthalate

(CAHP)

Starch 994 95.4
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Table 5
Determination of KM in commercial formulations with CL
and Rizk and Younis (R and Y) methods

Formulation Amount of KM (mg) found ® Recovery (%)
Claimed CL R CL R

and Y and Y

KM injection

(250 mg)

(Misr Co., Egypt)

Sample 1 250 255 251 102 100.4

Sample 2 250 249 253 99.6 101.2

Sample 3 250 250 248 100 99.2

? Average of five determinations per sample.

genin. These results suggested the possibility of
using the lucigenin reaction to develop CL meth-
ods of analysis for such compounds.

Since the reaction does not differentiate be-
tween kanamycin and other compounds related
to, the analysis would be most direct if the ana-
Iytes were separated from each other. Thus, a
major strength of this CL reaction could lie in its
application for detection in liquid chromatogra-
phy.

3.5. Effect of interference

In order to assess the potential analytical ap-
plications of the described CL procedure, the
effect of some common excipients used in phar-
maceutical preparations was studied by analyzing
synthetic sample solutions containing 1 X 107* M
KM and two different concentrations of each
excipient (i.e., 1 X 1073 and 1Xx 107> M). Any
undissolved material was filtered before measure-
ment. The recoveries obtained are given in Table
4. Slight interferences were observed from the
excipient tested. Fortunately, this effect is mini-
mized by using dilute sample solutions. There-
fore, the method can be applied directly to solu-
tions prepared from the drug formulations with-
out further treatment.

The proposed CL method was tested by ana-
lyzing commercial formulations of KM. It was
considered of interest to compare the figures of
merit for this proposed procedure with those for
a spectrophotometric assay for KM [45], which
involves formation a charge-transfer complex be-

tween chloranil and KM in borate buffer at pH
9.0. Statistical analysis of the results obtained
reveals that there is no significant difference be-
tween them (see Table 5).

4. Conclusion

The proposed method for the determination of
KM by CL-FIA demonstrates that CL has many
potential applications in the area of pharmaceuti-
cal analysis. The method is superior to other
conventional methods in that it is very fast, sim-
ple, sensitive and does not require the removal of
excipients prior to analysis. Also, the manipula-
tion and intervention of the operator is minimal.
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Abstract

The use of microwave digestion of plant and animal tissue in preparation for measurement of the volatile element
polonium was evaluated. Digestion in concentrated nitric acid in a closed vessel at up to 1380 kPa took up to 2 h.
The nitric acid was removed by evaporation in an open beaker and the Po transferred to hydrochloric acid. This
transfer is necessary as Po is determined by alpha-spectrometry after plating onto silver from HCI solution. In real
samples the amount of Po present is small. Recovery of Po after standard additions of 4.6 X 10~ g (0.1 Bq) of Wpg
through the microwave digestion and acid transfer was complete within 95% confidence limit.

Key words: Biological samples; Microwave digestion; Polonium

1. Introduction

Determination of the activity of a-emitting
radionuclides in biological samples usually re-
quires dissolution of the tissue with complete
destruction of organic matter. Digestion in an
open vessel or under reflux using a mixture of
nitric and perchloric acids is commonly used.
Acid digestion in closed vessels using microwave
heating is becoming widely used [1,2]. These di-
gestions use pressure vessels constructed from or
lined with polytetrafluoroethene (PTFE)-type
materials and the acid is heated using a mi-
crowave oven. The use of these “microwave
bombs” for digestions has advantages over open
vessel techniques, especially decreased digestion
times, the ability to use small volumes of reagents

* Corresponding author.

and complete digestion without the use of per-
chloric acid. There is lower risk of contamination,
but with the application of temperatures well
above the normal boiling point of the acids there
is the potential for loss of volatile elements. Our
laboratory has been involved in the determination
of °Po in biological samples for some years [3]
and we report here our recent investigation into
the use of microwave bombs in sample prepara-
tion.

Our primary concern was the volatility of polo-
nium at temperatures higher than 150°C [4]. Af-
ter the digestion is complete the vessels are
opened and the gaseous products of the digestion
are lost. It is possible that polonium could also be
lost at this stage. The problem of possible losses
is acute for polonium because of its volatility and
the small masses present. The standard addition
of 0.1 Bq of *®Po (half-life 2.9 years) corresponds
to 4.6 X 10~ %% g. The same activity of the shorter

0003-2670 /94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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lived *'®Po (half-life 138.8 days) corresponds to

6 X 10716 g. The recovery of polonium was deter-
mined by measuring the recovery of standard
additions of *®Po tracer to animal (liver) and
plant (leaf) tissues. Samples were digested in
concentrated nitric acid in a microwave bomb.
The polonium was transferred to a hydrochloric
acid solution, plated onto silver discs and the
activity of the polonium measured by alpha-spec-
trometry. Complete recovery of *® Po through the
digestion was achieved and we are now routinely
using this technique.

2. Experimental
2.1. Reagents

The standard **Po solution of 231 +0.11
kBq/ ml (June 25, 1989) in 1 M HCI was supplied
by the UK Atomic Energy Authority, Harwell.
This was diluted by weight to give a working
solution of about 0.22 Bq/g (July 30, 1992). Acids
used were analytical grade.

2.2. Tissues examined

The animal tissue used was liver of a Saw
Shark (Pristiophorus cirratus) from Port Phillip
Bay, Australia, homogenised wet and stored
frozen. The plant tissue used was NBS standard
reference material 1571 (Orchard Leaves). For
each experiment 0.50 g of tissue was used.

2.3. Apparatus

Digestions were carried out in CEM (Indian
Trail, NC) low pressure microwave digestion
bombs. These are double vessels with Dupont
Perfluoroalcohoxil (PFA) liners and rupture discs
rated to 1380 kPa. An unmodified Sharp R6750E
domestic microwave oven with turntable and 650
W maximum power at 2450 MHz was used on its
lowest setting. Polonium was plated onto silver
discs (17 mm diameter, 0.3 mm thickness) cut
from fine grade (> 99.9%) silver polished to
bright finish. During plating each disc was held in
a PTFE block fitted with a magnetic stirrer bar

and rotated using a stirrer hotplate. Polonium
was measured by alpha-spectrometry using a
Canberra (Meriden, CT) Quad alpha-spectrome-
ter with passively implanted planar silicon (PIPS)
detectors connected to a PC based Canberra S100
multichannel analyser.

2.4. Sample digestion

Replicate samples of animal and plant tissues
(0.50 + 0.01 g) were weighed into microwave di-
gestion vessels. Standard additions of **®Po tracer
(0.50 ml containing ca. 0.12 Bq) were made,
checking the additions by weight. 5 ml of concen-
trated nitric acid was added to each sample. The
vessels were fitted with new rupture discs and
securely screwed closed. The digestions were car-
ried out in the microwave oven in sets of four.
Previous experimentation had shown that diges-
tion took up to 2 h with the oven set on its
minimum power, depending on the type of sam-
ple. When the next higher power was used the
rupture disc burst and this indicates that we were
operating near the pressure limit of 1380 kPa.
The vessels were heated for 60 min then removed
from the oven, allowed to cool, then heated for a
further 60 min at the same power setting. The
vessels were allowed to cool to room temperature
and weighed before opening. In all experiments,
weight loss during the digestion was less than 50
mg, indication that there was no leakage during
digestion. The digests were transferred to 50-ml
beakers and placed on a hotplate under an in-
frared lamp to remove the nitric acid. Care was
taken not to allow the solution to go to complete
dryness because of the volatility of polonium at
temperatures greater than 150°C. 2 M hydrochlo-
ric acid was added and the polonium plated onto
spinning silver discs by autodeposition at 75°C for
90 min using the method of Hamilton and Smith
(5.

Alpha-spectra were recorded for 200000 s and
the activity of the 2%po compared with the activ-
ity obtained by plating 0.20 ml of the standard
28pg solution directly from 2 M hydrochloric
acid under the same conditions. The method
adopted for the plating of polonium on to a silver
disc requires a solution free of organic material,
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particularly charred material, if it is to approach
100% recovery. Digestion times of up to 1 h were
sufficient for the plant tissue, but did not digest
all the organic material in the liver sample. When
organic material remained in the digested liver
sample, charring occurred during the evaporation
of the nitric acid before uptake in HCI. This gave
variable recoveries of >*®Po in the range 78-102%.
Digestion for 2 h destroyed all the organic mate-
rial and no charring occurred when evaporating
off the nitric acid.

3. Results and discussion

The activity of standard additions of **Po
after microwave digestion, transfer from nitric to
hydrochloric and plating on to silver discs was
compared to the 28pg plated directly onto silver
from hydrochloric acid. Results of standard addi-
tions of *®Po to plant and animal tissues show
that there is no significant loss of the polonium
tracer in the microwave digestion or the subse-
quent evaporation stages of the procedure, Table
1. Calculations were carried out using the inte-
grated counts in the *®Po peak of the a-spec-
trum. In all experiments 1000 to 5000 counts were
recorded in the *®Po peak. This number of counts
is characteristic in low-activity a-spectrometry of
environmental samples and gives a coefficient of
variation of 3.3-1.4% from counting statistics
alone. The measured activity of 28py was ad-
justed to take into account the small variations in
the mass of tracer solution added. The measured
activities for the animal and plant tissues were
compared to the activities from plating alone
using the Student’s z-test. For seven degrees of
freedom and P = 0.05 the tabulated value of ¢ is
2.36. The experimental values of ¢t were 1.63 and
0.75 for the liver and leaf samples, respectively.
Hence, recovery of 208pg through the microwave
bomb digestion procedure, plating and counting
is indistinguishable from the recovery during plat-
ing and counting within a confidence limit of
95%.

It can be seen in Table 1 that the measured
standard deviations are similar to those predicted
from counting statistics alone. This indicates the

Table 1
Results for measurement of °°Po
No. Measured activity (1) Counting error (2)
(counts/ks/g soln.)  (counts/ks/g soln.)
(A) Tracer only
1 444 1.05
2 38.6 0.98
3 43.1 1.03
4 39.0 0.99
5 39.6 0.99
6 40.9 1.01
Mean 40.9 1.01
s 24
R.S.D. (%) 5.7
(B) Liver
7 43.6 0.65
8 43.4 0.65
9 42.6 0.65
Mean 43.2 0.65
s 0.5
R.S.D. (%) 1.3
(C) Leaves
10 42.7 0.65
11 42.8 0.65
12 40.5 0.65
Mean 420 0.65
s 1.3
R.S.D. (%) 3.0

(1) Measured activity is counts/ks Bpg per g of tracer
solution added. The activities are corrected for radioactive
decay to the date of digestions. (2) Counting error is based on
one standard deviation of the total counts and is in units of
counts /ks 2 Po per g of tracer solution added. (A) Tracer
only is for 28py tracer plated directly onto silver disc then
counted. (B) Liver and (C) leaves are for 2%Po yield tracer
added to animal (B) or plant (C) tissues then digested in nitric
acid in a PFA bomb heated with microwaves, transferred to
hydrochloric acid, then plated on to silver disc then counted.
s = Standard deviation; R.S.D. = relative standard deviation.

good reproducibility of the procedure. Bomb di-
gestions of nitric acid with no addition of **Po,
run before and after digestions with added *®Po
gave 2%pg counts < 1% the standard additions
showing that the bomb liners had no memory
effect for Po.

The measured activity concentration of *'°Po
in the NBS Orchard Leaves was 14 mBq/g (o, _,
=3 mBq/g). This represents 210pg supported by
210ph. The shark liver, which had been stored
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gré)zen for 12 months, contained <1 Bq kg™!
1
Po.

4, Conclusion

Digestion of plant and animal tissue in nitric
acid in a closed PFA bomb heated by microwaves
did not result in loss of the potentially labile
element polonium. There was no loss of polo-
nium in its subsequent transfer from nitric to
hydrochloric acid solution in preparation of plat-
ing as a thin source. Microwave bomb digestion is
a rapid and clean method for preparation of
plant and animal tissues for low level ' Po deter-
mination.
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Dictionary of Analytical Reagents, A. Townshend,
D.T. Burns, G.G. Guilbault, R. Lobinski, Z. Mar-
czenko, E.J. Newman and H. Onishi (Eds.),
Chapman and Hall, London, 1993 (ISBN 0-412-
35150-1). 1370 + xxix pp., Price £625.00.

This book perhaps represents one of the last
of its kind in Analytical Chemistry, namely a
massive single volume compendium with a wealth
of data on a given topic, complied from original
sources and secondary reviews as an information
resource, but with no intention of recommending
procedures or evaluating methods. As a sheer
source of information it succeeds admirably. In a
style reminiscent of such volumes as the Hand-
book of Chemistry and Physics, it assembles and
cross-references under various categories a very
wide range of reported analytical chemical
reagents. It is certainly the only such source so
devised and the concept is thus most valuable.

The major part of the volume which comprises
964 pages, consists of an alphabetical listing of
reagents arranged usually according to IUPAC
nomenclature but with accepted ‘trivial’ names in
some cases. It is simple to find a particular com-
pound. Each reagent is also given an alphabetical
reference number based upon the first letter of
its chemical name, thus A-00001 - acenaph-
thenequinone. Each entry shows chemical for-
mula and/or structure, physical and chemical
properties, hazard information, a summary of us-
age and a number of essential literature refer-
ences. The reader is thus able to obtain a com-
plete basis for further investigation and use of the
reagent. Literature references are current through
1992.

There follows a ‘Name’ index comprising 95
pages, a useful feature again being an indication

of ‘hazard’ information in each case. A 90 page
‘Molecular Formula’ index provides another use-
ful feature, as does the following Chemical Ab-
stracts registry number index. Of great value to
the user is then the index for the ‘Type of Com-
pound’ for which the reagent is applied. This is
divided into two parts, that according to the ele-
ment to be determined, and that for the com-
pound class and functional group to be measured.
There is finally a ‘Use’ index which lists the
application for which the reagent is employed,
e.g., ‘indicator’, spectrophotometric reagent’, etc.
The monumental work involved in assembling
these indexes has been undertaken with meticu-
lous care and the end result is impressive indeed.
This is an eminently ‘practical’ volume which is
accessible to novice and expert alike. To assist
the reader there is a clearly written 18 page
introduction which discusses general reagent
classes and chemical goals.

The authors and editors have succeeded in
bringing a daunting task to an accessible out-
come. The book is most attractive, clearly pre-
sented and unique in concept and implementa-
tion. This is not a book for individual purchase
but should be in all analytical chemical library
collections, both academic and industrial. In to-
day’s world of ‘instrumental’ emphasis this vol-
ume should serve to re-emphasize the importance
of the ‘chemistry’ in analytical chemistry.

Peter C. Uden

Allen J. Bard (Ed.), Electroanalytical Chemistry: a
Series of Advances, Vol. 17, New York, Dekker,
1993 (ISBN 0-8247-8409). xii + 393 pp. Price US
$165.00. Vol. 18, 1993 (ISBN 0-8247-9092-8). xii
+ 400 pp. Price US $165.00.

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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These volumes are part of a continuing series
describing advances in the general field of elec-
troanalytical chemistry. Volume 17 contains sub-
stantive sections covering: applications of the
quartz crystal microbalance to €lectrochemistry;
optical second harmonic generation as an in situ
probe of electrochemical interfaces; new develop-
ments in electrochemical mass spectroscopy and
carbon electrodes - structural effects on electron
transfer kinetics. Volume 18 contains chapters
on: electrochemistry in micelles, microemulsions
and related microheterogeneous fluids; the mech-
anism of charge transport in polymer modified
electrodes and scanning electrochemical mi-
Croscopy.

The 82-page chapter in Volume 17 on applica-
tions of the quartz crystal microbalance by Daniel
Buttry (Wyoming) contains references up to and
including 1989 and provides a useful introduction
to experimental methods, monolayer systems,
some multilayer systems and polymer films, in-
cluding redox polymers and conducting polymers.
It is clear that as the subject matures and theoret-
ical treatments for impedance analysis evolve the
technique will become a very powerful tool in the
electrochemist’s armoury. The chapter on optical
second harmonic generation by Geraldine Rich-
mond (Oregon) provides a summary of the cur-
rent state of the field as applied to electrochemi-
cal systems. There is a detailed examination of
the influence of molecular and ionic absorption
and of the application to single crystal electrodes.
Altogether the chapter includes some 173 refer-
ences. The shortest chapter (40 pages) is on new
developments in electrochemical mass spec-
troscopy and is contributed by Barbara Bittins-
Cattaneo, Eduardo Cattaneo, Peter Konigshoven
and Wolf Vielstich (Bonn). This section starts
with a historical overview before going on to
describe the experimental approaches which may
be taken to exploit the technique. Limitations are
discussed and a series of applications is reported.
The applications include studies of ethanol and
carbon monoxide as adsorbates, gas evolution,
oxidation of propylene carbonate, electroreduc-
tion of CO, and oxygen evolution on metal elec-
trodes. The chapter concludes with a brief men-
tion of the newer techniques of electrochemical

thermospray mass spectroscopy (ETMS) and
electrochemical thermal desorption mass spec-
troscopy (ECTDMS).

The final substantive chapter of Volume 18 is
an examination of structural effects on electron
transfer kinetics at carbon electrodes by Richard
McCreery (Ohio). The chapter examines the
structure of bulk carbon and carbon electrode
surfaces and then goes on to discuss methods of
preparation and the resulting electrode perfor-
mance and characteristics.

The first chapter of Volume 18 by James
Rusling (Connecticut) on electrochemistry in mi-
celles, microemulsions and lamellar and vesicle
dispersions treats each topic methodically. It
shows how reaction pathway and kinetics can be
controlled by surface aggregates and how electro-
chemical probes can be used to develop models
of and measure diffusion.

Gyorgy Inzelt (Budapest) has contributed a
chapter on the mechanism of charge transport in
polymer modified electrodes. This excellent chap-
ter brings together about 300 references and in-
terprets many of the papers in a critical and
useful manner.

The final chapter by the group of Allan Bard,
Fu-Ren Fan and Michael Mirkin at Texas (Austin)
introduces and reviews the subject of scanning
electrochemical microscopy (SECM). The chapter
provides an excellent and comprehensive ground-
ing in the area. It covers the practical approaches
to SECM in detail and indicates the type of
information that can be obtained. The theory is
carefully covered and easy to follow.

Overall, these volumes are excellent reference
books which extend an authoritative series in a
timely manner. For a researcher entering a new
field covered in the series they are a worthwhile
personal purchase; otherwise they will serve as
good library reference books.

Jonathan Slater

LM.C. Buydens and P.J. Schoenmakers (Eds.),
Intelligent Software for Chemical Analysis, Data
Handling in Science and Technology, Vol. 13,
Elsevier, Amsterdam, 1993 (ISBN 0-444-89207-9).
xviii + 347 pp. Price US $200.00 /Df1.350.00.
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This book gives an excellent overview over the
various techniques to implement intelligent labo-
ratory functions on computers in the context of
an analytical laboratory. The methods described
include knowledge-based expert systems, neural
networks, genetic algorithms, and the ID3 algo-
rithm for inductive classification. It describes how
these methods work and gives hints as to possible
applications in analytical chemistry. Furthermore,
data and information necessary to develop and
test such systems are given. The authors are all
experts in their respective field, so the descrip-
tions given are complete and precise. Much work
has gone into the presentation, so the text is as
easy to read and as easy to understand as is
possible in a field with such a high degree of
complexity. The authors also obviously have much
practical experience with the type of systems de-
scribed, so the texts are of direct practical rele-
vance.

This book should be studied by all chemists
who intend to build and /or regularly use intelli-
gent laboratory systems. Managers, laboratory su-
pervisors and people responsible for quality con-
trol will also benefit from reading this book,
thereby acquiring the knowledge necessary to un-
derstand the potentialities and limitations of such
systems.

J.T. Clerc

N. Purdie and H.G. Brittain (Eds.), Analytical
Applications of Circular Dichroism, Elsevier, Am-
sterdam, 1994 (ISBN 0-444-89508-6). x + 348 pp.
Price Df1.355.00.

Circular dichroism (CD) is a technique which
provides unique information about dissymetric
molecules. The properties of such compounds are
now realised to be of great significance in fields
such as natural product chemistry, molecular bi-
ology and in pharmaceutics in the post-
thalidomide-tragedy world.

This multi-authored book deals with the unique
aspects of circular dichroism and how these are
applied in various fields. Topics include a basic
introduction into chiroptical phenomena, CD in-

strumentation including that for the IR region,
followed by a series of detailed application re-
views (solution confirmation of biological
molecules, absolute configuration, protein struc-
tures, study of molecules in electronically excited
states, determination of steroids, induced CD via
association of achiral with chiral molecules, appli-
cations in the forensic, pharmaceutical, clinical
and food sciences and as a chromatographic de-
tector).

This text should provide a stimulus to further
CD studies as it provides a convenient entry point
to this facinating, problem driven, field of mod-
ern analytical chemistry.

Duncan Thorburn Burns

Eberhard Breitmaier (translated by Julia Wade),
Structural Elucidation by NMR in Organic Chem-
istry, A Practical Guide, Wiley, New York, 1993
(ISBN 0-471-93745-2). 265 + xii pp. Price
£39.95 /US $63.95. (A paperback edition is also
available.)

In two chapters and 69 pages this book surveys
the essentials of nuclear magnetic resonance
(NMR) spectroscopy as applied to the structural
elucidation of organic compounds. The author
assumes that readers will have some prior knowl-
edge of NMR and indeed this is necessary. Chap-
ter 1 outlines the principles of NMR together
with an explanation of the common terms, pa-
rameters and techniques whilst Chapter 2 pro-
ceeds to the details of the strategies and ap-
proaches that can be adopted for determining
structural details of organic compounds. All stu-
dents would benefit from reading this text if only
for the way the book places the various ap-
proaches into context. Page 69 includes a flow
diagram of a systematic approach to structural
elucidation which could usefully be adopted by
anyone needing to solve such problems. It is all
too common to find a random approach used to
solve structural problems from NMR spectra.

And then to the problems... 50 of them,
graded in difficulty and drawn from different
areas of organic chemistry including natural
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products, heterocyclic, alicyclic and aromatic.
Problems are grouped into several classes requir-
ing different approaches including 'H and *C,
one- and two-dimensional spectra and combina-
tions of each. Solutions to problems are then
given in some detail serving both as an additional
learning experience and as a relief when the
problem concerned appears to defy resolution!

This book can be recommended to all those
who need to use NMR in organic chemistry with
the major benefits accruing from its use as a
workbook rather than simply as a text for read-
ing.

John D. Green

T.R. Yu and G.L. Ji, Electrochemical Methods in
Soil and Water Research, Pergamon, Oxford, 1993
(ISBN 0-08-041887-2). xvi + 462 pp. Price
£65.00/US $105.00.

This extensive treatise is primarily concerned
with the principles of potentiometric methods of
analysis, the fabrication of indicator electrodes
such as glass, solid state membrane, liquid state
membrane and gas sensor electrodes and their
incorporation in electrochemical measuring de-
vices for the determination of chemical species of
significance in soil and water research e.g., H;0",
Na*, K*, Ca?*, Ba®*, Pb?*, F7, Cl7, S27, CN",
NOj; , NH;, H,S and CO,. It has been written by
the staff of the Institute of Soil Science of the
Chinese Academy of Sciences which has had par-
ticular experience in this area of research for the
past three decades. T.R. Yu and G.L. Ji, who
have contributed to several of the chapters, have
been responsible for the editing of the manuscript,
resulting in well organised and comprehensive
contents. Overall, the text reads well following its
translation and updating from the original Chi-
nese version, published in 1980. The text is illus-
trated by many mathematical derivations, tables
and figures, together with analytical methodolo-
gies for particular determinations in soils and
waters. Only one chapter is, however, devoted to
voltammetric methods of analysis which, in the
light of the number of recent publications on the

applications of voltammetry and stripping voltam-
metry to the determination of inorganic and or-
ganic molecules of environmental significance,
would seem to be inadequate. In conclusion, the
text is particularly useful for those unfamiliar
with the principles and applications of these elec-
trochemical techniques for the determination of
inorganic entities and is a valuable reference work
for those involved in research in soil, water, envi-
ronmental, earth and biological sciences.

W.F. Smyth

L. Newman (Ed.), Measurement Challenges in At-
mospheric Chemistry, American Chemical Society,
Washington, DC, 1993 (ISBN 0-8412-2470-6). xiii
+ 407 pp. Price US $94.95.

The global impact of issues such as ozone
depletion and greenhouse warming have provided
a catalyst for research into fundamental aspects
of atmospheric chemistry. This has in turn re-
quired increasingly sophisticated analytical tech-
niques (including sampling devices and in situ
measurement) capable of providing “quality” data
to support theoretical studies and the acquisition
of global databases.

This monograph is Volume 232 in the ACS
Advances in Chemistry series and provides state-
of-the-art descriptions of thirteen selected topics
relating to the measurement of atmospheric con-
stituents. In general the contents are well pre-
sented and extensively referenced and there is a
good collective index.

There are two contributions dealing with sam-
pling (of labile atmospheric pollutants and sam-
pling from aircraft) and three chapters discussing
specific aspects of aerosols (chemical dynamics,
composition and strong acid content). In terms of
generic techniques there are comprehensive
chapters on automated diffusion-based devices
for collecting and analysing atmospheric trace
gases and on the in situ measurement of strato-
spheric reactive trace gases and a brief contribu-
tion on chemical sensors used for eddy correla-
tion flux measurements.

Four chapters discuss analytical approaches to
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the determination of atmospheric nitrogen
species, non-methane organic compounds, peroxy
radicals and the hydroxy radicals. The challenges
presented by such species include their transient
and reactive nature, temporal and spatial varia-
tion and low concentrations, all of which suggest
that in situ methods are becoming increasingly
important if not essential. The final chapter pro-
vides an interesting account of the requirements
for the measurement of personal exposure to air
pollution.

Overall this is a very good compilation of well
written articles discussing the challenges that at-
mospheric monitoring presents to the analytical
community.

P.J. Worsfold

Richard G. Brereton (Ed.), Multivariate Pattern
Recognition in Chemometrics illustrated by Case
Studies, Elsevier, Amsterdam, 1992, xi + 325 pp.,
plus 2 software supplements. Price hard-cover
(ISBN 0-444-89783-6): US $176.50 /Df1.305.00;
paperback (ISBN 0-444-8974-4). US $85.50/Dfl
150.00.

This book is a collection of eight chapters, and
two software appendices (with demo-versions of
software included) by different authors. The book
was difficult to review. On the one hand it con-
tains some very educational chapters on the ge-
ometry of multivariate data and analysis, and
three good chapters on PCA, cluster analysis and

SIMCA classification. On the other hand, the
chapter on ‘“hard modelling” is substandard with
lots of factual errors. There is also a lot of redun-
dancy and overlap between the four introductory
chapters on multidimensional geometry and ma-
trix algebra. There is little coherence between the
chapters in the book, and an almost total absence
of interesting examples and applications. Data
transformation, scaling, normalization and other
preprocessing, all of which can have dramatic
effects on the results of the data analysis, are
largely neglected.

The most serious flaw with the book is the
almost complete lack of chemistry. The book
promises in the title to be “illustrated by cases
stories”, but only one such illustration is given (in
the SIMCA chapter by Kvalheim). The other
illustrations are superficial and mainly non-chem-
ical; in vivo pharmacology of neuroleptics, simu-
lated NMR spectra of mixtures, morphological
data of insects (aphids), and amino acid composi-
tion of elastins. This is misleading labeling and
sad to see; after all chemometrics is supposed to
be the interface between chemistry and statistics.

Hence, this book is just an incomplete intro-
duction to multivariate classification with some
bright spots. It can neither be recommended as
“one of reference and training for the profes-
sional chemometrician”, nor as an introduction to
the beginner. And the price is much too high for
its content.

Svante Wold
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Flow-Through
(Bio)Chemical Sensors
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Flow-through sensors are more
suitable than classical probe-
type sepgors for addressing real
(non-atademic) problems. The
external shape and operation of
flow-through (bio)chemical sen-
sors-are of great practical signific-
ance as they facilitate sample

_ transport and conditioning, as

well as calibration and sensor
preparation, maintenance and re-
generation, all of which result in
enhanced analytical features and
a wider scope of application.
This is a systematic presentation
of flow-through chemical and bio-
chemical sensors based on the
permanent or transient immobis. .
lization of any of the ingredients”
of a (bio)chemical reaction (i.e.
the analyte, reagent, catalyst or
product) where detection is inte-
grated with the analyticai reac-
tion, a separation process
(dialysis, gas diffusion, sorption,
etc.) or both.

The book deals.critically with
most types of flow-through sen-
sors, discussing their possi-
bilities and shortcomings to
provide a realistic view of the
state-of-the-art in the field. The
large numbers of figures, the
wealth of literature references
and the extensive subject index
complement the text.

Contents: 1. Sensors in Analy-
tical Chemistry. Analytical
chemistry at the turn of the XXI
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century. Analytical information.
What is a sensor? Sensors and
the analytical process. Types of
sensors. General features of
(bio)chemical sensors. (Bio)chemi-
cal sensors and analytical proper-
ties. Commercial availability.
Trends in sensor development.

2. Fundamentals of Continu-

| ous-Flow (Bio)Chemical Sen-

sors. Definition. Classification.
The active microzone. Flow-
through cells. Continuous con-
figurations. Regeneration
modes. Transient signals. Meas-
urement modes. The role of kine-
tics. Requirements for proper .

" sensor performance.

3. Flow-Through Sensors
Based on Integrated Reaction
and Detection. Introduction.
Flow-through sensors based on
an immobilized catalyst. Flow-
through immunosensors. Flow-
through sensors based on an
immobilized reagent. Flow-
through sensors based on an in
situ produced reagent.

4, Flow-Through Sensors
Based on integrated Separ-
ation and Detection. Introduc-
tion. Integrated gas diffusion and -
detection; Integrated liquid-liquid
separation and detection. Inte-
grated retention and detection.
Flow-through sensors for muiti-
determinations based on inte-
grated retention and detection.
lon-selective electrodes (ISEs)
and ion-sensitive field-effect tran-
sistors (ISFETs).

5. Flow-Through Sensors
Based on Integrated Reaction,
Separation and Detection. Intro-
duction. Integration of gas-diffu-
sion, reaction and detection.
Integration of dialysis, reaction
and detection. Integration of sorp-
tion, reaction and detection.
Index.
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