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Abstract

The graphical method and the iterative method for analysing kinetic data for metal speciation in waters are
described. The graphical method involves successive subtractions of one component from the total concentration of
the metal remaining, beginning with the slowest component. The iterative method uses nonlinear regression of the
experimental data assuming different numbers of components to obtain the weighted residuals. The number of
components which gives a minimum to the sum of squares of the weighted residuals represents the number of
kinetically distinguishable components. The weighted residuals should also have a normal distribution throughout
the course of the reaction. These methods were applied to simulated data for systems containing three components
whose rate constants differed by a factor of two and for some cases by a factor of three. When the concentrations of
each component were equal and the ratio of the rate constants equal to two, the values of the rate constants
obtained by these analyses ranged from 2 to 19% of the assigned values, but the values for the initial concentrations
were as much as 40% different from the assigned values. When the concentration of one component was altered the
reliability of its recovered rate constant and initial concentration decreased. The advantage of the iterative method is
that no prior knowledge of the number of components, rate constants and initial concentrations is required. It is

demonstrated that both of these methods provide simple, reliable ways of analysing kinetic data for characterization
of metal species in waters.

Key words: Ton exchange; Kinetic methods; Metal speciation; Waters
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1. Introduction

Kinetic determinations of multicomponent sys-
tems are well established [1-5]. Kinetic analysis
applied to metal speciation has been studied by a
number of authors [6-11]. The main purpose of
those studies was the estimation of the number of
components and the kinetic parameters associ-
ated with each component. A graphical method
[9], also called the Guggenheim method [12], and
the kinetic spectrum method [8] (Laplace trans-
form) have both been used to obtain values for
the kinetic parameters. Non-linear regression
methods were then used for further refinement of
the parameters. When the difference between the
rate constants was small or when the data were
noisy, the graphical method could not supply
readily distinguishable linear segments in the
graph of In(concentration) as a function of time
and interpretation was difficult. The kinetic spec-
trum method suffered from the same problems
and for the best resolution the rate constants
should differ by a factor of 40, as indicated by
Olson and Shuman [8). Furthermore, the use of
higher order derivatives in performing the Laplace
transform requires an accuracy not available with
most experimental data.

The purpose of the present study is to examine
and compare these two methods, the graphical
method and the iterative method, for the analysis
of a sequence of consecutive first-order reactions
to determine the number of components, the rate
constants for each individual process and the
initial concentration of each process. The graphi-
cal method is simple and direct and has been
widely used for analysis of kinetic data [13,14].
Although its success rests heavily on the judg-
ment of the analyst, it is useful to compare the
results from this method with those from a more
objective method, the iterative method. The iter-
ative method is based on non-linear regression
analysis [15-20] and has been used extensively in
fluorescence decay kinetics [21]. The methods
were tested using simulated data for a system
containing three components with ratios of rate
constants k,/k,=k,/k,=2, using at first equal
concentrations of each component. A factor of
two may be considered a reasonable limit to the

difference between rates for which resolution of
components of a mixture may be achieved. The
relative concentration of components is also an
important factor in the accuracy of resolution and
is illustrated by the results obtained on altering
the concentration of each component by a factor
of ten. The methods were also tested with a set of
experimental data collected from a synthetic solu-
tion of aluminum. The advantages and limitations
will be assessed.

2. The kinetic model

In studies of the kinetics of dissociation of
naturally occurring metal complexes Chelex-100
cation exchange resin is frequently used as an
efficient metal complexing agent. Chelex-100 resin
is a co-polymer of styrene and divinylbenzene
containing paired iminodiacetate ions which act
as chelating groups in binding polyvalent metal
ions. Its structure changes with pH as shown
below [22]:

CH,COOH CH,COOH
¢—CH,—NH™* ¢—CH,—NH"*
éH ,COOH CH,COO~
pH2.21 pH 3.99
CH,COO~ CH,COO~
¢—CH,—NH™* ¢—CH,—N
CH,COO~ CH,COO~
pH 7.41 pH 12.30

Chelex-labile metal includes free metal ion, as
well as metal ion bound in complexes weaker
than the Chelex-metal complex. In addition,
metal complexes stronger than the Chelex—metal
complex may appear as Chelex-labile if Chelex
resin is present in large excess, as was the case in
our experiments. The advantage of using Chelex
resin for kinetic studies of metal speciation is that
no other reagents are added and therefore per-
turbation of the system is small.

Following earlier work by Olson and Shuman
[8], a kinetic model has been developed to de-
scribe the dissociation kinetics [6] of ML;, where
M is a metal ion and L, stands for the ith ligand
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(simple inorganic or organic ligand), or for the
ith binding site on a polyfunctional ligand, such
as humic materials. The model assumes that all
these species dissociate independently and simul-
taneously at a rate that depends on the nature of
the ligands, the functional group, its position on
the macromolecule, and the residual charge. In
this paper, we apply this model to the analysis of
freshwater samples.

Consider a freshwater sample containing a
mixture of n components in which each compo-
nent, designated ML,, exists in equilibrium with
its dissociation products:

ML, ——=M+L, (1)

For simplicity, the charge signs on metal ions are
omitted. When a large excess of the Chelex-100
resin is added to this system, metal ions are taken
up by the Chelex resin:

Chelex + M Chelex-M (2)

where Chelex stands for Chelex-100 resin. As the
metal ion is removed from solution by this pro-
cess the equilibrium 1 shifts to restore M. If the
rate of uptake of M by Chelex is fast compared to
the dissociation of the metal-ligand complex,
ML,, then the rate of loss of M from the solution
is determined by the slower rate of dissociation of
ML;:

k.
ML, ——>M+1L, (3)

where k; is the rate constant for the dissociation
of component ML;. The model therefore de-
scribes a system of simultaneous, first-order (or
pseudo-first-order) reactions involving the various
metal complexes present in the sample. The sum
of the concentrations of all metal species remain-
ing in the sample can be measured as a function
of time. In freshwaters the metal complexes may
be positively charged and these cationic species
can be taken up directly by the Chelex resin
without pre-dissociation. The rates, therefore, can
also be described mechanistically as

k.
ML, + Chelex —— Chelex-ML,; 4)

If the uptake for each component occurs simulta-
neously and independently, the rate constant
measured for each component is the rate con-
stant of the complexation reaction between metal

complex and the Chelex resin. Since the Chelex
resin is added in large excess, the reactions de-
scribed by Eq. 4 are pseudo-first-order. There-
fore, in both cases, the sum of the concentrations
of all components in the sample at time ¢ can be
described as:

n
C(t) = L CP exp(—k1) 5)
i=1

where C/ is the initial concentration of ML;, the
ith metal complex component. In the case of
freshwater samples, the number of metal com-
plexes, their initial concentrations and rate con-
stants for dissociation are unknown. The methods
of analysis to be adopted must be able to find the
best values for each of these unknown quantities
in an appropriately objective manner.

3. Methods for data analysis

The two methods mentioned earlier will be
used to illustrate the analysis of the data without
any prior knowledge or assumption about the
number of components or the rate constants for
dissociation. First, the simple graphical method,
described by Saltzman [13], and second, the itera-
tive method, a direct non-linear regression analy-
sis of Eq. 5 following the method outlined by
McKinnon et al. [21] will be examined for the
conditions under which the number of compo-
nents may be determined and reliable values for
the kinetic parameters may be obtained. Two sets
of data were analyzed. The first set was simulated
using a mixture of three components according to
the following equation:

C(t) =C{ exp(—k t) + CJ exp( —k,t)

+ CY exp( —k;t) (6)
where k,/k,=k,/k;=2. The initial concentra-
tions, C?, C and CY were varied by factors of 10.
Poisson noise was added to the simulated data.
The second set was experimental measurements
of the rate of uptake of aluminum by Chelex-100
resin from a synthetic solution. The computer
programm used in this study is a non-linear re-
gression package [23] (an on-line interactive rou-
tine on the computer network at Carleton Uni-



134 Y. Lu et al. / Analytica Chimica Acta 288 (1994) 131-139

versity) which uses the Levenberg-Marquardt
method for computing parameter estimates.

3.1. The graphical method

If metal ions are lost from solution by first-
order processes a plot of In(concentration of metal
ion) as a function of time will have curvature if
dissociation of more than one metal complex
contributes to the total loss of metal ion. The
rates of dissociation of each complex must be
separated by a series of subtractions of the con-
centration of each component from the total con-
centration remaining, beginning with the compo-
nent with the slowest rate. At sufficiently long
times all but the final (the slowest component)
will have decayed and a linear segment will be
unambiguously observed from which its rate con-
stant may be obtained. The initial concentration
is obtained by extrapolation to zero time. The
concentration of this species is then subtracted
from the total concentration, leaving a clear lin-
ear segment corresponding to the second slowest
component in the mixture. The procedure may be
repeated as many times as required. The values
of the rate constants obtained by this procedure
may be further refined by non-linear regression
analysis of Eq. 5. The results of the analysis for
the system containing equal concentrations of
each component by the graphical method is illus-
trated in Fig. 1. The first inset (curve b) shows
the logarithmic curve for the decay for all three
components, clearly showing curvature, and the
second inset (curve c) shows the curve for the
remaining two components after subtraction of
the slowest. The curvature is much less, but dis-
cernible. Concentrations lower than 0.01 ug/l1
(In C = —4.6), the detection limit of the mea-
surement, were not included in the fitting pro-
cess. Values for k,, k, and k, and C), C? and
C? were thus determined by the graphical method
for each set of conditions. The actual values and
the values obtained by this analysis are summa-
rized in Table 1.

3.2. The iterative method

The iterative method is based on non-linear
regression analysis of kinetic data. Eq. 5 is fitted

35 4 4
\-.__ 2
30 2 .-‘-.__.‘ b
. hy
: AN £
25 | o . 4 ¢C
-9 \-\'*- 50 00 50 200
2 0 . c \'.‘ 1 1
-2 -
(6] =y
15 (. e,
. 4 | T '.."-4
10 | - b R
5 200 400 600 800
a '-.~\\4
0 L | L L L L J

0 100 200 300 400 500 600 700 800 900 1000
Time / sec
Fig. 1. Graphical method for the determination of the kinetic
parameters for a simulated system with k, /k, =k, /k;=2,
k, =004, C;=C,=C;=10. (a) Plot of C as a function of
time; (b) plot of In C as a function of time; (c) plot of
In(C — C3) as a function of time.

by non-linear regression assuming a number of
components, starting with one and increasing un-
til the sum of squares of the weighted residuals,
defined as

(7)

Sum of squares of ¥ Cty-Cx() 1
weighted residuals '

achieves a minimum value.

The plot of weighted residuals over the course
of the reaction gives a visual indication of the
adequacy of fitting for each point. With the cor-
rect number of components the plot of the
weighted residuals should be randomly and uni-
formly distributed about zero throughout the
course of the reaction. Non-uniform distribution
of residuals, observed as curvature, indicates
missing terms in the model [24].

The values of the sum of squares of the
weighted residuals for the simulated data for
equal concentration of all three components and
for the cases when C, was reduced to one and
increased to 100 are given in Table 2. In each
system the sum of squares of the weighted residu-
als showed no change in increasing the number of
components from 3 to 4 and three components
only are kinetically distinguishable. The weighted
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Table 1

Kinetic parameters determined for the simulated data
(k, /k,=k, /ks=2) by the graphical method and the itera-
tive method

System  Parameter  Values Values determined
assigned Graphical Iterative
method method
) (o 10.0 5.86 11.2
C, 10.0 133 8.66
C, 10.0 10.8 10.1
k, 0.0400 0.0475 0.0375
ks 0.0200 0.0231 0.0192
ki 0.0100 0.0102 0.0100
11 C, 1.00 1.48 0.245
C, 10.0 10.5 10.4
C, 10.0 9.60 10.4
kq 0.0400 0.0536 0.0207
ks 0.0200 0.0185 0.0214
ks 0.0100 0.0100 0.0101
111 C, 100 90.9 101
C, 10.0 19.9 9.13
C, 10.0 9.94 9.49
ky 0.0400 0.0423 0.0390
ks 0.0200 0.0226 0.0184
ki 0.0100 0.0100 0.0099
v C, 10.0 10.7 10.6
c, 1.0 0.0845
C, 10.0 10.0 10.4
kq 0.0400 0.0365 0.0390
k, 0.0200 0.0394
ks 0.0100 0.0100 0.0100
v C, 10.0 106 9.09
C, 100 13.9 101
C, 10.0 10.1
kq 0.0400 0.0211 0.0414
k, 0.0200 0.0106 0.0201
ks 0.0100 0.0100
VI C, 10.0 7.24 10.4
C, 10.0 12.9 9.91
C, 1.00 1.02 0.690
k, 0.0400 0.049 0.0391
k, 0.0200 0.0215 0.0194
ks 0.0100 0.0100 0.0093
VII (o 10.0 14.8 2.24
C, 10.0 16.0
C, 100.0 105 102
k, 0.0400 0.0404 0.629
k, 0.0200 0.0278
ks 0.0100 0.0101 0.0100

Table 2
Sum of squares of the weighted residuals of iterative non-lin-
ear regression for the simulated 3-component systems

C, Number of Sum of squares
component of the weighted
fitted residual

10.00 1 10.3
2 0.0740
3 0.0530
4 0.0530

1.00 1 9.56
2 0.0620
3 0.0602
4 0.0602
100.00 1 8.11
2 0.133
3 0.0646
4 0.0646

residuals as a function of time for the simulated
system where all components are of equal con-
centration are shown in Fig. 2. The distribution
of the residuals with 3 components is better than
with 2 components. Increasing the number of
components to four generally caused no signifi-
cant change in the distribution of the weighted

0.30

1

0.151

]

Weighted Residuals

0.00 R

L

K

"u
'
’
s
|

015

_0'300 100 200 300 400 500 600 700 800 900 1000

Time / sec

Fig. 2. Plots of the weighted residuals as a function of time for
kinetic analysis of a simulated system with k, /k, =k, /k;=
2, k,=0.04, C,=C,=C;=10. Bottom trace: 2-component-
fitting; top trace: 3-component-fitting.
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residuals. Analysis by non-linear regression using
four components, however, gave unrealistic and
in some cases negative kinetic parameters.

When the choice is made of the number of
components non-linear regression yields the ki-
netic parameters. The values of the rate constants
and initial concentrations obtained by the itera-
tive method are given in Table 1, where they may
be compared with the values obtained by the
graphical method. The values for the rate con-
stants and initial concentrations determined by
the iterative method were usually better but
sometimes worse than those obtained by the
graphical method. In the graphical method a
component was sometimes missed completely,
whereas the iterative method always gave values
for the rate constant and initial concentration of
each component chosen.

The accuracy of the analyses varied consider-
ably among the three components. In general,
rate constants and initial concentrations of the
third component (the slowest) were determined
within a few percent of the assigned values, ex-
cept when C,/C; = 10. The first component was
the most poorly analyzed, the values having been
obtained following two subtractions. Also, when
the concentration of the component being sub-
tracted was greater than that of the next slowest
component by a factor of 10, the analysis for the
latter was unreliable and sometimes indetermi-
nate. As an example, analysis by the graphical
method for the case where C, was reduced by a
factor of ten is shown in Fig. 3. The second inset
shows no curvature, indicating that the second
component was effectively lost between the first
and the third. Values for C, and k, were not
obtained for this case by the graphical method.
Fig. 4 shows the distribution of the weighted
residuals for the same system. The fit with three
components is not an improvement over that with
two components. The iterative method therefore
does not necessarily provide a more reliable indi-
cation of the number of components than the
graphical method, even though kinetic parame-
ters were evaluated from the non-linear regres-
sion analysis with three components.

The limitations in the relative ratio of concen-
tration of each species which may be resolved

25 1 4
2
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2 0
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Fig. 3. Graphical method for the determination of the kinetic
parameters for a simulated system with k, /k, =k, /k;=2,
k=004, C;=C;=10, C,=1. (a) Plot of C as a function of
time; (b) plot of In C as a function of time; (c) plot of
In(C — C,) as a function of time.

from the other components and for which kinetic
parameters may be obtained are important in
analysis of freshwaters because concentrations of
complexes may vary widely. The concentration
range may be extended if there is a greater differ-
ence in the values of the rate constants.
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Fig. 4. Plots of the weighted residuals as a function of time for
kinetic analysis of a simulated system with k; /k, =k, /k;=
2, k;,=0.04, C,=C;=10, C,=1. Bottom trace: 2-compo-
nent-fitting; top trace: 3-component-fitting.
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Table 3

Kinetic parameters determined for the simulated data
(ky/ky =k, /ksy=3) by the graphical method and the itera-
tive method

System  Parameter Value Values determined

assigned Graphical Iterative
method method

VIII C, 10.0 9.82 10.0

C, 10.0 10.2 9.94

C, 10.0 10.3 9.96

k, 0.0900 0.0918 0.0885

ks, 0.0300 0.0302 0.0298

k4 0.0100 0.0101 0.00998
IX C, 10.0 10.5 8.96

C, 1.00 1.94

Cy 10.0 10.1 10.1

ky 0.0900 0.0811 0.0948

ks, 0.0300 0.0452

ks 0.0100 0.0100 0.0100
X C, 10.0 9.71

C, 100 108 100

C, 10.0 10.5 10.2

ky 0.0900 0.0902

k, 0.0300 0.0313 0.0301

ks 0.0100 0.0101 0.00100

The resolution of the three components is
significantly improved when the ratio of rate con-
stants is increased to three. The values of the rate
constants and initial concentrations obtained by
both the graphical method and the iterative
method for the simulated data for equal concen-
tration of all three components and for the cases
when C, was reduced by a factor of 10 and
increased by a factor of 10 are given in Table 3.
The kinetic parameters for the system where all
components are of equal concentration were ob-
tained with errors less than 3%. For the systems
where the concentration of C, was altered, the
iterative method gave better results than the
graphical method. When the concentration of
one component was 10 times larger than the next
faster component, the graphical method failed to
detect the faster component.

These limitations to the analysis by the graphi-
cal method arise mainly from the difficulty in
choosing the range of time over which the loga-
rithmic function is linear. The degree of noise in
the data clearly contributes to this difficulty.

There is no objective method for this and success
depends heavily on the judgment of the analyst.
The iterative method has the advantage of being
entirely objective but its limitations are neverthe-
less apparent in the values of Table 1.

3.3. Analysis of an aqueous sample of aluminum

A synthetic sample of aluminum was prepared
by spiking ultrapure water with an appropriate
volume of an aqueous solution of aluminum
standard (1000 pg 1~ ! Al prepared from pure Al
powder (SPEX), dissolved in 2% (v/v) HNO,).
The uptake of aluminum in the Chelex batch
technique was measured as a function of time.
The sum of the concentrations of all the kineti-
cally distinguishable components of aluminum re-
maining in the sample was monitored as a func-
tion of time using inductively-coupled plasma

~mass spectrometry with the solution nebulization

sample delivery technique.

The two methods were applied to experimen-
tal data cellected from the synthetic aqueous
solution of aluminum. Aluminum ions are equili-
brated in water according to the following reac-
tions:

AP*+ OH™ == AI(OH)*" (9)
AI(OH)** + OH™ === AI(OH), (10)
Al(OH); + OH" Al(OH), (11)

At pH 5, an aqueous solution of aluminum con-
tains 37% of AI**, 35% of AI(OH)**, 23% of
AI(OH); and 5% of dissolved AI(OH), (there
was no precipitation of AI(OH); under our exper-
imental conditions) [25]. Fig. 5 shows a logarith-
mic plot of the uptake of AI(IIT) by Chelex resin
from the aqueous solution of aluminum as a
function of time. The application of the graphical
method to this set of the experimental data given
in Fig. 5 shows three kinetically distinguishable
components, as indicated in the insets. The ki-
netic parameters are listed in Table 4.

The results of the application of the iterative
method to the synthetic solution of aluminum are
shown in Table 5. When the number of compo-
nents in the model was increased from 1 to 3, the
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Fig. 5. Logarithmic plots of uptake of AI(III) by Chelex-100
from a synthetic, aqueous solution of aluminum. [AI(III)] = 6.5
M, [Chelex] = 1% (w/w), pH 5.0, ionic strength = 3.9 107,
temperature = 20°C. (a) Plot of In[AI(III)] as a function of
time; (b) after the first subtraction; (c) after the second
subtraction.

values of sum of squares of the weighted residu-
als decreased sharply, but when the number of
components were increased from 3 to 4, no change
occurred. The number of components in this syn-
thetic solution is, therefore, 3, in agreement with
the number obtained by the graphical method.
Fig. 6 shows the plots of the weighted residuals
vs. time for the data from the analysis of alu-
minum in a synthetic solution. With a 3-compo-
nent system, a random and normal distribution
about zero was observed. The number of compo-
nents of aluminum in the synthetic solution is,
therefore, three, in agreement with that obtained
by using the graphical method and by using the

Table 4

Kinetic parameters determined by the graphical method and
the iterative method for a synthetic solution containing
[ANIID] = 0.65 uM, pH 5.0

Parameter Graphical method Iterative method
CP, uM 0.45 0.43

Ccl, uM 0.13 0.18

Y, uM 0.039 0.039

kys7! 1.7x 102 2.1x1072
ky,s7! 45%x1073 54x1073

ki, 571 22%x107% 2.2x104

Table 5
Sum of squares of the weighted residuals of iterative non-lin-
ear regression for the kinetic data from a synthetic solution
containing [AI(IID] = 0.65 uM, pH 5.0

Number of
component fitted

Sum of squares of
the weighted residuals

1 10.9

2 0.637
3 0.374
4 0.374

sum of squares of the weighted residuals. The
initial concentrations and the rate constants of
these components determined by non-linear re-
gression are listed in Table 4. Both methods
indicate three kinetically distinguishable compo-
nents, and the rate constants of the components
are in good agreement. The fact that three com-
ponents with different rates of removal are distin-
guished in the aqueous solution indicates that the
ionic species are not rapidly equilibrated. Since
the ions (mononuclear species) represented in
Eqs. 9-11 would most certainly be rapidly equili-
brated, the species governing the removal of Al>*
are not these simple ions but must be of a more
complex nature, probably, polynuclear species.
However, the limited amount of data available

0.2

Weighted Residuals

0 500 1000 1500 2000 2500 3000

Time / sec

Fig. 6. Plots of the weighted residuals as a function of time for
kinetic analysis of uptake of AIIII) by Chelex-100 from a
synthetic, aqueous solution of aluminum. [AIJID]=6.5 uM,
[Chelex}]=1% (w/w), pH 5.0, ionic strength=3.9%x107%,
temperature = 20°C. Bottom trace: 2-component-fitting; top
trace: 3-component-fitting.
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does not justify further characterization of these
species.

4, Conclusions

The analysis of the simulated data shows the
reliability and the limitations of the two methods.
The iterative method does not rely on a subjec-
tive assessment for the determination of the ki-
netic parameters but is still limited in the power
to resolve reactions whose rate constants are
close. The simple graphical method can often
provide reasonable values for the kinetic parame-
ters and is a useful complement to the iterative
method. When the rate constants are as close as
separated by a factor of two, analysis by both
methods seems desirable. For both methods the
quantity and the quality of the experimental data
are of prime importance.
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Abstract

A scheme for metal speciation which combines physical characterization by size fractionation and chemical
characterization by dissociation kinetics has been used to characterize trace metal species in a sample of rain water.
The lability of the metal species in each size fraction of ultrafiltration was determined by differential pulse anodic
stripping voltammetry and by ion-exchange with Chelex-100 resin, using both the column and the batch technique.
Most of the Pb, Cd, Cu and Zn soluble species were ASV-labile and Chelex-labile, and fell in the small size fractions
(< 1000 molecular weight cut off). Kinetic analysis of the rain water sample (multi-component system) revealed the
presence of the following kinetically distinguishable components (other than the very labile metal aqua ions)
undergoing first-order (or pseudo-first-order) dissociation: three for copper, two for zinc, two for lead and one for
cadmium. The lability of metal species found in the rain water sample ranged from labile, moderately labile, slowly
labile to inert species, the half-lives range from less than one minute to more than seven days. The results of the
kinetic analysis of rain water sample were very similar to those of a snow sample collected at the same site about 8
months earlier. The observed difference between the kinetically distinguishable components in the rain water sample
and in the snow sample may be due to differences in the pH of the samples.

Key words: Anodic stripping voltammetry; Ion exchange; Kinetic Methods; Metal speciation; Size fractionation; Rain
water; Waters

1. Introduction such as rain, snow and hail. Nguyen et al. [2]

determined the total concentrations of Cu, Pb,

One important environmental compartment Cd, Zn and Se in rain water and snow samples by

and stage of the biogeochemical cycle of heavy
metals is the atmosphere, where the heavy metals
occur as aerosols and are bound to dust particles
[1]. These metals can be deposited to the surface
of water or land via dryfall (dust) or precipitation

* Corresponding author.

stripping voltammetry and emphasized the signif-
icance of rain and snow in the transport of toxic
trace metals from atmosphere to terrestrial and
marine biota. The influences of toxic metals in
precipitation on the quality of natural waters has
been reported by several authors [3—7]. However,
very little has been published on chemical specia-

tion of heavy metals in precipitation until recently
[8,9].

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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An understanding of chemical speciation is
important for at least two reasons [10]. First, the
toxicity caused by ingestion and inhalation of a
metal is dependent on its chemical form. Sec-
ondly, chemical speciation strongly influences en-
vironmental pathways, transport and fate of a
metal. In recent years, environmental scientists
are becoming increasingly aware of the need for
methods yielding detailed information on various
physical and chemical forms of heavy metals in
precipitation to determine the sources, transport,
transformation and removal processes of the
heavy metals in the atmosphere, the influences of
chemical speciation of heavy metals on the qual-
ity of land and natural waters, and bioavailability
of heavy metal species.

Development and application of various
schemes for study of metal speciation in the
aquatic environment have been reported and crit-
ically evaluated in the literature [8-27]. The theo-
retical background for kinetic studies of metal
speciation has been developed and discussed in
several publications [28-33]. Several techniques
and methods such as solvent extraction, ultrafil-
tration, dialysis, gel permeation chromatography,
adsorption, ion-exchange, UV-irradiation, ion-
selective electrode potentiometry and stripping
voltammetry have been used in chemical specia-
tion schemes to distinguish between metal forms
in natural waters [17]. However, only a few appli-
cations of these schemes and techniques for
chemical speciation of heavy metals in precipita-
tion have been reported in the literature, and
only sporadic interest has been shown hitherto in
systematic research on toxic metals in rain and
snow [8,34]. Lum et al. [35] studied the bioavail-
able Cd, Pb and Zn in wet and dry deposition.
Rain water over the North Atlantic Ocean was
analyzed by Lim and Jickells {34] for particulate,
dissolved and acid-leachable trace metals. Other
studies showed that Pb and Cd concentrations in
rain water decreased with increasing rainfall in-
tensity. The highest enrichment of Cd, Pb and Cu
was observed in ice-accretion deposition [36].

We have developed a scheme for metal specia-
tion based on size fractionation by ultrafiltration
and chemical characterization of each size frac-
tion by dissociation kinetics of its metal species,

and applied the scheme to samples of rain, snow
and river surface water [8]. In this paper, we
discuss results of further work done by applying
this scheme to a sample of rain water, in which
the speciation of Zn, Cu, Pb and Cd has been
determined. The results are compared with the
previous results for these metals in a snow sample
collected from the same site about 8 months
earlier.

2. Dissociation kinetics of metal complexes
2.1. ASV-lability

Differential pulse anodic stripping voltamme-
try (DPASV) has been used by many researchers
to determine ASV-labile species in aqueous sam-
ples [8,9,11,12,19-24,32]). ASV-labile species are
defined as those that can be reduced at and
deposited into a hanging mercury drop electrode
(HMDE) from a stirred solution. Therefore,
ASV-labile species comprise free metal ions and
those metal complexes which are dissociated to
free metal ions and are reduced at HMDE within
the time scale of measurement in ASV which is in
the order of 1073 s [37]. The ASV-labile species
are therefore operationally defined.

The dissociation of a 1:1 complex formed be-
tween a divalent metal ion, M, and ligand, L, and
the subsequent reduction of the metal ion at a
HMDE may be expressed as:

k
ML==M>"+1*"  (slow) (1)

f
M?**+2e~ ——>M  (fast) (2)

When the complex, ML, is not itself reducible at
the applied voltage, the electrodeposition is due
to reduction of M?* ions generated by dissocia-
tion of ML, and the stripping current is due to
subsequent oxidation of M. If the dissociation of
ML (Eq. 1) is slow and the reduction of M2* (Eq.
2) is fast, the rate constant measured will be the
dissociation rate constant k, of the metal com-
plex (equation 1). Turner and Whitfield [38] re-
ported that the lability of the complex could be
indicated by the ratio of the kinetic current i, to
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the diffusion current i, (the current observed for
the same concentration of the metal ion as that in
the sample, but in the absence of ligand), i, /i,
which is related to the rate constant k; and kg,
the concentration of the ligand, thickness of the
diffusion layer and the diffusion coefficient of the
metal ion in the medium, and the radius of the
mercury drop. An implicit assumption in the
above relationship is that the metal complex, ML,
is not directly reducible at the applied voltage, in
other words, the metal ion is formed by the
dissociation of the metal-ligand complex before
it is reduced at and deposited into the HMDE. If
the applied voltage is too high, the metal complex
ML may be reduced directly instead of undergo-
ing dissociation prior to the reduction of the
metal ion at the HMDE (Route 1). There is also
the possibility, that even at the lower applied
voltage, only the organic ligand part of ML is
reduced to form ML, (Route 2). The ML,
does not yield metal ions for reduction at the
HMDE, and hence does not give stripping cur-
rent, making the ML species ASV-nonlabile.
Hence, ASV-nonlability may be also due to causes
other than slowness of the metal-ligand dissocia-
tion.

ML+ne‘+M+L"‘

o

(Route 1) (3)

ke
ML + ne” k:= ML 4

(o]

(Route 2) (4

In order to reduce or eliminate direct reduction
of the metal complex, the deposition potential is
generally set just sufficiently negative to yield the
maximum peak current for the free metal ion in
that medium.

2.2. Chelex-100 lability

Chelex-100 is a styrene—divinylbenzene copoly-
mer resin incorporating iminodiacetic acid chelat-
ing groups:

/CHZCOOH
R—N\
CH,COOH

When fully ionized, Chelex can be represented as
Chelex?~. Chelex-100 resin is very useful for

chemical speciation due to its two properties -
moderate ion-exchange reactivity, and exclusion
of large molecules and colloidal particles by virtue
of the size of its beads. Chelex-100 resin used in
this work had a pore size of about 1.5 nm. Cop-
per and lead species adsorbed on colloidal ferric
hydroxide in solutions are rejected by this resin
[29]. Because the external surface area of the
resin beads contributes little to their total surface
area, Chelex-100 resin provides not only a suit-
able material for the differentiation of metal
complexes based on the affinity between the metal
ion and the iminodiacetic acid chelating group,
but also a rapid method for separation of small
metal species from macromolecular or colloidal-
ly-associated metal species.

In rain water, snow and other natural waters,
complexant such as organic and inorganic ligands,
or colloidal matters are present. Metals may be
bound to different complexants or to different
bonding sites of such complexant (polyfunctional),
or adsorbed on or entrapped into colloidal mat-
ter. If dissociation of metal ions from such differ-
ent bonding sites is thermodynamically favourable
and the dissociation processes are independent
and occur simultaneously, the dissociation rates
will depend on the nature of the functional
groups, their position on the macromolecular
complexants and the residual charge on the com-
plexants.

The reaction between a metal complex, ML
(where L is a polyfunctional ligand) and Chelex
can be expressed as (the charge on the ions are
omitted for simplicity):

k
ML=—=M+L (slow) (5)

k
M + Chelex == M-Chelex  (fast) (6)

2

When Chelex is present in sufficient excess (as in
the present experiment) reaction 6 is pseudo-
first-order. The rate constant k, is quite large as
determined in this laboratory by measuring the
rate of uptake of the metal M by Chelex-100
using inductively coupled plasma mass spectrom-
etry. Because k,[Chelex]> k_,[L], the overall
reaction

ML + Chelex —— M—Chelex + L @)
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is irreversible. The rate of decrease in the con-
centration of the complexed metal species due to
the metal complex dissociation in the presence of
a sufficient excess of Chelex-100 resin can be
expressed by:

d[ML]
- —5 = kML]
[ML] = [ML], e *
d[M]

4 - k,[ML] - k,[M]
kl[ML]o
ky—k,

Because k, > k; and k, is large

[M] = [M] e~ + (e — ek

ky
[M] = —[ML],e ™"
k,

by ML
_kz[ ]

Thus the rate of formation of M—Chelex in the
above reaction (Eq. 6) can be represented by:
d[M-Chelex]
S kM)

ky
=k2k_[ML]
2

=k,[ML] (8)
where k terms are the first-order or pseudo-
first-order rate constants of the respective reac-
tions, {ML] is the concentration of the metal
complex ML, and the subscript o stands for reac-
tion time zero. Hence, the rate of formation of
M-Chelex is determined by the rate of dissocia-
tion of ML in reaction 5.

For free metal (aqua) ions or other very labile
species, the metal ion can directly and rapidly
exchange with the sodium ion which is bound to
the Chelex resin, following a pseudo-first-order
reaction (reaction 6). A large value for the rate
constant for dissociation is associated with “la-
bile” complexes, a lower value with ‘“moderately
labile” complexes, a still lower value with “slowly
labile” complexes. Thermodynamically highly sta-
ble species, or species which are trapped by col-
loidal matter so that they cannot react with
Chelex-100 resin, or species which react with

Chelex-100 resin extremely slowly are grouped
together as the “inert” or nonlabile species.

3. Experimental
3.1. Reagents

Stock solutions (1000 pg mi~!) of Cd, Cu, Pb
were prepared by dissolving an appropriate quan-
tity of CdO (Baker, Analytical Reagent), copper
metal (99.9% pure) and Pb(NO,), (Fisher, A.C.S.
reagent), in ultrapure nitric acid (Ultrex II) with
heating and diluting to appropriate volume with
ultrapure water; the final solutions contained 1%
(v/v) ultrapure HNO;. A reagent solution (1000
wg ml~1) of Zn was purchased from BDH. Stock
solutions (1000 wg ml~') of aluminium and iron
were prepared separately by dissolving 0.5000 g
aluminium and iron powder (SPEX) in 20 ml HCI
(Ultrex)-H,O (1: 1) respectively, with heating and
diluting to 500 ml with ultrapure water. Ultra-
pure water of resistivity of 18.2 megohm cm was
obtained directly from a Milli-Q-plus water pu-
rification system (Millipore). Ultrapure HNO,
(Ultrex II) was manufactured by Baker (Phillips-
burg, NJ).

A stock solution of 2.0 M sodium acetate solu-
tion was prepared by dissolving an appropriate
quantity of sodium acetate' (BDH) in ultrapure
water. This solution then was purified by electrol-
ysis at —1.4 V versus SCE for at least 48 h and
the electrolysis continued till the solution was
needed.

3.2. pH and conductivity measurements

The pH was measured with an Accumet 925
pH/ ion Meter (Fisher Scientific), using a Accu-
pHast Combination glass electrode with an inter-
nal calomel reference electrode. The conductivity
was measured with a conductivity bridge, model
31 (Yellow Springs Instrument).

3.3. Cleaning procedure

Nalgene Teflon FEP™ (fluorinated ethylene
propylene) bottles and flasks fitted with screwed-
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on caps were used exclusively except where stated
otherwise. The following cleaning procedure was
rigorously applied [40]. The bottles and flasks
were pre-cleaned by soaking with HCI-H,O (1:1)
(HCI was AR grade) for one week at room tem-
perature, then with HNO,-H,O (1:1) (HNO,
was AR grade) for one week at room tempera-
ture, followed by rinsing with ultrapure water
until the pH of the water after rinsing was about
6. Finally, they were filled with ultrapure water
and allowed to stand for two or more weeks until
they were used. The soaking water was periodi-
cally changed to ensure continued cleaning. The
final pH of the two-day-long filled water at the
last time must be > 6. Before use, the containers
were rinsed five times with ultrapure water.

The filters were also cleaned before use. 0.45-
pm filter papers were cleaned by soaking in 0.5%
ultrapure HNO, (Ultrex II) for 24 h and rinsing
them ten times with ultrapure water, followed by
soaking them in ultrapure water for two or more
weeks until they were used (the soaking water
was changed periodically to ensure continued
cleaning). Ultrafiltration membranes were pre-
conditioned by successive soaking in NaOH solu-
tion (pH < 11), 0.5% ultrapure HNO, (Ultrex II),
and finally in ultrapure water {24]. The ultrafil-
ters were stored in a 10% (v /v) ethanol in water
solution in cleaned PTFE containers at 4°C. Be-
fore use, the filters were stirred with ultrapure
water, with frequent changes of water, to remove
added ethanol.

3.4. Sample collection and treatment

A sample of rain water was collected in a
cleaned Nalgene C.P.E. (conventional polyethy-
lene) bottle (2 1) in one hour at a site on the roof
top of the Steacie Building at Carleton Univer-
sity. As soon as the sample collection was com-
pleted, three small portions (50 ml) were taken
out, one in a polytetrafluoroethylene (PTFE)
beaker for the measurements of pH and conduc-
tivity (at room temperature), one in the pre-
cleaned PTFE chamber of a digestion bomb for
wet digestion in the high-pressure bomb for the
determination of the total metal, and one for
analysis by DPASV. The remaining rain water

sample was filtered through a 0.45-um filter.
Three 50-ml aliquots of the filtrate were taken
for analysis as follows: one aliquot for DPASV,
one aliquot for pH and conductivity, and one
aliquot for total soluble metal. The total soluble
metal was determined by graphite platform fur-
nace atomic absorption spectrometry after the
filtrate was acidified to contain 1% (v/v) nitric
acid (Ultrex II). Another aliquot of the filtrate
was taken for the Chelex-100 column study and
200 ml of the filtrate was taken for the Chelex-100
batch study. The remaining filtrate was then
passed through various ultrafiltration membrane
filters having different molecular weight cut off
(MWCO), and different size fractions were ob-
tained. The dissociation kinetics of the metal
species in different size fractions were studied by
DPASV and by ion-exchange with Chelex-100
resin. All of the above filtrates and ultrafiltrates
were collected directly into pre-cleaned Nalgene
Teflon FEP™ 250-ml flasks.

3.5. Filtration and ultrafiltration

The rain water sample was filtered with a
Gelman filtration assembly fitted with a GA-6
filter (pore size 0.45 uwm, diameter 47 mm). Be-
fore the filtration of the sample, 200 ml of ultra-
pure water was filtered and the middle portion of
the eluted water was taken as the blank for the
determination of total concentration of the solu-
ble species. The rain water sample was filtered
through a pre-cleaned 0.45-um filter (GA-6) im-
mediately after collection and the first 50 ml of
the filtrate was discarded. The filtrate was col-
lected directly into the pre-cleaned Nalgene
Teflon FEP™ 250 ml flasks. The filter paper
with the retained particulate matter was used for
the determination of the metal species in particu-
late phase. Another filter paper was used, follow-
ing the same procedures as above but ultrapure
water instead of the rain water sample as the
blank in the measurement of the metal species in
the particulate phase.

Ultrafiltration for the soluble phase was per-
formed with the Amicon ultrafiltration assembly
(W.R. Grace, Beverly, MA), Model 8200, fitted
with the Amicon disc membrane filters (diameter
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62 mm). The MWCO values of the membrane
filters were 100000, 50000, 30000, 10000, 5000,
1000 and 500. Each time 160 ml of the sample
was filled, the initial 20 ml and the last 80 ml
were discarded, and only the middle fraction was
collected, since the initial 20 ml could contain a
reduced concentration of species in the ultrafil-
trate because of dilution by water trapped in the
filter and the last 80 ml of the ultrafiltrate often
contained higher concentrations of organic car-
bon because of leakage of high-molecular-weight
substances occurring as the concentration of fil-
tered species above the membrane increased [41].
Before ultrafiltration of the rain water sample,
160 ml of Ultrapure water was filtered through
the ultrafilter using the same procedure as men-
tioned above and the filtered water was used as
the blank in the determination of the metal
species in that size fraction.

3.6. DPASV measurement

DPASV measurements were performed with a
PAR Polarographic Analyzer (Princeton Applied
Research), Model 174A, connected to an Omni-
graphic recorder (Houston Instrument, Bellaire,
TX), Model 3000. The voltammetric cell made of
Pyrex glass was equipped with three electrodes. A
Methrohm E405 microfeed HMDE was used as
the working electrode. The auxiliary electrode
was a Pt-coil and the reference electrode was a
saturated calomel electrode (SCE). Before each
voltammetric measurement, the solution was
deaerated by bubbling pure nitrogen (99.995%)
through it for 10 min. During the measurement,
the inert nitrogen atmosphere blanket over the
solution was maintained by flushing nitrogen over
the solution. The plating step was carried out at a
potential of —0.07, —0.45, —0.80 and —1.15 V
versus SCE for Cu, Pb, Cd and Zn, respectively,
with stirring for 60 s, followed by a 30-s quiescent
period. In the stripping step, the sweep rate was
50 mV /s with an imposed pulse of 10 mV every
0.5 s, and the scan range was 0.75 V. An aqueous
solution of 0.040 M sodium acetate, which had
been prepared using the 2.0 M sodium acetate
stock solution and the pH of which was adjusted
to that of the sample, was used. The sodium

acetate had been purified by electrolysis at —1.4
V versus SCE for at least 48 h, and the electroly-
sis continued till the solution was used. The final
pH of the rain water sample was measured.

3.7. Cation-exchange with Chelex-100 resin

The Chelex-100 resin was 100-200 mesh size
in Na-form (Bio-Rad Labs.) and was used in both
the Chelex-100 column and the Chelex-100 batch
technique for study of chemical kinetics. Before
use, the Chelex-100 ion-exchange resin was
washed and soaked with ultrapure water until the
pH of the water suspension was the same as that
of the sample and remained unchanged in two
hours, then the resin suspension was filtered
through a pre-cleaned 0.45-um filter. This
Chelex-100 resin will be called “pre-treated”. In
the Chelex column technique, 5 g of the pre-
treated Chelex-100 resin was filled into a plastic
cylindrical column with 1 cm inner diameter. The
void volume of the packed Chelex-100 resin in
this column was 1.7 ml. The sample passed
through the column with a flow rate of 2 ml
min~'. One portion of the effluent was collected
for the determination of the Chelex-column-non-
labile species. The amount of the Chelex-
column-labile species was obtained either by the
subtraction of the Chelex-column-nonlabile
species from the total metal concentration in that
fraction or by the determination of the metal
concentration in the eluted sample after heating
it with a small volume of 3.0 M HCI (Ultrex). In
the Chelex batch technique, the pre-treated
Chelex-100 resin (1%, w/v) was added to the
ultrafiltrate of each size fraction or the Chelex
column effluent, and the mixture was shaken with
a wrist-action mechanical shaker. At the specific
times, 1 ml of the clear supernatant solution was
withdrawn with a syringe fitted with a microfilter,
and the solution was acidified to contain 1%
(v/v) HNO; (Ultrex II) for determination of the
total metal concentration remaining in the solu-
tion after uptake by the Chelex-100 resin as a
function of the reaction time. The determination
of metal concentration was done by graphite plat-
form furnace atomic absorption spectrometry.
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The initial and the final pH of the Chelex-100
batch test solutions were measured.

3.8. Determination of the total metal concentration

The total metal concentration was determined
as the sum of the metal concentration in the
particulate phase and the metal concentration in
the soluble phase, both of which were determined
by graphite platform furnace atomic absorption
spectrometry. For determination of the metal
concentration in the particulate phase, the filter
paper containing the particulate phase was acid-
digested in a pre-cleaned PTFE-lined metal
bomb, and then the product was further digested
with 20 ml of 10% (v/v) HNO, (Ultrex II) in an
air oven for four hours at 150°C. The product was
then diluted to 200 ml with ultrapure water. A
blank was prepared by digesting a pre-cleaned
filter paper following the above procedure for the
determination of the metal species in the particu-
late phase. An aliquot of the filtrate, or the
ultrafiltrate in each size fraction was acidified to
contain 1% (v/v) HNO, (Ultrex II) for the deter-
mination of the total soluble metal species, or

soluble metal species in each size fraction of the
ultrafiltrate.

A Perkin-Elmer Zeeman atomic absorption
spectrometer, Model 5000, fitted with a com-
puter-controlled HGA-500 graphite furnace, a
pyrolytic graphite-coated tube, and a pyrolytic
graphite platform, was used for determination of
the total metal concentrations. Hollow-cathode
lamps of Pb, Cd, Cu, Zn, Al and Fe (Fisher) were
operated at 6, 4, 6, 6, 8 and 6 mA, respectively. A
spectral bandpass of 0.7 nm was used for all these
elements except Fe, for which a 0.2 nm spectral
bandpass was used. Argon was used as the purge
gas with a flow rate at 300 ml min~"', which was
interrupted during the atomization step. The op-
timum furnace temperature program for dry/
pyrolysis / atomization cycle for Pb, Cd, Cu, Zn,
Al and Fe is given in Table 1.

3.9. The speciation scheme

The speciation scheme was presented in detail
previously [8] and will only be briefly summarized
here. Fig. 1 presents an outline of the scheme.
Measurements of pH, conductivity and DPASV

pH, conductivity & Asv

Sample -

Total conc. by GPFAAS

0.45 um filter

¥

Particulate phase TM's

GPFAAS

B —————

¥

Soluble phase TM's

GPFARAS

-

Ultrafiltration

GPFAAS

Chelex-100 column

GPFAAS

-

DPASV

13
Chelex-100 batch

GPFAAS

Fig. 1. Scheme for metal speciation. TM = Total metals; DPASV = differential pulse anodic stripping voltammetry; GPFAAS =
graphite platform furnace atomic absorption spectrometry. The pH was measured before and after each run.
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Table 1
Analysis lines and instrumental conditions for graphite plat-
form furnace atomic absorption spectrometry

Ele- Analysis  Pyrolysis Atomization parameters
ment  line (nm) temp. (°C) Temp. (°C) Duration (s)

Al 309.2 1300 2400 7
Cd 228.8 400 1600 4
Cu 3248 900 2300 5
Fe 248.3 900 2500 6
Pb 2833 500 1900 5
Zn 2139 500 2000 5

were made directly (i.e. without any pre-treat-
ment) on the sample. The remaining sample was
filtered to remove the particulate phase (> 0.45
um). The concentration of total soluble species
was determined by graphite platform furnace
atomic absorption spectrometry. Aliquots of the
filtrate were used for kinetic studies, using
DPASYV, Chelex column and Chelex batch tech-
niques. The remaining filtrate was subjected to
ultrafiltration for determining the size distribu-
tion of the soluble metal species. Each size frac-
tion was studied for total metal concentration
and for kinetics of dissociation of the metal
species in that size fraction.

The above speciation scheme combines physi-
cal size fractionation by ultrafiltration of the solu-
ble species, with chemical characterization (dis-
sociation kinetics) by anodic stripping voltamme-
try, and by the Chelex-100 column and the
Chelex-100 batch technique. This results in a
measurement timescale for dissociation kinetics
ranging about 8 orders of magnitude. Although
the results it generates are operationally defined
and are therefore difficult to interpret in terms of
bioavailability, it provides information for possi-
ble correlation of chemical characterizations of
metal species with their bioavailability and toxic-
ity.

4. Results and discussion
4.1. pH and conductivity

The pH and the conductivity of the rain water
sample measured at room temperature immedi-
ately after its collection (on August 26, 1992)
were 5.3 and 20.5 uS cm™!, respectively. These
values may be compared with those measured
previously for the snow sample (collected on Jan-
uary 10, 1992) for which the pH and conductivity

Table 2
Size fractionation of zinc, copper, lead and cadmium species by ultrafiltration
Zn (ugl™?) Cu(pgl™® Pb(pgl™h) Cd(ugl™)

August 26, 1992, rain water (pH 5.3)

Total metal conc.: 24.1 7.10 3.92 0.236
In the particulate phase: 297 2.03 1.05 0.038
In the soluble phase ( < 0.45 pm): 21.1 5.07 2.87 0.198

Ultrafiltration (MWCO):
> 10000 0 0 0 0
10000-5,000 1.66 1.12 0.10 0
5000-1000 3.82 2.46 0.37 0
1000-500 6.28 0.57 1.04 0.083
< 500 9.24 0.95 1.23 0.115

January 10, 1992, snow (pH 3.9) [8]

Total metal conc.: 9.0 5.7 55 0.11
In the particulate phase: 0.90 1.08 1.00 0.005
In the soluble phase (< 0.45 wm): 8.13 4.7 4.4 0.11

Ultrafiltration (MWCO):
> 10000 0 0 0 0
10000-1000 2.5 2.0 2.3 0.035
< 1000 5.6 2.7 2.1 0.075
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Table 3
Aluminium and iron in the rain water sample (pH 5.3) and the snow sample (pH 3.9)
Rain water (pH 5.3) Snow (pH 3.9) [8]
August 26, 1992 January 10, 1992
Al(ugl™1) Fe (ugl™1) Al(ugl™b Fe (ugl™!)
Total metal concentration: 389.8 608.7 400.9 375.2
in the particulate phase: 378.4 601.3 388.7 366.2
in the soluble phase (< 0.45 wm): 11.4 7.4 12.2 9.0

were 3.9 and 28.8 1S cm™!, respectively. The pH
and the conductivity are important parameters of
atmospheric precipitation quality. The pH is re-
lated to the possible forms and charge of the
chemical species, and the conductivity reflects the
ion concentration of the soluble species. The pH
and the conductivity of the filtrate from filtration
through a 0.45-um filter was also measured and
compared with that of the unfiltered sample. No
significant difference was observed.

4.2. Ultrafiltration and size distribution

Table 2 shows the size distribution of the metal
species in each size fraction of the rain water
sample. The results of the analysis of the snow
sample published earlier [8] are included for com-
parison. Most of the Cu, Pb, Cd and Zn species
in the rain water sample and the snow sample
were in the soluble phase. The amount of Al and

Table 4

Fe, both in the particulate and the soluble phase,
were also determined and the results are given in
Table 3. At the natural pH of the rain water
sample (pH 5.3), the Al and Fe may exist as
oxy-hydroxo colloids or as hydrous oxides ad-
sorbed on other colloidal matter containing Cu,
Pb, Cd and Zn as adsorbed or occluded species.
Most of the Cu, Pb, Cd and Zn in the soluble
phase were in the small size fractions. In the rain
water sample (pH 5.3), > 70% of these metals
were present as soluble species. As the predomi-
nant metal species in the soluble phase, 44.0% of
the zinc, 44.9% of the lead and 51.1% of the
cadmium passed through the ultrafiltration mem-
brane with MWCO 500, and were probably pre-
sent as metal aqua ions and/or as small inor-
ganic complexes such as metal bicarbonates,
whereas 48.2% of the copper was in the range
with MWCO from 5000 to 1000, and was proba-
bly present as larger complexes of organic lig-
ands, or metals adsorbed on or occluded by col-

ASV-lability of Cu, Zn, Pb and Cd species in the rain water sample (pH 5.3) and the snow sample (pH 3.9)

ASV-labile (pg1™1)

ASV-nonlabile (ug 1~

Cu Pb Cd Zn Cu Pb Cd Zn
August 26, 1992, rain water (pH 5.3)
Unfiltered sample: 4.9 1.8 0.2 - 22 21 0 -
In the soluble phase (< 0.45 um): 33 1.5 0.2 - 1.8 1.4 0 -
Ultrafiltration (MWCO):
> 10000 0 0 0 0 0 0 0 0
10 000-5000 0 0.2 0 0.8 1.1 0 0 0
5000-1000 0.3 0.2 0 1.9 0.7 0 0 1.9
1000-500 1.9 0 0.2 4.7 0 1.1 0 1.6
< 500 1.1 1.1 N.D.? 79 0 0.1 0.1 1.3
January 10, 1992, snow (pH 3.9) [8]
In the soluble phase (< 0.45 um): 20 4.7 N.D. 7.5 2.7 N.D. N.D. 0.6

? N.D. = Not detectable
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loidal matter. For the Zn, Pb and Cu, the species
retained by the ultrafiltration membrane with
MWCO 10000, and for the Cd, the species re-
tained by MWCO 1000 were below the limits of
detection. In the snow sample, > 80% of these
metal species were in the soluble phase. As the
predominant species in the soluble phase, 69.1%
of the zinc, 57.4% of the copper and 68.2% of the
cadmium passed through the ultrafiltration mem-
brane with MWCO 1000, and were probably pre-
sent as metal aqua ions and/or small inorganic
complexes such as metal bicarbonates, whereas
52.3% of the lead was in the size range with
MWCO from 10 000 to 1000, and were probably
present as larger complexes of organic ligands, or
metals adsorbed on or occluded by colloidal mat-
ter.

In atmospheric precipitation there are many
naturally-occurring substances such as inorganic
and organic compounds, and hydrous oxides.
Many of them can behave as complexant for
heavy metals. Adsorption of metal ions on hy-
drous oxides or occlusion inside colloidal matter,
ion-exchange with clay materials (flying dust),
binding by organically-coated particulate matter
or organic matter, or adsorption of metal com-
plexes by colloidal matter are common. All of
these processes are related to the size (also shape
and charge) distribution of aerosols.

4.3. ASV-labile species

Table 4 shows ASV-lability of the metal
species. The values of the previous measurements
[8] for the snow sample (pH 3.9) are also given for
comparison. The ASV measurements for Cu, Pb,

Table 5
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Cd and Zn were sequentially made at the pH 5.3
of the sample at the applied potential —0.07,
—0.45, —0.80 and —1.15 V versus SCE, respec-
tively. It was found that in the soluble phase
64.7% of the copper, 51.7% of the lead, 100% of
the cadmium and 76.1% of the zinc in the rain
water sample were ASV-labile, whereas 42.6% of
the copper, 100% of the lead and 92.6% of the
zinc in the snow sample were ASV-labile. Cad-
mium in the snow sample was not detectable
because of its low concentration. It can also be
seen from Table 4 that there was no significant
difference in the ASV-labile fraction of the
species between the filtered and the unfiltered
samples.

In rain water, snow and other natural waters,
excess complexing ligands, if present, will com-
plex the metal added as spikes. Therefore, for
standardizing ASV measurements, it is important
to use an analytical calibration curve prepared
using peak height of standard solutions of metal
ion rather than an analytical calibration curve
obtained by adding spikes of metal ions to the
sample, i.e. by a standard addition curve [42]. In
this work, the analytical calibration curve was
obtained by adding standard solutions of metal
ions (taken as the nitrate) to the blank which was
ultrapure water containing 0.04 M sodium acetate
and adjusted to the pH of the samples with
ultrapure nitric acid.

4.4. Chelex-100-labile species

Chemical speciation based on the reactivity
between metal species and Chelex-100 cation-ex-

Chelex-100-column-lability of metal species in the rain water sample (pH 5.3)

Chelex-column-labile (g 17 1)

Chelex-column-nonlabile (ug1~1)

Zn Cu Pb Cd Zn Cu Pb Cd
August 26, 1992, rain water (pH 5.3)
Total soluble species ( < 0.45 um): 20.5 2.67 2.56 0.19 0.06 2.40 0.31 0.082
Ultrafiltration (MWCO):
> 10000 0 0 0 0 0 0 0 0
10000-5000 1.2 0.82 0 0 0 0.27 N.D. 0
5000-1000 39 0.33 0.29 0 0 2.13 N.D. 0
1000-500 6.2 0.57 1.4 0.089 0.05 N.D. N.D. 0
< 500 9.2 0.95 1.23 0.040 0.03 N.D. N.D. 0.075
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change resin was investigated in this work, in
which both column and batch techniques were
used.

The Chelex column technique was used to
study labile and moderately labile metal species.
Because the amount of Chelex resin that had to
be used with the column technique was large and
the contact time was short, it can be considered
that the uptake rate of the metal species in the
sample by Chelex-100 resin was diffusion-limited.
Under the experimental conditions of this study
(flow rate was 2.0 ml min~! and the void volume
of the packed Chelex-100 resin in the column was
1.7 ml), the contact time of the sample with the
resin was about 51 s. This timescale corresponds
to moderately labile metal species in the sample.

Table 5 shows the Chelex-100 column lability
of metal species in the soluble phase of the rain
water sample. It can be seen that 99.7% of the
zinc, 52.7% of the copper, 89.2% of the lead and
61.1% of the cadmium species were Chelex-col-
umn-labile. Table 5 also shows the size distribu-
tion of the Chelex-column-labile species. The
predominant Chelex-column-labile species of
copper, zinc and lead in the rain water sample
were in the small size fractions, whereas the
predominant Chelex-column-labile species of
cadmium was in the range with MWCO from
1000 to 500, and were probably small inorganic
complexes of cadmium. The size fractions of all
metals in the MWCO < 500 probably contained
metal aqua ions, or small inorganic metal com-

Table 6

plexes. Chelex-column-nonlabile species of zinc
and cadmium were in the small size fraction,
whereas the Chelex-column-nonlabile copper
species mainly existed in the size range with
MWCO from 5000 to 1000, and were probably
larger metal complexes of organic ligands. For
lead, the concentrations of the Chelex-column-
nonlabile species in different size fractions were
too low to be detected.

Table 6 shows the Chelex-100 batch lability of
the metal species. For comparison, Table 6 also
shows our previous results [8] for the Chelex-100
batch lability of metal species in a snow sample.
The symbol C;, stands for the initial concentra-
tion of each kinetically distinguishable compo-
nent of the metal species. 100% of the lead and
cadmium, 77.0% of the copper and 99.7% of the
zinc species in the rain water sample, and 100%
of the lead and cadmium, 65.0% of the copper
and 98% of the zinc in the snow sample were
labile or moderately labile species. In the rain
water sample, three Kkinetically distinguishable
components for copper, two for zinc, two for lead
and one for cadmium were observed, whereas in
the snow sample, four kinetically distinguishable
components for copper, two for zinc, one for lead
and one for cadmium were observed. However,
the kinetically distinguishable metal components
in both the rain water and the snow sample are
similar. The only difference was that the labile
component of copper in the snow sample was not
observed in the rain water sample, and the rain

Chelex-100-batch-lability of the metal species in the rain water sample? (pH 5.3) and the snow sample® (pH 3.9)

Metal  C;,(ugl™")

Rate constant (s ~1)

Half-life (s)

This work 2  Previous work ®  This work 2 Previous work ° This work 2 Previous work °
Cu 2.4 (3.1+0.5)x1072 224
3.98 0.7 (23+01)x1073 1.6+0.1)x1073 3.0 X 102 433 % 102
0.29 0.9 (33+03)x10°3 62+1.1)%x10°5 2.1 %104 1.12 x 104
0.90 0.8 (85+02)x10°° (8.8+03)x10°° ~ 1 day ~ 1 day
Zn 23.27 7.8 47+01)x1073 4.0+0.1)x 1073 1.5 % 102 1.73 X 102
0.07 0.15 <40x1077 <28x107° > 20 days > 6 days
Pb 1.97 4.4 (1.3+0.1)x 1072 (1.0+03)x 102 53 69.3
0.94 (33+01)x10"3 2.1 X 10?
Cd 0.168 0.11 - 49+01)x103 82+07)x1073 1.4 X 102 84.5

 Rain water sample collected on August 26, 1992.
® Snow sample collected on January 10, 1992 [8].
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water sample had one more kinetically distin-
guishable lead component than the snow sample.
The difference may be due to the sample pH. At
pH lower than 4, the predominant species of both
lead and copper were free aqua ions rather than
other hydroxo species, whereas at pH 5.3 and in
the presence of dissolved carbon dioxide, some of
the lead aqua ions and most of the copper ions
were present as carbonato species or hydroxo
species, specially hydrolyzed copper ion CuOH™,
In the rain water and the snow sample, the
concentration of organic matter such as humic
materials are relatively low [43]; therefore, in an
acidic medium, most of these metals are present
as metal aqua ions, hydroxo species, carbonato
species and other small inorganic metal com-
plexes, i.e. the main factors that affect the distri-
bution of the metal species are inorganic ligands
and colloidal matter. The oxy-hydroxide colloids
of Fe(1II), AICIIT) and Mn(I1V)) may take up heavy
metal ions such as Cu, Zn, Pb and Cd by simple
adsorption, surface complexation or occlusion.

4.5. Method of data analysis for the Chelex-100
batch process

We adopted the kinetic model for kinetic anal-
ysis of multi-component systems developed in our
earlier paper [8], and by Olson and Shumam [22].
In dealing with a metal associated with a poly-
functional complexant, or with different ligands,
each kinetically distinguishable component of a
metal was assumed to dissociate independently
and simultaneously by a first-order or a pseudo-
first-order rate process. Hence, the reaction be-
tween Chelex-100 resin and the kinetically distin-

Fig. 2. Copper remaining in the rain water sample as a
function of time after uptake by Chelex-100 resin in the
Chelex batch technique. (a) and (b) are the expansions of (c)
in the specific time ranges. The concentration of Chelex-100:
1% (w /v). ® = experimental data; solid line = calculated value;
broken line = experimental plot for the most slowly dissociat-
ing copper component.
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guishable components of the metal species can be
treated as parallel reactions:

k
A+Rk—‘»z
B+R—57Z

k
N+R—/F»7Z
where A, B,...,N are the kinetically distinguish-
able components of the metal bound to different
ligands or different sites of a polyfunctional com-
plexant, R is the Chelex-100 resin and Z is the
Chelex-bound metal. If the concentration of
Chelex-100 resin is much higher than the total
concentration of all the metal species and the
binding capacity of the Chelex-100 resin for the
metal ions is infinite, then we have pseudo-first-
order conditions, and hence, C, = C, exp(—k 1),
Cg = Cyoexp(—kyt),..., and Cy =
Cnoexp(—k,t). The mass balance expression is:
Cr=CprotCpot...+Cx,

=Co+Cp+...+Cy+Cy &)
Ct = CT - CZ

=Cpoexp(—kit) + Cyexp(—k,t) + ...

+ Cnoexp(—k,t)

= L Cioexp(—k;t) (10)
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where C is the total concentration of the metal
species in the rain water sample, C, ,, Cy, and
Cn, are the initial concentrations of the kineti-
cally distinguishable components A, B, and N,
respectively, C,, Cg, Cy and C, are the concen-
trations of the kinetically distinguishable compo-
nents A, B, N and the Chelex-bound metal com-
ponent Z at time ¢, respectively, and C, is the
total concentration of the metal species remain-
ing in the test solution at time ¢ after uptake by
Chelex-100 resin. Obviously, a plot of In C, ver-
sus time is non-linear (except for the special case
k,=k,= ... =k,). However, if k;,>k,>
c.>k, or C,,exp(—k;t)> Cy, exp(—k,t)
> ...>» Cy, exp(—k,t), then at some finite
time essentially all of the reactants except N will
be exhausted, and the function of Eq. 10 can be
reduced to:

InCi=InCy,—k,t (11)
so that the terminal part of a plot of In C, versus
t should be linear. For the remaining compo-
nents, a linear plot occurs when the value of
C;, exp(—k;t) is much greater than those of the
remaining components of the metal species dur-
ing that period of time. Figs. 24 show the exper-
imental results and the calculated plots of the
metal species in the rain water sample. The data
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Fig. 3. Zinc remaining in the rain Water sample as a function of time after uptake by Chelex-100 resin in the Chelex batch
technique. (a) is the expansion of (b) in the specific time range. The concentration of Chelex-100: 1% (w /v). ® = experimental data;
solid line = calculated value; broken line = experimental plot for the most slowly dissociating zinc component.
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Fig. 4. Lead and cadmium remaining in the rain water sample
as a function of time after uptake by Chelex-100 resin in the
Chelex batch technique. The concentration of Chelex-100: 1%
(w/v). ® =Pb experimental data; © = Cd experimental data;
solid line = calculated value; broken line = experimental plot
for the most slowly dissociating Pb component.

for all species were fitted by non-linear regression
analysis to the function of Eq. 10.

The accuracy of the kinetic analysis depends to
a great extent on the degree of adherence of the
process to the kinetic model. The most crucial
decision concerns the number of exponentials
required in the function of Eq. 10 to fit the data.
In this work, we adopted the method of weighted
residuals [44] to assess the “goodness of fit” for
the kinetic parameters.

Ce(t) - Cc(t)
[C.(n]"”?

where r.(t) is the weighted residual, C(¢) is the
concentration of metals remaining in the test
solution measured at time ¢ after uptake by
Chelex-100 resin, C(t) is the calculated concen-
tration obtained from the derived model parame-

re(t) = (12)

Fig. 5. Plots of weighted residuals versus time for copper
species in the rain water sample. (a) 2-component-fitting with
rate constants of 2.4x 1073 and 9.9x107%; (b) 3-component-
fitting with rate constants of 2.3 X 1073,33% 107> and 8.5X%
107%; (¢) 4-component-fitting with rate constants of 23X 1073,
52x107% 1.7x 107> and 8.5x107°.
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ters by non-linear regression analysis. If the model
is adequate, the plot of the weighted residuals,
r(t), versus time, ¢, should appear to be ran-
domly and normally distributed about zero. Fig.
Sa—c shows the data fitting of the copper species
in the soluble phase of the rain water sample.
These figures clearly show that the 2-compo-
nent-fitting gives a large error in the early reac-
tion time region and the 4-component-fitting does
not improve the results compared with the 3-
component-fitting. Therefore, this data reduction
method shows that three components of the cop-
per species were kinetically distinguishable in the
soluble phase of the rain water. Similar assess-
ments were also made of the Zn, Pb and Cd
species. The results of kinetic analysis suggest
that in the rain water sample, the Kkinetically
distinguishable components of the metal species
were as follows: three for copper, two for Zn and
Pb, and one for Cd. The values for the rate
constants and C;, obtained by non-linear regres-
sion analysis for each first-order or pseudo-first-
order process are summarized in Table 6. The
values of C;, indicate the initial concentrations
of each kinetically distinguishable component of
the metal species which dissociated at a rate
corresponding to the respective rate constant.

5. Conclusions

Our speciation scheme can accommodate an
unknown number of components corresponding
to different complexants or different binding sites
in a polyfunctional complexant covering a wide
range of rate constants. The half-lives of the
first-order rate of dissociation of the metal com-
plexes by the ASV and the Chelex-100 resin both
column and batch techniques, can be identified
and/ or measured over the time range of millisec-
onds to days, covering about 8 orders of magni-
tude. By combining with ultrafiltration, more in-
formative estimates of free and bound metal
species based on size fractionation can be made.
An important feature of this kinetic analysis
scheme is that information about the lability of
the metal species in aqueous environmental sam-
ples can be obtained not only qualitatively (i.e.

LEINT LEINT

“very labile”, “moderately labile”, “slowly labile”
and “inert”), but also quantitatively, yielding
meaningful values for kinetic parameters. Al-
though the emphasis of this scheme is on the
soluble phase, some information on the metal in
the particulate phase can also be obtained by
comparing the ASV measurement results of fil-
tered and unfiltered samples. Use of graphite
platform furnace atomic absorption spectrometry
allows direct determination (i.e. without pre-con-
centration) of trace metals in rain water samples
to be done rapidly with excellent accuracy and
precision.

Comparing the results obtained by this kinetic
analysis of the rain water sample with the previ-
ous results of the snow sample, we found that
most of the metal species were similar in both the
rain water and the snow sample. Since the distri-
bution of metal species in aqueous media is pH-
dependent the difference between the species in
the rain water and the snow sample may be due
to the difference in the pH of these samples.
Most of Pb, Cd, Cu and Zn species in both the
rain water sample and the snow sample were
both ASV- and Chelex-column-labile, and fell in
small size fractions. In rain water and snow sam-
ples, the concentration of organic complexing
agents such as humic materials is generally low.
Therefore, at an acidic pH of the samples the
metal species in these samples are expected to be
mainly metal aqua ions, hydroxo species, carbon-
ato species and other small inorganic metal
species which are present in small size fractions
(MWCO < 1000).
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Abstract

The determination of trace and ultra-trace concentrations of vanadium(V) by adsorptive cathodic stripping
voltammetry on a glassy carbon mercury film electrode is described. The method involves a controlled preconcentra-
tion of the element by interfacial accumulation as vanadium-pyrogallol complex on the electrode followed by
cathodic stripping voltammetric measurement. The optimum analytical conditions for the measurement of vanadium
by this method include the use of 0.20 M acetate buffer at pH 5.6 to 5.8, 5 X 10~* M pyrogallol, an accumulation
potential of —0.30 V vs. Ag/AgCl and a rotated electrode at 1920 rpm. The study of inorganic interference
indicated that metal ions generally do not interfere with the vanadium determination, except for Pb(II) ions.
However, the effect of this interference is eliminated by the addition of EDTA into the solution. The interference of
surface-active substances, e.g., Triton X-100, is overcome by UV irradiation of the sample. For a 3-min accumula-
tion, the linear concentration range obtained is 0-75 pg 17! (R? = 0.948) and lowest detectable amount is 1.0 pg 17!
(R.S.D.=9.5%). The use of the adsorptive voltammetric technique after dry-ashing and UV treatment of the
samples is successfully demonstrated for the determination of vanadium in standard biological and environmental
reference materials.

Key words: Stripping voltammetry; Glassy carbon mercury film electrode; Vanadium

1. Introduction biochemical processes. For example, it oxidizes

L-ascorbate to form vanadium(IV) and dehydro-

Vanadium is an important trace element which
is known to be essential for some animals, but
can also be toxic at high concentrations. Studies
have shown that vanadium interferes with many

* Corresponding author.

ascorbic acid, and it inhibits the activity of (Na,
K)-ATPase, dynein ATPase, LAD-1, monoamine
oxidase [1]. However, its physiological role is not
yet fully understood. Vanadium is also used as an
alloy additive for many steel products, and as a
catalyst in the production of plastics and other
chemicals. A common source of vanadium in the

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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environment include smoke from industrial stack,
fly ash and thermometallurgical wastes.

Owing to its toxic and essential nature in bio-
logical systems, there has been a considerable
interest in the determination of vanadium in vari-
ous sample materials. The common methods used
for the determination of vanadium are neutron
activation analysis, spark-source spectrometry,
atomic absorption spectrometry, colorimetry and
electrochemical methods. The first two methods
are relatively expensive and require specialized
equipment which are often not accessible to most
laboratories. Although spectrophotometric meth-
ods are available for the routine analysis of the
element, the refractory oxides of vanadium are
often difficult to dissociate in the flame or other
heat-source used in these methods [1]. Other
spectrophotometric methods involve a prior pre-
concentration such as complexation, solvent ex-
traction, flotation separation or adsorption on a
cationic exchange or chelating resin [2—11] which
are often time-consuming. The stripping voltam-
metric methods which are similarly accurate, sen-
sitive and relatively cheaper, have also been ex-
plored for the determination of vanadium using
the hanging mercury drop electrode (HMDE)
[12-14]. In particular, the use of adsorptive ca-
thodic stripping voltammetry on HMDE has been
successfully demonstrated for the determination
of ultra-trace concentrations of the element.
However, the use of a glassy carbon mercury film
electrode (GCMFE) as a basis for improving the
sensitivity of the technique and for enabling its
use in flowing sample stream has never been
explored. Furthermore, the use of the technique
for the determination of ultra-trace concentra-
tions of vanadium in biological materials has not
been previously reported. Also, in view of the
current lack of an accepted standard method for
the determination of vanadium in biological and
environmental materials, there is a need for fur-
ther investigation in this area.

In this study, the determination of trace and
ultra-trace concentrations of vanadium in biologi-
cal and environmental materials by adsorptive
cathodic stripping voltammetry (ACSV) on a
glassy carbon mercury film electrode is explored.
The method involves a controlled preconcentra-

tion of the element by interfacial accumulation as
vanadium—pyrogallol complex on the electrode.
This is followed by a subsequent cathodic poten-
tial scan to reduce the complex during the strip-
ping step. Particular considerations include char-
acterization of the electrode processes, optimiza-
tion of the analytical conditions, study of the
effects of inorganic and organic interferences.
The utilization of the method for the determina-
tion of vanadium in biological and environmental
materials by use of a dry-ashing procedure is also
investigated.

2. Experimental
2.1. Apparatus

Stripping voltammograms were obtained using
a Metrohm 646 Processor coupled with a 647 VA
Stand. A 3-mm diameter rotating glassy carbon
electrode filmed in situ with mercury from a
5 107> mol 1! Hg(I) solution was employed
as working electrode; a Ag/ AgCl ((KCI] = 3 mol
171) and a 2 mm-diameter Pt rod were employed
as reference and auxiliary electrode, respectively.
Cyclic voltammograms were obtained using a BAS
100B coupled with BAS cell stand and plotter.
pH measurements were made with an Activon
digital pH/ mV meter. Dry ashing of samples was
carried out using the Heraeus Laboratory Muffle
Furnace M 110. UV irradiation of samples was
performed using a Raytech Model LS-7 UV
equipment (0.2 A, 230V, 50 Hz) in the shortwave
region (2800-100 A).

2.2. Reagents

Analytical-reagent grade chemicals (Ajax
Chemicals) were used unless indicated otherwise.
All solutions were prepared with Ultrapure water
from Barnstead NANOpure and ULTROpure re-
verse osmosis systems. A stock (1 g1~ 1) vanadium
was prepared from ammonium metavanadate dis-
solved in 1 M hydrochloric acid. Dilute working
standard solutions were prepared weekly from
the stock solution by diluting with 0.1 M HCI
solution. Stock (1 g 1™!) mercury was prepared
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from mercuric chloride dissolved in 0.1 M HCL
Stock acetate buffer (2 M) was prepared from
sodium acetate and acetic acid. Pyrogallol solu-
tion (0.1 M) was prepared daily from laboratory
grade reagent and kept in the dark to prevent
decomposition. Ethylenediaminetetraacetic acid
disodium salt solution (1 g 1-') was also prepared
from laboratory grade reagent. The solutions for
the interference studies were prepared from the
corresponding metals dissolved in either HCI or
HNO,.

2.3. Procedures

Voltammetric measurement

Appropriate volumes of the supporting elec-
trolyte (acetate buffer solution), Hg(IT), pyrogal-
lol, EDTA and vanadium standard solutions are
placed into the polarographic cell. The voltam-
metric analyzer is then programmed to deaerate
the solution with nitrogen for 5 min, while rotat-
ing the working electrode at 1920 rpm, apply the
accumulation potential for the required period,
allow 15 s for solution equilibration, and record
the voltammogram under the following condi-
tions: mode, differential-pulse; potential range,
—0.30 V to —0.80 V vs Ag/AgCl; scan rates, 10
mV s~ !; pulse amplitude, 50 mV; duration be-
tween pulses, 600 ms; and potential step between
pulses, 6 mV. The same instrumental parameters
are used throughout the paper unless otherwise
indicated. The cyclic voltammograms are ob-
tained within a potential range of +0.30 and
-1.30 V.

Analysis of samples

Sample preparation. Standard reference mate-
rials from National Institute of Standards and
Technology, U.S. Department of Commerce
(Gaithersburg, MD 20899) (bovine liver, apple
leaves, peach leaves and urban particulate mat-
ter) were digested by a dry ashing method adapted
from previously reported work [15-17]. The
method involves dry ashing an accurately weighed
sample in cleaned silica crucible in a muffle fur-
nace using a programmed heating of 2 h at 100°C,
1 h at 150°C, 1 h at 250°C, 1 h at 350°C and at

least 20 h at 450°C or until only a white residue is
left. The cooled residue is dissolved in 3 ml 1 M
HCl and UV irradiated for 8 h. The resulting

133 nA
(d)
(©
(b)
(a)
e .t 1 5 s I
030V <120V

Fig. 1. Cathodic stripping voltammograms obtained on a
GCMEFE (rotated at 1920 rpm) to demonstrate the influence
of pyrogallol on the reduction of vanadium for a 3-min accu-
mulation at —0.30 V. (a) Blank consisting of 0.20 M acetate
buffer at pH 5.7, X 107°M Hg(II), 250 ng 1-! EDTA; (b)
solution (a) with 25 g 1~ V(V); (c) solution (a) with 5x 10~*
M pyrogallol; (d) solution (a) with 25 pg 171 V(V) and
5x10~* M pyrogallol.
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solution is transferred into a volumetric flask and
made up to the final volume with 1 M HCI.

Determination of vanadium. Appropriate vol-
umes of the digested sample are taken for analy-
sts by adsorptive CSV. The amount of vanadium
is determined by the standard additions method
based on 4 consecutive additions of vanadium
within the linear concentration range for a 3-min
accumulation period.

3. Results and discussion
3.1. Characterization of electrode processes

The utilization of various buffer systems such
as ammonia—ammonium acetate, potassium hy-
drogen phthalate, phosphate, oxalate, borate and
acetic acid—sodium acetate was investigated for
the adsorptive cathodic stripping voltammetry of
vanadium. Also, the effectiveness of complexing
agents such as 8-hydroxyquinoline, catechol and
pyrogallol was investigated. These complexing
agents are known to form stable complexes with
vanadium [18] and, of these, catechol has been
previously used for the adsorptive cathodic strip-
ping voltammetric determination of vanadium on
a HMDE [12].

In this study, the optimum peak sensitivity and
resolution for vanadium was obtained on the
GCMEFE with pyrogallol in the acetic acid—sodium
acetate buffer electrolyte. The response obtained
with the other buffer systems were either broad,
unresolved or much less sensitive. The poor re-
sponse obtained in the other buffer systems ap-
peared to be due to their higher pH. The opti-
mum pH for the formation and adsorption of the
vanadium-pyrogallol complex lies within 5 and 6,
as demonstrated later in this study. The acetate
buffer provides the ideal pH for this purpose. In
this buffer, the response obtained for vanadium
with the use of pyrogallol was much more re-

solved and more than 7 times more sensitive than
those obtained with catechol or 8-hydroxyquino-
line.

Fig. 1 illustrates the effect of pyrogallol on the
cathodic stripping behaviour of vanadium on
GCMEFE in acetate buffer. No peak was obtained
for the blank solution (Fig. 1a), but in the pres-
ence of vanadium (Fig. 1b) a small peak was
evident at —0.56 V due to the reduction of
vanadium(V). Likewise, there was no response
when pyrogallol was added to the blank (Fig. 1¢),
but the addition of vanadium(V) resulted in a
considerable enhancement of the peak (Fig. 1d).
This indicates that an interfacial accumulation
process is involved during the preconcentration
step. The application of an accumulation poten-
tial therefore enables the in situ formation of the
mercury and the adsorption of vanadium-pyro-
gallol complex on the electrode surface:

Vi +nPG,, = V(PG)S.""t +2nH*

q) (aq)
V(PG)sat = V(PG) i) *

where PG and n represent pyrogallol and num-
ber of pyrogallol reacting with V°*, respectively.
This view is supported by the lack of a vanadium
response in the absence of mercuric ions in solu-
tion. The stripping step involves the reduction of
the adsorbed vanadium—pyrogallol complex:

V(PG) Sl + e~ = V(PG)S: 3"
E,= -051V

The formation of V(IV)-pyrogallol complex in
aqueous media has been previously reported [18].

Fig. 2 shows the cyclic voltammograms for
vanadium(V) on the GCMFE at various scan
rates. The voltammograms were obtained without
prior preconcentration in order to investigate the
reversibility of the reduction process with sponta-
neous accumulation of vanadium—-pyrogallol com-
plex. Fig. 2a shows that in the absence of pyrogal-
lol, a cathodic peak at —1.22 V corresponding to

Fig. 2. Cyclic voltammograms obtained on a GCMFE of 5.77 X 10~* M V(V) in 0.20 M acetate buffer at pH 5.7 without prior
preconcentration (a) without pyrogallol at 10 mV s~! scan rate; and (b—g) with 2 X 10~2 M pyrogallol at scan rates 5, 10, 20, 30, 40

and 50 mV s~ respectively.
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the reduction of V(V) to V(IV) is evident. How-
ever, in the presence of the complexing agent, a
cathodic peak which corresponds to the reduction
of vanadium(V)-pyrogallol to vanadium(IV)-py-
rogallol is obtained (Fig. 2b—¢). The peak poten-
tial shifted towards more negative values from
—0.47 V to ca. —0.70 V with increasing scan rate
between 5 and 30 mV s~ !, while the peak current
decreased and the peak broadened. With further
increase in the scan rate from 30 to 50 mV s™!
(Fig. 2e-g), the cathodic peak gradually disap-
peared. These observations indicate that the re-
versibility of the spontaneous accumulation-re-
duction process decreased with increasing scan
rate. Also, it is apparent that within the scan rate
studied, no corresponding anodic peak was ob-
tained, indicating an overall irreversible process.
Furthermore, the broadness of the cathodic peak
indicates that the desorption/reduction of the
vanadium complex involves a slow electron trans-
fer. This view is consistent with the rather broad
vanadium stripping response. Hence, the use of
pyrogallol, a prior accumulation of vanadium-py-
rogallol complex and a slow scan rate are desir-
able for the reliable determination of vanadium.

3.2. Optimization of measurement conditions

Influence of pH and concentration of supporting
electrolyte

The measurement of vanadium by adsorptive
CSV is very much dependent on pH because of
the involvement of hydronium ions in the com-
plexation of vanadium and in maintaining the
proper form of the complexing agent for reaction
with vanadium. Thus, the pH and concentration
of the acetate buffer electrolyte must be carefully
chosen to éive optimum sensitivity for the vana-
dium measurement.

The peak potential obtained for the adsorptive
stripping voltammograms for vanadium(V) in the
presence of pyrogallol shifted to more negative
values and the peaks became more symmetrical
with increasing pH. This observation suggests that
the reduction of vanadium-pyrogallol complex is
pH-dependent. Fig. 3a shows the influence of pH
on the vanadium peak current and indicates that
the best working pH range for the adsorptive

(a)
300

(nA)

200

100 <

peak current

{b)
300

(nA)

200

100 1

peak current

0 M T T T M
2 3 4 5 6 7

-log [pyrogallol]

Fig. 3. Influence of (a) pH of 0.20 M acetate buffer electrolyte
containing 5% 10~* M pyrogallol; (b) concentration of pyro-
gallol on the peak currents of 25 ug 1! (X 1077 M) V(V)
for an accumulation at —0.30 V for 300 s and 1920 rpm
rotation of GCMFE.

CSV determination of the element is 5.6 to 5.8.
Outside this pH range, the sensitivity is low and
the stripping peak is poorly-shaped. At low pH
(< 4), the pyrogallol is protonated making it inac-
tive for complexation with vanadium. On the other
hand, no response was obtained for vanadium at
high pH (> 7) due to the tendency for
vanadium(V) and vanadium(IV) to undergo com-
plex hydrolysis—polymerization reactions in basic
media [19].

The variation of the acetate buffer concentra-
tion from 0.05 to 0.50 M did not influence the
sensitivity of the vanadium response significantly.
This suggests that the buffer concentration range
has sufficient buffering capacity to maintain the
desired pH for the adsorptive accumulation.
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Hence, 0.20 M acetate buffer of pH 5.7 was used
for all subsequent measurements.

Influence of concentration of pyrogallol

Fig. 3b shows the influence of pyrogallol con-
centration on the vanadium stripping peak cur-
rents. It is apparent that a concentration of the
complexing agent of about 2 to 3 orders of magni-
tude higher than the concentration of vanadium
is required to obtain good sensitivity for the mea-
surement of vanadium. The excess pyrogallol
seems to be useful in ensuring complete complex-
ation of vanadium. However, the presence of a
larger excess of pyrogallol (greater than 3 orders
of magnitude compared to vanadium) resulted in
decreased sensitivity, possibly due to competition
between the excess pyrogallol and vanadium-py-
rogallol complex for adsorption sites on the elec-
trode. Hence, 5 X 10~* M pyrogallol was used for
all other work.

Influence of accumulation potential

Fig. 4 illustrates the influence of various accu-
mulation potentials on the vanadium stripping
peaks. It is apparent from the voltammograms
that the use of an accumulation potential of —0.30
V gives optimum peak current and resolution. At
less negative accumulation potentials (Fig. 4a—e),
the sensitivity of the vanadium peak was low and
the response was not well resolved from the pyro-
gallol peak which appears at the more positive
potential. Accumulation of pyrogallol and vana-
dium-pyrogallol complex resulted in stripping
peaks that overlap, indicating that these species
are not interdiffusible [20]. Furthermore, the low
peak currents obtained for the poorly-resolved
peaks suggest that there is competition between
the pyrogallol and vanadium-pyrogallol complex
for accumulation onto the working electrode. The
peak current for the pyrogallol response, which
occurred at the more positive potential, increased

Fig. 4. Cathodic stripping voltammograms obtained on a
GCMFE of 25 pg 17! V(V) for 3-min preconcentration on a
GCMEFE rotated at 1920 rpm at different accumulation poten-
tials: (a) +0.20 V; (b) +0.10 V; (c) 0.00 V; (d) —0.10 V; (e)
—0.20 V; () —030 V; (g —0.40 V; and (h) —0.50 V vs.
Ag/AgCl
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Fig. 5. Influence of (a) accumulation period; and (b) electrode
rotation rate for a 5-min accumulation on the stripping peak
currents of 25 pg 171 V(V).

with the increasing concentration of the complex-
ing agent. However, the selective accumulation of
the vanadium-pyrogallol complex was accom-
plished by the use of an accumulation potential
more negative or equal to —0.30 V (Fig. 4f-h).
The use of an E, . more negative than —0.30 V
(Fig. 4g-h) resulted in decreased peak current.
Hence, an accumulation potential of —0.30 V
was used for all subsequent measurements.

Influence of accumulation time and rate of elec-
trode rotation

Fig. 5a shows the influence of accumulation
period on the vanadium stripping peak currents.
The peak currents increased with increasing ac-
cumulation period up to 600 s, but showed little
variation at longer accumulation periods. This
confirms the involvement of adsorption as the
resulting saturation of the electrode surface at

the long accumulation periods limits the stripping
peak current.

The influence of the rate of electrode rotation
on the vanadium peak currents is shown in Fig.
5b. The curve shows that the peak currents in-
creased when electrode rotation rate between
1220 and 1920 rpm was used and the repro-
ducibility of the results was good. Further in-
crease in the rotation rate from 1920 to 2620 rpm
resulted only in a slight increase in peak currents.
Evidently, the peak current increased with the
rate of electrode rotation until limited by satura-
tion of the electrode surface. Moreover, the high
rates of rotation caused strain on the drive belt
rotating the electrode, resulting in poor repro-
ducibility of the hydrodynamic conditions during
the accumulation step. Hence, on the basis of
sensitivity and reproducibility the electrode rota-
tion rate of 1920 rpm was chosen.

3.3. Analytical applications

Inorganic and organic interferences

The interference effects of Cd, Pb, Cu, Zn,
Mg, Cr, As, Fe, Co, Sn, Al and Ni ions were
investigated in solutions containing equal amounts
of the interferant and vanadium; and tenfold
more interferant than vanadium. Except for Cd
and Pb, the other metal ions did not interfere
with the vanadium response, even when present
at 10 X the concentration of vanadium. On the
other hand, cadmium gave a sharp, fairly resolved
peak from vanadium at —0.67 V (180 mV more
negative than the vanadium peak). A 10-fold in-
crease in cadmium concentration caused about
50% suppression of the vanadium response. In
contrast, lead gave a reduction peak which coin-
cides with the vanadium response at —0.50 V.
The addition of EDTA was effective in eliminat-
ing the Cd and Pb interference by forming com-
plexes which are not readily adsorbed onto the
electrode under the optimum experimental con-
ditions. The required amount of EDTA for this
masking effect is at least equal (in moles) or
slightly more than the amount of interfering ions
in solution, but not exceeding 1.2 ppm.

The addition of 250 wg 17! of Triton X-100,
cetyl trimethyl ammonium bromide and sodium
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Fig. 6. Measurement of vanadium in dry-ashed sample of urban particulate matter by standard additions method. (a) sample only;

(b-e) sample spiked with 5, 10, 15 and 20 pg 17! V(V), respectively.

dodecyl sulphate to a solution containing 25 ug
17! vanadium resulted in peak current suppres-
sion of 72.6, 46.5 and 71.4%, respectively. This is
due to a competitive adsorption of the organic

Table 1
Linear concentration range and detection limit for different
accumulation periods (¢,..)

Lowest detectable
concentration
(ngl=He

180 0-75(R*=10.948, n=18) 1.0(R.S.D.=9.5%)
300 0-50(R?=0.976, n=12) 0.5(R.S.D.=10.4%)
600 0-40(R?>=10.972,n=10) 0.25(R.S.D.=15.6%)

t.cc (8) Linear concentration
range (ugl™')

% n =10; lowest detectable concentration based on signal-to-
noise ratio of 3.

Table 2
Analysis of standard reference materials

substance and vanadium-pyrogallol complex on
the GCMFE. The results indicate that the or-
ganic substance is preferably adsorbed on the
GCMEFE. The organic interferences can be re-
moved by sample digestion or UV treatment. In a
previous work [15], it was shown that UV irradia-
tion of the solution for at least 2 h enabled the
breakdown of the organic substance and thus,
improve the sensitivity of the desired complex.

Linear concentration range and detection limit
Table 1 shows the achievable linear concentra-
tion range and lowest detectable concentration
based on a signal-to-noise ratio of 3 for vana-
dium(V) at different accumulation period under
the optimum analytical conditions obtained above.

Reference material

Vanadium concentration

Adsorptive CSV 2

Certified value

Urban particulate matter 1648
Peach leaves 1547
Apple leaves 1515
Bovine liver 1577b

1373 +77uge™! 140
034 +004 ugg!
025 +005ugg™!
0.117+ 0.020 ngg~!

+3ugg!

0.37 +0.03 ugg!
026 +0.03pugg!
0.123 ugg1®

* Mean + mean deviation (n = 3).
» Non-certified value.
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Generally, a wider linear concentration range is
achieved with shorter accumulation period, but
the detection limit achieved under this condition
is higher. Although the detection limit of 0.3 nM
(0.015 g 17!) obtained by van den Berg and
Huang for a 2-min accumulation of vanadium-—
catechol complex on a HMDE [12] is better than
the 0.30 ug 1~! (based on 3¢) obtained in this
study with the GCMFE, the present method is
still adequate for the determination of vanadium
in most biological and environmental materials. A
major advantage of this method is that it does not
involve excessive use of mercury and it is more
amenable for use in flow injection systems. Even
in samples containing low concentrations of vana-
dium, the use of 3-min accumulation period is
sufficient for the reliable determination of the
element.

Analysis of reference materials

Fig. 6 shows typical voltammograms recorded
for vanadium in dry-ashed sample of urban par-
ticulate matter under the optimum analytical con-
ditions obtained above. As can be seen, the peak
height increased with increasing concentration of
vanadium. Table 2 summarizes the results ob-
tained for the adsorptive stripping voltammetric
determination of vanadium in the reference ma-
terials. The results show good agreement be-
tween the experimental and certified values. This
indicates that the use of dry-ashing and UV-
irradiation treatment of the sample, coupled with
the adsorptive cathodic stripping voltammetric
method is adequate for the reliable determina-
tion of vanadium in the samples.

4. Conclusion

The determination of ultra-trace concentra-
tions of vanadium by adsorptive cathodic strip-
ping voltammetry on a glassy carbon mercury film
electrode has been successfully demonstrated.
The use of the technique in conjunction with dry
ashing and subsequent UV treatment enabled the
reliable determination of vanadium in biological
and environmental materials. The achievable limit
of detection of 1 ug 17! with 3-min accumulation

period, under the optimum analytical conditions,
is sufficient for the analysis of the biological and
environmental materials.
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Abstract

The use of thermotropic nematic liquid crystals (LC) as surface acoustic wave (SAW) vapor sensor coatings was
investigated. Responses to four pairs of isomeric aromatic organic vapors were measured using two LC coatings and
four isotropic polymer coatings. In most cases, the LC coatings showed higher sensitivity toward the more rod-like
isomer within a pair due to the anisotropic nature of the deposited LC films. However, the importance of
vapor-coating functional-group interactions as mediating factors in the sensor responses was evident in several cases.
Incorporation of an LC coating into a four-sensor array improved the discrimination between isomers relative to an
array employing only isotropic coatings. A persistent decline in the sensor baseline signal and vapor sensitivity
observed over time with both LC coatings could be attributed to evaporative loss and/or changes in the elastic

stiffness of the coatings.

Key words: Acoustic methods; Sensors; Liquid crystal; Vapor sensor; Surface acoustic wave sensor

1. Introduction

The development and characterization of sur-
face coatings continues to be a major focus of
research on coated bulk acoustic wave (BAW),
surface acoustic wave (SAW) and related piezo-
electric vapor sensors [1-4]. The type of coating
material employed and the nature of the interac-
tions that occur between the coating and the
analyte vapor(s) are key determinants of sensor

* Corresponding author.

sensitivity and selectivity. With sorptive coatings,
such as high-boiling liquids and rubbery poly-
mers, responses vary directly with the extent of
equilibrium vapor partitioning into the bulk of
the coating. As a result, sensitivity is generally
higher for less volatile vapors and for vapors
capable of stronger intermolecular interactions
with the coating [5]. The coating-vapor interac-
tion strength, in turn, is determined principally by
the relative polarities, polarizabilities, and hydro-
gen-bond donor / acceptor properties of the func-
tional groups present in the interacting species
[5-7]. Selective measurement of certain vapors is

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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possible by employing an array of sensors over-
layed with different functionalized coating mate-
rials and then analyzing the response pattern
obtained upon vapor exposure [8—10]. However,
isomeric or structurally homologous vapors, which
have very subtle differences in chemical proper-
ties, would not likely to be reliably discriminated
from each other using conventional isotropic
coating materials.

The use of coating materials capable of differ-
entiating between vapors on the basis of molecu-
lar size and shape constitutes an alternative ap-
proach to achieving selectivity with BAW or SAW
sensors and sensor arrays. Examples include zeo-
lites, cyclodextrins, cyclophanes, calixarenes, and
other so-called cavitands that are characterized
by the presence of well-defined cavities or pores.
Gases and vapors not able to fit within the cavi-
ties are not sorbed as strongly. Although a num-
ber of preliminary reports have appeared on the
behavior of such materials as acoustic-wave sen-
sor coatings [11-15], a systematic study demon-
strating size /shape selectivity, while accounting
for differences in vapor volatility and functional-
group interactions with the coating material, has
yet to be performed.

In this paper, we present results of an initial
investigation of thermotropic nematic liquid crys-
tals (I.C) as SAW sensor coatings for discriminat-
ing between isomeric and structurally similar or-
ganic vapors. LCs are materials that exhibit prop-
erties intermediate between those of crystalline
solids and isotropic liquids, either over a range of
temperatures (as in thermotropic LCs) or due to
the presence of solvent (as in lyotropic LCs) [16].
LCs can also be classified by the nature of their
structural anisotropy: nematic LCs are character-
ized by anisotropic domains wherein the mole-
cules are aligned parallel to one another; smectic
LCs also exhibit domains of parallel alignment in
addition to a well-ordered layered structure; and
cholesteric LCs have a spiral anisotropy due to
the presence of chiral centers in the constituent
molecules.

The LC anisotropy gives rise to solvent proper-
ties that differ from those of isotropic liquids [16].
With nematic LCs, for example, solute vapors
having more rod-like or planar shapes are often

preferentially dissolved. This feature has been
exploited in gas chromatography by using LC
stationary phases to separate structural isomers
(e.g., substituted aromatic compounds) that could
not be resolved using standard isotropic station-
ary phases [17-19].

The first report on the use of LCs as acoustic
wave sensor coatings was published by Mierzwin-
ski and Witkiewicz [20]. In that study, responses
from an 8-MHz quartz BAW resonator coated
with each of four different nematic LCs were
examined upon exposure to several vapors. In-
cluded in the set of vapors were the o- and
p-isomers of diethylbenzene. For most of the
vapors, sensor responses varied inversely with va-
por boiling point as expected for isotropic coat-
ings. In contrast, the responses for p-diethylbe-
nzene were 1-21% greater than those for o-di-
ethylbenzene, even though these isomers have
the same boiling point. The differences in re-
sponses between these isomers were attributed to
the preferential solubility of the more rod-like
p-isomer in the LC coatings due to the LC
anisotropy. Unfortunately, no data were provided
on the responses to these isomers using isotropic
coatings, and the possibility that the response
differences could be accounted for wholly or
partly by slight differences in polarity or polariz-
ability between the isomeric vapors was not con-
sidered.

In the work described here, SAW sensor re-
sponses to several pairs of isomeric aromatic or-
ganic vapors are examined using LC coatings and
then compared to those obtained using isotropic
coatings that span a wide range of structures and
polarities. One of our goals was to determine
whether partial selectivity for p- or 4-substituted
isomers would be observed consistently across
different classes of aromatic compounds. In addi-
tion, we wanted to assess the relative contribu-
tions of structural anisotropy and functional-
group interactions to SAW sensor responses us-
ing LC coatings. Finally, it was of interest to
determine whether inclusion of LC coatings in a
SAW sensor array would significantly improve
the selective identification of isomeric vapors
compared to an array employing only isotropic
coating materials.
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1.1. SAW sensor response equations

Eq. 1 gives an approximate expression for the
change in the frequency of a SAW oscillator, Af,,
upon deposition of a thin, non-conducting, per-
fectly elastic, isotropic coating film [21,22],

Afc = (kl + kZ)fozhpc _k1f02h4/"'[(’\ +I-L)
/(A +2u)]/V? (1)

where k, and k, are substrate constants (—8.7 X
1078 m?/kg s and ~3.9 X 10~® m?/kg s, respec-
tively, for ST-quartz) [10], f, is the frequency of
the uncoated device (Hz), & is the coating film
thickness (m), p. is the density of the coating
material (kg/m?), V is the acoustic wave velocity
(3158 m/s for ST-quartz), and A and u are,
respectively, the Lamé constant and shear modu-
lus of the film (N/m?).

The quantity hp_ is equivalent to the mass per
unit area of the film and the first term on the
right-hand side of Eq. 1 reflects the component
of the sensor response arising from the addition
(or loss) of mass from the surface of the sensor.
Since k, and k, are negative, increases of mass
lead to decreases in the output frequency. The
second term on the right hand side of Eq. 1
depends primarily on the elastic stiffness or, more
specifically, the shear modulus of the coating
film, p. The effective value of u is frequency
dependent and will therefore increase with the
operating frequency of the SAW sensor [10,23,24].
For coatings whose shear moduli are in the range
of 107-10° N/m?, the magnitude of the second
term of Eq. 1 will be about 1-10% of that of the
first term. However, since k, is negative, the
second term will lead to a positive shift in fre-
quency, counteracting the effect of mass loading.
The net value of Af, will then depend on the
relative contributions of the first and second terms
of the equation. The observation that Af, is
invariably negative upon coating deposition indi-
cates that the effect of mass loading predomi-
nates over that of elastic stiffness.

An equation similar to Eq. 1 can be used to
describe the change of frequency upon exposure
of a coated SAW sensor to a vapor [24,25). For
sorptive polymer coatings, vapor exposure causes

an increase in the coating mass and a decrease in
elastic stiffness (i.e., softening). In this case, the
second term on the right hand side of Eq. 1 is
positive and mass loading, softening, or a combi-
nation of the two will cause a negative shift in
sensor frequency.

It has been shown, however, that the following
simplified equation can describe quite accurately
the responses of polymer-coated SAW oscillators
to organic vapors [5,24]:

Af,=AfK.C./p. (2)

where Af, is the frequency shift observed upon
exposure to a vapor, C, is the atmospheric vapor
concentration, and K, is the “effective” partition
coefficient. For cases where liquid or rubbery-
amorphous polymer coatings are used, responses
to most vapors are linear over a considerable
range of concentration and K, can be used as a
summary measure of sensitivity. Values of K, are
typically higher than the partition coefficients de-
termined from gas chromatographic measure-
ments [5,24] presumably because sensor re-
sponses are a function of changes in both the
mass and modulus of the coating upon vapor
sorption. Thus, while K, is not a true partition
coefficient it nonetheless serves as a useful index
with which to compare sensor responses to differ-
ent vapors.

2. Experimental

Two commercially available LC coating mate-
rials, referred to as E38 and ZLI-389 (EM Indus-
tries, Hawthorn, NY), were investigated. E38 is a
proprietary mixture of 4-cyano-4’-n-alkylbiphen-
yls (p =1.005 g/cm?3) that exhibits a stable ne-
matic phase between —9 and 85°C. ZLI-389 is a
proprietary mixture of two types of aromatic es-
ters (p = 1.077 g/cm?®) with a nematic range be-
tween —20 and 60°C. Aside from their commer-
cial availability, these particular LCs were chosen
for study because they have nematic ranges that
bracket normal ambient temperatures and, unlike
many common LCs, they are chemically stable in
the presence of atmospheric oxygen and water
vapor. Their basic structures are shown below.
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The following isotropic coatings were also ex-
amined: poly(bis(cyanoallyDsiloxane) (p =1.001
g/ cm3, OV-275), poly(methylphenylsiloxane)
(25% methyl, p=1.15 g/cm3 OV-25), poly-
(phenyl ether) six-rings (p = 1.22 g/cm?, PPE),
Apiezon-L (a branched hydrocarbon grease, p =
0.892 g/cm?® APL) (Anspec, Ann Arbor, MI),
and poly(isobutylene) (p =0.918 g/cm>, PIB)
(Aldrich, Milwaukee, WI). Solutions of the coat-
ings were prepared in one of several organic
solvents and applied to the sensors using an air-
brush. For each coating material, the deposition
process was monitored via the sensor frequency
shift and concluded when Af, reached approxi-
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mately 200 kHz (note: the actual quantity mea-
sured was the difference frequency between the
coated device and an uncoated reference device,
and since the frequency of the coated sensor was
initially lower than that-of the reference sensor,
decreases in the coated sensor frequency corre-
spond to increases in the difference frequency).

The solvents examined are listed in Table 1
along with their respective boiling points [26]. All
solvents were obtained from Aldrich and were
greater than 98% pure, with the exception of the
lutidine (i.e., dimethylpyridine) isomers which
were 96% pure.

A dual 158-MHz delay-line oscillator configu-
ration, consisting of a coated oscillator and a
sealed uncoated reference oscillator, was em-
ployed. The oscillators and associated circuitry
(i.e., mixers, amplifiers, frequency counters, etc.)
were obtained from Microsensor Systems, Bowl-
ing Green, KY. A few initial measurements were
collected with an individual sensor pair while the
majority were collected with an array of four
sensor pairs. In all cases, difference frequencies
were collected at 2-s intervals and logged on a
personal computer via an RS-232 interface.
Coated sensors were fitted with nickel-plated lids
each having vapor inlet and outlet ports. The lids
were held in place with clamps and a Teflon®
gasket was used to seal the lids to the T-08

Table 1
K, ratios of rod-like to non-rod-like isomers for all coatings
Vapor pair b.p. CO) coating

APL PIB 0oV-25 PPE 0OV-275 ZLI-389 E-38
p-Xylene /m-xylene 138/139 1.04 0.97 1.04 0.97 1.08 1.05 1.16
Standard deviation 0.02 nd nd nd 0.03 0.01 0.04
n 5 1 1 1 2 3 8
4-Methylstyrene /a-methylstyrene 169 /163 1.25 1.06 1.04 1.01 1.26 1.49 1.65
Standard deviation 0.05 nd nd nd 0.02 0.03 0.02
n 2 1 1 1 2 3 3
4-Chlorotoluene /2-chlorotoluene 162 /159 1.02 0.91 0.97 1.04 1.09 1.23 1.21
Standard deviation 0.02 nd nd nd 0.10 0.04 0.03
n 2 1 1 1 2 3 2
2,5-Lutidine /2,4-lutidine 157 /159 0.90 0.87 0.96 0.90 0.86 0.95 0.91
Standard deviation 0.01 nd nd nd 0.01 0.05 0.04
n 2 1 1 1 2 3 3

n = Number of determinations, nd = not determined.
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headers on which the sensors were mounted.
Sensor temperatures were maintained at 25 +
0.1°C by contacting the lids either with heating
tape or with an aluminum block through which
thermostatted water was circulated. The temper-
ature was monitored with a thermocouple
threaded inside of one of the sensor lids.

Dynamic test atmospheres of each vapor were
generated by bubbling nitrogen through the lig-
uid solvent and then diluting with a stream of
filtered clean air controlled to 25°C and 50%
relative humidity (Model HCS-302 Flow-Humid-
ity-Temperature Controller, Miller-Nelson Re-
search, Carmel Valley, CA). Vapor concentra-
tions were monitored continuously with an in-
frared gas analyzer (MIRAN 1A, Foxboro,
Bridgewood, MA) placed in-line upstream from
the sensors. The sensors were connected to the
system via stainless steel or Teflon® tubing and a
four-port valve was used to expose the sensor(s)
alternately to clean air and air containing the test
vapor. The flow rates over the sensors were main-
tained at approximately 0.080 1/min and were
monitored with downstream rotameters.

Each measurement sequence consisted of an
initial exposure to clean humidified air to estab-
lish a stable baseline frequency followed by dupli-
cate 40-s exposures to a pre-set concentration of
the test vapor. Each vapor exposure was sepa-
rated by a 40-s exposure to clean air. Responses
and recoveries were quite rapid, with stable read-
ings being attained within 10-20 s of introduction
or removal of the vapor stream. Readings from
the last 10 s of each exposure period were aver-
aged and the baseline subtracted to obtain the
net sensor response at a given vapor concentra-
tion. Each vapor was tested at four different
concentrations over a 4-10 fold range. Pairs of
isomeric vapors were tested over similar concen-
tration ranges.

3. Results and discussion

3.1. Responses to isomeric vapors

-

Sensor responses to the vapors were linear for
all coatings over the concentration ranges tested

and yielded calibration plots with linear regres-
sion correlation coefficients (r2)> 0.99. Values
of K., were calculated for each vapor/coating
combination from the average of the responses at
each concentration (Eq. 2). K, for the isotropic
coatings ranged from about 2000 to 25 000 and
calculated limits of detection (LOD) ranged from
10 to 110 pg/1 (the LOD is defined here as the
concentration producing a signal-to-noise ratio of
three, where a noise level of 15 Hz is assumed).
Specific values of K, and LOD for each isotropic
coating/vapor combination have been published
elsewhere [5]. For the LC coatings, initial K,
values (see below) ranged from 3600 to 21 000
and LODs ranged from about 10 to 60 ug/l
Typical values of K, for E38 and ZLI-389 were,
respectively, 4380 and 4720 ( p-xylene), 3660 and
4440 (m-xylene), 21 400 and 21 300 (4-methyl-
styrene), 12 900 and 14 500 (a-methylstyrene), 10
700 and 12 200 (4-chlorotoluene), 9030 and 10
300 (2-chlorotoluene), 12 500 and 13 400 (2,5-
lutidine), and 13 400 and 14 900 (2,4-lutidine).
Intercoating reproducibility, as determined from
the average K, for m-xylene from fresh replicate
coating films (n = 2-5), was within the range of
+15% for the LC coatings.

Since our primary interest is in the relative
responses to the various isomers, the average K,
value for each rod-like (i.e., p- or 4-substituted)
isomer has been divided by that for the corre-
sponding non-rod-like (i.e., o0-, m-, or a-sub-
stituted) isomer for each coating (note: for the
lutidines, the 2,5-isomer is considered to be more
rod-like than the 2,4 isomer). Table 1 presents
the ratios of the K_ values for each isomer pair
on the isotropic and LC coatings. For sensor
responses determined more than once with the
same deposited coating film or with different
films of that material, the average K, ratio,
standard deviation and number of determinations
are provided in Table 1. The calculation of any
particular ratio was always based on isomer re-
sponses collected on the same day.

For the xylenes, the p-isomer to m-isomer
response ratios observed with the isotropic coat-
ings ranged from 0.97 to 1.08, while that for E38
was 1.16. The ratio for E38 is significantly larger
than the highest ratio observed with the isotropic
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coatings as determined by a small-sample ¢-test
of the respective average ratios ( p < 0.025). The
ratio for the other LC coating, Z1.1-389, was 1.05
which is within the range observed with the
isotropic coatings. Although the ratios for the
isotropic coatings are all close to one, the fact
that three of the five isotropic coatings gave re-
sponse ratios greater than one belies the fact that
the boiling point for the p-xylene is slightly lower
than that of m-xylene. The substantially larger
ratio observed for E38 suggests at least some
degree of structural anisotropy in the deposited
coating film. The failure to observe a larger re-
sponse ratio with ZLI-389 may be due to the lack
of anisotropic alignment in the deposited film,
the disruption of alignment upon vapor sorption,
and/ or the predominance of chemical (i.e., func-
tional group) factors over shape factors in the
overall coating-vapor interaction.

For the chlorotoluenes, the 4-isomer to 2-iso-
mer K, ratios range from 0.91 to 1.09 on the
isotropic coatings, whereas both of the LC coat-
ings give ratios of about 1.2. In this case, a higher
response was expected for the higher boiling 4-
isomer. Statistical comparisons show that the
Z1.1-389 ratio is significantly larger than that of
the highest isotropic-coating ratio { p < 0.10), but
that the E38 ratio is not (p > 0.10) most likely
due to the small sample sizes used. The similarity
of the ratios for the LC coatings is curious in light
of the data for the xylenes: since the chlorine
atom is similar in size to the methyl group, the
response ratios for the chlorotoluenes with ZLI-
389 were expected to be comparable to those for
the xylenes. This provides further evidence of the
importance of factors other than shape in affect-
ing responses with this LC coating.

For the methylstyrene isomers the isotropic
coatings consistently gave 4-isomer to a-isomer
ratios > 1 (range = 1.01-1.26), accordant with the
order of boiling points. Once again, however, the
LC coatings gave ratios significantly larger than
those for the isotropic coatings: 1.49 (p < 0.005)
and 1.65 (p <0.005) for ZLI-389 and E38, re-
spectively. That the larger ratios observed with
the LC coatings are attributable principally to
differences in shape between these isomers is
supported by photoelectron spectroscopic data

showing that in a-methylstyrene the ring carbon
atoms and pendant ethylene carbon atoms are
not coplanar {27], in contrast to styrene (and,
presumably 4-methylstyrene). Thus, the a-meth-
ylstyrene would not be expected to fit as well into
the parallel LC domains.

Finally, for the lutidines the isotropic coatings
gave 2.,5-isomer to 2,4-isomer response ratios
ranging from 0.86 to 0.96, again, consistent with
the slightly higher boiling point of the latter iso-
mer. In this case, however, neither LC coating
showed preferential response toward the more
rod-like 2,5-lutidine, and the response ratios were
similar to those for the isotropic coatings (i.e.,
ZL1-389 = 0.95 and E38 = 0.91). Factors related
to chemical interactions with these relatively po-
lar isomers apparently predominate completely
over shape factors for both of the LC coatings.

3.2. Responses to other structurally similar vapors

The preceding results indicate that the LC
anisotropy can indeed influence the relative re-
sponses to isomeric aromatic vapors due to differ-
ences in their shapes, but also that functional-
group interactions are important mediating fac-
tors. To explore this issue further, responses to
cyclohexane, cyclohexene and benzene were ex-
amined using the same set of coatings as above.
These vapors were selected, in part, based on a
previous report describing their analysis by gas
chromatography using LC stationary phases and
several unspecified isotropic stationary phases
[17]. The finding that these vapors eluted in the
order given above on the LC stationary phases
was attributed to the progression in structure
from the planar benzene to the non-planar cyclo-
hexane. These results were contrasted to those
observed using the isotropic phases, where these
vapors eluted in the order of boiling points (i.e.,
benzene < cyclohexane < cyclohexene).

Table 2 presents normalized values of K, for
these three vapors on each of the coatings exam-
ined. To facilitate comparisons between coatings,
the three K, values for a given coating have been
normalized by the highest K, observed. For the
non-polar coatings APL and PIB, the order of K,
follows that of the vapor boiling points, as ex-
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Table 2
Normalized K, values for benzene, cyclohexane, and cyclo-
hexene

Vapor b.p. Normalized K, value
CO APL PIB E38 OV- PPE OV-
25 275

Benzene 80 069 075 100 100 100 1.00
Cyclohexane 81 082 084 027 044 026 0.12
Cyclohexene 83 1.00 100 042 0.65 052 044

pected. For E38, K, increases from cyclohexane
to cyclohexene to benzene (K, =129, 199, and
475, respectively), consistent with the expecta-
tions based on planarity. However, for the more
polar coatings OV-25, PPE and OV-275, the or-
der of K, values also increases with vapor pla-
narity. Furthermore, larger differences in re-
sponses are observed between these vapors with
OV-275 than with E38 (note: specific values of
K, for these vapors on the isotropic coatings can
be found in Ref. 5).

Thus shape differences are not necessarily the
overriding factors governing the relative sensor
responses (and gas chromatographic retention
times) with LC materials. Benzene is not only the
most planar vapor, but also the most polar and
polarizable, followed in order by cyclohexene and
cyclohexane. The presence of the cyano and
phenyl functionalities in the E38, alone, could
account for the greater affinity for benzene than
for the other vapors.

3.3. Aging effects

Baseline frequencies and responses to m-
xylene were monitored over time to assess coating
stability. Table 3 presents some typical Af. and
K, values as a function of time for the LC
coatings and two of the isotropic coatings. Data
were collected for all four coatings simultane-
ously with the sensor array. Following an initial
5-day test period, the sensor array was allowed to
stand at room temperature with the sensors cov-
ered for approximately three months and then a
final exposure to m-xylene -was performed. All
K. values were calculated using the initial value
of Af, obtained directly after deposition of the

coatings. This provides a common reference point
for comparing the change of K, to the change of
Af c* ’

For OV-275, Af, was essentially constant with
time, whereas for both of the LCs Af, declined
substantially (63 and 51% for E38 and ZLI-389,
respectively). For APL, Af, was quite constant
over the initial 5-day period, but was found to
have increased slightly (4%) prior to the final
exposure to m-xylene. The m-xylene K, value for
OV-275 did not change significantly, while that
for APL increased by about 15% and those for
E38 and ZILI-389 decreased by 46 and 34%, re-
spectively. Interestingly, the decreases in Af, for
the LC coatings were consistently larger than the
decreases in their K, values for m-xylene, and
the increase in Af, for APL was consistently
smaller than the increase in K..

The most obvious explanation for the decline
in Af, and K, for the LC coatings is evaporation
of the coatings from the sensor surface. The fact
that the decline of K, is less than that of Af, for

Table 3
Values of Af, (kHz) and K, for m-xylene over time *

Coating Day Af., % Change K, % Change

in Af, in K,

E38 1 206 - 3660 (110) -
3 171 -17 3190 (70) -13

4 151 =27 2950 (130) —19

5 142 -31 2930 (90) -20

135 75 —64 1940 (90) -—-47

ZL1-389 1 239 - 4430 (70) -
3 216 -10 4290 (90) -3

4 207 -13 4200 (50) -5

5 198 -17 4260 (60) -4

135 118 -51 2940 (90) -34

0OV-275 1 196 - 1890 (110) -
3 197 1 1950 (80) 3

4 19 0 1960 (70) 4

5 196 0 2020 (60) 7

135 198 1 1990 (90) 5

APL 1 206 - 5120 (110) -
3207 0 5330 (130) 4

4 208 1 5350 (120) 4

5 208 1 5650 (120) 10

135 215 4 5880 (110) 15

2 Values in parentheses are standard deviations determined
from the K, values at four exposure concentrations.
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both LCs may be due to one component of the
LC mixture evaporating to a greater extent than
the other(s). If m-xylene were more soluble in the
less volatile LC mixture component, K, would
not decline as rapidly as Af,..

Other aging mechanisms are also possible. Ac-
cording to Eq. 1, a decrease in the coating thick-
ness, k, such as would occur upon slow evapora-
tion of the coating, would lead to a proportional
decrease in Af,, regardless of the relative contri-
butions of the first and second terms of the
equation to Af.. Vapor exposure would then
yield a proportionally lower K, value. If, how-
ever, the coating evaporation were coupled with
an increase in the shear modulus, then K, might
decline to a lesser extent than Af,. Even without
any loss of coating, a gradual increase in the
shear modulus over time would lead to a de-
crease in the magnitude of Af_, and most likely
some loss in sensitivity.

The increase in Af, for APL can also be
explained in terms of modulus changes: a slow
relaxation of chain segments in this oligomer
could easily account for a decrease in the modu-
lus, and the disproportionate increase in K, for
APL might be due to an increase in vapor sorp-
tion capacity accompanying the increased seg-
mental mobility of the coating film.

The data presented in the previous sections
indicate that the LC coatings do possess some
degree of anisotropy. However, in the absence of
an orienting electric field which would align all
molecules in the coating in a common direction,
deposited LC coating films most likely consist of
a series of small domains where the molecules
within each domain have a common average
alignment but where successive domains are not
necessarily aligned with each other [17]. Over
time, the degree of orientation of the domains
might increase, leading to an increase in the
shear modulus of the coating film (note: although
the electric field accompanying wave propagation
on the SAW device could contribute to such a
change, the oscillation of the field is of too high a
frequency to cause synchronous “switching” of
the LCs [28]. It is known that vapor solubility in
the nematic phase of a substance is less than that
in the isotropic phase of the same substance due

to both entropic and enthalpic factors [17,19].
Thus, an increase in average alignment within the
film would lead to a reduction in K..

The plausibility of modulus changes account-
ing for the observed chianges in Af, can be as-
sessed by using Eq. 1 to estimate the change of
modulus required to account for the observed
changes in Af, for the LC coatings under the
assumption that the entire shift in Af, is due to
shear modulus changes (note: it is recognized
that Eq. 1 is strictly applicable to elastically
isotropic coatings, but it should still serve as a
useful, if only approximate, model). For E38, for
example, the net change in Af, over 135 days was
—63% or 131 kHz out of the total initial value of
200 MHz. If we assume a coating thickness of 60
nm and a value of 0.84 for the quantity [(A +
w)/(A+2u)] in Eq. 1 (this quantity is con-
strained to be between about 0.67 and 1.0), then
a modulus change of 6.3 X 10° N/m? would be
required, regardless of the initial value of the
shear modulus.

Although the actual value of the shear modu-
lus of this LC coating is not known, shear moduli
derived for several organic polymers from ultra-
sonic velocity measurements in the low-MHz fre-
quency range [23] suggest that a value somewhere
in the range of 107 to 10° N/m? would be
expected for the LC coatings at a frequency of
158 MHz. Table 4 summarizes the magnitude of
the change in u required for various possible
initial values in this range. For an initial modulus
of 107 N/m?, u must increase by a factor of
more than 600 to account for the shift in Af,,
whereas for an initial value of 10° N/m?, only
about a 7-fold increase is necessary. Thus, one
cannot rule out, a priori, the possibility that the

Table 4

Changes in shear modulus, u, required to account for the
baseline drift of the E38-coated sensor for various initial
values of u (see text)

Hiqitial Hfinal Hefinal / Hinitial
(N/m?) (N/m?)

10° 7.3%10° 73

108 6.4x10° 64

107 6.3x10° 630
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observed decline in Af, is entirely due to modu-
lus changes over time.

Additional insight into this issue was obtained
from a separate series of exposures to both m-
and p-xylene performed with the E38 coating
over 26 days. Although the sensitivity declined
with time, the magnitude of the decline was es-
sentially the same for both vapors. The K, values
obtained with the freshly deposited coating were
4380 and 3660 for p- and m-xylene, respectively,
yielding a ratio of 1.20. After 26 days, the respec-
tive K, values had declined to 2720 and 2270,
but the ratio remained constant at 1.20. If the
decline in K, were due to modulus changes
associated with an increase in parallel alignment
of the LC domains, then one would expect to see
an increase in the p-xylene to m-xylene response
ratio. The fact the response ratios did not change
suggests that there was no significant change in
alignment or modulus. Thus, the observed de-
clines in Af, and K_ are most likely due to
evaporative loss with perhaps a small contribu-
tion from modulus effects.

3.4. Isomer discrimination with a sensor array

Notwithstanding their instability, it was of in-
terest to determine whether inclusion of LC coat-
ings in an array of SAW sensors would improve
the capability for differentiating individual iso-
mers from one another. To this end, a compari-

0.10
a
0.08 A
B A
o 006 B
Z B A
- B A
€ 0044
c
8
£ 0.021 G )
[s] G c
o GG 5
T 0.001 Hh E
% H pC r E
£ H o F E
& -0.021 FE
[
F
-0.04
-0.06

-0.16 -0.12 -0.08 -0.04 0.00 0.04 0.08 0.12
Principal Component One

son was made between response patterns ob-
tained from an array of four SAW sensors em-
ploying the isotropic coatings OV-275, PIB, OV-
25 and PPE and an array where one of the
isotropic coatings was replaced by the LC coating
E38. The PPE coating was selected for replace-
ment because it was the most similar to E38 in
terms of the absolute and relative magnitudes of
responses to the test vapors. Thus, replacing this
coating minimized any differences in the overall
range of polarities spanned by the two arrays.

The performance of each array was first evalu-
ated using a principal components analysis of the
response data after pattern normalizing to re-
move the effect of concentration (i.e., for each
test concentration, the individual sensor response
was divided by the sum of responses from all four
coatings in the array) [29]. Projection of the re-
sulting response vectors onto the plane defined
by the first two principal components provides an
indication of the degree to which the responses to
each vapor differ from one another.

Fig. 1a and b shows the principal components
plots for the two arrays being considered. Each
point represents the response projection for an
individual vapor at a given concentration. For the
all-isotropic array, m- and p-xylene cluster quite
close together while for the array containing E38
the distance between m- and p-xylene clusters is
greatly increased. A similar improvement in sepa-
ration is observed between 2- and 4-chloro-
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Fig. 1. Principal components analysis projections of response vectors for a four-sensor array with (a) four isotropic coatings and (b)
three isotropic coatings and one LC coating (see text). A =m-xylene, B =p-xylene, C = ¢-methylstyrene, D = 4-methylstyrene,
E = 2-chlorotoluene, F = 4-chlorotoluene, G = 2,4-lutidine, H = 2,5-lutidine.
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toluene, and an even greater improvement is seen
for the isomeric methylstyrene clusters. For the
lutidines, where the K_ ratios were similar for
the isotropic and E38 coatings, no increase in
separation is observed with the use of the LC in
the array. The overall improvement in isomer
discrimination with inclusion of the LC coating is
apparent, though it is also clear that the isotropic
array will show some discrimination between iso-
mers as well.

A more quantitative comparison of the two
arrays was then performed using a disjoint princi-
pal components regression classification method
[30]. In this method the first principal component
determined from the array responses to each of
the four test concentrations is used to model each
vapor. The model created for each vapor is then
used in classification procedures. That is, the
response vector obtained upon subsequent expo-
sure to a test vapor is compared successively to
the principal component vectors of the previously
modeled vapors. The test vapor is then identified
on the basis of which principal component vector
most closely matches that of its response vector.

In lieu of a separate set of response data, a
simulated test set was created from the existing
calibration set by superimposing Gaussian error
(one standard deviation = 5%) on the sensor re-
sponses at each concentration and then sampling
from the simulated distribution of responses. Each
isomer pair was analyzed separately and for each
isomer within a pair 40 simulated responses were
classified. Error rates were determined from the
fraction of incorrect isomer classifications out of
the 80 total simulated responses. With the
isotropic array error rates of 11, 10, 19 and 14%
were obtained for the xylenes, chlorotoluenes,
methylstyrenes and lutidines, respectively. As ac-
knowledged above (and as shown in Fig. 1a), the
isotropic array is capable of providing some dis-
crimination between the isomers, but the error
rates are somewhat higher than one would desire.
For the array containing the LC coating there
were no misclassifications for the first three pairs
of isomers, while for the lutidines the error rate
was the same as that for the isotropic array (i.e.,
14%). The latter result was expected since the
relative responses to the lutidine isomers for E38

were similar to those for PPE (and the other
isotropic coatings). The improvement in classifi-
cation for the other isomers, however, is signifi-
cant.

4. Conclusions

This brief investigation of LC SAW coatings
has yielded several noteworthy results. The im-
portance of the structural anisotropy in as-de-
posited L.C coating films was confirmed. How-
ever, it was also shown that the two LC materials
investigated here exhibited different behavior and
that the ability to discriminate between isomers
on the basis of shape alone was not universal.
That is, the shape discrimination is mediated by
the same types of functional-group interactions
that govern responses with isotropic coatings.
Nonetheless, inclusion of LC coating materials in
a SAW sensor array can enhance the ability to
selectively identify certain vapors in the presence
of their structural isomers compared to an array
containing only isotropic coatings.

The finding that the alkyl cyanobiphenyl LC,
E38, gave better discrimination than the aromatic
ester LC, ZL1-389, is consistent with previous
findings reported by Mierzwinski and Witkiewicz
[20] for the one pair of isomers that they exam-
ined. It is not clear, however, why the cyanobi-
phenyl structure generally performs better, i.e.,
whether it is due to a greater degree of anisotropy
or to differences in chemical interaction strengths
with the vapors. There is some evidence indicat-
ing that cyanobiphenyls show a greater degree of
alignment than certain other LC materials under
the influence of an electric field [16]. Perhaps
they also exhibit a greater degree of spontaneous
alignment or are influenced more by interactions
with the polar quartz surface of the sensor sub-
strate than are LCs of other structures.

The persistent baseline drifts and losses of
sensitivity of sensors coated with the LC materi-
als examined here limit their practical utility. The
evidence presented above suggests that evapora-
tive loss of the coating is primarily responsible for
these effects, but changes in shear modulus aris-
ing from changes in the average alignment of the
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LCs over time may also have contributed. It
should be possible to find less volatile nematic
LCs that would not have this problem. A number
of polymeric LCs with nematic ranges in the
ambient temperature range are known ([16,32]
and would appear worth pursuing in light of the
results obtained here.

Certain properties of LC materials, which were
not investigated in this study, deserve mention.
For example, the application of an orienting elec-
tric field as a preconditioning step in order to
vary, or optimize, the degree of alignment in the
LC coatings may be useful. While this will tend to
decrease the average sensitivity to all vapors, it
should also increase the selectivity for rod-like or
planar molecules. Given the rather high sensitiv-
ity exhibited by the LCs used here, some loss in
sensitivity could be tolerated in exchange for the
improved selectivity expected with more highly
oriented coating films. Another potentially useful
feature of LCs is their susceptibility to abrupt
phase transitions (i.e., from nematic to isotropic)
in the presence of high concentrations of vapor
phase solutes [16]. The large changes in sorbed
mass and coating stiffness accompanying such
transitions would lead to large changes in sensor
response and might be used to trigger alarms in
automated vapor monitoring systems. These is-
sues are currently being investigated.
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Abstract

An inexpensive mass and viscosity sensor can be constructed from a quartz crystal microbalance using an
automatic gain control oscillator. The gain control voltage, which maintains a constant oscillation amplitude, is
shown to be affected only by the energy loss to the liquid medium and the crystal mounting. The frequency shift
between a loaded and an unloaded crystal operating in the same medium is shown to closely follow the Sauerbrey
equation. A viscosity or density correction based on the gain control voltage can be applied to the measured
frequency shift to obtain the mass loading. Errors due to the oscillator phase shift and the crystal mounting losses

can be removed by calibration.

Key words: Sensors; Piezoelectric methods; Mass and viscosity sensor; Quartz crystals; Viscosity

1. Introduction

The quartz crystal microbalance was originally
used in vacuum to measure the mass of surface
deposits [1]. The bulk wave devices commonly
used were AT cut quartz crystals which oscillate
in a thickness shear mode. The resonant fre-
quency of the crystal, which depends on its mass,
was measured by connecting the crystal as the
frequency determining part of an electrical oscil-
lator. As shown by Sauerbrey [1], the resonant
frequency of a quartz crystal decreases linearly as
mass is deposited onto its surface:

Af=—226%10"%f2Am /A (1)

* Corresponding author.

where Af is the frequency shift due to the added
mass in Hz, f, is the resonant frequency of the
quartz crystal in Hz and Am /A is the surface
mass loading in g cm~2. This model predicts that
a mass loading of 5.5 ng cm~2 gives a 1 Hz
frequency shift with a crystal operating at 9 MHz,
which is easily measured. More recently, the use
of the quartz crystal microbalance in liquid media
has received increasing attention. Applications
include such diverse areas as biosensors for anti-
gens or DNA [2], electrochemical deposition sen-
sors [3], liquid chromatography detectors [4,5] and
titration end-point indicators [6,7].

In liquid media, the acoustic coupling between
the liquid and the quartz surface causes an addi-
tional frequency shift. This frequency shift has
been modelled by Bruckenstein and Shay [8], who
used a dimensional analysis of a diffusion anal-
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ogy, by Kanazawa and Gordon [9] as a viscous
shear wave propagating into the liquid and by
Shana et al. [10], who included a piezoelectric
term in the crystal stiffness. These three models
were of the form:

Af=—kf¥*(up)'? (2)

where u is the liquid viscosity, p is the liquid
density and k is a constant. The form of this
equation agrees with experimental data [11-13]
although some deviation in very viscous media
has been observed [14].

The viscous impedance has been calculated
from an electrical analogy of mechanical shear
[15,16] and from a solution of Stokes viscous
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shear wave propagating into the liquid [17,18]. All
of these models were of the form:

Zyiscous = 2'7T(7'f01/2(p,p)1/2(1 +f) (3)

where Zyscoys 18 the viscous impedance, o is a
coupling coefficient and j is the square root of
—1. Beck et al. [16] pointed out that the (1 +j)
term breaks the viscous impedance term into a
resistance or energy dissipation and an induc-
tance or energy storage as fluid inertia. These,
with an inductance corresponding to the inertia
of mass deposited onto the crystal surface may be
added to the Butterworth-van Dyke (BVD) elec-
trical equivalent model of a quartz crystal [19] as
shown in Fig. 1b. Since the resistance and induc-
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Fig. 1. Quartz crystal equivalent circuits. (a) Butterworth-van Dyke quartz crystal equivalent circuit. (b) Extended quartz crystal
equivalent circuit. (c) Equivalent circuit with calibration resistor.
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tance terms are additive, the individual values
can not be determined from a single frequency
measurement.

Network analysis provides a means to deter-
mine the values of the BVD parameters [14,17,20].
As before, the individual inductance and resis-
tance components can not be resolved, but shifts
from those of a dry, clean crystal can be at-
tributed to viscous and mass loading. The in-
crease in the resistance is due to viscosity, and
since the viscous impedance contains the (1 +j)
term, the viscous inductance can be calculated
from [16]:

Ryiscous = 27 fo L viscous (4)

The remaining inductance increase may be at-
tributed to the mass deposited on the crystal
surface [20]. A mass determination, therefore,
requires three measurements to resolve the three
inductances of Fig. 1b. These are the unper-
turbed crystal inductance, the viscous inductance
from Eq. 4 and the measured overall inductance.

An alternative to the network analyzer, which
is a large and expensive research tool, is the
automatic gain control (AGC) oscillator. This has
been used in several studies [15,18,21,22] to mea-
sure the energy dissipation as well as the reso-
nant frequency shift. Since the resistance is the
only energy loss element, the AGC voltage re-
quired to maintain the oscillator output level may
be calibrated against the resistance [18]. The
measured frequency shift may be used to calcu-
late the overall inductance change, and the mass
calculated by subtracting the viscous inductance
from Eq. 4. The mass and liquid loadings can,
therefore, be obtained simultaneously from data
provided by an AGC oscillator.

2. Experimental

The AGC oscillator used in the present study
was designed by Simpson [15]. The oscillator sec-
tion consists of a Motorola MC1350 amplifier and
an NPN transistor. A biased comparator and an
integrator form the AGC fegcdback loop. When
the output amplitude decreases due to energy
loss from the crystal, the duty cycle of the com-
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Fig. 2. Crystal resistance vs. AGC voltage calibration. Solid
lines are regression fits.

parator output decreases, reducing the output of
the integrator which is connected to the AGC
input of the oscillator. At lower AGC voltages,
the gain of the MC1350 increases restoring the
amplitude of the oscillator output.

The oscillation frequency was measured with a
Hewlett Packard 5330B frequency counter. To
improve the stability, a Raltron TF65010B oven
controlled external time base was used. A bias
amplifier was used to set the AGC reading to
zero with a dry crystal connected to the oscillator.

Fig. 2 presents a calibration relating the crystal
resistance to the AGC voltage. A series of fixed
resistors were placed in series with dry crystals
and the AGC voltage change and frequency shift
were measured. These resistances were outside
the BVD network as shown in Fig. 1c. The differ-
ence between the real part of the impedances of
the BVD and calibration networks increased with
the resistance, giving a maximum error of 2.5
Ohm for the present study. Using this circuit,
Hager [21] and Simpson [15] report that the AGC
voltage is linear with the viscous loss, however the
gain of the MC1350 changes non-linearly with the
AGC voltage [23]. Their AGC voltage changes
were of the order of 0.045 V, which were small
enough to approximate a linear relationship. A
second order AGC calibration equation was ob-
tained by a least squares fit. The correlation
coefficient (R?) was 0.9999 and the standard er-
ror of the resistance estimated from the AGC
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Fig. 3. Crystal support assembly.

voltage was 1.3 Ohm. Both of these errors were
less than the dry crystal mounting resistance of
approximately 4.9 Ohm, measured using a
Hewlett Packard 4195A network analyzer.

The crystals used were 9.00 MHz AT-cut crys-
tals 1.4 cm in diameter with 7 mm diameter gold
electrodes (Lap-Tech, Bowmanville). The support
assembly, made of a clear acrylic plastic, is shown
in Fig. 3. The crystal was clamped between two
O-rings with gold foil connections to the crystal
electrodes. The entire assembly plugged directly
into the oscillator module to reduce the length of
the lead wiring. Liquid was passed across the top
of the crystal. The entire system, including liquid
samples and syringes was placed in a temperature
controlled box at 30°C (+0.5°C). Five liquids
were used, water and 5, 10, 15 and 20% glycerol
(ACS grade, Fisher Scientific Co., Fair Lawn, NJ)
by weight in water. The density and viscosity of
these solutions were taken from Miner and Dal-
ton [24].

The crystal surface mass was increased in steps
by plating silver onto the wet electrode. The
plating was performed by passing approximately
100 pw A from a silver wire anode through a 0.01
M silver nitrate (ACS reagent grade, Aldrich,
Milwaukee, WI) electrolyte. The crystal was not
removed from the support assembly during the
plating. The plating current was obtained from
the voltage drop across a sense resistor and the
plating time measured by a stopwatch. The de-
posited mass was calculated from the total charge
passed through the cell.

Two crystals were plated. Each experiment
was performed by measuring the frequency and

AGC signal for each liquid. Sufficient liquid was
passed across the crystal to ensure the glycerol
concentration and the frequency was allowed to
stabilize before data were recorded. After the
five liquids were used, the cell was flushed with
deionized water followed by silver nitrate solution
and the plating was done. The silver wire anode
was passed through one of the sample tubes to
the space near the crystal. After plating, the
crystal was again flushed with deionized water.
This process was repeated 15 times for the first
crystal and 18 times for the second.

3. Results

The resistance data obtained from the two
plating experiments are shown in Fig. 4. The data
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Fig. 4. Series resistance data. O, Water. *, 5% Glycerol. a,
10% Glycerol. B, 15% Glycerol. +, 20% Glycerol.
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are grouped as 5 horizontal lines, each corre-
sponding to a different liquid medium. It is ap-
parent from this that the amount of mass plated
onto the crystal electrode has little effect on the
viscous resistance. The increase at 9 ug observed
in the data from one of the crystals can be
attributed to surface roughness. At the end of
each experiment, the crystal was examined. The
silver was not deposited uniformly, but rather was
concentrated in a few active areas on each crys-
tal. Yang et al. [25] have shown that surface
roughness increases the viscous resistance.

Fig. 5 presents these data as a function of the
liquid properties. The data are linear in (up)'/2.
The regression gave R?=0.968 with a standard
error of the resistance estimate of 2.6 Ohm. This
is in agreement with equation 3. An electrode
area correction from the resistance model de-
rived by Hayward [18] was applied to data from
that study. These data, also shown in Fig. 5, agree
well with the present data.

The effect of deposited mass on the frequency
shift is shown in Fig. 6. Here the frequency shift
is the difference between the operating frequency
of a plated crystal and that of the unplated crystal
operating in the same liquid medium. The rela-
tionship is linear (R?=0.998) and is in reason-
able agreement with the Sauerbrey equation [1].
The difference in slopes suggests that the plating
current efficiency was about 96%. This may be

due to current leakage across the plating cell, or
to the decomposition of water. The plating volt-
age was not controlled. No effect of the medium
viscosity was noted in these data.

These plating experiments have shown that the
equivalent resistance of a crystal is related to the
viscosity and density of a liquid medium. The
deposition of mass onto a crystal causes a fre-
quency shift, but does not affect the equivalent
resistance of the crystal. Moreover, when the
frequency shift caused by mass loading is calcu-
lated from the frequency of a crystal operating in
a particular medium, the properties of the
medium do not affect the relationship between
the mass and the frequency shift. These condi-
tions are necessary, but not sufficient for the
design of a mass and viscosity sensor to operate
in an unknown medium.

The resistance of the crystal in an unknown
solution can be used to obtain the frequency shift
from a crystal operating in air by calculating
(up)/? from the regression of Fig. 5 and then
applying Eq. 2. To test this, data from 5 crystals,
including those used in the plating experiments,
are presented in Fig. 7. Two complicating factors
emerge from these data.

The first factor is the oscillator phase shift. At
high phase shifts, the crystal operating frequency
is greatly affected by the crystal resistance [18].
The oscillator used in this study had a phase shift
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of +77.8 degrees. This value was obtained by
measuring the operating frequency of three cali-
brated reference crystals and is in good agree-
ment with the frequency response measurement
reported previously [18]. The frequency shifts cal-
culated from the model of Kanazawa and Gordon
[81 were corrected by adding the frequency shifts
calculated from the BVD equivalent circuit with
resistances taken from Fig. 5. The result overpre-
dicts the frequency shift by about 1500 Hz.

The second complicating factor is the mount-
ing resistance. When a crystal is clamped between
two O-rings, the energy lost to the O-ring de-
pends on the orientation of the O-ring on the
crystal and on the clamping pressure. The effect
of these is enhanced when liquid increases the
coupling between the O-ring and the crystal. From
the BVD model at 77.8 degrees phase shift, a
resistance of 30.4 Ohm will give a 1500 Hz fre-
quency shift. This resistance is not unreasonable
for mounting since the reference crystals mounted
with two small spring clips had a measured resis-
tance of 8 to 10 Ohm. Much more energy may be
expected to be dissipated by O-ring mountings.
The discrepancy between the curves shown in
Figure 7 may, therefore, be attributed to mount-
ing losses.

By changing the reference frequency to that of
an unplated crystal operating in pure water, the
subtraction to get frequency shift values compen-
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Fig. 7. Frequency shift from dry crystal operation. a, Crystal
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+, Crystal 4. OO, Crystal 5.
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sates for the mounting resistance. These fre-
quency shift data are shown in Fig. 8. Since the
absolute values of the frequency shift are smaller,
the nonlinearity of the oscillator phase shift com-
ponent of the frequency shift is emphasized. A
quadratic equation fitted the data well (R?>=
0.987 with a standard error of frequency shift
estimate of 40.2 Hz).

The unplated frequency in an unknown
medium can be obtained from (up)'/? which in
turn is related to the resistance or to the AGC
voltage. This may then be subtracted from the
measured oscillation frequency to obtain the mass
loading. As in the network analyzer method, three
measurements are required, the unplated fre-
quency in water, the AGC voltage and the oscilla-
tion frequency.

4. Conclusions

An inexpensive mass and viscosity sensor based
on an AGC oscillator can be designed to operate
in an unknown medium. The AGC voltage is
affected only by the liquid medium so that a
viscosity or density correction can be applied to
the measured frequency shift to obtain the mass
loading from the Sauerbrey equation [1]. Errors
due to the oscillator phase shift and the crystal
mounting losses can be removed by calibration.
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5. List of symbols

A Crystal electrode area, cm?

fo Crystal frequency, Hz

j Square root of -1

k Frequency shift constant, cm? g~!
Lyiscous Viscous inductance, Henry

R? Correlation coefficient from linear

regression

Ryiscous  Viscous resistance, Ohm

Zyiscous  Viscous impedance, Ohm
Frequency shift, Hz

Am Change in surface mass, g

© Liquid viscosity, g cm ™! s™!

p Liquid density, g cm =3

o Acoustic coupling coefficient, Ohm
cm? g~!
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Abstract

This work describes the use of bilayer lipid membranes (BLMs) as sensitive detectors for the direct electrochemi-
cal monitoring of the organophosphate and carbamate insecticides monocrotofos and carbofuran, respectively. Egg
phosphatidylcholine (PC) and dipalmitoylphosphatidic acid (DPPA) were used for the formation of BLMs. The
interactions of monocrotofos and carbofuran with BLMs produced a transient current signal with a duration of
seconds, which reproducibly appeared within 3 to 5 min after exposure of the membranes to the insecticides. The
sensitivity of response was maximized by use of high concentrations of the charged lipid, and by alteration of the
phase distribution within membranes by the introduction of calcium ions in bulk solution. The mechanism of signal
generation is related to the absorption of the lipophilic insecticide molecules with a consequent rapid reorganization
of the membrane electrostatics. The magnitude of the transient current signal was linearly related to the
concentration of monocrotofos or carbofuran in bulk solution with sub-micromolar detection limits.

Key words: Sensars; Bilayer lipid membranes; Carbofuran; Insecticides; Monocrotofos

1. Introduction

Organophosphate and carbamate insecticides
are used on a large scale in agricultural and
public health applications, and have toxicological
effects associated with the inhibition of cholin-
esterases. Insecticides such as carbofuran have
been shown to accumulate and contaminate both
ground and surface water. It is therefore desir-

* Corresponding author.

able to develop sensitive and rapid screening
methods for monitoring these toxic pollutants.

A number of analytical methods have been
developed in the past decade to quantitatively
detect organophosphate and carbamate insecti-
cides. Liquid chromatographic (LC) procedures
are used extensively with very low detection lim-
its; for example, carbofuran can be determined by
these methods with a fluorescence detector to a
level of ca. 5 X 107° M [1]. LC methods require
sample preparation steps which extend analysis
times, and this in addition to the size and cost of

0003-2670 /94 /3$07.00 © 1994 Elsevier Science B.V. All rights reserved
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LC instrumentation limits the use of this technol-
ogy for screening applications in the field.

A number of electrochemical and optical sen-
sors for the determination of insecticides have
been developed recently, which are based on the
inhibition of immobilized cholinesterases using
various substrates such as acetylcholine, bu-
tyrylthiocholine and butyrylcholine [2-5]. A major
drawback of these sensors is the long preincuba-
tion time of the enzyme with an insecticide for
achieving inhibition which can reach to ca. 30
min. Furthermore efforts to reuse the chemically-
selective membranes which contained immobi-
lized enzyme resulted in a decrease of the sensi-
tivity and further increase of the response time
[2].

Sensors based on lipid membranes can trans-
duce chemical composition into a measurable
physical signal by means of selective interactions
of the stimulant (analyte) with a membrane or
membrane-embedded receptor [6]. The transduc-
tion can be designed to result from alterations of
the electrostatic fields and / or phase structure of
the lipid membrane. Biosensors based on lipid
membranes for taste/odorous compounds [7,8]
or eye-irritants [9] were reported previously. In-
vestigations of the direct interaction of insecti-
cides with membranes are generally limited to
absorption and permeability studies using natural
cell membranes [10). Recently such studies have
been extended beyond insecticide—acetylcholine-
sterase interactions to include receptors [11,12],
and modulation of ion channel activity by insecti-
cides [13]. Reports on direct interactions of insec-
ticides with artificial lipid membranes for sensor
development have not yet appeared in the litera-
ture, though other biological entities including
antibodies have been used as selective binding
agents to detect pesticides and pollutants [14].

In the present work the analytical utility of
bilayer lipid membranes (BLMs) as electrochemi-
cal biosensors for direct monitoring of some in-
secticides such as monocrotofos and carbofuran is
presented. The structure of the BLMs was tai-
lored to contain conductive zones so that direct
membrane / insecticide interactions could provide
enhanced transient current signals. The transduc-
tion was a result of alterations of the electrostat-

ics of BLMs based on the lipophilicity and dipole
electrostatics of the insecticide.

2. Experimental
2.1. Materials and apparatus

The lipids used throughout this study were
lyophilized egg phosphatidylcholine (PC; Avanti
Polar Lipids, Birmingham, AL) and dipalmi-
toylphosphatidic acid (DPPA; Sigma, St. Louis,
MO). HEPES (N-[2-hydroxyethyllpiperazine-N '-
[2-ethanosulfonic acid]) was used for preparation
of buffer and was supplied from Sigma. Stock
solutions of insecticides were kindly donated by
Benaki Phytopathological Institute (Athens,
Greece) and included aldicarb and carbofuran in
acetone (5.2x 1073 and 4.5 X 1073 M, respec-
tively), methyl parathion in methanol (1.9 X 1073
M) and monocrotofos in acetone (4.5 X 10> M).
These solutions were capped with parafilm and
stored at —4°C in amber vials. Small volumes of
the stock solutions were removed daily to be used
for the experiments. Water was obtained from a
Milli-Q cartridge purification system (Millipore,
El Paso, TX) with a minimum resistivity of 18
Mohm cm, and all other chemicals were of ana-
lytical reagent grade.

The equipment for the formation of solvent-
less BLMs has been described in detail elsewhere
[15,16]. The membranes were formed in an aper-
ture of 0.32 mm diameter in a Saran-Wrap™
partition (10-15 um thickness) that separated
two identical plexiglass chambers, each with a
volume of 10 ml and an air/water interface of 3
cm?. A 25-mV dc voltage was applied across the
membrane between two Ag/AgCl reference
electrodes. A digital electrometer (Model 614,
Keithley Instruments, Cleveland, OH) was used
as a current-to-voltage converter. The electro-
chemical cell and electronic equipment were iso-
lated in a grounded Faraday cage.

2.2. Procedures

Stock solutions of PC and DPPA each contain-
ing 2.5 mg ml™! in a mixture of n-hexane and
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absolute ethanol (80 + 20, v/v) were used for the
preparation of lipid solutions containing 35 and
60%, w/w, DPPA (0.2 mg ml~! total lipid). The
dilute lipid solutions were freshly prepared and
the stock solutions were stored in a nitrogen
atmosphere at —4°C. The BLLMs were supported
in a 0.1 M KCl electrolyte solution buffered with
10 mM HEPES at pH 7.5 and contained 0.5 or
1.0 mM calcium ions.

Solventless BLMs were prepared as previously
described [15,16]. A volume of ca. 10 ul of dilute
lipid solution was applied onto the electrolyte
surface in one cell compartment, and then over a
period of a few seconds, the water level in one
solution compartment was brought below the
aperture and then raised again with a disposable
syringe. When the ion current stabilized (over a
period of about 5 min), the insecticide solution
was injected in one solution compartment using
continuous gentle stirring. All experiments were
done at 20 + 1°C.

3. Results and Discussion

The interactions of hydronium and calcium
ions with BLMs prepared from mixtures of egg
PC and DPPA have been previously examined by
conductivity measurements [17,18]. A critical
transition concentration of about 25%, w/w,
DPPA has been identified for BLMs in the pres-
ence of calcium ions. Below this DPPA content
the conduction mechanism is associated with min-
imized surface charge and ion permeation. Above
25%, w/w, DPPA the ion permeation occurs
through conductive zones formed by the acidic
lipid which maximizes ion current magnitudes.
The ability to control conductivity can be used to
adjust the sensitivity of transducers based on
BLMs [6]. For example, it is possible for a selec-
tive interaction between an analyte and a mem-
brane embedded receptor to alter the phase
structure and / or electrostatics of a BLM. Recent
studies included alterations of the phase struc-
ture and/or electrostatic fields of BLMs by pH
changes which were caused .by an enzyme reac-
tion at one surface of the membranes without
disturbing the opposing leaflet [16]. An extension

of this work included surface charge alterations
caused by an immunological reaction which could
be used for antigen determination {19]. A tran-
sient current signal was obtained in the latter
case after a relatively constant delay time of
about 2 min (independent of antigen concentra-
tion), while in the former enzyme experiments
the time of appearance of the transient signal was
related to the substrate concentration. The mag-
nitude of the ion current signal can be maximized
by controlling the factors which affect ion perme-
ation, which can be adjusted by selection of the
lipid composition used for BLM formation and
the hydronium and calcium ion activity in bulk
electrolyte solution. The most significant factors
which affect ion permeation and therefore the
magnitude of signal are the phase structure and
surface potential of the lipid membranes. Gener-
ally the signal magnitude is maximized for more
fluid BLMs and minimized surface potential when
the signal is the result of surface charge alter-
ations [19].

Some typical insecticides were chosen for our
studies and included monocrotofos, carbofuran,
aldicarb and methyl parathion (Fig. 1). Monocro-
tofos and methyl-parathion are organophos-
phorus insecticides, carbofuran is a carbamate
derivative, whereas aldicarb is an aliphatic car-
bamoyl oxime. These toxicants are expected.to
adsorb and partition into the lipid mémbrane as
determined by solubility parameters [10,20]; the
degree of such an interaction depends largely on
the chemical structure of the insecticide [10].

OOCNHCH, oo 9
) [ o ChHs SN
[( LJ‘\CH;,
o

A

cH0'  c=C’
HyC CONHCH,

cHo S -
e} AT
PO <( )> “NO, CH3SC(CHy),CH=NOCONHCH;

CH,0

C D
Fig. 1. Chemical structure of insecticides used. (A) Carbofu-
ran, (B) monocrotofos, (C) methyl parathion, (D) aldicarb.
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Fig. 2. Experimental results obtained with BLMs composed of
35%, w/w, DPPA in the presence of 1.0 mM of calcium ions
and the following carbofuran concentrations in bulk elec-
trolyte solution: (A) 9.02x10~7 M; (B) 1.35x107% M; (C)
2.70X107%; (D) 4.48x107°% M; (E) 9.02X107% M. Arrow
indicates injection of insecticide in bulk solution.

Fig. 2 shows recordings of the signals obtained
at pH 7.5 with BLMs composed of 35% DPPA in
the presence of 1.0 mM Ca’* for different con-
centrations of carbofuran. It can be seen that a
transient current response appears at a relatively
constant time after exposure of the membrane to
carbofuran (4.8 + 0.51 min, » = 5). A similar con-
stant delay time of current transients was ob-
tained when using a constant concentration (4.48
X 1078 M) of carbofuran (4.9 + 0.40 min, n = 5),
indicating that the reproducibility of the time of
appearance of the signal is on the order of ca.

Peak Height (10 % A)
]

4 6 8 10

Concentration (10 M)

+9% (4.8 + 0.44 min, n = 10). The magnitude of
the transient of current increases with an in-
crease of the concentration of insecticide. Fur-
ther transients of similar size were not observed
over periods of 30 min_ after the large transient
signal. Similar transient current signals were ob-
tained when using monocrotofos, and the tran-
sient signals appeared with a relatively constant
delay time which was shorter than that for carbo-
furan (3.3 + 0.30 min, n =5). The magnitude of
the transient signals can be used to quantify the
concentrations of carbofuran and monocrotofos
as the heights of the transients are linearly re-
lated to the concentration of insecticide as shown
in Fig. 3. The reproducibility of chemical sensing
of the two insecticides by use of the height of
transients is on the order of about +10%. It
should be noted that the presence of the insecti-
cides results in a permanent increase of ion cur-
rent values (increase appearing within 2 min after
insecticide injection in bulk solution, e.g. Fig.
2C). Therefore the residual ion current can be
larger than previously reported values [17,18] (up
to 6 pA for the experimental conditions of Fig. 2)
at the time of appearance of the current signal of
interest. Control experiments involved injections
of similar volumes of acetone and methanol which
were used as solvents to carry the insecticides,
and no transient responses were obtained. The
process of formation of BLMs requires variable
times, and insecticide additions have been made
at different times after membrane formation and
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Fig. 3. Calibration of the analytical signal from the experiments with BLMs composed of 35% DPPA and in the presence of 1.0

mM calcium ions. (A) Carbofuran and (B) monocrotofos.
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stabilization. Only after addition of insecticides
were the transient currents of Fig. 2 observed.

The transient signals have a duration of sec-
onds or less and are indicative of alterations of
the electrostatic fields of BLMs. These alter-
ations include membrane double layer and hydro-
gen bonding network reorganizations owing to
the adsorption of monocrotofos and carbofuran
onto the membranes. These insecticides have a
hydrophilic character (i.e. the partition coeffi-
cient of monocrotofos in benzene-water is 0.61
[21]) which contributes to their adsorption onto
membranes [20]. Monocrotofos has a structure
similar to that of phosphatidic acid but the
methoxy moieties (Fig. 1) impart substantial
lipophilicity to the molecule [20]. Both phospha-
tidic acid and monocrotofos can form a hydrogen
bonding network at the membrane surface by
interactions with the oxygen atoms [20,22,23], and
alterations of such hydrogen bonding networks
are associated with reorganization of the double
layer at one side of the BLM [23,24]. A rapid
reorganization would be observed as a phe-
nomenon such as a transient signal. The adsorp-
tion and perturbation caused by the insecticide in
the BLM is revealed by the initial permanent
increase of ion current values.

The appearance of a rapid transient current
after a relatively constant delay time suggests that
the appearance of signal is governed by the kinet-
ics of insecticide adsorption and incorporation
into the BLM. The time of appearance of the
transient responses is different for monocrotofos
and carbofuran indicating that the insecticide—
lipid interaction at the BLM surface depends on
the chemical structure of the stimulant and phe-
nomenically appears to be controlled by the ad-
sorption rates and partitioning of the insecticides
into the BLM. It is known that monocrotofos is
highly soluble in water, while carbofuran is only
moderately soluble in water [25]; consistent with
the earlier electrostatic response of monocrotofos
when compared to carbofuran. Differences in ad-
sorption times between bitter substances and
odorants resulting in differences of electrical re-
sponse times were also noticed in biosensors
based on lipid films for detection of bitter or
odorous substances [7].

Table 1

Signal magnitudes for different compositions of BLMs and
electrolyte solutions. Concentration of carbofuran used for
these experiments was 4.48 X107 M

%, W /W, [Ca*] Signal
DPPA (mM) magnitude
in BLMs (pA)

35 None 1.2

35 0.5 6.4

35 1.0 9.0

60 None 1.6

60 0.5 15

The magnitude and sensitivity of the signal for
insecticide determination depends on the quan-
tity of DPPA in the BLM structure and the
concentration of calcium ions in bulk solution
(Table 1). It can be seen in Table 1 that the signal
magnitude is increased when the quantity of the
charged lipid in the BLM is increased and/or in
the presence of calcium ions in bulk electrolyte
solution.

The detection limit for monocrotofos and car-
bofuran determination measured in these experi-
ments can be set to be three times the noise level
of 0.4 pA. Such a detection limit in our experi-
ments will be 4.5 X 1078 M and 4.8 X 107 M for
monocrotofos and carbofuran, respectively. These
detection limits are similar in magnitude to those
obtained by electrochemical methods based on
the inhibition of cholinesterases [2—4], but
monocrotofos and carbofuran can be determined
much more quickly when using detection based
on BLMs.

Selectivity studies of the recognition of
monocrotofos and carbofuran involved injections
of aldicarb and methyl parathion into the bulk
electrolyte solution. It is known that phospho-
rothionates such as methyl parathion have much
poorer eiectrophilic character than their oxygen
analogs and provide much weaker hydrogen-bond
formation [20]. Aldicarb was found not to cause
any transient signals even at concentrations of ca.
1073 M. Injections of methyl parathion gave small
transient responses of ca. 1 pA for concentrations
larger than 1 X 10~> M. Therefore detection by
means of direct interaction of insecticides with
BLMs prepared from PC/ DPPA offers some se-
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lectivity for monitoring carbofuran and monocro-
tofos, and these species can be further distin-
guished by means of the time of appearance of
the transient signal. The kinetics of partitioning,
and the mechanism of signal generation indicate
that simultaneous determinations of mixtures of
the two insecticides would be difficult. The use of
two BLMs where each is based on a different
chemical composition of DPPA /PC, may make
simultaneous determinations possible (i.e. simul-
taneous mathematical solution for two unknowns
with two systems). This approach to simultaneous
determinations of the insecticides remains to be
evaluated.

The results exhibit the potentiality of these
devices to transduce the membrane—insecticide
interaction, and suggests the basis for the con-
struction of one-shot biosensors for direct moni-
toring of such environmental pollutants in pro-
tein-free water samples; waste water samples
containing proteins should be purified and pro-
teins should be eliminated from the samples prior
to analysis, as these macromolecules can cause a
non-selective interference with BLMs [19]. The
signal profile provides an interesting opportunity
for the development of chemically-selective mod-
ulators or switching devices. Lipid membrane sys-
tems of greater stability are required for practical
biosensor implementation. Biosensors based on
physical adsorption or covalent attachment of or-
dered lipid films onto metal electrodes have been
reported recently [26,27). The basic principles of
signal generation that are described herein can
now be further applied in stable BLM devices.
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Abstract

The phenoxazine compound Meldola Blue (MB) is shown to efficiently mediate the electron transfer from
reduced glucose oxidase to a conventional carbon paste electrode. The mediation process is exploited for developing
an amperometric biosensor for glucose, which yields a linear response to 0-25 mM glucose at an operating potential
of 50 mV (vs. SCE), where interfering reactions do not occur. Experimental variables such as enzyme loading or
operating potential are explored. A stable response is observed over several months.

Key words: Biosensors; Glucose; Glucose oxidase; Meldola Blue mediator

1. Introduction

Enzyme electrodes have become a useful ana-
Iytical tool, because of the unique combination of
enzyme specificity and the sensitivity and simplic-
ity of electrochemical transducers [1-3]. In par-
ticular, amperometric glucose sensors have re-
ceived considerable attention in connection with
the treatment and control of diabetes. Tradition-
ally, such devices have relied on the immobiliza-
tion of glucose oxidase (GOx) onto various metal-
lic or carbon surfaces, and on the use of oxygen
as the natural electron acceptor for the enzyme.
The glucose level has been related to the current

* Corresponding authors.

associated with the oxidation of the liberated
hydrogen peroxide. However, because of the fairly
high operating potential and a strong dependence
on the oxygen level, “second generation” glucose
probes based on non-physiological redox media-
tors have been developed in recent years [4].
Various mediators have thus been used to shuttle
electrons from the redox center of GOx to the
surface of the working electrode. Useful sensors
based on ferrocene derivatives [5,6], various
quinones [7], tetrathiafulvalene [8], ruthenium
complexes [9], viologen derivatives [10] or N-
methylphenazinium ion [11] have thus been de-
veloped.

In this article the utility of 7-dimethyl-amino-
1,2-benzophenoxazinium salt (Meldola Blue, MB)
as an effective electron acceptor for glucose oxi-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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dase in a carbon paste configuration is described.
Phenoxazine derivatives, and particularly MB,
have been widely used for fabricating dehydroge-
nase-based biosensors, because of their ability to
mediate the oxidation of dihydronicotinamide
adenine dinucleotide (NADH) [12-14]. The low
redox potential of MB has been particularly at-
tractive for circumventing problems associated
with the detection of NADH. Useful sensors
based on various NAD*-dependent dehydroge-
nases have thus been developed, including glu-
cose probes utilizing .glucose dehydrogenase
[12,14]. Meldola Blue has also been shown re-
cently to mediate the electron transfer between
lactate oxidase and carbon paste surfaces [15]. In
the following sections we illustrate that MB can
open a charge-transfer path from the active cen-
ter of glucose oxidase and carbon paste, and that
such mediation greatly facilitates the amperomet-
ric biosensing of glucose.

2. Experimental

Glucose oxidase from Aspergillus niger with
activity 211 U/ mg (Sigma) was immobilized on
graphite powder using glutaraldehyde. 20 ml of
glucose oxidase solution (20 mg/ml) in 0.1 M
phosphate buffer pH 7.4 was added to 10 g of
graphite powder (Fluka) and mixed. To this mix-
ture, 5 ml of 2.5% glutaraldehyde (Serva) in the
same buffer solution was added, and the compos-
ite was incubated overnight at room temperature
and then dried in vacuum using a rotating vac-
uum evaporator.

The activity of the immobilized glucose oxi-
dase was determined at 25°C using an oxygen
electrode and a 9.8-ml thermostated glass cell.
The weighed amount (1.0-1.5 mg) of immobilized
enzyme was incubated with extensive mixing by a
rotating PTFE bar for 5 min in 0.1 M phosphate
buffer solution (pH 7.0) containing 0.1 M sodium
chloride and 0.1% of Tween-80 (Merck). The
reaction was started after the introduction of 0.5
ml of 1 M glucose solution in the same buffer.
The final glucose concentration in the cell was 48
mM. The solution was equilibrated to air and for
enzyme activity calculation the concentration of

oxygen of 0.25 mM was used. Glucose oxidase
activity determined in these conditions and ex-
pressed as 1 wmol of oxygen consumption per
min and per 1 mg of enzyme (U/mg) was 2.24
times lower than that described by “Sigma”. The
calculated yield of activity of immobilized enzyme
was 35.3%.

The carbon paste was prepared by stirring 2 g
of prepared immobilized enzyme with activity of
1.33 U/ mg or the mixture of this enzyme with
graphite powder together with 1 g of paraffin oil
(Fluka) and 50 mg of Meldola Blue (Aldrich). To
prepare the homogeneous paste, 1 ml of pentane
was added which was allowed to evaporate at
room temperature.

To prepare the glucose sensitive electrodes
two channels (i.d. 2.3 mm), of rods (0.d. 6 mm,
length 4 cm) prepared from high density polyeth-
ylene, were filled by carbon paste at 1 Pa pres-
sure.

The electrode current was measured using a
new renovated surface of electrodes. The renova-
tion of the surface was performed by cutting
slices (thickness 0.3 mm) of polyethylene rod to-
gether with carbon paste with special mechanical
device comprising of a stainless steel knife.

The electrode current was determined using a
computerized self made potentiostat at room
temperature. The program is written in “C” for
IBM compatible computers. A /D converter reso-
lution is 16 bits, integration time of sampling is 20
ms. Platinum wire of thickness 0.2 mm and length
3 cm was used as an auxiliary electrode and SCE
was used as the reference electrode. The proce-
dure of electrodes calibration includes dropping
(about 0.04 ml) of glucose solution on the surface
of the vertically orientated electrode following a
10 s delay, applying potential to the working
electrodes followed again by a 10 s delay and
measuring the current in the period of 30 s. The
current in this period was integrated; 5 indepen-
dent measurements from both channels were av-
eraged and displayed in graphs as ‘“integrated
current”. The sensor temperature was monitored
using a thermoresistor mounted in the electrode
frame and the electrode response was recalcu-
lated to 25°C using the temperature coefficient
1.034.
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The electrode calibration was done using a
glucose solution in 0.1 M sodium phosphate buffer
(pH 7.4) containing 0.1 M NaCl and 2% PEG (20
kD).

3. Results and Discussion

Meldola Blue is known for its low redox poten-
tial. Such potential has allowed a low-potential
detection of NADH and related substrates [12—
14]. The efficient electron transfer between glu-
cose oxidase and the graphite (transducing) parti-
cles of carbon pastes, mediated by Meldola Blue,
allows a similar biomonitoring of glucose. Fig. 1
displays the dependence of the integrated current
upon the operating potential for blank () and
1x 1072 M glucose (o) solutions. A small back-
ground response, associated with the MB redox
process, is observed at potentials higher than
+0.05 V. The addition of the glucose substrate
results in a significant analytical response. The
response, which starts at +0.05, increases slowly
up to +0.11 V, and then it levels off. Such results
are consistent with the cyclic voltammetric behav-
ior of MB in carbon paste matrices [14], for which
a formal potential (E°) of —0.07 V was obtained.
Potentials more positive than the E° value are
thus sufficient for reoxidizing and detecting the
mediator. Such low operating potentials are very
attractive for glucose sensing, because most com-
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the Meldola Blue on glucose concentration in aerobic phos-
phate buffer pH 7.4. Enzyme activity 1.33 U/mg; operating
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mon GOx mediators require fairly higher poten-
tials (between 0.1 and 0.4 V) [10].

Similar to other “second-generation” glucose
probes, MB appears to shuttle electrons from the
redox center of the enzyme to the graphite sur-
face, in accordance with the following reaction
scheme:

glucose + GOx(FAD) — gluconolactone

+ GOx(FADH,) (1)
GOx(FADH,) + MB* - GOx(FAD)

+MBH +2H*  (2)

where MB* and MBH denote the oxidized and
reduced forms of MB, respectively. The liberated
MBH is then electrochemically detected by reoxi-
dation:

MBH - MB*+ H* + 2¢~ (3)

thus regenerating the oxidized form.

Calibration plots for glucose, obtained at
+0.05 and 0.10 V, are shown in Fig. 2. At both
operating potentials, the plots are linear over the
entire range (0-2.5%10°2 M) examined. The
correlation lines are y =20+ 17.1C (for 0.05 V)
and y = 12.8 + 24.3C (for 0.10 V), with r = 0.9932
and 0.9931, respectively.

The enzyme activity has a profound effect on
the response of the GOx/ MB carbon paste elec-
trode. Fig. 3 displays calibration plots for glucose
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Fig. 3. Dependence of the response of the electrode based on
the Meldola Blue on enzyme activity. Conditions as in Fig. 1.

(between 0 and 3 X 102 M) for enzyme activities
ranging between 0.07 — and 1.33 U/ mg. A 7-fold
increase in the sensitivity is observed over this
region.

The low operating potential accrued from the
MB mediation process greatly minimizes the in-
terference of co-existing electroactive species. In
particular, endogenous compounds such as ascor-
bic and uric acids commonly display significant
current contributions when “first-generation”
(unmediated) glucose sensors are employed. In
contrast, only 4 and 7% increases of the 1 X 1072
M glucose response were observed at the mem-
brane-free GOx/ MB biosensor (operated at +0.1
V) upon additions of 5 X 10™* M ascorbic or uric
acids, respectively.

Long term stability is another important re-
quirement of biosensors, in general, and of self-
testing glucose devices, in particular. The re-
sponse for 1 X 1072 M glucose remained highly
stable over a 3-month period (with storage at
room temperature, and measurement every Sth
day on a fresh surface, using +0.1 V). Such
stability is attributed to the new scheme for im-
mobilizing the enzyme, to the protective action of
carbon paste matrices {16] and to the renewable
(by cutting) character of the GOx/MB device.
Similarly, these data indicate no apparent stabil-
ity and leaking problem for the mediator.

In conclusion, we have demonstrated that MB
can shuttle electrons between the reduced flavin
adenine dinucleotide of glucose oxidase and the

carbon paste surfaces. While the work presented
here is within the context of the MB mediator,
other phenoxazine derivatives and structurally-re-
lated phenothiazines are expected to display a
similar performance. The use of such compounds
as electron transfer mediators forms the basis for
a recent patent [17). Similar advantages are antic-
ipated for other carbon-transducing surfaces.
Such mediation capability offers great potential
for glucose sensing in various clinical, food and
biotechnological samples. The renewable nature
of the carbon paste configuration appears to be
particularly attractive for self monitoring of dia-
betes mellitus.
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Abstract

Glucose-sensitive enzyme conductometric biosensors based on interdigitated gold electrodes were prepared by
cross-linking glucose oxidase with bovine serum albumin in a saturated glutaraldehyde vapour on the sensor chips.
Nafion membranes were deposited on top of the glucose sensor by a spin-coating procedure. The effects of buffer
concentration and ionic strength were examined for the glucose sensors with and without Nafion membranes.
Additional Nafion membranes resulted in a substantial reduction of the effect of buffer concentration on the sensor
response and in an extension of the dynamic range of the sensor up to a glucose concentration of more than 10 mM
Moreover the comparison of the properties of the developed conductometric glucose biosensors (operational and
storage stability, reproducibility of measurements) demonstrates better performance of the sensor with an additional

Nafion membrane.

Key words: Biosensors; Conductimetry; Nafion membranes; Glucose sensitive biosensor; Permselectivity

1. Introduction

In recent years considerable research efforts
were directed to the development of integrated
microbiosensors based on ion sensitive field ef-
fect transistors (ISFETSs), thin-film metal and car-
bon electrodes. The interest has been spurred by
the attractive qualities of microsensors such as

* Corresponding author.

small size, ruggedness and low power consump-
tion. The developed thin-film biosensors were
mainly based on potentiometric or amperometric
detection modes, while only a small number of
publications deal with a conductometric mode
[1-6]. The major advantage of the conductomet-
ric detection mode is that a large number of
enzymatic reactions involve either consumption
or production of charged species and therefore
lead to a change in ionic composition of the
reacting solution [7]. Moreover, one of the attrac-

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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tive features of the conductometric biosensors is
their suitability for miniaturisation using inexpen-
sive thin-film technology. It is also worth noting
that such biosensors compared to other electro-
chemical biosensors have no light sensitivity, do
not need any reference electrode and the driving
voltage can be sufficiently small to decrease sub-
stantially the sensor power consumption and to
reduce safety problems when used in living organ-
isms.

However, conductometric biosensors having a
number of essential advantages have also disad-
vantages common with that of enzyme field effect
transistors (ENFETs). One is a strong depen-
dence of the sensor response on the buffer capac-
ity of a sample [5,6]. In fact, increase of the buffer
concentration from 2 to 20 mM decreases the
sensor response by factors of 10 and 3 for glucose
and urea biosensors, respectively. One can con-
clude that in spite of quite different sensing
mechanisms for conductometric transducers and
ISFETs, the basic features of the physico-chem-
ical processes inside of the enzymatic film deter-
mining the response of the both biosensors seem
to be very similar, i.e., the response of the con-
ductometric enzyme biosensors is mainly due to
protons generated by a biocatalytic reaction in-
side the layer of immobilized enzyme.

It was shown earlier, that in the case of EN-
FETs the application of additional permselective
membranes on top of an enzyme membrane re-
duces substantially the dependence of the sensor
response on the buffer concentration [8-10].

Here results are presented concerning the ap-
plication of additional Nafion membranes in or-
der to reduce the influence of buffer concentra-
tion on the response of the conductometric glu-
cose biosensor and to extend its dynamic range.

2. Experimental
2.1. Materials

Glucose oxidase (EC 1.1.3.4) from Penicillium
vitale (specific activity 168 U mg~!) was obtained
from the Cosarsky alcohol plant (Cherkassy,
Ukraine), bovine serum albumin (BSA) was pur-

chased from Sigma and 25% aqueous solution of
glutaraldehyde (GA) was from Merck. Nafion
perfluorinated ion-exchange powder (5%, w /v, in
a mixture of lower aliphatic alcohols and 10%
water, product No. 27, 470-4) was from Aldrich.
All other reagents were of purum analytical grade.

2.2. Enzyme immobilization

Glucose oxidase (GOD) was immobilized using
a modified procedure described earlier [6). 10%
(w/w) solutions of GOD and BSA were prepared
in 5 mM phosphate buffer (KH,PO,-NaOH),
pH 7.4. Prior to the deposition on the sensor chip
these solutions were mixed in defined propor-
tions and glycerol was added. The mixture com-
position used was: 5% GOD, 5% BSA and 10%
glycerol. The use of glycerol prevents a loss of
enzyme activity during the immobilization process
and also results in a better homogeneity of the
membrane and its better adhesion to the surface
of the sensor. As a differential experimental set-
up was used, a drop of the enzyme-containing
mixture was deposited on the sensitive area of
the measuring pair of electrodes while only a
mixture containing 10% BSA and 10% glycerol
was deposited on the reference pair of electrodes.
Then the sensor was placed for 30 min in a
saturated GA vapour. After exposure to GA, the
membranes were dried at room temperature for
15 min. Before use the membranes were soaked
in a 5 mM phosphate buffer, pH 7.5, for at least
30 min to equilibrate the membrane system.

2.3. Formation of additional membranes

Additional Nafion membranes were formed on
the top of both enzyme and reference membranes
of the glucose sensor by a spin-coating procedure
using a 5% Nafion solution (to obtain thicker
additional membrane, the procedure of the mem-
brane formation was repeated several times). 5 ul
of Nafion solution was deposited on the sensor
chip, then the sample was rotated at 500 rpm for
1-2 min. After deposition, membranes were dried
at room temperature for 15 min. The thickness of
the additional Nafion membranes was estimated
by weighing.
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2.4. Sensor design and measurements

The conductometric transducers were supplied
by Emokon (Kiev, Ukraine). Two identical pairs
of gold interdigitated electrodes were photolitho-
graphically patterned on a ceramic support with
dimensions 5 mm X 30 mm (thickness 0.5 mm).
An intermediate layer of chromium (0.1 wm thick)
was first deposited to get a better gold adhesion.
Each rod was 10 um wide and 1 mm long with 10
um spacing between the fingers. The sensitive
area for one pair of electrodes was about 1 mm X
1.5 mm, it was defined by photolithographic de-
position of a polymerized layer of polyimide.

Conventional AC conductance monitoring
technique was used to reduce Faradaic processes,
double-layer charging and concentration polarisa-
tion on the microelectrode surface (Fig. 1).

The internal generator of Stanford Research
Systems SR 510 lock-in amplifier was employed
to generate a sinusoidal wave with a frequency of
90 kHz and a peak-to-peak amplitude of 10 mV
around a fixed potential of 0 V to each pair of
electrodes forming a miniaturized conductance
cell.

The differential signal between the electrodes
covered with the immobilized enzyme and those
covered with the “blank” membrane after a low
noise differential amplifier was fed into the lock-
in amplifier which was supplied with a reference

signal from its internal oscillator. Amplification
was achieved with a standard inverting opera-
tional amplifier. The amplified in-phase differen-
tial signal was monitored using a Servotrace chart
recorder (Sefram).

Measurements were conducted in an open cell
(2 ml) with intensive stirring at room tempera-
ture. The glucose concentration was increased
stepwise by adding defined volumes of a concen-
trated stock solution.

3. Results and discussion

3.1. Influence of buffer concentration

Calibration graphs for the glucose biosensors
with and without additional Nafion membranes
are presented in Fig. 2A and B. When the mea-
surements were performed in test solutions with
different buffer concentrations, defined amounts
of NaCl were added in order to ensure identical
conductivity for all the solutions. The biosensor
without additional membrane demonstrates re-
producible response to the addition of glucose,
with a response time within 1-2 min. However,
the dynamic range is very small (it extends to
about 1.5 mM only) and the response amplitude
is strongly dependent on the buffer concentration
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Fig. 1. Experimental set-up used for conductometric measurements.
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Fig. 2. Calibration graphs for the steady-state response of the
glucose sensor without (A) and with one additional Nafion
membrane (B) in 1 mM (1), 10 mM (2), 20 mM (3) and 40 mM
(4) phosphate buffer, pH 7.4. Before use, the conductivity of
the buffer solutions was adjusted to the same constant value
by adding NaCl.

in the sample (the response value decreases 20-
fold when the concentration of buffer is changed
from 1 to 10 mM). Further increase of the buffer
concentration up to 20-40 mM makes the mea-
surement of glucose concentration practically im-
possible. The reason for the limited dynamic
range of the glucose sensor is the limitation of
the biocatalytic oxidation of glucose by oxygen
[11], while the dependence of the response ampli-
tude on the buffer concentration is due to a kind

of “carrier-mediated” transport of protons (“faci-
litated diffusion’”) out of the enzyme membrane
in the presence of mobile buffer species [12]. It
means that when the buffer species are present in
the solution protons can associate with them and
form an additional “channel” of their diffusion
out of the enzyme membrane (the first one is the
diffusion of protons as free ions).

The application of additional Nafion mem-
branes causes drastic changes of the characteris-
tics of the biosensor: dynamic range, dependence
of the response on buffer concentration, response
time. As can be seen is Fig. 2B, the use of one
Nafion membrane (thickness ca. 3.5 um) on top
of the enzymatic film extends the dynamic range
of the sensor up to a concentration of glucose of
4 mM and makes the sensor response nearly
insensitive to an increase of buffer concentration
of 1-10 mM. The response time of the sensor
with the Nafion membrane is within 3-4 min in
comparison with 1-2 min for a sensor without
additional membrane.

The concentration of the low-molecular-weight
components, mainly bicarbonates, that define pH
and buffer capacity of blood, is about 25-30 mM
[13]. Therefore it was interesting in view of possi-
ble biomedical applications to analyse in more
detail the response of such a glucose sensor with
and without additional membranes in 20 mM and
more concentrated solutions of phosphate buffer.
The results are presented in Fig. 3. The response
of the conductometric sensor without the addi-
tional membrane depends strongly on the buffer
concentration and about a 50-fold decrease is
observed when the latter is changed from 1 to 40
mM (the sensor response in a 1 mM phosphate
buffer (pH 7.4), is taken as 100%). In contrast,
the sensor with the Nafion membrane shows less
influence of the response to the buffer concentra-
tion. Its response decreases nearly linearly as the
buffer concentration increases and in a 40 mM
phosphate buffer the differential output signal is
about 25% of its value in a 1 mM buffer.

Such reduction of the buffer capacity influence
on the response of the glucose sensor may be
explained by taking into account the properties of
Nafion as a cationic-exchange membrane. It has
been shown that, e.g., the diffusion coefficient
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across a Nafion membrane for Na® is almost 100
times greater than that for C1~ [14]. This effect is
attributed to negatively charged sulfonate groups
inside the Nafion membrane that create a poten-
tial barrier for the diffusion of negatively charged
ions. In the case of phosphate buffer used in this
investigation, the buffer-mediated mechanism of
proton diffusion out of the enzyme layer operates
due to the movement of neutral and negatively
charged buffer species across the membrane. The
presence of an additional Nafion membrane ef-
fectively blocks the transfer of the negatively
charged buffer ions and thus drastically reduces
the contribution of the “carrier-mediated” mech-
anism to the total diffusional flux of protons
across the Nafion membrane.

3.2. Influence of ionic strength
It is known that the response of the conducto-

metric glucose biosensor depends on ionic
strength [5,6] and that Nafion is a specific ion-ex-
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Fig. 3. Dependence of the steady-state sensor response
[without (1, 2) and with (3, 4) additional Nafion membrane] on
the concentration of phosphate buffer. Measuring conditions:
phosphate buffer, pH 7.4, 1 mM and 2 mM glucose concentra-
tion for curves 1, 3 and 2, 4 respectively. Before use certain
amounts of NaCl were added to the buffer solutions to ensure
their identical conductivity. Response: 1 mM phosphate buffer
is taken as 100%.
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Fig. .4. Dependence of the steady-state sensor response
[without (1) and with (2) one additional Nafion membrane] on
the concentration of NaCl. Measuring conditions: 5 mM phos-
phate buffer, pH 7.4, glucose concentration 1 mM.

changing material with different diffusion coeffi-
cients for oppositely charged ions also depending
on ionic strength of the solution [14]. Therefore it
was necessary to study the dependence of the
biosensor response (sensor with and without ad-
ditional membrane) on ionic strength of the solu-
tion. The dependence of the glucose sensor re-
sponse on the concentration of NaCl in the sam-
ple is shown in Fig. 4. In principle, an increase of
the ionic strength should result in: (i) an increase
of the general conductivity of the solution and a
decrease of the amplitude of the sensor response
value [5,6]; (ii) a greater electrostatic screening of
charged functional groups inside the Nafion
membrane and, consequently, in a decrease of its
barrier properties [14]. In the range of the salt
concentrations tested the behaviour of the sen-
sors with and without additional Nafion mem-
brane was similar but differed in the extent to
which the magnitude of the response decreased
with the increase of the concentration of NaCl.
Therefore, the suppression of the response value
for the sensor with the Nafion membrane was less
pronounced. From a practical point of view it is
important to note that for a salt concentration
greater than 100 mM the responses of both
biosensors are practically independent on the
ionic strength.
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Fig. 5. Calibration graphs for the steady-state response of the
glucose sensor without (1) and with one (2), two (3), three (4)
and four (5) layers of the additional Nafion membrane. Mea-
suring conditions: 40 mM phosphate buffer, pH 7.4;

3.3. Influence of the thickness of the additional
Nafion membrane

As can be seen in Fig. 2B the dynamic range
for the glucose sensor with a one-step formed
additional Nafion membrane is extended only up
to a glucose concentration of 4 mM. In the next
experiments we have used sensors obtained with
several successively deposited layers of Nafion
and tested the dependence of the sensor re-
sponse on the thickness of the formed additional
membrane (Fig. 5). With an increase of the thick-
ness of the additional membrane up to 15 um (4
membrane layers) the value of the sensor re-
sponse increases, and the dynamic range extends
up to 10 mM concentration of glucose. According
to the obtained results (Fig. 5) it can be con-
cluded that it is possible to change the sensitivity
and the dynamic range of the glucose conducto-
metric biosensor by using additional Nafion mem-
branes with different thickness.

3.4. Reproducibility and stability of the sensors

Comparison of the sensor’s operational stabil-
ity and the reproducibility of the sensor response

was made for the glucose sensors with and with-
out additional membranes (Fig. 6A and B). Mea-
surements for each sensor were carried out dur-
ing 6 h and, as can be seen, the amplitude of the
responses for both types of the sensors did not
change during this time. Standard deviations of
the sensor response to concentrations of glucose
of 0.5 and 1 mM were 7 and 5%, respectively, for
14 successive measurements using the sensor
without the additional membrane. For 15 succes-
sive measurements with a sensor having the addi-
tional Nafion membrane standard deviations of
the sensor response to concentrations of glucose
of 0.5, 1.5 and 2 mM were 4, 3 and 2%, respec-
tively. The response of the both types of sensors
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Fig. 6. Reproducibility of the biosensor response. (A) Sensor
without additional membrane, 1 mM phosphate buffer (pH
7.4), concentrations of glucose: 0.5 mM (1) and 1 mM (2); (B)
Sensor with one additional Nafion membrane, 10 mM phos-
phate buffer (pH 7.4), concentrations of glucose: 0.5 mM (1),
1.5 mM (2), and 2 mM (3).
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was stable for at least 1 month when they were
stored in 10 mM phosphate buffer at +4°C.

4. Conclusion

Glucose sensitive conductometric enzyme sen-
sors without and with additional Nafion mem-
brane were developed. It was shown that forma-
tion of an additional Nafion membrane on top of
the enzyme-containing membrane results in a
substantial reduction of the buffer concentration
influence on the sensor response and in an exten-
sion of its dynamic range up to a concentration of
glucose of more then 10 mM. The obtained re-
sults are interpreted in terms of permselective
properties of the additional membrane formed.
The presence of negatively charged groups inside
the Nafion membrane blocks a “carrier-media-
ted” transport of protons through the additional
membrane, occurring in the presence of mobile
buffer species, thus eliminating their effect on the
amplitude of the output signal of the biosensor.
The additional Nafion membrane also limits the
diffusion of glucose through the membrane more
effectively then that of oxygen, which results in
an extension of the sensor dynamic range.

The obtained results demonstrate the possibil-
ity to improve and to adjust the characteristics
(sensitivity to the buffer capacity of the sample,
sensor dynamic range, etc.) of the conductometric
sensor using additional Nafion membranes with
controlled thickness and morphology.

Comparison of properties of the glucose
biosensors developed demonstrates a better per-
formance of the sensor with the additional Nafion
membrane. The increase of the sensor response
time due to the presence of the additional mem-
brane can be overcome by measurements in a
kinetic mode.
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Abstract

Single stranded deoxyribonucleic acid (ssDNA) thymidylic acid icosanucleotides (dT,,) were grown onto optical
fibers. The fibers were first derivatized with y-aminopropyitriethoxysilane (APTES) onto which a spacer arm of 1,10
decanediol bis-succinate terminated with 5’-O-dimethoxytrityl-2’-deoxythymidine was covalently attached. The

- synthetic route used to grow the ssDNA was the well established solid-phase phosphoramidite methodology. The
covalently immobilized oligomers were able to hybridize with available complementary ssDNA (cDNA) which was
introduced into the local environment to form double stranded DNA (dsDNA). This event was detected by the use
of the fluorescent DNA stain ethidium bromide (EB). The sampling configuration utilized total internal reflection of
optical radiation within the fiber, resulting in an intrinsic mode optical sensor. The non-optimized procedure used
standard hybridization assay techniques to provide a detection limit of 86 ng ml~! cDNA, a sensitivity of 83%
fluorescence intensity increase per 100 ng ml~! of cDNA initially present, with a hybridization analysis time of 46
min. The sensor has been observed to sustain activity after prolonged storage times (3 months) and harsh washing
conditions (sonication).

Key words: Biosensors; Fluorimetry; Fibre optic biosensor; DNA hybridization

1. Introduction been completed wherein ssDNA was covalently
immobilized onto quartz optical fibers to success-

The use of DNA as a selective recognition fully demonstrate the basis for development of an
element in biosensor design is a new and exciting optical biosensor for DNA. The non-optimized
area in analytical chemistry. Experiments have configuration described herein was able to detect
- femtomolar concentrations of ¢cDNA with an

analysis time of less than 1 h. These experiments

* Corresponding author. indicate that biosensors which can selectively de-
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tect genetic material from biologicals may now be
created, with advantages of low detection limits,
reasonable analysis times, highly stable biorecog-
nition elements, and regenerability.

Biosensors have been used to selectively detect
cells, viruses and other biologically significant
materials by using a detection strategy that in-
volves immobilization of enzymes, antibodies or
other selective proteins onto solid substrates such
as quartz (for piezoelectric and optical sensors)
or metal (for electrochemical sensors) [1,2]. How-
ever, such sensors are not widely available from
commercial sources due to problems associated
with the long term stability of the selective recog-
nition elements when immobilized onto solid sur-
faces [3,4]. An alternative approach which may be
used to create biosensors with long term chemical
stability takes advantage of the stability of DNA.
With the recent advent of DNA probe technol-
ogy, a number of selective oligomers which inter-
act with the DNA of important biological species,
for instance salmonella, have been identified [7-
10]. These have been used to provide a new type
of selective biorecognition element which is highly
selective, stable, and can be easily synthesized in
the laboratory [9-11] as compared to other chem-
ically synthesized biorecognition elements, such
as catalytic antibodies [12]. As a result, species-
specific DNA probes may now be exploited for
biosensor development.

DNA biosensors that are presently being de-
veloped are largely based on piezoelectric and
electrochemical transducers. Two strategies have
been employed for piezoelectric biosensors that
use DNA. Both strategies begin by immobilizing
probe DNA onto the surface of a piezoelectric
crystal. The immobilized ssDNA is then allowed
to hybridize to cDNA that is introduced to the
local environment of the sensor. The first ap-
proach relies on observing a change in the reso-
nance frequency of the crystal as a function of a
significant mass increase at the surface of the
crystal as given by the Sauerbrey equation [13].
This method works provided that the cDNA
strands are sufficiently large (> 900 nucleotides)
[13,14], or that a high mass metallic chelator may
be attached to the target ssDNA strands to en-
sure a detectable mass change at the surface of

the crystal [15]. A second approach involves the
simultaneous monitoring of changes in interfacial
properties at the surface of the crystal such as
microviscosity, elastic modulus, and dielectric,
permitting detectior of shorter oligomers by
piezoelectric sensors based on network analysis
[16]. Sensors which respond to interfacial mass
changes have been able to detect 1 ng of cDNA,
while 0.3 mg of cDNA could be detected by
network analysis techniques. Amperometric de-
tection of DNA on the surface of an electrode
has been investigated by Millan et al. [17]. This
was accomplished by immobilizing probe ssDNA
onto the surface of an amperometric electrode,
followed by hybridization with cDNA where a
redox-active metallo-intercalator present in solu-
tion associated with the immobilized dsDNA at
the electrode surface and was detected by
voltammetry.

The work herein reports one of the first
biosensors for direct analysis of DNA hybridiza-
tion by use of an optical fiber. ssDNA was cova-
lently immobilized onto optical fibers by first
activating the surface of the quartz optical fiber
with a long chain aliphatic spacer arm terminated
in a 5’-O-dimethoxytrityl-2’-deoxyribonucleoside,
followed by automated solid-phase DNA synthe-
sis. Detection of dsDNA at the fiber surface after
hybridization between immobilized ssDNA and
cDNA was achieved by exposing the complex to
an ethidium bromide solution followed by wash-
ings with hybridization buffer solution. The ethid-
ium cation (3,8-diamino-6-phenyl-5-ethyl-phen-
anthridium) is a fluorescent compound which
strongly associates with dsDNA by intercalation
into the base stacking region and, in some cases,
the major groove of the double helical structure
{18]. It is shown that the fluorescence response of
the ethidium cation can be monitored in a total
internal reflection configuration along an optical
fiber to quantify the presence of dsDNA at the
surface of the fiber, with the fluorescence inten-
sity being directly proportional to the amount of
c¢DNA initially present in solution. This approach
may be refined and used for rapid identification
and quantitation of the presence of micro-
organisms such as pathogenic bacteria and viruses
in bodily fluids, food and feed commodities, and
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may also find application in screening for genetic
disorders.

2. Experimental
2.1. Chemicals

5'-O-dimethoxytrityl-2'-deoxythymidine was
obtained from Dalton Chemical Labs. (Toron-
to), N %benzoyl-5'-O-(dimethoxytrityl)-2’-deoxy-
adenosine 3'-N, N-diisopropyl-O-cyanoethylphos-
phoramidite and 5’-O-dimethoxytrityl-2’-deoxy-
thymidine 3’-N,N-diisopropyl-O-cyanoethylphos-
phoramidite were purchased from Applied
Biosystems (Mississauga). All other reagents re-
quired for use on the DNA synthesizer were
prepared as described previously [19]. An
oligonucleotide purification cartridge (OPC, Ap-
plied Biosystems) with an overall length of 3 cm,
internal length of 1.5 cm, and outside diameter of
1 cm was used during oligonucleotide synthesis

Rotating
Mirror

SIT Camera

onto optical fibers. Long-chain alkylamine
(LCAA) controlled-pore glass (CPG) beads were
obtained from CPG Inc. (Fairfield, NJ) and were
derivatized by the method reported by Damha et
al. [20]. Ethidium bromide (EB) was obtained
from Sigma (St. Louis, MO). N-Hydroxysuccini-
mide, N,N’-dicyclohexylcarbodiimide (DCC), y-
aminopropyltriethoxysilane (APTES), octadecyl-
trichlorosilane, hexadecane, 1,10-decanediol, suc-
cinic anhydride, N,N-dimethylformamide (DMF)
and 4-dimethylaminopyridine (DMAP) were ob-
tained from Aldrich (Milwaukee, WI). Water was
obtained from a Milli-Q five-stage cartridge pu-
rification system (Millipore, Mississauga) and had
a specific resistance of not less than 18 M{) cm.
Alternatively, sterile water was prepared from
glass double-distilled water which was treated
with diethylpyrocarbonate (0.1%, v/v; Aldrich)
and autoclaved (120°C, 20 min). NaCl and
NaH,PO,-2H,0 were of analytical grade and
obtained from BDH (Toronto). 0.2 um sterile
filters (Acrodisc®) were from Gelman Sciences
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(Rexdale). Sephadex G-25 was obtained from
Pharmacia (Baie d’Urfé) and C18 Sep-Pak car-
tridges were purchased from Waters (Missis-
sauga). All polyacryamide gel elecrophoresis
reagents and apparatus were purchased from
Bio-Rad (Mississauga). All organic solvents were
dried and distilled and all other chemicals were
of reagent grade or better.
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2.2. Equipment

Plastic-clad silica optical fibers with a diameter
of 400 um were purchased from Tasso (Montreal).
The cladding on the fibers was mechanically re-
moved and the fibers were cut to lengths of about
1 cm. One face on each fiber was polished by
suspending the fiber over (and placing the end
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Fig. 2. Synthetic scheme used to activate the surface of the optical fibers with long chain aliphatic spacer molecules terminated with

a 5'-0O-dimethoxytrityl-2’-deoxythimine nucleoside.
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face of the fiber in contact with) the rotating
plate of a Thermolyne type 37 600 speed con-
trolled mixer (Sybron, Dubuque) onto which 1200
grade emery paper was immobilized. All quartz
optical fibers were cleaned using a Harrick PDC-
32G plasma cleaner (Harrick Scientific, Ossining)
before activation with APTES.

All DNA synthesis was done by the well estab-
lished B-cyanoethylphosphoramidite method with
an Applied Biosystems 381A DNA synthesizer
using controlled-pore glass beads or quartz opti-
cal fibers. Dimethoxytrityl cation released from
each deprotection step of the oligonucleotide syn-
thesis was quantitatively measured by absorption
spectroscopy at 504 nm using a Hewlett Packard
8452A diode array spectrometer (Hewlett Pack-
ard, Palo Alto, CA) to determine the percent
coverage of dT,, on the optical fibers. Measure-
ment of absorbance at 260 nm was used to quan-
tify purified oligomers.

The instrument used for fluorescence intensity
measurements was based on a fluorescence mi-
croscope as is described elsewhere [21] and shown
in Fig. 1. A DNA coated fiber was selected at
random from the batch of fibers (ca. 25) onto
which ssDNA was grown and was positioned un-
der the objective of the microscope. In this orien-
tation the incident laser radiation entered the
fiber at one end and was totally internally re-
flected. The majority of the fiber was submerged
in a hybridization buffer solution consisting of 0.9
M NaCl and 50 mM sodium phosphate (pH 7.4)
in sterile water. Hybridization buffer was passed
through an acrodisc filter immediately prior to
introduction into the cuvette.

2.3. Procedures

Preparation of quartz optical fibers derivatized with
long chain aliphatic spacer molecules terminated
with a 5’-O-dimethoxytrityl-2'-deoxythymidine nu-
cleoside

The protective cladding on the optical fibers
was removed and the bare fibers were refluxed in
chloroform for 2 h. The fibers were then washed
with a 1:1 acetone—methanol mixture and stored
in a vacuum desiccator. The optical fibers were
plasma cleaned for 5 min at low power (40 W)

and were placed in a solution of 1:200 (v/v)
APTES in dry toluene. This was done under a
nitrogen atmosphere using glassware which was
previously treated with octadecyltrichlorosilane.
The structure of the APTES coatings on quartz
substrates has previously been investigated by
Vandenberg et al. [22]. The method of Arnold et
al. [23] was used to synthesize an aliphatic spacer
arm terminated with 5’-O-dimethoxytrityl-2'-de-
oxythymidine. In this method 1,10-decanediol was
condensed with succinic anhydride to form 1,10-
decanediol bis-succinate, as illustrated in Fig. 2.
The bis-succinate was reacted with N-hydroxy-
succinimide and 5’'-O-dimethoxytrityl-2'-deoxy-
thymidine in the presence of DCC and DMAP to
yield a nucleoside functionalized spacer molecule.
The spacer was then attached to the surface of
the APTES treated optical fiber.

2.4. Automated DNA synthesis

Automated solid-phase DNA synthesis is well
known and is described in detail elsewhere [24].
The surface-derivatized optical fibers were placed
into an emptied Applied Biosystems OPC column
with the dead volume being taken up by inert
packing material. The end filter papers were re-
placed (Applied Biosystems) and the column ends
were crimped closed using aluminum seals [19].
Synthesis of oligomers onto the optical fibers was
carried out at the 0.2-umol scale with a pulsed-
delivery cycle in the trityl off mode. The -
cyanoethylphosphoramidite cycle was used as
supplied by Applied Biosystems with the excep-
tion of extended nucleoside coupling times (2
min). Deprotection of the phosphate blocking
groups from the immobilized oligomer was
achieved by standing the fibers in a solution of
triethylamine—acetonitrile (2:3) at room temper-
ature for 1.5 h.

Synthesis of dA,, was done using a conven-
tional LCAA-CPG support with the B-cyanoeth-
ylphosphoramidite cycle supplied by Applied
Biosystems. The nonadecamer of random base
composition (dR,q) was prepared by simultane-
ously introducing all four phosphoramidite
reagents to the column at each coupling step.
Standard deprotection with aqueous ammonia
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was used to liberate the oligomers from the solid
support and remove the base protecting groups.
Crude oligomer was purified by polyacrylamide
gel electrophoresis and reversed-phase liquid
chromatography or size exclusion chromatogra-

phy.
2.5. Storage and cleaning of fibers

Fibers coated in ssDNA were either stored
under vacuum or kept in a solution of ethanol-
water (1:1). Fibers stored under vacuum were
cleaned prior to use by sonication in a solution of
ethanol-water (1:1) for 5 min in order to remove
any fluorescent contaminants adsorbed to the
surface of the fibers.

2.6. Detection of cDNA by the optical sensor

100 w1 of a 2.75 wg ml~! or various volumes of
a 56.8 wg ml~! aqueous solution of purified dA ,,

ssDNA was added to the plastic cuvette contain-
ing the suspended fiber in fresh hybridization
buffer at 85°C. The solution was allowed to stand
and cool to room temperature (25°C) between 30
and 90 min after which the fiber was flushed with
60 ml of hybridization buffer (25°C).

Staining of dsDNA was achieved by injecting
10 ul of a 1 mg ml~! aqueous solution of EB into
the cuvette and allowing the solution to stand for
15 min followed by washing the fiber by flushing
the cuvette with 60 ml of fresh hybridization
buffer (25°C).

Regeneration of ssDNA and removal of EB at
the surface of the optical fiber was achieved by
washing the fiber in hot (85°C) hybridization
buffer. A total of 30 ml of the hot buffer was
flushed through the cuvette over a time of about
30 s and the system was allowed to stand for 5
min. An additional 30 ml of hot buffer was then
flushed through the cuvette to wash away dissoci-
ated cDNA strands.
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Fig. 3. Response characteristics of a DNA optical biosensor immediately after preparation.
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3. Results and Discussion

Triethylamine was used for the removal of
B-cyanoethyl protecting groups on the internu-
cleotidic phosphotriester moieties [25]. This pro-
cedure causes the loss of the phosphate blocking
group via a B-elimination mechanism [26] while
not cleaving the ssDNA from the optical fibers.

Determination of the extent of coverage of the
optical fibers with DNA was achieved by measur-
ing the amount of dimethoxytrityl cation released
during each deprotection step of the DNA syn-
thesis by UV-visible spectrometry. On average
8.8+ 0.1 nanomoles of dimethoxytrityl cation
were released for each deprotection step. This
represents 33 + 5% coverage of the surface area
of the fibers given that the total surface area of
all the fibers in the synthesizer was 8 + 1 X 10
nm?.

Fluorescence intensity values are reported as
relative quantities obviating the need to control
experimental parameters such as laser intensity,
optical alignment and PMT gain which are be-
yond accurate control from day to day. The fluo-
rescent DNA stain EB is a commonly used dye
for the detection of DNA [18,27,28]. EB has an
absorption maximum of 510 nm, which is suffi-
ciently close to the output wavelength of 488 nm
of the Ar*laser used in the fluorescence micro-
scope to excite the fluorophore. The dye has an
emission maximum of 595 nm when bound to
DNA which is well beyond the cut-off wavelength
(495 nm) of the dichroic mirror used in the micro-
scope [27].

The response of the fiber optic DNA biosen-
sor to EB and cDNA is shown in Fig. 3. The
optical fiber coated with immobilized ssDNA was
taken from storage under vacuum, was placed
under the fluorescence microscope, and the ini-
tial fluorescence intensity with the fiber sub-
merged in the hybridization buffer (25°C) was
measured. After two hours the fluorescence in-
tensity from the fiber was measured again, and
the results indicated that there was no apprecia-
ble drift in the response of the instrument or the
amount of fluorescent material present at the
surface of the fiber (Fig. 3A). Fluorescence mi-
croscopy studies of the surface of fibres which

were stored under vacuum indicated the presence
of some fluorescent contaminants. The contribu-
tion of these fluorescent contaminants was re-
sponsible for much of the fluorescence intensity
observed in Fig. 3A. As a control experiment, 10
wl of a 1 mg-ml~} aqueous solution of EB was
added to the cuvette (3 ml) in which the fiber was
suspended. After 15 min, 60 ml of fresh hy-
bridization buffer (25°C) was flushed through the
cuvette in order to remove any non-specifically
bound ethidium cation. A decrease in the fluores-
cence intensity back to baseline values was ob-
served after this washing, as shown in Fig. 3B,
due to the removal of fluorescent contaminants
from the surface of the optical fiber.

The room-temperature hybridization buffer
present in the cuvette was replaced with hot
(85°C) hybridization buffer and 257 ng of comple-
mentary (dA ,;) ssDNA was then injected into the
cuvette and the system allowed to cool for 90
min. This temperature was chosen as it is suffi-
ciently greater than the 40°C duplex melting tem-
perature (T, the temperature at which half of all
the duplexes present are dissociated) and is well
below the boiling point of the buffer. The duplex
melting temperature was calculated using the em-
pirical relation:

T,, = 2°C X (number of A + T residues)
+ 4°C X (number of G + Cresidues) (1)

for duplexes 11-23 bases long in buffers which
are 1 M in Na*[29]. Incubation at temperatures
below 7,, has been shown to cause incomplete
hybridization wherein only a fraction of the bases
on each strand interact to form partially hy-
bridized complexes [30]. Though covalent immo-
bilization of ssDNA removes one degree of free-
dom from the oligomer, hybridization at tempera-
tures initially above the duplex 7,, ensures the
formation of duplexes with the greatest possible
extent of overlap. No appreciable intensity change
from that of the baseline was observed after the
90 minute incubation period (Fig. 3C). 10 ul of
the EB solution was added to the buffer and the
solution was allowed to stand for a 15 min incu-
bation time. The fiber was then washed with 60
ml of fresh buffer as described for the blank
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experiment. A 50 + 20% increase in the fluores-
cence intensity as shown in Fig. 3D was observed
from the fiber which was coated in EB labelled
dsDNA. It is interesting to note that 257 ng (4.11
femtomoles) of dA ,, only amounts to 2 X 107°%
of the total available ssDNA immobilized onto
the fiber. In order to ensure that the ethidium
cation that was present was intercalated into the
dsDNA, the fiber was washed with an additional
30 ml of buffer solution. After this washing, no
appreciable decrease in the fluorescence intensity
was observed (Fig. 3D * ).

To determine if the DNA sensor could be
regenerated, the fiber was washed with 30 ml of
hot (85°C) buffer solution over a period of about
30 s and the system allowed to stand for 5 min.
After the five minute wait, an additional 30 ml of
hot buffer was flushed through the cuvette to
wash away the dissociated cDNA strands. This

procedure is known to melt DNA duplexes as the
buffer temperature was well above the T, of the
dsDNA. The fluorescence intensity returned,
within experimental uncertainty, to the initial in-
tensity observed at-the beginning of the experi-
ment (Fig. 3E). As a control experiment, EB was
introduced into the cuvette, and was then washed
out as done previously. The fluorescence intensity
remained at the initial value, as shown in Fig. 3F,
indicating that the DNA duplexes had indeed
been dissociated and the complement strands
were removed.

To test the reproducibility of the sensor, an-
other 257 ng of cDNA was added to the cuvette
and after 90 min the fiber was treated with EB,
was then washed, and the fluorescence intensity
was again measured. An increase in fluorescence
intensity was observed which was similar in mag-
nitude to that observed from the first dsDNA
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analysis (Fig. 3G). After washing the fiber with
hot buffer solution, a baseline intensity within the
experimental uncertainty of the results was again
observed (Fig. 3H).

A calibration experiment was done to test the
analytical response of the DNA biosensor. The
procedures used in this experiment were identical
to that of the first experiment with the exception
that 30 min incubation times for hybridization
were used as it was found that only 30 min was
required for the 85°C buffer that was added to
the cuvette to cool to 25°C. Good reversibility of
the signal was observed (Fig. 4) as well as a signal
which was linear with the amount of cDNA added
to the cuvette (Fig. 5). The regression line shown
in Fig. 5 shows a good fit to the data points with
an r? value of 0.965. From this data, the sensitiv-
ity of the sensor was determined to be an in-
crease in fluorescence intensity of 83% per 100
ng ml~! of cDNA with a measured limit of detec-
tion of 86 ng ml ™!,

The robustness of the fibers, and DNA as a
biorecognition element, was made evident by the
maintenance of activity after long term storage
and stringent cleaning conditions. Fibers that
were stored for up to 30 days in vacuo or in
ethanol-water (1:1) solutions possessed identical
response characteristics to freshly prepared fibers.
Adsorbed fluorescent contaminants which were
accumulated through long term storage were
completely removed (as confirmed through fluo-
rescence microscopy) by sonicating the fibers in a

solution of ethanol-water (1:1) with full mainte-
nance of activity and sensitivity. The response to
86 ng ml~! of cDNA was a 50 + 20% increase in
fluorescence intensity for a freshly prepared sen-
sor (Fig. 3D), which correlates well to the 104 +
15% intensity increase observed when the 1 month
old sensor was treated with 189 ng ml~! of cDNA
(Fig. 4D).

A control experiment was also done in which
30 wl of a 60 wg ml™! solution of 19 nucleotide
long oligomer with random base composition was
injected into the cuvette containing hot (85°C)
buffer followed by incubation for 30 min. Wash-
ing of the fiber after incubation with dR,; and
treatment with EB was done as described previ-
ously. No change in intensity was observed for
this control experiment (Fig. 4H-J) indicating
that the sensor was sequence specific.

4. Conclusion

This work has demonstrated that ssDNA may
be covalently immobilized with a highly specific
orientation onto the surface of quartz optical
fibers and can undergo hybridization with cDNA
introduced into the local environment of the sen-
sor. Hybridization events may be detected by the
use of the fluorescent DNA stain ethidium bro-
mide which is known to intercalate into dsDNA.
The detection system was shown to be repro-
ducible, regenerable, long-lived, rugged and to
provide a measured detection limit of 86 ng m]l™!
of cDNA with an increase of fluorescence inten-
sity of 83% per 100 ng ml~".

Future work will involve the covalent immobi-
lization of a variety of different fluorescent probes
directly onto the immobilized ssDNA via 5’ -
derivatization. The probes will have high quan-
tum yields when intercalated into the base stack-
ing region of dsDNA and near zero quantum
yields when in the presence of immobilized ss-
DNA. The tethered fluorescent probe should
provide a reduction in the response time, be
unaffected by non-specific absorption and offer
greater portability due to the reduced demand
for external solution treatment. Washings with
hot chaotropic salt solutions shall also be investi-
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gated for the removal of cDNA strands from the
surface of the fibre. Chaotropic salts are known
to decrease duplex stabilities and hence should
improve the regenerability of the biosensor [30].
Extensions of this work to the detection of
pathogenic bacteria using DNA probe technology
are now being investigated.
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Abstract

A method is described for the speciation determination of z-butyltin compounds. The three substances are
separated from each other and from inorganic tin ions within 10 min by ion-exchange chromatography using a
mixture of citric and oxalic acid in methanol as eluent. They are determined by atomic absorption spectrometry after
on-line hydride generation and decomposition of the volatile hydrides in an electrically heated quartz T-tube. The
limits of detection were 27, 40 and 31 nmol/] for tributyltin, dibutyltin and monobutyltin, respectively. Linear
calibration graphs were obtained between 0.1 and 10 wmol 17!, The method was applied to spiked samples of sea
water after enrichment by solid-phase extraction.

Key words: Atomic absorption spectrometry; Ion chromatography; Liquid chromatography; Butyltin compounds;

Hydride generation; Sea water; Speciation; Waters

1. Introduction

During the last 12 years, interest has grown in
the speciation determination of organotin com-
pounds in the aquatic environment. Because of
its widespread use and high aquatic toxicity, tri-
butyltin (TBT) is one of the most investigated
organotin compounds. It is used as a biocide in
antifouling paints, which contains up to 12% of
TBT in the dry paint film. To protect ships, boats
or docks against fouling, the substance has to be
released continuously into the water [1]. Laughlin

* Corresponding author.

and Linden [2] reported concentrations in mari-
nas and harbours of 0.03-9 nmol 1~!. Laboratory
and field experiments have shown that microor-
ganisms such as algae or bacteria are affected by
concentrations well below 0.3 nmol 17' [3].
Therefore, the use of TBT on small boats is
prohibited in several countries. TBT is degraded
by UV irradiation and microorganisms to
dibutyltin (DBT), monobutyltin (MBT) and inor-
ganic tin or is adsorbed on sediment particles.
Under optimum conditions (upper 2 m of sunlit
water, high plankton density, no sedimentation),
the half-life of TBT is 1-3 weeks, but in an
anaerobic environment degradation can take
months or years [4].

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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To examine the status and degradation of TBT,
a method is needed to measure all species of
butyltin compounds. The separation techniques
generally used are gas chromatography (GC) and
liquid-chromatography (LC). GC needs derivati-
zation by a Grignard reaction or hydride forma-
tion prior to sample injection. LC offers the ad-
vantages that the risk of decomposition at high
temperatures is avoided and off-line sample
derivatization is not necessary. Hence, the eluted
compounds can be detected by flame [5], elec-
trothermal [6] or hydride-generation (HG) atomic
absorption spectrometry (AAS) [7], inductively
coupled mass spectrometry [8], UV spectropho-
tometry [9] or fluorescence spectrometry [10]. In
most instances ion-exchange chromatography is
used, but normal-phase [11] and reversed-phase
[9] systems have also been suggested. Generally
the ion-exchange separations are performed on
Partisil SCX a strong cation exchanger with a
silica gel core) with methanolic solutions of di-
ammonium citrate or ammonium acetate as elu-
ent. These systems require a pH gradient for the
elution of MBT [12]. Nevertheless, the peak
shapes are not optimum. Further optimization of
the eluent is limited by the low solubility of
diammonium citrate in methanolic solutions [13].
For gradient elution, time-consuming re-equi-
libration of the column after each run and the
use of expensive mixing systems are necessary. In
addition to these disadvantages, fluorescence de-
tection cannot be applied because of its pH sensi-
tivity.

In this paper, a method is described for sepa-
rating isocratically MBT, DBT and TBT in the
presence of inorganic tin on a cation-exchange
column within 10 min. For detection HGAAS is
used. In contrast to the arrangement of Ebdon et
al. [7] it works without air segmentation and
without decomposition of TBT in a postcolumn
photoreactor.

2. Experimental
2.1. Apparatus

The equipment illustrated in Fig. 1 is com-
posed of three parts: the LC system, the hydride
generator with separator and the AAS detector.

1 2 3 8
5
-
R1 »
R2
4 6

Fig. 1. Schematic diagram of the equipment: 1= LC pump;
2 = six-port valve; 3 = column; 4 = peristaltic pump; 5 = mixing
tube; 6 = carrier gas (nitrogen); 7 = gas—liquid separator; 8 =
quartz tube furnace; R1=0.1 mol 1! HCl; R2=1% (w/v)
NaBH,.

2.2. LC systems

The LC system consists of a chromatograph
(Model 5000; Varian, Darmstadt) with a pneu-
matic injector (100-.1 sample loop) and a PRP-X
200 column (250 X 4.1 mm i.d.) (Hamilton, Darm-
stadt). The ion exchanger is sulphonated
poly(styrene—divinylbenzene) (exchange capacity
35 peq/g). The eluent composition was opti-
mized using the low-pressure mixing system of
the chromatograph. After the measurements, 80%
(w/w) methanol was pumped through the column
to replace the eluent solution.

2.3. Hydride generator and separator

The eluate from the column is mixed with 0.1
mol 17! hydrochloric acid (R1) using a Y-shaped
connector to lower the pH. After having passed
the mixing tube (80 X 0.5 mm i.d.), 1% sodium
tetrahydroborate solution (R2) is added to the
acidified eluate. The reagents are transported by
a peristaltic pump (MS 4 Reglo 8-100; Ismatec,
Wertheim). The flow-rates of the reagent streams
are given by the inner diameter of the pumping
tubes (Table 1).

The separator, based on that proposed by
Burns et al. [14], was optimized by Schulze et al.
[15] for the determination of butyltin compounds.
It works without segmentation of the carrier
stream. To avoid adsorption of lipophilic com-
pounds on hydrophobic surfaces, the mixing de-
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vice and the separator are fitted into one unit. As
the substances react very rapidly, the reaction
line can be as short as 4 mm. The mixture is
sprayed into the separator with nitrogen. Hence
vaporization is favoured by the large surface area
of the small droplets. Considering the high boil-
ing points of the hydrides, the connection be-
tween the separator and the quartz tube should
be kept hot and very short (70 mm X 4 mm i.d.).
The optimization of the hydride system has been
described in detail elsewhere [16].

2.4. AAS detector

The organotin hydrides are decomposed in an
electrically heated, open quartz T-tube (100 mm
X 10 mm i.d.) mounted in the AAS device (Pye
Unicam SP9; Philips, Kassel). The quartz furnace
oven is similar to that proposed by Burns et al.
[14], but the firebricks are additionally wrapped
with heat-insulating plates (5 mm). The signals
are recorded by an integrator (Model C-R3A;
Shimadzu, Duisburg).

2.5. Reagents

Analytical-reagent grade chemicals from Merck
(Darmstadt) were used unless indicated other-
wise.

For eluents appropriate amounts of citric acid,
oxalic acid and lithium hydroxide (LAB, 98%) are
dissolved in 500 ml of distilled methanol (techni-
cal grade). The solutions are filtered through a
0.45-pm membrane (Sartorius, G6ttingen). Con-
centrated hydrochloric acid is diluted to 0.1 mol

Table 1
Optimum conditions for HGAAS

Hydride generation system
Acid 0.1 mol 1= ! HCI; flow-rate 0.29 ml min !

Reductant 1% (w/v) NaBH in 0.2% (w/v) KOH;
flow-rate 0.49 ml min !

Gas stream nitrogen, flow-rate 350 ml min !

AAS detector

Light source  Philips hollow-cathode lamp; 224.6 nm;
current S mA -

Bandpass 0.5 nm; damping 2 s

Furnace temperature 820°C

T T T T T
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Fig. 2. Retention times of (1) TBT, (2) DBT and (3) MBT vs.
LiOH concentration (50 mmol 17! citric acid in methanol).

e
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171, For the reduction reagent, 10 g of sodium
tetrahydroborate pellets (for synthesis grade) are
dissolved in 1 | of potassium hydroxide solution (2
g 171, To achieve increased stability, the solution
is filtered as above.

Stock standard solutions of organotin com-
pounds (Schering, Bergkamen) are prepared by
dissolving the substances in methanol containing
0.01 mol 17! hydrochloric acid. These solutions
are stable for several months if stored in the dark
at room temperature. Working standard solutions
are prepared weekly by dilution with the same
solvent.

3. Results and discussion

Problems in the ion-exchange separation of
butyltin compounds arise with the ammonium
salts used for the eluent (see above). By using
citric acid and lithium hydroxide instead of di-
ammonium citrate, it is possible to elute all three
species. As shown in Fig. 2, variation of the
lithium hydroxide concentration is the most effec-
tive for MBT. Without lithium hydroxide, all
compounds are retained on the column. At low
pH the degree of dissociation of citric acid is low
and only small amounts of MBT are complexed.
DBT and TBT show a nearly constant behaviour.
With the optimized lithium citrate eluent (50
mmol 17! citric acid, 40 mmol 17! lithium hydrox-
ide in methanol) the substances are separated
within 6 min (Fig. 3 A). However, it is difficult to
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Fig. 3. Separation of (1) TBT, (2) DBT and (3) MBT. (A) 50
mmol 17! citric acid and 40 mmol 1~ LiOH in methanol; (B)
80 mmol 1~ ! oxalic acid and 60 mmol 17! LiOH in 80%
(w/w) methanol.

evaluate quantitatively the broad MBT elution
peak. The peak shape might be improved by
increasing the concentrations of the compounds,
but then the resolution deteriorates. By using
oxalic acid instead of citric acid the separation is
also possible, but the peaks are broadened and
the retention times are increased as shown for
the optimum conditions in Fig. 3B [80 mmol 17!
oxalic acid, 60 mmol 1~' lithium hydroxide 80%
(w/w) methanol]. The low solubility of the sub-
stances in methanol-water mixtures with high
methanol contents makes further optimization
impossible. Increasing the water content of the
eluent enhances the solubility, but the retention
time of TBT then increases unacceptably.

The determination could be improved by using
both acids as complexing agents. The concentra-
tion of oxalic acid was varied starting with the
optimum lithium and citrate concentrations (50
mmol 17! citric acid, 40 mmol 17! lithium hydrox-
ide in methanol). The addition of oxalic acid
caused a decrease in pH. This was compensated
for by adding dropwise a saturated solution of
lithium hydroxide. The use of oxalic acid is the
most effective for DBT, so that the more highly
charged MBT is eluted earlier than DBT (Fig. 4).
The best results are obtained in the range 4-8

0 n L L
H 10 15 20
cloxalic acid) (mol/l) —

Fig. 4. Effect of oxalic acid on the retention times of (1) TBT,
(2) DBT and (3) MBT (50 mmol 17! citric acid, > 40 mmol
17! LiOH in methanol, constant pH).

mmol 17! oxalic acid. The peak shape of MBT
and the resolution of the peaks are improved
(Fig. 5). Moreover, the peak of inorganic tin
appears. The optimum eluent composition ob-
tained for the separation of equimolar amounts
of butyltin compounds (1 gwmol 17! each) was 50
mmol 17! citric acid, 50 mmol 17! lithium hydrox-
ide and 4 mmol 1~! oxalic acid in methanol, with
a flow-rate of 1 ml min~".

The best results were obtained with 100%
methanol, in contrast to 70-80% as reported
[7,12]. This can be explained by the use of differ-
ent ion-exchange materials. Most separations have
been done on Partisil SCX, a silica gel-based ion
exchanger, but the column used here (Hamilton
PRP-X 200) is based on poly(styrene—divinyl-
benzene), which has stronger hydrophobic inter-
actions.

f T L T T

o 2 4L 6 8 1

t, (Min) ——

Fig. 5. Separation of (1) TBT, (2) DBT, (3) MBT and (4)
SN(V) (50 mmol 17! citric acid, 50 mmol 1-! LiOH and 4
mmol 17! oxalic acid in methanol).
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Table 2
Limits of detection and determination for butyltin compounds

MBT DBT TBT

Limit of detection (nmol 1~ 1) 31 40 27
Limit of determination (nmol 1~1) 102 134 88

Parameter

Linearity of the calibration graphs was demon-
strated by injection of 100 wnl of a standard mix-
ture containing of 0.1-10 pwmol /1 of each butyltin
compound in methanol (correlation coefficient
> 0.9992). The limits of detection and determina-
tion were calculated by .the calibration graph
method [17] for a confidence level of 99% (Table
2). For a standard mixture of 0.2 pumol 17! of
each compound the relative standard deviation is
2-5% (n = 10).

The detection limits are higher than the con-
centrations that occur in natural waters, so pre-
concentration is necessary. For enrichment of the
organotin compounds mainly liquid-liquid ex-
traction and sometimes solid-phase extraction are
used. Here the latter was preferred because on-
line coupling with LC is possible. For retaining

MBT, tropolone as a complexing agent is nor-.

mally used to enhance its hydrophobic character.
However, this reagent interferes with the complex
equilibria during the ion-exchange separation [12],
so it was replaced with kojic acid. For enrichment
by solid-phase extraction a 100-mg C,; column
(ICT, Frankfurt) was used. The column was pre-
treated by pumping 1.5 ml of methanol [90%
(w/w), 10 mmol 17! HCI] followed by 6.5 ml of
an aqueous solution of kojic acid (1 mmol 171).
Subsequently, S0 ml of the sample will pass
through the column at a flow-rate of 10 ml min~".
The sample was prepared by adding a mixture of
butyltin standards (MBT, DBT and TBT, 10 nmol
17! each) to 50 ml of sea water acidified with HCI
to pH 1 and containing 0.5 ml of methanol, 0.05

Table 3

mmol of kojic acid and 0.5 mmol of ascorbic acid.
Then 10 ml of doubly distilled water were pumped
through the colunm, washing out ionic sub-
stances, and the water was then removed by
pumping air for 1 min. The butyltin compounds
were extracted with 1 ml of methanol [90% (w/w)
methanol containing 10 mmol 17! HC!]. This ex-
tract was used for the separation. All enrichment
steps were controlled automatically by a pro-
grammed autosampler (Model 221; Gilson, Vil-
liers-le-Bel). The separation is not disturbed by
co-extracted matrix components present in the
sea-water extract. The recoveries for the solid-
phase extraction of a 50-ml sea-water sample
spiked with 10 nmol 17! of each butyltin com-
pound were 84% for TBT, 98% for DBT and
84% for MBT. Recoveries at various concentra-
tion level are given in Table 3.
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Abstract

A capillary electrophoretic method for determining the six flavonoids in Scutellariae Radix, i.e., baicalin,
baicalein, wogonin 7-O-glucuronide, wogonin, oroxylin A 7-O-glucuronide and oroxylin A, was developed. A buffer
solution composed of 20 mM sodium dodecyl sulphate, 10 mM sodium dihydrogenphosphate and 12.5 mM sodium
borate was found to be the most suitable electrolyte for this separation, whereby the contents of the six flavonoids in
crude Scutellariae Radix could easily be determined within about 25 min. The effects of surfactant concentration,
pH and temperature on the migration behaviour of the solutes were studied.

Key words: Electrophoresis; Flavonoids; Pharmaceuticals; Scutellariae Radix

1. Introduction

Scutellariae Radix is the root of Scutellaria
baicalensis Georgi and is a commonly used Chi-
nese herbal drug possessing the effects of clear-
ing heat, moistening aridity, purging fire and
detoxifying toxicosis and is an anti-abortion agent
[1]. Flavonoids are their major components and
about 40 kinds have been identified so far [2-8].
These flavonoids are known to have a broad
range of physiological activities [9,10]. Several
methods have been established to determine some
of the flavonoids contained in the crude drug,
such as thin-layer chromatography (TLC) [11-13],

* Corresponding author.

pulse polarography [14] and liquid chromatogra-
phy (LC) [15-17].

Micellar electrokinetic capillary chromatogra-
phy (MECC) was first reported by Terabe et al.
in 1984 [18], and since then has been applied
successfully to both charged and neutral com-
pounds [19-23]. A negatively charged surfactant
such as sodium dodecyl sulphate (SDS) or sodium
decyl sulphate was usually added to the back-
ground electrolyte to improve the selectivity of
the separation. The success of this MECC tech-
nique could be largely attributed to the additional
partition mechanism between the solutes and the
micellar pseudo-stationary phase.

Following previous studies that have shown
that capillary electrophoresis could offer satisfac-
tory results in the analysis of some Chinese herbs

0003-2670/94 /$07.00 © 1994 Elsévier Science B.V. All rights reserved
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[24-27] and in the separation of flavonoids [28,29],
we applied MECC to the determination of the six
most abundant flavonoids contained in Scutellar-
iae Radix, i.e., baicalin (BG), baicalein (B), wogo-
nin 7-O-glucuronide (WG), wogonin (W), oroxylin
A 7-O-glucuronide (OG) and oroxylin A (O) (Fig.
1). The effects of the pH of the buffer, the SDS
concentration in the electrophoretic medium and
the temperature used on the migration times of
the flavonoids were studied.

2. Experimental
2.1. Reagents and materials

Sodium dodecyl sulphate was purchased from
Sigma (St. Louis, MO) and sodium borate, sodium
dihydrogenphosphate and salicylic acid from Os-
aka (Osaka, Japan). Baicalin, baicalein and wogo-
nin were obtained from Yoneyama (QOsaka,
Japan). Wogonin 7-O-glucuronide, oroxylin A 7-
O-glucuronide and oroxylin A were isolated from
Scutellariae Radix [5-8]. Scutellariae Radix was
purchased from the Chinese herbal market in
Taipei (Taiwan). Deionized water from a Milli-Q
system (Millipore, Bedford, MA) was used to
prepare all buffer and sample solutions.

2.2. Preparation of Scutellariae Radix extracts

A 0.1-g sample of pulverized Scutellariae Radix
was extracted with 50% aqueous ethanol (7.5 ml)
by reflux for 30 min, then centrifuged at 1500 g
for 5 min. Extraction was repeated three times.
The extracts were combined and filtered through
a No. 1 filter-paper. After the addition of a

0
[ ]
HOOC—CH—(CH—OH); —HC__ Ry

2.5-ml aliquot of internal standard solution (3 mg
of salicylic acid in 1 ml of 50% aqueous ethanol),
the Scutellariae Radix extract was diluted to 25
ml with 50% aqueous ethanol. This solution was
then injected directly into the capillary elec-
trophoresis (CE) system.

2.3. Apparatus and conditions

The analysis was carried out on a BioFocus
3000 capillary electrophoresis system equipped
with a UV detector adjusted to 275 nm and a 100
cm X 75 pm i.d. fused-silica capillary tube (Poly-
micro Technologies, Phoenix, AZ) with the detec-
tion window placed at 95.4 cm. The conditions
were as follows: injection mode, 3 p.s.i. s (0.6-s
injection at 5 p.s.i. pressure); run time, 25 min;
applied voltage, 30 kV (constant voltage, positive
to negative polarity); and cartridge temperature,
20°C. The electrolyte was a buffer solution con-
sisting of 20 mM SDS, 10 mM sodium dihydro-
genphosphate and 12.5 mM sodium borate. Be-
fore each run, the capillary was washed with 0.5
M NaOH for 60 s, with nitrogen for 60 s and with
buffer for 120 s.

3. Results and discussion
3.1. Analytical conditions

All six flavonoids and salicylic acid (internal
standard, S) were successfully determined in a
single run by MECC under suitable conditions.
The separation was achieved by optimizing the
pH of the buffer, the SDS concentration and the
cartridge temperature. A 100-cm capillary to

o Ko
I

R | R
OH OH O
R, = OH, Ry=H baicalin R,=0OH, Rz=H baicalein
R¢=H, Ry =0OMe wogonin 7-O-glucuronide R¢=H, Ry =0OMe wogonin

R,=OMe, Ry=H

oroxylin A 7-O-glucoronide

Ry=0OMe, Ry=H oroxylin A

Fig. 1. Structures of the six flavonoids in Scutellariae Radix.
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complete this set-up was chosen, because with a
capillary shorter than 100 cm acceptable baseline
separation was not obtained.

Preliminary experiments were first conducted
at pH 9.6 and 9.9 (10 mM NaH, PO, and 10 mM
Na,B,0,; 10 mM NaH,PO, and 20 mM
Na,B,0,) without SDS in the electrophoretic
medium, as in conventional CZE. In both in-
stances, BG, WG, OG and S could be separated,
but B, W, O overlapped, indicating that all the
three aglycones possess similar charges under
these pH conditions. The electrophoretic medium
in the absence of the micelles does not seem to
provide sufficient selectivity to separate the
flavonoids. However, with SDS, the components
in the mixture sample can be separated on the
basis of the relative affinity for the micellar envi-

\

i  TOG B ~We #BG ‘
27 | *w +o S % EOF 1
\ . B
| 5.2 &
| 2
A25“ .5
s -
x
52 3
s | 50§
- 5
o 21! ‘ =
E | I o
< 2
6 19! I
= ; ! Ie)
‘ 4.8
s T E
\ 2
‘ |
17! w
\
\
15l ‘4.6
93 94 95 96 97 98 99
pH

Fig. 2. Effect of pH on migration time. All experiments were
conducted at a voltage of 30 kV across the 100 cmX75 um
i.d. separating tube filled with borate—phosphate buffers of
different pH values containing 20 mM SDS; cartridge temper-
ature, 20°C; detection wavelength, 275 nm. (®) OG = oroxylin
A 7-O-glucuronide; (@) B = baicalein; () WG = wogonin 7-
O-glucuronide; (®) BG = baicalin; (*) W = wogonin; () O
=oroxylin A; (a) S =salicylic acid (internal standard); (X)
EOF = electroosmotic flow.
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Fig. 3. Effect of SDS concentration on migration time. The
carriers were 10 mM NaH,P0O,-12.5 mM Na,B,0- solutions
(pH 9.75) containing 0-40 mM SDS. Other conditions and
symbols as in Fig. 2.

ronment or the bulk aqueous phase. A buffer
system with suitable amounts of SDS, NaH, PO,
and Na,B,O, was chosen. From the foregoing
evidence, it was concluded that the more hy-
drophobic flavonoids would tend to be strongly
associated with the micelles and thus be eluted
after the hydrophilic species.

Effect of pH

Several electrolyte systems containing 20 mM
SDS at different pH values ranging from 9.39 to
9.86 (prepared by mixing 10 mM NaH,PO, with
7.5, 10, 12.5, 15 and 20 mM Na,B,0,, respec-
tively) were used in order to study the effect of
pH on the selectivity of the separation. In Fig. 2,
the migration times for the flavonoids obtained at
different pH values are shown. The migration
times of these seven compounds varied with the
pH of the buffer. From the results, a buffer
solution of pH 9.7 was found to produce the best
resolution.
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Effect of SDS

Five electrolyte systems containing different
SDS concentrations ranging from 0 to 40 mM at
pH 9.7 (10 mM NaH,PO, and 125 mM
Na,B,0,) were used to study the effect of SDS
concentration on the selectivity of the separation.
The results obtained are shown in Fig. 3, where
the migration times are plotted against SDS con-
centration. There was an increase in the migra-
tion times of the flavonoids when the SDS con-
centration in the electrophoretic solution in-
creased. This increase can be explained by the
fact that at higher SDS concentration the phase
ratio of the micelle to the aqueous phase would
be larger. Hence the probability of solubilization
of the flavonoids by the micelles would be higher,
resulting in an increase in the migration times for
these compounds. O, W and B were considerably
affected by SDS, because they were more hy-
drophobic than the other compounds. Fig. 3 indi-
cates that the seven compounds were completely
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Fig. 4. Effect of cartridge temperature on migration time. The
carrier was 10 mM NaH,PO,-12.5 mM Na,B,0 solution
(pH 9.75) containing 20 mM SDS. The experiments were
conducted at cartridge temperatures of 15, 20, 25 and 30°C.
Other conditions and symbols as in Fig. 2.
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Fig. 5. Capillary electropherogram of a mixture of the six
flavonoids present in Scutellariae Radix. Peaks: OG = oroxylin
A 7-O-glucuronide, 0.098 mg ml~!; B = baicalein, 0.105 mg
ml~!; WG = wogonin 7-O-glucuronide, 0.182 mg ml~!; BG =
baicalin, 0.350 mg ml~!; W = wogonin, 0.105 mg ml~!; O =
oroxylin A, 0.070 mg ml~'; S = salicylic acid (internal stan-
dard), 0.300 mg ml~ ',

separated at 0.01 and 0.02 M SDS, but there were
some interferences in the crude drug extract at
0.01 M SDS.

Effect of temperature

The cartridge temperature of the BioFocus
3000 apparatus is controllable. A buffer solution
composed of 20 mM SDS, 10 mM NaH,PO, and
12.5 mM Na,B,0O, at different cartridge temper-
atures (15, 20, 25 and 30°C) was used to study the
effect of temperature on the selectivity of the
separation. Migration times were plotted against
temperature (Fig. 4). As expected, there was a
decrease in the migration times of the flavonoids
when the cartridge temperature increased. From
Fig. 4 it is clear that analyses carried out at both
15 and 20°C could offer good separations, but
with a shorter run time at 20°C.
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Fig. 6. Capillary electropherogram of the extract of a Scutel-
lariae Radix sample. Peaks as in Fig. 5.

From the above results, the best resolution was
obtained with an electrolyte containing 20 mM
SDS, 10 mM NaH,PO, and 12.5 mM Na,B,0,
and with the cartridge temperature set at 20°C.
Fig. 5 presents an electropherogram showing the
separation of the six authentic flavonoids with the
following migration times: 16.4 min, oroxylin A
7-O-glucuronide; 17.3 min, baicalein; 17.9 min,
wogonin 7-O-glucuronide; 18.5 min, baicalin; 19.8
min, wogonin; 21.8 min, salicylic acid (internal
standard); and 22.7 min, oroxylin A. As the
ethanol-water extract of Scutellariae Radix sam-
ple was injected directly and analysed, the results
were as good as those obtained with pure chemi-
cal samples without interference, as shown in Fig.
6.

3.2. Calibration graphs for flavonoids

Calibration graphs (peak-area ratio, y, vs. con-
centration, x, in mg ml~!) were constructed in
the range 0.007-0.135 mg ml~! for baicalein,
wogonin and oroxylin A 7-O-glucuronide, 0.013-

0.234 mg ml~! for wogonin 7-O-glucuronide,
0.025-0.450 mg ml~! for baicalin and 0.005-0.090
mg ml~! for oroxylin A. The regression equations
of these curves and their correlation coefficients
were calculated as follows: baicalin, y = 1542x —
0.01 (r =0.9998); baicalein, y =23.17x — 0.03 (r
=(0.9998); wogonin 7-O-glucuronide, y = 12.60x
+0.02 (r=0.9999); wogonin, y=31.77x + 0.02
(r =0.9999); oroxylin A 7-O-glucuronide, y =
11.27x + 0.03 (r = 0.9991); oroxylin A, y = 32.49x
+0.02 (r = 0.9998).

3.3. Determination of flavonoids in Scutellariae
Radix

When the test solution was analysed by CE
under the selected conditions, the electrophero-
gram shown in Fig. 6 was obtained. The peaks
were identified by comparison of the migration
times and UV spectra with those obtained from
authentic samples of the flavonoids. By substitut-
ing the peak-area ratios of the individual peaks
for y in the above equations, the contents of the
individual flavonoids in the Scutellarriae Radix
were obtained: oroxylin A 7-O-glucuronide, 14.46
+ 0.35; baicalein, 28.52 + 0.25; wogonin 7-O-
glucuronide, 33.01 £+ 0.71; baicalin, 122.13 + 2.15;
wogonin, 7.25 + 0.15; and oroxylin A, 4.58 + 0.07
mg g~ ! (mean + S.D.; n=16)

Suitable amounts (0.10-1.35 mg) of the six
flavonoids were added to a sample of Scutellariae
Radix of known flavonoid content and the mix-
ture was extracted and analysed using the pro-
posed procedure. The recoveries of the flavonoids
were 98.1-102.6% with relative standard devia-
tions of 0.9-2.4% (n = 6). The relative standard
deviation of the migration time of each com-
pound was below 2% (n = 6).

This work has successfully demonstrated that
by optimizing parameters such as pH, surfactant
concentration of the electrophoretic media and
temperature employed, high-resolution separa-
tions of a complicated mixture can easily be
achieved. It is believed that this technique can be
extended to the determination of the bioactive
components of other Chinese herbal drugs. Fur-
ther studies on this technique are in progress.
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Abstract

A competitive enzyme amplified ELISA for steroids was developed using recycling of NADH/NAD™" between
the enzymes diaphorase and alcohol dehydrogenase. The substrate was generated from the steroid-bound enzyme
label alkaline phosphatase, which dephosphorylated NADPH or NADP*. Secondary antibodies were partially
denatured and adsorbed to the microtitre plates to overcome the inhomogeneity of the plastic material. In the
amplified ELISA reported here, amounts down to 1 femtomol per well of the steroid budesonide could be quantified
with a relative standard deviation of 30%. Plasma samples were pretreated using a solid phase extraction and a
subsequent column liquid chromatography fractionation. Concentrations in blood plasma could be quantified down
to 8 pM (5 fmol per well) with a precision of better than 20%. Different detection principles for the alkaline
phosphatase label were compared, and the proposed double amplification procedure was found to give a substantial

increase in detectability of the enzyme conjugate compared to the conventional detection of p-nitrophenol.

Key words: Enzymatic methods; Immunoassay; Alkaline phosphatase; Steroids; Plasma

1. Introduction

Current pharmaceutical research requires very
sensitive bioanalytical methods for determination
of drugs and drug metabolites in the picomolar or
subpicomolar range. This is mainly due to an
increasing potency of many modern drugs and a
trend towards the use of locally administered
drugs [1]. Steroids constitute an important class
of drugs and recent work on achieving low detec-

* Corresponding author.

8SDI 0003-2670(93)E0605-7

tion limits shows that although steroids can be
determined in biosamples down to 100 pM with
liquid chromatography—-mass spectrometry [2], it
is still very difficult to reach the desired low
detection levels with this technique. Immunoas-
say, on the other hand, is one of the most power-
ful analytical techniques when both high sensitiv-
ity and high selectivity is required [3]. The selec-
tivity of a direct application, without purification
of the sample, may still not be sufficiently high in
a matrix containing metabolites or high concen-
trations of endogenous substances with similar
antigenic structure. Cross-reactions with the anti-
bodies can be prevented or reduced by using a
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pre-separation step prior to the immunoassay, for
example column liquid chromatography. Other
possible interferences from matrix components
can also be minimized in this way.

Enzyme labels are attractive in immunoassays
because of their ability to amplify the signal.
Each turn-over will produce a product molecule
which is detectable by itself or which can gener-
ate detectable species in a following, amplifying
step. Peroxidase, alkaline phosphatase and pB-
galactosidase are the most commonly used en-
zyme labels. Horseradish peroxidase has a higher
turn-over rate than the others and will thus pro-
vide a higher amplification. Alkaline phosphatase
(AP) is a widely used enzyme label because of its
generally very stable conjugates. It is easily conju-
gated to many antigens or antibodies and due to
its ability to dephosphorylate a variety of differ-
ent substrates, there are possibilities to utilize
different detection techniques such as colorime-
try [4), electrochemistry [5-7], fluorimetry [8] or
chemiluminescence measurements [9]. Some of
these detection techniques permit quantification
of the generated product down to fmol levels.
The attainable sensitivity will then depend on the
affinity constant of the antibody [3].

The sensitivity of an enzyme immunoassay can
be enhanced by increasing the number of enzyme
molecules per analyte, using biotin—avidin com-
plexes [10,11] or enzyme-anti-enzyme complexes
[12], or by the use of enzyme amplification sys-
tems. Another signal amplification method in this
field is the ‘“catalyzed reporter deposition”
(CARD) developed by Bobrow et al. [13].

Enzyme amplification of ELISA can be
achieved by coupling of the primary enzyme sys-
tem to a secondary one in a cascade [14,15], or by
using substrate recycling where the product from
the enzyme label is shuttled between two other
enzymes producing a detectable product in each
cycle [16]. The potential of detecting low amounts
of enzyme label with the substrate recycling am-
plification technique in immunoassays has been
shown to be very high [16,17)], but reported appli-
cations for low-molecular-weight substances in
real samples are very few.

This work will report on the potential of the
amplified enzyme immunoassay for the drug

budesonide in blood plasma. Budesonide is a
synthetic glucocorticosteroid commonly used in
the treatment of asthma and rhinitis and it is
chosen as a model substance in the present study.

2. Experimental
2.1. Apparatus

All microtitre plate readings were performed
with a Multiskan MCC /340 type 347 (Labsys-
tems, Helsinki) equipped with a 492-nm filter,
and the plates were washed with an Ultrawash 11
MA 56 (Dynatech Laboratories, West Sussex).
The dispensing of reagents to the microtitre plates
was carried out by a Multidrop type 831 auto-
matic dispenser (Labsystems) and the samples
were pipetted with a 8-channel Socorex pipette
(Renens).

Evaluations of the immunoassay results were
made with Multicalc, a computer program for
immunoassay measurements (Pharmacia-Wallac,
Turku).

The electrochemical measurements were per-
formed in a flow-injection system consisting of an
LKB 2150 LC pump (Pharmacia LKB, Uppsala)
and an electric six-port injection valve (Valco,
Houston, TX) with a loop volume of 25 ul. The
detector was a thin layer, BAS CC-4, flow-through
cell (Bioanalytical Systems, West Lafayette, IN)
with a glassy carbon working electrode, an Ag/
AgCl (3 M NaCl) reference electrode and a stain-
less steel auxiliary electrode. An Access-Chrom
chromatography computer system v. 1.8. (Perkin-
Elmer Nelson Systems, Cupertino, CA) was used
for integration of the output signals from the
BAS LC-4 potentiostat.

The liquid chromatography system for the
sample pretreatment consisted of a Waters M510
LC pump, a Waters WISP 710B autosampler, a
Waters M440 UV detector (Millipore, Milford,
MA) and a Gilson FC 203B fraction collector
(Gilson Medical Electronics, Middleton, WI). A
column rinsing gradient was performed by inject-
ing 500 w1 ethanol from a six-port valve (Valco),
where the loop was filled by a FMI RP-G150 lab
pump (Fluid Metering, Oyster Bay, NY).
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2.2. Materials

Budesonide [118,21-dihydroxy-16 a,17a-
(22R,S)-propylmethylenedioxypregna-1,4-diene-
3,20-dione] and budesonide-21-hemisuccinate
were synthesized by Astra Draco. Antiserum
(from sheep) raised towards budesonide-21-
hemisuccinate was obtained from the University
of Surrey (UK) [18). Anti-sheep IgG (from don-
key) was obtained from Sigma (St. Louis, MO)
and partially denatured by lowering the pH value
to 2.5 for 10 min [19].

p-Aminophenyl phosphate was synthesized by
Astra Draco according to De Riemer and Meares
[20]. AMPAK enzyme amplification kit contain-
ing a substrate solution with NADPH, an ampli-
fier solution with the enzymes alcohol dehydroge-
nase E.C. 1.1.1.1 and diaphorase E.C.1.6.4.3, in-
cluding the substrates ethanol and INT-violet,
was from DAKO Diagnostics (Cambridgeshire).
p-Nitrophenyl phosphate substrate and buffer so-
lution was purchased as a phosphatase substrate
kit from Pierce (Rockford, IL). The Hydropore-
EP isolate cartridge from Rainin Instruments
(Woburn, MA) was used for the immobilization
of budesonide in the affinity purification of anti-
bodies. Alkaline phosphatase (AP) E.C. 3.1.3.1
(from calf intestine), Tween 20, and bovine serum
albumin (BSA) fraction V, were purchased from
Sigma (St. Louis, MO). All other chemicals were
of p.a. grade. Maxisorp microtitre plates were
purchased from Nunc (Roskilde). Centricon ul-
trafiltration tubes were obtained from Amicon
(Grace, Beverly, MA) and Bond-Elut columns
came from Analytichem (Harbor City, CA).

2.3. Preparation of budesonide-alkaline phos-
phatase conjugate

1000 units of AP were coupled to 0.22 mg
budesonide-21-hemisuccinate at the carboxylic
group of the steroid derivative, according to the
mixed anhydride method [7,21]. After conjugation
the enzyme activity was determined spectropho-
tometrically at 310 nm with p-aminophenyl phos-
phate as substrate. It was found that 56% of the
original enzyme activity was retained.

2.4. Purification of the antisera

Isolation of the IgG fraction from budesonide anti-
serum

1.5 ml of antiserum and 1.5 mi of 0.15 M NaCl
was mixed and cooled. 2.2 ml of cold, saturated
ammonium sulphate solution was added and the
solution was incubated on a rocker for 2 h at
+4°C. After centrifugation the supernatant was
discarded and the sediment was washed twice
with 1.5 ml of a 1.68 M ammonium sulphate
solution. The solid residue was dissolved in 6 ml
of water and ultrafiltered in a Centricon tube,
MW cut off 30 000 D. Finally, the residue was
diluted to 7.5 ml in 0.1 M sodium phosphate
buffer, pH 7.3.

The microtitre plates for the comparison of
different detection principles were coated with
primary antibodies, which were further purified
by using a protein G column (MAb-Trap G,
Pharmacia) according to the manufacturers in-
structions.

Affinity purification of the steroid-selective anti-
body fraction

Budesonide was immobilized in the Hydropore
column using BSA as a spacer molecule. 12 mg of
budesonide-21-hemisuccinate was coupled to BSA
using the mixed anhydride method, similar to the
enzyme conjugation procedure [7]. After ultrafil-
tration of the budesonide—BSA conjugate with
0.05% Tween 20 in the buffer, and diluting it
with 1 M potassium phosphate buffer, pH 7.0, a
volume of 250 w1 was injected into the Hydropore
column (preactivated with reactive epoxy groups)
according to the description from the manufac-
turer.

A buffer consisting of 6.7 mM citric acid, 6.7
mM orthophosphoric acid, 11.4 mM boric acid,
68.6 mM sodium hydroxide and 0.05% Tween 20
was used as mobile phase in the affinity chro-
matography system. Two LC pumps were con-
nected for the generation of a step gradient,
where pump A delivered the mobile phase ad-
justed to pH 7.0 and pump B delivered the mo-
bile phase adjusted to pH 2.2.

The IgG fraction was, after the “salting-out”
procedure, diluted to 500 ul in the mobile phase
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(pH 7.0) and a volume of 250 w1 was injected into
the flow. At the time of the injection the flow was
0.05 ml/min using only pump A, and after 20
min the flow was increased to 0.25 ml/min in
order to wash out IgG other than anti-budesonide
antibodies. A step gradient was generated by
pumping 0.05 ml/min with pump A and 0.20
ml/min with pump B, resulting in a pH of 2.5.
After another 6 min the pH was decreased even
further to 2.2, using only pump B. The high
affinity anti-budesonide antibody fraction eluted
in this last step was collécted and an equal vol-
ume of 0.1 M sodium phosphate buffer, pH 7.3
was added to neutralize the solution. After ultra-
filtering (Centricon tubes, mol.wt. cut off 30 000
D) the fraction was diluted with 10 ml of 0.1 M
sodium phosphate buffer, pH 7.3 containing 0.19
mg /1 merthiolate to inhibit bacterial growth.

2.5. Procedure

Sample pretreatment

Plasma samples were spiked in the 7.9-99 pM
range by adding budesonide to human blank
plasma. The samples were pretreated according
to the scheme in Fig. 1. After centrifugation they
were purified using a solid-phase extraction with
500 mg C,; Bond-Elut columns. Before addition
of the plasma sample (2.5 ml) the columns had
been treated once with methanol and twice with
deionized water. The columns were rinsed with 5
ml portions of water, with 5 mM ammonium
acetate buffer, pH 7.0 containing 35% methanol
and with water again. Phase reversal was made
with 5 ml heptane and budesonide was eluted in
5 ml 35% ethylacetate in heptane. These frac-
tions were dried to completeness in a Savant
“Speedvac concentrator” (Savant, Farmingdale,
NY). The samples were dissolved in 350 ul of
0.04 mM formic acid containing 25% ethanol,
and 300 w1 was injected into an LC system with a
50 X 2.1 mm column packed with 3 pum C,; Nu-
cleosil (Machery-Nagel, Diiren), thermostated to
40°C, and a Guard-Pak Resolve silica column
(Waters Millipore). Since the samples were dis-
solved in a buffer containing less ethanol (25%)
than the mobile phase (35%) a relatively large
sample volume (300 wl) could be injected due to

Solid-phase
extraction

Evaporation

'

LC-fractionation

|

Evaporation

¢

ELISA
with
Enzyme
amplification

Fig. 1. Scheme of the sample pretreatment and detection.

peak compression [22]. Fractions of 1 ml were
collected at a flow rate of 0.5 ml/min and the
fraction containing budesonide was evaporated to
dryness and redissolved in 180 wl incubation
buffer (0.05 M tris(thydroxymethyl)aminomethane,
pH 7.3 with 0.1% BSA, 0.05% Tween 20 and 0.15
M sodium chloride). After each chromatogram
500 wl ethanol was injected from a separate
6-port injection valve in order to rinse the col-
umn.

2.6. ELISA detection

The budesonide was quantified in the competi-
tive enzyme amplified immunoassay shown in Fig.
2. Microtitre plates were coated overnight at room
temperature with 75 ul of partially denatured
anti-sheep IgG from donkey (10 pg/ml) in 0.05
M sodium carbonate buffer, pH 9.6. The wells
were blocked with 300 ul 2% (w/v) BSA and
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Fig. 2. The ELISA procedure involving (1) coating the wells
with secondary antibodies, anti-sheep IgG, (2) blocking with
BSA and Tween 20, (3) incubation with sample, anti-
budesonide antibodies and enzyme conjugate, (4) incubation
with substrate for the labelling enzyme and (5) incubation
with amplification enzymes and substrate recycling.
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0.05% (v/v) Tween 20 in 0.05 M sodium carbon-
ate buffer, pH 9.6 and kept in room temperature
for 2-3 h. Subsequently the wells were washed six
times with 0.05 M Tris-HNO; buffer, pH 7.3,
with 0.05% Tween 20 and 0.15 M sodium chlo-
ride. 60 wl of the enzyme-conjugated steroid so-
lution (1 :8000 in incubation buffer) and 60 wul of
the analyte solution (from the pretreatment step)
were added to each well, followed by the addition
of 30 wl of affinity-purified anti-budesonide anti-
body solution (1:175 in incubation buffer). The
microtitre plates were incubated overnight at
room temperature and then washed four times
with the AMPAK wash buffer. The magnesium
ion concentration in the AMPAK substrate solu-
tion, containing NADPH, was increased by adding
MgCl, corresponding to 1 mM. 100 ul of this
solution was added to each well and the plates
were incubated for 90 min with slight swivelling
at room temperature and in the dark. Thereafter
100 ul of amplifier solution was added to each
well and the generated color of formazan was
measured in the plate reader at 492 nm after 20
min.

2.7. Comparison of different detection systems

An alternative assay for alkaline phosphatase
was developed. Microtitre plates were coated
overnight at room temperature with 75 ul anti-
budesonide antibody, purified on a protein G

column and diluted (1:50) in 0.05 M sodium
carbonate buffer, pH 9.6, blocked and washed as
described above. 90 ul of incubation buffer was
added to each well followed by addition of differ-
ent dilutions of the enzyme conjugate to each
microtitre plate column in the order 1:200, 1:400,
1:800,...., 1:204 800 and a blank without en-
zyme conjugate. Each microtitre plate column
received a constant enzyme conjugate dilution,
yielding eight replicates. The microtitre plates
were incubated overnight at room temperature
and then washed four times with the AMPAK
wash buffer. Evaluation was performed using one
of the following detection systems.

Enzyme amplification

100 wl of the AMPAK substrate solution was
added to each well and the plate was incubated
for 20 or 180 min with slight swivelling at room
temperature and in the dark. When the incuba-
tion time was longer than 20 min the MgCl,
concentration in the AMPAK solution was in-
creased with 1 mM, according to the manufactur-
ers instructions. Thereafter 100 ul of amplifier
solution was added to each well and the gener-
ated color of formazan was measured in the plate
reader at 492 nm.

p-Nitrophenyl phosphate as enzyme substrate

The enzyme substrate solution was prepared
according to the description given in the Phos-
phatase Substrate kit (10 mg to 20 ml di-
ethanolamine substrate buffer). 200 ul of this
solution was added to each well and the plate was
incubated with slight swivelling at room tempera-
ture and in the dark. The p-nitrophenol was
measured by the plate reader at 405 nm after
different incubation times.

p-Aminophenyl phosphate as enzyme substrate and
amperometric detection in a flow system

150 wl of a freshly prepared and deaerated
enzyme substrate solution consisting of 2 mM
p-aminophenyl phosphate (PAPP) in 0.05 M Tris
buffer, pH 7.3, with 0.1% BSA, 0.15 M NaCl and
0.05% Tween 20, was added to each well and the
plate was incubated for 60 min in the dark. The
enzyme reaction was stopped by transferring 100
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wul from each well to another plate with 40 ul 0.1
M sodium phosphate buffer, pH 8.0 per well.
p-Aminophenol, the reaction product, was deter-
mined amperometrically at a glassy carbon elec-
trode at 250 mV versus Ag/AgCl, by injections
of 25 w1 aliquots into the flow system. The carrier
solution in the flow system was the same as for
the samples injected in order to minimize non-
Faradaic currents. A description of the flow in-
jection system has been given previously [7].

3. Results and Discussion

3.1. Immunoassay

Insufficient reproducibility has often limited
the application of immunochemical methods of
analysis and attempts were therefore made to
improve a previously described procedure [7]. In
competitive immunoassay the primary antibodies
are not in stoichiometric excess with respect to
the antigens. It is therefore essential to have the
same amount of antibodies present in every sam-
ple. Due to inhomogeneity in the microtitre plate
material, the adsorption of antibodies differs from
well to well and the precision is thus decreased
[23]. This can be circumvented by binding the
antibodies covalently to the solid support mate-
rial [24,25} or by coating the support with sec-
ondary antibodies or protein A or G, in great
excess [26]. This procedure gives a more homoge-
nous solid phase resulting in a more uniform
binding of the primary antibody. The orientation
of the primary antibodies is also enhanced, so
that the antigenic sites are directed out in the
solution [26]. The same pre-coated plates can be
used for different analytes as long as the primary
antibodies originate from the same animal species.
In this work the secondary antibodies, anti-sheep
IgG, were partially denatured in order to further
improve the orientation of the antibodies. This
procedure is also thought to increase the adsorp-
tion of the antibodies to the solid phase material
[19]. Because of the small fraction of specific
anti-budesonide in the antiserum obtained, an
affinity purification had to take place prior to the

30
254
~ 204
C
k) .
0
.. 154
o) 4
>
’ § @/8/6/6__Q‘—0
54
0 T T T T T T T T ¥ T i T 1
0 5 10 15 20 25 30

Incubation time / min

Fig. 3. The signal to blank ratio plotted against the substrate
recycling time for different dilutions of enzyme conjugate ()
1:400, (#) 1:800 and (0) 1:1600.

assay. The fraction last eluted from the affinity
column was used in the ELISA.

The detection potential of the assay can be
varied extensively by changing the reaction time
for the enzyme label. After addition of amplifier
solution, the alkaline phosphatase was inhibited
and no more NADH was produced. On the other
hand, variation of the amplification time has only
small influence on the detectability of the enzyme
label. The amplification recycling step was opti-
mized with respect to the substrate recycling time.
It can be seen in Fig. 3 that 20 min seemed to be
optimal, independent of the enzyme conjugate
dilution. A further increase in incubation time
results in higher absorbance values but does not
increase the signal to blank ratio, due to produc-
tion of formazan in the absence of enzyme label.

A standard curve for budesonide in pure buffer
solution is shown in Fig. 4. Amounts down to
about 1 fmol per well can be quantified with a
relative standard deviation of 30% (n = 8), see
Table 1. Due to the amplification system, lower
amounts of the enzyme conjugate can be used to
obtain satisfactory signal to blank ratio. This fact
combined with the affinity purification of the
anti-budesonide antibodies and the use of mi-
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Fig. 4. Standard curve for budesonide in pure buffer solutions
using enzyme amplification (90+ 20 min) and spectrophoto-
metric detection. Each value is a mean of eight determina-
tions.

crotitre plates coated with partially denatured
secondary antibodies result in a steep calibration
curve. The sensitivity has been increased about 4
times compared to a previously reported ELISA
for budesonide with amperometric detection of
p-aminophenol [7].

3.2. Plasma samples

When working with very low concentrations of
analyte, picomolar or even lower, the selectivity

Table 1
Relative standard deviation (RSD) of the ELISA using pure
buffer solutions. Each value is calculated from eight determi-
nations

Amount budesonide R.S.D. (%) R.S.D. (%)
(fmol per well) B/B, Conc.
0.6 7.6 35
1.2 7.2 29
2.3 6.9 25
4.7 6.4 20
9.4 5.4 15.8
18.8 49 12.5
38 5.0 12.8
75 7.4 14.3
150 . 5.1 10.5

Table 2
RSD of the complete ELISA procedure for spiked plasma
samples. Six intra-assay samples, each analysed in duplicate

Real conc. Apparent conc. R.S.D.
(rM) (pM) (%)
7.9 8.7 18.1
24.4 222 78
99.0 94.2 12.8

of the antibodies towards the antigen is often
insufficient. Interferences from cross-reacting
substances, mainly endogenous steroids and drug
metabolites with similar antigenic structure, can
be expected and the sample must be cleaned up
before it enters the ELISA. The solid phase
extraction removed much of the interfering ma-
trix components as well as some polar steroid
metabolites [7,27], and the column liquid chro-
matography step was used to separate budes-
onide from other cross-reacting steroids. The se-
lectivity and other characteristics of the chro-
matography system has been described previously
{71.

Budesonide in spiked human plasma could be
quantified down to about 8 pM (5 fmol per well)
with a precision better than 20%, expressed as
intra-assay variation (n = 6), see Table 2. It was
previously observed that the additional steps in
the sample pretreatment procedure resulted in
an increase of the relative standard deviation [7].
Special attention to the choice of test tubes and
pre-washing of the test tubes used for the fraction
collection improved the precision for plasma sam-
ples so that it became of the same size as for pure
solutions.

3.3. Comparison of different detection principles

Alkaline phosphatase is an enzyme that is able
to dephosphorylate a variety of different sub-
strates and different detection techniques can be
used to quantify the label. When designing a
highly sensitive competitive ELISA, the amount
of enzyme conjugate should be as low as possible
but still enough to give sufficiently high signal to
blank ratio. The signal to blank ratio was studied
for varying enzyme conjugate dilutions as an ex-



234 U. Léuvgren et al. / Analytica Chimica Acta 288 (1994) 227-235

65
60
55+
50
45
40

blank

35
304
254

signal :

20

15 \
10-
S I ‘\.\.\.

¢} T T —r T —rT
102 10° 10* 10°
dilution factor

Fig. 5. Comparison of the potential sensitivity of different
detection principles. Signal to blank ratios plotted versus the
enzyme conjugate dilution factor. Spectrophotometric detec-
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substrate incubation time, (A) electrochemical detection of
p-aminophenol in a flow-injection system, and spectrophoto-
metric detection of formazan, using the AMPAK Kkit, after
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pression for the sensitivity potential of the differ-
ent techniques. A plot of the signal obtained
against the amount of conjugate gave approxi-
mately a linear relationship over the studied
range, except for the 1:200 dilution where a
deviation of about 20% was observed due to
saturation effects of the antibody. Three different
techniques were compared; the enzyme amplifi-
cation technique, spectrophotometric detection of
p-nitrophenol and amperometric detection of p-
aminophenol, see Fig. 5.

The p-nitrophenyl phosphate system, which is
the most commonly used detection system for
alkaline phosphatase in ELISA, showed very low
signal to blank ratios with 1 h substrate incuba-
tion time. An increase of the incubation time to
24 h was necessary to obtain satisfactory values.

Amperometric detection of p-aminophenol af-
ter 1 h incubation increased the detectability of
the enzyme conjugate further. This detection
principle is known to be very sensitive with a

large dynamic range [6]. A much larger linear
range is obtained using electrochemical detection
compared to spectrophotometric detection, where
the upper value is limited to an absorbance of ca.
2. This may be very useful in non-competitive
assays, but in competitive assays like the one
reported here the analytical range is limited by
the characteristics of the calibration curve.

The enzyme amplification technique gives
lower detection limits than the methods discussed
above, already at a total incubation time of 40
min (20 + 20). A prolongation to 200 min (180 +
20) resulted in a further, nearly ten-fold, im-
provement in detection limit. Compared to the
p-nitrophenyl phosphate system (24 h) an approx-
imately twenty-fold improvement in detectability
and a reduction of incubation time to one seventh
was achieved.

With both the enzyme amplification and the
amperometric detection techniques the relative
standard deviation was 4-6% (n = 8), within each
plate column. The measurements with the p-
nitrophenyl phosphate system gave in this study a
better relative standard deviation, 2-3% (n = 8).
If the better precision was significant for this
technique or due to other factors, such as larger
amounts of conjugate per well and differences in
experimental conditions was not fully evaluated.

4, Conclusions

Enzyme amplification is a useful technique to
enhance the sensitivity of an ELISA. With sub-
strate recirculation it was possible to quantitate
very low amounts of alkaline phosphatase conju-
gate. Compared to the conventional p-nitrophenyl
phosphate system, a twenty-fold further dilution
of the enzyme conjugate could be used with a
satisfactory signal to blank ratio. Together with
other improvements of the immunoassay, such as
affinity purification of the primary antibodies and
coating of wells with partially denatured sec-
ondary antibodies, it was possible to quantify
budesonide down to 1 fmol per well with a rela-
tive standard deviation better than 30% (n =38,
single determinations).
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After coupling of the ELISA with a presepara-
tion system, consisting of a solid phase extraction
and a column liquid chromatography fractiona-
tion, budesonide could be quantified down to 8
pM in blood plasma with a precision of better
than 20% (n = 6). The coupling made it possible
to use large sample volumes without any notice-
able interferences from matrix components and
cross-reacting endogenous steroids.

The performance of the proposed method for
determination of budesonide should allow for
pharmacokinetic studies at low picomolar con-
centrations. It is anticipated that the technique
developed in this work also should be useful in
assays of other types of steroids, provided that
antibodies with sufficiently high affinity constants
can be raised towards them. The performance
obtained with the enzyme amplified immunoassay
at low picomolar concentrations is similar to that
which can be obtained with other analytical tech-
niques but at concentrations at least ten times
lower.
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Abstract

A new detection technique for flow-injection extraction is introduced. The absorbance is read radially, on the
same PTFE tube that constitutes the reaction coil, near its distal terminus. With an effective illuminated detector
volume of ~ 60 nl, the optical aperture is much smaller than the segment length, enabling the detector to reliably
measure signals for each phase. The detector used is a light emitting diode (LED) based dual-wavelength
photometric system utilizing personal computer (PC) based data acquisition and processing. One non-specific
wavelength is used to recognize the phases and the other wavelength monitors the analyte concentration. Accurate
and reliable phase recognition is achievable with conventional segmentors and peristaltic pumping. Applied to the
determination of anionic surfactants by ion-pairing with methylene blue (MB) and extraction into chloroform, a
linear response is observed with a limit of detection (LOD) of 0.03 ppm C-12 linear alkylbenzene sulfonate (LAS) for
a 65 ul injected sample, compared to an LOD of 0.025 ppm quoted for the standard manual method attainable by
subjecting several hundred ml of the sample to extraction.

Key words: Flow injection; Spectrophotometry; Extraction

1. Introduction

Conventional flow-injection extraction (FIE)
procedures include mixing and separation of two
immiscible liquids. Typically, an aqueous sample
is injected into an aqueous carrier stream to
which an organic phase is continuously added.
The segmented stream then flows through a coil
in which extraction occurs. Generally, the organic
phase is now separated from the aqueous phase

* Corresponding author.

and further led through a flow cell for measure-
ment. One of the most critical aspects of the
method is the phase separation [1], with respect
to reliability, stability and overall dispersion of
the sample zone. Consequently, many refine-
ments on phase separation of solvent extraction
in flow systems have been made and some inge-
nious approaches introduced since FIE systems
were first described by Karlberg and Thelander
[2] and Bergamin F° et al. [3].

General strategies of performing solvent ex-
traction in continuous flow systems were re-
viewed in 1989 [4], there had been few fundamen-

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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tal developments since. Some salient examples
related to performing FIE without phase separa-
tion are as follows. Kina and Ishibashi [5] intro-
duced a system in which an analyte that is practi-
cally non-fluorescent in aqueous phase but be-
comes strongly fluorescent in the organic phase
could be extracted and fluorometrically measured
without phase separation. Unfortunately, such
techniques are not generally applicable. Canete
et al. [6] placed the detector within the loop of an
injection valve and the extraction solvent is loaded
into the injection loop and the detector cell. The
valve is then switched to inject position and a
bi-directional pump moves the segment back and
forth without quite drawing the aqueous phase
into the cell. Multiple sequential signals gener-
ated can be used to provide quantitation. Lei et
al. [7] injected the extractant phase into a flowing
stream of the sample, to which reagents, if neces-
sary, have been added. The extractant segment,
borne by the sample stream, flows through an
extraction conduit into the loop of a zone sam-
pling valve. When the loop of this valve is com-
pletely full of the extractant phase, the contents
of the loop are injected into a miscible carrier
where further chemistry may be carried out be-
fore detection. The major advantage of the sys-
tem is its high reliability for phase separation
[4,8]. Sahlestrom and Karlberg [9] described a
FIE system in which the organic and aqueous
streams are separated by a membrane across
which the analyte is transferred. The segmenta-
tion and the separation step are avoided in the
system because the unsegmented recipient stream
is led directly into the detector flow cell. How-
ever, extraction efficiency is low due to the re-
stricted contact area and time, and long term
reliability of the system is limited and is plagued
by membrane failure.

Unless some chemistry must be carried out
after extraction, phase separation is hardly essen-
tial to successfully perform FIE. In the following,
we limit our discussion to systems using optical
absorption detection, by far the mainstay of FIE.
The use of detection cells of volumes of at least
several ul (typically too large to be filled com-
pletely with a single organic segment of optimum
size for FIE), strip-chart recorders with inade-

quate response speed and manual processing of
data greatly deter from performing FIE without
phase separation; indeed it is virtually impossible
to perform on-line detection and accurately de-
termine the absorbapce in each phase. Bold at-
tempts have, nevertheless, been made. Gluck [10]
reports that such attempts fail because - --the
segment length was shorter than the length of the
optical aperture and there was never a time when
the response would correspond to one phase - - -.
His further attempts to keep the segment length
longer than the optical aperture by further reduc-
ing the diameter of the 1 mm i.d. quartz tube
used as the flow cell were unsuccessful due to the
formation of adherent films on the wall.

Recently, considerably more sophisticated FIE
systems have evolved. Thommen et al. [11] de-
scribed an arrangement with a capillary flow cell
and computer based data acquisition. The small
illuminated volume of the detector cell (<1 ul)
and the ability to use measurement frequencies
up to 200 Hz made it possible to directly measure
each segment. Alternately operated stepper-mo-
tor driven syringe pumps are used to achieve
uniform segmentation that allows subsequent
software based digital phase separation. Individ-
ual extractant segments are of 14 ul volume and
pass through a tubular glass cell of 0.8 mm i.d.,
the radial path being used for detection. Individ-
ual segments are identified through the location
of the spikes that correspond to the phase inter-
faces. The approach is successful, with obvious
advantages. Nevertheless, the reported LOD is
> 30 times higher than conventional FIE systems,
Additionally, it is difficult to discern whether a
given segment is the organic or the aqueous phase
if the refractive indices are close and the sample
concentration is low. Further, as we shall estab-
lish for the extraction system of this paper, the
location of the spikes cannot always precisely
indicate the positions of the head or the tail of a
segment.

An alternative to relying on the spikes to dis-
cern segment locations is to make segmentation
and flow rates so uniform through the use of high
quality pumps and segmentors that an extremely
high degree of reproducibility is attained for all
aspects of the system. In this vein, Kuban [12]
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considered that - - - - with adequate control over
the segmentation it may even be possible to elim-
inate phase separation altogether if the (segmen-
tation) repeatability is good enough to allow pre-
cise timing of measurement intervals - - - . Kuban
et al. [12-14] carried out a series of exemplary
investigations and obtained very repeatable re-
sults. However, it is almost impossible to attain
and maintain this degree of repeatability with
peristaltic pumps and conventional segmentors.
We have felt therefore a persistent need for an
affordable (e.g., peristaltic pump based) and reli-
able FIE system that does not need phase separa-
tion.

In this paper, a new FIE system is introduced.
The absorbance is read radially, on the same
PTFE tube that constitutes the reaction coil, near
its distal terminus. With an effective illuminated
detector volume of ~ 60 nl, the optical aperture
is much smaller than the segment length, en-
abling the detector to reliably measure signals for
each phase. The detector used is a LED-based
dual-wavelength photometric system utilizing
PC-based data acquisition and processing. One
non-specific wavelength is used to recognize the
phases and the other wavelength monitors the
analyte concentration. Accurate and reliable
phase recognition is achievable with conventional
segmentors and peristaltic pumping.

2. Experimental
2.1. Reagents

All chemicals were of analytical-reagent grade
except as specified and distilled deionized water
was used throughout.

MB reagent: MB (100 mg, Baker Analyzed)
was dissolved in 100 ml water. A 60 ml aliquot
was transferred to a 1000 ml flask and 500 ml
water, 41 ml 3 M H,SO, and 50 g NaH,PO,
H,O were added. After shaking to ensure that
dissolution was complete, it was made up to 1000
ml. Stock C12 LAS solution (1 mg/ml): C-12
LAS (56% by weight) and sodium hexadecane
sulfonate was obtained as” a gift (courtesy S.
Dubey, Shell Development Company, Westhol-

low Research Center, Houston, TX). Other sur-
factants mentioned were also obtained from the
same source. To the appropriately diluted solu-
tion, 1% (v/v) formalin was added to prevent
microbial degradation. Spectrophotometric grade
chloroform was used as the extractant.

2.2. Apparatus

The FIE system for the determination of
methylene blue active substances (MBAS) such as
anionic surfactants like LAS is shown schemati-
cally in Fig. 1. A peristaltic pump (Minipuls-2,
4-channel head, 10 rollers, Gilson International)
is used for pumping. An electropneumatically ac-
tuated 6-port loop type rotary PTFE valve (type
5701P, Rheodyne, Cotati, CA) is used for sample
injection. The water carrier stream merges with
the MB reagent and following a mixing coil, the
stream enters the segmentor, a common minia-
ture barbed tee made from polypropylene (1/16
in., Ark-Plas, Flippin, AR). Chloroform is pumped
by the displacement bottle technique into the tee.
From the replacement bottle, either water or
chloroform output can be chosen by a 3-way
valve, making startup or shutdown and cleaning
of the flow system convenient. The flow cell de-
sign is illustrated in Fig. 2. One integral piece of
0.38 mm i.d. PTFE tubing is used from the seg-
mentor to the waste and it passes through the
detector housing to constitute the flow cell. Thus,
intact organic segments, critical to the successful
performance of the system, can be maintained
throughout. Incident light is brought into the cell
by one leg of a bifurcated glass fiber optic bundie

Sample 65 ul
mi/min

Water 045

0.71x150mm

Methylene Biue| 0.16
Reagent

Segmentor

0.050 3 Way Valve
Water

Fig. 1. Schematic flow diagram for the determination of
methylene blue active substance.
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“Fo

(a) (b)

Fig. 2. (a) Vertical and (b) horizontal cross sectional views of
the flow cell. MS: machine screws holding aluminum holding
blocks HB, T: PTFE tube, PD: photodiode, S: slits composed
of razor blades RB, FO: fiber optic.

(bundle diameter 1 mm). A pair of razor blades
define the optical slit width, ~ 500 wm, resulting
in an illuminated volume of ~ 60 nl. Under the
standard operating conditions shown in Fig. 1,
individual organic segments are about 1 cm in
length and 1 ul in volume; hence, the cell is
discriminating enough to detect each phase. When
measured with a blue dye such as bromthymol
blue that does not transfer to the organic phase
when injected as sample, the dispersion coeffi-
cient of the manifold (for a 65 ul injected sample
and for the aqueous phase only) is 1.8. Under
actual operating conditions, the concentration of
sample in the organic phase is much higher than
the aqueous concentration injected, the exact
value is governed by the ratio of the total aque-
ous phase flow rate to the organic phase flow rate
and the system dispersion, discussed later.

The scheme for performing LED-based dual
wavelength absorbance measurement is shown in
Fig. 3. This is a PC-based version of one of the
detection strategies described by Dasgupta et al.
[15]. The use of a PC permits a much simpler
external electronic interface; further processing
of the raw information, such as the recognition of

the organic segments and calculation of the peak-

area etc., can be automatically performed imme-
diately after data collection. The digital outputs
of the DAS-16G data acquisition board (Keith-
ley / Metrabyte, Taunton, MA) are used to turn

on LED1 (type A1012, peak A 660 nm, Electronic
Goldmine, Phoenix, AZ) and LED2 (type DN
305, peak A 850 nm, Stanley Electric, Tokyo)
through a pair of 2N3565 transistors alternately
(ca. 100 Hz). Through bifurcated optical fibers
(BFO, type E624, Dolan-Jenner Industries,
Lawrence, MA, two of these are coupled end-to-
end at the common legs by a connecting sleeve C)
one portion of the emitted light is led to the
reference photodiode PDR, the other portion is
led to the flow cell FC and thence the transmit-
ted light is detected by the signal photodiode
PDS (both photodiodes type S2007, Electronic
Goldmine). The outputs of the operational ampli-
fiers OPA2107 AP (Burr-Brown, Tucson, AZ) are
digitized by the 12 bit A /D converter and all the
conversion results obtained (ca. 100 individual
data points at 50 kHz A /D conversion rate) are
averaged during the period each LED is turned
on. The log ratio of the averaged reference out-
put to the averaged signal output, namely the
absorbance, is calculated and stored in memory.
The function of further software to process this
initial data is described in the next section. The
software, coupled with an assembly language rou-

Fig. 3. LED-based dual wavelength photodetector. See text
for description.
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tine for data acquisition and LED on-off control,
is written in C and is available free from the
authors for non commercial use.

3. Results and discussion

The determination of MBAS is a challenging
analytical problem of considerable environmental
significance. Most countries have regulatory lim-
its imposed on the level of anionic surfactants
that are permitted in discharged effluents. Ion-
pair formation with the cationic dye MB and
extraction of the ion-pair into an organic solvent
constitutes the accepted method of MBAS deter-
mination and standard methods have been formu-
lated on this principle [16]. In recent years, we
have made a series of unsuccessful attempts to
automate this analysis system by adsorption of
the ion-pair on a hydrophobic adsorbent, fol-
lowed by its elution with a suitable solvent [17].
Such approaches work for synthetic standards
(albeit nonlinear calibration curves result) but are
ineffective in analyzing real samples which con-
tain other species that inevitably affect the ad-
sorption behavior. Because of the nonlinear cali-
bration behavior, standard addition methods are
not easily applicable. We concluded that in this
particular analysis system there are a number of
pitfalls in substituting a true solvent extraction
system with a solid phase extraction scheme as
above. It seemed ideal therefore to test the pre-
sent concept with this very well-established and
routinely used MBAS determination principle.
For this application, the nonspecific wavelength
chosen was in the near infrared, at 850 nm, where
MB does not absorb. The second wavelength
chosen was 660 nm, close to the peak visible
absorption of MB.

3.1. System output and processing of initial results

Raw system output for a 2.5 ppm C-12 LAS is
shown in Fig. 4. Two sections of the output, one
near the baseline where there is little sample
present and a second one mear the peak apex
where significant amounts of sample are present
are magnified (note that the entire abscissa span
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Fig. 4. Raw data output (both 660 nm and 850 nm detectors)
for 2.5 ppm C-12 LAS sample. The data covers the injection
of a single sample, which is extracted into a multitude of small
organic segments. Each pike represents the rear edge of an
aqueous segment.

on these figures are 1 s) and are shown respec-
tively as Fig. 5a and b. Note that the small
undulations are due to pump pulsation. MB tends
to adsorb on the hydrophobic PTFE tubing wall.
But as the extractant segment passes through the
conduit, it has stronger affinity for the wall sites
and displaces the MB. Thus, narrow concentrated
zones of MB are formed at the rear end of each
aqueous segment. The spikes in the 660 nm de-
tector output in Fig. 5a and b correspond to these
concentrated zones; these zones are actually
readily visible to the naked eye. Although the MB
reagent initially constitutes of a homogeneous
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Fig. 5. Small subsections of Fig. 4, (a) near baseline conditions
and (b) near the sample peak apex.
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reagent in bulk solution, in the actual extraction
system the aqueous phase is far from spatially
homogeneous at the detection point (unless, of
course, so much analyte is present that the MB
has been completely removed from the aqueous
phase). The presence of an anionic surfactant
results in the interphase transfer of some of the
MB to the organic phase. Consequently, the pre-
cise starting position and the magnitude of the
spikes arising from the rear of the aqueous seg-
ment are related to the analyte concentration
originally present in that segment. It is very ap-
parent from a comparison of Fig. 5a and b that
the spikes observed in the 660 nm detector out-
put are very different in magnitude, decreasing
with increasing sample concentration. If we reex-
amine Fig. 4, it will be observed that a decrease
in the spike magnitude can be seen for about a 20
s wide region, centered at ¢ ca. 75 s, correspond-
ing to the sample peak. In the present applica-
tion, because of refractive index effects, the ap-
parent absorbance of the organic phase at either
wavelength is very significantly higher than that
of the aqueous phase and phase recognition is
not difficult based on this criterion. Fig. 4 com-
bines both 660 and 850 nm detector outputs and
careful observation will reveal the detection of
the organic phase by the 850 nm detector, corre-
sponding to an absorbance of ca. 0.085. On the
other hand, in examining Fig. 5, it should be clear
that the exact starting position of the organic
segments cannot be distinguished exactly by a
single measurement wavelength of 660 nm be-
cause of the spikes caused by the concentrated
methylene blue zones and the variations in them.
This problem is solved by the measurement infor-
mation available at the nonspecific wavelength,
850 nm, at which methylene blue does not ab-
sorb. Only the refractive index signal is detected
at 850 nm, allowing the precise recognition of the
organic segment location and its length. Once
these are recognized, the average absorbance for
the whole segment is computed by summing and
averaging the data (at each terminal end of the
segment, 10-20 ms worth of data are not in-
cluded in the averaging process, to avoid poten-
tially noisy readings close to the interface of the
phases. Under the stated experimental condi-

0.015 4
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] f b: 0.5 ppm C12
] c: 1.0 ppm C12
B d: 1.5 ppm C12
] e 2.0 ppm C12
0.010 4 f: 2.5 ppm C12
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Time, s

Fig. 6. Reconstructed FIEgram for various concentrations of
C-12 LAS, time scale refers only to the accumulated time
elapsed during organic phase detection.

tions, each organic segment requires ~ 100 ms to
pass through the detector on the average. During
this time, ~ 10 separate sets of readings are
taken at each wavelength. Based on the average
absorbance and the length for each organic seg-
ment, a digital representation of the FIEgram is
constructed, using only the data computed for the
organic phase segments. A few seconds worth of
baseline data on each side of the peak are aver-
aged and used to perform a correction to set the
baseline absorbance equal to zero. Fig. 6 shows a
set of such superimposed baseline corrected
FIEgrams for various concentrations of C-12 LAS
standards.

A careful evaluation of Fig. 6 or a superposi-
tion of Fig. 5a and b will indicate that the seg-
ments are not exactly of the same length. Since
not only the absorbance of each organic phase
segment but also its length is measured accu-
rately, the degree of segmentation uniformity at-
tainable by a simple T-segmentor and peristaltic
pumping can be used. For quantitation, because
of the improvement in S§/N from integration,
peak areas provide better LODs than peak
heights. We have not performed any peak
smoothing prior to area computations and cannot
comment if there will be any measurable im-
provements in attainable LODs if, for example,
Savitsky-Golay smoothing [18] is performed prior
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to area integration. The total computation time
necessary for a 80386 class PC equipped with a
80387 co-processor to generate a FIEgram trace
as in Fig. 6 and calculate the peak area requires
<5s.

3.2. System performance and system characteristics

We have operated the system with a sampling
frequency of 20 h™!. However, the possibility of
performing up to 40 determinations h™! is sug-
gested by the peak widths observed for the out-
puts in Fig. 6. Note that with a ratio of the total
aqueous phase flow rate (Q,) to the total organic
phase flow rate (Q,) of ~ 12 (as noted in Fig. 1),
the actual data acquisition period for each of the
traces in Fig. 6 is ~ 13 [(Q, + Q,)/Q,] times the
depicted scale of events (ca. 170 s for each trace,
150 s span shown in Fig. 4). Also during the
analysis period, after the new sample was aspi-
rated and fully injected into the system, the con-
duit connecting the sample container to the injec-
tion valve was rinsed with 75% ethanol for 40 s.
The surfactant samples do adsorb on the wall of
sample introduction conduit. Unless this step is
taken, response due to any given sample in-
creases with repeated injections and stable re-
sponses are obtained only after about the fourth
injection. The fact that reproducible results are
obtained with the washing step and that a linear
calibration curve is obtained indicates to us that
the loss due to adsorption is a first order process,
i.e., a constant fraction is lost by adsorption on
the tubes. For a 40 cm X 0.38 mm i.d. PTFE
conduit through which a C-12 LAS sample is
aspirated for ~ 140 s at 0.45 ml/min, ~17%
appears to be lost by adsorption. The use of
metallic aspiration conduits will likely decrease
this loss significantly; however, since reproducible
results were obtained with the incorporation of
the wash step, we did not pursue this aspect
further.

A representative typical anionic surfactant,
C-12 LAS, shows linear response (r2 = 0.99986,
uncertainty of slope 1.05%) with an intercept
statistically indistinguishable from zero. Standard
method descriptions suggeSt a linear dynamic
range only up to an LAS concentration of ~ 2.5
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Fig. 7. Effects of flow rate ratio (Q, /Q,) on peak area and
peak height.

ppm, calibration was therefore not conducted for
concentrations much higher than this. The preci-
sion for the measurement of 2.0 ppm C-12 LAS is
1.5% in relative standard deviation. The standard
deviation of the blank measurements corresponds
to a concentration of 0.01 ppm from which we
estimate an LOD of 0.03 ppm C-12 LAS. This is
in comparison to an LOD of 0.025 ppm LAS
cited for the standard manual MBAS determina-
tion method [14], in which 100-400 ml sample is
extracted, depending on the expected MBAS
concentration. The system was also calibrated
with sodium hexadecane sulfonate and Neodol®
45S (a sulfated functionality surfactant with an
average chain length of 14.5). Linear calibration
plots were obtained with these cases as well; as
indicated in the manual standard method, cali-
bration slopes are different for different surfac-
tants.

3.3. Effect of flow rates and phase ratio

Fig. 7 shows the influence of changing the
phase ratio (aqueous/ organic) on peak area and
peak height. These experiments were conducted
by changing Qo at a constant Qa value of 0.61
ml/min with 2.5 ppm C-12 LAS being the in-
jected sample. The apparent peak areas (with a
dimensionality of absorbance X time) are multi-
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plied by the total flow rate (Q, + Q,) to obtain
the true peak areas (with a dimensionality of
absorbance X volume) that are plotted in Fig. 7.
The area values remain essentially unchanged
over an order of magnitude variation in the phase
ratio, indicating that extraction is essentially
quantitative over this whole range. The peak
height, on the other hand, increases in the same
experiment with increasing phase ratio. Because
these experiments were conducted at a constant
Q,, increasing phase ratio also connotes a de-
crease in total flow rate. We have conducted a
limited set of experiments in which the phase
ratio was maintained the same as the experimen-
tal arrangement shown in Fig. 1 while the total
flow rate was varied over a S-fold range, from
0.33 times to 1.67 times of that depicted in Fig. 1.
The peak heights did not markedly change with
total flow rate.

3.4. Real samples

Samples of water from a local play a lake and
municipal tap water samples were collected. The
anionic surfactant content was measured both by
direct measurement and by the standard addition
method. No significant level of MBAS was found
in the tap water. Results obtained for the lake
water sample (allowed to settle, the decantate
was diluted but not filtered) by direct vs. standard
addition method varied up to +20%. However,
in the absence of independent reference results,
the accuracy of either method could not be veri-

fied. We chose therefore to spike these samples
with known quantities of surfactants and again
use standard addition and direct measurement
methods to determine the spike recovery, after
subtracting the original value of the unspiked
water sample determined by the corresponding
method. The results are shown in Table 1. It
would appear that there are matrix interferences
causing poor recovery in the direct measurement
method but that these are adequately compen-
sated for in the standard addition approach. The
latter technique is therefore recommended for
practical applications; in our experience, there
was little to be gained in using more than one
standard addition.

3.5. General applicability of concept

Phase recognition in the present application is
achieved through the large difference in back-
ground absorbance at the nonspecific wavelength
that arises because of a refractive index differ-
ence. However, this is not an essential require-
ment to successfully operate the system. All that
is required is to use a marker substance that
remains in one phase and that can be selectively
followed by one measurement channel without
interference from the analyte or its reaction
product. In so far as optical detection strategies
are concerned, ongoing work in this laboratory
shows that the detection technique is not limited
to the use of LEDs as sources, liquid crystal
shutters can be pulsed on and off and used with

Table 1

Analytical recovery from direct and standard addition measurements

Sample Type and Direct Standard

matrix concentration measurement addition
of anionic (recovery) measurement
surfactant spiked (recovery)

Playa lake water Neodol® 458 0.452 (90.4%) 0.496 (99.2%)
0.5 ppm

Playa lake water Neodol® 458 0.914 (91.4%) 0.944 (94.4%)
1.0 ppm

Playa lake water C-16 sulfonate 0.609 (60.9%) 0.960 (96.0%)
1.0 ppm

Tap water Neodol® 458 0.557 (89.1%) 0.611 (97.9%)

0.625 ppm
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continuum sources well into the near UV region.
If two different light sources are used with differ-
ent modulation frequencies, each individual sig-
nal can be locked onto, using frequency bandpass
filters. There would be essentially no limitation at
all on either detection wavelength with such an
arrangement. However, in so far as aqueous-—
organic extraction systems are concerned, a sim-
pler and universally applicable technique may
consist of the simultaneous measurement of opti-
cal absorbance and electrical conductance, the
latter being used for zone recognition; there is
always a significant difference in the latter prop-
erty between aqueous and organic phases, regard-
less of the individual compositions [4,7,8].

4. Conclusions

The described system provides a new approach
to perform FIE determinations. Both the ab-
sorbance and the length of each organic segment
are detected by the dual-channel measurement
system. The amount of analyte in each organic
segment can be measured and the area of the
reconstructed peak represents the total amount
of analyte extracted into organic phase. All of the
analyte extracted into organic phase is detected
and phase separation is avoided. Hence, the effi-
ciency and reliability of phase separation are no
longer germane issues, giving FIE an altogether
new dimension of practicality.
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Abstract

For on-line preconcentration of Cr(III) and Cr(VI), several functionalized cellulose sorbents, a chelating resin
and conventional ion-exchange resins were examined. Cellulose with phosphonic acid exchange groups was found to
be superior for the preconcentration of Cr(III), but a cellulose derivative with quaternary amine groups for the
preconcentration of Cr(VI). The effects of most common cations and anions present in natural waters on the
sorption of both chromium forms was examined. In the optimized flow-injection manifold for a 50-ml aspirated
sample volume the detection limits were calculated to be 0.78 and 1.4 ug 17! for Cr(III) and Cr(VI), respectively.
Preliminary results of the application of the developed method to the determination of chromium speciation in

natural water samples are presented.

Key words: Atomic absorption spectrometry; Flow injection; Chromium; Preconcentration; Speciation

1. Introduction

Speciation analysis of trace heavy metals in
environmental samples concerns their presence in
various oxidation states, in different protonated
and polymerized forms, in complexes with various
ligands and various degrees of homogeneous and
heterogeneous association with constituents of
natural samples. For chromium in natural waters,
most speciation studies deal with the determina-
tion of the total amount of dissolved Cr(III) and

* Corresponding author.

Cr(VI), owing to the different interactions of
these two forms with living organisms.

In an early review [1], a wide variety of manual
procedures for the determination of chromium
speciation based on precipitation, liquid-liquid
extraction, ion exchange and electrodeposition
were surveyed. Examples of such ion-exchange [2]
and solid-phase extraction [3] procedures with
detection by electrothermal atomic absorption
spectrometry (AAS) can also be found in recent
publications.

The predominant trend in recently proposed
methods for the speciation of chromium is the
use of liquid chromatography (LC) and flow
methods of analysis. Coupled methods combining

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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LC with AAS detection [4,5], direct current
plasma atomic emission spectrometric (AES) de-
tection [6,7], inductively coupled plasma (ICP)
mass spectrometry [8], with chemiluminescence
detection [9,10] and visible spectrophotometry
with postcolumn derivatization [11] have been
developed.

The main purpose of the use of non-chromato-
graphic flow analysis in speciation studies of trace
metals is the possibility of improving the selective
preconcentration of a given chromium species on
flow-through microcolumns with solid sorbents
prior to elution to the detector. Most published
work has been focused on the on-line preconcen-
tration of Cr(III). For this purpose a column
packed with quinolin-8-ol immobilized on porous
glass [12], with an anion-exchange resin and 8-hy-
droxy-7-iodoquinoline-5-sulphonic acid [13] or
N-phenylhydroxamic acid resin [14] has been used.
Using columns with differently activated alumina,
Cr(III) or Cr{VI) can be preconcentrated, which
was utilized in flow-injection (FI) ICP-AES
[15,16]. Recently a differential FI-AAS determi-
nation of Cr(VI) and total chromium was re-
ported, where Cr(VI) was selectively preconcen-
trated on-line on a C,3 bonded silica column
using sodium diethyldithiocarbamate as chelating
agent, whereas the total Cr was determined after
oxidation of Cr(III) by potassium peroxodisul-
phate [17].

The aim of this work was to examine the
possibility of using commercial cellulose sorbents
with various functional groups for the preconcen-
tration of Cr(III) and Cr(VI) in FI-AAS. For
trace metal preconcentration, commercial cellu-
lose sorbents already used were based on trieth-
ylamino functional groups (Cellex T) [18,19], the
dibasic phosphate ester of cellulose (Cellex P)
[20,21] and carboxymethyl groups (Cellex CM)
[22]. For the preconcentration of Cr(I1II) quinolin-
8-ol sulphonate cellulose, ethylenediaminetri-
acetic acid—cellulose [23] and Cellex P [20] have
been applied, the last exhibiting much the best
retention. A satisfactory preconcentration of
Cr(III) was also observed using 2,2’-diamino-
diethylamine cellulose filters [24]. In this work,
the effectiveness of Cellex P (and other cationic
sorbents) and Cellex T (and other anionic sor-

bents) used in series in a flow cell for preconcen-
tration and determination of Cr(VI) and Cr(III),
respectively, was investigated.

2. Experimental
2.1. Apparatus

A Beckman Model 1272 atomic absorption
spectrometer equipped with a Unilam air-
acetylene burner and a Pye Unicam GRM 1268
graphite furnance was used for AAS measure-
ments.

The flow-injection set-up consisted of an MS /4
Reglo multi-channel peristaltic pump from Is-
matec (Zurich), a Model 5020 low-pressure rotary
injection valve from Rheodyne (Cotati, CA) and a
laboratory-made rotary injection valve. Flow man-
ifolds were assembled using PTFE tubing of 0.8
mm i.d.

A Model OP-211/1 digital pH meter from
Radelkis (Budapest) was used for pH measure-
ments and a Model 357 plate shaker from Elpan
(Warsaw) for static measurements of retention.

2.2. Reagents

A 1000 mg 1= Cr(III) stock standard solution
was obtained from Merck and diluted as re-
quired. A 1000 mg 1=' Cr(VI) stock standard
solution was prepared from analytical-reagent
grade potassium chromate from POCh (Gliwice,
Poland) and diluted as required. For preparation
of all solutions deionized water obtained from a
Waters Milli-Q system was used.

As cationic sorbents the following commer-
cially available preparations were used: Cellex P
(Bio-Rad Laboratories), which is a highly purified
cellulose powder with phosphonic acid exchange
groups of ion-exchange capacity 0.80 meq g™
Cellex CM, (Bio-Rad Laboratories), which is a
carboxymethylated cellulose of ion-exchange ca-
pacity 0.65 meq g~ !; Chelex-100 chelating resin
(Bio-Rad Laboratories); and Varion KS cation
exchanger (Nitrokemia, Hungary).

As anionic sorbents the following commer-
cially available preparations were used: Cellex T
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H,O

Fig. 1. Schematic diagram of FI-AAS system with one flow-
through column used for the optimization of sorption and
elution conditions.

(Bio-Rad Laboratories), which is cellulose with
quaternary amine functional groups of ion-ex-
change capacity 0.74 meq g~'; and Varion AT
660 anion exchanger in the chloride form (Nitro-

kemia) of ion-exchange capacity 3.5 meq g~ .

2.3. On-line preconcentration of chromium species

Optimization of the on-line preconcentration
of a particular chromium species was carried out
in the single-line flow-injection manifold shown
in Fig. 1. Injection valve V, was used for the
injection of chromium solution and V, for the
injection of eluent. C is a glass microcolumn
packed with an appropriate ion exchanger. Larger
sample volumes were continuously aspirated in-
stead of injection with valve V.

2.4. Determination of chromium species using a
dual-column flow-injection manifold

Cationic and anionic sorbent columns were
used to investigate the determination of Cr(III)
and Cr(VI) in the same injected sample. For a
dual-column system in measurements of Cr con-
centrations below 0.1 mg 1~! using a larger col-
umn (45 mm long plastic tip of a 1-ml pipette) it
was found that the sequence of placement of the
two columns in the system and the order of
elution have a great influence on the perfor-
mance of the system. Hence, in order to find a
condition where no Cr(III) is retained on Cellex
T and no Cr(VI) is retained on Cellex P, two
different configurations of the.flow-injection sys-
tem with two preconcentration columns con-
nected in series were examined. The manifolds

used all had the same basic structure, as shown in
Fig. 2.

When the Cellex P column was used as the
first in the series, Cr(VI) was eluted first and
then Cr(III). Eluent for the Cellex T column did
not pass through the Cellex P column, and eluent
from the Cellex P column was diverted past the
Cellex T column. Preconcentration without pH
adjustement was performed using 50 ml as solu-
tion containing both chromium species at a flow-
rate of 6 ml/min.

In the reverse situation, where the Cellex T
column was first, preconcentration of 25 ml solu-
tion of pH 2.5 containing both chromium species
was performed. Three different modes of opera-
tion of such a system were examined. First, Cr(III)
retained on the Cellex P column was eluted first
with HCl, then Cr(VI) from the Cellex T column;
the NaOH solution used for Cr(VI) elution does
not pass through the Cellex P column. In the
second mode, the Cr(III) was again eluted first,
then the NaOH solution was also pumped through
the Cellex T and the Cellex P columns. In the
third situation examined, Cr(VI) retained on the
Cellex T column was eluted first and NaOH
solution used for elution was passed also through
the Cellex P column.

The optimized manifold for determination of
both species from the same aspirated sample is
shown in Fig. 2. It contains two injection valves,
V, and V,, and a two-way switch. The Cellex T
column is placed first in the manifold. After the
required sample volume has been aspirated, the
solution inlet is transferred to the carrier HCl
solution of pH 2.5. Both chromium species are
simultaneously preconcentrated on the Cellex T
and Cellex P columns.

Sample or

acidified water]

Fig. 2. Schematic diagram of the optimized FI-AAS system
with two preconcentration columns for the simultaneous de-
termination of Cr{III) and Cr(VI) species.
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In the elution stage, Cr(IIl) is eluted first from intermittent position. Cr(VI) retained on the
the Cellex P column by injection of 1 ml of 1 M Cellex T column is eluted by injection of 1 ml of 1
HCl with valve V,. Then the two-way switch is M NaOH directly to the spectrometer without
opened, and valve V, is closed by setting it in the passing through the Cellex P column.
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3. Results and discussion

3.1. Comparison of selected sorbents for chromium
preconcentration

In order to choose the most appropriate sor-
bent for further on-line application, as a prelimi-
nary step a comparison of the retention of
chromium species in the batch mode at different
pH values was carried out in the flow-injection
system shown in Fig. 1 Retention of Cr(III) was
examined for two different cellulose sorbents,
Cellex CM and Cellex P, the ion exchanger Var-
ian KS and the chelating resin Chelex 100. To 0.2
g of the sorbent 20 ml of solution containing 1 mg
of Cr(IIT) or Cr(VI) were added, the pH of solu-
tion was adjusted to the required value with HCI
or NaOH and the mixture was shaken for 1 h,
then filtered and the chromium content in the
filtrate was determined using flame AAS. As can
be seen from Fig. 3A, in the widest pH range
100% Cr(III) uptake was observed for Varian KS
and Cellex P. For these two sorbents the ion-ex-
change breakthrough capacity was then exam-
ined. In this experiment 5 mg 1~! Cr(IIT) solution
was continuously pumped through the micro-
columns (20 X 3 mm i.d.) with a given sorbent at

IS

per bt b

~

Effluent concentration ppm.

0 TTTPTTYy T [rrrrrerrrryrrrrTd TTrT 1T
[ 1000 2000 3000
Effiuent volume,_ml.

a flow-rate 2.2 ml min~! until the concentration

of Cr(IID) in the effluent was the same as that in
feed solutions. The results of these experiments
are shown in Fig. 4, indicating a significant differ-
ence in the kinetic behaviour of the sorbents.
Under the same hydrodynamic conditions the
Varian KS bed does not retain all the Cr(III)
passing through the column, owing to slow sorp-
tion by the ion exchanger (Fig. 4A). Cellex P
exhibits much faster Cr(III) binding, the break-
through curve shows a very sharp increase and its
capacity was estimated as 0.15 meq g~! dry resin
(Fig. 4B). Because of relatively wide range of
available pH and its good kinetic properties Cellex
P was selected for further study of on-line Cr(III)
preconcentration.

Retention of Cr(VI) was examined for the ion
exchanger Varian AT 660 and the cellulose sor-
bent Cellex T. In this instance also a wider range
of almost complete Cr(VI) uptake was observed
for the conventional ion exchanger (Fig. 3B),
whereas for Cellex T 95% of the Cr(VI) was
retained in the pH range 3—-4. However, also in
this instance the kinetic properties of the cellu-
lose sorbent were more favourable (Fig. 5), and
this was the main reason for selecting this sorbent
for further study on on-line Cr(VI) preconcentra-
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Fig. 5. Breakthrough curves for Cr{(VI) using 20 X 3 mm i.d. columns with (A) Varian AT 660 and (B) Cellex T obtained for 5.0 mg

17! Cr(VD) solution at a flow-rate of 2.0 ml /min.
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tion. Its capacity was estimated as 0.19 meq g™~!

dry resin.
3.2. Elution of chromium from cellulose sorbents

Metals retained on solid sorbents are most
commonly eluted with mineral acids or strong
complexing agents. In this study the effective
elution of Cr(III) retained on Cellex P was
achieved with both hydrochloric and nitric acid.
The effect of HCI concentration on the effective-
ness of elution is shown in Fig. 6 (curve 1). Above
an HCI concentration of 0.2 M, the signal of
eluted Cr(III) was virtually constant for a 1-ml
injection volume. On the other hand, in the opti-
mization of the volume of eluent needed for
complete elution, it was found that for 1 M HCI
used as the eluent, the Cr(IIl) signal did not
increase when 0.5 ml of eluent was used. Also,
for the next injection of 2 M HCI no peak for
chromium was observed. In most further experi-
ments 0.5 or 1 ml of 1 M HCl was used for Cr(1II)
elution.

Several reagents were examined for the elution
of Cr(VI) retained on Cellex T, such as sodium
hydroxide, sodium chloride and ammonia solu-
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Fig. 6. Effect of eluent concentration on chromium FI-AAS
signal magnitude obtained for (1) Cr(I1D) eluted with HCI and
(2) Cr(VD) eluted with NaOH. In all instances 1.0 ml of eluent
was injected.
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Fig. 7. Examples of peaks recorded with the FI-AAS system
for Cr(VI) eluted using 1.0 ml of 1 M solutions of (a) NaOH,
(b) NH; and (¢) NaCl.

tions. All of these can elute Cr(VI), but the
elution signal observed for chromium after elu-
tion with ammonia is much broader than for
elution with NaOH or NaCl (Fig. 7), indicating a
slower elution process. Higher peaks were ob-
served with NaOH than with NaCl, so the former
was selected. As can be seen from curve 2 in Fig.
6, at least a 0.8 M NaOH concentration should be
used for complete elution, so in all further exper-
iments 1 M NaOH was used for Cr(VI) elution.

3.3. Retention of Cr(IIl) on Cellex T and Cr(VI) on
Cellex P

In order to apply both selected cellulose sor-
bents to the determination of chromium specia-
tion, Cr(I11) should not be retained on Cellex T,
and Cr(VI) should not be retained on Cellex P.
This was examined by the injection of 1 ml of 1
mg 17! Cr(IIl) or Cr(VI) solution into the flow
system without any preconcentration column or
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Fig. 8. Effect of pH on retention under dynamic conditions in

the FI-AAS system of (1) Cr(ITD) on Cellex P and (2) Cr(VI)

on Cellex T at a flow-rate of 5.0 ml min~!.

with a Cellex T column (5 X 5 mm i.d.) for testing
Cr(III) sorption or with the same size Cellex P
column for checking Cr(VI) sorption. In both
instances the signal magnitudes observed in the
system without and with the column were identi-
cal, demonstrating that no such interference is
observed with the sorbents used.

3.4. Effect of pH and flow-rate on on-line precon-
centration

Under the dynamic conditions of on-line pre-
concentration, the pH range of maximum reten-
tion of Cr(IIl) is shifted towards more acidic
solutions in comparison with results obtained in
batch experiments. As shown in Fig. 8 (curve 1),
the maximum height of the flow-injection peaks
resulting from preconcentration of Cr(III) was
obtained in the pH range 2—-4 and is limited by
hydrogen ion competition in more acidic range
and the formation of less retained hydroxo com-
plexes of Cr(IIl) in weakly acidic and neutral
media.

The optimum pH range for the on-line precon-
centration of Cr(VI) on the Cellex T column is
not different to that observed in the batch mode.

The maximum flow-injection signal for the elu-
tion of preconcentrated Cr(VI) was observed in
the pH range 4-9 (Fig. 8).

For the preconcentration of both chromium
species the effect of flow-rate in the range 3.5-9.5
ml min~! was examined. For a 5X5 mm i.d.
column size the same signal magnitude was ob-
served both for Cr(III) and Cr(VI) over the whole
flow-rate range examined. For the larger columns
used for on-line preconcentration the flow-rate
applied usually has to be limited to about 6 ml
min~! because of the flow resistance in larger
packed columns.

3.5. Calibration characteristics

The responses of the flow-injection system with
preconcentration for both chromium species were
examined both in terms of chromium concentra-
tion in the same injected sample volume and in
terms of injected volume of chromium solution of
the same concentration.

For Cr(III) preconcentration on Cellex P, 100-
ml samples were aspirated at 5 ml min~' at
concentrations ranging from 1 to 10 ug 1" A
linear calibration plot was obtained with a corre-
lation coefficient of 0.996 (n = 5).

The same satisfactory linearity of response was
observed for Cr(VI) preconcentration on the
Cellex T column. For aspiration of 100 ml of
Cr(VI) solution at concentrations ranging from 1
to 10 wg 17! at 8 ml min~! a linear calibration
plot was again obtained with a correlation coeffi-
cient of 0.998 (n = 10) and a slope of 87% of that
for Cr(III).

3.6. Effect of the presence of other cations on
Cr(III) preconcentration

The presence of other cations in the sample
often affects the sorption of preconcentrated ana-
lytes. For the sorption of Cr(III) on Cellex P this
effect was examined under on-line conditions us-
ing a 5X5 mm i.d. column and aspiration of 50
ml 0.1 mg 1~ Cr(III) solution at a flow-rate of 5.0
ml min~! in the presence of excess of various
cations (Table 1).
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Table 1
Effect of the presence of other cations on the sorption of
Cr(III) on Cellex P using a 5x5 mm i.d. column.

Cation  Concentration (mg1~!)  Cr(III) recovery (%)
Na* 1000 100
K* 50 100
100 100
200 104
Ca?* 50 103
100 107
200 107
Mg2* 50 96
100 87
200 64
Mn?* 5 100
Cu?* 5 56
5 100 2
AP+ 5 100 2
Fe3* 5 220

2 For a 65X5 mm i.d. column.

In the presence of 5 mg 1! Fe(IIl) a large
increase in the chromium signal was observed.
An attempt to decrease this interference by the
addition of fluoride to the sample solution prior
to the preconcentration was not successful and
resulted in a significant decrease in the chromium
signal. For a larger 25 mm column, up to 10 mg
17! Fe(III) did not affect the chromium signal.
Because it was found that under the same condi-
tions Fe(III) is retained and eluted together with
Cr, the observed interference has a typical spec-
tral nature. This can be eliminated by changing
the measuring conditions from the most sensitive
chromium wavelength of 357.9 nm to the less
sensitive 425.4 nm. This allows iron(III) interfer-
ence to be eliminated up to concentrations of 20
mg 17!, With further increases in Fe(III) concen-
tration a decrease in the chromium signal was
observed, but at 40 mg 17! Fe(III) 92% of pre-
concentrated Cr(III) was recovered. Therefore,
for practical applications the use of the less sensi-
tive wavelength is recommended for the detection
of eluted chromium when the presence of Fe(III)
at concentrations above 10 mgl™! can be ex-
pected.

No other cations gave rise to interference at
concentrations below 20 mg 17",

3.7. Effect of the presence of common anions on
the retention of Cr(VI)

Chloride, nitrate and sulphate were selected as
potential interfering anions for Cr(VI) precon-
centration on Cellex T. Using a 5X 5 mm i.d.
Cellex T column for preconcentration of Cr(VI)
from an aspirated 100 ml of 0.1 mg 1™! solution,
it was found that up to 100 mg 1~} chloride and
20 mg 17! nitrate do not affect the Cr(VI) sorp-
tion.

The presence of sulphate significantly de-
creased the Cr(VI) sorption as at 10 mg 17!
sulphate only 75% of the Cr(VI) was retained. A
pH study indicated that the optimum pH range is
5-7 in the presence of sulphate, but sorption is
incomplete. Satisfactory results were obtained by
increasing the column length (Fig. 9). As can be
seen in Fig. 10, for aspiration of 100 ml of 5 ug
171 Cr(VI) solution and using a 75 mm Cellex T
column, the presence of up to 150 mg 1~! chlo-
ride, 50 mg 1~} nitrate and 100 mg |~' sulphate
in the same solution does not affect the Cr(VI)
preconcentration.
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Fig. 9. Effect of Cellex T column length on preconcentration
of Cr(VI) from 100 ml of 5.0 mg 1~! solution in the presence
of 20 mg 17! sulphate at an aspiration flow-rate of 5.0 ml

min .
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Fig. 10. Effect of the presence of (1) chloride, (2) nitrate and
(3) sulphate on the retention of Cr(VI) from 100 ml of 5.0 mg

17! solution at an aspiration flow-rate of 7.6 ml min~! and an

elution flow-rate of 3.0 ml min~".

3.8. Simultaneous preconcentration of Cr(1ll) and
Cr(VI) in a dual-column flow-injection system

When packed flow-through columns, which
may change their flow resistance, are used in
flow-injection systems, the functioning of a
branched manifold with a split sample stream
may be very irreproducible. Hence in this study a
configuration with two columns in series was pre-
ferred, especially as the optimum conditions for
the preconcentration of both chromium species
are not very different.

As mentioned under Experimental, several dif-
ferent modes of operation of the dual-column
system were examined. An important factor for
satisfactory functioning of the measuring system
is an appropriate sequence of both flow-through
columns. For a flow system with the Cellex P
column placed first, the signal corresponding to
Cr(III) elution is always larger than observed for
the same amount of preconcentrated Cr(VI).
Also, in spite of the results mentioned above,
even when the aspirated sample solution did not
contain Cr(IIl), the elution of the Cellex P col-
umn with HCl gave a positive signal, indicating
some sorption of Cr(VI) on the Cellex P column.

For such a system a carrier solution of pH 4
provided the best results and the optimum sam-
ple pH adopted was 5.5.

More satisfactory results were obtained, how-
ever, for the flow system with the Cellex T col-
umn placed first. When Cr(VI) was eluted first
and the eluate passed through the Cellex P col-
umn and then Cr(III) was eluted, a double peak
was obtained for Cr(VI) elution and the height of
the Cr(III) peak was decreased, indicating that
Cr(II1) was partially eluted with Cr(VI). Unsatis-
factory results were also obtained when Cr(III)
was eluted first and then the eluent used for
Cr(VI) elution was first passed through the Cellex
T and then the Cellex P column. In this instance
the signal from Cr(II1) was decreased, which can
be attributed to the interaction of NaOH solution
with the Cellex P sorbent, causing an increase in
sorbent volume and resulting in a decrease in-
flow-rate. This was not observed when NaOH did
not pass through the Cellex P column and such a
mode of operation was considered to be the
optimum. The best performance of the system
was obtained after adjustment of the pH of sam-

20ug/I

0.02 A.U.

5 min
—

Fig. 11. Comparison of recordings obtained for flame AAS
measurements of chromium with (A) conventional aspiration
and (B) with the optimized FI-AAS system with preconcentra-
tion of (a) Cr(III) and (b) Cr(VI). Aspirated sample volume,

100 ml; flow-rate, 5.0 ml min~".
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Fig. 12. Effect of the aspirated sample volume at an aspiration
flow-rate of 4.0 ml min~! in the optimized FI-AAS system on
the detection limits of (1) Cr(III) and (2) Cr(VI).

ple solution to 2.0-2.5. An example of signals
recorded under such conditions is shown in Fig.
11.

'3.9. Detection limit

Although excellent linearity was found for the
dependence of the signal magnitude on the vol-
ume of sample of 10 ug 17! aspirated up to 200

Table 2
Determination of chromium speciation in natural waters using
the optimized flow-injection system with flame AAS detection

Sample Found by FI-AAS (ug1™1)?®  Total Cr
Cr(IID Cr(vD content
by electro-
thermal
AAS
(ugl™M
Tap water 4.67+0.12 3.75+0.18 0.48
Well water I 4.69+0.12 4.00+0.20 0.64
Well water 11 4.9940.15 425+0.21 0.72
River water I 5.36+0.16 4.50+0.23 1.04
River water II 5.67+0.15 450+0.23 1.36

50 ml of sample aspirated at a flow-rate of 3.0 ml min~'. For
FI-AAS measurements each sample was spiked with 4.0 ug
171 Cr(ID and 4.0 g 17! Cr(VD).

2 Mean+S.D. (n=23).

ml, as shown previously for the preconcentration
of Cu on ligand-loaded sorbents [25], it does not
offer unlimited possibilities to lower the detec-
tion limit. The values plotted in Fig. 12 were
determined as the econcentration corresponding
to a signal magnitude equal to three times the
standard deviation obtained for ten samples of a
given volume. This determination was done at
less sensitive chromium line at 425.4 nm. For 50
ml of aspirated solution the detection limits were
0.78 and 1.4 pg 17! for C(III) and Cr(VI), re-
spectively. Using a 200-ml sample volume three
times lower values can be obtained. The precision
obtained was 2.6% and 4.5% for Cr(III) and
Cr(VI), respectively, for n =10 and for 10 ug1™!
of each chromium species.

3.10. Preliminary application to natural water sam-
ples

The developed method for the determination
of chromium speciation using a dual-column
manifold was applied to several samples of natu-
ral waters, using an aspiration volume of 50 ml.
The collected samples of surface and tap water
were filtered using a 0.45-pm filter and acidified
to pH 2.5 with HCl. As in most instances the
concentration of both chromium forms was very
close to the detection limit, all samples were
spiked with 4.0 pg 17! Cr(II) and 4.0 pg 17!
Cr(VI). The results of this preliminary study, pre-
sented in Table 2 show moderate agreement with
the total content of chromium found by elec-
trothermal AAS. In all the natural samples exam-
ined chromium (III) predominates, which is in
agreement with earlier results of chromium speci-
ation studies in natural water by other workers
2,17].

4. Conclusions

Functionalized cellulose sorbents were found
to be more appropriate for the on-line precon-
centration of Cr(1I1) and Cr(VI) in a flow-injec-
tion system than conventional cation or anion
exchangers or a chelating resin. Although the
detection limits for both chromium forms were
worse than reported recently [17], an advantage
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of the developed system is that both Cr(III) and
Cr(VI) forms can be determined in the same
aspirated sample volume without any sample pre-
treatment.
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Abstract

A pentachlorophenol preconcentration method using a microcolumn (20 X 2.5 mm i.d.) filled with quinolin-8-ol
(oxine) immobilized on controlled-pore glass (CPG) is proposed. The method is based on retention at pH 1 and
elution at pH 3 with acetonitrile-water (80 + 20). Maximum retention of pentachlorophenol was 180 wg per gram of
oxine—CPG. The breakthrough volume was 100 ml. The good ability for retention and elution allows the flow
spectrophotometric determination of microgram amounts of pentachlorophenol. The calibration graph was linear
from 4.0 to 25 ug for a sample volume of 100 ml, the repeatability using a single column for 12 ug of
pentachlorophenol was 1.2% (R.S.D., n = 4), and the reproducibility between five different microcolumns for the
same concentration level was 1.6%. The 3o detection limit was 2.5 g and a preconcentration factor of 250-fold was
obtained. Common cations and other phenols do not interfere significantly.

Key words: Flow systems; UV-Visible spectrometry; Pentachlorophenol; Preconcentration; Waters

1. Introduction

Phenols in general are an important group of
compounds to be monitored in surface water,
waste water and leachate, and an automated on-
line system would give valuable data in many
situations. In particular, chlorophenols and nitro-
phenols are used as pesticides, bactericides, wood
preservatives and synthetic intermediates. More-
over, chlorophenols are also byproducts of the

* Corresponding author.

chlorine bleaching process used in pulp and pa-
per mills. The efficiency of a bio-oxidation waste
water treatment plant can be monitored by ob-
serving how it handles low-level concentrations of
pentachlorophenol; this phenol is more difficult
to biodegrade than most other phenols, and its
increase in the plant effluent may indicate de-
creased efficiency and a potential problem [1].
Moreover, chlorophenols have been investigated
as an indicator parameter for polychlorinated
dibenzodioxins and furans from municipal waste
combustion [2]. Several on-line determinations of
phenols have been reported recently [1,3].

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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The US Environmental Protection Agency rec-
ommends a maximum level of 1 ug ml~! of total
phenolic compounds in water supplies [4] for
analysis at this concentration level it is necessary
to preconcentrate the sample before detection
[1,5] for sensitivity enhancement. The use of solid
materials for the retention of analytes or interfer-
ences in a liquid sample passing through them is
a common alternative to sample pretreatment on
account of the advantages offered. Quinolin-8-ol
(oxine) has been used in immobilized form for
the preconcentration of trace levels of metal ions
[6-8};, other applications of immobilized oxine
include the liquid chromatographic separation of
metal ions [9] and the metal-assisted separation
of phenols [10]. Controlled-pore glass (CPG) has
been the support of choice in some of these
applications because immobilization reactions on
the glass surface are relatively simple [11]. Also,
CPG exhibits the good mechanical strength and
swelling stability required for flow systems.

The purpose of this work was to study the
retention of phenols, and especially pen-
tachlorophenol, for preconcentration on oxine
immobilized covalently on CPG, and spectropho-
tometric detection in a continuous-flow system.

2. Experimental

2.1. Equipment

The system consisted of a Wiz programmable
peristaltic pump connected to a column filled

pertachiorophenol

14 mi/min

PUMP

column

oxine-CPG

with oxine immobilized on CPG, a Hewlett-
Packard HP 8452A diode-array spectrophotome-
ter equipped with a 1-cm path length silica flow
cell and a PTFE reaction coil. The spectropho-
tometer was interfaced to an HP Vectra AT
computer and an HP Think Jet printer.

2.2. Reagents

All chemicals were of analytical-reagent grade
and purified water was obtained using a Milli-Q
apparatus (Millipore). Pentachlorophenol (99%
pure, Carlo Erba), 24 6-trichlorophenol (99%
pure, Carlo Erba), 2,4-dichlorophenol (99% pure,
Aldrich Chemie), 4-chloro-3-methylphenol (99%,
Aldrich Chemie), 2-nitrophenol (> 99% pure,
Fluka), 4-nitrophenol (> 99% pure, Fluka), 3-
nitrophenol (Carlo Erba), 2,4-dinitrophenol
(99.4% pure, Chem Service), 4,6-dinitro-2-meth-
ylphenol (98% pure, Chem Service) and 2,4-di-
methylphenol (90% pure, Merck) were used for
preparing 125 mg 17! stock standard solutions in
1.0 X 1073 M sodium hydroxide solution.
(AminophenyDtrimethoxysilane (95% pure,
ABCR) was supplied as mixed isomers and stored
under refrigeration. Controlled-pore glass (CPG-
240-200, Sigma) was boiled in 5% nitric acid for
30 min, filtered on a glass filter, washed with
deionized water and dried in an oven at 95°C.

2.3. Immobilization procedure and storage

Immobilization on CPG was achieved follow-
ing the procedure described by Marshall and

DETECTOR
pre——— s te

COMPUTER

PRINTER

Fig. 1. Flow system for determination of pentachlorophenol.
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Mottola [11]. The product was packed in a glass
microcolumn (20 X 2.5 mm i.d.) so that the length
of the immobilized oxine zone was 15 mm. The
column filled with the immobilized oxine was
stored in a refrigerator at 4°C and pH 1. The
dried material was stored in a desiccator.

The efficiency of the immobilization procedure
was evaluated indirectly. The difference between
the initial oxine concentration added to the dia-
zonium salt—-CPG and the final concentration in
the waste was measured spectrophotometrically
in a buffered solution (pH 9, 0.1 M NH,CI-NH,)
at 360 nm in the presence of 1.0 X 1072 M AI*™.

2.4. Flow determination of pentachlorophenol

Calibration was achieved by pumping aliquots
of solutions containing pentachlorophenol in the
4-25 pg in 100 ml volume range at 1.4 ml min !
through the microcolumn filled with oxine-CPG
at pH 1. Once pentachlorophenol had been re-
tained on the column, after selection of the sec-
ond channel in the pump, elution was effected
with an acetonitrile-water (80:20) at pH 3, the
flow-rate being 0.4 ml min~'. Spectrophotometric
measurements of the peak height were made at
302 nm against a blank solution (Fig. 1).

Table 1

3. Results and discussion

3.1. Immobilization efficiency

In order to determine the amount of oxine
immobilized on CPG, the waste liquid from the
immobilization procedure was collected. The con-
centration of oxine was evaluated by formation of
the aluminium-oxinate complex at pH 9.2 and
spectrophotometric measurement at 360 nm. The
amount of oxine immobilized was about 130 mg
per gram of CPG.

3.2. Stability

The hydrolytic stability of the immobilized ox-
ine—CPG was studied in the pH range 1-12. The
material is very stable in strongly acidic solutions.
A slight coloration of the effluent is observed at
pH > 4.8. At pH > 9 the yellow effluent becomes
dark yellow with a maximum at 380 nm that may
be due to the hydrolysis of the azo bond (the
oxine absorbance maximum at this pH is at 308
nm).

Regarding stability, no significant change in
the retention of phenols has been observed over a
5-month storage period.

Results of optimization of working conditions for the flow system

Variable Range studied Value selected

pH (retention) 1.0-12.8 1.0

Flow-rate (retention) {(ml min ~!) 0.4-2.9 1.4

Eluent Acetonitrile-water Acetonitrile—water

Eluent composition (v/v)

pH (elution)

Flow-rate (elution) (ml min~")

Sample volume (ml) -
Pentachlorophenol per gram of oxine—CPG (ug)

Methanol-water
Ethanol-water
Acetone—water

50 + 50-80 + 20 80+ 20
2-12 3
0.4-1.3 0.4
10-500 100
1-200 180 #

? Maximum at which the column is saturated with pentachlorophenol.
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3.3. Selection of working conditions

Hydrodynamic and chemical variables affect-
ing the flow system were studied by UV-visible
absorbance measurements between 190 and 800
nm with a diode-array spectrophotometer. Table
1 shows the range and characteristics tested and
the values selected for pentachlorophenol. The
retention of pentachlorophenol from aqueous so-
lutions in the microcolumn was evaluated at dif-
ferent pH values. At low pH (between 1 and 3),
the retention was > 97%, whereas at pH 7 only
7% of the pentachlorophenol was retained. At
pH > 9, the effluent on becomes yellow-orange
with an absorbance maximum at 380 nm and
pentachlorophenol is not retained in the micro-
column. Under the acidic retention conditions
used, the phenols are not ionized and at least
three types of interactions may be involved in the
retention of the phenolic compounds: hydrogen-
bonding, w—7 and dispersion interactions.

The influence of the flow-rate on the retention
of pentachlorophenol was evaluated between 0.4
and 2.9 ml min~'. At flow-rates higher than 1.4
ml min~! the retention decreased, being only of
about 88% at 2.9 ml min~!. For flow-rates be-
tween 0.4 and 1.4 ml min~! the retention was
higher than 98%; therefore, 1.4 ml min~' was
chosen for further studies.

Once the pH and flow-rate conditions for re-
tention had been established, several parameters
affecting the elution were studied. Several or-
ganic solvent—water mixtures were evaluated as
eluents for pentachlorophenol. Ethanol-water
and methanol-water mixtures produced a yellow
effluent with maximum absorbance at 380 nm,
which interfered, making the spectrophotometric
evaluation of the eluate difficult. Acetone—water
mixtures produced small bubbles in the system
and hence gave rise to irreproducible results.
Several acetonitrile—water mixtures were tested;
a 50 + 50 mixture yielded only a recovery of 56%,
whereas an 80 + 20 mixture yielded recoveries
> 92%.

The effect of pH on elution with acetonitrile—
water (80 + 20) was studied in the range 3-12. At
pH < 3 the recovery was low, and at pH above 7
the effluent again became yellow-orange with

maximum absorbance at 380 nm. At pH 3 the
highest recovery (ca. 92%) was achieved. The
elution flow-rate was studied between 0.4 and 1.3
ml min~!; for flow-rates higher than 0.4 ml min ™’
the recovery decreased, so this value was selected
for further studies. In the elution process a well
defined peak appeared, showing the good elution
characteristics.

The maximum amount of pentachlorophenol
retained by the column per gram of oxine-CPG
was established as 180 wg. The breakthrough
volume was determined by studying spectropho-
tometrically the recovery of 10 ug of pen-
tachlorophenol in volumes between 10 and 500
ml. The volume of 100 ml was chosen as optimum
because higher volumes yielded lower recoveries
(71% was obtained for 250 ml).

To study the stability of the pentachlorophenol
retained on the column, 100 ml of solution con-
taining 20 ug of pentachlorophenol at pH 1 were
pumped through the column. The column with
the retained pentachlorophenol was kept in a
refrigerator for 4 days; subsequently, pen-
tachlorophenol was eluted with acetonitrile—water
(80 + 20) at pH 3 and the recovery was > 98%.
Under the conditions established, it was possible
to use the column to make about ten determina-
tions of pentachlorophenol with recoveries of ca.
96%. This behaviour shows the reversibility of the
retention—elution process.

3.4. Analytical characteristics

The linear calibration range was 4.0-25 ug for
a sample volume of 100 ml. The 3o detection
limit was 2.5 wg. The repeatability for use of one
microcolumn, expressed as relative standard devi-
ation, was 1.2% for 12 ug of pentachlorophenol
(four determinations). The reproducibility be-
tween five different microcolumns for the same
amount (12 ug) was 1.6%. A preconcentration
factor of 250-fold was obtained for an Iinitial
sample volume of 100 ml (the final volume was
about 0.4 ml).

3.5. Interferences

The effect of several metal ions on the peak
height in the elution of pentachlorophenol was
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studied. Metal ions such as aluminium, calcium
and magnesium do not interfere in the determi-
nation of 20 ug of pentachlorophenol under the
conditions established up to a concentration level
of 100 pg mi~%,

The influence of the presence of other phenols
was studied; Table 2 shows the percentage reten-
tion of 20 ug of each phenol by the column under
the conditions optimized for pentachlorophenol.
The relationship between the structure of partic-
ular phenols and the retention is not clear, but
the presence of chlorosubstituents results in
higher retention; hence the retention of pen-
tachlorophenol is higher than that of 2,4,6-tri-
chlorophenol, and the retention of the latter is
higher than that of 2,4-dichlorophenol. Retention
of nitrophenols depends on the number of sub-
stituents and their relative positions in the aro-
matic ring. Nitrosubstituents in the ortho or para
position results in substantially increased reten-
tion relative to 3-nitrophenol. However, an in-
crease in the number of nitrosubstituents pro-
duced a decrease in retention. Further, the pres-
ence of a methyl group resulted in a greater
electron density in the aromatic ring and hence
m-1 interactions, and also dispersion interac-
tions, were enhanced. Indeed, 4,6-dinitro-2-meth-
ylphenol was more strongly retained than 2,4-di-
nitrophenol.

To study the selectivity, the effect of 10 ug of
different chlorophenols, methylphenols and nitro-
phenols on the absorbance of 10 ug of pen-

Table 2
Retention of different phenols in the oxine—CPG column
Phenol A(max) Retention
(nm) (%)
2,4,6-Trichlorophenol 290 84.2
2,4-Dichlorophenol 286 6.1
2-Nitrophenol 348 44 .4
3-Nitrophenol 326 93
4-Nitrophenol 282 43.8
2,4-Dinitrophenol 262 20.9
4-Chloro-3-methylphenol 280 14.0
4,6-Dinitro-2-methylphenol 272 46.7
2,4-Dimethylphenol 276 24.0

2 Under the same conditions as pentachlorophenol.

Table 3
Influence of different phenols on the spectrophotometric de-
termination of pentachlorophenol

Phenol Interference (%)
Without  In the proposed
column flow method

2,4,6-Trichlorophenol 8.0 6.0

2,4-Dichlorophenol - -

4-Chloro-3-methylphenol - -

2,4-Dinitrophenol 62 15

4,6-Dinitro-2-methylphenol 37 14

4-Nitrophenol 481 -

3-Nitrophenol 83 -

2-Nitrophenol 66 18

2,4-Dimethylphenol - -

tachlorophenol at 302 nm was studied; the results
were compared with those obtained by mixing
solutions containing 10 wg of pentachiorophenol
and 10 ug of the other phenols in a final volume
of 10 ml under the chemical conditions proposed
for the flow determination of pentachlorophenol
(Table 3). Except for 2,4,6-trichlorophenol, the
level of interference is clearly decreased owing to
the different retentions of the individual phenols
and the different absorption maxima, as can be
seen in Table 2. Phenols such as 4-nitrophenol
and 2-nitrophenol produce very a high ab-
sorbance but, owing to their retention by the
column of oxine-CPG, the interference in the
determination of pentachlorophenol is very low.

4. Conclusions

Oxine immobilized on CPG shows a good abil-
ity to preconcentrate pentachlorophenol. Oxine—
CPG can be packed in a microcolumn and used
in flow systems, allowing preconcentration and
further spectrophotometric determination of pen-
tachlorophenol at low concentrations. The stabil-
ity of the material makes the off-line sampling
and later determination in the laboratory possi-
ble. In addition, the immobilization procedure is
inexpensive and simple.
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Abstract

A sensitive and simple kinetic turbidimetric method for the determination of escin, based on its inhibitory action
on the crystallization of lactose, is presented. Supersaturated solutions of lactose were prepared by addition of
acetone to a stable aqueous lactose solution. The induction period of the crystallization process was measured
turbidimetrically in the absence and presence of escin. The method was applied to the determination of escin in

pharmaceutical products.

Key words: Turbidimetry; Crystallization; Escin; Lactose; Pharmaceuticals

1. Introduction

The crystallization of organic substances is af-
fected by the presence of traces of other organic
molecules with chemical structures partly identi-
cal with or only slightly different from that of the
bulk component of the crystal [1]. These effects
must be assigned to the selective interaction of
the foreign molecule at specific points of the
crystallizing substance, causing marked changes
in the crystallization rate. These processes are
highly sensitive and selective and for this reason
they have found application in analytical chem-
istry {2-6]. These processes permit an appropri-
ate substrate to be designed to be used to deter-
mine a given analyte. In this work, lactose was

* Corresponding author.

used as the crystallizing substrate to determine
escin, a saponin commonly found in plants with
diverse applications in pharmaceutical prepara-
tions and cosmetics. -

To date, the most common methods for the
determination of escin involve chromatographic
procedures, and thin-layer chromatographic [7-9]
and liquid chromatographic [10,11] methods have
been described. A radioimmunoassay has also
been proposed [12].

2. Experimental

2.1. Reagents

Saccharides were purchased from Sigma, escin
from Fluka and the solvents (ethanol, propan-2-ol
and acetone) from Merck. Solutions of lactose

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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and escin were prepared weekly in doubly dis-
tilled water and stored in a refrigerator.

2.2. Apparatus

Turbidimetric measurements were performed
using a Metrohm Model 662 photometer
equipped with a light-guide measuring cell and
using monochromatic light (500 nm). The crystal-
lization processes were carried out in a cylindrical
glass flask (height 5 cm, diameter 2.4 cm) that
was magnetically stirred (500 rpm) and main-
tained at constant temperature (25 + 0.2°C). The
absorbance-time curve was printed by a chart
recorder.

2.3. Procedure

A 0.020-ml volume of 23.75 g 17! lactose, escin
solution as necessary for a final concentration
between 0.1 and 0.6 wg ml~! and water to achieve
a volume of 0.150 ml were placed in the crystal-
lization flask, Then 12 ml of acetone were added
and the chart recorder and magnetic stirrer were
switched on. From the resulting absorbance—time
curve (see Fig. 5), the induction period (time
elapsed before absorbance began to increase due
to the appearance of solid phase) was measured
and used to prepare the calibration graph. Each
measurement took ca. 5 min.

2.4. Application

To test the applicability of the proposed
method, it was applied to the determination of
escin in pharmaceutical products. The following
previous treatments were performed:

(a) Circovenil fuerte (Wyeth-Orfi) in tablet
form was first ground, then the powder was main-
tained in aqueous suspension for 2 h and finally
filtered (0.45 pm) before analysis after appropri-
ate dilution.

(b) Feparil (Madaus Cerafarm), lyophilized: an
aqueous solution of the lyophilized sample was
used for determination.

(¢) Uralyt Urato (Madaus Cerafarm), granu-
lated: owing to the presence of salts (as sodium
citrate) in this product and in order to avoid

crystallization of such salts on adding acetone,
the escin was extracted from the granulated ma-
terial with acetone for 2 h, the suspension was
centrifuged, then the method was applied to a
diluted sample. Considering the solubility of escin
in acetone, total extraction was assumed.

3. Results and discussion

On the basis of structural analogies between
lactose and escin (see Fig. 1), and considering
that lactose is a common commercially available
sugar, it was selected as the precipitating sub-
strate to determine escin. Supersaturated solu-
tions of lactose were obtained by changing the
solvent composition. Thus, the addition of an
organic solvent to stable aqueous solutions of this
sugar allowed unstable supersaturated solutions
to be obtained. Several organic solvents were
used for comparison. As can be seen in Fig. 2, the
precipitation curve obtained when acetone was
used as an organic solvent was the best for analyt-
ical purposes. Hence the induction period was
easily measured when this solvent was used in the
presence of low concentrations of lactose. When
ethanol or propan-2-ol was used, however, a high
concentration of lactose was necessary to obtain
precipitation, so that the induction period was

» )R
Escin MO — € —CHy
CHOH ()
— “on
e COCH
L7 0,0 )
‘ ' CHOH
7 crgon \OH ;
, .
‘ / R = tiglic acid or
H OH L angelic acid
. .
', HO L CH,CH
N HO L 7 o]
~ - O
CH,0H cron \OH oH
Q HO L g ©
H OH oH
HO
HO wo  Lactose

Fig. 1. Structures of lactose and escin.
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Fig. 2. Turbidimetric curves (absorbance vs. time) correspond-
ing to lactose precipitation from supersaturated solutions un-
der different conditions. Temperature, 25°C; stirring rate, 500
rpm. Curves: 1= 1180 ug ml~! lactose, solvent ethanol-water
(99.17+0.83, v/v); 2=1180 g ml~ ! lactose, solvent propan-
2-ol-water (99.17+0.83, v/v); 3 =98 ug ml~! lactose, solvent
acetone—water (99.17+0.83, v/v); 4=39 pg ml~! lactose,
solvent acetone—water (98.77+1.23 v/v).

evaluated with greater difficulty. Consequently,
acetone was chosen as the solvent.

3.1. Study of the variables

In order to select optimum conditions for the
determination of escin, the influence of several
variables on the inhibitory effect of escin on the
crystallization of lactose was studied: concentra-
tion of the precipiting substrate, acetone—water
relationship, temperature and stirring rate.

Fig. 3 shows the influence of percentage of
water on the precipitation of lactose. As can be
seen, in both the absence and presence of escin,
the induction periods were longer when a higher
percentage of water was present. Nevertheless,
the inhibitory effect of escin (difference between
curves 1 and 2) was slightly affected by the per-
centage of water and 1.23% of water was chosen
as the optimum because slight variations in water
content at this value did not significantly influ-
ence the results.

The initial lactose concentration clearly af-
fected the inhibitory action of escin on lactose
precipitation (Fig. 4). Thus, the lower the concen-

£ (s) 300

' 250 1 )

200
150

100
(1)

0 T M L) T M T T
0,3 0,6 0,9 1,2 1,5 1,8 2,1

water (%)
Fig. 3. Influence of the water-acetone composition on the
induction period when precipitating 39 g ml~! lactose. Tem-
perature, 25°C; stirring rate, 500 rpm. (1) In the absence of
escin; (2) in the presence of 0.29 ug ml ™! escin.

tration of lactose, the greater was the inhibitory
action of escin. This can be explained considering
that by increasing the amount of the crystallized
phase the number of specific points on the crys-
tallizing substance to which the inhibitor can bind
is increased, and consequently the sensitivity of
the inhibitory action would decrease. A 39 ug
ml~! concentration of lactose was chosen as opti-
mum. No lower lactose concentrations were tested
because of the problems of detection of the solid
phase, as under such conditions only small
amounts of lactose are precipitated.

400

300 (2

200 1

100 s g

0 1 T T T T T
30 40 50 60 70 80 90 100

[Lactose] (ng/mL)

Fig. 4. Influence of the concentration of lactose on the inhibi-
tion of the escin in 98.77% acetone. (1) In the absence of
escin; (2) in the presence of 0.29 wg ml~ ! escin; (3) difference
between (2) and (1). Temperature, 25°C; stirring rate, 500
rpm.



268 F. Grases et al. / Analytica Chimica Acta 288 (1994) 265-269

Abs |
0.1+ (1) (3.4
(2) (8)
(s) /)
0.04
) LS L L] L " T L]

0 2 4 6 t (min)

Fig. 5. Turbidimetric curves (absorbed light vs. time) corre-
sponding to precipitation of 39 ug mi~! lactose in 98.77%
acetone in the absence and presence of escin. Temperature,
25°C; stirring rate, 500 rpm. Escin concentration (g ml~!):
(1) 0; (2) 0.10; (3) 0.19; (4) 0.29; (5) 0.38; (6) 0.48; (7) 0.57.

No significant influence of temperature (in the
range 20-30°C) and stirring rate (200—600 rpm)
were observed, but both should be kept constant
during analysis in order to avoid unexpected vari-
ations.

3.2. Characteristics of the method

In order to obtain the calibration graph, ab-
sorbance-time curves (Fig. 5) obtained under se-
lected conditions and in the presence of different
amounts of escin were used. A plot of the loga-
rithm of the induction period versus escin con-
centration was linear, having a least-squares re-
gression with the following equation:

In t;—In t? =0.019 + 2.442[ escin]

where ¢, (s) is the induction period in the pres-
ence and ¢ that in the absence of escin and
[escin] is the escin concentration in pwg ml™!. It
was considered that the induction period was the

Table 2
Determination of escin in pharmaceutical products

Table 1
Tolerance levels for several saccharides in the determination
of 0.29 ug ml~! escin

Saccharide Maximum tolerated
amount (ug/ml) 2

Fructose, galactose 250

Glucose 16

Lactose 3

Melibiose 25

Sucrose, trehalose, maltose 2

Raffinose 1.5

Stachyose 0.1

2 Error £2.5%.
® Highest assayed amount.

time necessary for the formation of the solid
phase to be detectable. The correlation coeffi-
cient was 1.00 (n = 6).

Reproducibility was evaluated from eight
replicates of the reference (without escin) and ten
replicates of a sample containing 0.29 pg ml~!
escin. The standard errors were 1.83% and 2.99%,
respectively.

To evaluate the selectivity of the proposed
method, the effects of several saccharides whose
chemical structures were related to lactose were
studied in order to establish the tolerance levels
(Table 1). As can be seen, the tested substances,
depending on the concentration, exerted some
inhibitory effects, thus giving positive interfer-
ences. In contrast, additional lactose produced a
diminution of the induction period, and thus gave
a negative interference.

It is interesting to observe how the inhibitory
capacity of the saccharides (interferences) is re-
lated -to their structural complexity, in the se-
quence monosaccharide < disaccharide < tri-
saccharide < tetrasaccharide, likewise demon-
strating that when a moiety of the inhibitor sub-

Product Calibration graph ? Standard addition Reported
(%) (%) (%)
Circovenil fuerte (Wyerth-Orfi) 37+01 3.9 4.0
Feparil (Madaus Cerafarm) 101.0+ 1.2 99.4 100.0
Uralyt Urato (Madaus Cerafarm) 0.033 £ 0.0004 0.035 0.039

2 Average of five determinations.
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stance is identical with or very similar to the bulk
component of the crystallizing substance, its in-
hibitory action increases with increasing the com-
plexity and molecular weight of the complemen-
tary part.

3.3. Application

The results obtained using direct calibration
and standard addition methods for each pharma-
ceutical sample are given in Table 2. The deter-
mined values are in good accordance with the
reported concentrations.
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Abstract

Ionization constants of pH reference materials in acetonitrile-water mixtures containing 30, 40, 50 and 70%
(w/w) acetonitrile were obtained. The ionization constant values determined were: pK,; and pK, for tartaric and
phthalic acid; pK;, pK, and pK, for citric acid and pK, for boric and acetic acid. These values are essential to
determine the standard reference value, pHg, for various standard reference buffer solutions. In the total
composition range studied, pK values were linearly correlated with the mol fraction of acetonitrile and with the
reciprocal of the dielectric constant of solvent mixtures. Considering the unlimited number of solvent mixtures, a
multilinear regression procedure was applied to correlate pK values with % (w/w) and % (v/v) of acetonitrile, and
the methodology of linear solvation energy relationships (LSERs) was used to relate pK data with solvatochromic

parameters of acetonitrile—water mixtures.

Key words: Tonization constants; Reference materials, pH; LSERs

1. Introduction

Nowadays, reversed-phase liquid chromatogra-
phy (RPLC) seems to be the most popular tech-
nique for the separation of ionogenic substances.
In addition to other advantages, this effective
technique uses readily available and inexpensive
polar mobile phases, mainly mixtures of water
with methanol or acetonitrile as organic solvents.
However, it must be emphasized that the inter-
pretation of the ionization effect in non-aqueous

* Corresponding author.

mobile phases, such as acetonitrile—water mix-
tures, is difficult because of many problems con-
nected with the pH measurements in the solvent
systems and the lack of ionization constant data,
pK, in these media [1,2].

Usually, interpretation of chromatographic be-
haviour of substances is made assuming that the
pH and pK data used for the mobile phase are
the same as, or linearly correlated with, those in
the aqueous fraction, in which case errors due to
medium effects [3] contribute to the uncertainty
in the true pH and pK values. In acetonitrile-
water mixtures, considerable variations can be
observed and pH and pK values cannot be as-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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sumed to be independent or linearly correlated
with composition of solvent mixtures [2,4].

Determination of accurate pH values of stand-
ard reference solutions is the key to solving pH
measurement problems in aqueous—organic sol-
vent mixtures such as acetonitrile—water [3,5].
The following internationally recognized opera-
tional equation is used for electrometric pH mea-
surements [6];

Es—E
pHy = pHg+ ——

where E and Eg denote the emf measurements
made in cell A on the sample solutions at un-
known pH y and on the standard buffer at known
pHg, and g =(n 10)RT/F.

The composition of cell A can be described as:
Reference electrode |Salt bridge | Sample solution
at pH or buffer solution at pHg in acetonitrile—
water |H*-responsive electrode.

Ionization constant values for the involved
equilibria of pH reference materials in acetoni-
trile-water mixtures are necessary to assign refer-
ence pH values to standard buffer solutions in
acetonitrile—water mixtures.

pK values of pH reference materials in ace-
tonitrile—water mixtures up to 70 wt.%, which is
the upper limit for the absence of ionic associa-
tion in such mixed solvents [7], were hitherto
missing, although pK, values for phthalic acid
are available in the literature [4], and pK, values
for phosphoric acid in acetonitrile—water mix-
tures and pK values of different pH reference
materials in 10% acetonitrile—water mixtures
were determined previously work [2,8]. These pK
values can give valuable information concerning
the behaviour of substances in acetonitrile—water
mobile phases used in RPLC and permit evalua-
tions of pHg standards for pH measurements in
these solvents.

The present work concerns the determination
of pK values of pH reference materials [9] in 30,
40, 50 and 70% (w/w) acetonitrile-water mix-
tures according to the rules and procedures re-
cently endorsed by TUPAC [5]. The ionization
constant values determined in the present work

were: pK, and pK, for tartaric and phthalic acid,;
pK,, pK, and pK, for citric acid and pK, for
boric and acetic acid. These are the required pK
values for subsequent standard pHg evaluations.
Also, in order to obtain pK values in whichever
of the unlimited number of the possible binary
solvent acetonitrile—water mixtures, relationships
between pK values and different characteristics
of the solvent mixtures were examined and the
methodology of linear solvation energy relation-
ships (LSERs) [2,10,11] were used to correlate
pK values with solvent dipolarity/ polarizability
(1 *), solvent hydrogen bond donating acidity (a)
and solvent hydrogen bond accepting basicity (8).

2. Experimental

2.1. Apparatus

emf values for the potentiometric cell were
measured with a CRISON 2002 potentiometer
(+£0.1 mV) using a Radiometer G202C glass elec-
trode and a Ag/AgCl reference electrode pre-
pared according to the electrolytic method [12].
In the experimental work described, three differ-
ent Radiometer G202C glass electrodes were used
in acetonitrile-water media and the obtained pK
results did not differ significantly. Obviously,
changing the glass electrode involves a new stand-
ardization of the potentiometric cell [12]. The
glass electrodes were stored in water when not in
use and soaked for 15-20 min in acetonitrile-
water before potentiometric measurements.

The reference electrode was stable for three
months of continuous work and during the whole
time the standard potential, £°, remained essen-
tially constant (standard deviation, s < 1.3 mV).

The stabilization criterion for the emf readings
was a stability of 0.2 mV within 150 s; if the
stabilization was not achieved after 20 min, a new
addition of titrant was made. The system gave
stable and reproducible potentials within 5 min.

The cell was thermostated externally at 25 +
0.1°C. The potentiometric assembly was automat-
ically controlled with a PC microcomputer.
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2.2. Reagents

Analytical reagent grade chemicals either from
Merck (pro analysi) or Carlo Erba (RPE grade)
were used. Stock 0.1 M potassium hydroxide
(Carlo Erba, RPE) solutions were prepared with
an ion-exchange resin [13] to avoid carbonation
and were standardized titrimetrically with potas-
sium hydrogenphthalate. While using 70% (w/w)
acetonitrile—water, the concentration of KOH so-
lutions was 0.02 M because of lower solubility in
the mixture. All the solutions were prepared by
mixing doubly distilled freshly boiled water and
acetonitrile (Merck, chromatography grade)

2.3. Procedures

The pK values have been determined from
titration of appropriate solutions of acid species
of the buffer in 30, 40, 50 and 70% (w/w) ace-
tonitrile—water mixtures using KOH solutions in
the same solvent as the titrant and approximately
5% 10~* M KClI solution for the correct response
of electrode system. pK values as proscribed by
IUPAC specific standardization rules [9] have
been obtained from systematic measurements of
the emf of cell B: Pt |Ag|AgCl |HA + A + KCl in
acetonitrile—water | Glass electrode (GE). HA and
A are the acidic and basic species respectively
involved in the dissociation equilibrium studied.
A typical cell for determination of pK; and pK,
values of tartaric acid with the mixed electrolyte
is cell C: Pt|Ag|AgCl|Tartaric acid + potassium
hydrogentartrate + KCI in acetonitrile-water |
GE. The key Nernstian function of the reversible
emf E values of cell B is:

(E°—E)/g=p(ay+aq-) =pH+pay- (1)

where g=(n 10)RT/F. Eq. 1 requires knowl-
edge of the relevant values of the standard emf
E° of cell B; these E° values covering acetoni-
trile—water mixtures containing up to 70% (w/w)
acetonitrile at 298.15K were determined as previ-
ously [12]. Taking into account the general ex-
pression for the dissociation equilibria studied
_ CaYaCu¥u+

K=-—"nEh (2)

CHAYHA

the functional Eq. 3, which permits pK calcula-
tion, is obtained:
Cua¥Yuaa-Ya-

E°—FE
+log——————— =pK 3)
g CAYa

where ¢y, and ¢, are the molar concentrations
of acidic and basic species respectively, and c-
is the molar concentration of the mixed elec-
trolyte KCl, and y, the molar activity coefficient
of species x.

In cases of pK < 5 computation of cy, and ¢,
values required knowledge of cy+ which is in
turn function of the molar activity coefficients y,
and this can be calculated through an extrather-
modynamic assumption, i.e., a form of the classi-
cal Debye-Hiickel equation,

AI'/?

NEEE) <4>

by
where 4 and B are the Debye-Hiickel constants,
a, is the ion size parameter in the solvent mix-
ture and [ is the ionic strength.

In compliance with JUPAC rules [5,14] the
value of the a B product in Eq. 4 is assigned at
temperature T = 298.15K by an extension of the
Bates-Guggenheim convention [5,6], in terms of

(2,B)7=1.5(e¥pS /€% ) (5)
where € is the dielectric constant, p the density
and the superscripts W and S refer to pure water
and to the appropriate solvent mixture, respec-
tively. All these quantities have been reported
previously [2,12].

Calculation of py- through Eq. 4 requires
knowledge of the ionic strength I of the HA + A
+ KCl mixed electrolyte solution, but [ is, in
turn, a function of the H* concentration, cy-+
which is expressed by

E°—E

pCy+= —pca-— P(Yu+¥a-) (6)
Thus, determination of pK values requires an
iterative cycle for each point of the potentiomet-
ric titration at which E is measured.
Initially one takes I=c, +cq- and obtains
yo- values by Eq. 4, for their subsequent inser-
tion in Eq. 6 to obtain pcy+ values and a better
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value of I and so on, until constancy of I values
is obtained.

The two equilibria of phthalic acid can be
independently considered but this is definitely
not the case for tartaric and citric acid, whose
equilibria overlap, and to carry out their pK
value calculations, it is not possible to neglect the
rest of the ionization constant values.

In order to determine pK, and pK, values for
tartaric acid and pK,, pK, and pK; values for

Table 1

citric acid a program in pascaL, pKPOT, is used
[8,15].

3. Results and discussion

Different emf measurement series for cell B
and pK calculations from Eq. 3 at various con-
centrations of acidic, HA, and basic, A, species
were made for each reference material [6] studied

pK values of acetic and boric acid in 30% (w/w) acetonitrile—water

Acetic acid

v, vV, C, [KC1) E° pH pK,
20 1.31 0.0994 M 3.67x1074M 426.57
A E [HA](x1073 M) [Al(x1073 M) y
0.10 — 489 5.96 0.52 0.958 4.56 5.66
0.20 ~66.8 5.45 0.99 0.949 4.85 5.64
0.30 -79.2 4.94 1.48 0.942 5.06 5.63
0.40 —~89.1 443 1.96 0.936 522 5.63
0.50 -979 3.92 243 0.930 5.36 5.63
0.60 —105.9 342 2.90 0.925 5.49 5.63
0.70 -113.8 2.93 3.36 0.920 5.61 5.62
0.80 -1220 2.44 3.82 0.916 5.74 5.63
0.90 —1309 1.95 428 0.912 5.89 5.63
1.00 —1413 1.47 473 0.909 6.06 5.63
1.10 ~154.9 0.99 5.18 0.906 6.28 5.65
pK,= 563
s= 001
n=11
Boric acid
Vv, v, C, [KCl] E° PK,, pK,
20 1.65 0.0994 M 367x1074M 426.57 14.97
\Y% E [HA](x1073 M) [A](x1073 M) y pH
0.10 -320.2 7.67 0.49 0.959 9.17 10.38
0.20 —339.6 7.14 0.98 0.950 9.49 10.37
0.30 -3522 6.61 1.47 0.942 9.70 10.38
0.40 —-361.9 6.09 1.95 0.936 9.86 10.38
0.50 —~369.8 5.58 242 0.930 9.98 10.38
0.60 —-376.9 5.07 2.90 0.925 10.10 10.38
0.70 —1383.6 456 3.36 0.920 10.21 10.38
0.80 —390.0 4.06 3.82 0.916 10.31 10.38
0.90 —-1396.1 3.57 4.28 0.912 10.41 10.37
1.00 —402.3 3.08 473 0.909 10.51 10.37
1.10 —408.2 259 5.18 0.905 10.61 10.35
1.20 —4146 2.11 5.63 0.902 10.71 10.33
1.30 -421.2 1.63 6.07 0.899 10.82 10.30
pK,=10.36
s= 0.02

n=13
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Table 2

pK values of pH reference materials in acetonitrile-water mixtures up to 70% at 298.15K (values in parentheses are standard

deviations, 30 < n < 60)

Substance % (w /w) of acetonitrile
0 10 30 40 50 70
Tartaric acid pK, 3.03 3.27(0.02) 3.73(0.01) 4.00 (0.01) 4.29 (0.02) 5.17(0.02)
pK, 4.36 4.57(0.01) 5.02(0.04) 5.30 (0.05) 5.57(0.02) 6.52(0.03)
Citric acid pK; 3.13 3.40 (0.05) 3.81(0.03) 4,06 (0.03) 4.31(0.02) 5.00 (0.03)
pK, 4.76 5.01(0.03) 5.50(0.03) 5.81(0.02) 6.08 (0.02) 7.03 (0.04)
pK, 6.40 6.68 (0.04) 7.29 (0.02) 7.63 (0.02) 7.91 (0.03) 8.86 (0.02)
Boric acid pK; 9.24 9.57 (0.05) 10.40 (0.04) 10.81 (0.03) 11.25 (0.03) 11.84 (0.09)
Phthalic acid pK, 2.95 3.15(0.02) 3.60 (0.03) 3.82(0.03) 4.08 (0.03) 4.77(0.02)
pK, 5.41 5.77(0.04) 6.86 (0.03) 7.31(0.02) 7.75 (0.02) 9.06 (0.04)
Acetic acid pK, 4.75 4.97 (0.04) 5.63(0.03) 5.99 (0.02) 6.41 (0.03) 7.57(0.03)

in 30, 40, 50 and 70 wt.% acetonitrile~water
mixtures.

To simplify the tabulation and as an example,
emf experimental values for only one titration of
acetic acid and one titration of boric acid in 30%
(w/w) acetonitrile-water are shown in Table 1,
where V, is the initial solution volume, I, the
equivalence volume, c, the titrant concentration,
[KCI] the initial KCl concentration and E° the
standard emf of the cell. For each point of titra-
tion, E is the emf value measured, [HA] the
concentration of acidic species, [A] the concen-
tration of basic species and y the molar activity

coefficient. The ionization constant values deter-
mined for the involved equilibria for pH standard
reference solutions in 30, 40, 50 and 70% (w/w)
acetonitrile—water are collected in Table 2, to-
gether with the literature pK values in water
[16,17] and the pK values determined previously
in acetonitrile-water with 10% (w/w) acetoni-
trile content [8].

Because of the very large number of possible
acetonitrile—water mixtures, determination of pK
values at each distinct solvent composition would
mean an unlimited number of potentiometric
measurements. So, in order to predict the pK

pK

T T
-0 01

T T T
03 05

X

Fig. 1. Plot of pK values vs. the mol fraction of acetonitrile, x. (0) pK; and (®) pK, for phthalic acid; () pK, and (a) pK, for
tartaric acid; (+) pK, for boric acid; (x) pK;, (¢) pK, and (crossed circle) pK; for citric acid; (*) pK; for acetic acid.
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Fig. 2. Plot of pK values vs. the reciprocal of the relative permittivity of solvent mixture, 1/¢. Key to symbols as in Fig. 1.

values in all the possible acetonitrile—water mix-
tures up to a percentage of acetonitrile of 70%
(w/w), relationships between the different sets of
results and the solvent mixtures properties have
been studied.

Thus, pK values were plotted against the mol
fraction of acetonitrile x, 1/¢ values and 7*
values, which are known over the entire range of

composition [11,12]. Plot of pK values against the
mol fraction of acetonitrile (Fig. 1) or against the
values of the reciprocal of the relative permittiv-
ity (Fig. 2) of the solvent mixture, show linear
relationships over the whole experimental range
of acetonitrile content studied. This fact and the
unlinearity showed by the plots of solvatochromic
parameters (a, B and EY) vs. pK values, suggests

pK

Fig. 3. Plot of pK values vs. Kamlet-Taft 7* polarizability-dipolarity parameters of solvent mixtures. Key to symbols as in Fig. 1.
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Table 3

Equations corresponding to plots of pK values vs. mol fraction, x, vs. the reciprocal of the dielectric constant, 1 /¢, and vs. the
Kamlet-Taft solvatochromic parameter, 7 * (correlation coefficient r refers to 6 data points)

Substance pK against x pK against 1 /¢ pK against 7w *

Tartaricacid pK;=3.05+416x r=0999 pK,=002+24019/e r=0.998 pK;=854—-4677* r=10.998
pK,=435+421x r=0999 pK,=129+24267/¢ r=0.997 pK,=969-4537* r=0.999

Citric acid pK;=320+362x r=0998 pK,=057+20856/e r=099 pK,=825-4327% r=10.995
pK,=478+442x r=0999 pK,=157+25464/¢ r=0998 pK,=1059-4957* r=0998
pK;=646+482x r=0998 pK;=295+27825/¢ r=099 pK;=13.14-5737* r=0997

Acetic acid pK,=473+559x r=0999 pK,=066+32248/e r=0.999 pK, =1209-6277* r=0.999

Boric acid pK, =927+ 6.67x r=0998 pK,;=449+37955/e r=0.994 pK,;=18.18-7.60w* r=0.999

Phthalic acid pK; =299 + 3.57x r=0999 pK;=039+20586/¢ r=0998 pK;=793-4227* r=10.998
pK,=553+721x r=0995 pK,=028+41611/e r=0.993 pK,=1605-9.037* r=0.997

that the electrostatic interactions are more im-
portant in these mixtures than any other solute-
solvent interaction, as those derived from hydro-
gen-bond formation and those derived from mod-
ifications in the solvation shell with varying sol-
vent composition.

If the results obtained for pK values are plot-
ted against the 7* values (Fig. 3) linear relation-
ships only up to acetonitrile contents around 50%
(w/w) are seen, but for higher acetonitrile con-
tents linearity is lost. This fact is in accordance
with the interpretation of Cheong and Carr [11].

The changes in observed #* values operate
through the dielectric properties of the local
medium around the solute, but there is a signifi-
cant qualitative similarity in the shape of the
plots of =* and 1/e vs. composition in acetoni-
trile—water mixtures up to an acetonitrile content
of 50% (w/w).

Table 3 shows the equations for all the linear
relationships obtained, together with their linear
regression coefficients. For boric acid, the pK
value at 70% (w/w) acetonitrile, has not been
included in the equation calculations because of

Table 4

Relationships between pK values and weight, w, and volume, v, percentages of acetonitrile in admixtures with water (r as in Table

3

Substance

Tartaric acid pK;=3.06+ 151 X 1072w + 2.10 X 10~ *w? r=0.999
pK;=3.07+846x 10730 + 243 x 10~ *p? r=0998
pK, =439+ 124 x 1072w + 2,52 X 10~ *w? r=0998
pK,=4.40 + 5.86 X 1073y + 2.80 X 10~ *p? r=0.997

Citric acid pK, =316+ 1.77 X 10 2w + 1.18 X 10 *w? r=0.999
pK; =317+ 116 X 1072p + 1.57 X 10~ *p? r=0.998
pK, =479+ 1.62 X 107 ?w + 2.20 X 10~ *w? r=0.999
pK,=4.80+9.17X 107 3p + 2.56 X 10~*,2 r=0.998
pK;=6.42+ 230 x 102w + 1.67 X 10~ *w? r=0.999
pK;=6.43 +1.49 x 107 2p + 2.18 X 10~4p? r=0.998

Boric acid pK, =920+ 4.33 X 102w — 7.38 X 10~ 5w? r=0.999
pK, =9.20+3.26 X 10~ 2u + 3.11 X 10512 r=0.999

Phthalic acid pK; =297+ 1.63 X 1072w + 1.34 X 10~ *w? r=0.999
pK; =297+ 1.03x 10720+ 1.71 X 10~ *p? r=0.999
pK, =539+ 414X 1072w + 1.51 X 10 *w? r=0.999
pK, =540+ 2.86 X 10~ 2p + 2.46 x 10~ *p? r=0.999

Acetic acid pK, =476+ 1.88 X 10~ 2w + 3.03 X 10~ *w? r=0.999
pK;=4.77+9.66 X 10730 + 3.49 X 10~4,2 r=0.999
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the deviation from linearity due to the poor sta-
bility of the emf measurements in boric acid
solutions at 70% (w/w) acetonitrile.

In order to check the internal consistency of
the results obtained a multilinear regression pro-
cedure is applied. The usual concentration by
volume % (v/v), v, or % (w/w), w, values are the
independent variables and second order polyno-
mials shown in Table 4 are obtained.

To provide an independent interpretation of
pK results, the linear solvation energy relation-
ship (LSER) method, based on the Kamlet-Taft
multiparameter scales [10], has been used. The
solvatochromic LSER approach of Kamlet and
Taft seeks to relate as a dissociation constant
value, XYZ, with three types of terms as shown
below, based on the differential evaluation of
solvent dipolarity/ polarizability, 7 *, solvent hy-
drogen bond donating acidity, «, and solvent
hydrogen bond accepting basicity, B,

XYZ=XYZ +aa+bB +sm* (7

a, b and s represent the susceptibilities of XYZ
to changing solvent solvatochromic properties
[18]. Values of the Kamlet-Taft solvatochromic
parameters 7 * [11], « [19] and B [20] for acetoni-
trile—water mixtures are known. As a result of
application of LSER method to pK values deter-
mined in this work, the relationships shown in
Table 5 are obtained. These equations allow us to
know the pK values for the acid—base equilibria

Table 5
Linear solvation energy rclationshipfs for pK values of pH
reference materials (for definition of/ symbols, see text)

Substance

Tartaric pK;=11.74-10.057* +3.42a —2.898 r =0.992
acid pK,=1323-10.627* +3.87a —3.038 r=0.990
Citric pK,=10.60—7.977* +230a —2.378 r=0.995
acid pK;=13.94-10.547* +3.53a —2.978 r =0.991
pK;=16.06—10.367* +2.87a —2.618 r=0.992

Boric

acid PK=1857-7.77T7* +0.61a —0.688 r =0.999
Phthalic pK,;=10.15-7.887* +2.30a —2.018 r=0.994

acid pK,;=19.09-13.727* +2.79a —2.598 r = 0.993
Acetic

acid pK,=16.15-13.527* +4.63a —3.318 r =0.993

of standard buffers in any acetonitrile—water mix-
ture, from a relatively small set of experimental
data.
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Michael D. Morris (Ed.), Microscopic and Spec-
troscopic Imaging of the Chemical State (Practical
Spectroscopy A Series, Vol. 17), Marcel Dekker,
New York, 1993 (ISBN 0-8247-9104-5). viii + 493
pp. Price US$175.00.

Techniques for imaging analysis have evolved
tremendously over the past decade. They allow
the study of the spatial distribution of impurities
in non-homogeneous samples and have many ap-
plications in the life sciences, earth sciences, and
materials science. There is now a large range of
atomic and molecular imaging methods available
with spatial resolution from mm to atoms. These
methods make use of a wide variety of combina-
tions of excitation methods and spectroscopies
and depend heavily on computer methods for
data acquisition, storage and display. It is quasi-
impossible for an individual to have experience in
more than a few of these methods and a compre-
hensive multi-author source book on this subject,
hence, fills a need.

This book is limited to spectroscopic imaging
methods of the chemical state, i.e., these methods
which provide molecule specific detection as op-
posed to the more readily available methods with
atomic imaging potential. In twelve chapters a
number of imaging techniques based on elec-
tronic and vibrational spectroscopy, nuclear and
electron paramagnetic resonance, x-ray absorp-
tion and fluorescence, mass spectrometry, scan-
ning tunneling and atomic force spectroscopy,
near-field optical microscopy and chemical sen-
sors are briefly summarised. The book starts with
a few concise chapters on the fundamental under-
lying aspects of light microscopy and computer
imaging methodology. -

The editor did a good job: the range of meth-

ods treated is well chosen and the authors of the
different chapters are leaders in their particular
fields. There is practically no overlap between the
different contributions and figures and layout are
clear and well presented. The editor’s own writ-
ing effort, however, was strictly limited to a very
brief preface of slightly more than one page. A
longer introductory overview covering the many
common aspects of the imaging methods and a
concluding chapter with at least some indications
on what to expect as highlights in these method-
ologies for the near future would certainly have
been of interest for many readers. The index,
obviously an important item for multi-technique
reference work, also is a weak spot; it could have
been better designed and made more substantial.

The book is a useful reference text for both
analytical chemists and for those applying the
methods for their applications.

F. Adams

William D. Ehmann and Diane E. Vance, Radio-
chemistry and Nuclear Methods of Analysis, Wiley,
Chichester, 1991 (ISBN 0-471-60076-8). xviii + 531
pp. Price £41.50.

The need for yet another book on nuclear
science may be questioned, but the present text is
justified by its readability and its relevant exten-
sions outside the remit of the title, although there
are a few deficiencies within the remit. A wealth
of history, some of it anecdotal, should appeal to
the market at which the book is aimed, namely a
one-semester introductory course at undergradu-
ate or graduate level. Within the fourteen chap-
ters, the usual topics to be found in textbooks of

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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radiochemistry are dealt with clearly: some, such
as radioactivation analysis, are covered exten-
sively. Also of interest to the analytical chemist is
the ion-beam analysis chapter in which the mean-
ings of PIXE and other acronyms are made clear.

All aspects of radioanalytical chemistry known
to the reviewer are treated. A whole chapter is
devoted to nuclear dating with near-exhaustive
coverage of methods. The chapter on cosmic ra-
diochemistry conveys mind-boggling information,
such as that the Planck era occupied 10~ s after
the “big bang”, and provides a balance to the
more mundane aspects of nuclear science. In the
final chapter (Particle Generators) the section on
nuclear reactors is less than complete. The poten-
tialities of nuclear fusion are not discussed and
the UK advanced gas cooled reactor receives
scant mention, understandably perhaps in an
American book. Some mention of nuclear acci-
dents, their causes and effects, would have been
appropriate: also in a book of this type, some
discussion of future developments in the nuclear
industry is desirable. A major omission in the text
is any reference to the chemistry of the heavy
radioelements: one would expect something at
least about the separation of uranium and pluto-
nium. But these shortcomings are minor. With a
“terms to know” list, a reading list and exercises
at the end of each chapter, and with appendixes
on statistics, data sources, nuclear properties and
physical constants, the book is not only a worth-
while student text (for whom its price may be
prohibitively high, however) but also a useful
general source of reference.

Colin G. Taylor

H.M. Stahr, Analytical Methods in Toxicology,
Wiley, New York, 1991 (ISBN 0-471-85136-1).
xxxvi + 328 pp. Price £82.00.

This book is an extremely useful practical
manual for analytical toxicologists and chemists.
It provides detailed, tried and tested methods for
a wide range of analytes in most of the types of
samples used by toxicologists. The introductory
pages discuss safety, the importance of good sam-

ple collection, the use of radioisotopes and the
nomenclature used.

The main part of the book is split into sections
which broadly depend on the type of analyte. The
sections are inorganic and other analysis, myco-
toxin analysis, pesticide analysis, rodenticide
analysis, the analysis of antibiotics, drugs, vita-
mins and feed additives and miscellaneous meth-
ods. Each method starts with a brief abstract and
then follows with detailed descriptions of the
reagents and apparatus needed for the method
and the procedure. The calculations required to
provide the final result are given and then sec-
tions on general considerations, accuracy, preci-
sion and interferences, and references are given,
depending on the method. Specific safety precau-
tions are provided for particularly hazardous
analyses such as the determination of mycotoxins.

A large appendix section provides some theory
and description of instrumental techniques, de-
tails about quality assurance and record keeping,
and practical information such as how to clean
glassware. Useful tables are also included.

Although I have not had an opportunity to try
out the methods, they are all quite straightfor-
ward and could be easily followed with the details
provided. The advantage of the book is that it
provides a wide range of methods for the specific
area of toxicology. The author is a very experi-
enced analytical toxicologist from the Chemistry
Laboratory, Veterinary Diagnostic Laboratory at
Iowa State University and the methods in this
book are those that have been tried and tested in
this laboratory. The sensible and practical ap-
proach to safety throughout the book will be
particularly valued by practicing analytical toxi-
cologists.

Instrumental methods are included but the
most modern techniques, which are highly appli-
cable such as inductively coupled plasma atomic
emission and mass spectrometry, and capillary
zone electrophoresis, are not included. These
omissions, however, are understandable because
the instrumentation is expensive and new instru-
mental methods are not usually accepted by regu-
latory agencies until they are extremely well es-
tablished. Otherwise the use of normality instead
of molarity may cause confusion for some young
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chemists and the inclusion of some typographical
errors such as the title “Gas Chromatrophs” on
p. 292 is unfortunate.

My criticisms of the book are few and I would
highly recommend it to practical chemists and
toxicologists.

G.M. Greenway

Stephen G. Schulman (Ed.), Molecular Lumines-
cence Spectroscopy. Methods and Applications: Part
3, Wiley, New York, 1993 (ISBN 0-471-51580-9).
xii + 467 pp.

This third volume comprises nine chapters on
diverse aspects of luminescence. The first is a
rather brief (23 pp.) account of chemilumines-
cence by Nakashima and Imai, and is followed by
a most useful discussion of fluorescent probes for
local physical and structural parameters (60 pp.)
by Valleur, and a comprehensive description of
photochemical fluorometry by Aaron (47 pp.). A
short (16 pp.) chapter on organized bile salt me-
dia for luminescence analysis (McGown) and a
detailed description of the very interesting phe-
nomenon of spectral hole burning (80 pp., Holli-
day and Wild) precede the currently topical ac-
count of near-infrared luminescence spectroscopy
(23 pp., Akiyama) and a useful description of
microspectrofluorimetry on supported planar
membranes (53 pp., Tamm and Kalb). The book
concludes with a brief account of clinical applica-
tions of fluorescence spectroscopy, including fluo-
roimmunoassay (15 pp., Schenk) and a welcome
extensive review of laser excited molecular fluo-
rescence (121 pp., Hofstraat, Gooijer and
Velthorst). This last article includes descriptions
of the lasers and the detection systems used,
applications to various types of analytes, low tem-
perature spectroscopy and flow cytometry.

This is a well-produced text, which covers many
of the topics of current interest in analytical
luminescence, and is a worthy addition to the
well-received previous volumes in this series.

Alan Townshend

W. Bertsch, G. Holzer and C.S. Sellers, Chemical
Analysis for the Arson Investigator and Attorney,
Hiithig, Heidelberg, 1993 (ISBN 3-7785-1890-9).
xiii + 525 pp. Price DM198.00.

This monograph aims to present timely techni-
cal information to chemists and laboratory per-
sonnel and to provide a technical background for
the community of fire loss adjustors, investiga-
tors, attorneys and judges, most of whom have
had little education in chemistry. The authors
have thus taken on a novel, difficult and challeng-
ing task, one which essentially requires two books
within one text.

Chapter I, “Fire Investigation, Accelerants and
Chemical Analysis. How do the pieces of the
puzzle get together?”, provides an overview of
the entire field of chemical analysis as it relates
to the determination of accelerants in fire debris.
Chapter 2 “Fire Matter and Accelerants” deals
with basic chemistry and physics of fire per se.
Chapter 3 “Laboratory Methods”, is a compre-
hensive review of accelerant recovery from debris
and chromatography with particular reference to
selective detectors. This is primarily directed at
experts as are chapters 4 and 5, “Methods Devel-
opment, Quality Assurance and Laboratory Pro-
tocol” and ‘“Evaluation and Interpretation of
Data”, respectively. This latter section has a most
useful introduction to pattern recognition tech-
niques.

Considerable and successful efforts at bridge
building have been made between expert and
laypersons by extensive cross referencing and the
provision of a comprehensive glossary and a li-
brary of chromatograms of the common types of
accelerants encountered in practice. The authors
are to be congratulated on the technical content
and on the success of their approach, which will
aid communication between technical experts and
those involved in aspects of the investigative and
judicial processes following accidental or deliber-
ate fires as well as be invaluable in the training of
new entants to the subject area.

D. Thorburn Burns



282 Book reviews / Analytica Chimica Acta 288 (1994) 279-284

G. Kateman and L. Buydens, Quality Control in
Analytical Chemistry, Wiley, New York, 2nd edn.,
1993 (ISBN 0-471-55777-3). xvii + 317 pp. Price
£49.50.

The first edition of this book, in 1981, broke
new ground in the way that analytical measure-
ments were viewed. This second edition provides
the extension of these fundamental ideas espe-
cially in the context of good laboratory practice.
A good measure of the thoroughness of a revised
edition is the number of references included after
the first edition publication date; in this instance
it is 36%. The topics covered include sampling,
quality of analytical procedures, quality control,
filtering, data handling and pattern recognition.
Laboratory organisation and management is con-
sidered briefly also in the context of cost benefit
of analytical measurements. Much of the book is
written in terms of mathematical and statistical
parlance. However, it is not so daunting as to
make it unreadable to the non-specialist. It pro-
vides a bridge between those who have an inter-
est but little detailed knowledge of chemometrics
and the specialist literature. This book should
find a place on every analytical chemist’s book-
shelf who is seriously involved in maximising the
benefit of analytical measurements within their
organisation. In a book of only 317 pages there
are some areas which deserved more attention;
CUSUM analysis in particular. However, this is
an excellent, well produced source work at a
reasonable price.

C. Burgess

Gabor Patonay (Ed.), HPLC Detection. Newer
Methods, VCH, Weinheim, 1992 (ISBN 3-527-
28219-X). xii + 236 pp. Price DM158.00.

This collection of review articles describes de-
tection methods that have been proposed as im-
provements to the established spectroscopic de-
tectors. After a chapter on the concepts behind
the assessment of detectors and the use of laser
based systems, chapters describe long-lived lumi-
nescence and chemiluminescence methods and

near-infrared spectroscopy. Tran discusses pho-
tothermal detectors, including the thermal lens
detector (much acclaimed some years ago as the
end to all detector problems). A chapter on FT-IR
detection covers both on-line and solvent elimina-
tion methods.

Each chapter describes the background to the
techniques and some examples of model applica-
tions. They each end on an optimistic note, the
methods offer “promise”, “wide application” is
“imminent”, “brought ... to the stage of viabil-
ity” but frequently have to admit that problems
have befallen their general acceptance.

Chapters by Wang on electrochemical detec-
tion (hardly a “new technique’”) and by Tomer on
LC-MS look at techniques which are accepted
but are not as widely used as their potential
suggests. The final chapter by Albert and Bayer
discusses LC-NMR, which has needed the ad-
vent of high field instruments to make it viable.

The chapters are introductions rather than
comprehensive reviews although the theoretical
background is usually well covered. As always
with a book on an advancing field it is disap-
pointed to find that it has taken a considerable
time between preparation and publication, over-
all there are few 1990 or later references.

Roger M. Smith

L. Huber and S.A. George (Eds.), Diode Array
Detection in HPLC (Chromatographic Science Se-
ries, Vol. 62), Marcel Dekker, New York, 1993
(ISBN 0-8247-8947-4). vii + 400 pp. Price
US$150.00.

Commercial diode array detectors for LC first
became available in the early 1980s and the abil-
ity to generate multivariate data from flowing
streams rapidly and reliably led to their immedi-
ate acceptance for routine use. From the chro-
matographers viewpoint diode array technology
offered a relatively low cost system that could be
used for, ¢.g., peak identification and purity de-
termination, full spectrum or multiple wavelength
acquisition and three-dimensional detection.
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The attractions of peak identification and pu-
rity determination are considered sufficiently im-
portant for a substantial chapter to be devoted to
the subject in this book. It is a well written and
comprehensive account that discusses topics such
as derivative spectra and resolution very clearly
with the aid of excellent figures. This follows on
from a brief introduction to historical develop-
ments in diode array detection and a general
discussion of its advantages.

The next chapter considers the use of chemo-
metrics in conjunction with diode array detection,
particularly with regard to the quantification of
analytes in the presence of an unknown matrix.
Factor analysis is the principal technique dis-
cussed in general terms with a brief explanation
of approaches such as rank annihilation factor
analysis and the generalized rank annihilation
method for the quantification of components in
unresolved peaks.

Due to the rapid emergence of the technique
in the 1980s there is now a large database of
applications in the literature. Half of the book is
therefore devoted to a wide ranging survey of
applications classified by area, e.g., clinical/
toxicology, environmental, petrochemicals, bio-
molecules and food and beverages. Each example
is accompanied by chromatograms and /or spec-
tra that are in keeping with the high quality of
presentation achieved throughout. The refer-
ences for the application chapters give the reader
a comprehensive database but include a high
percentage of manufacturers’ application notes.

The final two chapters provide useful practical
information on optimization of the detection sys-
tem and its use for automated routine analysis.

In summary the material is clearly and logi-
cally presented and there is a good balance be-
tween general discussion of the technique and
practical details of specific applications. The book
is Vol. 62 in the Chromatographic Science Series
and is recommended as a valuable reference
source for both technical information and poten-
tial uses.

Paul J. Worsfold

Norberto A. Guzman, Capillary Electrophoresis
Technology (Chromatographic Science Series, Vol.
64), Marcel Dekker, New York, 1993 (ISBN 0-
8247-9042-1). xv + 857 pp. Price US$165.00.

Capillary electrophoresis is currently the ana-
lytical separation technique that analytical scien-
tists are most keen to learn about, and, if possible
to apply, because of its high resolution, sensitivity
and versatility. The present, large text provides
the information required, in a series of thirty
chapters, written by an international panel of
experts. The contents are divided into five parts,
viz. overview (3 chapters), the buffer system (4),
the capillary column (5), instrumentation (7) and
applications (11), including chiral separations,
DNA sequencing, clinical diagnostics and foren-
sic science. The book ends with a comprehensive
subject index. Its appearance is timely, and will
provide a wealth of information, both for the
established practitioner in capillary electrophore-
sis, and the newcomer.

Hans-Peter Thier and Jochen Kirchoff (Eds.),
DFG Pesticides Commission. Manual of Pesticide
Residue Analysis, Vol. 11, VCH, Weinheim, 1992
(ISBN 3-527-27017-5). xvi + 483 pp. Price
DM168.00.

This volume is a direct continuation of Vol. 1.
Thirty-two methods for the determination of indi-
vidual pesticides, five new and two updated meth-
ods for various classes of pesticides, and six meth-
ods for multiresidue analysis of water are de-
scribed. All methods have been validated by at
least one independent laboratory. Also included
is a description and applications of the auto-
mated multiple development TLC technique, fur-
ther descriptions of clean-up procedures, includ-
ing solid-phase extraction, a means of deriving
the limits of detection and determination based
on the calibration curve concept, and four pages
of electron impact mass spectrometric peaks and
intensities. The book concludes with indexes of
pesticides, metabolites and related compounds,
analytical matrices, suppliers and authors.
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Grenville Holland and Andrew N. Eaton (Eds.),
Applications of Plasma Source Mass Spectrometry
II, The Royal Society of Chemistry, Cambridge,
1993 (ISBN 0-85186-465-1). ix + 243 pp. Price
£45.00.

These are the Proceedings of the 3rd Interna-
tional Conference on Plasma Source Mass Spec-
trometry, held at Durham, UK, 13-18 September
1992. It comprises 26 presentations, covering a
variety of topics, including isotopic analysis, glow
discharge and environmental applications. The
last paper, by Alan Gray, is entitled “So where
do we go from here”, and identifies six areas that
are likely to provide important advances in the
near future. The articles are prepared very clearly
in camera-ready format. There is a brief subject
index.

International Union of Pure and Applied Chem-
istry, Physical Chemistry Division, Quantities,

Units and Symbols in Physical Chemistry, Black-
well, Oxford, 2nd edn., 1993 (ISBN 0-632-03583-
8). ix + 167 pp. Price £14.95.

This “Green Book” is a slightly revised and
appreciably extended version of its much valued
predecessor, and provides an agreed basis for the
quantities, units and symbols used in physical
chemistry and, by implication, those other areas
on which physical chemistry impinges. There are
major changes to the sections on quantum me-
chanics and quantum chemistry, electromagnetic
radiation and chemical kinetics. There is a new
section on dimensionless quantities, and there
are extensive indexes of abbreviations and
acronyms, symbols and subjects. In total it is an
indispensable companion to physical chemistry,
and is perhaps one of the clearest demonstrations
of the value of IUPAC activities.
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Erratum 50’”@*9 d  wtunan / AP

Some processes occurring in graphite furnaces used for electrothermal atomic absorption spectrometry in
the presence of organic chemical modifiers, Analytica Chimica Acta, 284 (1993) 367-377, by A.B.
Volynsky, S.V. Tikhomirov, V.G. Senin and A.N. Kashin

p. 367, 11th line of the Abstract, and p. 368, 14th line, left column: analyser should read atomizer.

p. 368, 5th line of the Experimental section: “graphite-coated” should be deleted.

p. 375, 7th and 9th line of the right column: m_; should read m_; g. It represents the weight of the
particles that can be kept at the liquid—gas boundary.
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May 8-13, 1994

Minneapolis, MN, USA

HPLC ‘94. 18th International Sympo-
sium on High Performance Liquid
Chromatography. Contact: Janet E. Cun-
ningham, Barr Enterprises, P.O. Box
279, Walkersville, MD 21793, USA. Tel.:
(301) 898-3772; Fax: (301) 898-5596.

* May 9-11, 1994

Basel, Switzerland

International Conference on Pharma-
ceutics — Validation of the Pharmaceu-
tical Process. Contact: Technomic
Publishing AG, Missionsstrasse 44, CH-
4055 Basel, Switzerland. Tel.: 061/43 52
26; Fax: 061/43 52 59.

May 16-19, 1994

Ottawa, Ont., Canada

24th International Symposium on Envi-
ronmental Analytical Chemistry. Con-
tact: Dr. M. Malaiyandi, CAEC,
Chemistry Department, Carleton Uni-
versity, Ottawa, Ont., Canada X1S 5B6;
Fax: +1 613 788-3749; or Dr. JF.
Lawrence, Food Research Division,
Banting Research Centre, Health and
Welfare Canada, Ottawa, Ont., Canada
K1A 0L2; Fax: +1 613 941-4775.

* May 16-20, 1994

Montreux, Switzerland

ISM 94 — 13th International Sympo-
sium on Microchemical Techniques; and
SAS ‘94 — 2nd Symposium on Analyti-
cal Sciences. Contact: D’Conference 94,
7, rue d’ Argout, 75002 Paris, France.

* May 17, 1994

Teddington, UK -
Near Infra-Red Standards. Ultraviolet
Spectrometry Group Meeting and Exhi-

bition. Contact: Tom Frost, Analytical
Development Dept., Wellcome Founda-
tion, Dartford DA1 5AH, UK. Tel.: +44
322 223488, ext. 1970; Fax: +44 322
289285.

May 22-26, 1994

Venice, Italy

ESEAC "94. 5th European Conference of
Electroanalysis. Contact: Prof. Salvatore
Daniele, Department of Physical Chem-
istry, The University of Venice, Calle
Larga S. Marta 2137, I-30123 Venice, It-
aly. Tel. +39 41 5298503; Fax: +39 41
5298594.

* May 23-25, 1994

Les Diablerets, Switzerland

The Seventh International Symposium
on Polymer Analysis and Charac-
terization (ISPAC-7). Contact: ISPAC
Registration, 815 Don Gaspar, Sante Fe,
NM 87501, USA. Tel: +1 (505) 989-4735;
Fax: +1 (505) 989-1073 or Dr. M.
Rinaudo, CERMAV-CNRS, B.P. 53X,
38041 Grenoble Cedex, France. Tel: +33
76541145; Fax: +33 76547203.

* May 24-27, 1994

Toronto, Canada

An International Symposium on Metals
and Genetics. Contact: Prof. B. Sarkar,
Dept. of Biochemistry, The Hospital for
Sick Children, 555 University Avenue,
Toronto, Ont., Canada M5G 1X8.

May 29-June 3, 1994

Chicago, IL, USA

42nd ASMS Conference on Mass Spec-
trometry and Allied Topics. Contact: Ju-
dith A. Sjoberg, ASMS, 815 Don Caspar,
Santa Fe, NM 87501, USA. Tel.: +1 505
989-4517; Fax: +1 505 989-1073.

May 30-June 1, 1994

Bergen, Norway

SSIR 94. Scandinavian Symposium on
Infrared and Raman Spectroscopy. Con-
tact: Dr. Alfred A. Christy, Department
of Chemistry, Allegt. 41, University of
Bergen, N-5007 Norway. Tel.: +47 55
213363; Fax: +47 55 329058); or Laila
Kyrkjebe, Department of Chemistry,
University of Bergen. Tel: +47 55
213342.

May 30-June 3, 1994

Nagoya, Japan

Pyrolysis 94. 11th International Sympo-
sium on Analytical and Applied Pyro-
lysis.  Comtact: Dr. H. Ohtani,
Department of Applied Chemistry,
Nagoya University, Nagoya 464-01, Ja-
pan. Tel. +81 52-7815111, ext
4664/3560; Fax: +81 52-7814895.

May 31-June 3, 1994

Bruges, Belgium

Second International Symposium on
Hormone and Veterinary Drug Residue
Analysis. Contact: Prof. C. van
Peteghem, Symposium Chairman, Fac-
ulty of Pharmaceutical Sciences, Univer-
sity of Ghent, Harelbekestraat 72,
B-9000 Ghent, Belgium. Tel.: +32 9-221
8951 ext. 235; Fax: +32 9-220 5243.

June 1-3, 1994

New Orleans, LA, USA

Biosensors "94. 3rd World Congress on
Biosensors. Contact: Kay Russell, El-
sevier Advanced Technology, Mayfield
House, 256 Banbury Road, Oxford OX2
7DH, UK. Tel.: +44 865 512242; Fax: +44
865 310981.

June 5-7, 1994

Bruges, Belgium

VIth International Symposium on Lumi-
nescence Spectrometry in Biomedical
Analysis — Detection Techniques and
Applications in Chromatography and
Capillary Electrophoresis. Contact: Prof.
Dr. Willy R.G. Baeyens, Symposium
Chairman, University of Ghent, Phar-
maceutical Institute, Dept. of Pharma-
ceutical Analysis, Lab. of Drug Quality
Control, Harelbekestraat 72, B-9000
Ghent, Belgium. Tel.: +32 9-2214175;
Fax: +32 9-2218951.



June 8-11, 1994

Toledo, Spain

Flow Analysis VI. 6th International
Conference on Flow Analysis. Contact:
M. Valcarcel or M.D. Luque de Castro,
Flow Analysis VI, Departmento de
Quimica Analitica, Facultad de Cien-
cias, E-14004 Cérdoba, Spain. Tel.: +34
57 218616; Fax: +34 57 218606.

June 12-15, 1994

Washington, DC, USA

1994 PREP Symposium and Exhibit. In-
ternational Symposium on Preparative
Chromatography. Contact: 1994 PREP
Symposium Manager, c¢/o Barr Enter-
prises, 10120 Kelly Road, P.O. Box 279,
Walkersville, MD 21793, USA. Tel.: +1
301 898-3772; Fax: +1 301 898-5596.

June 13-15, 1994

Lund, Sweden

FFF'94. 4th International Symposium on
Field-Flow Fractionation. Contact: The
Swedish Chemical Society, The Analyti-
cal Section, Wallingatan 24, 3tr, 5-11124
Stockholm, Sweden. Fax: +46 46104525.

* June 15-18, 1994

Loen, Norway

Second International Symposium on
Specification of Elements in Toxicology
and In Environmental and Biological
Sciences. Contact: Yngvar Thomassen
(Symposium Chairman), National Insti-
tute of Occupational Health, P.O. Box
8149 DEP, N-0033 Oslo, Norway. Tel:
+47 22466850; Fax: +47 22603276.

* June 19-21, 1994

Loen, Norway

5th Nordic Symposium on Trace Ele-
ments in Human Health and Disease.
Contact: Yngvar Thomassen (Sympo-
sium Secretary), National Institute of
Occupational Health, P.O. Box 8149
DEP, N-0033 Oslo, Norway. Tel: +47
22466850; Fax: +47 22603276.

June 19-24, 1994

Bournemouth, UK

20th International Symposium on Chro-
matography. Contact: The Executive
Secretary, Chromatographic Society,
Suite 4, Clarendon Chambers, 32
Clarendon Street, Nottingham NG1 5]D,
UK. Tel.: +44 603-500596; Fax: +44 602-
500614.

June 20-22, 1994

Valladolid, Spain

ESOPS-11. 1lth European Symposium
on Polymer Spectroscopy. Contact: ].M.
Pastor, ESOPS-11, Fisica de la Materia
Condensada, Facultad de Ciencias, Uni-
versidad de Valladolid, 47005 Val-
ladolid, Spain. Tel.: +34 83 423194; Fax:
+34 83 423192 or 423013.

June 20-23, 1994

Ringe, NH, USA

2nd Oxford Conference on Spectros-
copy. Contact: Dr. Art Springsteen, Lab-
sphere Inc., P.O. Box 70, North Sutton,
NH 03260, USA. Tel.: +1 603 927-4266;
or Dr. C. Burgess, Glaxo Manufacturing
Servies, Harmire Road, Barnard Castle,
Co. Durham, DL12 8DT, UK. Tel. +44
833-692490; Fax: +44 833-692774.

June 28-29, 1994

Singapore

CHEMSPEC ASIA 94. Exhibition and
Conference. Contact: Jane Malcolm-Coe,
PR & Publicity Manager, FM] Interna-
tional Publications Ltd., Queensway
House, 2 Queensway, Redhill, Surrey
RH1 1QS, UK. Tel.: +44 737 768611; Fax:
+44 737 761685.

* July 3-7, 1994

Veldhoven, The Netherlands
International Chemometrics Research
Meeting. Contact: Laboratory for Ana-
lytical Chemistry, Faculty of Science,
Catholic University of Nijmegen, Toer-
nooiveld 1, 6525 ED Nijmegen, The
Netherlands.

* July 6-11, 1994

Strasbourg, France

Reactivity in Organized Microstruc-
tures: New Materials. Contact: The Ex-
ecutive Director of the Programme: Dr.
Josip Hendekovic, European Science
Foundation, 1 quai Lezay-Marnésia,
67080 Strasbourg Cedex, France. Tel.:
+33 88 76 71 35; Fax: +33 88 36 69 87.

* July 10-13, 1995

Vancouver, Canada

Vth COMTOX Symposium on Toxicol-
ogy and Clinical Chemistry of Metals.
Contact: F. William Sunderman Jr.,
M.D., Departments of Laboratory Medi-
cine and Pharmacology, University of
Connecticut Medical School, P.O. Box
1292, Farmington, CT 06034-1292, USA.
Tel: (203) 679-2328; Fax: (203) 679-2154.

July 10-15, 1994

Merseburg, Germany

16th International Symposium on the
Organic Chemistry of Sulfur. Contact:
Dr. Schukat, Department of Chemistry,
Martin Luther University Halle-Witten-
berg, Geusaer Strafle, D-06217 Merse-
burg, Germany. Tel.: +49 3461/462086;
Fax: +49 3461/462370.

July 11-14, 1994

Norwich, UK

Spectroscopy Across the Spectrum IV:
Techniques and Applications of Ana-
lytical Spectroscopy. Contact: Dr. D.L.
Andrews, Hon. Secretary, Spectroscopy
Across the Spectrum IV, School of
Chemical Sciences, University of East
Anglia, Norwich NR4 7T], UK.

* July 17-22, 1994

Paris, France

ICEM 13. 13th International Congress
on Electron Microscopy. Contact: Secre-
tariat ICEM 13, 67, rue Maurice
Giinsbourg, 94205 Ivry sur Seine Cedex,
France.

July 20-22, 1994

Hull, UK

7th Biennial National Atomic Spectros-
copy Symposium. Contact: Dr. Steve
Haswell, School of Chemistry, Univer-
sity of Hull, Hull HU6 7RX, UK. Tel:
+44 482-465469.

July 31-August 5, 1994

Ottawa, Ont., Canada

8th International Symposium on Mo-
lecular Recognition and Inclusion. Con-
tact: Mrs. Hguette Morin-Dumais, 8th
ISMRI, Steacie Institute for Molecular
Sciences, National Research Council
Canada, Room 1157, 100 Sussex Drive,
Ottawa, Ont., Canada K1A 0Ré6. Tel.: +1
613 990-0936; Fax: +1 613 954-5242; E-
mail: ismri@ned1.sims.nrc.ca.

August 2-6, 1994

Changchun, P.R. China

The Second Changchun International
Symposium on Analytical Chemistry
(CISAC). Contact: Prof. Qinhan Jin, De-
partment of Chemistry, Jilin University,
Changchun 130023, P.R. China. Tel.:
0431-822331, ext. 2433; Fax: 0431-823907.

August 22-26, 1994

Hong Kong

ICORS '94. XIV International Confer-
ence on Raman Spectroscopy. Contact:
Prof. Nai-Teng Yu, ICORS 94, c¢/o De-



partment of Chemistry, The Hong Kong
University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong.

August 23-26, 1994

Guildford, UK

QSA-8. International Conference on
Quantitative Suface Analysis: Tech-
niques and Applications. Contact:
Doreen Tilbrook, Division of Materials
Metrology, National Physical Labora-
tory, Teddington, Middlesex TWI11
0LW, UK.

* August 23-28, 1994

Sapporo, Japan

International Trace Analysis Sympo-
sium ‘94 (ITAS ‘94). Contact: Prof. Hi-
roto Watanabe, Laboratory of Analytical
Chemistry, Faculty of Engineering,
Hokkaido University, Sapporo 060, Ja-
pan. Tel.: +81 11-716-2111, ext. 6743;
Fax: +81 11-726-4454.

* August 24-26, 1994

York, UK

International Symposium on Capillary
Electrophoresis (jointly with the Chro-
matographic Society and the British
Electrophoresis Society). Contact: Dr.
T.L. Threlfall, Industrial Liason Execu-
tive, Department of Chemistry, Univer-
sity of York, York, YO1 5DD, UK. Tek
+44 904 432576 or 904 432511; Fax: +44
904 432516.

September 11-16, 1994

Essen, Germany

EUCMOS XXII. XXII European Con-
gress on Molecular Spectroscopy. Con-
tact: Congress Secretariat, Gesellschaft
Deutscher Chemiker, Abt. Tagungen,
P.O. Box 900440, W-6000 Frankfurt 90,
Germany. Tel.: +49 69 7917-366; Fax +49
69 7917-475; Telex 4 170 497 gdch d.
(Further details published in Vol. 272, No.
2).

September 12-14, 1994

Paris, France

Workshop on Biosensors and Biological
Techniques in Environmental Analysis.
Contact: Prof. M.-C. Hennion, ESPCI,
Lab. Chimi Analytique, 10 rue
Vauquelin, 75005 Paris, France.

* September 12-15, 1994
Portland, OR, USA -
108th AOAC International Annual
Meeting and Exposition. Contact: Mar-

garet Ridgell, AOAC International, 2200
Wilson Blvd., Suite 400, Arlington, VA
22201-3301, USA. Tel.: +1 703-522-3032;
Fax: +1 703-522-5458.

September 12-17, 1994

Madrid, Spain

Frontiers in Analytical Chemistry: Sur-
face and Interface Analysis. A course or-
ganized with the ERASMUS Network
“Analytical Chemistry”. Contact: Prof.
Dr. A. Sanz-Medel, Universidad di
Oviedo, Quimica Fisica e Analitica, E-
33006, Oviedo, Spain. Tel.: +34 8 510-
3474; Fax: +34 8 50-3480.

September 18-22, 1994
Chambéry, Savoy, France

14th International CODATA Confer-
ence. Data and Knowledge in a Chang-
ing World: The Quest for a Healthier
Environment. Contact: Prof. J.-E. Dubois,
ITODYS, Université Paris 7, 1 rue Guy
de la Brosse, 75005 Paris, France. Fax:
+33 1 42881466. E-mail: codata@paris7.
jussieu.fr (Internet).

% September 19-22, 1994

Turin, Italy

International Ion  Chromatography
Symposium 1994. Contact: Century In-
ternational, P.O. Box 493, Medfield, MA
02052, USA. Tel.: +1 508/359-8777; Fax:
+1508/359-8778.

September 21-23, 1994
Stockholm, Sweden

5th International Symposium on Phar-
maceutical and Biomedical Analysis:
Contact: Swedish Academy of Pharma-
ceutical Sciences, P.O. Box 1136, S-111
81 Stockholm, Sweden. Tel.. +46 8
245085; Fax: +46 8 205511.

September 22-24, 1994
Constanta, Romania

12th Conference on Analytical Chemis-
try. Contact: Dr. Gabirel-Lucian Radu,
Romanian Society of Analytical Chemis-
try, 13 Blvd. Carol I, Sector 3, 70346 Bu-
charest, Romania.

X September 25-30, 1994

Goa, India

ISMEBC ‘94. International Conference
on Molecular Electronics and Biocom-
puting. Contact: Dr. Ratna S. Phadke,
Scientific Secretary for ISMEBC '94,
Chemical Physics Group, Tata Institute

of Fundamental Research, Homi
Bhabha Road, Bombay 400 005, India.
Tel: 491 (22) 215 2971; Fax: +91 (22) 215
2110 e-mail: mebc@tifrvax.bitnet mebc@
tifrvax.tifr.res.in.

* September 25-30, 1994
Bristol, UK

1994 European Workshop in Chemo-
metrics. Contact: Janice Green, School of
Chemistry, University of Bristol, Can-
tock’s Close, Bristol BS8 1TS, UK. Tel:
+44 (0)272 303030 ext. 4421 (ansaphone)
or +44 (0)272 303672; Fax: +44 (0) 272
251295.

* September 26-28, 1994

Basel, Switzerland

Chemometrics: Multivariate Analysis
and Design in Chemical Research and
Development. Contact: S. Morgenthaler,
ASS, EPFL, Dept. de Mathématiques,
CH-1015 Lausanne, Switzerland.

October 3-7, 1994

St. Peterburg, Russia

ISCMS '94. International Symposium:
Chromatography and Mass Spectrome-
try in Environmental Analysis. Contact:
ISCMS ‘94, Dr. Alexander Rodin, State
Institute of Applied Chemistry, Do-
brolubov Ave. 14, 197198, St. Peters-
burg, Russia. Tel.: +7 812 2389786; Fax:
+7 812 2338989; Telex: 121345 ptb sigma.

* October 11-13, 1994
Amsterdam, The Netherlands

6th International Colloquium Solid
Sampling with Atomic Spectroscopy.
Contact: Prof. Dr. RF.M. Herber,
Coronel Laboratory, University of Am-
sterdam, Meibergdreef 15, 1105 AZ Am-
sterdam, The Netherlands.

October 17-19, 1994

Strasbourg, France

3rd International Symposium on Super-
critical  Fluids:  Thermodynamics,
Physico-chemical Properties, Technol-
ogy and Applications. Contact: ISASF,
Mle. Brionne, ENSIC, P.O. Box 451, F-
54001 Nancy Cedex, France. Tel.: +33
83175003; Fax: +33 83350811.

* October 31-November 2,1994
Minneapolis, USA

Anabiotec '94. 5th International Sympo-
sium on Analytical Methods, Systems
and Strategies in Biotechnology. Con-



tact: Anabiotec Conference Secretariat,
Elsevier Advanced Technology, May-
field House, 256 Banbury Road, Oxford,
OX2 7DH, UK., Tel: +44 (0)865 512242,
Fax: +44 (0)865 310981.

November 9-11, 1994

Montreux, Switzerland

11th Montreux Symposium on Liquid
Chromatography-Mass ~ Spectrometry
(LC/MS; SFC/MS; CE/MS; MS/MS).
Contact: M. Frei-Hausler, Postfach 46,
CH-4123 Allschwil 2, Switzerland. Tel.:
+41 61-4812789; Fax: +41 61-4820805.

November 21-22, 1994
Enschede, The Netherlands
uTAS'94. Workshop on Micro Total
Analysis Systems. Contact: Dr. Albert
van den Berg, University of Twente,
MESA Research Institute, P.O. Box 217,
7500 AE Enschede, The Netherlands.
Tel. +31 53 892 691; Fax: +31 53 309 547.

March 6-10, 1995

PITTCON ’95. Pittsburgh Conference on
Analytical Chemistry and Applied
Spectroscopy. Contact: Pittsburgh Con-
ference, Suite 332, 300 Penn Center
Blvd., Pittsburgh, PA 15235-9962, USA.

May 9-12, 1995

Jiilich, Germany

6th International Hans Wolfgang Niirn-
berg Memorial Symposium on Metal
Compounds in Environment and Life,
6: Analysis, Speciation and Specimen
Banking. Contact: Dr. HW. Diirbeck, In-
stitute of Applied Physical Chemistry,
Research Center, Jiilich (KFA), P.O. Box
1913, D-5170 Jiilich, Germany.

June 5-8, 1995

Singapore

Fifth Symposium on Our Environment
and First Asia-Pacific Workshop on Pes-
ticides. Contact: The Secretariat, 5th
Symposium on Our Environment, ¢/o
Department of Chemistry, National
University of Singapore, Kent Ridge,
Rep. Singapore 0511. Fax: +65 779-1691.

July 9-15, 1995

Hull, UK

SAC 95. Contact: Analytical Division,
The Royal Society of Chemistry,
Burlington House, Piccadilly, London
W1V 0BN, UK. Tel.: +44 71 437-8656;
Fax: +44 71 734-1227.

August 27~-September 1, 1995
Leipzig, Germany

CSI XXIX. Colloquium Spectroscopicum
Internationale XXIX. Contact: Gesell-
schaft Deutscher Chemiker, Abt. Tagun-
gen, P.O. Box 90 04 40, D-60444
Frankfurt/ Main, Germany.

August 27-September 1, 1995
Budapest, Hungary

10th International Conference on
Fourier Transform Spectroscopy. Con-
tact: Mrs. Kldra Lang/Mr. Attila Varga,
Conference Office, Roland Eo6tvés
Physical Society, P.O. Box 433, H-1371
Budapest, Hungary. Tel./Fax: +36 1
201-8682.

September 4-5, 1995

Paris, France

Sample Handling of Pesticides in the
Aquatic Environment. Short course pre-

ceding the 5th Workshop on Chemistry
and Fate of Modern Pesticide. Contact:
Prof. M.-C. Hennion, ESPCI, Lab. Chimi
Analytique, 10 rue Vauquelin, 75005
Paris, France.

September 6-8, 1995

Paris, France

5th Workshop on Chemistry and Fate of
Modern Pesticides. Contact: Prof. M.-C.
Hennion, ESPCI, Lab. Chimi Ana-
lytique, 10 rue Vauquelin, 75005 Paris,
France.

September 12-15, 1995

Leuven, Belgium

5th International Symposium on Drug
Analysis. Contact: Prof. ]. Hoogmartens,
Drug Analysis ‘95, Institute of Pharma-
ceutical Sciences, Van Evenstraat 4, B-
3000 Leuven, Belgium. Tel: +32 16
283440; Fax: +32 16 283448,

Announcement of

meeting

ANABIOTEC '94

5th INTERNATIONAL
SYMPOSIUM ON ANALYTICAL
METHODS, SYSTEMS AND
STRATEGIES IN
BIOTECHNOLOGY,
MINNEAPOLIS, USA,
OCTOBER 31-NOVEMBER 2,
1994

Since its inception Anabiotec has
acted as a forum for the appraisal
of new and exciting research devel-
opments in the analytical chemistry
of biological systems.

The analytical chemistry of ex-
tremely ‘complex matrices involv-

ing species of biological origin is a
rapidly developing research fron-
tier. The problems of identification
and quantification in mixtures
range from in vivo determination of
glucose to detection of cells in a fer-
mentation vessel. It is clear that
these analytical demands present
enormous challenges to the analyti-
cal chemist, biochemist and
biotechnologist alike.

The increasing synergy between
the fields of analytical chemistry,
biochemistry, clinical chemistry
and biotechnology necessitates a
forum such as Anabiotec where all
involved can appreciate the impor-
tance of biocomplexity and the op-



portunities for its continued evolu-
tion. Accordingly, an exciting feature
of this Symposium is the opportunity
to bring together individuals from
academia and industry, with em-
phasis being placed on active parti-
cipation and discussion to promote
the maximum exchange of informa-
tion.

Anabiotec ‘94 is a three-day
event consisting of plenary ses-
sions, selected original papers,
posters and an exhibition. Topics

— New instruments and techniques
for analytical biochemistry

~— Monitoring of industrial scale
processes such as fermentation
technology

— Strategies for clinical diagnosis,
including biosensor formats

For further information please con-

tact: Anabiotec Conference Secretar-

iat, Elsevier Advanced Technology,

Mayfield House, 256 Banbury

Road, Oxford, OX2 7DH, UK. Tel.:

+44 (0)865 512242; Fax: +44 (0)865

scheduled for discussion include: 310981.

ELECTROCHEMICAL SENSORS

SYMPOSIUM
DEDICATED TO THE MEMORY OF PROFESSOR

WiLHELM SIMON

15-18 September, 1994
Matrafiired, Hungary

Organized by
the Electroanalytical Committee
of the Hungarian Academy of Sciences
the Research Group for Technical Analytical Chemistry
of the Hungarian Academy of Sciences

Sponsored by
the Hungarian Academy of Sciences
the National Committee for Technological Development
the Federation of the European Chemical Societies

The Symposium on ELECTROCHEMICAL SENSORS
dedicated to the memory of the late Professor Wilhelm
SIMON will be organized by the Electroanalytical
Committee of the Hungarian Academy of Sciences at
Matrafired (in a hilly area 100 km North-East of Buda-
pest), Hungary on September 15-18, 1994.

TOPICS

1. New sensing devices
2. Modified electrodes, microelectrodes
3. Novel techniques and applications

ADDRESS OF THE ORGANIZING COMMITTEE

Dr. Andrea Hrabéczy

Organizing Committee,

Symposium on Electrochemical Sensors

Institute for General and Analytical Chemistry,
Technical University Budapest

H-1502 Budapest, Szent Gellért tér 4., HUNGARY
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mthe Publisher

Elsevier Science encourages submission of articles on floppy

disk.

All manuscripts may now be submitted on computer disk, with the eventual aim
of reducing production times still further.

The preferred storage medium is a 5V4 or 3% inch disk in
MS-DOS format, although other systems are welcome, e.g.
Macintosh.

After final acceptance, your disk plus one final, printed and
exactly matching version (as a printout) should be submitted
together to the editor. It is important that the file on disk and
the printout are identical. Both will then be forwarded by the
editor to Elsevier.

[llustrations should be provided in the usual manner.

Please follow the general instructions on style/arrangement
and, in particular, the reference style of this journal as given in
‘Instructions to Authors’.

Please label the disk with your name, the software & hardware
used and the name of the file to be processed.
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Experimental Design:

A Chemometric Approach
Second, Revised and Expanded Edition

By S.N. Deming and S.L. Morgan

Data Handling in Science and Technology Volume 11

Now available is the second
edition of a book which has been
described as
“..an exceptionally lucid,
easy-to-read presentation...
would be an excellent addition to
the collection of every analytical
chemist. | recommend it with
great enthusiasm.”

(Analytical Chemistry).
N.R. Draper reviewed the first
edition in Publication of the
International Statistical Institute
“..discussion is careful, sensible,
amicable, and modern and can
be recommended for the
intended readership.”

The scope of the first edition has
been revised, enlarged and
expanded. Approximately 30% of
the text is new. The book first
introduces the reader to the
fundamentals of experimental
design. Systems theory,
response surface concepts, and
basic statistics serve as a basis
for the further development of
matrix least squares and
hypothesis testing. The effects of
different experimental designs
and different models on the
variance-covariance matrix and
on the analysis of variance
(ANOVA) are extensively
discussed. Applications and
advanced topics (such as
confidence bands, rotatability,
and confounding) complete the
text. Numerous worked
examples are presented.

The clear and practical approach
adopted by the authors makes
the book applicable to a wide
audience. It will appeal
particularly to those with a
practical need (scientists,
engineers, managers, research
workers) who have completed
their formal education but who
still need to know efficient ways
of carrying out experiments. It
will also be an ideal text for
advanced undergraduate and
graduate students following
courses in chemometrics, data
acquisition and treatment, and
design of experiments.

Contents:

. System Theory.
Response Surfaces.
Basic Statistics.

One Experiment.

Two Experiments.
Hypothesis Testing.

The Variance-Covariance
Matrix.

Three Experiments.
Analysis of Variance
(ANOVA) for Linear Models.

NoakrkLD -

©
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SCIENCE

10. An Example of Regression
Analysis on Existing Data.

11. A Ten-Experiment Example.

12. Approximating a Region of
a Multifactor Response
Surface.

13. Confidence Intervals for
Full Second-Order Polynomial
Models.

14, Factorial-Based Designs.

15. Additional Multifactor
Concepts and Experimental
Designs.

Appendix A. Matrix Algebra.

Appendix B. Critical Values of .

Appendix C. Critical Values of F,

=0.05.

Subject Index.

©1993 454 pages Hardbound
Price: Dfl. 310.00 (US$ 177.25)
ISBN 0-444-89111-0

ORDER INFORMATION
ELSEVIER SCIENCE B.V.

P.O. Box 330

1000 AH Amsterdam
The Netherlands

Fax: (+31-20) 5862 845

For USA and Canada

P.O. Box 945

Madison Square Station
New York, NY 10159-0945
Fax: (212) 633 3680

USS$ prices are valid only for the USA & Canada
and are subject to exchange rate fluctuations; in
all other countries the Dutch guilder price (Dfl) is
definitive. Customers in the European Union
should add the appropriale VAT rate applicable
in their country to the price(s). Books are sent

postiree i prepaid.




CHEMOMETRICS TUTORIALS |I

edited by R.G. Brereton, University of Bristol, Bristol, UK, D.R. Scott, U.S. Environmental
Protection Agency, Research Triangle Park, NC, USA,

D.L. Massart, Vrije Universiteit Brussel, Brussels, Belgium, R.E. Dessy, Virginia
Polytechnic Institute, Blackburg, VA, USA, P.K. Hopke, Clarkson University, Potsdam,
NY, USA, C.H. Spiegelman, Texas A&M University, College Station, TX, USA and
W. Wegscheider, Universitat Graz, Graz, Austria

The journal Chemometrics
and Intelligent Laboratory
Systems has a specific policy
of publishing tutorial papers
(i.e. articles aiming to discuss
and illustrate the application
of chemometric and other
techniques) solicited from
leading experts in the varied
disciplines relating to this sub-
ject. This book comprises
reprints of tutorials from Vol-
umes 6-11 of this journal,
covering the period from mid
1989 to late 1991. The auth-
ors of the papers include
analytical, organic and envi-
ronmental chemists,
statisticians, pharmacolog-
ists, geologists, geochemists,
computer scientists and biolo-
gists, which reflects the
strong interdisciplinary com-
munication. The papers have
been reorganized into major
themes, covering most of the
main areas of chemometrics.

This book is intended both as
a personal reference text and
as a useful background for
courses in chemometrics and
laboratory computing.

Contents: Foreword.
Software. 1. Teaching and
Learning Chemometrics with
MatLab (T.C. O'Haver).

2. Expert System Develop-
ment Tools for Chemists
(F.A. Settle, Jr., M.A. Pleva).
3. Spectral Databases

(W.A. Warr).

Signal Processing. 4. Speci-
fication and Estimation of
Noisy Analytical Signals. Part
I. Characterization, Time In-
variant Filtering and Signal
Approximation (H.C. Smit).

5. Specification and Estima-
tion of Noisy Analytical
Signals. Part ll. Curve Fitting,
Optimum Filtering and Uncer-
tainty Determination

(H.C. Smit). 6. Fast On-Line
Digital Filtering (S.C. Rutan).
Multivariate Methods.

7. Cluster Analysis

(N. Bratchell). 8. Interpreta-
tion of Latent-Variable
Regression Models

(O.M. Kvalheim, T.V.
Karstang). 9. Quantitative
Structure-Activity Relation-
ships (QSAR) (W.J. Dunn,
i1). 10. Analysis of Multi-Way
(Multi-Mode) Data (P. Geladi).
Factor Analysis. 11. Target
Transformation Factor Ana-
lysis (P.K. Hopke). 12. An
Introduction to Receptor
Modeling (P.K. Hopke).

13. The Spectrum Recon-
struction Problem. Use of
Alternating Regression for
Unexpected Spectral Compo-
nents in Two-Dimensional
Spectroscopies (E.J.
Karjalainen).

Statistics. 14. Analysis of
Variance (ANOVA) (L. Stéhle,
S. Wold). 15. Multivariate
Analysis of Variance (MANO-
VA) (L. Stahle, S. Wold).

16. The Validation of Meas-
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urement through Inter-labora-
tory Studies (J. Mandel).
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.products chemistry,

pharmaceutics, molecular
biology, etc. The content of this
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order to feature the unique
aspacts of circular dichroism,
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be of assistance to workers in
the field. =

Substantial discussions have
been provided regarding the
particular phenomena
associated with dissymmetric
compounds which give rise to
the circular dichroism effect.
Reviews are also given of the
type of instrumentation

available for the measurement

of these effects. A number of
chapters cover the wide range
of applications illustrating the
power of the method.
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chemistry and pharmaceutical
science.
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