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Screen-printed electrodes for stripping measurements
of trace mercury

Joseph Wang and Baomin Tian
Department of Chemistry, New Mexico State University, Las Cruces, NM 88003 (USA)
(Received 12th October 1992)

Abstract

Screen-printed carbon-strip electrodes, coated with a thin gold film, are used for highly sensitive potentiometric
stripping measurements of trace levels of mercury. The stripping response toward mercury at these inexpensive and
disposable electrodes compares favorably with that common at conventional gold electrodes. Various experimental
variables have been optimized to yield low detection limits (e.g., 0.5 wg 1 ~! mercury for 4 min deposition) and good
precision (e.g., R.S.D. of 2.5% for 20 repetitive measurements of 25 pg 17! mercury). Applicability to trace
measurements of alkyl mercury and selenium is also demonstrated. Such adaptation of screen-printing technology for
the development of reliable sensors for trace mercury should benefit numerous field applications.

Keywords: Potentiometry; Sensors; Stripping voltammetry; Field monitor; Mercury; Trace metals

Mercury is well known as one of the most toxic
metals in the environment. The reliable measure-
ment of trace levels of mercury is thus of great
significance for clinical screening, environmental
monitoring and food quality tests. It is highly
desired to move these measurements from the
central laboratory to the field. Spectroscopic
techniques, commonly used for trace measure-
ments of mercury in the central laboratory, are
not suitable for the task of on-site assays. In
contrast, the portable nature and remarkable sen-
sitivity of electrochemical stripping techniques [1]
are very attractive for field monitoring of trace
metals. Both stripping voltammetry [2-4] and po-
tentiometry [5] have been used successfully in
central laboratories for measuring low levels of
mercury. The adaptation of these stripping proce-
dures to on-site and single-use measurements of
mercury is thus a logical extension of their scope.

Correspondence to: J. Wang, Department of Chemistry, New
Mexico State University, Las Cruces, NM 88003 (USA).

In this paper we describe the performance of
disposable screen-printed electrodes for on-site
quantitation of low mercury levels. Stripping
measurements of trace mercury in central labora-
tories have been traditionally carried out at vari-
ous carbon [2,3] and gold [4-6] disk electrodes.
Best performance has been achieved with rotat-
ing gold disk [3] and twin gold disk [6] electrodes.
On-site (and particularly “one-shot”) applications
require the development of significantly cheaper,
simpler and mass-produced electrodes for mer-
cury. Screen-printing technology represents a
simple approach for mass production of dispos-
able electrodes [7]. The resulting screen-printed
sensors have been widely used for clinical (en-
Zymatic) testing of various biomolecules [8] and
hold great promise for field monitoring of trace
metals. We have recently demonstrated that mer-
cury-coated screen-printed carbon-strip elec-
trodes offer reliable quantitation of trace lead, as
desired for decentralized lead blood testings [9].
Similarly, in the following sections we will

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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demonstrate that low-cost gold-coated screen-
printed carbon electrodes (on an inert plastic
support) can be used for convenient measure-
ments of wg 17! levels of mercury, without com-
promising the attractive stripping behavior inher-
ent to significantly more expensive gold elec-
trodes.

EXPERIMENTAL

Apparatus

A TracelLab potentiometric stripping unit
(PAU 20, Radiometer), with a SAM sample sta-
tion (Radiometer) and an IBM Personal System /2
55 SX were used to obtain the stripping poten-
tiograms. Square-wave stripping voltammetry was
performed with a BAS-100A electrochemical ana-
lyzer [Bioanalytical Systems (BAS)]. Most poten-
tiometric stripping experiments were carried out
in 20-ml cells, while stripping voltammetric exper-
iments employed 10-ml cells. The electrodes
joined these cells through a hole in the cover.

The screen-printed electrodes (ExacTech blood
glucose strips, Medisense) were purchased from a
local drugstore. These strips consist of the work-
ing and reference electrodes printed on a PVC
substrate (with carbon contacts on the opposite
side). The gold film was plated on the carbon-strip
contact (because of the coverage of the original
working electrode with the enzyme/mediator
layer). Most experiments employed the conven-
tional Ag/AgCl reference electrode and the plat-
inum wire auxiliary electrode of the TracelLab or
the BAS-100 units. Some experiments involved a
two-electrode system and 100-u1 sample drops. In
these experiments the printed Ag/AgCl layer, on
the other side of the strip, served as reference
electrode. For this purpose, the strip was cut in
the center, to allow placing of the carbon-contact
working electrode in close proximity to the printed
reference electrode (on a microscope slide).

Reagents

All solutions were prepared with doubly dis-
tilled water. The mercury, selenium and gold
atomic absorption standard solutions (1000 mg
1™Y) and dimethylmercury were purchased from

J. Wang and B. Tian / Anal. Chim. Acta 274 (1993) 1-6

Aldrich. Human albumin was obtained from
Sigma. The supporting electrolyte was a 0.05 M
HCI solution.

Procedure

Potentiometric stripping analysis (PSA) was
carried out in the following manner. The gold
film was preplated from a non-deaerated and
stirred 50 mg 1! gold solution (in 0.05 M HCI) by
holding the carbon strip at —0.40 V for 20 min.
The electrode potential was then switched to
+0.75 V and was held there for a 2-min “clean-
ing” period. Mercury measurements were subse-
quently performed by imposing the deposition
potential (—0.10 V) for a short (1-4 min) period
while stirring the solution. The stripping was then
initiated by applying a constant current of +2.0
pA; the electrode was conditioned for 15 s at
+0.75 V before the next deposition—stripping
cycle. Analogous stripping voltammograms were
obtained after a 4-min deposition (at —0.10 V),
and a 10-s equilibration, using a rapid square-
wave scan to +0.9 V.

RESULTS AND DISCUSSION

Figure 1 displays stripping potentiograms, ob-
tained under identical conditions, at the gold-
coated glassy carbon (A) and carbon-strip (B)
electrodes for mercury solutions of increasing
concentration (10-50 pg 17!, a—e). Despite the
very low concentration and short (2 min) deposi-
tion period, the screen-printed electrode exhibits
well-defined and sharp peaks (E,= +0.53 V,
b,,, =63 mV). Hence, a convenient quantitation
of ug 17! concentrations is possible. Comparison
to the traditional glassy-carbon-based electrode
indicates that the analytical performance is not
compromised by the use of the significantly
cheaper screen-printed surface.

The effect of various experimental variables
upon the stripping response of the gold-coated
screen-printed electrode was explored. Figure 2
shows stripping potentiograms for 25 pg 1~ ! mer-
cury after different preconcentration periods (0-5
min, a—f). The well-defined peak increases lin-
early with increasing preconcentration time, re-
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Fig. 1. Stripping potentiograms obtained at the gold-coated
glassy carbon disk (A) and carbon-strip (B) electrodes, for
increasing mercury concentration in 10 ug 1-! steps (a—e).
Preconcentration for 2 min at —0.10 V, from a stirred,

non-deaerated solution. Constant stripping current, +2 uA,;
electrolyte, 0.05 M HCL.
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Fig. 2. Potentiometric stripping response to 25 ug 1~! mer-
cury after different preconcentration times: (a) 0, (b) 1, (c) 2,
(d) 3, (e) 4, and (f) 5 min. Other conditions as in Fig. 1. Also
shown (as inset) is the resulting plot of peak area vs. time.
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Fig. 3. Effect of deposition potential (A) and stripping current
(B) upon the stripping response to 25 g 1-! mercury. Pre-
concentration time, 2 min; stripping current (A), +10 pA.
Other conditions as in Fig. 1.

flecting the enhancement of the mercury concen-
tration in the gold film. The peak sharpness is
maintained upon increasing the preconcentration
period. In contrast, quantitation is not possible
without accumulation {(a). The highly linear rela-
tionship between response and preconcentration
time is indicated also by the resulting plot (shown
on top).

Figure 3 shows the effect of the deposition
potential (A) and stripping current (B) upon the
25 wg 17! mercury peak. Only a slight increase in
the response is observed upon changing the depo-
sition potential between +0.2 V and —0.1 V. No
further change in the peak area is observed at
more negative potentials. The stripping current
has a profound effect upon the mercury response.
A nearly exponential decrease in the peak area is
observed upon increasing the stripping current
between 2 and 14 pA. Such profile reflects the
faster oxidation (i.e., shorter stripping) at larger
currents. All subsequent work employed deposi-
tion at —0.1 V, followed by stripping with a
current of 2 A,



In order for the gold-coated carbon-strip elec-
trode to possess significant analytical utility, it
must exhibit a well-defined and reproducible con-
centration dependence. Figure 4 shows the po-
tentiometric stripping response for mercury over
the 5-30 pg 1™! range. Well-defined stripping
peaks are observed following 4 min preconcentra-
tion. A detection limit of 0.5 wg 17! can be
estimated based on the signal-to-noise character-
istics of peak (a). [A lower detection limit of 0.10
png 171 was achieved from measurements of 0.25
wg 17! following 15 min accumulation (not
shown).] The six peaks of Fig. 4 are part of twelve
concentration increments from 2.5 to 30 pg 17
The resulting calibration plot (also shown, top) is
highly linear. A least-squares treatment of these
data yielded a slope of 81 ms I ug~! (standard
deviation of slope = 0.45 ms 1 ug™!; intercept = 7
ms; correlation coefficient = 0.999). Highly linear
calibration plots were obtained also following a
2-min deposition (slope 35.9 ms 1 ug~!, over the
10-100 pg 17! range) and using an unstirred
solution (slope 3.51 ms 1 wg™! over the 50-300
pg 17! range; 4 min deposition).

The stripping response of the gold-coated car-
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Fig. 4. Stripping potentiograms for increasing mercury con-
centration in 5 ug 17! steps (a—f). Preconcentration for 4 min.
Other conditions as in Fig. 1. Also shown (top) is the resulting
calibration plot over the 0-30 ug 1~ ! range.
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Fig. 5. Potentiograms for repetitive stripping runs in a 20-ml
solution (A) and using different 100-ul sample drops (B).
Mercury concentration, (A) 25 and (B) 300 g 17%; precon-
centration time, (A) 4 and (B) 3 min. Other conditions as in
Fig. 1, except that a quiescent solution was used in B.

TIME (sec)/E(V)

bon-strip is also very reproducible. For example,
the stripping potentiograms for 25 g 17! mer-
cury (displayed in Fig. 5A) are part of a pro-
longed series of 20 repetitive measurements that
yielded a highly stable response (R.S.D. =2.5%).
Similarly, the 10 stripping peaks of Fig. 5B were
obtained with different 100-1 samples containing
300 g 17! mercury. (This was accomplished by
covering the two-electrode strip with the sample
drop.) An R.S.D. of 2.2% was calculated for this
series.

High selectivity is another attractive feature of
the screen-printed sensors for mercury. The fol-
lowing metal ions were tested at the 100 pg 17!
level and found not to interfere with the meas-
urements of 10 pg 17! mercury: Pb(II), Cd(l),
Ni(II), Cu(Il), Fe(III), Bi(III), Sb(II), Mn(ID),
Co(ID), Cr(IID), V(V), Sn(ID), Se(IV), In(I11), TKD),
Ga(IID), Ti(IV), Mo(VD), and AI(III) (4 min depo-
sition). In contrast, Rh(III) and Pd(II) at 100 ug
171 resulted in 25% and 45% depressions, respec-
tively, of the 10 g 1~ mercury peak. Additional
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Fig. 6. Stripping potentiograms for mixtures of mercury and
selenium. Mercury concentration increased in 20 g 1™! steps
with the selenium level in 10 ug 17! steps (a—d). Deposition
time, 1 min; “cleaning” at +0.85 V for 30 s. Other conditions
as in Fig. 1.

peaks, observed at +0.280 V and +0.712 V in
the presence of Cu(II) and Se(IV), respectively,
did not affect the quantitation of mercury. In-
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Fig. 7. Stripping potentiograms at the gold-coated carbon-strip
electrode for increasing dimethylmercury in 2.5 ug 17! steps
(a-g). Preconcentration time, 4 min. Other conditions as in
Fig. 1.

deed, the sharp and well-defined selenium and
mercury peaks permit convenient quantitation of
mixtures of these metals. For example, Fig. 6
shows stripping potentiograms for mercury and
selenium mixtures of increasing concentration
(a—d). Surface-active organic materials have a
negligible effect upon the potentiometric strip-
ping response to mercury. For example, human
albumin at 10 mg 1~ ! caused only a 4% depres-
sion of the 20 pg 17! mercury peak (4 min
deposition).

The screen-printed potentiometric stripping
electrodes respond not only to inorganic mercury,
but also to trace levels of organomercurial species.
Figure 7 displays stripping potentiograms for so-
lutions of increasing dimethylmercury concentra-
tions (2.5-15 ug 17!, a—g). The short (4 min)
deposition period yielded well-defined stripping
peaks, proportional to the organomercurial con-
centration. The slope of the resulting calibration
plot (on top) is 55.6 ms 1 g~ ! (standard devia-

) CURRENT
éi §5> é;:>§£::>

08 08 0.4

0.4
POTEN TIAL ( V)

Fig. 8. Conventional (A) and subtractive (B) square-wave
stripping voltammetric measurements of mercury solutions of
increasing concentrations of 20-80 pg 17! (a—d). The subtrac-
tive response was obtained by recording the difference in
currents following 240 and 5 s depositions. Deposition time
240 s at —0.10 V; square-wave frequency, 20 Hz; amplitude,
40 mV; step, 6 mV; electrolyte, 0.05 M HCL
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tion of slope = 0.80 ms 1 g™ !; intercept = 23 ms;
correlation coefficient = 0.999). The peak poten-
tial (0.521 V) is slightly different from that ob-
served for the inorganic mercury ion (0.528 V).
When coupled with an appropriate speciation
scheme (e.g., [10]), these disposable electrodes
should thus be useful for classifying the chemical
forms of mercury.

In addition to potentiometric stripping meas-
urements, it is possible to use voltammetric strip-
ping modes for mercury quantitation with
screen-printed electrodes. Rapid square-wave
stripping voltammetry is particularly useful for
this task. Figure 8A shows stripping voltammo-
grams for mercury solutions of increasing concen-
tration [20-80 ug 17! (a-d)] following a 240-s
deposition. The defined stripping peaks are ac-
companied by a large background current (char-
acteristic of the gold surface). Such background
contributions are effectively compensated by em-
ploying a subtractive stripping operation, e.g., by
recording the difference between the currents
following 240 and 5-s depositions (Fig. 8B).

Gold films, plated in situ on the carbon-strip
substrate, may offer an attractive alternative to
the preplated gold films. Figure 9 compares the
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Fig. 9. Potentiometric stripping response to 5 ug 1~ mercury
using preplated (A) and in-situ plated (B) gold films. Condi-
tions as in Fig. 1, except that the in-situ deposition (B)
proceeded in the presence of 1 mg 1™ ! Au(IID).
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response to 5 ug 17! mercury of the carbon-strip
with the gold film preplated (A) and codeposited
with the mercury (B). The in-situ deposition of-
fers a sharper response, higher sensitivity (peak
area, 541 vs. 396 ms) and a low background
contribution. Preplating of the gold film may be,
however, more practical and economical when
mass production and screening are concerned.
In conclusion, the growing needs for ‘“one-
shot” field testings for trace mercury have led to
the coupling of screen-printing technology and
potentiometric stripping analysis. The stripping
response for mercury at these disposable elec-
trodes is comparable to that common at tradi-
tional stripping electrodes. The new mercury sen-
sors thus hold great promise for decentralized
(environmental, industrial, clinical) measure-
ments of mercury. The highly reproducible re-
sponse makes the screen-printed electrodes at-
tractive also to routine (centralized) applications.
Research in our laboratory is progressing toward
the adaptation of other stripping schemes and
procedures with screen-printing technology.

This work was supported by grants from the
Department of Health and Human Services
(Centers of Disease Control) and the IMS. The
authors thank Radiometer America for the gift of
the TracelLab system.
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Abstract

The ion-selective field effect transistor (ISFET)-based coulometric sensor—actuator systems have found applica-
tions in acid-base titration and in the construction of a low-drift carbon dioxide and a pH-static enzyme sensor. In
this paper a brief review is given of the previously developed ISFET-based sensor—actuator systems and the newly
proposed system which employs a porous nobel metal as the actuator deposited at a short distance over the gate. The
advantages and disadvantages of the different systems are compared. Furthermore, an analytical model is proposed
for the new system with a porous nobel metal as the actuator. Two ways to make the porous gold actuator over the
gate of the ISFET are described. The acid-base titration is chosen for the model study. The experimental results are
in accordance with the theoretical description. Both the theoretical and experimental results show that devices with a
different actuator thickness will behave differently. For a thin porous actuator, an approximately quadratic
relationship between the titration time and the concentration of the titrated species is predicted by the model and
confirmed by the experiment. For a thick porous actuator, titration of a weak acid shows an approximately linear
relationship between the concentration of the titrated species and the titration time, which is predicted by the model.
The theoretical calculation of the titration curve of a fully dissociated acid requires the use of a general formula
derived from the model. The typical titration times are from 0.5 to 10 s, the corresponding concentrations of the

titrated species range from 0.5 mM up to ca. 10 mM.

Keywords: Coulometry; Titrimetry; Acid-base; Ion-selective field effect transistor; Sensor-actuator

The ion-selective field effect transistor
(ISFET)-based integrated coulometric sensor—ac-
tuator system was introduced in 1985 [1] in order
to solve the problem of in situ ISFET calibration
and to exploit new applications of the ISFET.
Since then a series of developments has been
made {2]. The reported applications of the system
are typically: the acid-base titration [2,3], con-

Correspondence to: J. Luo, Mesa Research Institute, Faculty
of Engineering, University of Twente, 7500 AE Enschede
(Netherlands).

struction of a low-drift carbon dioxide sensor [2,4]
and the introduction of the pH-static enzyme
sensor [5). Progress in the theoretical description
of the system has also been achieved recently
[6,7].

Generally, the integration of a coulometric ac-
tuator with an ISFET has several advantages. In
the first place, it provides the ISFET with an easy
and rapid way of regular in situ calibration. This
is particularly useful in some specific applications
such as, for instance, in vivo pH monitoring.
Secondly, for an application of the system to the

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved



acid—base titration, drift is no longer a problem,
as the ISFET is used in a dynamic way. In addi-
tion, the fast response of the ISFET makes the
titration more accurate and rapid. Furthermore,
a local pH control in the vicinity of the gate of
the ISFET can be achieved, which can lead to
new applications of the system as exploited in the
pH-static enzyme sensor [5].

The different research projects have shown a
promising prospect in the development of coulo-
metric sensor—actuator systems. There are, how-
ever, still some disadvantages such as the delay in
response existing in the previously developed sys-
tems. This is due to the fact that the actuator was
a planar electrode closely surrounding the gate,
but still at a distance of ca. 15-20 um. In order
to circumvent this problem, a newly designed
system has been proposed which employs a porous
noble metal as an actuator over the ISFET [8]. In
this paper, we will give a brief analysis of the
previously developed conventional coulometric
sensor—actuator systems and the recently re-
ported new system. The advantages and disad-
vantages of the different systems are discussed
and compared. Afterwards, a model for the re-
cently developed new system is presented and
theoretical results are compared with the experi-
mental results.
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Closed-cell type microliter coulometric titrator

Figure 1 shows the basic components of the
previously developed prototype coulometric sen-
sor—actuator system [1]. The system is made by
integrating a large noble metal actuator electrode
and a counter electrode on a piece of silicon. A
window in the actuator electrode is etched for the
gate of the ISFET which functions as a pH indi-
cator. A flow-through cell is constructed by seal-
ing a silicon cover with an etched cavity on the
chip. In principle, the operation of the system
quite resembles the conventional coulometric
titration system. For a titration the sample is first
injected into the cavity, the current is then ap-
plied to the actuator electrode and the counter
electrode. By coulometrically generating protons
or hydroxyl ions, an acid or base titration can be
performed with high accuracy. The amount of the
electrical charge used for a coulometric titration
is approximately linearly proportional to the con-
centration of the sample, because it can roughly
be considered as a titration of the whole bulk
solution. The main advantage of the system is the
exploitation of the fast response of the ISFET as
pH sensor for a rapid coulometric titration. Addi-
tionally, the system is greatly miniaturized due to
the application of the silicon technology and, as a
consequence, the required sample volume is sub-
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Fig. 1. Schematic representation of the previously developed closed-cell type microliter coulometric titrator.
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stantially reduced. The disadvantages of the sys-
tem are: an injection of the sample by a syringe
or micropump is necessary, and after each titra-
tion the sample has to be flushed out. It is there-
fore not suitable for an in situ application.

Diffusion-controlled coulometric sensor—-actu-
ator system

In order to facilitate the sensor—actuator for in
situ applications, a second system was proposed
[2,3] of which the basic elements are shown in
Fig. 2. It is a modified system of the aforemen-
tioned type. The main difference is that the sili-
con cover of the first system has been omitted,
thus allowing the free diffusion of species be-
tween the bulk solution and the actuator elec-
trode. In this case the injection of the sample is
not necessary, the whole system can be inserted
in the analyte solution. The titration is still per-
formed by applying a constant current to the
actuator electrode. In this case the square root of
the time needed to reach the end-point is linearly
proportional to the concentration of the titrated
species. This is expected, because the operation
of the system is in principle the same as the
classical constant-current chronopotentiometry.
Except for the delay in response due to the
non-zero distance between the gate of the ISFET
and the actuator, the Sand equation [9] can be
used to describe the behaviour of the system
because the diffusion is regarded as one-dimen-

sional due to the use of a large planar actuator
electrode around the gate of the ISFET. The
significant improvement in this system with re-
spect to the classical chronopotentiometry is the
separation of the signals of the indicating elec-
trode from the generating (working) electrode.
The pH in the vicinity of the actuator electrode
can be selectively measured by the ISFET. This is
advantageous especially for the performance of a
titration at low concentration. In chronopoten-
tiometry the generating electrode potential is
measured, which is in fact the sum of the double
layer charging, electrode polarization and redox
couple potential change. At low concentrations,
the effect of the double layer charging and the
polarization will have a relatively strong influ-
ence, making it difficult to extract the pH infor-
mation from the electrode potentials. A main
advantage of the system where an ISFET is used
for the pH measurement is that it circumvents
the problems mentioned above. In addition, the
device can be made in a dipstick fashion, so it can
be easily used in a continuous way. Furthermore,
it permits a continuous local pH control in the
vicinity of the ISFET. A disadvantage is the non-
linear relation between the amount of the gener-
ated titrant needed for a titration and the con-
centration of the titrated species. In addition,
there is a delay in response because of the non-
zero distance between the actuator electrode and
the gate of the ISFET. Consequently, the pH in

o M

counter ISFET octuotor reference
Iectrode Si electrode electrode
current :

Fig. 2. Schematic representation of the basic components of the dipstick ISFET-based coulometric sensor—actuator system.
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the vicinity of the ISFET is not uniformly dis-
tributed not only because of the delay time, but
also because of the concentration gradient in the
diffusion layer.

Another application of the second system
worthwhile to mention here is the construction of
a pH-static enzyme sensor [5], which utilizes
specifically the ability of the local pH control of
this system. With a membrane containing an im-
mobilized enzyme mounted on top of the
ISFET-based sensor—actuator device, the pH in
the membrane can be adjusted to a desired value
for an optimal operation of the enzyme. The
catalytic products from the enzymatic reaction
can be continuously titrated to keep the pH in-
side the membrane constant by applying a cur-
rent to the actuator electrode, of which the cur-
rent is in turn a measure of the concentration of
the substrate. However, the aforementioned dis-
advantages of the second system such as the delay
in response and the not uniformly distributed pH
inside the membrane will limit the possibilities of
this application.

Coulometric sensor—actuator system with a
porous noble metal as the actuator

The recently proposed ISFET-based coulomet-
ric sensor—actuator system [8] employs a porous
noble metal, for instance porous gold, as an actu-
ator closely shaped around and over the gate of

J. Luo et al. / Anal. Chim. Acta 274 (1993) 7-23

the ISFET. The basic components of this system
are shown in Fig. 3. This system is expected to
keep the advantages of the aforementioned two
systems and to get rid of the disadvantages. The
preliminary results have shown that the delay in
response of the system is considerably reduced
because the distance from actuator to the gate of
the ISFET is minimized. Since the gate is fully
surrounded by the porous actuator, the titration
of the internal volume of the porous actuator will
give rise to a smaller concentration gradient,
which limits the diffusion of the species from the
bulk solution to the gate of the ISFET. As a
result, the amount of generated titrant needed
for a coulometric titration is expected to be ap-
proximately linearly proportional to the concen-
tration of the titrated species. Another advantage
is that the system is less sensitive to convection.
This makes the system more suitable for on-line
applications. The other advantages such as ease
of operation and possibility for a design of a
dipstick device still remain.

The behaviour of the previously developed sys-
tems has already been extensively studied [6,7]. A
semi-quantitative description of the system delay
in response has also been presented [6]. For the
new system with a porous noble metal as the
actuator, preliminary results have shown that the
delay in response is considerably reduced, whilst
also the expected approximately linear relation-

[
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Fig. 3. Schematic representation of the basic components of the coulometric sensor—actuator system based on an ISFET with

gate-covered porous gold actuator.
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ship between the amount of the generated titrant
used for titration and the concentration of the
titrated species was found [8]. In the following
part of this paper, we will propose an analytical
model to describe the behaviour of the new sys-
tem, combined with improved technologies in
making the devices. The model will be verified
with corresponding experimental results.

MATHEMATICAL MODEL

General considerations

For a coulometric titration of an acid or base,
the titrant generated at the actuator electrode by
electrolysis of water depends on the direction of
the applied current. The reactions at the elec-
trodes are as follows:

Anode: 2H,0 > 4H"+4e+ O, )
Cathode: 2H,0+2e > 20H +H, M

When a current is applied to the porous actuator,
the continuously titrated species inside the pores
of the actuator will generate an clectrochemical
potential gradient between the internal volume of
the porous actuator and the bulk solution. Mass
transport will then occur. For the system used
here, only diffusion is considered in the mass
transport. Convection is assumed to be absent for
two reasons: firstly, the titration is performed in a
stagnant solution and secondly, in the relatively
short time of titration convection caused by a
change in density or thermal effect is excluded.
The effect of migration can be eliminated by
adding excess of supporting electrolyte. For the
derivation of the model some extra assumptions
are made:

(1) The diffusion is considered to be one-di-
mensional only, because the geometrica area of
the actuator is much larger than its thickness.
This assumption means that there is only a con-
centration gradient perpendicular to the ISFET
inside the porous layer and in the bulk solution.
The concentration profiles of the species can
then be divided into two parts as shown in Fig. 4,
where x is the distance from the gate to the bulk
and [ is the thickness of the porous actuator.
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Fig. 4. Hlustration of the concentration profiles inside and
outside the porous actuator for ¢ > 0.

C(x, t) and C,(x, 1) represent the concentration
profiles of the species inside and outside the
porous actuator, respectively.

(2) The porosity of the porous actuator is
assumed to be homogeneous, and the applied
current is assumed to be uniformly distributed at
the active surface of the porous actuator, i.e., the
current density is assumed to be constant over
the whole active surface. As a consequence of
this assumption, the titrant is uniformly gener-
ated inside the porous actuator.

(3) Since the pH is measured by an ISFET, it
is not necessary to determine the current density
at the electrode for the calculation of the elec-
trode potential. The internal volume of the actua-
tor to be titrated can then be considered as a
homogeneous source or sink. In the following
calculations a parameter, p, defined as the appar-
ent titrant production rate per unit volume is
introduced:

I I
" FV,. FSI

act

p (2)
where [ is the applied current and F the Faraday
constant, V., is the total volume of the porous
actuator, S and [ are the geometric area and
thickness of the porous actuator, respectively.
Owing to a reasonably high porosity of the actua-
tor the volume taken up by the gold itself is
ignored. Since only the faradaic portion of the
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current is significant for the faradaic process, the
subscript f will further be used to denote the
faradaic portion of the current and the corre-
sponding value of p: p; = I;/FSI, representing the
real titrant production rate per unit volume. In
the case of an applied constant current, the titrant
production rate per unit volume is also a con-
stant.

(4) The diffusion coefficients of the species
inside the porous actuator are considered to be
the same as in the bulk solution because of the
relatively large pore size.

With the above assumptions, the equations
governing the mass transport inside and outside
the porous actuator are then derived as follows.

Derivation of the model

In the bulk solution, i.e., / <x < «, the change
of the concentration of the sample is only caused
by diffusion. The diffusion equation for C,(x, t)
is

3C,(x, t) 3?C,(x, t)
=D >

ot ox
The change of the concentration of the sample
inside the porous actuator is caused by both its
diffusion and the reaction with the generated
titrant. The change of the concentration of the
sample by diffusion can be written immediately as
CH(x, t) 3*Cy(x, t)

=D R

ot ox
where the superscript d denotes the change of
concentration by diffusion. If the rate of charge
transfer, i.e., the electrolysis of water as de-
scribed by Eqn. 1, and the related dissociation
kinetics are not taken into account, the change of
the concentration of the sample by the reaction
with the generated titrant is
ACi(x, 1)

ot
Combining the two processes, the diffusion equa-
tion for C/(x, t) is expressed as
dC(x,t) CH(x,t) BCH(x,1)

ot ot * ot

PCy(x,t)
_pI 02 L o<x<l  (6)

I<x <o 3)

0<x<l (4)

-ps 0<x<! (5)

ox
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Eqns. 3 and 6 govern the mass transport inside
and outside the porous actuator. The initial and
boundary conditions are

t=0,Ci(x,0)=Cy(x,0)=C, (N
0C,(0, 1)
=0, — =0 8
aC (1, t) 3C,(I, 1)
x=1, ox - dx 9
Ci(l,t)y=Cy(l, 1)
x>, C)x,t)=C, (10)

where C; is the initial bulk concentration of the
species. Equation 8 is based on the fact that there
is no flux flowing through the ISFET which is
positioned at the edge of the actuator (x =0).
Equation 9 reflects the conservation and continu-
ation of matter. Applying the initial condition
(Eqn. 7) and boundary condition (Eqns. 8, 9 and .
10) to Eqns. 6 and 3, expressions for C (x, t) and
Cy(x, t) can be obtained (cf. appendix A):

P (l+x)2
Cx,t)=Cy—p;t+—{|t+
W(x, 8) 0~ Pr 2{ 2D
; I+x ; t
X —_— —
ercz‘/b? ( +x)\/ s
(I+x)°
X —_—
P\ T D
(I-x)° fl—x 1
+|t+ -(l-
20 | U
] = x| - U2 (11)
=D TP\ T Tapy
Pt (x=D|  x-I
Cx,t)=Cy— —{|t+
2%, 1) =Co =3 2D “oDr
(x=1)°
~(x=Dy 5P -
(x+1)? ’ x+1 1
—|t+
D ercz‘/ﬁ+(x+)
X Lex - x+l); (12)
=D P T Dy
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The end-point is detected by the gate of the
ISFET, and because the gate is closely sur-
rounded by the porous actuator, the position of
the gate is considered to be located at x = 0. This
assumption is acceptable for two reasons. One is
that the real distance from the gate to the actua-
tor is only 3 wm which is much smaller than the
thickness of the actuator. The other reason is that
the space volume around the gate is negligible
compared to the volume of the porous actuator.
The concentration at x =0 is

12

1
t+ E—D—)erfc

2Dt

[t ?
) ﬁexp(—m) (13)

For the sake of clarity an auxiliary variable @ is
introduced: 8 =1/2(Dt)'/?2. Then Eqgn. 13 be-
comes

Ci=Co—pst +pst

Cy(0, 1) = Cy—pst +p;

X [(1+26%)erfco — %exp( —02)}
=Cy— pst + pst x4i’erfc
=Cy—pst *[1 — dierfco] (14)
where

26
i’erfcd = 7(1 + 20?)erfcd — — exp( —6?)
m

=
(15)

At the time the end-point is reached, C,0, ¢)
equals zero. The titration time 7 can be obtained
from Eqn. 14 by letting C,(0, 7) =0:

Co
 pg[1 - 4i%erfco]

T (16)
Equation 16 is the formula to calculate the time
to reach the end-point for an acid or base titra-
tion. From Eqn. 16 it can be seen that the titra-
tion time is proportional to the initial bulk con-
centration of the titrated species, but it must be
pointed out that in a general case iZerfcd may
also be a function of 7, resulting in a titration
time that is not a linear function of the initial

13

bulk concentration. The situation can, however,
be simplified in some specific circumstances which
will be discussed later.

Consideration of the double layer charging

As the porous actuator has an enormously
large active surface area, the charging of the
double layer capacitance cannot be neglected. On
the other hand, for the calculation of = by Eqn.
16 the faradaic portion of the current has to be
known. In practice, only the applied current is
known. If both faraday and double layer charging
effects play a role the applied current to the
actuator has to be separated into two parts: the
faradaic current, I;, and the current used to
charge the double layer, /;. Generally, these cur-
rents are not constant during the titration. At the
beginning of the titration and at the time around
the end-point, the actuator potential changes
rapidly and the current for the charging of the
double layer capacitance is significant, so most of
the current is used to charge the double layer.
After the double layer is charged to the redox
couple potential and before the end-point is
reached, the applied current is nearly faradaic.
The exact expression for the double layer charg-
ing current is difficult to obtain, so that an ap-
proximation is often made by means of a simpli-
fied calculation or estimation in practical situa-
tions. Here we will apply the constant double
layer charging current approximation [9]. In this
case the current for the charging of the double
layer is assumed to be constant during the whole
titration and therefore the total applied current is
simply expressed as

where [; is the faradaic current, I, is the current
used to charge the double layer. Substitution of
Eqn. 17 into Egn. 16 yields

C LT 18
- —_— + —_—
p[1—4i%erfc] I (18)
where I, is the total number of coulombs needed
to charge the double layer capacitance. Note that
now the apparent titrant production rate per

volume p appears in Eqn. 18 instead of p;. This
means that the calculation of 7 can now be easily

T
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performed. According to the assumption, ;7=
C4AE, where C, is the average double layer
capacitance and A E the actuator potential differ-
ence during titration, Eqn. 18 can be written as

Cy CauAE
= = + (19)
p[1 — 4i*erfch] I
Comparing Eqn. 19 with Eqn. 16, the second
term of the right-hand side of Eqn. 19 represents

the contribution of the double layer charging to
the titration time.

T

Applicability of the model to practical systems

Equation 19 expresses the relation of the time
needed to reach the end-point at the gate of the
ISFET as a function of the initial bulk concentra-
tion of the species for an acid or base titration.
The first term of Eqn. 19 represents the contribu-
tion of the faradaic process. As is already men-
tioned before, the titration time is not a linear
function of the initial bulk concentration in a
general case, because i%erfc# is also a function of
the titration time. Thus Eqn. 19 is not convenient
for practical use. However, the parameter 6 and
the function i’erfc@ have their real physical
meanings, so that in some specific circumstances,
the function i%erfcd can be approximated by a
linear function of 6. Equation 19 can then be
simplified. This is done by evaluating the value of
i“erfc@ as a function of @ as follows.

The expression (2Dt)'/? is conventionally used
as a measure of the average displacement of the
species due to diffusion after a time ¢. By its
definition, 8 (= 1/2VDt ) divided by a factor of y2
is the ratio of the thickness of the actuator to the
diffusion distance of the species from the bulk
solution into the porous actuator. It can thus be
reasoned that before the diffusing species reach
the gate of the ISFET, the change of the concen-
tration of the species in the vicinity of the gate is
caused only by the generated titrant. The titra-
tion can then be considered as a volumetric titra-
tion inside the porous actuator. When the diffus-
ing species reaches the gate of the ISFET (x = 0)
after time ¢, the change of the concentration of
the species at this point will of course be influ-
enced by the diffusion in addition to the gener-
ated titrant. After this moment the diffusion pro-
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Fig. 5. Plot of 1—4i%erfc6 as a function of 9.

cess will also determine the titration time 7.
Therefore, 8 can be considered as a parameter to
evaluate the time for the species to reach the gate
of the ISFET by diffusion and consequently the
value of i’erfc@ can be used as a measure of the
contribution of the diffusion to the time of titra-
tion. In other words, the value of @ and i%erfcéd
are expected to be suitable criteria to distinguish
whether the titration is a diffusion-controlled
titration or a volumetric titration inside the porous
actuator. Based on this consideration, the func-
tion 1 — 4i%erfc is evaluated as a function of 8
as shown in Fig. 5. From this figure it can be seen
that if 8 approaches zero or infinity, 1 — 4i%erfcé
will approximate two asymptotic lines. If one of
these two extreme cases applies, i%erfcd can be
replaced by a simple linear expression of 8, which
is independent of 7 or is only a simple function of
7. Hence, the applications of Eqn. 19 to an acid
or base titration can be generally classified into
the following three cases.

Case 1. If the actuator is very thick and the
time for a titration is short, i.e., I > 2(D¢t)V/? or
6 > 1, the value of i’erfc@ will be very small. If
6 — «, i’erfcd will ultimately approach zero. In
this case the diffusion can be ignored and the
titration can be regarded as a bulk titration inside
the porous actuator. Then, Eqn. 19 becomes

Co C4,AE  C, C4AE
T= = + —+ —
p[1— 4i*erfch] I p I
(20)

n
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It can be seen that r is now linearly proportional
to the initial bulk concentration of the species.
The limit to neglect the i’erfcd depends on the
required precision. For instance if # =1, then
4i’erfcd = 0.06. It means that if the titration is
treated as a titration of the internal volume of the
porous actuator only, the diffusion caused devia-
tion of the calculated titration time is ca. 6%.

Case 2. If the porous actuator is very thin and
the time for a titration is long, i.e., I < 2(Dt)!/?
or <1, 1—4i%erfcd will approach 46/ V.
After substitution of 1—4i%erfcd by 46/,
Eqn. 19 becomes

C, C,AE
= +
p[1 — 4i%erfc)] I

T

FSWm c C,AE
= +
401 ° I
FSvm D~ C,AE
= Cy+
21 I

(21)
or

FSYmD c C,AE
+
21 7 Iy

The titration can now thus be regarded as a
diffusion-controlled titration. In fact, the first
term of the right-hand side of Eqn. 22 is exactly
the same as the Sand equation which was derived
in the classic chronopotentiometry [9]. The square
root of the titration time is linearly proportional
to the bulk concentration of the titrated species if
the double layer charging is omitted. The preci-
sion for the approximation can also be calculated.
As an example, for 6=0.05, [1—4i%erfcd —
40/ Vm1/[1 — 4i%erfc] = —0.045. This indicates
that 1 — 4i%erfc@ can be replaced by 46 / Vo for
the calculation if an error of 4.5% is allowed in
this example.

Case 3. If the above two extremes do not
apply, Eqn. 19 has to be used to calculate the
titration time as a function of the concentration
of the titrated species. The calculation can be
done by means of a computer or by consulting
tabulated values of the error function.

Jr =

(22)

15
EXPERIMENTAL

Technology to make the device

The procedure to make the sensor—actuator
devices is comparable to the previously reported
one [8] and as shown in Fig. 6. There are two
improvements. First, the structure of the ISFET
was modified in order to enhance the ability of

— - gold layer
22 — To,04

substrate

gold layer
Ta 04

substrate

(b)

porous
gold

gold layer
Ta 04

substrate

(c)

porous
gold

gold layer
To Oy

substrate

(d)
Fig. 6. Procedure to make the device. (a) Flat ISFET with a
thin layer of evaporated gold around the gate; (b) deposition
of a sacrificial layer of SiO, by PECVD; (c) deposition of a
layer of porous gold; (d) etching of the sacrificial layer.
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the ISFET to withstand the hydrofluoric acid
etching, because the etching of the sacrificial
layer by hydrofluoric acid is very aggressive and
the etching usually takes a rather long time to
guarantee a complete removal of both the sacrifi-
cial layer and the glass compounds in the thick-
film paste, which is used for the fabrication of the
porous actuator electrode. During the manufac-
ture micro cracks in the upper-layer of tantalum
pentoxide have been found at the edge of the
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field silicon dioxide [10]. The cracks result from
the volume expansion of the tantalum during
oxidation to become tantalum pentoxide. The
etchant can slowly penetrate from the crack part
into the field silicon dioxide and consequently
cause a damage of the ISFET. The ISFET will
finally have an abnormally large leakage current.
The new type of ISFET has a completely flat
surface, so that the cracking in the top layer of
tantalum pentoxide is avoided. The flat structure

Fig. 7. Microstructure of the porous gold made by (a) sintering of thick-film paste at 600°C and (b) sintering of black gold at 550°C.
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is achieved by etching of the whole field silicon
dioxide layer after finishing the diffusion process
[10]. An extra thick layer of tantalum pentoxide
with an open window for the gate areca is made
after the first tantalum pentoxide is formed. It
functions as a protection layer to prevent migra-
tion of gold into the silicon. The second improve-
ment is the simplification of the sacrificial layer.
Since the flat structured ISFET can withstand a
long time of hydrofluoric acid etching without
damage, a single silicon dioxide layer as the sacri-
ficial layer, made by plasma enhanced chemical
vapour deposition (PECVD), was applied instead
of a sandwich layer of SiO,/Si/SiO, that has
been used before [8]. The thickness of the sacrifi-
cial layer is 3 um.

Gold was chosen as the material for the porous
actuator. The porous gold was made in two ways.
The first way was by sintering of thick-film paste
(DuPont 9910) at 600°C, which has previously
been reported [8]. The second way was by sinter-
ing of black gold. The black gold was made by
vapour deposition of gold onto a substrate at a
certain pressure in a nitrogen atmosphere. The
pressure used for deposition was ca. 0.5 Torr, the
distance from the source of gold evaporation to
the substrate is ca. 5 cm. The obtained black gold
was sintered at 550°C also in a nitrogen atmo-
sphere. The microstructure of the porous actua-
tors made by sintering of thick-film paste and
sintering of black gold is shown in Fig. 7a, b by
means of scanning electron microscopy (SEM)
photographs. Due to a low efficiency of the vapour
deposition at high pressure, the thickness of the
porous gold actuator made by sintering of black
gold is usually thinner than that made by sinter-
ing of gold thick-film paste. The thickness of the
porous actuator made by sintering of black gold is
in the range of 10-30 pwm, while a porous actua-
tor made by sintering of thick-film paste is 100-
200 pm.

Determination of the geometric parameters and
estimation of the total double layer capacitance

For the theoretical calculation of the titration
times for an acid or base titration, the apparent
titrant production rate per unit volume p and the
total double layer capacitance should be known
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first. These two parameters are related to the
dimension of the actuator. The calculation of p
requires the determination of the geometric area
and the thickness of the porous actuator. The
total double layer capacitance of the actuator is
dependent on the total active area of the actuator
and the specific capacitance. Unfortunately, these
parameters are difficult to determine exactly. This
is because the dimension of the actuator is not
always well defined to the difficulty in applying
photolithography. The difficulty in packaging the
devices gives rise to an imprecisely defined area,
too. Thus the geometric area, S, and the thick-
ness of the porous actuator, [, for each device are
measured individually by an optical microscope.
The production rate per unit volume is then
calculated by its definition (see Eqn. 2). Another
geometric parameter that is difficult to determine
is the total active area of the actuator. Its value is
related to the grid size and the pore size of the
porous gold, both of which are dependent on the
way of preparing the actuator and are also not
well defined. In fact, exact determination of the
total surface area of the actuator is insignificant
in this case, because the specific double layer
capacitance is actually a function of the electrode
potential and the ionic strength [11]. However,
estimation is often adequate for the application
of the derived model as long as the accuracy for
calculation is within the experimental error and
the correctness of Egn. 19 still holds. Normally,
these conditions are fulfilled. The estimation for
the total double layer capacitance is made as
follows. The specific double layer capacitance is
estimated as 20 uF cm~? as ordinarily accepted
[12]. The total surface area of the actuator was
estimated according to the measured grid size
and thickness of the porous actuator from the
SEM photograph. The porous gold actuator is
considered as a composition of laminated layers
of gold with layer thicknesses of average grid size.
Since the actuator is rather porous, i.c., the gold
particles are not tightly packed, each layer of gold
is assumed to have the same area as the geomet-
ric area. The number of layers is determined by
dividing the total actuator thickness by the grid
size of the gold. The total active area is assumed
to be equal to the geometric area times the
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Fig. 8. Measuring set-up for an acid-base titration.

number of layers. The total double layer capaci-
tance is then calculated as

where S and N are the geometric area and the
number of layers of the gold particles, respec-
tively and CJ is the specific capacitance of the

double layer, being 20 uF cm™2.

Acid to base titration

A nitric and an acetic acid titration were cho-
sen for a model study of the system. The set-up
for the titration is shown in Fig. 8. The output of
the ISFET amplifier as well as the actuator po-
tential are registered by the computer. The titra-
tion was performed in a 25-ml plastic container.
After each titration, a reversed current was ap-
plied and the solution was stirred for homogeniz-
ing the solution inside and in the vicinity of the
actuator. There was ca. one minute pause after
stirring and before the start of each titration in
order to get rid of convection effects.

RESULTS AND DISCUSSIONS

In order to examine the reduction of the delay
time, the titration with a previously developed
sensor—actuator device with planar actuator is
performed first as a comparison. Because the
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porous actuator made in different ways has dif-
ferent thicknesses, the titration with various de-
vices will, according to the model, show different
behaviour. Therefore, the titration with various
devices, of which the porous actuator is made in
different ways, will be discussed separately.

Titration with a planar type sensor-actuator
device

Titration of nitric acid using the previously
developed prototype device with a planar struc-
ture of the actuator was carried out. Figure 9
shows the typical registration curves of the IS-
FET amplifier output voltage as well as the actu-
ator potential and the corresponding first deriva-
tives. The times to reach the end-points at the
ISFET and the actuator are determined by the
minima of the corresponding first derivatives. This
method applied to the actuator is in fact the
classic chronopotentiometry. From the upper
curves of Fig. 9, the time to reach the end-point
at the ISFET can be found at ¢ =1.72 s. From
the lower curves of the actuator potential and the
first derivative, the time to reach the end-point at
the actuator is at ¢ =1.02 s. The delay time can
be calculated by a simple subtraction, which re-
sults for this example in 0.7 s.

Output of ISFET amplifier (V)

Actuator potential (V)

Time (s)
Fig. 9. Registration curves and the first derivatives (dashed
lines) for a nitric acid titration. The actuator is a planar
structure. [KNO,]=0.1 M, [HNO;]=2.0 mM, applied cur-
rent density is 20 uA mm 2.
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Titration using a device with a porous actuator
made by sintering of black gold

A series of titration of nitric acid was also
carried out using a device with a porous gold
actuator made by sintering of black gold. Figure
10 shows the registration curves and the first
derivatives recorded from the titration. From Fig.
10 it can be seen that the times to reach the
end-points at the ISFET and the actuator are
about the same. Compared to Fig. 9, it can be
concluded that the delay time is considerably
reduced.

The dimension of the porous gold actuator
made by sintering of black gold was measured.
The geometric area is ca. 0.5 mm? and thickness
is ca. 30 um. The average grid size of the porous
is roughly estimated to be in the order of 1 um
from Fig. 6b. The number of layers for calcula-
tion is then 30. The total double layer capaci-
tance is calculated to be ca. 3 uF. The titration
times are typically from 0.5 to 10 s. The corre-
sponding 6 can be calculated to have a value
from 0.2 to 0.05 for this device. According to the
model and calculated values of 8, the device with
such a thin porous actuator should show a
quadratic relation between the titration time and
the initial bulk concentration of the titrated

Output of ISFET amplifier (V)

Actuator potential (V)

0 2 4 6 8 10 12

Time (s)

Fig. 10. Registration curves and the first derivatives (dashed
lines) for a nitric acid titration. The porous actuator was made
by sintering of black gold. The applied current is 30 pA,
[KNO;]= 0.1 M, [HNO;]= 2.7 mM.
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Fig. 11. Relation of the titration time and the c{)ncentration of
titrated nitric acid. Dashed line is theoretically calculated,
marks and solid line are experimental results with linear
fitting. The applied current is 20 uA. The porous actuator
was made by sintering of black gold.

species. The titration can be regarded in this case
as diffusion controlled, and consequently Eqn. 21
can be applied for a simplified calculation. Figure
11 shows the theoretical and experimental re-
sults. For the sake of accuracy, the theoretical
values were calculated by Eqn. 19. The experi-
mental results show a good agreement with the
theoretical calculation. The concentration of the
titrated nitric acid is ca. 0.5-3 mM, and the
applied current was 20 pA.

Titration using devices with porous actuator
made by sintering of thick-film paste

The titration of both nitric acid and acetic acid
was performed using the devices with a porous
gold actuator made by sintering of thick-film
paste. Because the porous actuator made in this
way is very thick, the time for the diffusion of the
species to reach the gate of the ISFET will be
long. The behaviour of this device will therefore
be quite different from that of the devices de-
scribed in the previous section. It can be expected
that the diffusion starts at the interface between
the actuator and the bulk electrolyte, so the de-
pletion of the titrated species can be assumed to
take place gradually from inside the actuator
towards the boundary. Theoretical calculation of



Output of ISFET amplifier (V)

Actuator potential (V)

Time (s)
Fig. 12. Registration curves and the first derivatives for a
nitric acid titration. The porous actuator was made by sinter-
ing of thick-film paste. The applied current is 30 u A, [KNO,]
=0.1 M, [HNO;]= 0.5 mM.

the concentration profile can be based on Eqn.
11. Figure 12 shows the registration curves using
this device for a nitric acid titration. It can be
seen that the time to reach the end-point at the
actuator is later than at the gate of ISFET, imply-
ing that the species are gradually titrated and
depleted at different locations inside the actuator
and that the depletion of the species in the vicin-
ity of the gate is always prior to the depletion of
the whole volume of the actuator.

The thickness of the actuator made by sinter-
ing of thick-film paste is between 100 and 200
pm. The average grid size of the porous gold is
estimated to be 2 um from Fig. 6a. The number
of layers for calculation is then 50-100. The
geometric area was designed to be ca. 0.5-1 mm?.
The total double layer capacitance can then be
calculated to be ca. 5-20 uF.

The typical titration times of the system are
from 0.5 to 10 s. For a titration of acetic acid, the
dominant diffusion species is the acetic acid
molecule, of which the value of 6 is calculated to
be 2.2-0.58 (100 wm) and 4.3-0.96 (200 pm). For
a titration of nitric acid, the dominant diffusion
species being the protons, the value of @ is calcu-
lated to be 0.17-0.34 (100 wm) and 0.33-0.68
(200 pwm). The smaller values of 8 for a nitric
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acid titration with respect to the acetic acid titra-
tion are due to the fact that a proton has a much
higher mobility than an acetic molecule. Accord-
ing to the model and calculated values of 6, the
titration of the weak acid or base permits the use
of Eqn. 20 for simplified calculation, while titra-
tion of a fully dissociated acid or base requires
the use of Eqn. 19. Figures 13 and 14 show the
results of the titration of acetic acid and nitric
acid. The titration times are presented as func-
tion of the concentration of the acids. The con-
centration of the titrated species is from 0.5 up to
ca. 10 mM. The dashed lines in Figs. 13 and 14
are calculated from Eqn. 19. The geometric area
and thickness of the actuator are measured to be
0.68 mm? and 100 um for the result of Fig. 13,
and 0.6 mm? and 200 pm for the result of Fig. 14.
The corresponding total double layer capaci-
tances are calculated, according to Eqn. 23, to be
6.8 and 12 uF.

From the experimental results shown in Fig.
13, a linear relation between the titration times
and the concentration of the titrated species can
be seen for the acetic acid titration, which is in
agreement with the model prediction. In that
case, Eqn. 20 can be applied for simplified calcu-
lation. The slopes of the curves from the theoreti-

4.00

Time(s)

2.00

0.00 + L

Concentration of HAc (mM)
Fig. 13. Titration time as a function of the concentration of
acetic acid. Dashed lines are theoretically calculated, marks
and solid lines are experimental results with linear fitting. The
applied currents are: (8) 10 pA; (W) 20 nA; () 30 uA. The
porous actuator was made by sintering of thick-film paste.



J. Luo et al. /Anal. Chim. Acta 274 (1993) 7-23

15.00 .
.
’
’
p
12.00 | s
a4
4
II 4
—_ L | .
= 9.00 @ R
Naf ’I /¢,2
= so00f . P .
Il f’ ,—”
L _.--"3
’l ’_—‘
3.00 | - > _ Az
0.00 &= . . .
0 2 4 6 8

Concentration of HNO, (mM)

Fig. 14. Titration time as a function of the concentration of
nitric acid. Dashed lines are theoretically calculated, marks
and solid lines are experimental results and linear fitting. The
applied currents are: (8) 10 nA; (@) 20 pA; (¢) 30 wA. The
porous actuator was made by sintering of thick-film paste.

cal calculation (dashed lines) are larger than the
experimental ones. One direct reason is the negli-
gence of the volume of the gold. In a real situa-
tion, the volume of the electrolyte inside the
actuator is smaller than the total volume of the
actuator. This means that the experimental titra-
tion of the species will actually be faster than
theoretically predicted. The actual slope can be
determined before application by calibration in a
well-defined acid. For practical applications, this
is always necessary because the pore size of the
actuator cannot be accurately determined. Also
due to the technological difficulties the thickness
and the geometric area of the porous actuator are
not precisely controlled. These geometric param-
eters will ultimately determine the slope of the
calibration curves.

The calibration curves in Fig. 14 from the
experimental results are found to be more linear
than theoretical ones in Fig. 14. A possible rea-
son is that the concentration gradient of C, is in
practice less than C,; at the boundary of the
actuator because the internal solution-filled vol-
ume of the actuator is less than its total volume,
through which the flux of the diffusing species
into the porous actuator will be less than as-
sumed. Another reason may be the different ef-
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fective diffusion coefficients (normally smaller
values) of the species inside the pores [13]. In
addition, the gases originating from the electroly-
sis of water may form a diffusion barrier for mass
transport. These effects will limit the diffusion
process, which means that more linear calibration
curves will be obtained in practice. An experi-
mental support for these explanation is that the
system is found not to be very sensitive to stirring
during titration. This diffusion-limiting process is
in fact an advantage and will improve the applica-
tions of the coulometric sensor—actuator system,
for instance, the application to the pH-static en-
zyme sensor. If an enzyme is immobilized in the
pores of the actuator, the controlled pH inside
the porous actuator will be more uniformly dis-
tributed due to a smaller concentration gradient.

It should be noted that in both Fig. 13 and Fig.
14, none of the extrapolations of the linear fitting
curves intersects the origin of the axis. This shift
of the curves along the time axis is mainly due to
the existence of a large total double layer capaci-
tance resulting from a very large active surface
area of the porous actuator. Apart from the dou-
ble layer charging, if the generated titrant is not
uniformly distributed inside the porous actuator,
it will probably also cause partly a shift of the
calibration curves. For instance if the current
density gradually decreases from the outside of
the actuator to the inside of the actuator [14], and
consequently the species near the gate of the
ISFET will be titrated slower than expected, this
will result in a longer titration time and a subse-
quent shift of the calibration curves along the
time axis. As with the delay time of the previous
system [6], this effect will also cause a difficult in
the application.

Conclusions

In this paper, we have described and com-
pared the previously developed two ISFET-based
coulometric sensor—actuator systems and the
newly designed coulometric sensor—actuator sys-
tem which is based on an ISFET with a gate-
covering porous nobel metal as the actuator elec-
trode. The porous gold actuator has been suc-
cessfully made in two ways: sintering of the ap-
plied gold thick-film paste and sintering of the
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vapour deposited black gold. From the point of
technological consideration, the advantage of the
former is the ease of making a thick porous gold
actuator, a disadvantage is the incompatibility
with integrated circuit (IC) technology. The latter
production method is more compatible with IC
technology, but the disadvantage is the very low
efficiency for vapour deposition of gold.

A model characterizing the system has been
proposed, which quantitatively describes the be-
haviour of the system. For a very thin porous
actuator, the titration time is proportional to the
squared concentration of titrated species. This is
predicted by the model and confirmed by the
experimental results. For a thick porous actuator,
the titration time is linearly proportional to the
titrated species in the case of a weak acid titra-
tion; in the case of a fully dissociated acid titra-
tion, the behaviour is also described by the model.
However, the measured calibration curve is found
to be more linear than expected from theory.
Meanwhile, a deviation in slopes of the calibra-
tion curves exists. This deviation is ascribed to
the poor reproducibility of the geometric parame-
ters, e.g., the thickness, geometric area and the
active surface area of the porous actuator during
processing of the devices.

Experimental results have also shown that the
delay of the system response, which existed due
to the distance between the gate of the ISFET
and planar actuator, has been considerably re-
duced after introduction of a porous actuator
closely surrounding the gate of the ISFET. An-
other advantage is that the system is less sensitive
to the convection, which makes the system more
suitable for on-line application. The disadvantage
of the new system is a more significant double
layer charging effect, which will result in a shift of
the calibration curves along the time axis and will
cause an error for some specific applications of
the new systems.

The authors would like to thank J.G. Bomer
for technical assistance. This project is financially
supported by Foundation for Fundamental Re-
search on Matter (FOM).
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APPENDIX

Solution of the diffusion Egns. 6 and 3
Applying the Laplace transform to Eqns 6, 3,
and 7, we obtain

Cix,s)=A4, exp(—\/s/Dx) +A4,
Xexp(\/s/Dx) + Co/s — ps/s*

(A1)
Cy(x,s)=5B, exp(—-‘/s/Dx) +B,
Xexp(\/s/D x) + Cy/s (A2)

where s is the Laplace plane variable. If bound-
ary Eqn. 8 is substituted into Eqn. A.1, we obtain
A, =A,. It can be inferred from Eqgn. 10 that
B,=0.Let A, =A,=A, B, =B, then Egns. A.l1
and A.2 become

Cix,s) =A[exp(—\/s/_Dx) + exp(\/s/—Dx)]

+Co/s —py/s? (A3)
Cy(x,s)=B exp(—\/s/Dx) +Cy/s (A4)

Applying the boundary condition Eqn. 9 to the
Eqgns. A3, A4 and their derivatives, the coeffi-
cients A and B are obtained:

B=- %[exp(\/s/—Dl) - exp(—\/s/—Dl)]
(A.95)
A= —exp( Vs/D1)

Substituting 4 and B into Eqns. A.3 and A4
yields

(A.6)

CO f f
Cix,s)= -~ f P exp( \/s/Dl)
X [exp(\/s/D x) + exp(— vs/D x)]
(A7)
Co f
Cy(x,s)= o Ep_z + [exp(\/s/Dl)
—exp \/s/Dl ]exp s/Dx)
(A8)
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By inverting the Laplace transforms [15], the so-

lutions are obtained:

2
P (I+x)
Cl(x,t)=C0—pft+—2— t+—2—D—

. I+x ) 1
Xerfc—— — (I + ‘/——
ercz‘/ﬁ; (I+x) D

(I +x)°
>< —_——_—
P\ D
(I —x)? fl—x 1
t+ er - (-
o Y
1 (I-x)* Ao
Xy — - .
7D P 4Dt (A9)
p (x=1)° x—1
f
C )y=Co—=¢|t+ f
(5, 1)=Co= 7 2D " 2/Dr
1 (x—1)°
‘“‘"’Vﬁ‘”‘p[‘w
()c+l)2 ; x+1 ,
eric + +
2D o Tt
! (x+1)° AL
V7D ®®|” Tanx (A.10)
or
Cy(x, 1) =Co—pst +2pgt
o« |2 fl+x_+_.2rfl—x
(l erCZDt e CZDt
(A.11)
L o x=l o x+]
Cy(x,t)=Cy—2p;t|i‘erfc D +i“erfc >Di

(A.12)
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Crayfish walking leg neuronal biosensor for the detection
of pyrazinamide and selected local anesthetics
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Abstract

Neuronal biosensors based on the use of crayfish Procambarus clarkii walking legs are reported for the first time
and possible analytical applications are explored. The neuronal biosensor is shown to respond selectively to the
antitubercular drug and potent food marker, pyrazinamide. The sensor is characterized with respect to selectivity,
dose-response relationship, reproducibility and operating lifetime. The detection of local anesthetics is accomplished
by monitoring the decrease in pyrazinamide-induced nerve firing in the crayfish walking leg. This decrease is a result
of the local anesthetic block of the axonal sodium channels in the nerves. Applicability of this novel procedure to
analytical measurements is demonstrated by the construction of dose-response curves for several local anesthetics.
Problems associated with the current sensor configuration are presented and future research directions that may

improve the neuronal-based biosensor are discussed.

Keywords: Biosensors; Crayfish; Pyrazinamide

In recent years researchers have recognised
the analytical applicability of the unique binding
properties of neuronal receptors. Recent ad-
vances using isolated neuronal receptors, such as
the nicotinic acetylcholine receptor (nAchR), in-
clude non-isotopic binding assays and the devel-
opment of receptor-based biosensors. Biosensors
have been designed using the nAchR that detect
ligand binding as a change in capacitance [1],
impedance [2] or fluorescence [3,4]. The difficul-
ties associated with the isolation, purification,
immobilization and stabilization of these recep-
tors, however, has led to the investigation of
intact receptors for biosensing applications. A
neuronal biosensor has been reported which uti-
lizes the visceral ganglia of the pond snail for the
detection of the neurotransmitter serotonin [5].

Correspondence to: G.A. Rechnitz, Hawaii Biosensor Labora-
tory, Department of Chemistry, University of Hawaii at
Manoa, 2545 The Mall, Honolulu, HI 96822 (USA).

Our approach has been to use intact chemore-
ceptor structures from the decapod crustacea for
the detection of receptor stimulants. This ap-
proach allows the sensing cells to remain in their,
presumably optimized, native environment. The
chemoreceptors function by converting binding
energy into electrical impulses (action potential
spikes) that can be recorded by conventional elec-
trophysiological microelectrode techniques. Our
earlier papers reported the application of anten-
nules from the blue crab Callinectus sapidus to
neuronal biosensing [6-8]. All of our studies with
the antennular chemoreceptor-based biosensors
have recently been reviewed [9,10]. These studies
demonstrated the extreme sensitivity, high selec-
tivity and broad response range that could be
achieved using this approach. Recently we re-
ported the use of antennules from the freshwater
crayfish Procambarus clarkii for the selective de-
tection of the antitubercular drug pyrazinamide
[11]. The freshwater crayfish offers better thermal
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26

and time stability than the salt water crabs used
in previous studies thus leading to longer viable
sensor lifetimes and obviating the need for rigid
control of the temperature.

Electophysiological investigations of the pyri-
dine receptors located in the walking leg of the
crayfish Austropotamobius torrentium have shown
pyrazinamide to be the most effective stimulant
of action potential firing among the 79 pyridine
analogs tested {12]. In this communication we
report on the first use of the the crayfish walking
leg for the development of a chemoreceptor-based
biosensor for the detection of pyrazinamide. This
paper also reports on a novel use of the intact-
chemoreceptor biosensor for the detection of lo-
cal anesthetics. Local anesthetics (LAs) can be
detected based on their ability to block the ax-
onal sodium channel and thus their ability to
decrease the excitability of nerve upon stimula-
tion with the potent stimulant pyrazinamide.

Electrophysiological and behavioral studies
have revealed the presence of chemoreceptors on
the antennules and both first and second walking
leg (pereiopod) of the crayfish [13]). Crayfish
pereiopods are comprised of a two part protopod,
the coxa and basis. The endopod (the walking leg
lacks an exopod) rises from the protopod and
consists of five articles: ischium, merus, carpus,
propodus and dactylus. In the first and second
pereiopod the propopodite and dactylopodite
form a pincers. Chemosensory sensilla (aesthe-
tascs) are located on the crayfish antennules and
the first and second pereiopods. A schematic
depicting the structure of the crayfish first
pereiopod is shown in Fig. 1. Morphological in-
vestigation by Altner et al. [14] has shown that
each sensillum of the crayfish A. rorrentium con-
sists of eight dendrites, six of which are
chemosensitive, lying within a central canal. The
pore of the canal is plugged with electron dense
material suggested to be mucopolysaccharides
through which all stimulus molecules must diffuse
to reach the dendrites. The physiology of
chemoreception has been presented in detail pre-
viously [6-11] and will not be discussed further
here.

The structure and pK, of the LAs investigated
in this report are depicted in Fig. 2. Extensive
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Fig. 1. Schematic diagram of the structure of the crayfish first
periopod.

electrophysiological studies have shown that the
mode of action of the LAs is to block the
voltage-dependent sodium channel in nerve
membranes resulting in a depression in the ex-
citability of the nerve fibers [15]. Several mecha-
nisms have been proposed to describe the action
of the LAs. The simplest of these, the one-site
model, proposes that both charged and un-
charged LAs bind at a single site in the channel,
leading to channel block. A “modulated receptor
hypothesis” has been proposed by several re-
searchers [15-17] to account for the use-depen-
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Fig. 2. The structure and pK, of the local anesthetics investi-
gated in this report.

Tetracaine pK, =85

Procaine pK,=9.0



D. Leech and G.A. Rechnitz / Anal. Chim. Acta 274 (1993) 25-35

dent blocking properties and the wide variety in
the potency and duration of action of the LAs.
This model postulates that each channel state
(i.e., open, resting or inactivated) can have differ-
ent kinetics of interaction with the LAs. The most
rapid interaction of the LLAs is for open channel
block but their highest affinity is for inactivated
forms of the channel. Studies have shown the
molecular size, lipophilicity and charge of the
LAs to be important determinants of potency of
sodium channel block [15-18].

Many methods, including polarography [19] and
spectrophotometry [20] have been reported for
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the detection of LAs. A recent paper reported
the use of PVC-coated wire electrodes for the
potentiometric determination of the cationic
forms of the LAs [21]. A rapid assay procedure
for LA activity has been reported based on the
competitive inhibition of [>H]batrachotoxinin A
20a-benzoate binding to voltage-dependent
sodium channels in a vesicular preparation from
the guinea pig cerebral cortex [22]. A non-iso-
topic assay procedure for the screening of LA
activity and the quantitative detection of LAs is
presented in this report. This report introduces
the novel application of the intact-chemoreceptor
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Fig. 3. Schematic of the experimental set-up used to record the action potential firing of the nerves.
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biosensor for LA detection based on LA blockage
of axonal sodium channels.

EXPERIMENTAL

Reagents

The neural bathing solution and carrier was
prepared according to a modified Van Harreveld
formula and consisted of 205 mM NaCl, 5.4 mM
KCl, 13.5 mM Ca(l,, 2.6 mM Mg(Cl, and 10 mM
Tris—malate buffer adjusted to pH 7.5. Stock
solutions of the local anesthetics, procaine hydro-
chloride, lidocaine hydrochloride and tetracaine
hydrochloride (Sigma), the pyridine analogues,
pyrazinamide, 3-acetyl pyridine and nicotinamide
(Sigma), and all other possible stimulants were
prepared daily or as required in the neural bathing
media. Tracer studies were performed with a
2,6-dichlorophenolindophenol sodium salt (DC-
PIP, Sigma) dye solution in deionized water.

Apparatus

- A schematic diagram of the experimental set-
up is shown in Fig. 3. The specially designed
plexiglass cell was constructed to fit on the me-
chanical stage of a BioStar 1820 (Reichert-Jung)
inverted biological microscope. The microscope
was capable of a maximum magnification of 450
X . A video unit attached to the microscope
consisting of a Hitachi VK150 colour video cam-
era connected to a Sony Trinitron color video
monitor extended the maximum magnification ca-
pability to 1700 X , thus allowing visualization of
the sensory aesthetascs and nerve fibers. The
video images were stored on video tape using a
JVC HR-D660U video cassette recorder for sub-
sequent photography with a Chinon CM-7 35-mm
camera.

The cell consisted of a circular chamber of 2
cm diameter, surrounded by a water jacket for
temperature control. The bottom of the cell was
lined with a Sylgard 184 (Dow Corning) elas-
tomer for the pinning of the preparations. The
flow into and out of the cell was controlled by the
same peristaltic pump (Rainin). The bathing solu-
tion was introduced and removed through two
ports located approximately 2 mm from the top of

D. Leech and G.A. Rechnitz / Anal. Chim. Acta 274 (1993) 25-35

the chamber (total depth of 12 mm) and 45° to
each other. The outlet tubing was of a larger
diameter than the inlet in order to maintain a
constant operating volume in the cell. Test solu-
tions were introduced via a four-way valve
(Rheodyne) equipped with a 0.25-ml sample in-
jection loop located 20 cm from the inlet port.
Reference and ground wires were inserted into
the cell and connected to a Grass P-15 physiolog-
ical preamplifier. Glass micropipettes were pulled
to approximately 25 um taper (Narishige PP-83
glass microelectrode puller) and flame polished
by rapidly passing through the flame. An
Ag/AgCl electrode was inserted into the mi-
cropipette and positioned in the holder (E.W.
Wright) and then placed in the micromanipulator
(Narishige) and connected to the preamplifier.
The amplifier output was monitored on a Sony
Tektronix 314 storage oscilloscope and also fed
into one channel of a Yamaha KX-W900U stereo
cassette deck for storage on audio tape. A micro-
phone enabled an oral account of the experiment
to be recorded on the other channel of the audio
tape and speakers attached to the stereo cassette
recorder allowed aural monitoring of action po-
tential firing. Data analysis was accomplished by
feeding the stored data into a window discrimina-
tor and digital event counter (Newark Electron-
ics) for frequency counting. Stored data was also
fed into a Macintosh SE computer via a Macln-
struments data acquisition package (G.W. Instru-
ments) allowing the computer to function as a
storage oscilloscope.

Procedures

The freshwater crayfish P. clarkii could be
conveniently captured in the Manoa stream lo-
cated on the university campus. The first pereio-
pod of the crayfish was excised at the ischium-
merus joint, placed on a microscope slide and
submerged in a drop of neural solution. The hard
carapace and connective muscle were removed
from the merus and carpus portions of the walk-
ing leg to reveal approximately 1 cm of nerve
fibers. The whole preparation consisting of the
propopodite and dactylopodite pincers and the
nerve bundle was pinned into the cell, mounted
on the microscope mechanical stage and con-
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nected to the flow lines. Oxygenated neural saline
solution was circulated through the cell at all
times in an effort to increase the viable lifetime
of the sensing system. The Ag/AgCl pickup elec-
trode was positioned with the micromanipulator
to gently contact the nerve fibers and mild suc-
tion was applied to the back of the micropipette
to fill the electrode with electrolytic fluid and
establish good electrical contact with the nerve
fibers. Spontaneous action potential firing of the
nerves was then monitored on the oscilloscope
(and over the speakers) to ensure good electrical
contact and to check the viability of the nerves.
The injection of the various analytes was carried
out and the frequency of action potential firing
monitored. If no response was observed the elec-
trode was repositioned and the process repeated.
Frequency of action potential firing (spike fre-
quency) was monitored by counting the number
of events falling in a set time period, usually 8 s,
with the window discriminator and event counter.
Background (spontaneous) firing frequencies were
also counted and subtracted from the response
frequency. Dose-response curves for pyrazin-
amide were obtained by injection of serially di-
luted stock solutions always commencing with the
least concentrated to minimize receptor satura-
tion, adaptational effects and nerve damage by
this toxic stimulant. The dose-response curves for
pyrazinamide were constructed by plotting the
maximum firing frequency versus concentration.
Inhibition curves for the LAs were obtained by
injection of mixed solutions consisting of a con-
stant pyrazinamide concentration, to elicit action
potential firing, and variable LA concentrations.
The inhibition curves were constructed by plot-
ting the decrease in the maximum pyrazinamide-
induced firing frequency, or the decrease in ac-
tion potential amplitude, versus concentration.
Tracer studies were performed by injection of
1 mM of DCPIP into the chamber using deion-
ized water as the carrier. Samples of 50 ul were
taken at intervals after the injection of DCPIP
from the centre of the chamber and at the side of
the chamber where the walking leg pincers were
normally pinned. The samples were diluted to 0.5
ml with deionized water and their absorbance
measured at 600 nm on a Milton Roy Spectronics
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1201 spectrophotometer. The concentration was
expressed as a percentage of the maximum con-
centration attained in the center of the chamber
and related to the injected concentration by lin-
ear extrapolation. Standard solutions of DCPIP
were also prepared and their absorbance meas-
ured to ensure that the Beer—Lambert law was
obeyed over the concentration range used.

RESULTS AND DISCUSSION

Tracer studies

Tracer studies of the bathing cell using the dye
DCPIP were performed in order to investigate
the mixing process in the chamber and the rela-
tionship between the injected concentration and
the maximum concentration reached in the cham-
ber. Tracer studies are also helpful in determin-
ing the washout time of the stimulant. At the
Amax for DCPIP (600 nm) an €4, of 16000 M ™!
cm~! was calculated from the linear absorb-
ance—concentration curve for DCPIP concentra-
tions up to 0.1 mM (n = 6, r? = 0.9999). Sampling
of the tracer solution was from a point in the
center of the chamber where the nerve fibers
were pinned and electrode contact with the nerve
fibers was normally achieved and also from a
position at the side of the chamber 90° from the
inlet where the crayfish pincers that contain the
chemosensory aesthetascs were normally pinned.
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Fig. 4. Time course of injected DCPIP in the cell at sampling
positions in the center of the cell (+) and 90° from the inlet
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The time course of the injected dye solution at
both sampling positions in the chamber is shown
in Fig. 4. The zero time indicates the time at
which the sample injection loop was opened, thus
explaining the 14-s time lag between injection
and increase in response. This figure shows that
little variation is seen in the time profile of the
dye solution between the two different sampling
positions, demonstrating the good mixing
achieved in the chamber. The maximum in the
response profile is attained approximately 35 s
after injection of the tracer dye. The actual maxi-
mum concentration achieved in the cell was cal-
culated, by linear approximation, to correspond
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to 13% of the injected dye concentration. All
subsequent concentration values for pyrazin-
amide and the LAs refer to the injected concen-
tration unless otherwise specified. From Fig. 4
the washout time required to remove all traces of
the dye from the chamber was determined to be 4
min.

Pyrazinamide detection

Action potential firing can be induced in re-
sponse to a depolarizing stimulus. This stimulus
may be electrical (a depolarizing voltage or cur-
rent pulse) or chemical (injection of a receptor
agonist). in this study we utilize the potent stimu-

a
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Fig. 5. Single-unit (a) and multi-unit (b) response data recorded at different crayfish walking leg nerve fibers in response to the
injection of 5 X 10™* M pyrazinamide. The data are shown as viewed with the MacInstruments data acquisition software after

amplification and digitization.
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lant pyrazinamide to elicit action potential firing
in the nerves for the detection of nerve block by
the LAs. The response of the crayfish antennular
receptrode to this stimulant has been well charac-
terized by our group [11). The application of the
chemoreceptors located in the first pereiopod of
the crayfish to the detection of pyrazinamide is
investigated in the following section. Properties
of this pyridine chemoreceptor agonist which are
favorable to its use as a stimulus for the detection
of the LLAs are also investigated.

As previously reported [6-11] there are two
types of response patterns that can be obtained
with the extracellular recording techniques used
in this study, the so-called multi-unit and single-
unit response patterns. These two response pat-
terns are illustrated in Fig. 5, which depicts the
response (after amplification and digitization) ob-
tained at the crayfish walking leg upon injection
of 5x10™* M pyrazinamide. Multi-unit data
consists of action potentials firing at various am-
plitudes in response to the stimulant. This is
because the pickup microelectrode is normally in
contact with several nerve fibers and the action
potential amplitude detected is dependent on the
seal between the micropipette and the nerve fiber.
If only one nerve fires in response to injection of
stimulant then a single-unit response pattern is
observed, as shown in Fig. 5a. The analysis of
single-unit data is simple, relying on the window
discriminator to eliminate noise and the event
counter to count the frequency of firing in re-
sponse to stimulation application. Multi-unit re-
sponses are more difficult to analyze, requiring
careful consideration of the window for discrimi-
nation of unwanted signals.

As discussed previously, an increase in the
action potential firing frequency results from an
injection of a chemoreceptor agonist. A typical
lag time between injection of pyrazinamide and
the onset of increase in action potential firing of
45-60 s was seen, with the firing frequency reach-
ing a maximum approximately 15-30 s later. The
lag time between maximum cell concentration
(determined to be approximately 35 s after injec-
tion, from tracer studies above) and maximum
firing frequency attainment may be attributed to
the diffusion of the stimulant through the aes-
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thetasc pore to reach the chemoreceptive den-
drites; this lag has been reported previously for
the detection of pyridine analogues at the cray-
fish A. torrentium walking leg [12]. The maximum
firing frequency has been shown to be related to
the concentration of applied agonist [6], allowing
a dose-response curve of maximum firing fre-
quency versus agonist concentration to be con-
structed for pyrazinamide detection at the cray-
fish walking leg. A typical dose-response curve is
shown in Fig. 6. This curve indicates that an
increase in firing frequency over background fir-
ing is observed for injections of pyrazinamide
concentrations above 1X 107> M. The dose-re-
sponse curves show linear responses for concen-
trations ranging from 1 X 10™* M up to 5 X 10™*
M. A response plateau is reached at concentra-
tions above 5 X 10™* M, possibly indicating re-
ceptor saturation. The dose-response curves ob-
tained at the crayfish walking leg are similar to
those reportedly obtained at the crayfish anten-
nule [11]. In that study a different cell configura-
tion was used which involved a flow injection type
system with minimal dilution of injected agonist.
If the walking leg dose-response curves are cor-
rected for stimulant dilution in the cell system
utilized in this study (vide supra) an EDy, value
(concentration of half-maximal response) of ap-
proximately 2.8 X 107> M is obtained. This EDy,
value is close to that obtained at the antennular
receptrode {11] indicating the homogeneity of this
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chemoreceptor response from structure to struc-
ture.

The crayfish pyridine-sensitive units also re-
spond to other pyridine analogues and a detailed
study of the structure-activity relationship of this
receptor in the walking legs of the A. torrentium
crayfish has been reported [12]. The order of
potency for the three pyridine based stimulants,
pyrazinamide > 3-acetylpyridine > nicotinamide,
tested in this study at the P. clarkii walking leg
was similar to that at the A. torrentium walking
leg. The selectivity of the pyridine-sensitive units
in the walking leg of P. clarkii for pyridine ana-
logues was investigated by injecting solutions of
other possible stimulants. This included injections
of neurotransmitters, excitatory amino acids, hor-
mones, essential amino acids and other possible
food markers. No response at the pyridine-sensi-
tive units for any of these solutions was observed
indicating the high selectivity that can be achieved
with the chemoreceptor-based biosensor.

From the dose-response behaviour of pyrazin-
amide at the walking leg chemoreceptor, a pyrazi-
namide concentration of 5 X 10~* M was selected
to elicit axonal action potential firing in order to
detect channel block by the local anesthetics.
This concentration stimulates the maximum firing
frequency response while minimizing the nerve
poisoning that can result from injections of this
toxic drug. The reproducibility of repeated injec-
tions of this concentration of pyrazinamide was
investigated to ensure ample time was allowed for
recovery of the nerves between injections and to
assess the working lifetime of the sensor for the
detection of the LAs. The time profile resulting
from repeated injections of 5x 10~* M pyrazi-
namide is shown in Fig. 7. In this study a 10-min
rinse time between injections was utilized as
shorter rinse times resulted in a rapid desensiti-
zation leading to a decrease in firing frequency
maxima with each successive injection. Figure 7
demonstrates the reproducibility of the biosensor
for repeated pyrazinamide injections. Slight vari-
ations in the firing frequency maximum occur
over the first 9 injections, yielding a mean firing
frequency maximum value of 71 spikes s~! (rela-
tive standard deviation of 10%). The decrease in
the maximum firing frequency with subsequent
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Fig. 7. Time profile of the neuronal firing frequency in re-
sponse to repeated injections of 5X 10~* M pyrazinamide.

injections may be attributed to nerve damage
caused by the repeated injections of the toxic
pyrazinamide and/or by nerve damage resulting
from the stress associated with the suction micro-
electrodes. Adaptational events also contribute to
the observed decrease as seen in Fig. 7 from the
resulting slight recovery in the firing frequency
maximum upon increasing the rinse time to 20
min. The operating lifetime of the biosensor can
thus be assessed to be limited to approximately 2
h. An improvement in the viable lifetime of the
dissected nerves by incubation in oxygenated
saline solution, to approximately two days has
been achieved [23]. However, extension of the
operating lifetime of the system using the current
invasive microelectrode detection procedures has
not been achieved.

Local anesthetic detection

The detection of the LAs can be achieved by
monitoring the decrease in elicited excitability of
the nerves upon injection of increasing LA con-
centrations. Monitoring the decrease in sponta-
neous background firing of the nerves upon injec-
tion of the LAs proved unfeasible because of the
low rate of spontaneous firing and the variability
in firing frequency within and between nerve
populations. Response curves were generated by
monitoring the decrease in neuronal activity, as
described below, upon injection of mixed solu-
tions of the stimulant, 5 X 10~* M pyrazinamide,
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and the LA. Rinse times of 10 min were normally
allowed for the recovery from block by the nerves
except for concentrations of LA higher than 1 X
10~* M, when longer rinse times were required.

Two data analysis procedures were adopted
for the construction of inhibition curves for the
LAs at the crayfish walking leg, depending on the
type of response elicited by injection of pyrazin-
amide. For the single-unit data response patterns,
inhibition curves could be constructed from the
decrease in the detected compound action poten-
tial amplitude with increasing LA concentration.
This decrease is a result of the increasing block of
axonal sodium channels with increasing LA con-
centration. Inhibition curves for the local anes-
thetics lidocaine and tetracaine constructed in
this manner are shown in Fig. 8. For the multi-unit
response patterns it was difficult to resolve the
responding nerve action potential spikes from
each other and the background, thus a different
data analysis approach was devised. Using the
window discriminator, a cut-off action potential
amplitude was selected and all of the action po-
tential spikes falling within the window were
counted. Upon injection of increasing concentra-
tions of the LAs an increasing proportion of the
action potential spikes fail to reach the minimum
amplitude required to be counted. Thus inhibi-
tion curves, similar to those obtained from the
single-unit response data, can be constructed from
the decrease in the firing frequency maximum
with injection of increasing LA concentrations.
Inhibition curves for procaine, lidocaine and te-
tracaine analyzed in this manner are presented in
Fig. 9. The response curves are affected by the
choice of the discrimination window and this is
reflected in the variability of the results from
preparation to preparation. Other factors, such as
differences in nerve fiber diameters [24] and the
use-dependent blocking properties of the LAs
[15-18] may also contribute to the variability in
inhibition curves from nerve to nerve.

From Figs. 8 and 9 ICy, values of approxi-
mately 2 X 107 M for both lidocaine and tetra-
caine and 5 X 10~° M for procaine can be deter-
mined. The relative blocking potency of the LAs
has been shown to be related to the pH of the
bathing solution and also to the relative hy-
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Fig. 8. Inhibition curves constructed from the decrease in
action potential amplitude upon injection of increasing con-
centrations of the local anesthetics lidocaine (a) and tetra-
caine (b). The response ratio is the ratio between action
potential amplitude obtained upon injection of pyrazi-
namide /local anesthetic mixed solutions and the action po-
tential amplitude obtained for injections of pyrazinamide
alone. See text for further details.

0

drophobicity of the LAs [15-18]. Because both
lidocaine and tetracaine have lower pK, values
than procaine, a higher proportion of these drugs
will exist in the more potent neutral form thus
explaining their relative potencies. The similar
potency of action between tetracaine and lido-
caine even with the differences in pK, values can
be attributed to the more hydrophobic nature of
tetracaine thus allowing this LA to interact with
the channel to the same extent as lidocaine. In
fact other workers have reported on the higher
potency of tetracaine with respect to lidocaine,
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Fig. 9. Inhibition curves constructed from the decrease in the
firing frequency in response to stimulant injection upon injec-
tion of increasing concentrations of the local anesthetics pro-
caine (a), lidocaine (b) and tetracaine (c). The response ratio
is the ratio between the firing frequency obtained upon injec-
tion of 5x10~* M pyrazinamide /local anesthetic (variable
concentration) mixed solutions and that obtained upon injec-
tion of 5x10~* M pyrazinamide alone. See text for further
details.
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with the relative potency of the three local anes-
thetics investigated in these studies, based on
voltage-clamped frog nerve preparations [18] and
competitive binding of the LAs with radio-labelled
batrachotoxin at sodium channels in a vesicular
preparation from guinea pig cerebral cortex [22],
determined to be tetracaine > lidocaine > pro-
caine. The discrepancies between the previously
reported potencies and those reported here may
be attributed to the above mentioned variables
and also to the different detection methods and
preparations utilized in these studies. Future re-
search into the application of intact receptors for
the detection and activity assay of channel block-
age in order to improve the procedure is dis-
cussed below.

Conclusion

This report demonstrates the utility of the
chemoreceptors based in the walking leg of the
crayfish for the detection of the antitubercular
drug pyrazinamide. This drug has been shown to
elicit a potent reponse at the walking legs of the
crayfish. The properties of the response for
pyrazinamide have been utilized for the develop-
ment of a novel detection procedure at the walk-
ing legs. This procedure demonstrates the utility
of the chemoreceptor-based sensing system for
the novel application of the detection of local
anesthetic induced channel blockage. As the nerve
blocking properties of the LAs is related to their
pharmacological activity this procedure has an
added application in the possible screening of
new local anesthetics. Although there are several
problems with the current procedure, such as
limited lifetimes, variability of results and the
tedious experimental procedures, future direc-
tions in this research could lead to a viable sensor
for the LAs and a simple non-isotopic screening
assay for the channel blocking activity of drugs.
Future work in this laboratory will focus on the
use of electrical stimulation of the nerve fibers
for detection of nerve block and on further possi-
ble procedures for the extension of the operating
lifetimes of the chemoreceptor-based biosensors.
Promising possibilities in this direction include
the use of alternative detection methods to the
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invasive microelectrode techniques, such as volt-
age-sensitive dyes and the detection of the bio-
magnetic field surrounding the nerve fibers upon
stimulation of action potential firing.

The assistance of D. Wijesuriya is acknowl-
edged. Financial support from the National Sci-
ence Foundation is gratefully acknowledged.
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Abstract

The potentiometric ion responses of ammonium- and proton-selective electrodes prepared by incorporating
appropriate neutral carriers within novel asymmetric polyurethane membranes are reported. The membranes are
formed by first casting a plasticized polyurethane(PU)/ terpoly(vinyl chloride /vinyl acetate /vinyl alcohol) (PVA)-
based ion-selective membrane and then applying a thin second layer of a more hydrophilic polyurethane (HPU)
containing polylysine. The resulting asymmetric membranes function equivalently to normal PU/PVA membranes
and conventional poly(vinyl chloride) type membranes in terms of potentiometric ion selectivity and dynamic response
properties. The large amount of amine functional groups from the polylysine within the outer hydrophilic layer can be
further activated for direct enzyme immobilization. As examples, adenosine deaminase and urease are immobilized
on ammonium- and proton-selective membranes, respectively, to yield adenosine and urea electrodes with good
dynamic responses and sensitivities. Advantageous use of this new membrane system for preparation of solid-state
microfabricated enzyme-based sensors is also described.

Keywords: Biosensors; Ion-selective electrodes; Potentiometry; Asymmetric membranes; Polyurethane membranes;

Solid-state electrodes

Over the last three decades, a variety of biose-
lective electrodes have been developed using po-
tentiometric gas- and ion-selective membranes as
transduction elements [1-4]. Appropriate biore-
agents (such as enzymes, antibodies, bioreceptors,
cells and tissues) are immobilized on such trans-
ducers in a manner that enables the detection of
the product of the corresponding biological reac-
tion in a thin layer of solution adjacent to the
electrode’s surface. Immobilization methods used
include entrapment within a crosslinked polymer

Correspondence to: M. E. Meyerhoff, Department of Chem-
istry, University of Michigan, Ann Arbor, M1 48109 (USA).

matrix, physical adsorption and covalent attach-
ment through bifunctional crosslinking reagents
[5]. Use of simple polymer membrane type ion-
selective electrodes [6-10] (e.g., ammonium, car-
bonate, pH) as the base sensing elements has the
advantage of providing biosensors that are easy to
fabricate and exhibit rapid response times. In
principle, potentiometric biodetection schemes
based on these transducers can also be combined
with the modern silicon technology to make small,
multisensing and disposable solid-state biosensors
[11-15] that could serve as flow-through biode-
tectors, or single-use biosensing devices. While
lack of selectivity over endogenous ions in real

0003-2670/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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samples has been a problem with ion-selective
electrode-based biosensors [7], a variety of new
approaches to eliminate these interferences, par-
ticularly in flow-through detection systems, have
been introduced recently with considerable suc-
cess [16-18].

Traditionally, enzymes have been deposited on
conventional poly(vinyl chloride) (PVC) type ion-
selective membranes via glutaraldehyde crosslink-
ing reactions, etc. [2,5). Such immobilized protein
layers, however, generally have poor adhesion to
the very hydrophobic surface of the plasticized
PVC membrane. While modification of the mem-
branes such as using functionalized polymers (e.g.,
aminated or carboxylated PVC) has been at-
tempted to covalently attach or adsorb the biore-
agents to the hydrophobic PVC membranes
[10,19,20], the number of available functional
groups for such purposes is often quite low, yield-
ing biosensors with poor bioreagent loading fac-
tors.

The problem of efficiently attaching enzymes
and other bioreagents to polymer membrane
electrode surfaces has been addressed previously
by Cha and Meyerhoff [9], who developed novel
asymmetric cellulose acetate type ion-selective
membranes for such purposes. These membranes,
while useful for preparing conventional elec-
trodes in which the membrane is mounted be-
tween the sample and inner reference electrolyte
solutions, are not suitable for preparation of
solid-state (or solid-contact) type probes. This is
because the more hydrophilic outer cellulose ac-
etate film used for enzyme immobilization must
be coated from the back side with appropriate
plasticizer / ionophore / cellulose acetate cocktail
to render the resulting dual layer films ion re-
sponsive. Although Gotoh et al. [12] have sug-
gested the use of poly(vinyl butyral) (PVB) mem-
branes to prepare micro-field effect transistor
based solid-state biosensors, such PVB films
served only as a matrix for the immobilized en-
zymes and did not need to exhibit electrochemi-
cal response and selectivity toward given ions.
This is because the underlying metal oxide gate
of the FET was used as an effective pH trans-
ducer to monitor pH changes arising from the
enzyme reactions within the PVB layer.
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In this paper a new type of asymmetric ion-
selective membrane is described which is poten-
tially more useful for fabrication of solid-state
type potentiometric biosensors. The proposed
membrane system consists of a very thin hy-
drophilic polyurethane (HPU) membrane pos-
sessing a high density of amine functional groups
(in the form of polylysine) that is coated and
fused to an underlying more hydrophobic plasti-
cized polyurethane (PU)/poly(vinyl chloride/
vinyl acetate/vinyl alcohol) (PVA) membrane
containing the appropriate ion carrier. The po-
tentiometric response of the asymmetric poly-
urethane membranes is shown to be essentially
the same as the base ion-selective membrane
(PU/PVA) and the large amount of functional
groups within the outer hydrophilic film can be
used for the covalent attachment of bioreagents
to the membrane’s surface. Since the underlying
PU/PVA ion-selective film has been shown pre-
viously to adhere very tightly to silicon dioxide
and silicon nitride surfaces [21], the new asym-
metric membrane system is well suited for fabri-
cation of solid-state biosensor devices. Indeed,
the performance of both conventional and solid-
state potentiometric enzyme electrodes prepared
with this asymmetric membrane system is pre-
sented below using urea and adenosine as model
analytes. It should be noted that although
polyurethane matrices have been used previously
as solid-phases for enzyme and protein immobi-
lization [22,23], in such systems, the polyurethanes
were never an integral part of a signal transducer,
as is reported herein.

EXPERIMENTAL

Apparatus

For preparation and testing of conventional
sensor designs, the asymmetric membranes with
and without immobilized enzymes were mounted
in Philips electrode bodies (IS-561) (Glasblaserei
Moller, Ziirich). The external reference electrode
was a double-junction Ag/AgCl Fisher electrode.
The potentiometric measurements of the ion-
selective electrodes were monitored through a
high impedance amplifier to a Zenith Z-100 PC
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computer equipped with a Data Translation A /D
converter system (DT2801).

Gel permeation chromatography (GPC) on a
Waters ALC 200 system (Milford, MA) was used
to determine the molecular weight of the hy-
drophilic polyurethane. The effluent (in THF)
was monitored by a differential refractometer
(R401) and the retention time of the sample
through a series of three ,uSotyragel columns of
pore size 500, 10° and 10* A was used for the
calculation of molecular weight based on prior
calibration with narrow molecular weight
polystyrene standards.

Reagents

Tecoflex polyurethane (PU) (SG-80A) was ob-
tained from Thermedics (Woburn, MA). The ter-
polymer, poly(vinyl chloride /vinyl acetate /vinyl
alcohol) (80:5:15 wt.%, MW 40000) was a prod-
uct of Scientific Polymer Products (Ontario, NY).
Nonactin, bis(2-ethylhexyl) sebacate (DOS),
bis(2-ethylhexyl) adipate (DOA) and potassium
tetrakis(4-chlorophenyl) borate (KTpCIPB) were
purchased from Fluka (Ronkonkoma, NY).
Adenosine, adenosine deaminase (ADA, Type
VII, from calf intestinal mucosa), urease (type
VII, from Jack Beans), glutaraldehyde and polyly-
sine (PLS) (hydrobromide, MW 30000-70000)
were obtained from Sigma (St. Louis, MO). Tri-
dodecylamine (TDDA) was obtained from East-
man Kodak (Rochester, NY) and silicon(IV) te-
trachloride (SiCl,; 1.0 M solution in dichloro-
methane) was from Aldrich (Milwaukee, WI). The
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hydrophilic PU (HPU) (40% water uptake) was a
gift from Mr. Peter Burleigh, Mallinckrodt Sen-
sor Systems (Ann Arbor, MI). It was prepared
according to the procedure outlined in Ref, 24.
All other chemicals were of analytical-reagent
grade. All standard solutions and buffers were
prepared with reverse osmosis/ deionized water.

Preparation of asymmetric ion-selective mem-
branes

Figure 1 shows a schematic diagram of the
asymmetric polyurethane membrane, depicted in
this case with an enzyme layer attached to the
polylysine incorporated within the outer HPU
film.

The basic underlying ion-selective membrane
was composed of 33 wt.% of PU/PVA (80 wt.%
of PU and 20 wt.% of PVA), 66 wt.% of plasti-
cizer and 1 wt.% of ionophore. For ammonium
ion-selective membranes, DOA was used as plas-
ticizer and nonactin as the ionophore. For pro-
ton-selective membranes, DOS and TDDA served
as the plasticizer and pH ionophore [25], respec-
tively, and KTpCIPB at 1 wt.% was also added to
the membrane casting solution. All of the mem-
brane components (total mass =200 mg) were
dissolved in THF and cast into a 22 mm (i.d.)
glass ring placed on a glass plate. The THF
solvent was allowed to evaporate overnight be-
fore further coating with the outer HPU/PLS
layer.

The second layer of the asymmetric membrane
was prepared by first treating the surface of the

~=— Base PU/PVA
ion-selective membrane
with ion carrier and
plasticizer

-«— Hydrophilic derivitized
PU with polylysine

Fig. 1. Schematic diagram of the asymmetric polyurethane-based ion-selective membrane configured with immobilized enzyme

layer: C, ion carrier; E, enzyme.
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base PU/PVA ion-selective membrane with 150
wul of 0.02 M SiCl, (in CH,Cl,) for 2-3 min.
Then, 1 mg of PLS with 10 mg of HPU in a mixed
solvent (250 ul of methyl alcohol and 50 wl of
THF) was applied on top of the base PU/PVA
membrane. Several hours were required for the
outer film to cure. In the case of proton-selective
asymmetric membranes, only 1 mg of PLS and 5
mg of HPU in the same amount of mixed solvent
were applied to the surface of the base PU/PVA
membrane.

Electrodes were prepared by punching small
disks from the above membranes and mounting
them in the Philips electrode body with HPU/
PLS layer facing out toward the sample side. The
internal reference electrolyte was 0.1 M of NH ,Cl
for NHj-selective electrodes and 0.02 M
NaH,PO,-0.03 M Na,HPO,-0.015 M NaCl, pH
7.0, for the proton-selective electrodes. All poten-
tiometric measurements were made at room tem-
perature with a sample volume of 100 ml.

Immobilization of adenosine deaminase /urease
on the asymmetric ion-selective membranes

Adenosine deaminase and urease were at-
tached to the surface of the asymmetric mem-
branes using the glutaraldehyde crosslinking
method described in Ref. 9 with minor modifica-
tions. For the two-step glutaraldehyde method,
the asymmetric ion-selective membrane mounted
in the electrode body was immersed in 2.5% of
glutaraldehyde solution for 5 min. After brief
washing of the membrane with cold water, 10 ul
of ADA (19 units) or urease (286 units) (prepared
by dissolving 0.5 mg ADA /urease in 10 ul of
0.05 M phosphate buffer, pH 7.0) was applied
onto the outer surface of the membrane (surface
area of 12.6 mm?).

For the one-step glutaraldehyde method, 3.5
w1 of glutaraldehyde and 10 wl of enzyme solu-
tion were sequentially applied on the surface of
the asymmetric membrane mounted within the
electrode body. The coupling reaction was al-
lowed to proceed for 12 h at 4°C. The membrane
was then washed with Tris—HCI buffer (0.05 M,
pH 7.2) and stored in buffer at 4°C before use.
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Evaluating potentiometric responses of conven-
tional ion- and bioselective electrodes

The potentiometric responses of NH; /H™-
selective electrodes and the corresponding
ADA /urease enzyme electrodes were evaluated
by addition of standard solutions of inorganic salt
or adenosine/urea into 100 ml of well stirred
buffer solution at room temperature. The back-
ground electrolyte used depended on the ions
and substrates being examined (0.05 M Tris-HCI,
pH 7.2, for NH}, adenosine, and urea response
with NH} -selective membrane electrodes; 11.4
mM boric acid-6.7 mM citric acid-10 mM
NaH,PO, for pH response, and 0.001 M Tris-
HCI-0.1 M NaCl, pH 7.0, for urea response with
H*-selective membrane). For evaluating the pH
response of the TDDA-doped membranes, the
pH of the boric acid/citric acid /phosphate uni-
versal buffer was varied by addition of either
NaOH or HCl while simultaneously measuring
the pH of the solution with a calibrated glass
electrode. For the ammonium-selective mem-
branes, ion selectivity coefficient data were ob-
tained by the separate solution method [26].

Preparation of solid-state enzyme electrodes

The solid-state biosensor design examined in
these studies is illustrated in Fig. 2. Aluminum
conductor leads were patterned on silicon wafers,
and insulated (except at the sensing site) with
silicon nitride using standard microelectronic fab-
rication procedures. A layer of silver epoxy was

S P

{ PLS/HPU \

PU/PVA

vy,

4
Ag Epox
Silicon Nitride 9 Bpoxy

(SiaN4) Aluminum

Silicon Dioxide (SiO2)

Silicon (Si)

Fig. 2. Side view of the solid-state biosensor fabricated with
asymmetric polyurethane membrane.
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then screen printed over the exposed aluminum
at the sensing site. A thin (100-300 pwm) layer of
the plasticized PU /PVA polymer casting solution
containing either TDDA or nonactin was then
cast onto the silver epoxy layer. This membrane
adhered tightly to the silver epoxy and the sur-
rounding silicon nitride coating of the wafer. A
very thin layer of HPU containing polylysine was
then coated over the ion-selective layer using a
SiCl, pretreatment step as described above for
the regular asymmetric membranes. Urease and
adenosine deaminase were then immobilized by
the one- or two-step glutaraldehyde procedures
outlined above.

RESULTS AND DISCUSSION

Characterization of asymmetric membranes

A key component of the asymmetric ion-selec-
tive membrane system is the outer hydrophilic
polyurethane (HPU) material which can be loaded
with polylysine for subsequent bioreagent immo-
bilization. This membrane must be hydrophilic
enough to readily pass ions liberated from any
biocatalytic reaction occurring at the surface. Pre-
liminary characterization of the HPU film con-
sisted of measuring its water uptake as well as
determining its elemental composition (C, H and
N analysis) and molecular weight (by GPC), and
comparing these values to the supposedly more
hydrophobic Tecoflex material which comprises
80 wt.% of the polymer material used to formu-
late the underlying ion-selective layer. The aver-
age molecular weight of the HPU material was
found to be 45000, which is much lower than that
found for the hydrophobic polyurethane (MW
190 000). Water uptake experiments indicated that
the HPU material absorbs water to a far greater
extent than the hydrophobic Tecoflex material
(40 wt.% vs. 1 wt.%). Elemental analysis of the
two polymers yielded the following results: C
66.48%, H 11.13%, N 2.29% for the hydrophobic
Tecoflex polyurethane; C 61.30%, H 9.99%, N
3.70% for the HPU. This elemental analysis data
correlates with the fact that more diisocyanate
reagent, and thus more urethane linkages are
present within the HPU polymer and this leads to
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Fig. 3. Scanning electron micrograph of the cross-section of
an asymmetric ion-selective polyurethane membrane.

a more hydrophilic polymer with enhanced water
uptake [24].

A scanning electron micrograph of the cross-
section of a dry asymmetric ion-selective poly-
urethane membrane is shown in Fig. 3. The
thicker layer is the plasticized PU/PVA ion-
selective membrane (approximately 300 pum in
thickness), while the upper thin layer is formed
from the HPU mixed with polylysine (HPU /PLS)
(approximately 9 wm in thickness). It can be seen
that the textures of two layers are quite different.
The hydrophobic plasticized bulk layer is more
dense while the upper layer appears somewhat
porous, apparently due to its more hydrophilic
character.

The adhesion of the hydrophilic HPU/PLS
layer to the underlying hydrophobic PU/PVA
membrane is greatly enhanced by applying 0.02
M of SiCl, to the surface of the thicker PU/PVA
layer containing the ion-selective reagents (e.g.,
nonactin or TDDA). Indeed, using this proce-
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dure, the two layers remain fused for extended
periods even when continuously soaked for 30
days in aqueous solution. The addition of the
SiCl, apparently helps crosslink the terminal hy-
droxyl groups on the HPU with the surface hy-
droxyl groups from the vinyl alcohol portion of
the PVA terpolymer and the terminal hydroxyl
groups of the Tecoflex PU. An energy dispersive
x-ray spectrum (EDS) of the cross-section of the
asymmetric polyurethane membrane suggests that
the SiCl, is mostly distributed at the interface of
the two layers and penetrates into the underlying
bulk ion-selective membrane to a depth of about
10 um. Only low intensity Si or Cl bands were
observed near the surface of the asymmetric
HPU /PLS membrane, suggesting that the amine
groups of the polylysine at the surface are not
greatly affected by the added SiCl, and are free
to be used for enzyme immobilization.

It is believed that the potentiometric ion re-
sponse of the asymmetric membrane occurs at
the interface of the HPU layer and the plasti-
cized PU/PVA film. That is, the HPU /poly-
lysine layer acts as a thin hydrophilic sponge in
which ions readily move up to the hydrophobic
PU /PVA/ionophore film where they participate
in an equilibrium phase extraction creating the
interfacial charge separation or phase boundary
potential [27] which changes as a function of ion
activities.

The ability of the outer HPU film to retain the
added polylysine after prolonged exposure to
aqueous solution was also investigated. Since the
polylysine is not chemically attached to the outer
HPU, it was initially thought that this very hy-
drophilic cationic material would leach out quickly
with time. To investigate this possibility, the outer
surface of the asymmetric membranes was treated
with trinitrobenzenesulfonate (TNBS), a reagent
that reacts rapidly with the primary amine groups
of polylysine to yield a color change from yellow
to orange-red [28]. This test was carried out both
before and after extended soaking and washing
sequences. It was found that the degree of color
formation did not change appreciably even after
repeatedly soaking the membranes in Tris—HCI
buffer solution for 7 days, with frequent changes
of the buffer each day (5 times per day). Thus, it
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Fig. 4. Potentiometric response of ammonium-selective mem-
branes doped with nonactin: (0) PVC membrane; (O)
PU/PVA membrane; (o) PU/PVA-HPU/PLS asymmetric
membrane.

appears that the polylysine is well entrapped/
entangled within the hydrophilic polyurethane
membrane and reactive amine groups remain at
the surface for extend periods of time. It should
be noted that polylysine has been used previously
for the non-covalent immobilization of anionic
charged biomolecules, such as heparin, by taking
advantage of its polycationic character to yield
strong charge—-charge interaction [29]. However,
the amine groups of anchored polylysine can also
be used for covalent enzyme immobilization via
classical crosslinking agents (e.g., glutaraldehyde).
Since the covalent binding is irreversible, more
stable immobilization can be achieved.

Potentiometric ion response and selectivity of the
asymmetric membranes

Before using the asymmetric membranes to
preparc biosensors, it is important to document
that such membranes do indeed respond poten-
tiometrically to ions, and with response character-
istics and selectivities nearly equivalent to con-
ventional polymer membrane ISEs. Figure 4 illus-
trates the typical equilibrium potentiometric re-
sponses observed toward ammonium ions in a
Tris—HCI buffer background electrolyte for elec-
trodes fabricated with an asymmetric membrane,
a plain PU/PVA membrane (no outer HPU /PLS
layer), and a conventional PVC membrane, all
containing nonactin as the membrane active
ionophore. As shown, the potentiometric re-
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Fig. 5. Potentiometric pH response of TDDA-doped poly-
urethane membranes. (0) PU/PVA membrane; (0O) PU/
PVA-HPU /PLS asymmetric membrane.

sponse toward ammonium ions, in terms of slope
(typically 56 mV /decade in the range of 107> to
107! M of NH}) and detection limits, is essen-
tially equivalent for the three different mem-
branes. Response times were also quite similar
(typically within 10 s), indicating that the diffu-
sion of ammonium ions through the outer HPU /
PLS thin film is rather rapid, at least relative to
ion-extraction reactions at the PU/PVA/iono-
phore-HPU interface.

Figure 5 shows the potentiometric pH re-
sponse of TDDA-doped asymmetric and plain
PU/PVA membranes. As can be seen, the addi-
tion of the HPU /polylysine outer layer does not
affect significantly the response to protons. Typi-
cally, slopes of 57 mV /pH are observed for the
asymmetric membranes in the pH range of 3-10.
Again, no noticeable elongation in response time
is observed when comparing the dynamic pH
response of the asymmetric membranes to plain

TABLE 1
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PU/PVA films doped with TDDA. It should be
noted that these equivalent responses can only be
achieved by reducing by one-half of the amount
of polylysine loaded into the outer HPU layer
(compared to the ammonium-selective membrane
system).

To determine whether the presence of the
outer HPU layer alone, or an outer HPU /PLS
layer influences ion selectivities, the selectivity
coefficients of the ammonium membranes were
determined via the separate solution method. As
shown in Table 1, for the most part, little differ-
ence in ammonium ion selectivity is observed for
the asymmetric ammonium membranes (PU/
PVA-HPU /PLS) when compared to plain PU/
PVA, PU/PVA coated with HPU (no polylysine)
(PU/PVA-HPU) and conventional PVC mem-
branes. Some increased response to protons is
observed, although practical selectivity for mea-
surements of ammonium at or near neutral pH
values is still quite acceptable.

Conventional biosensors based on the asymmet-
ric ion-selective membranes

Urease and adenosine deaminase served as
model enzyme systems to examine the utility of
using the asymmetric polyurethane-based mem-
branes for preparation of potentiometric biosen-
sors. These enzymes were coupled to the surfaces
of pH and ammonium-selective asymmetric mem-
branes, respectively. Adenosine deaminase cat-
alyzes the following reaction:

Adenosine + H,O — Inosine + NH
Urease catalyzes the hydrolysis of urea as follows:
(NH,),CO + 2H,0 + H* - 2NH; + HCO3

Selectivity coefficients of nonactin-based membranes prepared with various polyurethane matrices

Membrane matrix Log Knpy vt

Li* Na* K* Mg?+ Ca?* Me,N* H*
PU/PVA -4.8 -32 -12 -4.7 -4.7 -4.0 —-44
HPU-PU/PVA -4.1 -31 -1.2 —-44 —45 -39 =35
HPU/PLS-PU/PVA —4.1 =31 -12 —-4.4 -4.5 -39 ~35
PVC"® —45 -2.9 -09 -29 =50 -37 ~5.0

2 Determined by the separate solution method [26). ® From Ref. 19.
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Fig. 6. Calibration curves for (©) adenosine electrode pre-
pared by immobilizing adenosine deaminase through one-step
glutaraldehyde method on NHJ -selective asymmetric mem-
branes; (O) urea electrode by covalently attaching urease
through one-step glutaraldehyde method on proton-selective
asymmetric membranes.

In practice, both reactions can be detected by
either monitoring pH changes or NH; ions gen-
erated. In the present studies, the use of the
proton-selective membrane was restricted to the
urea /urease system, while both ADA and urease
were immobilized on the ammonium selective
asymmetric membranes.

Enzyme immobilization was achieved by cova-
lently attaching the enzymes to the amine groups
available on the surface of the membrane through
glutaraldehyde crosslinking reactions. With two-
step glutaraldehyde method, a monolayer of en-
zyme is immobilized, while one-step glutaralde-
hyde method results in multilayers of enzymes
due to the crosslinking of enzyme molecules. This
usually yields greater enzyme loading [5].

A typical calibration curve for an adenosine
electrode prepared by immobilizing ADA on the
asymmetric NHJ -selective membrane using the
one-step glutaraldehyde method is shown in Fig.
6. The linear response range is from 1077 to
3 X 1072 M of adenosine with a slope of 48 mV
per decade. Response times are on the order of
60 s to reach steady-state potential. It should be
noted that electrodes in which the asymmetric
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membrane was treated with enzyme, but no glu-
taraldehyde, also yield significant adenosine re-
sponse (not shown). This observed response is
due to non-specifically adsorbed ADA, presum-
ably via ion-exchange reactions with protonated
amino groups of the polylysine within the outer
HPU layer. While the response of these latter
electrodes can be eliminated by soaking the elec-
trode in 4 M of MgCl, (to dissociate the ad-
sorbed enzyme), the response of the glutaralde-
hyde treated enzyme electrodes remains the same
after such treatment. Indeed, adenosine elec-
trodes prepared in this way can last for at least
one month, with little loss in response slope or
detection limits.

Urea sensors based on pH-selective asymmet-
ric membranes were also tested. For such biosen-
sors, the thickness of the outer HPU layer was
found to be critically important with regard to the
magnitude of the potentiometric response to urea
observed. By decreasing the total amount of the
outer HPU/PLS layer (to 5 pm), optimum re-
sponse in terms of sensitivity is observed. It is
believed that the thinner outer membrane keeps
the enzyme layer closer to the hydrophobic ion-
selective detector layer (inner PU/PVA) so that
rapid diffusion of protons into the bulk solution
does not diminish surface steady-state pH
changes. A typical calibration plot for a urea
sensor based on the proton-selective asymmetric
membranes is also presented in Fig. 6. The slope
is 29.8 mV per decade with the dynamic range of
10~* to 1072 M of urea. Naturally, as with any
enzyme electrode based on pH detection, sensi-
tivity is highly dependent on the buffer capacity
of the sample medium [30]. The response time to
reach 95% of the steady-state potential is about 3
min. Urea sensors based on the NH] -selective
asymmetric membranes exhibit much higher re-
sponse slope (56 mV per decade) and shorter
response time (in seconds) when compared to
those based on proton-selective membranes (see
below).

Response of microfabricated enzyme-electrodes

When urease is immobilized on the surface of
the asymmetric ammonium selective membrane
cast onto the solid-state device shown in Fig. 2
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(using two-step glutaraldehyde), the resulting
biosensor responds rapidly and selectively toward
urea (see Fig. 7). Typical calibration curves for
this device show a linear relation between the
e.m.f. and the logarithm of urea concentrations in
the range of 107°-10"2 M with slopes of 55-56
mV per decade. This near-Nernstian slope and
wide dynamic measuring range suggests that high
enzyme loading has been achieved on the surface
of the asymmetric membranes [5]. In the case of
solid-state adenosine sensors prepared in the
same manner (with immobilized ADA), the high
slopes and detection limits remain essentially
constant during one month of continuous opera-
tion. These results support previous claims re-
garding the very tight adhesion of the plasticized
PU/PVA/ionophore membranes to silicon ni-
tride and silver epoxy surfaces [21]. Indeed, had
the membrane lifted around the edges, leakage of
electrolyte would have shorted the membrane
and eliminated any potentiometric ion or sub-
strate response.

It shouid be noted that each of the films used
to construct the solid-state biosensor, starting with
the silver epoxy layer, can be screen printed for
mass fabrication purposes. In addition, the size
and number of sensing regions per unit area of

-50 -
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-150
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=]

-200 5

-250
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the silicon wafer can be varied. While the above
results have been obtained with single sensing
sites on relatively large chips (0.8 cm X 1.0 ¢m,
with polymer membrane sensing area of 0.2 cm?),
it is envisioned that an array of biosensing sites
on the same size chip can be readily achieved
using screen printed asymmetric membranes and
site-directed photoimmobilization of enzymes
onto to the highly aminated HPU /PLS layers.
In summary, a new asymmetric membrane sys-
tem with improved surface properties for devel-
opment of conventional and solid-state type po-
tentiometric biosensors has been described. The
potentiometric ion response of this new asymmet-
ric membrane is essentially the same as the base
PU/PVA membrane as well as the conventional
PVC membranes. At the same time, the amine
functional groups on the membrane surface can
be used advantageously for covalently attachment
of bioreagents. While used here to construct en-
zyme clectrodes for adenosine and urea, it is
likely that other bioreagents including intact cells,
antibodies, etc., could be incorporated/ attached
to the outer PU/PLS layer to fabricate a variety
of other biosensors (including single use devices).
With the advantage of good adhesion to silicon
wafer surfaces, this polyurethane asymmetric

102 M

| 1 1 i |

time, sec

I
0 200 400 600 800 1000 1200 1400

Fig. 7. Dynamic potentiometric response of urea solid-state sensor based on NH] -selective asymmetric membrane.
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membrane is a very promising candidate for use
in constructing various solid-state biosensing de-
vices.

This work was supported by a grant from the

National Science Foundation (ECS-8915497).
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Multiple-indicator fiber-optic sensor for high-resolution
pCO, sea water measurements
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Abstract

A multiple-indicator fiber-optic sensor was employed to detect low level CO, changes in sea water. pK, values of
these indicator systems at high ionic strength were determined, and the bicarbonate concentrations were added as
calculated by the Henderson—Hasselbach equation. The 7-hydroxycoumarin-4-acetic acid (HCA)-meta-Cresol Purple
(MCP) indicator system provides a resolution of 7 wg ml ! CO, in the 200-800 pg ml~! CO, range, the CO, range

of sea water.

Keywords: Fluorimetry; Spectrophotometry; Fibre-optic sensors; pCO,; Sea water; Waters

The ocean is an enormous carbon reservoir
and is regarded as a major sink for atmospheric
CO,. The ocean is believed to absorb almost half
of the anthropogenic CO, gas injected into the
atmosphere. As a result, the effect of this green-
house gas is limited and the potential global
warming of the planet is reduced. The atmo-
spheric CO, gas penetrates into the deep ocean
in high latitude areas of deep water formation,
and into the surface ocean by continuous CO,
gas exchanges across the ocean—atmosphere in-
terface. These exchanges are controlled by the
gas transfer velocity [1,2] and the difference of
CO, partial pressure (pCO,) between the atmo-
sphere and the surface ocean. The spatio-tem-
poral variations of CO, in the atmosphere are

Correspondence to: D.R. Walt, Max Tishler Laboratory for
Organic Chemistry, Tufts University, Department of Chem-
istry, Medford, MA 02155 (USA).

very well known within +2 pg ml~! [3] but those
of the surface ocean, which depend on physical
and biochemical processes, still need to be deter-
mined.

The development of new technology for
oceanic pCO, measurements is therefore increas-
ingly important to determine the spatio-temporal
variations of oceanic pCO, and to quantify the
CO, flux crossing the ocean-atmosphere inter-
face in order to predict the effect of continuous
increases of anthropogenic CO, in the atmo-
sphere on the earth’s climate.

The search for accurate analytical methods to
measure the partial pressure of CO, goes back to
the 1920s when Van Slyke et al. [4] employed
manometric measurements for pCO, determina-
tion. pCO, electrodes [5] were adapted in the
1950s for blood gas measurements [6]. Spec-
trophotometric measurements [7] were employed
for several applications, but with the advent of

0003-2670 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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optical sensors in the last decade a resurgence in
spectrophotometric methods for CO, determina-
tion has occurred [8—14). Optical sensors consist
of reagents attached to the distal tip of an optical
fiber that change their optical properties upon
exposure to a specific analyte. These sensors are
small (approximately 100-600 wm), require no
direct electrical connection between the sample
and sensor, and are free from electromagnetic
interference. These characteristics make optical
sensors ideal for measurements at sea. Spec-
trophotometric methods can be based on changes
of absorbance [9,14] or fluorescence [8-13]. Nei-
ther of these methods, however, has the requisite
sensitivity necessary for measuring the small (ap-
proximately 1-10 g ml™') changes in CO, re-
quired in sea water.

The conventional approach to preparing CO,
sensors is to utilize the equilibrium:

CO,+H,0=2H,CO;,2HCO; + H*

In this way the partial pressure of CO, can be
related to the pH. A pCO, sensor based on this
principle can be constructed with a gas-permea-
ble membrane that excludes interference from
pH changes of the bulk solution. pH and, in turn,
pCO, can then be related by the Henderson—
Hasselbach equation:
H K, +1 [HCO; |
p P&, T 108 [COz]
This equation shows that the sensitivity of the
measurement at a given CO, concentration is
affected by the pK, of the indicator and the
HCOj3 concentration of the internal fill solution.
Recently we introduced an approach employ-
ing inner-filter effects (IFEs) to enhance the sen-
sitivity of pH sensors [15]. The enhancement is a
consequence of screening the excitation energy
(primary IFE) and the simultaneous quenching of
the emitted fluorescence (secondary IFE) by one
or two absorbers with complementary pH profiles
and spectral overlap. The enhancement results in
a compression of the fluorescence signal change
into a small pH range leading to an increase in
the slope of the pH response curve in a narrow
pH range. In addition to the enhanced sensitivity,
one can also vary the pK, of these systems, by
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varying the indicators, their concentrations, or
the exciting wavelength. In this manner a particu-
larly suitable system for pCO, determinations
can be obtained with a pK, affected by the
bicarbonate content and by the high ionic strength
of sea water. In this paper we present a two-indi-
cator system employing inner filter effects that
enables precision measurements in aqueous solu-
tions and in sea water.

Experimental

Materials. 7-Hydroxycoumarin-4-acetic acid
(HCA) was purchased from Aldrich (Milwaukee,
WI) and Molecular Probes (Eugene, OR), meta-
Cresol Purple (MCP) from Kodak (Rochester,
NY), Neutral Red (NR) from Aldrich and hy-
droxypyrenetrisulfonic acid (HPTS) from Molecu-
lar Probes, and bisphenol A carbonate block
copolymer from Petrarch. Tanks of CO, gas in
nitrogen at concentrations of 200, 500 and 800 ug
ml~! were from Cryodyne Technologies (North
Haven, CT). All materials were used without
further purification.

Solutions. Synthetic sea water was prepared by
dissolving NaCl (36 g, 0.67 mol) and Na,CO,
(244 mg, 2.31 X 1073 mol) in 1 1 of distilled water.
0.1 M phosphate buffers were prepared by mixing
appropriate amounts of 0.1 M Na,HPO, and 0.1
M NaH, PO, stock solutions. Stock solutions of
2-5x 10~* M indicators were prepared in syn-
thetic sea water. The stock solution of HCA
(428 X 1073 M) was prepared in synthetic sea
water—ethanol (2: 1, v/v). Sea water standards of
200, 500 and 800 ug ml~' CO, and indicator-sea
water solutions of the same pCO, levels are
prepared by continuous bubbling of water-vapor-
saturated standard CO, gas into the respective
solutions.

Apparatus. Absorbances of 2-5 X 107> M indi-
cator solutions were recorded on an IBM 9240
UV-Vis spectrophotometer. Fluorescence mea-
surements were made on a spectrofluorimeter
that has been described elsewhere [16]. Basically
it is comprised of a 75-W xenon arc lamp light
source, two Spex 1680 0.22 M double monochro-
mators (excitation and emission), an RCA photo-
multiplier tube, and optics designed to couple
light to and from an optical fiber. A PC-AT with
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an AsystW program controlled the movements of
the stepping motors as well as enabled the acqui-
sition and display of the experimental data. Data
were then analyzed using a datatap program.
The sensors were prepared by inserting a
bisphenol A carbonate copolymer membrane
sleeve, approximately 1.5-2.5 mm long, filled with
the sensing solution, flanged into a threaded male
connector with a 1-mm hole. The optical fiber
protruded slightly from a ferrule and the entire
assembly was sealed by screwing the correspond-
ing female connector onto the male connector
with the flange of the membrane acting as a

Threaded Male
Connector

\

Membrane &
Indicator ———»

T

Threaded Female
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gasket (Fig. 1). The concentrations of the two
sensing solutions of HCA-MCP in sea water were
45x107% M/35%x10"* M and 8.76x107¢
M /7.6 X 10~* M, respectively.

Measurements. Absorption spectra of the indi-
cators were measured in 2-5 X 107> M buffered
solutions. Fluorescence measurements were car-
ried out both by bare fiber inserted vertically into
the mixed dye solutions (4.5 X 10~* M HCA with
35%x10"* M MCP) equilibrated with 200, 500
and 800 uwg ml~! CO, and by the sensor inserted
vertically in sea water equilibrated by bubbling
with various pCO, standard gases.

Fiber

I

Connector
UNASSEMBLED
Threaded Male Threaded Female
Connector Connector
& Membrane Ferrule

b

%

Indicator
Fig. 1. Design of a CO, sensor. Both assembled and unassembled diagrams are depicted.
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RESULTS AND DISCUSSION

In previous work [15] we demonstrated the
utility of inner-filter effects for enhancing the
sensitivity of fluorescence-based pH measure-
ments. The method employs multiple-indicator
systems and operates on the basis of inner-filter
effects which screen both excitation and emission
of the fluorescent indicator at low pH and have
negligible effect at high pH. Consequently, the
entire fluorescence signal change is compressed
into a narrow pH region. In the present system,
the HCA-MCP pair was employed to generate
steep AI/ApH slopes due to the application of
this principle. The HCA-MCP system has the
advantage of good solubility in sea water. This
indicator solution has a pK, of 8.2, allowing its
use in natural sea water (HCO; =2.3x 1073 M)
(Table 1). This dye system has a maximum excita-
tion wavelength of 390 nm, a frequency range
requiring silica or high-quality glass fibers to min-
imize attenuation of the excitation light.

A second dye system comprised of hydroxy-
pyrenetrisulfonic acid (HPTS) and Neutral Red
(NR) was also examined and was taken to sea
[17]. This system has an excitation maximum in
the 469-484 nm range which enables the use of
lower-quality fibers. Unfortunately NR precipi-
tates at high ionic strength, thereby limiting the
utility of this mixture for oceanic measurements.
Furthermore, the system is unstable and loses its
sensitivity after several weeks. Finally, with this
dye combination the bicarbonate solution must
be adjusted to 455X 107> M to yield the pH
range of 6.5-7.1 most appropriate for measure-

TABLE 1

Calculated pH values for various pCO, and bicarbonate con-
centrations

(The bicarbonate concentrations were selected to maximize
the sensitivities of HCA~MCP and HPTS-NR.) ¢

pCO, pH
-1
(pgml™) NaHCO,
231%x1073M 455x107°M
800 7.93 6.51
500 8.16 6.74
200 8.56 7.14

# Assumes a solubility coefficient of 1 at such low pCO,.
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Fig. 2. pH profiles in (a) aqueous and (0O) salt solutions.
Absorbance readings were measured for HCA at 390 nm and
MCP at 400 nm. HCA, 4.28 x 107> M; MCP, 4.86x 1075 M.

ments of 200 to 800 pg ml~' CO, with this
mixture as shown in Table 1.

In order to avoid dilution or concentration of
the indicator by water vapor transfer, it is impor-
tant to maintain an identical osmotic potential
across the gas-permeable membrane. This adjust-
ment was accomplished by adding 0.67 M NaCl to
the indicator bicarbonate fill. Figure 2 shows the
pH titration curves of both MCP and HCA in the
presence and absence of NaCl. The pK, values
of the four indicators examined all shifted to
lower pH by 0.2-0.5 pH units, as shown in Table
2. The values in water are well known reported
literature values that were verified by experi-
ments (not shown). The value in NaCl solution
was determined by the offset of the water-only
titration curves as shown in Fig. 2 for MCP and
HCA. With the MCP and HCA mixture, the
optimal pH for exhibiting the maximum spectral
change per change in CO, partial pressure over
the range of 200-800 g ml~"' is between 8.1 and
8.2 in 0.67 M NaCl.

TABLE 2

pK, values of indicators in aqueous solutions and in 0.67 M
NaCl

Solvent HCA MCP HPTS NR
Water 7.75 8.3 7.30 7.25
0.67 M NaCl 7.50 8.1 6.95 6.75
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CO, gas standards of 200, 500, and 800 ug
mi~! were used to saturate identical solutions of
the MCP-HCA mixed indicator by bubbling the
standards continuously into the solutions. Large
volumes of solution were used to prevent artifacts
resulting from evaporation of the solvent due to
bubbling. An optical fiber was inserted into each
of these solutions sequentially to measure the
fluorescence emanating from the HCA at the
different pCO, levels. The response of a bare
fiber alternating between two solutions contain-
ing 200 and 800 ug ml~! pCO, gave fluorescence
intensity readings of 830000 cps and 590000 cps,
respectively. Previous work [15] with this dye mix-
ture in pH buffers indicate that this change is
approximately threefold greater than would be
obtained with a single indicator. After verifying
the sensitivity of the solution with CO, gas bub-
bling, the same solution was used to fill a sensor
with a configuration as depicted in Fig. 1. The
same HCA-MCP solution was used to fill a poly-
mer sleeve membrane which was connected to
the distal tip of an optical fiber. Dissolved CO,
gas from the measured solution diffused through
the polymer into the indicator fill solution, where
the carbonate equilibrium reaction occurred. The
resulting pH change of the indicator solution was
reflected by a change in its fluorescence intensity
as measured by the optical fiber. The results of a
sensor measurement made over a 2-h period are
shown in Fig. 3. With this configuration a slow
response is observed due to the rate of CO, gas
diffusion through the membrane and into the
internal filling solution. The thick (ca. 50 pm)
membrane coupled with the large (ca. 5 ul) indi-
cator volume account for the relatively long re-
sponse time of the sensor. However, this response
time is perfectly adequate for most in situ sea
water measurements. Furthermore, the large in-
dicator volume mitigates against photobleaching
which would be a problem over the long measure-
ment times contemplated for these sensors. The
solutions are stable under storage for several
months.

Sensitivity can be further increased by well
known methods to increase excitation light inten-
sity such as by increasing the excitation slit or by
using a larger-diameter optical fiber. Examples
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Fig. 3. Performance of CO, sensor. HCA, 45%107% M;
MCP, 3.5x10™*. Intensity values at CO, concentrations of
800 g ml~! (fow I) and 200 g ml1~! (high I).

for a step change of 200-800 ug ml~! CO, are
shown in Table 3. Instrumental noise is 2000 cps.
Therefore, with a 400-um fiber, a signal of 4000
cps (S/N = 2) provides the sensor with a resolu-
tion of approximately 7 ug ml~! CO,.

Fluorescence intensities of the dye solutions at
different temperatures are shown in Fig. 4. In the
rather narrow range of temperatures in these
experiments, the principal contributor to this
temperature dependence is the changing acidity
of the phenolic residues on the indicators [18].
The temperature coefficient reported by Peterson
et al. [19] is 0.0174°C~'. At higher temperatures,
phenolic compounds become better bases leading
to a greater contribution of the basic (fluo-
rescent) form, and as a result we observe an
increase in the fluorescence intensity.

TABLE 3

Influence of slit width and fiber diameter on fluorescence
intensity change

Slits ex/em
(mm)

Fiber diameter
(pm)

AT for A600 pg ml~! CO,
(x10* cps)

0.25/1.25
1.25/1.25
5.00,/5.00
0.25/0.5

200
200
200
400

9.0
15.1
23.8
36.7
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Fig. 4. Temperature dependence of HCA-MCP (8.76 x 10~ *
M and 7.6X10~* M, respectively) in sea water fluorescence
for CO, sensor in the 200-800 g mi~! range; (a) 19.5°C;
() 15.0°C, () 10.0°C; (<) 5.0°C; (0) 0.5°C. Discontinuities
are due to sporadic shutter malfunction (e.g., partial opening
or sticking).

Conclusions

The present sensor demonstrates the viability
of optical sensors for pCO, measurements in sea
water. The sensor design would enable either
continuous shipboard measurements and, when
developed further, could be useful for application
to deployable buoy systems. Key features of the
present sensor are both the use of multiple indi-
cators to increase the slope of the pH versus
intensity curve which enhances the sensitivity of
the CO, measurements, and the use of a semi-
permeable membrane which separates the sea
water from the internal indicator solution of ap-
propriate osmotic potential.

This work was supported in part by the Na-
tional Science Foundation under grant OCE-
8700808.
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L-Lactate oxidase electrode based on methylene green

and carbon paste
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Abstract

An amperometric L-lactate electrode based on methylene green (MG) and carbon paste chemically modified with
L-lactate oxidase is described. The electrode action is based on the effective reduction of oxidized L-lactate oxidase by
reduced MG (apparent rate constant = 1.7 X 10 1 mol~! s~1) and rapid electrochemical mediator conversion. The
enzyme electrode generates an anodic current at 0.05-0.6 V vs. SCE. The pH optimum of the electrode is 7.0. The
apparent Michaelis constant depends on the amount of L-lactate, and varies in the range 4.1-9.7 mM. The maximum
electrode sensitivity is 50.4 A 1 mmol ! ¢cm~2 and does not depend on the oxygen concentration in solution. The
electrode is insensitive to glucose and ethanol. At 0.15 V the response to L-ascorbic acid (40 wM) is equivalent to
9.8% of the normal physiological L-lactate level in blood. The enzyme electrodes were used for L-lactate determina-
tion in goat whole blood. They remained stable on storage in the dry state for at least 2 months.

Keywords: Amperometry; Enzymatic methods; Carbon paste; Enzyme electrodes; Lactate; Methylene green mediator

In blood, the L-lactate level is specific to mus-
cle diseases, critical care, lymphomas and sarco-
mas, etc. The concentration of L-lactate in the
blood of sportsmen can indicate the intensity of
physical exercises. In the food industry, L-lactate
measurements can be used to monitor the fer-
mentation of wine, beer, fruit juice and milk
products, and also for measurements in fodder
production, in silo preparation, etc. [1]. Hence
L-lactate is an important metabolite for the deter-
mination of which a reliable analytical method is
required.

Amperometric enzyme electrodes are becom-
ing increasingly popular. Screen-printed, thin- and
thick-film sensors and bioelectrodes based on

Correspondence to: J. Kulys, Institute of Biochemistry, Lithua-

nian Academy of Sciences, Vilnius-MTP (Lithuania).

! On leave from Department of Pharmaceutical Analysis,
Guangdong Medical and Pharmaceutical College, Guang-
dong, China.

carbon paste are examples of the applications of
recent technology in the preparation of sensors
{2-171.

L-Lactate-sensitive electrodes based on lactate
oxidase [1,18-22], lactate dehydrogenase [23-25],
flavocytochrome b, [26-29] or yeast [30] have
been prepared. Bioelectrodes based on lactate
dehydrogenase and cytochrome b, even in the
immobilized state have only short-term stability,
whereas those based on L-lactate oxidase have a
disadvantage connected with oxygen fluctuation.
L-Lactate oxidase-based electrodes with ferro-
cene or tetrathiafulvalene as mediator were al-
most insensitive to oxygen [18]. However, these
mediators have a high redox potential (0.27 and
0.35 V vs. SCE, respectively [31,32]). Electrodes
including these mediators act at the potential at
which other redox compounds available in real
biological solutions (ascorbic acid in blood, juice
and other food products, paracetamol in blood,
etc.) are oxidized.

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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In this work, methylene green (MG) was used
as a mediator for the preparation of a carbon
paste—L-lactate oxidase-based electrode. Ben-
netto et al. [33] proposed methylene green as an
indicator for the performance of phenothiazine
redox dyes in an Escherichia coli system, but this
mediator did not find application in bioelectro-
catalytic systems. From the present experimental
measurements it follows that MG undergoes re-
versible oxidation—-reduction conversion and is
suitable for enzyme electrode preparation. The
good solubility in water of MG restricts its appli-
cation when adsorbed on a graphite electrode but
this mediator can be used in a carbon paste
medium. As far as we know, a carbon paste—L-
lactate oxidase-based electrode has not been in-
vestigated previously. Recently, carbon paste
electrodes sensitive to L-lactate based on yeast
and different mediators were prepared in this
laboratory [34].

EXPERIMENTAL

Reagents

L-Lactate oxidase was prepared from Strepto-
coccus sp. microorganisms. The activity of
lyophilized powder of L-lactate oxidase, which
was expressed as the amount in pmoles of as-
sumed oxygen per minute at 5 mM L-lactate, pH
7.0 and 25°C, was 87 U g~ L.

Graphite powder (Fluka), paraffin oil (Merck)
and lithium L-(+)-lactate (Sigma) were used as
received. Potassium chloride, disodium hydrogen-
phosphate and sodium dihydrogenphosphate were
of the highest purity (Reachim, USSR). Methyl-
ene green (MG) was obtained from Aldrich and
methylene blue (MB) from (Reachim, USSR).
For electrochemical measurements MG was puri-
fied by reversed-phase liquid chromatography
[35].

In voltammetric measurements (0.1 M sodium
phosphate buffer solution containing 0.1 M
potassium chloride was used.

Preparation of chemically modified carbon paste
Chemically modified carbon paste (CMCP) was
prepared from graphite powder and paraffin oil.

J. Kulys et al. / Anal. Chim. Acta 274 (1993) 53-58

Amounts of 50-100 mg of graphite powder, 50
mg of paraffin oil, 10 or 35 mg of mediator and
2-60 mg of r-lactate oxidase were thoroughly
mixed in a mortar. Pentane (two volumes) was
added to prepare a uniform paste.

Electrode construction

The electrodes were prepared as follows: a
2-3-cm long PTFE tube (1.5 mm o.d. and 0.6 mm
i.d.) was packed with CMCP, and electrical con-
tact was achieved by inserting a platinum wire
into the CMCP. The end of the tube was rubbed
gently with a scalpel to produce a flat electrode
with a surface area about 0.28 mm?.

Electrode operation

Electrode currents were measured in a ther-
mostated glass cell with a common three-elec-
trode system. The current of the electrode was
measured using a newly rubbed (renovated) sur-
face each time. No special surface pretreatment
was necessary. The electrode was dipped into the
thoroughly stirred and thermostated buffer solu-
tion (9 ml) and connected to a potentiostat. Suc-
cesstve additions of 10-200 wl of r-lactate solu-
tion in buffer were made after the residual cur-
rent had become constant. The increase in the
anodic current was registered by a recorder. The
electrode response conformed to the difference
between total and residual current. Measure-
ments in oxygen-free media were done by debub-
bling buffer solution with highly purified argon
(for longer than 15 min).

For measurements on undiluted blood sam-
ples, a special cell consisting of a Plexiglas holder
and auxiliary and reference electrodes (Fig. 1)
was used. A drop of blood (ca. 0.03 ml) was
dripped on the central part of the cell and the
maximum current value was indicated at the end
of the first minute.

Between measurements the electrodes were
kept in a dry state in a refrigerator.

The cyclic voltammograms of MB and MG
were obtained using a glassy carbon electrode
(diameter 2 mm) installed in a PTFE holder in
50% (v/v) methanol and 0.1 M phosphate buffer
solution (pH 7.0) at a scan rate of 10-100 mV s~}
and a mediator concentration of 0.5 mM.
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Fig. 1. Scheme of electrochemical cell for investigation of
whole blood samples.

The electrode current was registered by an
OH-105 polarograph (Radelkis, Budapest). The
potentials for electrochemical measurements were
determined in the thermostated cell vs. SCE,
except that the potential of the enzyme electrode
amounted in the electrochemical cell (Fig. 1) was
determined vs. an Ag/AgCl electrode in 0.1 M
phosphate buffer (pH 7.0) containing 0.1 M
potassium chloride.

Determination of methylene green reactivity

The reaction of MG with reduced L-lactate
oxidase was evaluated spectrophotometrically in
anaerobic phosphate buffer solution using 5 mM
L-lactate at pH 7.0. MG reduction was monitored
by the absorbance (A) change at 650 nm. The
oxidation rate constant calculations were done
following a cyclic scheme of enzyme action. The
concentration of enzyme was calculated from the
enzyme reaction with oxygen assuming that the
oxidation rate constant for L-lactate oxidase is the
same as for glucose oxidase and reduced FAD,
i.e. 1.95 X 10% 1 mol ! s~ ! [36]. The final calcula-
tions were done using the equation

kMG = kOXVMG[E]OX/VOX[E]MG

where k, V and [E] are oxidation rate constant,
initial reaction rate and enzyme concentration,
respectively, and the subscripts MG and OX indi-
cate reaction with methylene green and oxygen,
respectively; Vyg = (AA/A),_o/A, Vox =
(A[O,1/A8),_o/10,].
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RESULTS AND DISCUSSION

Oxidation—reduction properties of methylene
green

The cyclic voltammogram of the purified MG
in methanol-buffer solution shows a single oxida-
tion—-reduction peak with a formal redox poten-
tial [(E,+ Ep)/2] of —0.12 V. The difference
between the oxidation and reduction peak poten-
tials (AE) was 42 mV at a scan rate 10 mV s~ 1.
I,/v'/? was constant at potential scan rates in
the range 5-200 mV s~ !. In the pH range 4.9-10
the slope of the anodic and cathodic peak poten-
tial dependence on solution pH is 30 mV per pH
unit; at lower pH the slope increases to 60 mV
per pH unit. With methylene blue the difference
between the peak potentials was similar, and the
slope of the pH dependence was also 30 mV per
pH unit in the pH range 5.7-10 and 61 mV per
pH unit in the pH range 3.4-5.7. The presented
voltammetric data of MG conversion are consis-
tent with quasi-reversible phenothiazinium ion-
phenothiazine two electron-proton or two elec-
tron—two proton conversion, as investigated pre-
viously using MB [37]. The formal pK, of MG at
which the electron transfer mechanism changes is
4.9. The shift of the pK, of MG to more acidic
values in comparison with MB can be explained
by the electron-accepting character of the addi-
tional nitro group. The increase in the redox
potential of MG can be explained similarly.

MG is reduced after r-lactate oxidase and
L-lactate have been introduced into the buffer
solution. The oxidation rate constant is (1.7 + 0.2)
X 108 I'mol~! s~ 1.

Parameters of the enzyme electrodes

For an enzyme electrode containing 6.2% of
L-lactate oxidase a stable residual current was
established 30 s after a potential (0.15 V) was
applied. An increase in MG to 19% increased the
anodic current, and the lowest residual current
was established at 0.2 V. Even at the lowest
potential a reduction of MG took place and the
cathodic current increased.

At 0.15 V the enzyme electrode current in 1
mM vL-lactate solution increased within 1 min and
remained constant for 2-3 min. The enzyme elec-
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trode response was virtually constant in the elec-
trode potential range 0.05-0.6 V.

The electrode stationary-state current depen-
dence was linear up to 4-8 mM L-lactate and
reached a saturated state at higher substrate con-
centration (Fig. 2). Over the whole concentration
range the calibration graph is like a Michaelis—
Menten dependence, and apparent kinetic pa-
rameters (I, and Ky.) can be calculated.

The electrode sensitivity (I,,,/K v app) and the
linear calibration range depend on the amount of
enzyme (Fig. 2). On increasing the amount of
L-lactate oxidase from 1.2 to 20% an increase in
Kyapp from 4.1 to 9.7 mM was observed. At
higher amounts of enzyme this constant fell to 6.3
mM. In the range 1.2-20% of enzyme the elec-
trode sensitivity increased from 1.2 to 504 pA 1
mmol~! cm~2 and in the presence of 32% of
enzyme it decreased to 24.9 uA 1 mmol ™! cm™2.
If 20% v-lactate oxidase was used the electrode
sensitivity and apparent Michaelis constant were
the same as in oxygen-free solution.

Under the operating conditions, the enzyme
electrode response increased with increase in
temperature from 17 to 30°C. At higher tempera-
tures the electrode response decreased. In buffer
solution at 25°C the enzyme electrode response
was constant for 2-3 min and after 8 min of
operation it fell by 30%.

1.0
obS
o8} o—70
3 o
0.6 /
&
i L 4
& 0.4 jul - ./= a6
0.2 /l A A A %
0.0 —4 —

0 4 8 12 16 20
L—LACTATE CONCENTRATION (mM)

Fig. 2. Dependence of enzyme electrode current on L-lactate
concentration at electrode potential 0.15 V, pH 7.0 and 25°C.
Compositions of chemically modified carbon paste: (1) 61.3%,
2) 59.5%, (3) 56.6%, (4) 51.4%, (5) 42.5% and (6) 30.5%
graphite, (1) 1.2%, (2) 3.0%, (3) 5.9%, (4) 11.1%, (5) 20.0%
and (6) 32.0% enzyme, (1-6) 6.5% methylene green and (1-6)
31% paraffin oil.
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Fig. 3. Dependence of electrode sensitivity on solution pH at
0.15 V, 25°C, at 0.25 mM lactate. Electrode composition as in
Fig. 2, (5).

When the enzyme electrode was kept in a dry
state at 4°C its response retained more than 95%
of the initial value after 2 months of storage.

The enzyme electrode exhibited the highest
sensitivity at pH 7.0. The sensitivity decreased
sharply in acidic or alkaline media (Fig. 3).

Explanation of enzyme electrode action

As follows from the kinetic investigations in
phosphate solution, L-lactate oxidase effectively
catalyses MG reduction by vr-lactate. Reduced
MG undergoes rapid oxidation at the carbon
electrode. The enzyme electrode action can be
explained on the assumption that a substrate (S)
reduces L-lactate oxidase (E) adsorbed on
graphite, oxidized MG diffuses from the carbon
paste, dissolves in the reactive layer near the
electrode surface and interacts with the reduced
enzyme:
E(ox) +S — E(red) + P
E(red) + MG(ox) — E(ox) + MG(red)

Reduced mediator is oxidized electrochemically
on the graphite electrode:

MG(red) —» M(ox) +2e + H*

The suggested scheme differs from the action of
enzyme electrodes based on reduced mediators
{18]. When ferrocenes or tetrathiafulvalene are
used, the formation of oxidized mediators which
interact with reduced enzyme takes place in situ,
and the accumulation of a high mediator concen-
tration in the reactive layer is hampered because
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of the high background. In the present system,
when the oxidized mediators are used the back-
ground can be easily depressed by changing the
electrode potential.

Two possible parallel reactions must be taken
into account when considering the action of
MG-based enzyme electrodes: the electrochemi-
cal reduction of oxidized mediator:

MG(ox) + 2e + H* > MG(red)
which takes place at potentials below zero resid-

ual current potential, and the oxidation of re-
duced enzyme by oxygen:
E(red) + O, + H*— E(ox) + H,0,

A high concentration of the mediator used in
CMCP promotes a shift of the enzyme electrode
action potential per 0.2-0.3 V into the anodic
range. This potential can be decreased by lower-
ing the mediator concentration in CMCP. How-
ever, for a high concentration of mediator in
CMCP and a high rate of electron transfer from
reduced 1-lactate oxidase to the mediator, the
rate of reaction with oxygen was low. For this
reason, even if the enzyme electrode action po-
tential was low, its response was insensitive to
oxygen.

As follows from Fig. 2, the enzyme electrode
sensitivity increases on increasing the amount of
enzyme in CMCP (a decrease in the sensitivity at
higher enzyme concentrations can be caused by
the alterations to the electrical parameters result-
ing from a low graphite content in CMCP). Con-
- sequently, the prepared enzyme electrodes oper-
ate in a non-diffusion regime. In turn, the appar-
ent Michaelis constant depends on the amount of
enzyme (Fig. 2). This means that the enzyme
electrode acts in the kinetic regime with some
diffusion limitations [38]. To increase the sensitiv-
ity and linear calibration range an enzyme of
higher specific activity can be used.

The dependence of the enzyme electrode re-
sponse on pH has a pronounced maximum, as
was observed with other native enzymes. The pH
optimum for L-lactate oxidase action when MG is
used as the acceptor has not been investigated
before and it is complicated to draw conclusions
about the effect of immobilization on the enzyme
properties.
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The long-term stability of the enzyme elec-
trode depends mainly on the stability of 1-lactate
oxidase. In a paraffin matrix the stability of CMCP
is high and the enzyme electrode retains its sensi-
tivity for more than 2 months when stored in a
refrigerator. The low stability of the enzyme elec-
trode under the operating conditions is presum-
ably caused by the loss of the mediator and
enzyme. However, this problem was solved by
using a renovated electrode surface and short-
term electrode exposure in the solution.

Enzyme electrode selectivity

The selectivity of the enzyme electrode was
tested using a-p-glucose, ethanol and L-ascorbic
acid. The first two compounds were chosen for
the well known possibility of detecting them in
blood using enzyme electrodes. Ascorbic acid is
an electrochemically active compound, the pres-
ence of which could interfere with glucose, L-
lactate and other metabolite determinations using
enzyme electrodes [21].

At 0.15 V the electrode containing 20% of
enzyme responds to ascorbic acid but not to glu-
cose (10 mM) and ethanol (10 mM). The sensitiv-
ity of the biosensor was 5.4 times higher as com-
pared with L-lactate up to an ascorbic acid con-
centration of 0.21 mM. At the normal physiologi-
cal levels of ascorbic acid (40 uM) and r-lactate
(2.2 mM) in blood [39] the response of the en-
zyme electrode to ascorbic acid was 9.8%. The
electrode selectivity to ascorbic acid can be im-
proved by decreasing the electrode action poten-
tial and increasing the specific activity of the

enzyme.

Determination of L-lactate in whole blood

The enzyme electrode containing 5.9% of en-
zyme was used for the determination of r-lactate
in goat whole blood. Goat whole blood was cho-
sen as it contains a high physiological level of
L-lactate. For comparison, an L-lactate oxidase-
based rapid analyser (Eksan-L) was used [1]. The
L-lactate concentration in undiluted blood was
estimated to be 9.4 mM. To decrease the L-lactate
concentration during the determination the blood
was diluted 1.5-8-fold with buffer solution (pH
7.0). The rapid analyser was calibrated against 10
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mM L-lactate in buffer solution, whereas for L-
lactate determination with the enzyme electrode
the calibration graph was used in the range 1-10
mM 1-lactate.

There was an excellent correlation (r = 0.9979,

= 18) between L-lactate concentration deter-
mined in blood with the enzyme electrode and
using the reference method. The slope of the
correlation line was 0.94 and the intercept was
0.28 mM. The small positive intercept on the
y-axis can be explained by the non-linear charac-
teristic of enzyme electrode calibration. The coef-
ficient of variation of three parallel 1-lactate de-
terminations with the enzyme electrode was <
9.2%.

In conclusion, it has been illustrated that
graphite chemically modified with MG can be
applied to the preparation of an enzyme elec-
trode that is suitable for the determination of
L-lactate in whole blood. Such modified graphite
electrodes containing other oxidoreductases could
find a wide application as inexpensive enzyme
electrodes.

The authors thank G. Gleixner (Technical
University of Munich) for the purification of MG,
Dr. J. Marcinkeviciene for the determination of
MG reactivity, Dr. V. Miliukiene for supplying
blood samples and Dr. J. Piksilingaite for com-
ments on the manuscript.
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Abstract

A method for the determination of methamphetamine in urine using a methamphetamine-sensitive membrane
electrode was developed. No pretreatment of urine samples was required, which enabled methamphetamine excreted
in the urine of drug addicts to be assayed sensitively and selectively. The electrode was constructed by incorporating
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate as the ion exchanger and tricresyl phosphate as the membrane
solvent in a poly(vinyl chloride) membrane matrix. The detection limit for methamphetamine in urine was 10 uM.
The response characteristics were affected considerably by changing the membrane solvent and tricresyl phosphate
was found to be the most suitable for the determination of methamphetamine in urine.

Keywords: Ton selective electrodes; Potentiometry; Membrane electrodes; Methamphetamine; Urine

Methamphetamine is known to stimulate cen-
tral nervous system activity, it has a significant
potential for abuse and tolerance and its depen-
dence-producing property leads to psychological
disintegration [1]. In Japan, the use of this drug is
regulated by the Stimulant Drugs Control Act
passed in 1951. Nevertheless, methamphetamine
abuse is still endemic in Japan. Therefore, the
detection of methamphetamine in the urine of
offenders, which is analysed most commonly by
gas chromatography—mass spectrometry or in-
frared spectrometry after extraction of metham-
phetamine from the urine with an organic sol-
vent, followed by purification by thin-layer chro-
matography [1], forms a large part of the work-

Correspondence to: T. Katsu, Faculty of Pharmaceutical Sci-
ences, Okayama University, Tsushima-naka, Okayama 700
(Japan).

load of the Japanese Criminal Investigation Lab-
oratory in each prefecture. A great deal of effort
has been devoted to developing and improving
techniques used to determine methamphetamine
[1,2]. The methods reported hitherto include
spectrophotometry, spectrofluorimetry, chroma-
tography, mass fragmentometry and immunoassay
[1,2). '

We were interested in using an ion-selective
electrode, which is attractive for routine analyses,
as compounds can be determined easily with no
associated sample colour or turbidity problems
and hence the samples require no pretreatment.
Considerable attention has been paid to the de-
velopment and application of drug-sensitive elec-
trodes [3,4]. The initial methamphetamine-sensi-
tive electrode developed was a coated-wire type
and dinonylnaphthalenesulphonic acid was used
as the ion exchanger [5]. Selectivity data have

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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been evaluated for a few basic amino compounds,
but not for inorganic cations (such as Na* and
K*) which are important when analysing biologi-
cal samples. More recently, Hassan and Elnemma
[6] succeeded in constructing an amphetamine-
selective liquid-membrane electrode, based on the
use of a neutral carrier, dibenzo-18-crown-6 or
dibenzo-24-crown-8. The electrode showed a
highly sensitive and selective response to am-
phetamine, which lacks the N-methyl group of
methamphetamine. Although the response of this
electrode to methamphetamine has not been de-
termined, it would be expected to be weak, be-
cause the specific interaction between the host
crown ether and guest amphetamine was the ba-
sis of the electrode response [6].

In this study, a methamphetamine-sensitive
electrode was constructed by incorporating
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl}-
borate (NaTFPB) as the ion exchanger and tricre-
syl phosphate (TCP) as the membrane solvent
into a poly(vinyl chloride) (PVC) membrane ma-
trix. NaTFPB was chosen because of its highly
lipophilic character and high stability [7] and TCP,
which suffered no serious interference from
amines with high lipophilicities, was found to be
the most suitable for the determination of
methamphetamine in urine. This electrode en-
abled methamphetamine excreted in the urine of
drug addicts to be determined in situ. This ap-
pears to be the first attempt to determine a
biologically active drug excreted in urine directly
using an ion-selective electrode.

EXPERIMENTAL

Electrode system

The methamphetamine-sensitive membrane
electrode was based on a PVC membrane [8,9]
and its components were 0.5 mg of NaTFPB
(Dojindo), 60 w1 of TCP (Tokyo Kasei) and 30 mg
of PVC (degree of polymerization 1020) (Nacalai
Tesque). The materials were dissolved in tetrahy-
drofuran, poured into a flat Petri dish (30 mm
diameter) and the solvent was allowed to evapo-
rate at room temperature. The resulting mem-
brane was cut out and stuck to a PVC tube (4 mm
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o.d., 3 mm i.d.) using tetrahydrofuran as an adhe-
sive. Two other PVC membranes containing 2-
fluoro-2’-nitrodiphenyl ether (FNDPE) (Dojindo)
and di(n-octyl) phthalate (DOP) (Tokyo Kasei)
membrane solvents were prepared similarly. Each
PVC tube was filled with an internal solution of
10 mM methamphetamine hydrochloride and the
sensor membrane was conditioned overnight. The
electrochemical cell arrangement was Ag, AgCl/
internal solution/sensor membrane /sample so-
lution/1 M NH,/NO, (salt bridge)/10 mM
KCl/Ag, AgCl. The e.m.f. between the silver/
silver chloride electrodes was measured with an
appropriate field-effect transistor operational
amplifier (input resistance > 10> ) and
recorded. The volume of sample solution was 1
ml. The selectivity coefficients of the electrodes
were evaluated by the fixed-interference method
[8,9]. The detection limit was defined as the inter-
section point of the extrapolated linear regions of
the calibration graph [8,9].

Methamphetamine hydrochloride and ephe-
drine hydrochloride were purchased from Dainip-
pon Seiyaku and all the other chemicals were of
analytical-reagent grade, unless stated otherwise.

Gas chromatography

Methamphetamine in urine was extracted with
hexane, as described below, for determination by
conventional gas chromatography. Urine (5 ml)
was pipetted into a test tube (10 ml), followed by
addition of hexane (2 ml), in which a known
amount of the required internal standard com-
pound had been dissolved, then one drop of 5 M
NaOH was added to this mixture to lead the
methamphetamine into the hexane layer. The
tube was capped, shaken and centrifuged at low
speed and about 1 ul of the hexane layer was
injected directly into a gas chromatograph
(Hewlett-Packard Model 5890) equipped with a
DB-1 capillary column (J&W Scientific). The
carrier gas was helium, the splitting ratio was ca.
40:1, the flow-rate was 1.5 ml /min and the injec-
tion temperature was set at 300°C. The column
temperature was increased from 100 to 250°C at
10°C/min and then held at 250°C for 5 min. The
effluent passed into a flame ionization detector.
The identification and quantification of metham-
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phetamine were based on the retention time and
peak area relative to those of the appropriate
internal standard. Two internal standards were
used, hexadecane for the higher metham-
phetamine concentration range (> 5 X 107> M)
and tridecane for the lower range (<5x 1073
M).

RESULTS AND DISCUSSION

The effect of membrane solvents on the re-
sponse of the electrode to methamphetamine in
urine was studied first using NaTFPB as the ion
exchanger. Calibration graphs were obtained by
measuring known amounts of methamphetamine
added to a urine sample from a normal donor
and plotting the concentrations against the corre-
sponding e.m.f. values obtained. Typical results
obtained with the three membrane solvents used,
TCP, FNDPE and DOP, are shown in Fig. 1. Of
these, a wide range of linear responses and the
lowest detection limit (10 wM) were obtained
with TCP. Calibration graphs for these electrodes
were also obtained for methamphetamine in blood
serum and in a solution containing 0.5 M MgCl,.
In the latter instance, a high concentration of
MgCl, was added to adjust the ionic strength of
the solution [9]. The MgCl, salt was chosen be-
cause the response to magnesium is negligible,
which is apparent from the selectivity coefficient
of the electrode discussed later.

The detection limit and the slope of the cali-
bration graph of each electrode under these three
different conditions are summarized in Table 1.
The FNDPE-containing electrode showed a wide
range of responses to methamphetamine in serum

TABLE 1

Electrode parameters
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Fig. 1. Effect of membrane solvents on the electrode-response
to methamphetamine in urine. ® =TCP, a =DOP, & =
FNDPE.

with the lowest detection limit (5 uM), in con-
trast to the urine results, whereas DOP was infe-
rior to FNDPE and TCP for methamphetamine
determination in both serum and urine, although
all the electrodes afforded comparable detection
limits in 0.5 M MgCl, solution (1-2 uM). These
results demonstrate that the choice of membrane
solvent is important to ensure the lowest possible
detection limit for each type of sample obtained.
From the results of this study, the use of TCP is

Sample TCP FNDPE DOP
Slope Detection Slope Detection Slope Detection
(mV per limit (mV per limit (mV per limit
decade) (uM) decade) (uM) decade) (uM)

Urine 56 10 52 200 56 60

Serum 57 20 55 5 57 30

0.5 M Mg(Cl, @ 56 2 56 1 56 2

2 Added to adjust the ionic strength of the solution.
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TABLE 2

Selectivity coefficients, log Kl.‘”]‘," a

Membrane Interfering Concentra- Log
solvent ion () tion (M) K
TCP Mg2* 05 -55
Ca** 0.5 -52
Na* 0.5 —43
K* 0.5 —4.4
H* 0.5 -31
CH,;NHJ 0.5 -33
(CH,;),N* 0.05 -2.7
(C,Hy),N* 0.005 -14
Ephedrine 0.0005 -19
FNDPE Mg2* 0.5 -57
Ca?* 0.5 -5.1
Na* 0.5 -51
K* 0.5 —42
H* 0.5 —49
CH,;NHF 0.5 -37
(CH,),N* 0.0005 -09
(C,H N* 0.00005 0.7
Ephedrine 0.0005 -11

a j = Methamphetamine and j = interfering ion.

recommended for the determination of metham-
phetamine in urine, whereas FNDPE is the most
suitable for its determination in blood serum.

In order to establish the response characteris-
tics of TCP and FNDPE in more detail, the
selectivity coefficients of both electrodes were
also measured using the fixed-interference
method. The results, together with the concentra-
tions of interfering ions used, are summarized in
Table 2. The electrode made with TCP suffered
no serious interference from quaternary amines
with high lipophilicities and also showed a signifi-
cantly high selectivity for ephedrine, which is
structurally similar to methamphetamine. Such a
capacity of TCP to discriminate methamphet-
amine from various amines is important, because
electrode-sensitive amines and their metabolites,
other than methamphetamine, may be excreted in
urine simultaneously. A previous study [8] has
also demonstrated that a TCP-containing mem-
brane tends to respond to specific amines, inde-
pendently of the sequence of lipophilicities of
amines. Although TCP was superior to FNDPE
for the recognition of methamphetamine, it
showed a higher response to Na* than FNDPE.
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This appears to be the reason why FNDPE af-
forded the lowest detection limit for metham-
phetamine in blood serum, in which a high con-
centration of Na* alone is noticeable.

TCP was used thereafter, as the primary aim
of this study was to determine the concentration
of methamphetamine in the urine of drug addicts.
The response time of this electrode was less than
10 s when the concentration of methamphet-
amine was changed from 10 to 100 xM. The pH
dependence of the electrode with three different
methamphetamine concentration levels is shown
in Fig. 2. The pH of the solution was changed by
adding an appropriate amount of dilute hydro-
chloric acid or sodium hydroxide solution. The
ionic strength of the solution was adjusted by
adding 0.5 M CaC(l,, instead of 0.5 M MgCl,,
because Mg(OH), is deposited at high pH values
(pH > 9) [9]. The electrode response was inde-
pendent of pH over the pH range 3-8. The
significant increase in the potential observed be-
low pH 3 with the lowest concentration of
methamphetamine used (1 X 107> M) was due to

-50 |- 163M methamphetamine
-100 |-
S
g L
w
-150
-5
10 M
-200 A
A
L J 1 1 L 1 1 1 1
2 4 6 8 10

pH
Fig. 2. Effect of pH on the response of the TCP-containing
electrode to methamphetamine.
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Fig. 3. Plots of the methamphetamine concentration deter-
mined by gas chromatography vs. the electrical potential mea-
sured using the methamphetamine-sensitive electrode. Re-
sults for urine sample from 18 methamphetamine addicts (O)
and the calibration graph (@) of the electrode are shown.

interference from H* and the potential decrease
above pH 8 was attributable to an increase in the
concentration of unprotonated amines, as the pK,
of methamphetamine has been reported to be
about 9.5 [10]. The pH independence in the range
4-9 was suitable for the determination of
methamphetamine in urine, the normal pH range
of which is 4.7-7.8 [11].

Next, the electrode was used to determine the
methamphetamine concentration in the urine of
drug addicts. It is known that a relatively large
amount of methamphetamine is excreted in urine
without being metabolized [1]. Urine samples
from eighteen users arrested in Okayama prefec-
ture were analysed using the TCP-containing
methamphetamine-sensitive electrode and simul-
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taneously by gas chromatography (Fig. 3). The
methamphetamine concentrations determined by
gas chromatography are shown on the abscissa
and the corresponding electrical potentials deter-
mined with the electrode are shown on the ordi-
nate. The plots were virtually superimposable on
the calibration graph obtained with the TCP-con-
taining electrode, which is also shown. This close
correlation demonstrated clearly that metham-
phetamine in urine can be determined using this
electrode. No pretreatment of the urine samples
is required and, therefore, the determination can
be carried out in situ, offering a simple practical
assay of methamphetamine excreted in urine. This
advantage should make a valuable contribution
not only in forensic chemistry but in various other
fields requiring methamphetamine determina-
tion.

This work was supported by a Grant-in-Aid
from the Shimadzu Science Foundation.
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Abstract

The behaviour of the gallium (ITI) complex with morin in HOAc-NaOAc at a mercury electrode was investigated.
The adsorption phenomena were observed by linear-sweep voltammetry and drop-time curves. The electrode reaction
was found to be the irreversible reduction of the centre ion Ga(IIl) in the complex adsorbed on the surface of the
electrode. Under optimum conditions, the limit of detection and the linear range of the 1.5th-order derivative
linear-sweep adsorption voltammetry were 4 X 107'° mol 17! and 1 X 107°-1x 10~7 mol 17!, respectively. The
method can be applied to the determination of gallium in food samples.

Keywords: Voltammetry; Foods; Gallium; Morin

Although the mechanism of gallium uptake by
tumours has not been fully elucidated, the antitu-
mour activity of gallium has been demonstrated.
Methods capable of measuring trace gallium in
foods are required for studying the physiological
distribution of gallium in biological systems. The
electrochemical determination of ultratrace gal-
lium appears to be a useful approach. For the
polarography and voltammetry of gallium, com-
plexing media are the most suitable. The detec-
tion limits of anodic stripping voltammetry based
on the formation of its amalgam are 4 X 10™°-8
X 1078 mol 17! in a solution containing either
thiocyanate or salicylic acid [1-3]. When pulse
polarography was used, 7 X 10~7 mol 17! gallium
could be determined in the presence of alizarins
[4). Using single-sweep polarography, 1077-1078

Correspondence to: Wenrui Jin, Department of Chemistry,
Shandong University, Jinan 250100, Shandong (China).

mol 17! gallium can be measured in the presence
of ligands such as bromopyrogallol red [5,6], p-di-
methylaminophenylfluorone {7], cupferron [8],
alizarin complexone [9], cupferron-diphenyl-
guanidine [10], salicylfluorone [11] and pyrocate-
chol [12]. The adsorptivity of metal ion complexes
on the surface of an electrode can be used for the
accumulation of the substance to be determined.
The adsorption voltammetry of the gallium com-
plex with phenylfluorone based on this principle
has been reported [13]. The method allows 3 X
10~° mol 17! of gallium to be detected.

In this work the adsorption voltammetric de-
termination of gallium in the presence of morin
was investigated. The adsorptive and voltammet-
ric characteristics and the electrode process of
the system at a hanging mercury drop electrode
(HMDE) were studied. With this method, 4 X
107'° mol 17! of gallium can be detected when
the 1.5th-order derivative technique is used.

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved



66

EXPERIMENTAL

Apparatus

A Model SDP-1, 0.5th-order derivative polaro-
graph (Jintan Analytical Instrument Factory)
modified according to [14) (in order to add the
1.5th-order derivative technique mode) was used.
It was coupled with a Model LZ;,-104 X-Y
recorder (Shanghai Dahua Instrument Factory).
The three-electrode system consisted of a Model
SH-84 HMDE (Department of Chemistry, Shan-
dong University ) as the working electrode, a
platinum plate as the counter electrode and an
Ag/AgCl electrode as the reference electrode
connected to the analyte via a salt bridge filled
with 0.4 mol 17! HOAc + 0.4 mol 1! NaOAc
(pH 4.15). A Model UV 3000 UV-visible spec-
trophotometer (Shimadzu) was used for spec-
trophotometry. Electrolysis was performed using
a mercury-pool electrode with an area of 3 cm?.

Reagents and solutions

A 1x 1073 mol 17! stock solution of Ga(III)
was prepared by dissolving an appropriate amount
of Ga,0, (spectrally pure) in a small amount of
hydrochloric acid (analytical-reagent grade) in a
water-bath and diluting with water. Standard so-
lutions were obtained by diluting the stock solu-
tion with water. A 1X 1073 mol 17! stock solu-
tion of morin was prepared by dissolving an ap-
propriate amount of morin in ethanol. HOAc and
NaOAc were of analytical-reagent grade. All so-
lutions were prepared using doubly distilled wa-
ter.

Procedure

The supporting electrolyte was 0.4 mol 17!
HOAc-0.4 mol 17! NaOAc. The solution con-
taining Ga(IlI) and morin was deaerated for 15
min with pure nitrogen. The measurements were
carried out after a preconcentration step, in which
the solution was usually stirred during a precon-
centration time, ¢,, of 2 min at a preconcentra-
tion potential E,. After a rest period of 30 s, the
response curve was recorded by scanning the
potential in the negative direction either in the
conventional mode or with the 1.5th-order
derivative technique. Each measurement was per-
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Fig. 1. Cyclic adsorption voltammograms of morin and its
complex with Ga(IH): (1) 1x 107 mol 17! morin; (2) (1)+1
x107% mol 1! Ga(Il). 0.4 mol 1"! HOAc-0.4 mol 17!
NaOAc; E,=-020V; t,=2min; ¢, =30s; v =100 mV s~ %,

formed with a fresh drop with an area of the
HMDE of 1.41 mm?2. All potentials were mea-
sured against the Ag/AgCl electrode.

RESULTS AND DISCUSSION

Adsorptive and voltammetric characteristics of
the Ga(Ill) complex with morin

Two peaks (P, and P,) appeared in the linear-
sweep voltammogram of morin in HOAc-NaOAc
for E,= —0.20 V at ¢, =2 min (Fig. 1, curve 1).
The peak potentials E, and E,, are —0.53 and
—1.03 V, respectively. When a micro amount of
Ga(III) is added to the solution, a new peak (P,)
appears at a position between Epl and E, . Ina
solution of pH 4.15, the peak potential of P, is
—0.95 V for a scan rate of 100 mV s™'. It seems
logical to assume that the new peak results from
the Ga(III) complex with morin.

Figure 2 shows a typical plot of the 1.5th-order
derivative of the current with respect to time for
the reduction of Ga(III) complexes with morin.
The peak-to-peak value of the 1.5th-order deriva-
tive plot, e[’,p, is more sensitive than the peak
current on the voltammogram of the reduction of
the Ga(ITI) complex, i ps €pp INCreases on extend-
ing ¢,. Over a relatively long ¢,, adsorption equi-
libria between the complex on the surface of the
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Fig. 2. Typical 1.5th-order derivative plot of current versus
time for the Ga(Ill) complex with morin. E,=—0.65 V;
v =69 mV s~!; other conditions as in Fig. 1.

electrode and that in the solution are established
(Fig. 3); i, and e, are proportional to the poten-
tial scan rate, v, and v2°, respectively. These
results are characteristic of the reaction of ad-
sorbed reactants on the electrode [15-19].

The drop-time curves of the supporting elec-
trolyte and that of solutions of morin and its
complex with Ga(III) are shown in Fig. 4. When
morin is added to the supporting electrolyte, the
drop time decreases in the potential range from 0

0 40 80 120 160 200 240

tals
Fig. 3. Dependence of e, of the Ga(III) complex with morin
on the preconcentration time at different concentrations of
Ga(III). Ga(IIl) concentration: (1) 5X 1078 mol 17%; (2) 1x
10~7 mol 1L, Conditions as in Fig. 1.
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Fig. 4. Drop-time curves: (1) 0.4 mol 1! HOAc-0.4 mol

17 'NaOAc; (2) (1) +1x10~% mol 1~ morin; (3) (2)+1%x10~*

mol 17! Ga(IID).

to —0.60 V. In the presence of both morin and
Ga(IIl), the shape of the drop-time curve is the
same as that for morin alone. However, the drop-
time is lower in the potential range between 0.0
and —1.20 V, demonstrating the adsorptivity of
the Ga(III) complex with morin. The adsorption
of the complex on the surface of the mercury
electrode is dependent on the potential. The ad-
sorption is stronger between —0.60 and —0.70 V.

Electrode process

The absorbance maxima of morin are located
at 255 and 345 nm for absorption spectra in 0.4
mol 17! HOAc-0.4 mol 1-' NaOAc. When
Ga(II) is added to the solution, a new ab-
sorbance peak at 432 nm appears. This means
that a Ga(III) complex with morin is formed in
the solution. The absorbance peak at 432 nm
increases with increasing concentration of Ga(I11I)
until a maximum absorbance value is observed at
a ratio of Ga(IIl) to morin (L) of 1: 3. This is
evidence for the formation of a complex of 1: 3
composition, viz., GaL ;. Therefore, the most im-
portant reaction in the bulk of the solution in-
volves the following equilibrium:

Ga(Ill) + 3L = GalL, (1)

The value of e;,p for the reduction of the
complex adsorbed has also a maximum, when the
ratio of the concentration of Ga(IIl) to that of

morin is 1 : 3. This means that the complex in the
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bulk of the solution and the complex adsorbed on
the surface of the electrode have the same com-
position. Thus, the adsorption process can be
expressed as follows:

GaL; + Hg = GaL,(ads)(Hg) (2)

In order to obtain some information on the
reactants and products, electrolysis was used. The
working electrode was a mercury-pool electrode.
An electrolysis potential of —1.00 V (more nega-
tive than the peak potential of reduction of the
complex) was used. With increasing electrolysis
time, the peak current of reduction of the com-
plex decreased to zero. The mercury-pool elec-
trode was removed from the solution and washed
with doubly distilled water. The mercury was
poured into a cell without Ga(IIl), then a smali
amount of HCl and water were added. If gallium
was produced in the mercury during electrolysis,
it would be dissolved into the HCI solution in the
cell. After a few minutes (with stirring), definite
amounts of HOAc, NaOAc and morin were added
to the cell, giving concentrations of 0.4, 0.4 and
1x107% mol 171, respectively. In this solution
and using linear-sweep adsorption voltammetry
with the HMDE, a peak at E,= —0.95 V was
obtained. Obviously, this peak is produced by the
complex of Ga(III) with morin adsorbed on the
surface of the electrode. Also, the gallium was
originally a component present in the mercury
pool electrode produced during -electrolysis.
Hence it is reasonable to propose that the prod-
uct of the reduction of the complex is metallic
gallium and it can be inferred that Ga(IIl) in the
complex GaLl, is discharged in the interfacial
reaction. When a definite amount of morin was
added to the cell after the electrolysis, no peak
due to reduction of GalL, appeared. This indi-
cates that Ga(III) in the complex has been re-
duced and was taken up in the mercury electrode,
which was removed from the cell. Let us choose
an electrolysis potential of —0.85 V (more posi-
tive than the peak potential of reduction of the
complex). After the peak current of reduction of
morin at E,= —0.53 V had dropped to zero
(which means that the morin has been reduced
and is absent), a definite amount of Ga(III) was
added to the cell. By using linear-sweep adsorp-
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Fig. 5. Linear-sweep adsorption voltammograms of the Ga(III)
complex at different scan rates, v: (1) 30; (2) 50; (3) 74; (4) 86;
(5) 100; (6) 120 mV s~ . Conditions as in Fig. 2.

tion voltammetry, the peak P, corresponding to
the reduction of the Ga(III) complex was not
obtained. If a definite amount of morin was added
to the cell, the peak corresponding to the reduc-
tion of Ga(IIl) complex was obtained again. This
indicates that P, corresponds to the reduction of
the Ga(III)-morin complex and not to a complex
of gallium(ITI) with the product of reduction of
morin, which is produced at a potential more
negative than —0.53 V. The peak potential P,
does not change with pH, suggesting that protons
do not take part in this interfacial reaction of the
complex. This means that the reactant cannot be
morin, because if morin is the reactant protons
will be consumed.

From the above experiments, it can be sug-
gested that the reactant is Ga(IIl) in GaL, ad-
sorbed on the surface of the mercury electrode
and the products are Ga amalgam and morin,
which is also adsorbed on the surface of the
electrode based on the drop-time curves shown in
Fig. 4.

Figure 5 shows the linear-sweep adsorption
voltammograms of the Ga(III) complex at differ-
ent scan rates. From the asymmetric shape of the
peak and the facts that the position of the peak
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on the potential axis shifts in the negative direc-
tion with increasing scan rate and that no peak
corresponding to the oxidation of the product of
the reduction of the complex on the cyclic ad-
sorption voltammograms of the Ga(III) complex
appears, it may by concluded that the interfacial
electrochemical reduction of the complex is an
irreversible process [16]. The apparent transfer
coefficient of the interfacial reaction, an, can be
taken from the peak half-width, W, ,,;., according
to the following equation [16]:

an=0625/W, (3)

The peak half-width is 40 mV. From this value,
an « value of 0.52 and an n value of 3 can be
calculated; an can also be obtained using the
relationship between E; and log v according to
the following equation [16]:

E,;,=K-(2303RT/anF) log v (4)

where v is the scan rate. From the slope of linear
plot of E_; vs. log v, «a=05 and n=3 are
obtained. Both values are in agreement with those
obtained from the peak half-width.

Hence the interfacial reaction can be ex-
pressed as follows:

GaL ;(ads)(Hg) + 3¢~ — Ga(0)(Hg) + 3L(ads)
(5)

Analytical application

It was found experimentally that the optimum
composition of the supporting electrolyte is 0.4
mol 17! HOAc-0.4 mol 17! NaOAc; the optimum
concentration of morin is 1 X 107 mol 17! and
the optimum preconcentration potential is —0.65
V. Under these conditions, the linear range and
the detection limit of 1.5th-order derivative lin-
ear-sweep adsorption voltammetry are 1 X 107°—
1x1077 mol 17! and 4 X 10~ mol 17}, respec-
tively. Experimental results showed that a 1000-
fold excess of Ca(I11) and Mg(II), a 500-fold excess
of Ni(Il), Cd(IT) and Pb(ID), a 200-fold excess of
Fe(I1II) and AKIII), a 100-fold excess of Cu(II)
and Zn(II) and a 40-fold excess of Cr(III) do not
interfere in the determination of Ga(IlI). The
interference of metal ions can be overcome by
extraction.
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TABLE 1

Results of the determination of gallium in samples of food
and recoveries of Ga(111) added to the samples

Sample Content deter- Average
mined (ugg™?) recovery (%)

Wheat flour 0.130, 0.121, 0.130 96

Millet 0.156, 0.160 103

Rice 0.182, 0.191 111

Maize flour 0.062, 0.069 92

Samples of food (ca. 0.5 g) were digested with
a mixture of 3 ml of HNO; and 3 mi of HCIO, in
a beaker [20]. The small amount of white residue
was dissolved with a small volume of water. After
adding 2 ml of 10% ascorbic acid solution, the
mixture was left for 5 min, then 22 ml of 7 mol
17! HCl were added into the beaker, and the
solution and 30 ml of a mixture of benzene and
ethyl acetate (1 + 1) were transferred into a sepa-
rating funnel. The solution was vibrated for 1
min. The aqueous phase in the funnel was dis-
carded. The organic phase was washed with 30 ml
of 7 mol 17! HCl and the aqueous phase was
discarded. Then the organic phase was extracted
twice with 20-ml volumes of water. The 40-ml
extract (aqueous phase) was removed from the
separating funnel and boiled for 10 min. After
cooling, the solution was diluted to 50 ml in a
50-mi volumetric flask. A 10-ml volume was taken
from the flask and transferred into a cell and the
1.5th-order derivative plot of current was
recorded. The 1.5th-order derivative plots of cur-
rent were also recorded for the solution after
adding a standard solution of Ga(III) to the sam-
ple solution under the same conditions. The
amount of gallium in the sample solution can
thus be determined from the resulting standard
addition plot. Typical results obtained are sum-
marized in Table 1.
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Abstract

The effect of errors in the signal model in a matched filter for use in the quantification of chromatographic data
and the influence of the noise type on this effect are evaluated. The errors are modelled as incorrect parameter
values in an otherwise correct model, and their effect is monitored in the signal-to-noise ratio in the output of the
matched filter. Normalization of the matched filter on the variance of the noise in the output makes the matched
filter output a direct measure of this signal-to-noise ratio. The normalized matched filter output as a function of the
signal model parameters is derived mathematically for a Gaussian signal and first order band-limited white noise.
This function has a maximum for the correct signal model, suggesting the use of the maximum in the output of the
normalized matched filter as the criterion in a Simplex optimization of the signal model as a means of correcting for
signal model errors. Computer simulations confirm the feasibility of this approach. The signal-to-noise ratio
improvement of the Simplex optimized matched filter as a function of signal-to-noise ratio in the input and the time
constant of the noise is discussed, both on the basis of the mathematically derived formulae and the results of the

computer simulations.

Keywords: Chromatography; Coloured noise; Matched filtering; Noise; Noise model; Quantification; Robustness;

Signal model errors; Signal/noise enhancement

The work described here fits in with the pur-
suit of optimal procedures for data processing in
analytical chemistry, and for the field of chro-
matography in particular (as described in e.g.
{1-3]). An optimal procedure extracts the highest
amount of information from the data. The infor-
mation content of a result depends on its reliabil-
ity, i.e. its accuracy and precision. This publica-
tion is concerned with the precision aspect of
quantitative analytical information, and, in partic-
ular, with the application of a procedure known

Correspondence to: H.C. Smit, Laboratory for Analytical
Chemistry, University of Amsterdam, Nieuwe Achtergracht
166, 1018 WV Amsterdam (Netherlands).

as the matched filter (MF), or matched linear
system.

The MF was introduced in analytical chemistry
in the early 1970s [4], but it has not become a
widely applied technique. Therefore, we will start
by developing the argument in favour of its use in
quantitative chromatography. After that, we will
give a mathematical description of the MF. The
major topic covered in this work is the robustness
of the MF with respect to signal model errors.
We will evaluate this effect mathematically for a
specific situation for which the mathematics can
be solved relatively easily. Following this evalua-
tion, the results of computer experiments with a
method to correct the signal model errors will be
presented.

0003-2670,/93/$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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INTRODUCTION OF THE MATCHED FILTER

Signal intensity estimation

The term chromatography is used here to indi-
cate a system that consists of injection, column,
and single-channel detection. The detector data
are modelled as consisting of transient signals,
corresponding to components, and additive noise.
Both signals and noise are defined with respect to
a base level, whose value is taken to be zero
throughout the current work, thus excluding the
aspect of base-level estimation from the consider-
ations. A chromatographic signal will be de-
scribed as a shape multiplied by a scale factor,
located on a specific position in the data. In
quantitative chromatography, the signal property
to be estimated from the data is the signal inten-
sity, which is not necessarily identical to the sig-
nal scale factor. It will be shown that signal
intensity can be defined and estimated in various
ways, each estimator having its own merits. The
choice of an estimator crucially affects the quality
of the overall quantification. The current work is
dedicated to finding an optimal estimator, i.e. an
estimator with minimal systematic and random
error.

We recognize two error sources in the estima-
tion of signal intensities from detector data: sig-
nal overlap and detector noise. Signal overlap is a
deterministic phenomenon. It will lead to a sys-
tematic error when the intensities of overlapping
signals cannot be determined individually, and
the concentrations of the components differ be-
tween samples or between sample and standards.
Signal overlap poses a complication of the appli-
cation of the MF that will not be treated in this
publication. Only completely separated signals are
studied, modelled as the chromatograms of a
pure compound. Detector noise is a stochastic
phenomenon and therefore a source of random
error. It is assumed here that the noise is addi-
tive, normally distributed with zero mean, that it
is (weakly) stationary and ergodic. Noise will be
described by its power spectral density (PSD).

Peak height
The amplitude in any point of the signal can
be used as the measure of signal intensity in
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quantification. It is estimated as the value in a
point that is fixed for all standards and samples.
The obvious point to use is the signal maximum,
the peak top, since it has the lowest relative
standard deviation of all points in the signal and
since it is the easiest point to recognize. Thus, the
estimator is equal to the signal scale factor, multi-
plied by the maximum of the signal shape. This
estimator, peak-height measurement, is the sim-
plest signal intensity estimator conceivable. Its
main problem is the estimation of the position of
the maximum of the signal component in the
data. The larger the variance of the noise additive
to some signal, the more likely the true signal
maximum will be obscured by the noise.

Peak integration

Signal intensity can also be defined as the
integrated signal, which is equal to the integral of
the signal shape, multiplied by the signal scale
factor. The practical advantage of this definition
over the previous one is that, under specific cir-
cumstances, it can be estimated with less random
error. This will be illustrated with a simple exam-
ple with discrete data.

When the data consists of a signal that is a
constant and noise that is white, i.e., the noise
contributions in the individual points are uncorre-
lated, the relative standard deviation of the sum
over n points will be less than that of an individ-
val point by a factor equal to the square root of
n.

In the chromatographic reality, a signal is
peak-shaped and an increase in n will not give a
constant decrease in the relative standard devia-
tion, since points far from the maximum will
contribute only little to the sum. Therefore it may
be expected that there is an optimal value for n.
For asymmetric peaks and for coloured noise, the
optimal value will be different. For several signal
shapes and noise types the optimal value has
been derived mathematically [5]. The derivations
show that for some situations, the optimal value
is so low that integration reduces to peak-height
measurement, indicating that the intuitive advan-
tage of integration has a limited validity.

In practice, integration is not equal to taking
the integral over the optimum interval on the
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correct position, but to taking the sum of the
values for the points measured between the esti-
mated begin and end of the signal. The uncer-
tainty associated with these estimations makes
the comparison of practical integration with prac-
tical peak-height measurement more complicated
than the comparison described above. We will
not discuss this any further.

Moving average

The intuitive argument in favour of integration
is based on a description of the data in their
original form, i.e., in the time domain. In order to
extend the argument to other signal intensity
definitions, and ultimately to the MF, it is useful
to turn to the Fourier or frequency domain. For
this purpose, integration can be described as
measuring the maximum of the signal component
in the output of a moving-average filter, analo-
gous to peak-height measurement in the original,
unfiltered data [6]. The filter in this description
takes the average over the number of points that
is summed in integration. The operation of this
filter can be described mathematically as a cross-
correlation of the detector data with a block-
shape, or, in the Fourier domain, as the multipli-
cation of the Fourier transform (FT) of the data
with the complex conjugate of the FT of the
block-shape, which is a sinc function.

The block-shape is the impulse response, the
corresponding sinc function the transfer function
of the moving-average filter. The transfer func-
tion of a linear filter can be considered a fre-
quency weight function, acting upon the FT of
the data being filtered. Because of the linearity of
both filter and FT, the weight function operates
on the FTs of the signal and the noise component
in the data separately. However, FTs are essen-
tially complex functions, which complicates the
evaluation of the weight function. Furthermore,
noise is not defined by its FT, but by its power
spectral density, which is the FT of its auto-corre-
lation function (ACF). Fortunately, a linear filter
can also be described as acting on the PSD of the
data, taking the square of the norm of the filter
transfer function as the weight function. For the
moving average this is a sinc?. Note that the PSD
of the data is the sum of the PSDs of signal and
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noise and two cross-power spectral densities.
These cross terms are in fact cross-correlations
between signal and noise and their expected value
is zero.

The Fourier argument in favour of the moving
average, and therefore integration, is based on
observation of the ratio of the signal power to the
noise power in each frequency. A realistic peak-
shaped signal, e.g., a Gaussian, consists primarily
of relatively low frequencies. Assuming white
noise, one can imagine that there will be high
frequencies whose power originates from the
noise rather than from the signal. By giving these
frequencies little weight, the total noise power is
reduced, whereas the total signal power is hardly
affected. This is what the moving average does,
with its sinc?-shaped weight function, a function
that can be tuned to resemble the signal PSD. In
fact, the moving average acts as a low-pass filter.

The period of the sinc? function is inversely
proportional to the width of the block-shape in
the time domain. A narrow block will have little
effect on the noise, and a wide block will not only
affect the noise, but also the signal. Just like in
the time-domain argument for integration, it can
be expected that there is an optimum value for
the width of the block-shape.

When integration would indeed be imple-
mented as peak-height measurement after mov-
ing-average filtering, it would face the same prob-
lem as normal peak-height measurement: finding
in the data the position of the maximum in the.
signal component. Because of the signal-to-noise
ratio (§/N) improvement brought about by the
filter, the detection is expected to be more suc-
cessful with filtering than without. In other words,
the random error introduced by the detection will
be less, or, for a specific error level, the input
noise level at which the maximum can be de-
tected will be higher.

Cross-correlation

The intuitively optimal filter performs a weigh-
ing in the frequency domain that is consistent
with the signal-to-noise power ratio per fre-
quency. Following this intuition, the moving aver-
age is not optimal. It has side lobes, that, al-
though rapidly decreasing in amplitude, will give
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weight to frequencies primarily describing noise.
Furthermore, the PSD of the signal will usually
have a shape that is different from the shape of
the main lobe of the sinc?.

Assuming white noise, the intuitively optimal
filter would use the PSD of the signal itself as the
frequency weight function. This operation is
known as cross-correlation. The working of its
weighing principle can also be compared to that
of integration in the time domain. The maximum
of the signal component in the output of the
cross-correlation is formed by taking the sum
over the signal, but, in contrast to integration,
weighing each point according to its relative stan-
dard deviation.

The maximum of the signal component in the
output of the moving-average filter can be used
as signal intensity estimator in conjunction with a
definition of signal intensity in terms of total
power. In the absence of noise, cross-correlation
of the data with the signal is equal to calculating
the auto-correlation of the signal. The maximum
of the auto-correlation is equal to the total power
of the signal. In practice, the data may be cross-
correlated, not with the signal itself, but with the
signal shape, in which case the maximum will be
equal to the scale factor of the signal that is
present in the data, multiplied by the total power
of the signal shape.

Peak-height measurement after cross-correla-
tion faces the same signal maximum detection
problem as the previously described signal inten-
sity estimators. Extending on the argument for
the moving average, the detection after cross-cor-
relation can be expected to be the most success-
ful.

Matched filter

Summarizing the intuitive argument: using a
filter that weighs all frequencies in the data ac-
cording to the ratio of signal power to noise
power per frequency and taking the maximum in
the output of this filter, constitutes an optimal
estimator of the intensity of the signal component
in the data, i.e., an estimator with minimal rela-
tive standard deviation.

In case of white noise, the filter consists of a
cross-correlation of the data with the signal, or
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signal shape. This is often called matched filter
(MF), being matched to the shape of the signal,
We prefer to use the term MF for the general
case in which the noise is not necessarily white.
This MF can also be described as a cross-correla-
tion, but not a cross-correlation of the original
data with the signal shape, but of the prewhitened
data with a likewise prewhitened signal shape.

Prewhitening refers to the operation of a filter
that transforms the PSD of the noise component
of the data into a constant for all frequencies.
Note that this transformation is designed for the
ensemble average of the noise PSD, not for the
PSDs of the individual noise realizations. Of
course, a prewhitening filter also affects the sig
nal, but the change is deterministic and known
and the result is what is referred to above as the
prewhitened signal.

When the maximum of the signal component
in the filter output is used as signal intensity
estimator, this intensity is defined, analogous to
the estimator based on cross-correlation, as the
total power of the prewhitened signal shape.

MF PRINCIPLE

Mathematically, the MF can be derived as the
linear system that minimizes the squared relative
standard deviation in the maximum of the signal
component in the output of the system, or, equiv-
alently, as the linear system that maximizes the
squared instantaneous S/N in that maximum
[7,8]. The square in the quantity to be optimized
arises from mathematical convenience, similar to
least-squares regression. The S /N optimization is
the more common derivation. Its aim can be
expressed, using a frequency-domain description,
as the system transfer function H(jf) that opti-
mizes:

[ THCERX G etz fu) df
[ VHGD 1S (f) of

M
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where y(¢) is the signal component in the output,
r the position of the maximum of y(¢), a,,, the
standard deviation of the noise in the output,
S(f) the power spectral density of the noise com-
ponent in the input, X(jf) the FT of the shape of
the signal component in the input and & the scale
factor of the signal component in the input.

The optimizing filter transfer function is based
on models of both the signal component and the
noise component in the input, i.e., models for
X(jf) and S(f). The scale factor is not included
in the filter. Since it multiplies both signal and
noise, it has no influence on the optimality of the
filter. The filter is defined by:

X*(Jf)
S(f)

where the asterisk denotes the complex conju-
gate. The prewhitening aspect of the MF can be
found in the denominator: dividing the FT of a
signal by the square root of the PSD of the noise
has the effect of prewhitening the noise. The
PSD in the denominator of Eqn. 2 whitens both
the signal X(jf) and its complex conjugate.

The role of the term p deserves some atten-
tion. Note that the filter that optimizes the S/N
at position ux in its output turns out to be a
function of that same position. The exponential
term containing g is the Fourier domain equiva-
lent of a time shift over . This means that the
filter can optimize the S/N at any position in its
output by adjusting this time shift, i.e., by moving
the maximum to the required position. Vice versa,
an arbitrary value for u in the filter transfer
function will only cause a time shift of the output,
without affecting the optimality of the §/N in
the maximum of the signal component. In prac-
tice, an additional time shift may be introduced
by the signal model, since the exact position of
the signal maximum is usually unknown.

Using the maximum of the signal component
in the output of the MF as signal intensity esti-
mator, implies the definition of this intensity as
being proportional to the total power of the
prewhitened signal shape, the proportionality
constant being the signal scale factor. This is
expressed mathematically by substitution of Eqn.

H(jf)= exp( —j2mfu) (2)
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2 into the expression for the signal component in
the MF output, found in the numerator of Eqn.
1:

+o | X(iF) 12
ywy =k UL o 3)

—=  S(f)

By substitution of Eqn. 2 into the denominator of

Eqn. 1 a remarkable property of the MF is found.

The variance of the noise in the output is equal
to the prewhitened signal shape power:

+o | X(J)I?

ol = — df 4

t f_w S( f) ( )

Therefore the signal intensity is proportional to
the squared maximum instantaneous S /N:

y(w)’
($/N)ouw="2

out

=k?y(p) (5)

Furthermore, the mathematical optimality of
the MF is valid only on the true position of the
maximum in the signal component in the MF
output. The uncertainty inherent to the detection
of this position prohibits the practical realization
of the predicted S/N. In the current work, the
statistics of the detection are not included in the
mathematics, but the role of the detection in the
estimation procedure at low §/N will be investi-
gated in computer simulation experiments.

The last general remark we wish to make on
the MF is that it has been designed for the
detection of signals in situations where signals
convey information by their presence instead of
their intensity, such as the pulses in the transmis-
sion of digital data. It has not been designed for
the quantification of signals and, not surprisingly,
the literature on this use is sparse [9,10].

SIGNAL MODEL ERRORS

Introduction

The MF can, of course, be optimal only if the
models that are used are correct. When using the
MF for chromatographic data, the signal model is
the shape of the peak. Since this shape is not a
constant throughout a chromatogram, using one
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filter for all the peaks in the chromatogram means
the use of incorrect models and therefore subop-
timality. Furthermore, especially at low S/N, the
shape of one particular peak may differ over
replicates of the chromatogram, further compli-
cating the use of the MF.

Therefore, the current work is focused on the
robustness of the MF with respect to errors in the
signal model. The aim is to evaluate the sensitiv-
ity of the S/N in the MF output to these errors.
The theory of the MF implies that an incorrect
model will result in a suboptimal filter, but it
does not directly tell us the shape of the opti-
mum. Is it flat or sharp? The influence of the
type of noise present, i.e., the noise model in the
MF (since the correct model is used), on this
shape will also be investigated. Furthermore, on
the basis of these evaluations, we will propose a
procedure for correcting signal errors, and we
will test this procedure using computer simula-
tions. In the computer experiments we will also
investigate the role of the signal maximum detec-
tion.

Modelling of errors

The signal model in the MF may be an empiri-
cally obtained shape, measured with high S/N,
or a mathematical model based on theory. For
the evaluation of signal model errors, we focus on
parameterized theoretical signal models. By do-
ing this, the model errors themselves can be
modelled by incorrect values for the parameters
in an otherwise correct model.

Furthermore, empirical shapes are by defini-
tion rigid. In chromatography, for the reasons
outlined above, they will often result in subopti-
mality. A parameterized model offers flexibility,
suggesting that the MF based on such a model
may be adapted to give truly optimal results.

Measuring the effect of errors

The performance of the MF as a function of
the signal model can be related to the maximum
S/N in the output. When the correct model is
used, the square of this ratio is proportional to
the maximum of the signal component in the
output. This suggests that the performance of the
MF can be measured directly from the MF out-
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put. However, because a filter affects both the
signal and the noise component, the absolute
value of the MF output is not sufficient to mea-
sure the filter performance and another approach
is required.

A practical and a theoretical approach can be
distinguished. The practical one is to identify
signal and noise by statistical processing, i.e.,
calculation of mean and standard deviation. The
theoretical one is to calculate the output variance
on the basis of the filter transfer function and the
PSD of the input noise.

We propose a further elaboration of the theo-
retical approach: normalization of the filter trans-
fer function on the output noise variance. In
other words, we introduce a normalized filter
described by the transfer function:

H(i
H(jf) = (A],f) (6)

The factor N is determined by demanding that
the variance of the noise in the output of this
filter equals one:

oZen= [ IH(F)IPS(S) df

1 +e
=2 _VHUHIS(H) df=1 ()

It follows that the factor N equals o, i.e.:

N ==y [ TIHOD SO af

+o | X(j Iz
1T ®

Using the normalized filter transfer function, the
output becomes a direct measure of the instanta-
neous S/N, irrespective of the signal model in
the MF and the noise present:

yulw) = [ HGFRX ) exp(i2mfu) df

1 ,+o
-~ f H(jf)kX(jf ) exp(j2wfu) df

out -~ —®

_¥(#)

= (S/N)ou )

out
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Note that the normalization is not designed to
evaluate noise model errors, since it is based on
the assumption that the output noise variance can
be calculated using just the noise model. When a
deviation between actual noise and modelled
noise should be accommodated, the formula for
the output variance should be:

e [ LXUD LIS
out e Sm(f)2

where the subscript m denotes the model power
spectral density. In earlier work [11] the MF was
normalized on the total power of the filter trans-
fer function. When this normalization is used, the
maximum of the signal component in the output
of the MF is not a direct measure of the squared
output S/N. This may be the reason why in the
earlier work a maximum in the output was not
found when the correct model was used.

df (10)

Mathematical derivation

General principle. The goal of the mathemati-
cal derivation is a formula describing the perfor-
mance of the MF as a function of signal model
errors. We assume a priori knowledge of the
signal position, thereby excluding signal maxi-
mum detection from the mathematical descrip-
tion of filter performance. Thus the desired per-
formance formula will give the value of the maxi-
mum of the signal component in the output of
the normalized MF as a function of the deviation
between the values of the parameters in the sig-
nal and those in the signal model in the MF.

For this derivation, mathematical models of
both signal and noise are required. As mentioned
earlier, the signal model should be parameter-
ized, to allow signal model errors to be modelled
as incorrect values of the parameters in an other-
wise correct model. Using a parameterized noise
model as well simplifies the investigation of the
influence of the type of noise on the signal model
error curve.

The first step in the derivation is to write out
the signal component in the output as a function
of time. Of course, the result will also be a
function of the parameters of the signal, the
signal model and the noise model. Secondly, the

7

maximum of this function with respect to time,
being the quantity to be optimized by the MF, is
found by taking the derivative with respect to
time and checking the sign change.

The resulting function should have a maximum
when the values of the parameters in signal and
signal model are identical. This can be checked
by taking the derivative of the function with re-
spect to these parameters and checking the sign
changes. Ideally, each pair of parameters can be
replaced by a single difference or ratio parame-
ter, so that the derivative with respect to these
combined parameters can be taken and a maxi-
mum should be found where these parameters
are zero or one, respectively.

The derivation will be performed here on a
specific example: the signal and the signal model
will be described as Gaussians and the noise will
be described by the first order band-limited white
noise model.

Gaussian signal model. The Gaussian shape
has been chosen as the signal model, because of
its mathematical simplicity compared to other
models, such as the exponentially modified
Gaussian (EMG) or the Gamma distribution. The
Gaussian is simple because it is symmetrical and
takes only three parameters to describe a signal,
using the formula:

t—t \?
-3 =) (1)

x(t)=A, exp

X

where x(¢) is the signal model in the time do-
main, A, the signal scale factor, ¢, the position
of the signal maximum and o, the width of the
signal. The shape of the Gaussian is defined by
only one parameter, the width. When used as the
signal model in the MF this shape is the only
property of interest, since the position will merely
cause a time shift in the filter output and the
scale factor amplifies both signal and noise and
leaves their ratio unchanged. Therefore, the sig-
nal width parameter is used to model errors in
the signal model.

First order band-limited white noise. The first
order band-limited white noise model requires
only one parameter, the cut-off frequency, to
define the shape of the PSD. This parameter can
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be varied continuously over a broad range of
values, allowing the description and generation of
both virtually white noise and highly correlated
noise with the same model. Furthermore, the
interpretation of the cut-off frequency is rather
straightforward; a high value corresponds to white
noise, a low value to correlated noise. Note that
the terms white and correlated are used here
with a relative rather than an absolute meaning.

The PSD of first order band-limited white
noise is defined as:

S(f) =

kBL (12)
i)z
fe

1+

where f_ is the cut-off frequency of the filter and
k ;. the power normalization factor, which can be
calculated to be:

- (13)

Mathematical results

The derivation of the signal model error curve
is given in detail in the Appendix. Here we will
work only with the resulting formula, which is:

Yal()
Axa',i/zox[4172fc2(a'”2, + of) + 1]
o' 1202 + 0x2)3/2(8772f620',3 + 1)1/2

(14)

Fig. 1. Theoretical § /N improvement by the MF, as a func-
tion of the signal model error parameter, for several values of
the relative noise correlation parameter.
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Equation 14 is not very transparent and we use
the following substitutions to render it more man-
ageable:

p=— (15)

Ux
UX
a=27fo0,=—
TC
These substitutions constitute relative measures
for the width of the signal model and the correla-
tion of the noise respectively. When p is small,
the signal model is too narrow, when p is large,
the signal model is too wide. Similarly, when « is
small, the noise is correlated, when « is large, the
noise tends towards white. The term 7, is the
time constant of the noise. It can be considered
the time domain equivalent of the cut-off fre-
quency.
Yet another substitution can be made:

S/N A 16
(S/N)n="" (16)
Using the Eqns. 14, 15 and 16 an expression is
derived for the factor by which the MF improves
the S/N, i.e., the factor by which it reduces the
relative standard deviation in signal quantifica-
tion:

_ (S/N)Out
MEuin = "5 /N )

V232 (1 + a? + a?p?) -
(1 +p2)3/2 Ja + 2ap?

The MF gain factor of Eqn. 17 has been plotted
as a function of log p, for several values of a, in
Fig. 1. The log has been taken to ease the inspec-
tion of symmetry in the operation of the filter.
Several observations can be made on the basis of
this figure. The most obvious one is that the gain
curves have a single maximum at position p =1,
showing that, as expected, the MF is optimal
when the correct model is used. It can be verified
mathematically that p = 1 is the only real positive
maximum of Eqn. 17 for all values of «. In
contrast to the position of the maximum along
the p-axis, both the height and the shape of the
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maximum depend on the noise type, i.e., they are
functions of a.

Let us consider the height first. It has been
plotted as a function of log « in Fig. 2. It is the
line marked “theory”, the other lines in the fig-
ure are part of the discussion of the experimental
results. The function is symmetrical with respect
to a minimum that can be calculated from Eqn.
17 to have coordinates a =2"% and MF,, =
(0.57)%%. The noise corresponding with this min-
imum will be called worst case noise. For the
noise types in and around the worst case there is
little to be gained by using the MF. Yet, given the
optimality of the MF, that is all there is to be
gained under those circumstances.

These circumstances are so problematic be-
cause of the similarity between the PSDs of noise
and signal, as illustrated in Fig. 3. This figure also
shows what is going on away from the worst case
noise, on both the white and correlated side. In
case of white noise, the total noise power is
spread out and only little noise power remains in
the signal frequencies. In case of correlated noise,
the noise power concentrates into the lowest fre-
quencies, again leaving little noise power in the
majority of the frequencies in which the signal
power resides. Note that when the MF is imple-
mented as a digital filter working on digitized
data, very white noise is not likely to be present
in the data, since an anti-aliasing low-pass filter,

_§=2  _s=4 s=8 s=16 theory

Fig. 2. Theoretical curve and practical curves for several
relative sample frequencies (s: points per sigma of the peak)
of the S /N improvement by the MF using the correct signal
model, as a function of the relative noise correlation parame-
ter.
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3 2 -1
Log(f)

= 041 0.7 10 signal

Fig. 3. Power spectral densities (total power normalized to 1)
of Gaussian signal and first order band-limited white noise for
several values of the relative noise correlation parameter a.

placed before the analog-to-digital convertor
(ADC), will have removed all frequencies higher
than half the sample frequency of the ADC. -

In contrast to its height, the shape of the
maximum in the MF gain curves as a function of
signal model error cannot be quantified directly
as a function of the noise type. Therefore, the
discussion of the shape will be more qualitative.
It can be seen in Fig. 1 that for a certain maxi-
mum height, the curve for white noise is wider
than the one for correlated noise. From this it is
concluded that the MF is more robust in case of
white noises. It is also observed that the curves
differ in symmetry.

Both effects are illustrated in Fig. 4. Here the
ratio of the height of the maximum in the gain
curve to the height in points at both sides of the
maximum is plotted as a function of log «. The
points chosen are p=0.2 and p=35, ie., the
signal model in the MF is taken five times to
narrow and five times too wide, respectively. Both
for small and large «, the ratios at both sides are
identical, indicating a symmetrical curve. Follow-
ing the curves in Fig. 4 from small to large «, it is
observed that at first the sensitivity for too wide
models decreases faster than that for narrow
models, with a maximum difference for a value of
a just below 1, beyond which the tables are
turned. The difference, also plotted in Fig. 4, is a
measure of the asymmetry in the MF perfor-
mance versus error curves. It shows that for a
range of noise types, the MF is more sensitive
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gain(p=1)/gain(e=r)

r=0.2 r=5  difference

Fig. 4. Ratio of the §/N improvement by the MF using an
incorrect signal model to the gain resulting from using the
correct model, as a function of the relative noise correlation,
for two values of the signal model error (p), and the differ-
ence between the two curves.

towards too wide models than it is towards too
narrow ones, though the effect is rather small.

In Fig. 5 the values of the signal model error
parameter p for which the gain brought about by
the MF equals one have been plotted as a func-
tion of the noise type parameter. No analytical
solution for these contours of the gain surface has
been found and therefore they have been approx-
imated numerically. For points in the area be-
tween the contours the MF enhances S/N. Out-
side the contours, application of the MF causes a
reduction of S/N.

,Loglp)

1 /
oS | /

]

/” \

0.5

R \
1‘5-1 0.5 05 1

0
Logfe)
Fig. 5. Contourplot of the S /N improvement by the MF as a

function of both the noise correlation (x-axis) and the signal
model error. Contours for improvement = 1.
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EXPERIMENTAL

Introduction

The mathematical treatment of the MF perfor-
mance in case of a signal model error, as pre-
sented in the previous section, shows that the MF
can be regarded as quite sensitive to this error.
Instead of accepting this sensitivity, or lack of
robustness, as a shortcoming of the MF, we sug-
gest that it can also be considered an advantage.
Our suggestion is to correct signal model errors
by optimization of the maximum of the signal
component in the output of the normalized MF.
To investigate the practical feasibility of this idea
an experiment has been set up on the basis of
simulated data, using the same model system as
in the mathematical section.

There are several differences between theory
and practice that may be expected to show their
effects in the experiments. Our theoretical treat-
ment of the MF works with signals that are
continuous and infinitely long, whereas in prac-
tice the data will usually be discrete and will
always have a finite length. The effect of this
fundamental difference can in general be re-
duced to negligible size by proper selection of the
sample frequency and the number of points that
is used in the calculations. The subject will not be
discussed here. Many textbooks on signal process-
ing or, more specifically, discrete Fourier trans-
formation cover this topic. A discussion in rela-
tion to MF can be found in [12].

Another aspect of the experiments is the de-
tection of the maximum in the signal component
in the MF output. In the theoretical derivation
we were able to observe the MF output on the
correct position, but in practice the exact position
is usually unknown and has to be estimated. To
investigate the influence of this estimation on the
overall performance of the proposed procedure,
the experiment has been carried out with detec-
tion and with preknowledge of the true position,
for a range of input S/N values. The position of
the maximum is a constant with respect to the
signal model error, since both signal and signal
model are symmetrical (see also Appendix; the
derivation of the maximum). The detection prin-
ciple used is purposely kept as simple as possible;
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it always takes the maximum of the output data.
The height of the maximum that is found using
this principle may be expected to have a positive
bias that will be visible particularly at low input
S/N values, because the detection will tend to
find a noise maximum instead of the true signal
maximum,

Set-up

For a range of S/N values and several time
constants of the noise, the maximum of the signal
component in the output of the normalized MF is
optimized using a modified Simplex procedure.
The experiment is performed with and without
detection of the maximum and repeated 1000
times. The C-source of the MF routine used is
available from the authors. The modified Simplex
has been used for the sake of simplicity and

TABLE 1
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generality, though the adaptation of only one
parameter is a somewhat degenerated form of
the Simplex principle.

The simulated data input records contain 1024
points, with the Gaussian peak, having a width
(o) of 4 points, positioned in the centre. Record
length and peak width allow the filter operation
to be performed as a linear convolution in the
time domain, with a filter impulse response con-
sisting of 256 points. The filter length has been
chosen to accommodate signal models that are
much wider than the true signal, to give the
Simplex the space to walk about.

The S/N values for which the procedure is
tested are quite low, ranging from 2 to 30, in
order to focus on the circumstances under which
the gain of the MF is most visible and most
desirable. The values are created using a fixed
peak height of 1 and a variable noise variance.

Results of application of the Simplex optimized normalized matched filter (with and without detection) applied to simulated data
[Three noises have been tested, characterized by the parameter a, over a range of S/N values. Tabulated are the mean and
standard deviation (of individual results) over 1000 simulations of the S/N gain, the signal model parameter estimate and the

detected position.]

a S/N True position Estimated position
Gain S.D. Parameter S.D. Gain S.D. Parameter S.D. Position S.D.
0.7 2 1.2 0.5 5 3 1.8 0.2 3 2 630 190
4 1.2 0.2 42 1.2 12 0.2 4.0 14 640 60
6 1.12 0.16 4.1 0.6 1.13 0.16 4.0 0.6 639 2
8 1.12 0.12 4.0 0.4 1.13 0.12 4.0 0.4 639.0 0.5
10 1.13 0.10 4.0 0.3 1.13 0.10 4.0 03 639.0 0.4
20 1.12 0.05 4.00 0.16 1.12 0.05 4.00 0.16 639.00 0.06
30 1.1 0.03 4.00 0.11 1.11 0.03 4.00 0.11 639.00 0.00
0.07 2 2.6 0.5 4.0 0.7 2.7 0.5 4.0 0.9 640 40
4 2.6 0.3 4.0 0.3 26 0.3 4.0 0.3 639.0 0.3
6 2.56 0.17 4.0 0.2 2.56 0.17 4.0 0.2 639.00 0.14
8 2.56 0.12 4.00 0.17 2.56 0.12 4.00 0.17 639.00 0.05
10 2.56 0.10 4.00 0.13 2.56 0.10 4.00 0.13 639.00 0.03
20 2.55 0.05 4.00 0.07 2.55 0.05 4.00 0.07 639.00 0.00
30 2.55 0.03 4.00 0.05 2.55 0.03 4.00 0.05 639.00 0.00
12.5 2 2.6 0.5 42 1.6 2.6 0.5 41 1.7 640 30
4 2.6 0.2 4.0 0.6 2.6 0.2 4.0 0.6 639.0 0.6
6 2.55 0.17 4.0 0.4 2.55 0.17 4.0 0.4 639.0 0.4
8 2.55 0.13 4.0 0.3 2.55 0.13 4.0 0.3 639.0 0.2
10 2.55 0.10 4.0 0.2 2.55 0.10 4.0 0.2 639.01 0.18
20 2.55 0.05 3.9 0.11 2.55 0.05 3.99 0.11 639.00 0.00
30 2.55 0.04 4.00 0.08 2.55 0.04 4.00 0.08 639.00 0.00
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The additive noise that is used in the computer
experiments is generated using a shaping filter
and normally distributed pseudo random white
noise [13]. The pseudo random generator at the
basis of the noise generation uses a linear congru-
ence algorithm with a 48-bit mask, followed by a
Box—Muller transformation to create normally
distributed noise [14]. The whiteness of the basic
noise has been checked by statistical testing of
the auto-correlation function [15].

The results of experiments performed with
three noise types, i.c., three time constants of the
first order band-limited white noise model, will
be discussed. The time constants used represent
the whitest, the worst and the most correlated
noise situation that can be simulated. The whitest
noise that can be modelled has a flat PSD up to
the highest frequency represented, which is half
the sample frequency. To simplify matters, the
sample frequency may be considered to be 1 Hz,
since in simulations it is not a fact but a matter of
interpretation. In that case the white time con-
stant equals 7~ ! and the corresponding a value
is 12.5. The worst case time constant is calculated
from the signal width and the worst case a (= 0.7)
to be 5.6. The most correlated noise that can be
modelled is the noise with the highest time con-
stant for which the PSD still distinctly converges
to zero. The largest time constant accepted by the
noise generation routine, using a PSD consisting
of 512 points, is 58, corresponding with an a of
0.07. The theoretical gain factors for white, worst
and correlated are 3.33, 1.12 and 2.55, respec-
tively.

For each experiment, the height of the maxi-
mum, the position of the maximum (detection
mode only) and the signal model parameter, i.c.,
the peak width, have been retained. The first
item is the one the experiment has been set up
for, the others are used to give insight in the
interpretation of the data.

RESULTS AND DISCUSSION

The results are collected in Table 1. The fol-
lowing features can be observed in the data:
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the use of detection of the signal component
maximum in the output instead of preknowledge
of the true value makes a difference only for
worst case noise at low S/N, where detection
causes the gain factor to turn out higher;

the gain factor is higher for low S/N both
with and without detection;

for worst case and correlated noise the gain
factor for high S/N is as predicted, but for white
noise the gain factor is lower than predicted even
for high S/N values.

As expected, the detection principle results in
a positive bias for low (S/N),,. When the signal
becomes obscured by the noise, the detection
tends to choose a noise maximum instead of the
signal. This image is confirmed by the fact that
the standard deviation in the maximum found by
the detection-based procedure in case of (S/N),,
= 2 is too small by a factor two; the maximum of
noise records has a smaller variance than entire
noise records. Also, the mean of the position
estimate is still about right in that situation, but
its standard deviation is quite large. This shows
that detection can come up with a maximum just
about anywhere in the record. Detection operates
on filtered data and the (S/N) ,, will be critical
for its performance. For worst case noise the
(§/N),,, will be smallest, which explains why the
effect of detection is largest for this noise.

An unexpected phenomenon is the increase of
the gain factor at low S/N even without detec-
tion. This can be explained as overfitting, i.e. the
Simplex optimized MF is, to some extent, able to
accommodate noise. This explanation predicts
that the effect will be larger for worst case noise
than for white noise, since worst case noise is
more similar to the signal. This is confirmed by
the data. It may be expected that the procedure is
given more opportunity for overfitting when de-
tection is used. Though the effect is very small,
overfitting does limit the use of the Simplex opti-
mized MF as signal intensity estimator for very
low §/N. It creates a bias of stochastic origin that
cannot be eliminated by calibration like a deter-
ministic bias.

The last observation to be discussed here is
the fact that the gain for white noise does not
come up to the predicted value. The explanation
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can be found in the finiteness of the experimental
data. In short: given a sample frequency, it is not
possible to represent noise that is whiter than
white. Cut-off frequencies higher than half the
sample frequency make no difference. The PSD
of the noise is flat and remains flat. Frequencies
that cannot be represented are folded back onto
the frequencies that can be. Therefore, the total
power is locked between zero and half the sample
frequency, in contrast to the theory, where the
power is spread out as the noise becomes whiter.
The problem is the sample frequency, that has
not been defined in our experiments in an abso-
lute sense, but rather relative to the signal. A
certain value for @ can be obtained for every
relative sample frequency; in the experiments
both the width of the signal and the colour of the
noise are defined in points, i.e., points per sigma
and points per time constant, respectively. For a
certain white «, a higher relative sample fre-
quency means a higher value for the time con-
stant, which in turn means noise that is more
correlated and therefore better representable.

We have tested this by recording the gain
versus «a curve for several relative sample fre-
quencies, using the MF routine on noiseless data,
without detection or optimization. The results are
plotted in Fig. 2. For white noise, i.e., positive
values for log a, the results are as predicted: a
high relative sample frequency gives a better ap-
proximation of the theory. For lower sample fre-
quencies, the gain as a function of a grows to-
wards a maximum. But there is more in this
figure: for correlated noise, we observe that the
gain for relatively high sample frequencies be-
comes larger than the theoretical value. This is an
artefact similar to the one observed for white
noise. There is a limit to the degree of correlation
that can be represented in finite data. For a
certain correlated «, a higher relative sample
frequency also means a higher value for the time
constant, which in turn means noise that is more
correlated and less representable. This has been
tested by using longer records, thus increasing the
resolution in the frequency domain, thereby in-
creasing the capability to represent low frequen-
cies. For longer records, the gains came closer to
the theoretical values, as expected.
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Conclusions

In the example of a Gaussian signal with first
order band-limited white noise, Simplex opti-
mization of the parameter value in the signal
model, in casu the peak width, results in the
correct value for the parameter and therefore the
theoretically predicted optimal S/N. In this opti-
mization, the maximum of the signal component
in the output of a matched filter, normalized on
the output noise variance, is used as the opti-
mization criterion. In general, estimation of this
maximum does not affect the results. The flexibil-
ity inherent to the optimization results in some
overfitting for very low (< 2) S/N values.

APPENDIX: DERIVATION OF THE MF’S SENSITIVITY
TO SIGNAL MODEL ERRORS

The following definition of the Fourier trans-
form will be used:

x(t) = [ XCF) exp(+i2mfr) df

X(if) =f_+:x(t) exp( —j2mft) dt (18)

Equation 11 is used to describe the signal. The
FT of this function is:

X(if) = A2, exp| -2(mfo,)’]

Xexp(—j2mft,) (19)

For the signal model in the MF a function m(¢)
will be used that is equivalent to x(¢), only the
subscripts are changed from x to m. Using a
model that differs from the true signal results in a
normalized MF having a transfer function:

1 M*(j xp( —j2m7fr
H,(if) =+ (Jf)z(r}() j2miT) (20)

The output of this filter is:

yu(6) = [ HD X (P exp(izef) o (21)
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Substitution of the signal and the signal model
gives:

A,,A,0,02T
(1) =

x [ x| ~2mf (02 + 02)]
xexp|—j2mf(r—t—t,+ tx)]}

x{S(f)} ' df (22)

This can be simplified using the following substi-
tutions:

t*=r—t—t,+t,

ky=A,A,0,02m7

k,=2m*(02+0a?) (23)
which gives:
Ya(1*)

ks +ooexp( kof?) exp(—j2mft*)

N S(f)

(24)

Because both the PSD of the noise and the first
exponential term are even with respect to f=0,
the FT reduces to a cosine transform:

ky +ooexp( k,f?) cos(2mft*)
N S(f)

ya(t*) = df

(25)

To find the maximum of this signal component in
the output the first derivative for ¢* is taken and
the result is equated to zero:

j.+ooexp( k,f?)
S(f)
><cos(27-rft*) df

* —
dt*y“( ) dt* N

L Tsgyest-tar)

X sin(27t*f) df=0 (26)

B. van den Bogaert et al. / Anal. Chim. Acta 274 (1993) 71-85

At this moment, the noise model (Eqn. 12) has to
be substituted:

27k, 4w 2
S -
Xsin(2mt*f) df=0 2n

The integral can be split into two integrals for
which standard solutions are found in literature
[16]. Substitution of these standard integrals gives
an equation for which three solutions are found,
but only one of these is a maximum: ¢* = 0. The
corresponding value of ¢ will be called p. Substi-
tution of this maximum and the noise PSD into
Eqn. 25 gives:

2

1 T
1+

Yo(m) = exp(—k,f?) df

(28)

This integral too can be split into two for which
standard solutions are available. The overall solu-
tion is:

k[ v 2
yn(ﬂ)—NkBL \/E +2fc2k;/2 (29)

The remaining unknown in this equation is the
normalization constant N, which can be calcu-
lated according to Eqn. 8 using the model M(jf)
instead of the signal X(jf):

A% | 8miflat + 1

N*=—
8V foo

g i%\
Substitution of Eqns. 13, 23 and 30 into Eqn. 29
gives the desired function:

Ya(1)

(30)

Axa,f,/za'x[477'2fcz(0”2, +ol)+ 1]
O'in1T1/4fcl/2(0',5 + 0x2)3/2(8772fczo',3 + 1)1/2

(31)
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Quantification of chromatographic data using a matched
filter: robustness towards noise model errors
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Abstract

The robustness towards noise model errors of a matched filter used for the quantification of chromatographic
data is investigated mathematically and by using computer simulations. It is shown that the matched filter is robust
under the assumption of first order band-limited noise. Two extremes of this model suffice for most situations. For
these extremes, i.e., for a very small or a very large value of the noise time constant, the filter reduces to a
cross-correlation with the signal model and to the second derivative of the signal model multiplied by —1,
respectively. When the matched filter is made part of a procedure in which signal model errors are corrected by
optimization of the filter performance, the noise model is critical at low signal-to-noise ratios and the correct model is

to be preferred.

Keywords: Chromatography; Coloured noise; Cross-correlation; Matched filter; Noise; Noise model errors; Optimiza-

tion; Quantification; Robustness; Signal /noise enhancement

The importance of using the correct noise
model in a matched filter (MF) for the quantifica-
tion of chromatographic data is evaluated. In
previous articles, the MF has been introduced as
a tool for quantification [1,2] and its robustness
towards signal model errors has been investigated
[3]. For the basic quantification technique in
chromatography, integration, the influence of dif-
ferent noise models has been investigated by
Laeven [4]. A common factor in these papers is
the consideration of noise models in chromato-
graphy and the notion of low-frequency noise in
particular [5].

The MF by definition uses correct models of
the signal component and the noise component in
the data in order to accomplish what it has been
designed for: an optimal signal-to-noise ratio

Correspondence to: H.C. Smit, Laboratory for Analytical
Chemistry, University of Amsterdam, Nieuwe Achtergracht
166, 1018 WV Amsterdam (Netherlands).

(S/N) in its output [6-8]. The availability of
these models is the basis of the mathematical
derivation of the filter, but in practice the cor-
rectness of the available models may not be guar-
anteed. The question that arises from this obser-
vation is how robust the matched filter is towards
discrepancies between the models and the actual
signal and noise. The current paper is focused on
answering this question with regard to the noise
model.

An important source of noise model error is
the uncertainty inherent to the establishment of
the noise model. Noise, being a stochastic pro-
cess, can at best be characterized by its average
behaviour, modelled in the time domain by an
auto-correlation function (ACF) or in the fre-
quency domain by a power spectral density (PSD),
being the Fourier transform (FT) of the ACF.
The average behaviour of a particular noise can
be established only on the basis of long records of
measurement data. The more correlated the

0003-2670 /93 /306.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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noise, the longer the record required to estimate
the behaviour with a given reliability. On the time
scale of a single chromatographic peak only noises
being quite different from each other will be
distinguishable and one might argue that the ben-
efit of employing the correct model cannot be
expected to be very large. This argument stresses
the importance of this research in the overall
evaluation of the MF as a data-processing tech-
nique, because it attacks the MF at one of its
roots. The use of a non-white noise model is a
feature that sets the MF aside from most other
data-processing techniques. To quantify the bene-
fit of this feature is a strong motive for the
investigations described in this paper.

It was found previously that signal model er-
rors can be corrected by optimization of the per-
formance of the MF [3]. This procedure can be
regarded an extension of the normal MF: by
building flexibility into the MF it can be kept
working when part of the required a priori infor-
mation is missing. To distinguish between the
normal MF and the extended, the latter will be
referred to as MFX. The matter of robustness
towards noise model errors will be investigated
for both the MF and the MFX. For the MF, the
investigation will be mathematical, for the MFX,
it will be experimental.

MATHEMATICAL INVESTIGATION OF THE MF

Derivation of the signal-to-noise ratio gain of
the MF

The research is limited to one completely re-
solved Gaussian peak, with additional first order
band-limited white noise. In this context, com-
plete resolution means simply that there is no
other peak in the data. Model errors are them-
selves modelled as incorrect values for parame-
ters in otherwise correct mathematical models,
allowing continuous variation of the errors. The
parameters are the sigma of the Gaussian peak
and the time constant of the noise. The effect of
an error is evaluated in the performance of the
filter, i.e., in the gain in §/N. S/N is defined
here as the ratio of the maximum of the signal to
the standard deviation of the noise. In the follow-
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ing, an expression for the gain as a function of
the signal, the signal model, the noise and the
noise model will be derived.

The MF is defined by the following complex
frequency response [6,7]:

M*(jf)
Sm(f)

where the asterisk denotes the complex conju-
gate, j2= —1, f the frequency, M(jf) the signal
model in the frequency domain, being the FT of
m(t), the signal model in the time domain, S,(f)
the noise model in the frequency domain (power
spectral density) and u the time shift introduced
by the filter.

In the time domain, the signal x(t) having a
Gaussian shape with a peak height equal to one
is defined as:

1(t—1t,\°
x(t)=exp[—5( . )] (2)

H(if) = exp( —j2mfu) (1)

x

where ¢, is the position of the signal maximum
and o, the width of the signal, the ‘“standard
deviation” of the Gaussian.

The signal model m(t) is defined by the same
expression, using subscript m instead of x for the
parameters. Signal and signal model are trans-
formed to the frequency domain using the follow-
ing definition of the FT:

x()) = [ TX(if) exp(+i2mfr) df

. 3)
X(if) = [ _x(1) exp(=j2mft) dt

The result of applying this transformation to the
signal is:

X(if) = V2w o, exp| ~2mfa,)’| exp(~j2mft,)
@

But for the subscripts, the expression for the
signal model in the frequency domain is identical.

The power spectral density of the first order
band-limited white noise is:

$.(f) = )

1+ 411'21'3f2
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where 7, is the time constant of the noise. For
the noise model, the expression is the same, but
with subscripts m instead of x. The PSD has
been normalized on its total power, i.e., the inte-
gral over all frequencies, which is equal to the
variance of the noise, equals one. Therefore, the
S/N in the input equals one, and the S/N in the
output is equal to the gain.

The signal component in the output is de-
scribed in the time domain as the inverse FT of
the product of the signal and the complex fre-
quency response of the filter:

y(1) = [ THUP)X(F) exp(i2mfo) df

+°°M*(1f)X(1f)
-/

s exp[j2mf(t—p)] df

(6)
The derivation continues with the substitution of
signal, signal model and noise model and solving
the integral. The maximum is found by taking the
derivative, equating the result to zero, solving this
equation and checking the sign change, as pub-
lished previously [3]. The result is:

V27 o,0,(02+ 02 +72)
y =
- 27 ( g2+ a? )/2

The variance of the noise component in the out-
put is calculated as:

ode= [ THUP)IPS(f) df

= S.(f)
= |2 8

J MU P 4] (8)
This is developed further by substitution of the
signal model, the noise and the noise model. The
integral can be split into three separate integrals
for which standard solutions exist [9]. The result
is:

(7)

Vr (40,,, 20,72 T2 )
= +

©)
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Dividing Eqn. 7 by the square root of Eqn. 9 gives
the output S/N.

Numerical investigation of the MF
Introduction. Two dimensionless parameters
have been introduced previously [3]:

p=—
o,
(TX

a=—
T

where p is a measure of the relative error in the
signal model and « is a measure of the relative
correlation of noise and signal in the input. In the
current paper a third dimensionless parameter is
introduced:

0’m
p=—"
Tm

where B is a measure of the relative correlation
of the noise model and the signal model in the
MF.

In a numerical investigation of Eqn. 9, prob-
lems may arise because the power of e may
become very large while the complementary error
function (Erfc) becomes very small. By combina-
tion of these terms under one integral, the nu-
merical instability of the equation is reduced,
though it remains sensitive to errors in the evalu-
ation of that combined term:

exp(a?) Erfc(a) = exp(az)f+wexp(—t2) dt

+oo
=f exp(a’ —t?) dt
a

Special attention is required for the practical
validity of the values chosen for the arguments. It
was shown previously [3] that a =10 indicates
virtually white noise in case of realistic sampling
frequencies. Due to the aliasing that occurs in the
sampling, larger values of « cannot not be repre-
sented in practice. A similar limitation exists for
correlated noise. In order to represent correlated
noise, frequencies close to zero need to be de-
scribed, i.e., a high resolution in the frequency
domain is required. Since the frequency resolu-
tion is inversely proportional to the length of the
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time record, long records are required for a high
resolution:

1 1
Af=—== 10
f T tnpts (10)

where Af is the frequency resolution, ¢, the
sampling interval and npts the number of points
in a record of data. The minimum frequency
resolution is chosen to be equal to the cut-off
frequency of the noise:

24

1
Afmin=.fx=F (11)

T, N 2mo,
Combining Eqns. 10 and 11, it follows that the
number of points in a record should obey:

2mo,

at

(12)

npts >
S

When the data are sampled at a rate of two
samples per sigma of the Gaussian (see Ap-
pendix), @ = 102 would require a record of over
1200 points containing just one peak of about 12
points. The existence of such a chromatogram is
not very probable and smaller values of « are
even less realistic. Arbitrarily, @« = 102 has been
chosen as the lower limit in the theoretical inves-
tigations. Figure 1 gives some examples of noisy
data.

The terms correlated and white are used as
relative measures. The lower the value for the
time constant, the whiter the noise and the higher
the value for the time constant, the more corre-
lated the noise. When the models in the MF are
correct, the gain arrives at a minimum for a =
2795 This situation is referred to as worst case
noise. The worst case is used as a point of refer-
ence. When « is larger than the worst case value,
we speak of white noise, when it is smaller, we
speak of correlated noise. The same terminology
is used for B, where white and correlated refer to
the models.

Robustness of the MF towards noise model er-
rors. The robustness of the MF towards noise
model errors has been investigated by making
plots of the gain as a function of B for different
values of «, when p =1. Three situations have
been distinguished according to the nature of the
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Fig. 1. Some examples of the simulated data for different
values of the relative noise correlation parameter «. The §/N
value, defined as the peak height divided by the standard
deviation of the noise, is 10 in all figures.

true noise: correlated (Fig. 2a), white (Fig. 2b)
and worst case noise (Fig. 2c). As a reference, the
gain for @ = B8 has been plotted in each figure.

The gain curves in Fig. 2a have a large plateau
around the correct value of the noise parameter,
showing that the MF is very robust towards noise
model errors when the noise is correlated. The
plateau is limited only to the white side, at roughly
the same B for all investigated noises. A B well
on the plateau for all noises, e.g., B = 0.01, de-
scribes a filter that can serve as a standard for
relatively correlated first order band-limited
noise. This is evaluated in the next two sections.
For white values of B, the curves cross the opti-
mal line and join on a plateau with a height
below gain=1. The use of a completely white
noise model in case of correlated noise worsens
S/N.

In Fig. 2b the curves again reach a plateau,
indicating their robustness. The plateau is limited
at the same value of B for both values of a,
suggesting that on the white side too, a single
noise model can serve as a standard (in this case,
e.g., B =10). The use of a correlated noise model
in case of white noise gives a worse result than
use of the correct model, but the deterioration is
not equal for all white noises. Furthermore, the
gain of a filter with a correlated model in case of
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log(B)
a=B log(a)=-2 log(a)=-1.5 log(a)=-1
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Fig. 2. The gain in S /N effected by the matched filter, as a
function of the noise model correlation parameter B, for
several values of the true noise correlation parameter «. The
signal model is correct in all curves. (a) True noise is corre-
lated; (b) true noise is white; (c) true noise is worst case.

white noise is somewhat larger than vice versa,
i.e., wrongly assuming white noise is more de-
structive than wrongly assuming correlated noise.
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log(a)
B=a log(B)=-2 log(B)=1

Fig. 3. The gain in S /N effected by the matched filter, as a
function of the true noise correlation parameter a, for several
values of the noise model correlation parameter 8. The signal
model is correct in all curves.

In Fig. 2c it is observed that worst case noise is
the most critical noise type; the curve merely
touches the optimal line and has no plateau like
on the white and correlated extremes. Moving
away from the worst case to either the white or
the correlated side, the development of the
plateaus is observed in a flattening of the opti-
mum.

Comparison of correct, fixed correlated and fixed
white noise models. In order to investigate the
merit of using the correct noise model, the MF
gain has been calculated as a function of the true
signal correlation «, for the two “standard” val-
ues of the noise model correlation B8, keeping the
signal model correct (p = 1). The results are plot-
ted in Fig. 3. The curve for B8 = « shows what can
be achieved by the truly MF. The curves for
B =10 and B =0.01 correspond to filters that
assume white and correlated noise, respectively.
When the true noise becomes more correlated
than worst case noise, the gain on basis of the
white noise assumption distinctly lags behind the
optimum. The same holds for the correlated noise
model in case of white noise, but the difference
does not become as large.

When the gains resulting from the different
noise models have to be compared in practice,
statistical testing is required. The comparison of
gains comes down to a comparison of output
S/N values or relative standard deviations. The
error in the estimation of the signal will always be
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much smaller than the error in the estimation of
the standard deviation and what remains is a
comparison of standard deviations. The square of
the ratio between two gains is equal to an F-test
criterion. From this criterion, a one-sided confi-
dence limit and the F-distribution, it is possible
to calculate the number of observations that is
required to conclude if the gain resulting from
the use of the correct noise model is bigger than
that of another model. This number gives a feel-
ing for the practical relevance of a difference in
gains, because it can be related to the number of
measurements that is performed in practice. In
Fig. 4, it has been plotted as a function of «, for a
one-sided confidence limit of 5%. The curves
have been cut-off at 25 observations, because
they increase so rapidly that a plot of the entire
curves, from log a= —2 to log a=1, would
loose the detail in the more interesting range. For
example, when log @ =0 and log B =1, the re-
quired number of observations is about 700.

The following observations are made. In case
of a white noise model, the true noise has to be
rather correlated to benefit significantly from the
use of the true noise model, assuming that the
number of replicates in practice is typically far
less than 10. It will seldom be worthwhile to use
the correct model instead of the correlated model.

It is tempting to conclude that the correlated
noise model should be used by default when

Fnum
25

20 |- \

log(@)
Fig. 4. The number of observations required for the discrimi-
nation of the difference between the optimal gain and the
gain in case of a fixed white (drawn line, g =10) or fixed
correlated (dashed line, 8 = 0.01) noise model, as a function
of the true noise correlation parameter a. The one-sided
confidence limit is set to 5%.
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rel. weight
1

05

05 H 0
rel. time
Fig. 5. Impulse response of the matched filter for two extreme
values of the relative noise correlation parameter 8; g = 0.01
(dashed line) corresponds to very correlated noise, 8 =10
(drawn line) to white noise. The plots have been scaled on
their maximum amplitude. The relative time scale of the
x-axis is defined as (¢t —t.,,,)/0,,, where t_,, is the position
of the maximum of the impulse response.

nothing is known about the true nature of the
noise. The observations are, however, limited by
the scope of the research: Gaussian peaks and
first order band-limited noise. The major limita-
tion of the Gaussian model, its symmetry, is quite
obvious and its influence may be investigated by
using for instance a Gamma distribution or an
exponentially modified Gaussian (EMG) as the
peak model. At present the limitations of first
order noise as chromatographic noise model can-
not be evaluated, because there is little informa-
tion on the types of noises occurring in chro-
matography. Noise containing a strong low-
frequency component was described for a flame
ionization detector used in gas chromatography
{5], but generalization of that observation would
be unwise, given the large array of chromato-
graphic detection techniques.

Nature of the fixed correlated and the fixed
white noise model. In Fig. 5, plots have been made
of the filter impulse response for the two key
types of first order band-limited noise, character-
ized by B = 10 for the white and 8 = 0.01 for the
correlated model. In case of the white noise
model, the MF impulse response reduces to the
signal model and matched filtering comes down
to cross-correlation. This is a well-known fact and
the term MF is used commonly to refer to just
this operator [6-8]. In case of the correlated
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noise model, the MF impulse response turns out
to be the time-reverse of the second derivative of
the signal model multiplied by — 1. This effect is
also visible in the formula. Correlated noise has a
large time constant, which means that the second
term in the denominator of Eqn. 5 will dominate
and the power spectral density will be inversely
proportional to the square of the frequency. In
this correlated extreme, the complex frequency
response of the MF, assuming a zero time-shift
and the correct signal model, will be:

H(jf) =277, f?M*(jf) (13)
Making use of the following properties of the FT
m(t) & M(if)
m(—t) e M*(Jjf)

d

5, m(1) e izm M(if) (14)

d
Tam(1) © — 472 F2M(if)

the filter impulse response, being the inverse FT
of H(jf), can be described as being proportional
to the second derivative of the time-reverse of the
signal model:

+

h(1) =2m’r, [ f2M*(if) exp(j2mfr) df

—_1 d?

= 31 gam( 1) (15)
Consequently, the operation of the MF for very
correlated first order band-limited noise can be
described as a cross-correlation, not with the
signal model, as in case of white noise, but with
the second derivative of the signal model multi-
plied by —1.

Another way of describing the operation of the
MF is the cross-correlation of the first derivative
of the signal with the first derivative of the signal
model. This is shown by elaboration of the signal
component in the output of the filter described
by Eqn. 13. Yet another property of the FT is
used here: the product of two functions is the
inverse transform of the convolution of the trans-
forms of these functions. Note that the correla-
tion of two functions f(¢) and g(¢) is equal to the
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convolution of f(¢) and the time-reverse of g(z).
The symbol that is used here to denote a convolu-
tion is a multiplication sign surrounded by a
circle. The elaboration in formulae is:

y(1) =227, [ M) X (i)
Xexp(j;vat) df

~ 2%, [ M) X ()
Xexp(j2mft) df

1 d
=217'27'm[_——m(—t) 2 dtx(t)]

d
- —%rm{am(—t)@’ax(t)] (16)

It should be stressed that the equivalence of
these descriptions of the MF is valid only in the
theoretical situation in which the signal is free of
noise. The calculation of the first derivative causes
an amplification of the high frequencies. For a
practical signal, this will usually amount to the
amplification of noise. The second-derivative
scheme does not suffer from this, since it is the
signal model whose second derivative is taken,
not the noisy signal itself,

An interesting similarity can be observed here
with some publications in which the starting point
of the research is different. The basic idea, for-
mulated by Brouwer and Jansen [10], is to get rid
of linear background by taking the derivative of
the signal. From this, they derive a least-squares
procedure that is used for the deconvolution of
spectral lines. Their procedure is analogous to
the MF for very correlated band-limited noise as
derived above. Van Rijswick [11] incorporates the
idea of taking the derivative into a MF that itself
is based on the assumption of white noise. He
uses this modified MF as part of a peak detector
in a chromatographic data processing scheme.

EXPERIMENTAL INVESTIGATION OF THE MFX
Introduction

The purpose of the experiments is to investi-
gate the robustness of the MFX, i.e., the influ-
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ence of noise model errors on the process of
correcting signal model errors by Simplex opti-
mization of the maximum in the output of the
normalized MF while adapting signal model pa-
rameters [3]. The normalization introduced for
the MFX consists of dividing the filter by a factor
that is proportional to the standard deviation of
the output noise. The normalization factor is
calculated from the models of signal and noise.
An expression can be derived from Eqn. 9, by
substitution of the assumption that the noise
model is correct, ie., 7, =7, taking the square
root and leaving out simple amplification factors:

Um Tm
N= 2"+ (17)
Tm (Tm

When the noise model is correct, the normaliza-
tion causes the standard deviation of the noise in
the output to remain constant during changes in
the signal model. Therefore, the effect of such
changes is confined to the signal component in
the normalized output. That component has an
optimum for the correct signal model. In case of
an incorrect noise model, the normalization fails.
The signal component will still have an optimum,
but the standard deviation of the noise will no
longer be constant. This will cause problems for
the MFX.

A full theoretical evaluation of the MFX is
hindered by the fact that the MFX deals with
individual records, whereas the theory used here
works with the ensemble average. There is a
difference between the ensemble average of the
results obtained from applying the operation to
individual records and the result of applying the
same operation on the ensemble average of the
records. Therefore, experiments have been cho-
sen for investigating the MFX.

Set-up

The experiments are performed using simu-
lated data records of 1024 points, containing a
Gaussian peak of height one and a width (o) of 4
points and additive noise that is generated using
a shaping filter [12]. The width of the Gaussian
assures that it is correctly sampled (see Ap-
pendix). The S/N in the data is controlled via
the variance of the noise. The MFX will be
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indistinguishable from the MF in case of a high
S/N. Since the experiment is focused on the
possible failure of the MFX, §/N values of 2, 4,
6, 8 and 10 are investigated.

The signal model error is introduced as an
incorrect value for the width parameter of the
Gaussian signal model. The starting values for
the modified Simplex optimization are o, =3
and o,, = 5. The optimization is allowed to vary
o,, between 1.5 and 15. The lower limit is deter-
mined by the sample frequency. Though the
model parameter is a continuous variable, it is
represented by discrete data. Very small values
correspond to peaks that are so narrow they
would be undersampled and thus not represented
correctly. The upper limit is in principle bounded
only by the length of the record, allowing a value
of about 50. The value 15 is chosen arbitrarily as
about three times the true parameter value, the
lower limit being about one third of the true
value.

The noise model errors are introduced by us-
ing two filters with a fixed noise model, one
assuming very correlated noise and one assuming
very white noise, and varying the correlation of
the noise in the data {log a€[—1; 0.7]}. The
filters are coded CL, for the correlated model,
and WH, for the white model. The filters operate
as cross-correlations; a cross-correlation with the
signal model in case of WH and with the second
derivative of the signal model multiplied by —1
in case of CL. The normalization factors are
derived from Eqn. 17 by making 7,, very large for
CL and very small for WH. For WH the factor is
the square root of ¢, and for CL the reciprocal
of this. Experiments with the correct noise model
(code: BW) are performed as a reference.

The MFX optimizes an estimate of the signal
amplitude in the output. Two estimation princi-
ples are implemented. The signal amplitude is
measured at the true position of the maximum of
the signal component in the output and at the
position of that maximum as estimated by a de-
tector. The detector is kept as simple as possible:
it finds the position of the maximum in the entire
output record.

For CL, WH and BW, 200 simulations are run
for each S§/N and each a in both detection
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Fig. 6. Gains in S /N as a function of the correlation parame-
ter of the input noise for the MFX using different noise
models. (a and b) BW; (¢ and d) CL; (e and f) WH. Figures a,
¢ and e are experiments with detection; b, d and f with fixed
position. The axes are the same for all graphs. (S /N);,: (®) 2;
(a)4;(m)8.

modes. The final estimates of the signal ampli-
tude, the signal model parameter and the posi-
tion of the signal maximum are retained for every
simulation. The §/N in the output of the MFX is
calculated as the ratio of the mean and the stan-
dard deviation of the signal amplitude estimates.
Division of the output S/N by the known S/N
in the input gives an estimate of the gain. The
gain can be related to the theoretical value that
can be calculated for the MF assuming p = 1 and
approximating CL by 8 = 0.01 and WH by 8 = 10.

Results and discussion

In Fig. 6 the experimentally obtained gains
have been plotted as a function of the relative
noise correlation in the input for several S/N
values. The theoretical values have been plotted
as reference. BW, CL and WH obviously get into
trouble with detection at (S/N),, = 2: the gains
are far too high. At (§/N),, = 4, the CL results

95

still clearly deviate from the theoretical values at
the white side of the a-range. The same applies
to WH at the correlated side. When the true
position is used instead of detection the situation
is improved visibly for BW, CL and WH.

In case of noise model errors, the estimates of
the signal parameter are not normally distributed
around the true value. They show a tendency
towards too small values for CL and towards too
large values for WH. These tendencies have been
quantified by determining the relative frequency
of the occurrence of the limits of the Simplex
optimization as the outcome of the optimization.
The results have been collected in Table 1. For
(S/N),, = 8 no encounters with the optimization
limits were found for any of the noise models. It
has been assured that the trends are not artefacts
of the optimization routine by making scans of
the signal model parameter. When the optimiza-
tion ends up at the limit of the allowed interval,
the response curve increases monotonically in the
direction of one of the limits. Of course the
probability of an encounter with one of the limits
is determined primarily by the selection of those
limits. The more the optimization is closed in, at
one side or at both sides, the more encounters
with the limit or limits will occur.

The observations made in the gain curves of
Fig. 6 are confirmed in Table 1. The MFX de-
grades with an increase in the noise model error
and with a decrease in the input S/N. Detection
1s responsible for a considerable part of the limit
encounters. For noise types around the worst
case, even the use of the correct noise model
does not prevent the MFX from encountering the
lower limit, but both the fixed correlated and the
fixed white model have more problems. It is
concluded that, when the MFX is used at low
S /N values, the use of the fixed correlated model
should be restricted to truly correlated noises and
the use of the fixed white model to white noises.
In general, the use of the correct noise model
should be preferred.

In order to explain why CL and WH get of the
track in case of white noise and correlated noise,
respectively, the standard deviation of the noise
in the output of the normalized filter has been
plotted in Fig. 7. Because o, is changed, 8 is not
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TABLE 1

Relative frequencies of the occurrence of the limits of the
allowed parameter range as the outcome of the optimization
(The figures are percentages rounded to the nearest smaller
integer. Zero values are not displayed.)

Log a (S/N)in

Lower limit

Upper limit
2 4 6 2 4 6

Detected position

—1.00 BW
—-0.40 4
0.00 6
0.48 7
0.70 3
—1.00 CL 1
-0.40 8
0.00 25 11 1
0.48 76 31
0.70 83 25 2
—1.00 WH 77 27 6
-0.40 25
0.00 3 1
0.48 4 1
0.70 4
True position
—1.00 BW
-0.40 3
0.00 4
0.48 3
0.70
—1.00 CL
-0.40 4
0.00 7 1
0.48 9 3 2
0.70 9 3 1
—-1.00 WH 1 17 4 3
-0.40 1 6 1
0.00 1 3
0.48 2
0.70

constant during an optimization. Therefore an
extra dimensionless parameter is introduced to
describe the relative correlation of the filter:

Tm

B, can be interpreted as the B in the last step of
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the optimization, assuming that the optimization
will result in the correct value for the signal
model parameter. The MFX will optimize noise
instead of the signal for low S/N values. Espe-
cially with detection the MFX will zoom in on a
noise maximum once it gets hold of one. Figure 7
shows that the MFX should end up with a too
small value for the signal parameter in case of CL
applied to white noise and a too large value in
case of WH applied to correlated noise. This
corresponds with the data in Table 1. When the
MFX adapts to noise instead of to the signal, the
gains calculated on the basis of mean and stan-
dard deviation of the output maximum loose their
meaning. The magnitude of the output maximum
is determined by the limits that have been set to
the optimization.

Conclusions

The normal MF with fixed signal model is very
robust with regard to noise model errors. In case
of first order band-limited noise, two models suf-
fice for the application of the MF: white noise
and very correlated noise. The correlated noise
model is the more general of the two. The benefit
of using more exact noise models is too small to
be significant in most practical situations. The
MF with signal model correction by Simplex opti-
mization of the output is less robust and the

o(out,N)
25

20

Fig. 7. Standard deviation of the noise in the output of a
normalized matched filter as a function of the relative signal
model error parameter p. The drawn line corresponds to a
filter with a fixed white model in the presence of correlated
noise (a = 0.01. B, = 10), the dashed line to a fixed correlated
model in the presence of white noise (a = 10, 8, = 0.01).
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correct noise model is preferred to the fixed
extreme models for small S§/N values.

APPENDIX: SAMPLING RATE FOR A GAUSSIAN PEAK

The lowest frequency that can be used for the
sampling of a signal should be higher than twice
the highest frequency in the signal, the Nyquist or
Shannon limit. A Gaussian signal defined in the
time domain by Eqn. 2 and, via the FT of Eqn. 3,
in the frequency domain by Eqn. 4 does not have
an unambiguous highest frequency. When the
power spectral density of the signal is observed, it
is possible to choose a highest frequency corre-
sponding to a certain percentage of the total
signal power that is retained.

The power spectral density of the Gaussian is:

PSD = | X(jf)|?=2mo? exp(—4m202f?)
(A1)

This is again a bell-shape. The width of such a
shape is elegantly defined as the distance from
the maximum to one of its inflexion points, i.e.,
the zero-crossings of the second derivative. For
the PSD this width is:

V2

4o,

Opsp = (A2)
When the PSD of the Gaussian is integrated upto
a frequency three times this width, circa 99% of
the total power of the signal is found. Therefore
this value of 3o0pgp is chosen as the highest
frequency. The aliasing that occurs when the
sampling frequency is chosen accordingly, in-
volves only one percent of the total signal power
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and will hardly disturb the signal. Consequently,
the minimum sampling frequency should follow:

32 07
fs,min = 6OIPSD =5 _

2mo,

(A3)

Iy

In other words, the sampling rate should be at
least 0.7 points per o of the peak.

Note that the sampling frequency is just one of
the factors that determine the quality of the
digital representation of a signal. Other impor-
tant factors are the number of bits and the total
number of samples.
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Approaches to the development of spectrophotometric
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in continuous-flow systems
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Abstract

Three continuous-flow approaches to the development of spectrophotometric reaction-rate methods based on the
use of immobilized enzymes are proposed. They are based on the use of an optical biosensor that integrates reaction
and detection in the flow cell; or reversing the flow direction and passing the sample plug iteratively through the
enzyme reactor and the detector; or a cyclic system that allows the sample plug to be trapped in a circuit that includes
the enzyme reactor and the detector. A parameter was defined to compare the features of the methods developed by

using these three approaches.

Keywords: Enzymatic methods; Flow system; Kinetic methods; UV—Visible spectrophotometry; Enzyme reactors;

Reaction-rate methods

The high selectivity of enzyme reactions is one
of their major assets in analytical determinations,
further enhanced by the possibility of performing
kinetic reaction-rate measurements (reaction
half-lives are appropriate for this purpose in most
instances). Interferences from the sample matrix
are thus avoided because of the differential na-
ture of this type of measurement. An occasional
drawback of the use of enzymes in analytical
chemistry is the high price of some of them. This
can be partly circumvented by immobilizing the
biocatalyst {1] in order to use it repeatedly.

Enzymes have been widely used in continuous-
flow systems as they offer considerable advan-
tages over other alternatives, the most significant
of which is probably that their consumption can
be dramatically reduced by using different proce-

Correspondence to: M.D. Luque de Castro, Department of
Analytical Chemistry, Faculty of Sciences, University of
Cérdoba, 14004 Cérdoba (Spain).

dures [2]: by introducing the dissolved biocatalyst
through injection; by immobilizing the enzyme on
a suitable support to make up a packed reactor
and by immobilizing the enzyme in the detection
zone (biochemical sensors). Immobilization and
packing in reactors is the most frequently used of
the three alternatives in continuous-flow systems,
yet poses a major problem: making reaction-rate
measurements is precluded by the fact that the
catalysed reaction stops after the sample plug has
passed through the enzyme reactor. The other
two alternatives do allow implementation of reac-
tion-rate methods provided that the flow is halted
as the injected sample plug reaches the detection
zone.

Integration of reaction (retention) and detec-
tion is one of the most promising trends in con-
tinuous analytical systems on account of the ana-
Iytical advantages it offers [3]. The use of immobi-
lized enzymes at the detection point is common-
place in electrochemical techniques involving the

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Principles of the three proposed approaches to the development of reaction-rate methods by using immobilized enzymes,
and recordings that they provided, (A) with immobilization of the biocatalyst on the walls of the flow cell and halting of the flow as
the samples reach it, (B) with iterative passage of the sample plug through the reactor and detector by changing the flow direction
and (C) by trapping the sample plug in a circuit including the reactor and detector and recirculating the plug. IMEC = immobilized
enzyme cell; IMER = immobilized enzyme reactor; D = detector; SV = selecting valve; P = peristaltic pump; W = waste; A =
absorbance. For further details, see text.
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so-called enzyme electrodes (whether potentio-
metric or amperometric), which can be inserted
into flow systems by means of suitable flow cells
[4], that occasionally include membranes for in-
terference ““filtration” [5]. On the other hand,
few flow systems with molecular spectroscopic
detection use immobilized enzymes [6].

In this paper a critical comparison is made of
three alternatives to the development of methods
based on reaction-rate measurements by using
immobilized enzymes in continuous-flow systems
including a conventional spectrophotometric de-
tector. The first approach involves using a flow-
through biosensor in which the enzyme is immo-
bilized on the walls of the flow cell, kinetic mea-
surements being performed after halting the flow
as the sample plug reaches the flow cell. The
other two approaches rely on an enzymatic reac-
tion in which the biocatalyst is immobilized on
controlled-pore glass (CPG), kinetic measure-
ments being based on the iterative passage of the
sample plug through the enzymatic reactor and
an ordinary flow cell. In turn, such an iterative
passage can be achieved by reversing the flow
direction at appropriate intervals [7] or by using
an “open—closed” cyclic configuration [8]. These
approaches have been used previously for a num-
ber of purposes, including dispersion studies [8],
calculation of stoichiometries [9], speciation anal-
ysis [10] and kinetic photochemical determina-
tions [11] in “open—closed” systems, kinetic stud-
ies [7], liquid-liquid extraction without phase
separation [12,13] and studies on extraction kinet-
ics involving the flow-reversal approach [14]. Nei-
ther type of manifold has been used to determine
various substrates by using reaction-rate mea-
surements and immobilized enzymes. The aim of
this work was to show the advantages of using
reaction-rate measurements in continuous Sys-
tems involving no catalyst consumption and allow-
ing detection with an ordinary spectrophotome-
ter.

The chemical system chosen for developing
this study was the hydrolysis of glucuronides
catalysed by B-bp-glucuronidase. This reaction is
of great analytical interest as most pharmaceuti-
cals and drugs of abuse are converted and metab-
olized by the liver to aid their renal excretion.
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These reactions take place mostly by conjugation
of the active substance with glucuronic acid and
excretion as glucuronide derivatives [15]. The de-
termination of these compounds is also of great
economic interest because of the impact of their
consumption in the clinical, toxicological, forensic
and sports areas [16,17].

PRINCIPLES

Three continuous-flow approaches were devel-
oped in order to implement reaction-rate mea-
surements by using immobilized enzymes. The
principles behind these approaches are as fol-
lows.

Immobilization of the enzyme in the flow cell

In 1990, Linares et al. [6] developed the first
optical sensor based on the immobilization of an
enzyme on the walls of the flow cell of a conven-
tional optical detector. The approach proposed
here is based on the same principle, which ac-
complishes integration of reaction and detection.
Figure 1A shows the different steps involved in
the process. As the sample plug injected into the
flow manifold arrives at the flow cell, the flow is
stopped and the course of the enzymatic reaction
is monitored. An absorbance—time recording is
obtained composed of different linear portions
dependent on the monitoring interval. The flow is
then resumed and the sample plug is driven to
waste.

Iterative change of the flow direction

The principles behind this approach were de-
veloped by Rios et al. [7). An interface that allows
the flow direction to be reversed is connected to
the flow-injection manifold, in which the enzyme
reactor is placed close to an ordinary spectropho-
tometric detector. Figure 1B shows the opera-
tional scheme of the system. After the sample
plug has passed through the enzyme reactor and
the flow cell, the interface sends an electrical
signal to the peristaltic pump, which responds by
changing its direction of rotation. Successive re-
versal cycles give rise to successive passages of
the sample plug through the reactor and detector.
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A multi-peak recording is obtained as a result,
which reflects the course of the hydrolysis pro-
cess.

“Open—closed” cyclic system

This approach entails including a switching
valve at a special point of the flow manifold,
which makes it possible to convert it from an
open to a closed circuit and vice versa at pro-
grammed intervals. Figure 1C illustrates the basis
of this approach. Once the sample plug is in the
circuit, the switching valve is turned to its closed
position, so the plug is passed iteratively through
the enzyme reactor and the detector. The multi-
peak recording thus obtained reflects the course
of the reaction over the monitored interval.

EXPERIMENTAL

Reagents

The stock solutions used included 4-
nitrophenyl-B-p-glucuronide (Sigma), which was
prepared by dilution with 0.1 M potassium dihy-
drogenphosphate buffer (pH 6.8) (Merck). More
dilute solutions were prepared as required. A
stock solution of pB-p-glucuronidase from Es-
cherichia coli, type IXA (Sigma), was made by
dissolving the contents of a vial in 2 ml of the
same buffer.

The reagents used for immobilization were:
3-aminopropyltriethoxysilane (Aldrich), glu-
taraldehyde (Merck) and controlled-pore glass
(CPG-240, 120-200 mesh) (Electronucleonics,
Fairfield, CT). Stanplast silicone rubber and Su-
perglue-3 (a-cyanoacrylate polymer cement), from
Solyplast and Loctite, respectively, were also em-
ployed.

Equipment

A Hewlett-Packard Model 8452A diode-array
spectrophotometer equipped with an HP 7470A
plotter and an HP Vectra ES/12 computer, a
Gilson Minipuls-2 peristaltic pump furnished with
a laboratory-made interface for controlling the
halting and iterative change of the flow direction,
two Rheodyne Model 5041 injection valves (one
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of them modified to act as a switching valve), a
Hellma 178.12QS flow cell (inner volume 18 pl)
and different types of Hellma 136-OS dismant-
lable flow cells were used.

Enzyme immobilization

Prior to packing in the reactor, the enzyme
was immobilized on CPG by the Masoom and
Townshend method [18,19] as modified by Bow-
ers and Johnson [20]. It was then packed in
capillary glass tubes (ca. 1 mm i.d., length 2-4
mm), connected to the manifold by using conven-
tional flow-injector connectors, and stored at 4°C.

CPG used for the biosensor was activated as
described above and then fixed on the walls of
the flow cell according to Linares et al. [6]. A
concentrated solution (500 wl) of the enzyme was
recirculated through the flow cell for 4 h in order
to immobilize the biocatalyst and, after washing,
the cell was stored at 4°C.

The enzyme in the packed reactor preserved
its activity after storage for 1 month. However, in
the flow cell, it lost ca. 40% of its activity after
storage for 1 week, perhaps through decomposi-
tion of the glue used to fix the activated CPG to
the walls of the flow cell (a-cyano derivative
groups).

RESULTS AND DISCUSSION

Enzymatic reaction

The enzyme pB-p-glucuronidase (B-p-gluc-
uronide glucuronosohydrolase, EC 3.2.1.31) catal-
yses the hydrolysis of various endogenous glu-
curonides. The hydrolysis of 4-nitrophenyl-8-p-
glucuronide was proposed [21] as an alternative
reference method for the determination of the
enzymatic activity of B-p-glucuronidase, accord-
ing to the reaction

-D-glucuronidase

4-nitrophenyl-B-p-glucuronide £
4-nitrophenol + B-p-glucuronic acid

The species monitored is the 4-nitrophenol
formed, which shows maximum absorbance at 405
nm.
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A)

B)

C)

Fig. 2. Flow-injection manifolds for implementation of the
principles outlined in Fig. 1 for the selected biochemical
system: hydrolysis of glucuronides. (A) Manifold including a
biosensor; (B) manifold with iterative change of the flow
direction; (C) “open-closed” manifold. PC = denotes per-
sonal computer; Re = recorder; B = buffer; S = sample; PP =
programmable peristaltic pump; IV =injection valve; L =
reactor; (other abbreviations as in Fig. 1).

Continuous-flow configurations

Figure 2 shows the three flow-injection mani-
folds used. In manifold A the sample plug in-
serted into the phosphate buffer reaches the flow
cell where the biocatalyst is immobilized; the flow
is then halted and pairs of absorbance—time data
are acquired by the microcomputer over a preset
interval.

Figure 2B shows the manifold used to accom-
plish the iterative reversal of the flow direction.
As the sample plug inserted into the phosphate
buffer arrives at the flow cell, the direction of the
flow is reversed and the plug is passed through
the enzyme reactor and the cycle is re-started.

In the “open—closed” manifold shown in Fig.
2C, valve SV is switched to its closed position
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when the injected sample plug is in the circuit. In
this way, the plug is passed iteratively through the
enzyme reactor and the detector as many times as
required to obtain a multi-peak recording.

Types of measurement

The recordings provided by the three ap-
proaches are shown in Fig. 1. Data from these
recordings are acquired by the computer through
the passive interface.

The optical sensor provides a recording with
two linear ranges from the two linear portions
provided by the recordings. From these calibra-
tion graphs two reaction-rate values can be ob-
tained by using the expression

Vi=(Aj1— A/t — t;) (1)

where A4;,, and A, are the absorbances at the
ends of the linear intervals acquired at times ¢, ,
and ¢;, respectively. A third value, V;, was also
calculated as the average of the two linear inter-
vals (A; —A,)/(t;— ).

The other two approaches provide similar
multi-peak recordings in which the successive
maxima show further development of the hydrol-
ysis reaction compared with previous peaks. The
differences between two maxima (whether con-
secutive or not) allow one to perform different
reaction-rate measurements. Thus, four different
reaction-rate values were calculated in this way:
Vi, V, and V;, given by Eqn. 1, where A;,; and
A; are now consecutive maxima obtained at times
t;,; and ¢, respectively; and V/, by way of exam-
ple of measurements between non-consecutive
peaks, given by (4, —A4,)/(¢t,—1)).

It is significant that the last two manifolds
provide multi-peak recordings that differ
markedly in shape. This arises from the different
intervals between consecutive measurements used
and the also different degree of dispersion in
each configuration. In the approach involving the
iterative reversal of the flow direction, the reac-
tion develops to completion in a shorter time
than it does in the “open—closed” manifold, which
is a result of more thorough mixing of the reac-
tants and a longer time of contact with the bio-
catalyst.
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Study of variables

The performance of all three approaches is
influenced by different variables that can be clas-
sified into physical, chemical and flow injection.
Some of them are common to all three, whereas
others are specific to each. The influence of these
variables was studied and their values were opti-
mized by using the univariate method in all in-
stances.

An increase in the temperature of the system
also increased the analytical signals obtained.
However, above 40°C, the immobilized catalyst
was rapidly denatured.

All of the reaction ingredients were prepared
in 0.1 M phosphate buffer. The optimum pH for
development of the enzymatic reaction was 6.8
(at this pH the enzyme reactor retained its activ-
ity at least for 2 months). The maximum absorp-
tion of 4-nitrophenol (the monitored product)
was obtained at pH 11.0 [20]. Integrated reaction
and detection in the manifold in Fig. 2A and the
iterative passage of the sample plug through the
enzyme reactor and the detector in the manifolds
in Fig. 2B and C hindered development of both
steps at their optimum pH, so a pH of 6.8 was
selected to ensure maximum stability of the im-
mobilized enzyme.

The flow-rate is the most influential of the
flow-injection variables and has a different effect
on each manifold. In approach A in Figs. 1 and 2,
this variable determines the delay time and hence
the degree of dispersion of the sample plug in the
carrier before the flow is halted. The reaction

TABLE 1

Optimum values of the specific variables
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and detection sequences and hence the type of
recording obtained are also determined by the
flow-rate in approaches B and C. The flow-rate
selected was 1.4 ml min~! for approaches A and
B and 1.0 ml min~! for approach C. This was a
compromise between sensitivity and sampling fre-
quency.

The volume injected also affects these ap-
proaches differently. In the manifold including
the biosensor the analytical signal increases with
increasing sample volume injected up to 500 ul,
at which the dispersion of the sample plug core
into the buffer carrier is zero and consequently
the concentration of the substrate in contact with
the biocatalyst is optimum when the plug zone is
halted at the flow cell. Nevertheless, such a large
volume entails a long cycle time, which results in
a low sampling rate in the manifold with iterative
reversal of the flow, and in the rapid attainment
of physical equilibrium in the “open-—closed”
manifold, as the volume in the closed circuit is
kept constant, so the carrier volume decreases as
the injected volume increases. A sample volume
of 250 wul was selected as a compromise for the
three approaches for a further comparison of
their performance.

There are two variables specific to the biosen-
sor approach, viz., the delay and the stop time,
which were studied in the ranges listed in Table
1. Table 1 includes the optimum value found for
each.

The obtainment of a multi-peak recording in
approach B relies on three variables: time of

Variable Flow cell Iterative reversal “Open—closed”
method method method
Delay time (s) 15 - -
Stop time (s) 180 - -
Number of flow reversal cycles - 10 -
Time at the reverse cycle start (s) - 3 -
Duration of flow reversal cycles (s) - 10 -
Length of open reactor (cm) - - 50
Switching time (s) - - 20
Measurement time (s) 180 60 200
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cycle start, cycle duration and number of cycles,
which were set to 3 s, 10 s and 10 cycles, respec-
tively, in order to ensure that the plug reached
the detector but not beyond it; two passages
through the enzyme reactor in each cycle; and an
appropriate number of peaks for each sample
without reaction completion.

The cycle duration in the “open—closed” man-
ifold was controlled through the flow-rate and the
length of reactor L,, as the remainder of the
circuit was reduced to the minimum dimensions
required for connections. The optimum length of
L, (50 cm) provided a cycle time of about 50 s.
On the other hand, the time for switching the
selecting valve in order to change the open circuit
into a closed circuit determined the total, partial
or zero trapping of the sample plug in the closed
circuit. The optimum value was 20 s, at which the
plug was in the centre of the closed circuit.

Features of the proposed methods

Calibration for each method was achieved by
using the optimum values given above and inject-
ing standard solutions of 4-nitrophenyl-8-p-
glucuronide at concentrations between 3.6 X 1073
and 5.7 mM in triplicate. Table 2 summarizes the
features of the methods (equation, regression co-
efficient, linear range, reproducibility and a-coef-
ficient, which is defined as the ratio between the
upper limit of the linear portion of the calibration
graph and the determination limit, and was used
to compare the performances of the three meth-
ods). The determination limits were calculated as
+10 times the standard deviation of the blank
signals. The uncertainty in the linear regression
values listed in Table 2 ranged between 2.5 and
4.7%.

The “open—closed” approach provided the best
a-coefficient as a result of the highest substrate
concentration /enzyme activity ratio achieved in
the closed configuration. The reversal flow
method yielded the worst a-value, but the largest
calibration slope, owing to more efficient sub-
strate—buffer mixing provided by the flow rever-
sal and to the double passage of the sample plug
through the enzyme reactor between successive
measurements. The intermediate «a-value ob-
tained with the biosensor can be ascribed to the
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smaller amount of biocatalyst present in the flow
cell compared with that used in the enzyme reac-
tor.

Similar experiments were carried out by using
the three approaches to determine their preci-
sion: eleven samples containing two different sub-
strate concentrations at each level (low level,
7.2% 1073 and 14.4 X 1073 mM; high level, 7.2
and 144 mM) were assayed in triplicate. The
precision, expressed as relative standard devia-
tion (R.S.D.), was acceptable in all instances for
the three methods, the highest value correspond-
ing to the biosensor method.

Conclusion

Three alternatives to making spectrophotomet-
ric kinetic reaction-rate measurements by using
immobilized enzymes implemented in flow-injec-
tion systems were developed. All three ap-
proaches require simple, inexpensive instrumen-
tation that is usually available in most laborato-
ries. Nevertheless, they involve some modifica-
tions to conventional continuous-flow systems
such as using an additional valve to open and
close the circuit, and automatic control of the
functioning of the peristaltic pump is required to
halt the flow and reverse the flow direction; none
of this poses special problems. The good repro-
ducibility achieved and the wider linear range of
the calibration graph compared with conventional
approaches [22] demonstrate the usefulness of
these approaches, which rely on two major
premises of miniaturization in analytical chem-
istry: modular integration and compaction. The
simultaneous development of the enzymatic reac-
tion and spectrophotometric monitoring provides
maximum integration. The other two alternatives,
however, provide a smaller extent of integration
or an approach to integration. There are no sig-
nificant differences between the analytical fea-
tures of the proposed methods, at least when
applied to the biochemical system dealt with in
this work.
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Eva Forster

Institut fiir Analytische Chemie, Bergakademie Freiberg, 9200 Freiberg (Germany)

Manuel Silva

Department of Analytical Chemistry, Faculty of Sciences, University of Cérdoba, 14004 Cérdoba (Spain)

Matthias Otto
Institut fiir Analytische Chemie, Bergakademie Freiberg, 9200 Freiberg (Germany)

Dolores Pérez-Bendito
Department of Analytical Chemistry, Faculty of Sciences, University of Cérdoba, 14004 Cérdoba (Spain)

(Received 29th June 1992; revised manuscript received 10th September 1992)

Abstract

A sensitive kinetic enzymatic method for the individual and joint determination of lower straight-chain alcohols is
reported. The method is based on reaction of the alcohols with the alcohol dehydrogenase—nicotinamide adenine
dinucleotide system, which is monitored by measuring the initial rate of change of the absorbance or fluorescence
intensity of the reduced coenzyme formed by using the stopped-flow technique. Methanol, ethanol, propanol and
butanol can thus be determined over the range 3.0 X 107%-1.0 X 10~% M with a relative standard deviation of ca.
1.2-3.8%. Spectrofluorimetric measurements are better suited to the individual determinations, whereas spectropho-
tometric measurements are more useful for resolving alcohol mixtures using the Kalman filter algorithm. Mixtures of
methanol-butanol, ethanol-butanol and methanol-propanol at the submicromolar level were successfully resolved

with errors of less than 10%.

Keywords: Enzymatic methods; Fluorimetry; UV-Visible spectrophotometry; Alcohols; Kalman filter; Stopped-flow

technique

Kinetic methods of analysis based on the cat-
alytic action of enzymes provide reliable, sensitive
and selective means of determining enzyme activ-
ities and substrate concentrations, so they are of
great interest in fields such as clinical, pharma-

Correspondence to: D. Pérez-Bendito, Department of Analyti-
cal Chemistry, Faculty of Sciences, University of Cérdoba,
14004 Cérdoba (Spain).

ceutical, food and environmental chemistry [1].
Enzyme-catalysed reactions are often the basis
for the determination of carbohydrates (e.g., glu-
cose, maltose), alcohols (e.g., ethanol) and pheno-
lic compounds (e.g., phenol, catechol). Alcohols
are usually determined by using either of two
enzymes, alcohol dehydrogenase (ADH) in the
presence of the coenzyme nicotinamide adenine
dinucleotide (8-NAD™) or alcohol oxidase, par-

0003-2670,/93 /306.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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ticularly for methanol and ethanol [2,3]. In the
last few years, these determinations have been
addressed by using immobilized enzymes in a
flow-injection manifold [4-6] and have been
mainly concerned with analyses for ethanol in
clinical and food samples.

In order to expand the analytical potential of
the kinetic determination of substrates by en-
zyme-catalysed reactions, the B-NAD*-ADH
system was used for the determination of lower
straight-chain alcohols such as methanol, ethanol,
propanol and butanol, both alone and in mix-
tures, by using the stopped-flow technique for
mixing sample and reagents and monitoring reac-
tions, with either spectrophotometric or spec-
trofluorimetric detection. The methods thus de-
veloped permit the determination of these alco-
hols with a high sensitivity (ng ml~! level) and
the Kalman filter algorithm [7] permits the reso-
lution of mixtures.

These alcohols can also be determined individ-
ually and jointly by using other analytical tech-
niques, particularly gas chromatography. Thus,
mixtures of methanol-ethanol [8-11], metha-
nol-butanol [12], ethanol-butanol [13,14] and
ethanol-2-propanol [15] have been resolved in
this way, although with lower sensitivity; calibra-
tion graphs were linear over the range from about
1079 to 0.1 M. Spectrophotometric methods us-
ing oxidants such as silver(II) {16], potassium
dichromate [17] and cerium(IV) [18] and conduc-
timetric determinations based on measuring
changes in the conductivity of aqueous solutions
containing strong electrolytes induced by the
presence of alcohols [19,20] have also been re-
ported. Spectrophotometric methods allow the
determination of these alcohols at the pug ml™!
level, whereas electroanalytical methods are bet-
ter suited to higher concentrations between 5 and
50% (v/v).

EXPERIMENTAL

Reagents

All reagents were of analytical-reagent grade
and solutions were prepared in doubly distilled
water. Alcohol solutions (methanol, ethanol, bu-
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tanol and propanol) were prepared from stan-
dards of absolute alcohols (Merck) by appropri-
ate dilution with doubly distilled water. An alco-
hol dehydrogenase (ADH) (Boehringer, Mann-
heim) solution of 640 units ml~! was prepared
from the lyophilized powdered enzyme (protein
activity 400 units mg~!) by dissolving 8 mg in 5 ml
of 0.05 M Tris buffer (pH 8.55). A1.3x107* M
B-nicotinamide adenine dinucleotide (B-NAD*
from yeast, Sigma) solution was prepared by dis-
solving 8.9 mg in 100 ml of doubly distilled water.
The 0.05 M Tris buffer solution (pH 8.55) was
prepared by mixing 25.0 ml of a 0.2 M Tris
(Merck) solution with the appropriate volume of
0.1 M hydrochloric acid and diluting to 100 ml
with doubly distilled water.

Apparatus

Spectrophotometric measurements were made
on a Philips PU 8625 UV-visible spectropho-
tometer and spectrofluorimetric measurements on
a Hitachi F-2000 spectrofluorimeter, both of
which were furnished with a stopped-flow module
[21] supplied by Quimi-Sur Instrumentation, an
Ultraterm 383 recirculating water-thermostated
bath and a data acquisition system consisting of a
Netset PC-AT 16-MHz compatible computer
equipped with a PC-Multilab PCL-812PG 12-bit
analog-to-digital converter. The software re-
quired for application of the initial reaction rate
and Kalman filter methods was written by the
authors.

Individual determination of alcohols

Two solutions (sample and reagent) were pre-
pared for filling the drive syringes of the
stopped-flow module. The sample solution con-
tained 1.0 ml of standard alcohol solution at a
final concentration between 3.0 X 1072 and 1.6 X
107% M and 4.0 ml of 0.05 M Tris buffer solution
(pH 8.55). The reagent solution contained 1.0 ml
of 1.3x10™* M B-NAD™' and 0.5 ml of stock
ADH solution. Both solutions were diluted to
volume with doubly distilled water in 10-ml volu-
metric flasks. For each run, equal volumes of
both solutions were mixed in the mixing chamber
of the stopped-flow module and the variation of
the analytical signal [absorbance at 340 nm or
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fluorescence intensity at A(ex)=340 nm and
AMem) = 460 nm] was monitored throughout the
reaction. Signal values were acquired at a rate of
ca. 1.5 s per point and all measurements were
made at 25 + 0.1°C. The initial rate was mea-
sured in about 20-50 s and each solution was
assayed in triplicate.

Analysis of alcohol mixtures

One of the two 10-ml reservoir syringes of the
stopped-flow module was filled with a solution
containing a mixture of alcohols in a given con-
centration ratio (see Table 3) in 4.0 ml of 0.05 M
Tris buffer solution (pH 8.55), and the other with
the reagent solution. From this point on, the
procedure was identical with that followed for the
determination of the each alcohol alone with
spectrophotometric detection. The initial concen-
trations of the two alcohols in each mixture were
obtained by using the linear Kalman filter; the
input rate constants were calculated by analysing
for the individual analytes using the classical log-
arithmic method of the integrated equation and
were improved by applying the extended Kalman
filter.

RESULTS AND DISCUSSION

Dilute solutions of lower straight-chain alco-
hols such as methanol, ethanol, propanol and
butanol react with alcohol dehydrogenase in the
presence of the coenzyme B-NAD™ to form the
corresponding aldehyde and the reduced form of
the coenzyme (NADH). Because these reactions
are time dependent, alcohols can be determined
kinetically by monitoring the reaction rate spec-
trophotometrically at 340 nm (maximum ab-
sorbance of NADH) or spectrofluorimetrically
thanks to the native fluorescence of NADH
[A(ex) =340 nm and A{em) =460 nm]. In both
instances, the stopped-flow technique was used to
ensure rapid and thorough mixing of sample and
reagents, and immediate data processing, which
makes the kinetic method automatable.

Figure 1 shows the signal vs. time plots ob-
tained with spectrophotometric and spectrofluori-
metric detection for ethanol, the most represen-
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Fig. 1. Typical signal vs. time profiles for the enzymatic
determination of ethanol at a concentration of 5.0x 1077 M
by the stopped-flow technique with (1) spectrophotometric
and (2) spectrofluorimetric detection,

tative of these alcohols under the conditions de-
scribed under Experimental. The sensitivity was
greater when the reaction was monitored spec-
trofluorimetrically. The maximum signal was
reached in about 3 min. It should also be noted
that, at fairly long times, the dependence of the
signal on time changed from an exponential trend
to a slightly increasing trend, for spectrophoto-
metric or spectrofluorimetric detection. This
posed no problem in measuring the initial rate;
however, it did affect the accuracy with which
alcohol mixtures were resolved by using the
Kalman filter as shown below.

At this point, it was also of great interest to
test in a general form the performance of the
stopped-flow technique in this kinetic enzymatic
determination for comparison with its conven-
tional counterpart (batch method). From the re-
sults obtained from several experiments, the
stopped-flow technique was found to offer several
major advantages over the classical batch method:
no induction period was observed in the kinetic
curve, and the reaction was faster; the precision
in the measured initial rates higher; and it re-
quired smaller sample and reagent volumes, which
is of great interest for homogeneous enzymatic
catalytic methods. These features were sufficient
for the stopped-flow technique to be adopted for
the determination of these alcohols on the basis
of the above-mentioned enzymatic reaction.
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Fig. 2. Effect of the combination of the reagents used to fill
the drive syringes of the stopped-flow module: (1) ADH + -
NAD™ and ethanol + Tris; (2) ADH +ethanol and 8-NAD*
+Tris; and (3) B-NAD ™ + ethanol and ADH + Tris. Ethanol
concentration = 5.0X10~7 M. For other conditions, see Ex-
perimental.

Effect of reaction variables

In order to establish the best reaction condi-
tions, several variables potentially affecting the
enzyme-catalysed reaction such as temperature,
pH and concentrations of enzyme and coenzyme
were investigated. Their influence was studied
through plots of initial rate versus concentration.
All concentrations quoted are initial concentra-
tions in the drive syringes and kinetic results are
the averages of three measurements. This study
was carried out by using ethanol as analyte and
spectrophotometry for detection.

Before the study proper was started the most
appropriate combination of reagents for filling
the drive syringes of the stopped-flow unit was
determined. Placing solutions of ADH and -
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NAD™ in one syringe and alcohol and buffer in
the other was found to yield the highest initial
rate (Fig. 2). This is consistent with the consider-
ations on the mechanism of this enzymatic reac-
tion, the first step of which involves the formation
of the enzyme-coenzyme complex that subse-
quently reacts with the alcohol [2]. If these ingre-
dients are placed in separate syringes (see Fig. 2),
then the product needs a longer timne to form and
the analytical signal obtained as a result is smaller.

The effect of temperature on the reaction rate
was examined between 15 and 45°C. The initial
rate increased with increasing temperature up to
22°C, above which it remained constant up to
35°C and then started to decrease owing to de-
naturation of the enzyme. A temperature of 25°C
was chosen for further studies.

The effect of pH on the reaction was investi-
gated on the analyte solution and a pH of 8.55
was chosen as it resulted in the maximum analyti-
cal signal (Fig. 3a). The effect of the B-NAD™
and ADH concentrations on the reaction rate at
an ethanol concentration of 5.0 X 10™7 M are
illustrated in Fig. 3b and c¢. A 1.3X107° M
B-NAD™ concentration (which allows for a higher
[B-NAD *]/[ethanol] ratio, viz., a ca. 25-fold ex-
cess) and an alcohol dehydrogenase concentra-
tion of 32 U ml~! were used in order to achieve
the maximum sensitivity.

Individual determination of each alcohol
Under the selected working conditions,
methanol, ethanol, propanol and butanol were
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Fig. 3. Effect of chemical variables on the enzymatic determination of 5.0 X 10~7 M ethanol: (a) pH; (b) 8-NAD*; and (c) ADH.

For other reaction conditions, see Experimental.
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determined at the nanogram level by using the
proposed kinetic enzymatic method with spec-
trophotometric and spectrofluorimetric detection.
Data relevant to the calibration graphs for these
alcohols are summarized in Table 1. The preci-
sion was checked on eleven samples containing
40%x10"7 M alcohol when the reaction was
monitored spectrophotometrically and 7.0 X 1078
or 5.0x 1077 M with spectrofluorimetric detec-
tion. The sampling rate, calculated from the time
corresponding to three replicates of the same
sample, was about 30 and 20 h~?! for spectrofluo-
rimetric and spectrophotometric detection, re-
spectively. As can be seen, the stopped-flow tech-
nique performed well (wide dynamic range, high
precision and a relatively high sampling rate for
the type of the reaction involved) in the individ-
ual determinations of these alcohols.

Several conclusions can be drawn from the
results obtained. The relative sensitivities (slopes
of the respective calibration graphs) decreased in
the sequence methanol > ethanol > propanol >
butanol when spectrophotometric detection was
used, whereas they were all similar for spectroflu-
orimetric detection. Spectrofluorimetric measure-
ments provided higher sensitivities and wider dy-
namic ranges in the kinetic enzymatic determina-
tion of these alcohols; however, the analytical
signal (initial reaction rate) was less reproducible.

TABLE 1
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From the above considerations, one can conclude
that spectrofluorimetric measurements are more
useful for the individual determination of these
alcohols on account of the higher sensitivity,
whereas spectrophotometric measurements are
more appropriate for the resolution of mixtures
of these alcohols on account of the greater dis-
crimination ability.

The proposed stopped-flow method surpasses
other kinetic enzymatic methods based on the
same reaction in terms of sensitivity and features
a similar sampling frequency, particularly in rela-
tion to the determination of ethanol by using
immobilized enzymes [5,6] or otherwise [22] in a
flow-injection manifold. The reported detection
limit for ethanol is ca. 0.1 ug ml~! and the
sampling frequency is 25-30 h™!. On the other
hand, the low cost and high stability of ADH
solutions, in addition to the above advantages,
make the proposed stopped-flow method an ex-
cellent alternative to the individual determination
of these alcohols on the basis of this homoge-
neous enzymatic reaction.

Kinetic enzymatic analysis of alcohol mixtures
by use of the Kalman filter

There are various graphical and other mathe-
matical methods for the differential kinetic reso-
lution of mixtures. The choice of the most appro-

Features of the calibration graphs and precision achieved in the enzymatic determination of alcohols by the stopped-flow technique

Detection Alcohol Linear range Linear regression equation Correlation R.S.D.
method T oy coefficient (%) ®
mol | ng mi
(n=8)
Spectro- Methanol 14X 1077-13%x10"° 45-416 IR=73%x10"5+78x10%C 0.9992 1.61
photometric  Ethanol 13x1077-15%x107°  6.0-69.1 IR=33x10"%+64%x10%C 0.9994 1.30
Propanol 1.6x1077-1.1x107® 9.6-66.1 IR=—82x10"7+6.1%X10%2C 0.9997 1.24
Butanol 12x1077-1.6x107%  89-1186 IR= —-27%x10"°+54%x102C 09987 1.20
Spectro- Methanol 3.0x1078-1.0x1077  1.0-32 IR=15x10"*+18x10°C 0.9997 3.85
fluorimetric 40x1077-1.0x107% 12.8-321 IR=13%x10"3+43x102C 0.9996 5.03
Ethanol 30x1078-1.0x 1077  1.4-46 IR=68x10"%+19%10°C 0.9996 3.63
40x1077-1.0x 107 185-461 IR=45%10"3+39x103C 0.9996 3.81
Propanol 3.0x1078-10%x10"7 1.8-6.0 IR=10x10"2419x%x10°C 0.9997 3.64
40x1077-1.0x107% 24.0-60.1 IR=19%10"2+43%x10°C 0.9999 2.39
Butanol 30x1078-10%x 1077 22-74 IR=11x10"2420%10°C 0.9995 3.25
40x1077-1.0x107°% 29.6-741 IR=22%X10"2+50%10°C 0.9998 2.81

1

2 IR = initial rate [absorbance s~! or relative fluorescence intensity (V) s~']; C = molar concentration. ® »n = 11, at mid-range

concentration.
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TABLE 2

Determination of rate constants ?

Compound Logarithmic method Extended Kalman filter

Methanol  0.0105 (4.02) 0.0110 2.37)
Ethanol 0.0076 (6.52) 0.0080 (3.51)
Propanol 0.0046 (7.85) 0.0051 (4.16)
Butanol 0.0034 (4.85) 0.0033 (2.55)

2 All rate constants, expressed in s™!, are averages of five

determinations and R.S.D. (%) values are given in parenthe-
ses.

priate method is dependent on the relative values
of rate constants involved [23], so the simultane-
ous determination of two or more species in a
mixture is relatively easy provided that such a
ratio is fairly large or small. Therefore, the first
step in this process was to determine the respec-
tive rate constants of the mixture components.

The rate constants were determined by using
the integrated form of the rate equation for
pseudo-first-order kinetics, which can be written
as

log( A, —~A,) =log Ay— kt/2.303

where A, is the final absorbance, A, the ab-
sorbance at time ¢ and A, the initial absorbance;
from the slope of the plot of log(A,—A,) vs.
time, the pseudo-first-order rate constant, k, was
determined. The rate constant values found for
the four alcohols are given in Table 2. As can be
seen, the maximum rate constant ratio between
two alcohols (methanol and butanol) was ca. 3.

As regards the simultaneous determination of
these alcohols, traditional differential reaction-
rate methods are of no use as they require larger
rate constant ratios for application. We therefore
chose to use the linear Kalman filter, a mathe-
matical approach that is currently gaining interest
for the resolution of mixtures based on kinetic
methodology [24-27].

The enzymatic kinetic determination of these
alcohols can be assumed to rely on the following
oversimplified kinetic equation:

(-,
_ k,JADH],[ROH]
K, +[ROH]

1)
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where k. and K, are constants derived from a
Michaelis—Menten rate equation. As K, >
[ROH] for all alcohols, this rate law simplifies to

B ( d[ROH] ) _ ( d[NADH]

=k[R
dt dt )0 [ROH]

)

where k is directly proportional to the enzyme
activity. Based on Eqn. 2, the extended Kalman
filter [7] permits the reliable estimation of the
reaction rate constant, k, the net change in ab-
sorbance, A, (which is directly proportional to
the alcohol concentration) and the background
contribution, B, based on the following model:

A, =Ay[1—exp(—kt)] +B (3)

where A, is the absorbance at time f. In the
extended Kalman filter program used, data were
obtained by using 1 X 107% as the measurement
noise variance and 0.5 as the variance on the
initial guesses for the parameters, the initial val-
ues of which were 0.5 for A, and the values
obtained from the classical logarithmic methods
for the rate constants. This program requires
several iterations in order to obtain the best
estimate of the parameters (only three iterations
are sufficient to achieve the highest precision and
accuracy in the results). The rate constant values
found for the four alcohols are given in Table 2.
As can be seen, the extended Kalman filter is
more precise in the determination of these rate
constants.

The implementation of the linear Kalman fil-
ter for the resolution of alcohol mixtures requires
the definition of a measurement model. For the
analysis of binary mixtures, such a model can be
written according to the terminology used in the
Kalman filter [7] as

Z(k)=HT(k)X(k)+uv(k) (4)

where Z(k) denotes the UV absorbance mea-
surements of the mixture sample, HT(k) is the
observation matrix, X(k) the state vector, which
is what ones wishes to determine, and v(k) the
measurement noise. In the present instance, for a
mixture of two alcohols in which A4; and A, are
the maximum absorbance values (directly propor-
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tional to the concentration of each alcohol), k,
and k, are their respective rate constants and B
is a constant background absorbance, the meas-
urement model equation can be written as

A,
A,=[1—exp(—kyt)1—exp(—k,t)1]| 4, |+,
B
(5)

The system model equation is also required to
apply the linear Kalman filter [7]; however, the
state transition matrix is the identity matrix as
state variables remain constant in this analysis.
The initial guesses and all other conditions used
were as described above in connection with the
use of the extended Kalman filter.

A typical plot of estimated absorbances against
time as the filter moves along the kinetic curve
for a methanol-butanol mixture, and a simulated
kinetic curve plotted from data obtained by using
the linear Kalman filter, are shown in Fig. 4. As
can be seen, there is good agreement between the
experimental and simulated Kinetic curves, which
shows the good convergence of the filtering pro-
cess.

Based on the respective rate constant ratios
between the different alcohols, various synthetic

TABLE 3
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Fig. 4. Absorbance versus time plots obtained in the resolu-
tion of a mixture of 4.0x10~7 M methanol and 3.8Xx10~7 M
butanol by using the linear Kalman filter. (#) Experimental
kinetic curve; (1) and (2) estimated absorbances for methanol
and butanol, respectively; and (-) simulated kinetic curve
constructed from the data obtained in the filtering process.
Reaction conditions as described under Experimental.

mixtures containing different amounts of alcohols
were analysed by the linear Kalman filter. For
these mixtures, the maximum mole ratio tested
between the two components was that which
yielded an error of ca. +10%. The results ob-

Analysis of synthetic alcohol mixtures by use of the linear Kalman filter

Mixture taken

Results found

Compound Concentration Estimated signal ? Measured signal Error
10" M) (%)
Methanot 4.0 0.2831 (0.0018) 0.2745 313
Butanol 38 0.6083 (0.0027) 0.6319 —-3.73
Methanol 4.0 0.3079 (0.0018) 0.2811 9.53
Butanol 2.0 0.3861 (0.0023) 0.4005 —3.59
Methanol 22 0.2407 (0.0017) 0.2515 —4.48
Butanol 38 0.4930 (0.0025) 0.5208 —5.34
Ethanol 4.0 0.3623 (0.0031) 0.3521 2.84
Butanol 4.0 0.6375 (0.0044) 0.6953 —-8.34
Ethanol 4.0 0.3803 (0.0030) 0.3524 7.95
Butanol 2.0 0.4576 (0.0042) 0.4207 8.55
Methanol 4.0 0.3887 (0.0035) 0.3623 7.28
Propanol 4.0 0.2821 (0.0045) 0.2984 —5.46

# For a pure component. Standard deviations (n = 3) are given in parentheses.
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tained under these conditions are summarized in
Table 3. As can be seen, several alcohol mixtures
were successfully resolved, which testifies to the
good performance of the multi-component
Kalman filter in the kinetic enzymatic determina-
tion of these alcohols.
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Abstract

Three different flow-injection analysis systems for measuring penicillins in complex fermentation media were
tested: a molybdenum blue, an iodimetric and a potentiometric method. All the methods are based on enzymatic
hydrolysis of the penicillin to the corresponding penicilloic acid using B-lactamase, followed by detection of
penicilloic acid. The B-lactamase is immobilized in a packed-bed reactor in which there is 100% conversion of
penicillin to penicilloic acid, and all the methods therefore measure the sum of penicilloic acid and penicillin in the
sample. The iodimetric method was found to be the best method for measurement in fermentation media. By
replacing the enzyme reactor with an enzyme-free dummy reactor, it is possible to measure the concentration of
penicilloic acid alone, and thence the penicillin concentration can be determined by subtraction of the penicilloic acid
concentration from the total response in the analyser with the enzyme reactor inserted. The application of the
analyser was tested by monitoring a fed-batch penicillin fermentation and the correlation between measurements by
the FIA system and a liquid chromatographic method was very good.

Keywords: Enzymatic methods; Flow injection; UV-Visible spectrophotometry; Antibiotics; Enzyme reactors;

Fermentation; Iodimetry; Penicillin

Fast and robust measurement techniques for
monitoring the most important process variables
are needed both in an industrial environmental
and for in-depth theoretical analysis, e.g., of fer-
mentation kinetics [1]. Flow-injection analysis
(FIA) has been successfully applied for the moni-
toring of several fermentation variables [2-4]. In
this study, a fast, robust and reliable FIA system
was developed for monitoring penicillin V and
related by-products from a penicillin fermenta-
tion. The performance of the FIA system was
evaluated during fed-batch fermentations on a
complex medium containing corn-steep liquor.

Correspondence to: J. Nielsen, Department of Biotechnology,
Technical University of Denmark, DK-2800 Lyngby (Den-
mark).

Several methods for measuring penicillins have
been reported [5-13], but only a few have been
tested for monitoring of penicillin fermentation
with a complex medium. Many of these methods
utilize the reducing properties of the penicilloic
acid, which is produced by the pB-lactamase
(penicillinase)-catalysed hydrolysis of penicillin
(see Fig. 1). The penicilloic acid formed is deter-
mined spectrophotometrically using the reduction
of the yellow molybdoarsenic acid to molybde-
num blue [5] or the decolorization of an iodine—
starch complex when iodine is reduced to iodide
ions [6]. Alternatively, one may determine the pH
change caused by the hydrolysis of penicillin to
penicilloic acid [7-11] or the hydrolysis of peni-
cillin V to 6-aminopenicillanic acid using peni-
cillin amidase. Changes in pH can be detected

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Enzymatic hydrolysis of penicillin using penicillinase.

with a pH electrode or a hydrogen ion-sensitive
field effect transistor (pH-FET) [12]. All these
methods are easy to implement, but as a complex
medium contains many different reducing sub-
stances and may have a varying buffer capacity,
one should always check carefully for the pres-
ence of interfering components or changes in the
sample matrix. Finally, it is possible to measure
the change in enthalpy during the hydrolysis of
penicillin to penicilloic acid using an enzyme
thermistor [13], but this detection device requires
careful maintenance.

This paper describes a FIA method that can
be used for monitoring the concentrations of both
penicillin and penicilloic acid in complex media.
The analyser is based on the iodimetric method
[6] and its performance is compared with systems
based on molybdenum blue and potentiometric
methods.

EXPERIMENTAL

Enzyme reactor

All three methods tested start with enzymatic
hydrolysis of the penicillin to the corresponding
penicilloic acid using immobilized B-lactamase
(EC 3.5.2.6). Two kinds of enzyme reactors were
tested: a packed-bed reactor (PBR) with the en-
zyme immobilized on controlled-pore glass (CPG)
beads and a wall-coated tubular reactor (WCTR)
with the enzyme immobilized to the inner surface
of a nylon tube. For the PBR the B-lactamase
was immobilized on aminopropyl-CPG peads of
120-200 mesh (mean pore diameter 170 A), which
were packed in a column with a total volume of

M. Carlsen et al. / Anal. Chim. Acta 274 (1993) 117-123

60 wl. The WCTR was made of a 1 m X 1.0 mm
i.d. nylon tube (volume 800 pl) coiled in a figure-
of-eight shape.

With the small pores in the CPG beads it is
assumed that the enzyme 'immobilization is re-
stricted to the outer surface of the beads, and
with this assumption the available surface area
for immobilization is approximately the same for
the two type of reactors [14] (1.8 X 1073 m? for
the PBR and 3.1 X 1073 m? for the WCTR).
Despite the lower surface area in the PBR, a
much higher conversion was found in this type of
reactor. This observation could be explained by
mass-transfer effects in the WCTR reactor, where
the penicillin has to diffuse to the tube wall. The
analyser was applied to fermentation media where
both penicillin and penicilloic acid will be present
at the same time. The penicilloic acid is formed
by a non-enzymatic degradation of the penicillin
secreted by the cells. It is therefore convenient to
have a 100% conversion of penicillin to penicil-
loic acid in the enzyme reactor. This cannot be
achieved with the WCTR, even at very low flow-
rates, i.e., a high residence time in the reactor,
and the PBR was therefore preferred as there is
total conversion [checked by liquid chromatogra-
phy (LC)] in this type of reactor at the flow-rates
which are of interest. For both reactors the stabil-
ity of the immobilized enzyme is very good, i.e.,
there is no decrease in the enzyme activity over a
period of months.

Molybdenum blue method

In the presence of mercury(II) chloride, peni-
cilloic acid reduces molybdoarsenic acid to
molybdenum blue, which can be measured spec-
trophotometrically in the range 650-700 nm. The
FIA manifold is shown in Fig. 2. The injection
volume was 40 ul and the reaction coil was a 1
m X 0.5 mm i.d. tube coiled in a figure-of-eight
shape. The flow-rates for the carrier stream,
molybdoarsenic reagent and mercury(II) chloride
solution were all set at 0.6 ml min~!. The linear
working range was 10-100 mg 1~! K-penicillin V.

The appearance of a molybdenum blue precip-
itate in the tubes and especially in the detector
results in a severe baseline drift, i.e., the baseline
signal increases. Attempts to prevent precipita-
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Fig. 2. FIA manifold for detection of penicillin by the molyb-
denum blue method. M = mixing coil; R = reaction coil; En-
zyme = enzyme reactor; D = detector (650 nm); W = waste.

tion in the detector by using different buffers at
various pH values as the carrier stream proved
unsuccessful. However, thermostating the reagent
stream at 45°C is reported to give a better stabil-
ity of the analyser, i.e., no baseline drift [5].

Todimetric method

This method is based on measuring the amount
of penicilloic acid by the classical iodimetric
method in which iodine is reduced to iodide ions
[15]. The iodine consumption is detected spec-
trophotometrically by measuring the decrease in
the absorbance of an iodine-starch complex. The
exact stoichiometry of the reaction between peni-
cilloic acid and iodine is not known, but it is
reported that 1 mol of penicilloic acid reduces
3.5-4.5 mol of I, [16,17]. In Fig. 3 absorbance
measurements reported by Sykes and Nordstrom
[15] are plotted as In[(A, — A4,.) /(A — A} versus

4
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<
1
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Fig. 3. Decolorization of the iodine—starch complex by three
different initial concentrations of penicilloic acid: a =10.00;
0O =6.67; X =3.33 uM. Data from [15].
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Sample

Buffer

lodine

Fig. 4. FIA manifold for detection of penicillin by the iodimet-
ric method. M = mixing coil; R =reaction coil; Enzyme =
enzyme reactor; D = detector (650 nm); W = waste.

the reaction time for three initial concentrations
of penicilloic acid, where A,, 4 and A4, are the
absorbance at time =0, t =t and at t =, re-
spectively. A linear relationship between In[( A4,
—-A)/(A—A)] and the reaction time is ob-
served in all three experiments. The correlation
coefficient is 0.984 and the slope and intercept
are 0.155 + 0.002 and —0.04 + 0.06, respectively,
for 95% confidence limits. Hence the reaction
between iodine and penicilloic acid can be con-
sidered as first order in penicilloic acid concen-
tration. This is an advantage for application of
the reaction in an FIA system as a first-order
reaction will give a linear calibration graph.

The FIA manifold is shown in Fig. 4. The
injection volume was 10 ul and the reaction coil
was a 1 m X (0.8 mm i.d. tube coiled in a figure-
of-eight shape. The flow-rate of the carrier stream
was 1.2 ml min~! and the iodine and starch
solutions were pumped at a flow-rate of 0.7 ml
min~!. With these conditions the linear working
range was from 2.5 to 150 mg 1~! K-penicillin V.

Potentiometric method

The potentiometric method is based on mea-
suring the pH change caused by the hydrolysis of
penicillin to penicilloic acid. To obtain a linear
correlation between the penicillin concentration
and the pH change, the buffer capacity of the
carrier stream has to be independent of pH [8],
within the experimental range. It was observed
that both the PBR and the WCTR have a strong
chromatographic effect on H* ions, which results
in very broad peaks. Therefore, the concept of an.
immobilized enzyme reactor was abandoned and
B-lactamase was continuously fed to the reactor,
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Fig. 5. FIA manifold for detection of penicillin by the poten-
tiometric method. The B-lactamase is dissolved in the carrier
stream; R = reaction coil; pH = pH electrode; W = waste.

dissolved in the carrier stream. The buffer capac-
ity of the carrier stream is an important parame-
ter in this system, and the final capacity selected
was a compromise between ensuring a sufficient
response on injection and preventing interference
from varying buffer capacity and pH of the sam-
ple.

The manifold is shown in Fig. 5. The injection
volume was 10 ul and the reaction coil was a 0.5
m X 0.5 mm i.d. tube coiled in a figure-of-eight
shape. The carrier stream was 1.0 mM phosphate
buffer (pH 6.5) containing 5 mg 1=! B-lactamase
at a flow-rate of 1.0 ml min~'. The linear working
range of the analyser was from 100 to 800 mg 1!
K-penicillin V.

Procedures

The fed-batch penicillin fermentations were
carried out in a 41-1 Chemap bioreactor with an
industrial, high-yielding strain of P. chrysogenum
obtained from Novo Nordisk. The medium con-
tained 100 g 1~! corn steep liquor, 3 g 17! su-
crose, 6.0 g 17! phenoxyacetic acid and inorganic
salts [(NH,),SO,, KH,PO, and CaCl,]. The size
of the inoculum was 10% (w/w) and the inocu-
lum was prepared by a batch fermentation in a 7-1
Chemap bioreactor. The feed contained a mix-
ture of glucose, (NH,),SO, and phenoxyacetic
acid. The gas flow-rate to the bioreactor was 1
volume air/volume fermentation broth /min and
the temperature and pH were kept constant at
25°C and 6.5, respectively. The fermentation con-
ditions have been described previously [18].

The FIA system consisted of peristaltic pumps
‘(Watson-Marlow, Falmouth, UK) and pneumati-
cally driven injection valves (Rheodyne, Cotati,
CA). The spectrophotometer was an in-house de-
sign containing a light-emitting diode (650 nm)
and a photodiode as detector. The pH combina-
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tion electrode (Phoenix, Houston, TX) was placed
in a 50-u1 flow-through cell. All tubes were made
of PTFE (0.5 mm i.d. for the molybdenum blue
and potentiometric methods, and 0.8 mm i.d. for
the iodimetric method).

Reagents in the FIA systems. All reagents for
the flow-injection analysers were of analytical-re-
agent grade. All solutions were degassed before
they were used in the FIA systems to avoid air
bubbles in the enzyme reactor and detector.

lodimetric method. A stock solution of starch
was prepared by adding a suspension of 13.7 g of
soluble starch (Merck) in 100 ml of water to 900
ml of boiling water. Portions of 100 ml of the
solution were dispensed into small bottles and
sterilized for 20 min at 121°C. The stock solution
was diluted 20-fold in distilled water and KI was
added to a concentration of 0.72 g 1~ ! before use.

A 70 uM 1, solution was freshly prepared
every day from a stock solution of 0.1 M I,. The
buffer was 25 mM Tris buffer (pH 6.0) [3.03 g of
tris(hydroxymethyl)aminomethane, 2.9 g of malic
acid and 65 ml of 0.2 M NaOH in 1 1 of distilled
water].

Molybdenum blue method. The molybdoarsenic
acid reagent was prepared as follows: 30 g of
(NH ,)¢Mo,0,, - 4H,0 were dissolved in 400 ml
of distilled water and 25.2 ml of concentrated
sulphuric acid were added while cooling. Then
3.6 g Na,HAsO, - 7H,0O dissolved in 25 ml of
water were added and the solution was diluted to
1 1 with distilled water. The solution was kept in a
dark bottle and stored at 37°C for 24 h before
use. Mercury(I1) chloride solution was made by
dissolving 0.175 g of HgCl, in 1 1 of distilled
water. The buffer was citrate—~phosphate buffer
(pH 6.2) (7.02 g of citric acid and 23.55 g of
disodium hydrogenphosphate in 1 1 of water).

Potentiometric method. A 1 mM phosphate
buffer (pH 6.5) was used.

Enzyme. B-Lactamase (Penase) was obtained
from Leo Pharmaceutical Products (Ballerup,
Denmark).

Immobilization of enzymes on CPG. The glutar-
dialdehyde procedure [19] was used with amino-
propyl-CPG (120-200 mesh) (Fluka) and an en-
zyme loading of 25 mg of enzyme per gram of
CPG beads.
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Immobilization of enzymes on nylon tubes. The
procedure used was based on O-alkylation of the
nylon tube [20] (i.d. 1.0 mm and o.d 1.78 mm)
(Portex, Hythe, UK) with triethyloxonium te-
trafluoroborate (Aldrich) and successive coupling
of hexanediamine (Merck), glutardialdehyde and
enzyme (5 mg ml~1).

LC method. The LC method applied was a
reversed-phase method with gradient elution us-
ing Na,SO,-H,PO,~-CH,CN [0.2 M :0.04
M:3.7% (w/w)] and CH,CN [46.9% (w/w)]. The
reversed-phase column was a Waters Nova-Pak
C,5 (30 cm X 3.9 mm i.d., 4-um packing material).
The injection volume was 10 ul and the tempera-
ture was 40°C. The peaks were detected at 228
nm using a Waters Model 481 UV-visible detec-
tor. Further details are given in [21].

RESULTS AND DISCUSSION

All three methods were tested by measuring
penicillin in fermentation samples. The results
were compared with measurements of penicillin
using the LC method described above. Large
deviations between the potentiometric and the
LC methods appeared when penicillin in fermen-
tation samples was measured. This deviation did
not disappear on changing the buffer capacity
and the pH of the carrier stream, probably be-
cause of the large inherent buffer capacity of the
fermentation medium. The standards could be
prepared in a sterile fermentation medium, but
as the buffer capacity of the fermentation medium
changes throughout the fermentation, this will
not solve the problem. Based on these experi-
ments and also because a continuous supply of
dissolved enzyme has to be maintained, it was
concluded that the potentiometric method is un-
suitable for measuring penicillin in fermentation
samples, at least with the industrial-type medium
used in this study.

The molybdenum blue and iodimetric methods
both gave results in good agreement with those of
the LC method, but the molybdenum blue method
has some drawbacks compared with the iodimet-
ric method. The iodimetric method can run for
weeks without washing the tubes and the detec-
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tor, whereas rinsing of all the tubes and detectors
is required every few hours when using the
molybdenum blue method. Further, the molyb-
doarsenic reagent and mercury(I) chloride are
toxic, whereas the iodine and the starch solutions
are much less harmful. Finally, the iodine and
starch reagents are cheap and available in most
laboratories, whereas the molybdoarsenic reagent
and mercury(II) chloride are more expensive.

The iodimetric method was therefore chosen
for routine measurement of penicillin in complex
fermentation media. Degradation of penicillin to
penicilloic acid occurs throughout the fermenta-
tion (5-20% of the penicillin may be degraded)
and the manifold in Fig. 4 is not completely
suitable. The FIA analyser was therefore modi-
fied by inserting an extra valve, which made it
possible to inject the sample through either the
enzyme reactor or a “dummy reactor”. The
dummy reactor has exactly the same sample dis-
persion as the enzyme reactor, but no B-lacta-
mase is immobilized on the beads in this reactor.
By injection of a sample through the enzyme
reactor the sum of the concentration of penicillin
and penicilloic acid is measured, whereas injec-
tion through the dummy reactor gives the concen-
tration of penicilloic acid alone. The difference
between the two signals is used to calculate the
penicillin concentration. Penicillin cannot reduce
iodine to iodide [22] and penicillin will therefore
not interfere with the measurement of penicilloic
acid. Obviously a 100% conversion of penicillin in
the enzyme reactor is required if the analyser is
to be calibrated with standard penicillin solutions
alone. The modified FIA manifold is shown in
Fig. 6.

The linear concentration range of the analyser
is approximately two decades, and in aqueous
solution the limit of determination is 2.5 mg 17!
K-penicillin V with the flow-rates and injection
volume described above. Linear regression on the
logarithmic values gives

log[peak heights (mV)]
=0.9996 log[K-Pen V (mg 171)] +2.82 (1)

The regression is based on ten different concen-
trations, and the relative standard deviation



122

Fig. 6. Modified FIA manifoid for detection of penicillin by
the iodimetric method. M = mixing coil; R = reaction coil;
Enzyme = enzyme reactor; Dummy = dummy reactor; D =
detector (650 nm); W = waste.

(R.S.D.) of the slope and the intercept are 1.0%
and 0.2%, respectively. The deviation of the slope
from 1.000 is less than the R.S.D of the slope and
the calibration graph is consequently linear in the
range 2.5-150 mg 17! K-penicillin V. The maxi-
mum sample injection frequency is 60 h™!, corre-
sponding to the measurement of both penicillin V
and penicilloic acid in 30 samples h ™!,

When measuring samples from the fermenta-
tion medium it is important to consider interfer-
ences from components in the medium, e.g., glu-
cose and corn steep liquor (CSL). The influence
of glucose, phenoxyacetic acid (PAA) and CSL on
the analytical response was examined. For glu-
cose and PAA no interference was found, even
for concentrations of 10 g 1-! glucose and 40 g
17! PAA, which are higher than those typically
present in fermentation media. CSL interferes
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with the analysis owing to the presence of one or
more reducing compounds. The interference of
CSL was examined and it was found that the
interference (in mV) is almost independent of the
penicillin concentration and that there is a linear
correlation between the CSL concentration and
the signal (at least for CSL concentrations below
200 g I71). For a sterile medium containing 100 g
17! CSL an interference corresponding to 4 mg
17! K-penicillin V is registered if the sample is
diluted 80-fold before being analysed. This corre-
sponds to the measurement of 0.33 g 1~! K-peni-
cillin V in the undiluted sample, i.e., the medium
containing 100 g 1=! CSL. By measuring a sample
just before the start of the fermentation (at t =0
where no penicillin V is present), it is therefore
possible to determine the CSL interference ini-
tially, and this value is subtracted from the signal
for both the enzyme and the dummy reactor at
the beginning of the fermentation. Later in the
fermentation when the concentration of penicillin
is much higher (up to 30 g 1-! K-penicillin V) the
samples are diluted 250-fold, and the interfer-
ence from the CSL can be ignored.

The application of the analyser was tested
during several fed-batch penicillin fermentations
where the samples were withdrawn by means of
an in situ membrane module (ABC Module, Ad-
vanced Biotechnology Corporation, Munich) [21].
During the fermentation a small part of the pre-
cursor phenoxyacetic acid is oxidized to p-hy-
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Fig. 7. (a) Measurement of the concentration of the sum of the penicillin and penicilloic acid. + = FIA (jodimetric method);
A =LC. (b) Measurement of the concentration of penicillin. X = FIA (iodimetric method); ® = LC.
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droxyphenoxyacetic acid, and this is incorporated
into the penicillin molecule to form the by-prod-
uct p-hydroxypenicillin V. This by-product may
represent up to 10% of the total B-lactam activity
in the medium at the end of the fermentation.
The penicillin concentration measured by the FIA
system is consequently the sum of penicillin V
and p-hydroxypenicillin V (determined as K-
penicillin V equivalents). For comparison with
the LC method the sum of penicillin V and
p-hydroxypenicillin V is used. In Fig. 7a the con-
centration profile of the sum of penicillin V,
p-hydroxypenicillin V and penicilloic acid is shown
for a fed-batch fermentation measured by inject-
ing the samples through the enzyme reactor. From
Fig. 7a it is possible to calculate the volumetric
penicillin production rate, which is a variable for
modelling and control of the fermentation pro-
cess. By subtracting the dummy signal from the
enzyme signal one obtains measurements of the
concentration of the sum of penicillin V and
p-hydroxypenicillin V, i.e., the total B-lactam ac-
tivity in the medium (see Fig. 7b). After approxi-
mately 90 h when most of the amino acids of the
CSL had been consumed, 2 | of an amino acid
mixture were added to the bioreactor to see
whether this had any effect on the penicillin
production. The response of the culture to the
pulse of amino acids is well observed by the FIA
system but it seems to have little influence on the
volumetric penicillin production.

Conclusion

An FIA system for the measurement of the
sum of penicillin and penicilloic acid and the
penicillin concentration was developed and ap-
plied to the monitoring of a fed-batch penicillin
fermentation. The method was compared with
two other FIA systems, and was found to be
superior, especially for application to fermenta-
tion monitoring. The described FIA system is a
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good alternative to LC owing to the higher analy-
sis frequency, which makes it suitable for on-line
monitoring of the fermentation process.
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Abstract

A flow analyser with enhanced sampling frequency combining the features of flow-injection and continuous-flow
analysis is described. Parameters of the analyser were optimized to ensure the highest rate of analysis allowed by the
bubble-through flow cell with fluoride-selective electrodes. Fluoride was determined in 0.1-ml water samples with a
sampling rate as high as 720 h~! and a relative standard deviation better than 1%.
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There are two widely used techniques which
are commonly regarded as flow analysis: continu-
ous-flow analysis (CFA) and flow-injection analy-
sis (FIA) [1,2]. There have been disputes about
the names and definitions of CFA and FIA [3].
One of the definitions of FIA regards the use of a
non-segmented stream and the method of injec-
tion as less important and emphasizes only the
controlled dispersion of samples [4]. The latter
definition, however, can be applied to both FIA
and CFA, as any kind of flow analysis is meaning-
ful only if dispersion is kept under control in one
way or another, otherwise the results would not
be reproducible [3]. Recent reports describing the
novel segmental flow-injection technique com-
pletely eliminate the borderlines between CFA
and FIA [5-7]. Flow systems with an injector
introducing air segments at the beginning and at

Correspondence to: O.M. Petrukhin, D.I. Mendeleev Moscow
Chemical Technology Institute, Miusskaya pl. 9, Moscow
125820 (Russia).

the end of each sample slug allow the longitudi-
nal dispersion of solute taking place in different
parts of the flow conduit to be substantially re-
duced, thus solving the most crucial problem of
FIA. The need for debubbling the stream before
detection prevented, however, complete utiliza-
tion of the advantages connected with the air-seg-
mentation technique.

Previously a wall-jet flow cell arrangement was
reported with minimum hold-up and fast re-
sponse, particularly suitable for potentiometric
measurements in air-segmented streams without
debubbling [8]. The sampling rate of the CF anal-
yser incorporating this cell is reduced by the
dispersion of samples passing through the unseg-
mented zones of the flow system. The main con-
tribution to the dispersion is from the peristaltic
pump, the pump rollers squeezing the tubes and
distorting the concentration profile. To reduce
this interaction of the sample with the stream
carrying it, the “pecking” technique [9] was used.
Another possibility for minimizing the dispersion

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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is to inject the sample slug into the air-segmented
stream without passing it through the pump after
the introduction. The objective of this work was
to develop a flow analysis system combining the
advantages of the injection technique and air
segmentation with improved performance charac-
teristics in comparison with conventional CFA
and FIA systems.

EXPERIMENTAL

Reagents and solutions

All reagents were of analytical-reagent grade
and solutions were prepared with distilled water
and stored in polyethylene bottles. Stock ionic
strength adjusting buffer (ISAB) containing 0.5 M
CH,COOH, 0.5 M NaCl and 2.25 g I™! trans-
1,2-diaminocyclohexane-N,N,N ', N '-tetraacetic
acid with pH adjusted to 5.2 with sodium hydrox-
ide solution was used for the measurements with
fluoride-selective electrodes.

-Flow cell

The measurements were made with a flow cell
of modified wall-jet design with improved dy-
namic characteristics [8], which can be repre-
sented by

inner| mem-| sam-| refer-| mem-| inner
Ag/ |solu- [ brane; ple ence | brane| solu- | Ag/
AgCl | tion solu- tion |AgCl
tion

The single-crystal membranes of the custom-
made fluoride-selective electrodes had the com-
position 1 mol% EuF,-5 mol% SrF,-94 mol%
LaF; and the inner solution was 1X10™* M
NaF-2 X 10~! M NaCl. The reference solution,
pumped constantly through the cell, contained
1 X 10~* M NaF and ISAB diluted in a 2:3 ratio.

Apparatus

A Reihelt E 25 /WM K10 peristaltic pump was
used for pumping the solutions and maintaining
the air flow. The sampler was a Contiflo OL-
610/11 equipped with an electronic control unit.
Potentials were measured at room temperature
with a Radelkis OP-208 pH/mV meter and
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SRCT
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Fig. 1. Schematic diagram of the flow analyser. V = Injection

valve; P = peristaltic pump; MC = mixing coil; FC = flow cell;

1 = differential pumping from the cell; 2 = buffer solution;

3 = reference solution; 4 = sample/wash flow; 5=wash/

sample flow; 6 = carrier; 7= air flow (second tube); 8 = air

flow (first tube). Arrows indicate the waste outlets. For de-
tails, see text.

joo |~ o |n

recorded by a strip-chart recorder. Tygon tubing
(0.76 and 1.65 mm i.d.) was used to construct the
manifold.

Figure 1 shows a schematic diagram of the
flow apparatus. A PTFE valve with a load/inject
shaft rotation angle of 60° (Fig. 2) was used for
sample injection, the bores of the valve being 1.5
mm in diameter.

RESULTS AND DISCUSSION |

Preliminary experiments with a valve installed
close to the inlet port of the flow cell showed that
the dynamic characteristics of the cell permit
sampling rates as high as 700-900 h~!, depending
on the fluoride concentration level and the flow-

Fig. 2. Three-loop injection valve. W =Wash stream inlet
port; S =sample stream inlet port; C = carrier stream inlet
port; D = to detector.
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rate. The performance of any routine flow ana-
lyser is always poorer owing to sample dispersion.
The method of sample injection into the air-seg-
mented stream proposed here results in a signifi-
cant decrease in the carry-over in comparison
with conventional CFA and FIA techniques.
"However, the application of an ordinary one-loop
injector commonly used with flow manifolds re-
duces the sampling rate to 400-500 h~! owing to
the time nessesary for proper washing of the
sampling line and the injection loop. This draw-
back can be overcome by the use of the dual
sampling line manifold with a six-port injector
shown in Fig. 1. Two samplers are operated by
the electronic control unit so that when one of
the sample probes is dipped into the sample
container, the other is dipped into the wash ves-
sel, the samplé to wash ratio being 1:1. Such a
technique can be also realised with one sampler,
equipped with two probes. Utilization of two
sampling probes allows one of the sample lines to
be washed while the other one is supplying the
sample to the injector. With the pump positicned
downstream the sample /wash solutions are aspi-
rated directly into the injector loops. This pre-
vents distortion of the concentration profile by
the pump rollers and reduces the carry-over.

Two injection loops with identical volumes in-
troduce sample slugs into the carrier stream in
rotation; the third loop. volume (black in Fig. 2)
serves merely to wash one of the sample lines
while the other one is supplying the sample solu-
tion to the injector. This three-loop operation
mode with injection, sample loading and washing
carried out simultaneously provides minimum in-
jector downtime, thus increasing the sample
throughput.

During the operation of the set-up shown in
Fig. 1, each continuous sample slug downstream
of the valve is separated from the next one by a
series of carrier and air segments. An attempt to
segment the sample stream before introducing it
into the valve resulted in a decrease in the analy-
sis rate, primarily owing to the decreased volume
of sample passing through the flow cell. More-
over, with air segmentation of the sample stream
aspirated into the valve a uniform sequence of air
bubbles could not be obtained. Hence the method
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utilizing the injection of continuous (unsegment-
ed) sample slugs into the air-segmented carrier
stream was chosen for the flow analyser opera-
tion. In this instance the buffer solution intro-
duced into the stream dilutes the sample and
carrier in different ratios. This has no discernible
effect on the performance of the flow analyser,
however, because the calibration solutions and
the samples are diluted in the same proportions
and a higher buffer concentration in the carrier
solution separating consecutive samples is of mi-
nor significance.

Distilled water containing 0.1 vol.% of the
non-ionic surfactant Brij-35 was used as a carrier
solution instead of a baseline solution containing
constant dilute or concentrated background levels
of the measured ions. The use of distilled water
as a carrier reduces the cell wash time and in-
creases the sample throughput; the variable base-
line caused by this approach is analytically in-
significant in some instances, as discussed previ-
ously [8,10].

Air segments were injected into the stream
each time a pump roller left the platen using the
dual pump tube method [11]. The parameters
chosen for the flow system (Fig. 1) after optimiza-
tion experiments are listed in Table 1.

The mixing coil consisted of eight turns of a 40
cm X 1.5 mm i.d. glass tube. The total flow-rate
directed to the detector part of the cell was 5.12
ml min~! including the air flow, which is the
optimum value for the flow cell used [8]. The

TABLE 1

Parameters of the flow system

Volume injected 0.1 ml

Carrier flow-rate 1.56 ml min !
Air flow-rate (first tube) 2.77 ml min !
Air flow-rate (second tube) 1.56 ml min !

Segmentation frequency 257!

Buffer solution flow-rate 2.00 ml min !
Reference solution flow-rate  1.56 ml min ~!
Sampling time S5s

Sampling line wash time 5s

Sampling rate 720 h 1

(360~ h for each probe)
Valve rotation frequency

( = injection rate) 720h~!
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Fig. 3. Recordings of 2X1075, 4x1073 and 8x107° M
fluoride standards run in ascending and descending order
followed by two interaction test patterns and duplicate deter-
minations for water samples.

liquid level in the cell was kept constant by differ-
ential pumping with a flow-rate of 7.74 ml min~ ..

The performance of the proposed flow anal-
yser was assessed by fluoride determinations in
fluoridated drinking water. The calibration solu-
tions contained 2 X 107°, 4 X 107> and 8 X 107?

M fluoride, based on fluoride content recom-
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mended for the water after fluoridation [12]. Typ-
ical recordings for the analysis of aqueous fluo-
ride standards in sets of four and three and
fluoride determinations in water samples in du-
plicate are shown in Fig.3. With a sampling rate
of 720 h™~! the calibration graph is linear and has
a slope of 58 mV pF™!, the relative standard
deviation being better than 1%.
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Abstract

A solid-phase extraction procedure to be used in the determination of selenium by gas chromatography with
electron-capture detection (GC-ECD) was investigated. After derivatization of Se(IV) with 1,2-diamino-3,5-di-
bromobenzene the formed 4,6-dibromopiazselenol was adsorbed on a porous divinylbenzene polymer. Elution was
performed with toluene. The proposed solid-phase extraction procedure was compared with a liquid-liquid extrac-
tion procedure and the overall efficiency was approximately 97% for sample volumes between 5 and 100 ml.
Concordant results were obtained for natural water samples spiked with selenium between the GC-ECD procedure
and a hydride generation atomic absorption spectrometric procedure. Removal of dissolved organic carbon in natural
waters on XAD-8 and Dowex 1X8 prior to selenium determination was also studied.

Keywords: Atomic absorption spectrometry; Gas chromatography; Selenium; Solid-phase extraction; Waters

The low levels of Se(IV) present in natural
waters [1-3] require analytical procedures having
good accuracy at the ng 17! level. Gas chromato-
graphy with electron capture detection (GC-ECD)
[4-6] and hydride generation atomic absorption
spectrometry (HG-AAS) [1,7] in conjunction with
appropriate preconcentration steps are both suit-
able techniques for such determinations.

The determination of Se(IV) in water by GC-
ECD is based on the formation of a volatile
compound, a piazselenol, in the reaction between
selenious acid and a substituted o-phenylene-
diamine. The piazselenol is normally extracted
into an organic solvent before injection into the
gas chromatograph. The extraction procedure
makes it possible to preconcentrate the sample

Correspondence to: K. Johansson, Department of Analytical
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up to 500 times [8], leading to a detection limit
below 1 ng 17! of Se(IV) in the sample.

In the HG-AAS method, Se(IV) is reduced
with sodium tetrahydroborate to volatile hydro-
gen selenide, which is collected at liquid nitrogen
temperature. The preconcentrated hydrogen se-
lenide is vaporized and selenium determined by
AAS. The limit of detection is 1 to 2 orders of
magnitude lower than for systems without pre-
concentration [9,10].

Both methods may be subject to interferences
from dissolved organic material. In the HG-AAS
method, Se(IV) and/or Se(VI) added to ground
water [11], soil extracts [12—-14] and extracts of
biogenic material [15] have been lost. The inter-
ference is removed by wet digestion [11,12,15] but
this prevents speciation. Another solution to this
problem is to remove the interferent(s) on a
sorbent before selenium determination. Roden
and Tallman [11] demonstrated that the interfer-
ent, probably an organic constituent, could be

0003-2670,/93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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reversibly bound on the macroreticular polymeric
resin XAD-8, while inorganic Se(IV) and Se(VI)
were unretained. As reported by several authors
[13-15], this sorbent will not always remove the
interference completely.

In the GC-ECD method with liquid-liquid
extraction, the main problem connected with the
organic material is emulsion formation, making
the phase separation time-consuming if not im-
possible. The interferences from organic material
can be reduced by extracting the sample with an
organic solvent or filtering it through a sorbent
prior to the derivatization and liquid-liquid ex-
traction. A sorbent can thus be used as a clean-up
step in the GC-ECD method. However, it should
also be possible to adsorb and collect the piazse-
lenol from the aqueous phase. This technique is
sometimes referred to as solid-phase extraction
(SPE). SPE can be used to separate analyte and
concomitants by adsorbing the former while the
latter are unretained and is a special case of
adsorption chromatography. In trace analysis,
where SPE is used to accumulate the analyte, the
distribution coefficient should be large for the
analyte. It is also important that the adsorption
capacity of the column is adequate, since the
sample may contain other substances, that are
also retained. Ideally, the analyte should be ad-
sorbed as a narrow band at the top of the col-
umn, because then a short column can be used
and the elution made in a small volume.

This paper reports on investigations of a SPE
method in trace analysis of Se(IV) in water with
GC-ECD. We also report on determinations with
GC-ECD and HG-AAS of Se(IV) added to natu-
ral water, treated by filtration through XAD-8 or
Dowex 1X8.

EXPERIMENTAL

Apparatus

For the gas chromatographic measurements a
Shimadzu GC-14A gas chromatograph equipped
with a constant current ®*Ni electron-capture de-
tector was used. The column was DB-1701 (15
m X 0.25 mm i.d.) with a 0.25-um film thickness
(J&W Scientific). The chromatographic condi-
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tions were: carrier gas, helium at 40 cm s~ ; split
vent, 60 ml min~!; purge vent, 1 ml min~!; make-
up gas, nitrogen at 45 ml min~!; injector temper-
ature, 250°C; detector temperature, 325°C; and
column temperature programme, 100°C held for
2 min, increased at 8°C min~! to 175°C, held for
5 min, increased at 15°C min~! to 265°C, held for
5 min.

The injections (0.5 wl sample + 1 ul toluene)
were made in the splitless mode with a Shimadzu
AOC-14 automatic injector, with a change to the
split mode after 1 min. The peak areas were
evaluated with a Shimadzu C-R5A integrator.

The HG-AAS apparatus with a cold trap is
described elsewhere [7]. Hydride generation is
accomplished by mixing the acidified sample with
sodium tetrahydroborate in a flow system. The
hydride is stripped from the aqueous phase and
transported with nitrogen gas. Four glass U-tubes
in series are used for gas-liquid separation, re-
moval of water vapour and trapping of the hy-
dride. Atomic absorption measurements were
made with a Perkin-Elmer 3100 spectrometer
equipped with the MHS-20 oven and containing a
quartz cuvette at 800°C. The light source, an
electrodeless discharge lamp, was operated at 7.6
W. The analytical wavelength was 196.0 nm and
the spectral band-width 0.7 nm. Evaluation of
peak areas and peak heights was made with the
Model 3100 EDS software supplied by the manu-
facturer. No background correction was applied.

Determinations in the 1-10 pg 17! range were
performed with the HG-AAS instrumentation de-
scribed by Pettersson et al. [9].

A Philips PU 8625 spectrophotometer
equipped with a 40-mm flow through cell, a U4-
XV peristaltic pump (Alitea AB) and a glass
column, bed volume 1.1 ml, (Kabi-Pharmacia)
were used in the study of the XAD-resins. The
absorbance was measured at 420 nm.

Total dissolved organic carbon (TOC) in the
water samples was determined on a Shimadzu
500 TOC analyzer by the National Environmental
Protection Agency in Uppsala.

The equipment used for SPE is presented in
Fig. 1. Five of these devices were connected in
parallel to a water aspirator. The column (inner
diameter 3/8”, volume 4 ml) was made of
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glass sample reservoir

adaptor

polypropylene column

20 um polyethylene frits
sorbent

rubber stopper

luer lock needle
—» {0 vacuum

filter flask

Fig. 1. Equipment used for solid-phase extraction.

polypropylene and contained two 20-um polyeth-
ylene frits. The stopcock and adaptor were pur-
chased from Analytichem (Harbour City, CAIE).
The sample reservoir was made of glass.

The ion-exchanger tubes were made from
Pyrex, length 200 mm, i.d. 8 mm and provided
with a cylindrical funnel, length 70 mm and i.d.
42 mm, at the top. Flow was controlled by a
clamp around a small piece of PVC tubing con-
nected to the 1-mm drawn out tip. These tubes
were also used in the recovery experiments for
inorganic selenium on XAD-7 and XAD-8.

Chemicals and reagents

All chemicals were of analytical grade from
Merck unless otherwise stated. Demineralized,
destilled water passed through a Millipore 3 filter
cartridge system, Milli-Q water, was used
throughout. All glassware was cleaned in 4 M
nitric acid and rinsed with Milli-Q water.

1,2-Diamino-3,5-dibromobenzene (Br,-PDA). A
5.5 mM solution of Br,-PDA in 0.5 M perchloric
acid was prepared. The solution was purified by
extraction with toluene and should preferably be
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kept in the dark. When 100 ml were extracted
with 5 ml of toluene the Br,-PDA concentration
dropped to about 5.2 mM.

Selenium(IV). A stock standard solution, 1 g
171 of Se(IV), was prepared from an ampoule of
selenium dioxide in dilute nitric acid. Its concen-
tration was checked by an amperometric titration
with thiosulphate after addition of a large excess
of iodide [16]. Working standard solutions were
obtained by serial dilution of the stock standard
solution and contained 2 ml 1=! of hydrochloric
acid (37%, w/w).

Internal standard solution. This solution was
prepared by dissolving lindane (99%) and aldrin
(99%), both purchased from Applied Science
Labs. (State College, PA), in toluene. The work-
ing solution contained 2.0 mg 1=! of lindane and
2.6 mg 17! of aldrin.

Lindane and aldrin are insecticides and pre-
cautions should be taken to avoid inhalation and
skin contact.

4,6-Dibromopiazselenol. This was synthesized
according to the literature [5]. The synthesized
piazselenol was analysed for selenium after wet
digestion according to a variation of Gould’s
method [17] using a 10:1 (v/v) mixture of con-
centrated sulphuric acid and fuming nitric acid by
the amperometric titration method mentioned
above. The purity was 99.8 + 0.4%. A stock stan-
dard solution containing 0.5 g 17! of piazselenol
was prepared by dissolving piazselenol in toluene.
Working standard solutions were prepared by
serial dilution with toluene,

Sodium tetrahydroborate. Sodium tetrahydro-
borate, 0.5% (w /v), was stabilized and purified as
described elsewhere [7].

Hydrochloric acid. HCl, 37% (w/w), used in
the cold trap system was diluted 1:1 and flushed
with nitrogen prior to use.

Resins

Solid-phase extraction resin. The resin was a
porous divinylbenzene polymer (PD-102-PE), 10
pm in diameter, with a narrow particle size distri-
bution. It was supplied by Dyno Particles (Lil-
lestrom) as a 10% (v/v) suspension in methanol.
The resin was not further purified. The resin bed
was packed as follows, see also Fig. 1. The upper



132

75-ml glass reservoir was detached, the stopcock
closed and the frit at the bottom inserted. Since
the particle size of the resin was 10 um, a glass-
fibre filter with a pore diameter of about 2 um
was inserted above the frit. The resin was added
as a methanol slurry until the settled bed was
approximately 4 mm. Then the second frit was
inserted. The column was conditioned by drain-
ing the methanol followed by 5 ml of 0.25 M
perchloric acid. The stopcock was closed when
about 2 ml of perchloric acid were left above the
upper frit, then the sample reservoir was at-
tached. The column was effectively regenerated
by passing 5 ml of methanol—-perchloric acid (70-
72%) (98 : 2) through the column. When not used,
the column was filled with methanol and stored
closed.

Ion-exchange resin. Dowex 1X8, (100-200 mesh
analytical grade, Serva) was purchased from
LabKemi (Stockholm). Fines were removed by
decantation and the resin (100 g) was placed in a
glass filter funnel and washed with 200 ml of 1 M
sodium hydroxide added in portions followed by
Milli-Q water to neutral. Conversion to the chlo-
ride form was achieved by passing 200 ml of 1 M
hydrochloric acid followed by Milli-Q water.
When no detectable chloride was found in the
effluent the resin was dried over night at 50°C
and then conditioned over calcium chloride hexa-
hydrate and its saturated solution. A 2-g amount
of the conditioned resin (dry weight) was slurried
in a few ml of Milli-Q water and packed between
plugs of quartz wool. The resin was washed with
10 ml of 1 M hydrochloric acid followed by Miili-Q
water to approximately neutral effluent. Finally
25 ml of 0.025 M hydrochloric acid were passed
through the column. The solution to be filtered
was made 0.025 M with respect to hydrochloric
acid and transferred to a volumetric flask. The
flask was mounted upside down in the cylindrical
funnel of the exchanger tube. The flow was ad-
justed to about 2 ml min~!. The effluent was
collected and analysed for Se(IV) and TOC.

XAD resins. XAD-2 (0.3-1 mm anal. gr.),
XAD-4 (20-50 mesh pract.), XAD-7 (20-50 mesh
pract.), XAD-8 (0.3-1 mm pract.), XAD-16 (13—
80 mesh pract.) (Serva), were purchased from
Techtum (Ume8). Fines were removed by de-
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cantation. The resin (100 g) was then slurried in
50 ml of methanol followed by addition of 50 ml
of water. After deaeration with nitrogen gas the
resin was stored refrigerated. A 7.5-ml column
was prepared between plugs of quartz wool from
the resin in the methanol-water (1:1) mixture.
After washing of the resin with Milli-Q water to
remove all methanol, 50 ml of 0.01 M hydrochlo-
ric acid were passed through the column. The
solution to be filtered was made 0.01 M with
respect to hydrochloric acid and passed through
the column as described above at about 1 ml
min~ L.

Solid-phase extraction of piazselenol

Standard procedure for the extractions. The
Se(IV) was derivatized at room temperature or
100°C by adding Br,-PDA to test solutions in 0.25
M perchloric acid so that the concentration be-
came 0.1 mM. At room temperature the derivati-
zation reaction was complete after 3 h and at
100°C after 5 min [6). The SPE columns were
conditioned as described above. The derivatized
test solutions were passed through the columns at
a flow-rate of 5 ml min~! followed by 1.5 ml of 4
M perchloric acid. The columns were allowed to
drain and were then spinned for 2 min to remove
most of the liquid. The adsorbed piazselenol was
eluted with 1 ml of toluene (flow-rate of 2 ml
min~!) into a test-tube with a PTFE-faced screw-
cap containing 10 wl of the internal standard
solution. The toluene eluate was washed with 1.5
ml of Milli-Q water and dried with anhydrous
sodium sulphate prior to injection on the gas
chromatograph.

Effect of sample volume. A stock standard solu-
tion containing 1 ug 17! of Se(IV) in 025 M
perchloric acid was prepared. Standard solutions
were prepared by diluting 5-ml portions of the
stock standard solution to 25, 50 and 100 ml with
0.25 M perchloric acid. The procedure from above
was then followed. As a reference, a 5-ml portion
of the stock standard solution was derivatized
and extracted with 1 ml of toluene + 10 ul of the
internal standard solution. The aqueous phase
was discarded and the toluene phase was ex-
tracted with 1.5 ml of 4 M perchloric acid fol-
lowed by 1.5 ml of Milli-Q water. Finally the
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toluene phase was dried with anhydrous sodium
sulphate prior to injection.

Effect of sample flow-rate. 25-ml portions of a
derivatized standard solution containing 200 ng
17! of Se(IV) were passed through a conditioned
SPE column at different flow-rates. The condi-
tions were otherwise the same as described above.

Effect of elution flow-rate. 25-ml portions of
the solution above [200 ng 1~! of derivatized
Se(IV)] were passed through a conditioned SPE
column at 5 ml min~'. The flow-rate of toluene
at the elution was varied, otherwise the condi-
tions were the same as above.

Elution profile of piazselenol from the SPE col-
umn. 20 ml of a derivatized solution containing 10
pg 171 of Se(IV) were passed through a condi-
tioned SPE column. The standard procedure was
followed except at the elution, which was per-
formed as follows. A total volume of 2.9 ml of
toluene was passed through the column at a
flow-rate of 2 ml min~'. Fractions of approxi-
mately 0.5 ml were collected and diluted to 1 ml
with toluene. The first fraction was further di-
luted 1:40. All volumes and dilutions were con-
trolled by weighing.

Elution of excess of Br,-PDA. 25 ml of deriva-
tized standard solution, 160 ng 17! of Se(IV),
were passed through a conditioned SPE column
at a flow-rate of 5 ml min~! followed by 1.5 ml of
either 0.25, 2, 4, 6 or 8 M of perchloric acid.
Elution and analyses were performed according
to the standard procedure.

Pretreatment of natural water samples

Natural water samples were collected as sur-
face water from lakes and streams in the vicinity
of Uppsala. After filtration through 0.45-um
membrane filter, samples were stored refriger-
ated in polyethylene bottles. Prior to the analysis
1 or 2 1 portions of the samples were withdrawn,
acidified to pH 2, spiked with selenite and deaer-
ated with nitrogen. Each sample was then split
into three equal portions of which two were sub-
jected to the filtration procedures on XAD-8 and
Dowex 1X8, respectively, as described above. Fi-
nally, the two effluents and untreated sample
were analysed for Se(IV) with GC-ECD and HG-
AAS and in addition analysed for TOC.
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Determination of Se(IV) with GC-ECD

Sample preparation. 25 ml of the pretreated
sample and 0.5 ml of perchloric acid (70-72%)
were added to a conical flask. The flask was
placed on an ordinary hot-plate and removed as
soon as the sample started to boil. Immediately
0.5 ml of 52 mM Br,-PDA was added and the
mouth of the conical flask was covered with a
watch-glass. The piazselenol formation was com-
plete after 5 min and the sample was cooled to
room temperature in a water bath.

Solid-phase extraction. The sample was quanti-
tatively transferred to the sample reservoir and
the sample was passed through the conditioned
column at a flow-rate of 5 ml min~!. When most
of the sample had passed the column and the
liquid level had reached the top of the sorbent,
the stopcock was closed. The sample reservoir
was detached and 1.5 mi of 4 M perchloric acid
were added. The column was allowed to drain
and then spinned for 2 min to remove most of the
liquid. One ml of toluene was added to the col-
umn. A syringe was used to supply the pressure
needed for the toluene to pass through the col-
umn. The effluent was collected in a test tube
containing 10 w1 of the internal standard solution
and equipped with a PTFE-faced screw-cap. The
toluene phase was washed with 1.5 ml of Milli-Q
water (rapid phase separation was obtained by
spinning the test-tube) and dried by adding anhy-
drous sodium sulphate prior to injection on the
gas chromatograph.

Liquid—liquid extraction. The extraction was
performed as described in Ref. 6.

Determination of Se(IV) with HG-AAS

To 25 ml of the sample containing <5 ng of
selenium, 5 ml of deaerated 6 M hydrochloric
acid were added. The hydride trap was immersed
into the liquid nitrogen and 30 s allowed for
lowering of the temperature. The peristaltic pump
was turned on. When the sample followed by
small portions of 1 M hydrochloric acid to rinse
the tubings had been consumed after 3 min, the
pump was stopped. After 10 s the hydride was
released by replacing the liquid nitrogen with
ethanol at —15°C and the measuring cycle of the
spectrometer was initiated. The cold ethanol was
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not removed until the whole peak had been mon-
itored.

RESULTS AND DISCUSSION

Selection of solid-phase extraction sorbent

The selection of the SPE sorbent depends on
the application. The two, perhaps, most com-
monly used types of sorbents today are bonded-
phase silica and macroreticular polymeric resins.
The bonded-phase sorbents based on silica parti-
cles have a limited working pH range, approxi-
mately between 2 and 7.5. Above pH 7.5, the
silica substrate is susceptible to dissolution in
aqueous solutions. Below pH 2 the silyl ether
linkage is labile and the functional groups on the
surface will begin to cleave, changing the sorptive
properties in a non-reproducible fashion. The
polymeric resins, on the other hand, are almost
unaffected by extremes of pH.

The formation of the piazselenol occurs in a
reaction between undissociated selenious acid and
the monoprotonated diamine, and the derivatiza-
tion should therefore be carried out at a pH
where these species predominate. When Se(IV) is
derivatized with Br,-PDA, the reaction is carried
out in 0.25 M perchloric acid [6]. This reaction
medium makes polymeric resins best suited for
the SPE.

The resin used, PD-102-PE, is a porous di-
vinylbenzene polymer. It has a small particle size,
10 pwm, which gives good mass transfer proper-
ties, and a narrow size distribution so that no
problems with backpressure were experienced.
No other sorbent was studied in detail.

Equipment used for the solid-phase extractions

The piazselenol does not adsorb only on the
resin (divinylbenzene polymer) used, but also on
other common polymeric materials. Different ma-
terials were cut into pieces and added to conical
flasks together with an aqueous solution of
derivatized Se(IV). The flasks were shaken for 3
h and the solution analysed. The results are pre-
sented in Table 1. The piazselenol was adsorbed
on all the investigated materials except PTFE
and glass. This makes the choice of material in
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TABLE 1

Adsorption of piazselenol on different materials

[Solutions of derivatized Se(IV) were shaken together with
different materials cut into small pieces. The determination of
Se(I1V) was made after 3 h)

Material Recovery
(%)
PVC 4
Polyethylene 40
Polypropylene 70
Silicone 4
PTFE 99
Glass 96

the extraction equipment important. The equip-
ment is presented in Fig. 1. The sample reservoir
is made of glass to reduce the risk of loss of
piazselenol due to adsorption on the walls. The
column is made of polypropylene. However, when
toluene was added to elute the adsorbed piazse-
lenol from the sorbent, the wall of the column
was also rinsed with the eluent.

Solid-phase extraction of piazselenol

The detection limit of a procedure for trace
determination in water with a preconcentration
step will depend on the enrichment factor. Since
Se(IV) is often present at concentration below
100 ng 17! in natural waters [1-3], considerable
preconcentration might be necessary from a large
sample volume. When SPE is used in trace analy-
sis it is important that the rate of the sorption
process is also fast at low analyte concentrations.
If the sorption is slow, there should be a trend
towards lower recoveries when the concentration
of Se(IV) is decreased. Table 2 contains results
on the SPE of 5 ng of Se(IV), derivatized at
different temperatures and in different sample
volumes. The results are presented as the ratio,
R, between the peak areas of the piazselenol and
the internal standard. The data in Table 2 do not
indicate a trend in recovery with sample volume.

In a previous study [6] it was shown that the
time for the derivatization reaction could be re-
duced from 3 h to 5 min by raising the tempera-
ture to 100°C. No adverse effects on the chro-
matograms were observed from the increase in
derivatization temperature. To verify this obser-
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TABLE 2

Effect of sample volume on solid-phase extraction of piazse-
lenol

[5 ng of Se(IV) were added to 5, 25, 50 and 100 ml of 0.25 M
perchloric acid and derivatized at 22°C or 100°C by adding
Br,-PDA to a concentration of 0.1 mM. The reference con-
sisted of 5 ng of Se(IV) derivatized in 5 ml of 025 M
perchloric acid and extracted with 1 ml of toluene. R is the
ratio between the areas of the piazselenol and the aldrin
peaks]

Vo [SeV)] R
-1
(ml) (ng1™h) 22°C 100°C
5 1000 1.055, 1.041 1.081, 1.048
25 200 1.054, 1.036 1.075, 1.064
50 100 0.982, 1.055 1.098, 1.046
100 50 1.048, 1.058 1.010, 1.012
Ref. 1000 1.098, 1.057 1.081, 1.090

vation for SPE, the derivatization was run at the
two temperatures in parallel. No adverse effects
were observed on the chromatograms or the per-
formance of the SPE column. The values of R
obtained with derivatization at 22°C, R = 1.041 +
0.025, and 100°C, R =1.054 +0.032 (mean +
S.D., n = 8), are not significantly different. These
values are, however, lower than for the reference,
R =1.082 + 0.018. Since the recovery of deriva-
tized Se(IV) at liquid-liquid extraction was ear-
lier found to be nearly 100% [6], the difference in
the R values indicates incomplete recovery of
Se(TV) with the SPE procedure.

Further, the influence of sample flow-rate on
the recovery of derivatized Se(IV) was investi-
gated. The results are presented in Table 3. No
influence of flow-rate on the recovery could be

TABLE 3

Effect of flow-rate on the adsorption of piazselenol

[25 ml of a solution containing 200 ng 1~! of derivatized
Se(IV) were passed through an SPE column at different
flow-rates. R is the ratio between the areas of the piazselenol
and the aldrin peaks]

Flow-rate R

(ml min 1)

1.8 1.026, 1.089
4.2 1.041, 1.058
5.0 1.053, 1.063
6.1 1.061, 1.075
75 1.063, 1.075
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TABLE 4

Effect of flow-rate on the desorption of piazselenol

[25 ml of a solution containing 200 ng 17! of derivatized
Se(IV) were passed through an SPE column. The flow-rate at
the desorption of piazselenol with toluene was varied. R is
the ratio between the areas of the piazselenol und the lindane
peaks]

Flow-rate R
(mi min—?%)

03 1.082
1 1.051
13 1.086
3 1.066

established. A flow-rate of 5 ml min~! was used
in most experiments.

The adsorbed piazselenol from the SPE col-
umn was eluted with toluene. Toluene was suc-
cessfully used in the liquid-liquid extraction of
piazselenol [6] and was therefore chosen in the
SPE. No other organic solvents were investigated.
The flow-rate of toluene does not effect the re-
covery in the investigated range, Table 4. The
elution profile exhibits some tailing, but when 2.9
ml had passed the column, approximately 98.5%
of the piazselenol had been eluted in the first 0.6
ml of toluene, Table 5. One ml of toluene was
added to the columns in all experiments and
since the void volume of the column was approxi-
mately 0.15 ml, 0.85 ml passed through the col-
umn.

TABLE 5

Elution profile of desorbed piazselenol

[20 ml of a solution containing 10 g 17! of derivatized Se(IV)
were passed through an SPE column. The column was eluted
with toluene and fractions of about 0.5 ml were collected and
analysed. R is the ratio between the areas of the piazselenol
and lindane peaks]

Total eluate R
volume (ml)

0.58 49.071°
1.13 0.330
1.58 0.154
1.99 0.114
2.44 0.094
2.93 0.036

2 The first fraction was diluted 1:40 before injection on the
gas chromatograph. The calculated area ratio is compensated
for the dilution.
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The reason for the use of two internal stan-
dards, lindane and aldrin, was due to the fact that
in some experiments a compound with a reten-
tion close to lindane appeared, which made the
evaluation difficult. The use of aldrin as internal
standard, instead of lindane, solved the problem.
Aldrin is not back-extracted by 1.5 ml of 4 M
perchloric acid followed by 1.5 ml of Milli-Q
water or 5 ml of 0.25 M perchloric acid. Later,
the origin of the interfering compound was fully
investigated and traced to contaminated perchlo-
ric acid.

Clean-up procedure in the SPE method

With liquid-liquid extraction it has been re-
ported that the piazselenol reaction yields
byproducts, which together with excess of reagent,
result in chromatographic peaks that may overlap
the piazselenol peak [5,8,18]. However, no inter-
ference was observed when a capillary GC col-
umn was used [6]. Piazselenol and lindane were
well separated from the byproducts and the
reagent. However, a clean-up step could be in-
cluded in order to minimize broad peaks from the
reagent that appeared after the piazselenol peak
[6]. In the clean-up step, the toluene phase was
washed once with 6 M perchloric acid.

The same reagent peaks appeared in the SPE
method. By treating the SPE column with per-
chloric acid before elution of the adsorbed pi-
azselenol, these peaks were diminished. The ef-
fect of the concentration of perchloric acid on
both the ligand peaks and the piazselenol peak
was investigated by adding 0.25, 2, 4, 6 or 8 M
perchloric acid to the column, Table 6 and Fig. 2.
A higher concentration of perchloric acid yielded
a cleaner chromatogram but when the concentra-
tion exceeded 6 M, losses of piazselenol were
observed. This might be due to protonation of the
piazselenol [19], changing the sorptive properties.
Since the difference in the appearance of the
chromatograms from columns treated with 4 or 6
M perchloric acid was small, 4 M perchloric acid
was used.

Calibration of the SPE method
In the liquid-liquid extraction procedure it
was possible to use standard solutions of synthe-
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TABLE 6

Clean-up step with perchloric acid

[25 m! of a solution containing 160 ng 1~! of derivatized
Se(IV) were passed through an SPE column. The column was
washed with 1.5 ml of a solution of perchloric acid before
elution. R is the ratio between the areas of the piazselenol
and the lindane peaks]

HCIO, R
M)

0.25 1.011, 1.019
2 1.005, 1.017
4 1.046, 1.014
6 0.950, 1.066
8 0.740, 0.676

sized piazselenol for calibration purpose, since
there was good agreement between calibration
graphs obtained from these solutions and deriva-
tized standard solutions of Se(IV) [6]. In the
proposed SPE method the recovery of Se(IV) is
approximately 96—-98% with the liquid-liquid ex-
traction method as reference, Fig. 3. Conse-
quently, the calibration should be carried out
with standards of Se(IV) treated the same way as
the sample. It should, however, also be possible
to use standard solutions of synthesized piazse-
lenol for calibration purpose if, in addition, one
or two Se(IV) standards are analysed with the
same procedure as the samples. The standards
are evaluated with the calibration graph obtained
from the synthesized piazselenol and the recovery
calculated. The results from the samples are then
corrected for the recovery.

Choice of XAD resin for removal of dissolved
organic carbon

The uptake of organic matter was followed by
pumping the fresh water sample through a col-
umn of the resin and measuring the absorbance
at 420 nm. This experiment was similar to that
described by Aiken et al. [20] for XAD-1, 2, 4, 7
and 8. According to the authors, fulvic acids are a
major part of the coloured organic compounds
present in natural waters. They found that resins
based on styrene divinylbenzene copolymers
(XAD-1, 2, 4 and 16) were less suitable than
those based on acrylic ester polymers (XAD-7
and 8) for adsorption of fulvic acids. This was
confirmed in our study. The degree of adsorption
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increased in the order XAD-4, 16, 2, 7 and 8. The and surface area on adsorption. Only small dif-
position of XAD-16 is in agreement with the ferences were noted between XAD-7 and XAD-8.
discussion in [20] on the influence of pore size The latter resin is known not to retain inorganic
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Fig. 2. Chromatograms of toluene eluates. 25 ml of a derivatized standard solution, 160 ng 1=! of Se (IV), were passed through an
SPE column followed by cleaning with 1.5 ml of (a) 0.25 M, (b) 2 M, (c) 4 M, (d) 6 M or (e) 8 M of perchloric acid. In (a) the

complete chromatogram is shown and in the others only the analytically relevant parts.



138
R
1.5
1 -
0.5
0 L L] 1
0 2 4 6

ng Se

Fig. 3. Calibration graphs. R is the ratio between the areas of
the piazselenol and the aldrin peaks. Results from (O) synthe-
sized piazselenol standards and (O) 25 ml of derivatized
selenium(IV) solutions passed through an SPE column.

selenium [11,13]. This was found to be the case
also for XAD-7 at pug 17! and ng 17! levels
(Table 7). XAD-8 was used in the subsequent
filtration experiments since it is reported [20] not
to suffer from bleeding as XAD-7 does. Blank
levels of TOC were low, < 0.5 mg1~! and 0.8 mg
1! for XAD-8 and Dowex 1X8, respectively,
using a 500-ml solution. Results from absorption
measurements and TOC analysis of column efflu-
ents are presented in Table 8. The percentage of
total organic carbon removed hardly exceeds 50%,
whereas coloured material is adsorbed more ef-
fectively. A study of the behaviour of inorganic
Se(IV) and Se(VI) on Dowex 1X8 is in progress
in our laboratory. Under the conditions used in
this work, i.e., addition of hydrochloric acid to

TABLE 7
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TABLE 8

Adsorption of coloured organics and total dissolved organic
material from water samples on Dowex 1X8 and XAD-8
[Coloured organics were determined by spectrophotometric
measurements at 420 nm. Sample volume 330 ml (670 ml for
sample V)]

Sample TOC XAD-8 Dowex 1X8
-1
(mgl™) Coloured TOC Coloured TOC
(%) (%) (%) (%)
(I) Lafssjon 26.1 89 61 69 52
(II) Sivjadn 17.4 85 52 93 45
(IID Ramsen 13.3 86 11 96 47
(IV) Trehor-
ningen 15.1 83 16 94 46
(V) Flottsund 15.6 84 49 92 61

0.025 M, Se(IV) passes through the column while
Se(VI) is retained. Our results indicate that the
ion-exchange resin is as effective as XAD-8 for
removal of coloured organics and other dissolved
organic compounds. It can thus be an attractive
alternative to XAD-7 and 8 since Se(IV) and (V)
can be separated at the same time as organic
matter is removed.

Determination of Se(IV) in spiked water

The five fresh water samples were not acidi-
fied on storage. Speciation changes and adsorp-
tion losses are therefore likely to have occurred
[21]. The decrease in Se(IV) concentration for
sample 1 after three months of storage was ap-
proximately 30% (Tables 9 and 10). Preliminary
measurements indicated that the concentrations
of Se(IV) were just a few nanograms per litre.

Recovery of inorganic selenium (average and standard deviation) in 0.01 M hydrochloric acid after filtration through XAD-7 and

XAD-8

(250 ml of a solution with inorganic selenium were passed through a 7.5 ml bed of XAD. The effluent was collected as 25 ml

fractions and analysed for selenium using HG-AAS)

XAD-7 XAD-8

Se(IV) Se(VD) Se(IV) Se(VD)
[Sel/(ugl™ 1) 2.00 0.040 2.00 0.060 2.00 0.040 2.00 0.080
Recovery (%) 94 1+ 4 9% +5 101 +3 106 + 10 100+ 1 104 +3 102+ 2 102+ 6
Fractions analysed 9 5 9 5 9 7 8 7
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TABLE 9
Determination of Se(IV) in water samples with GC-ECD
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[Average and standard deviation (ng 1~ !) from triplicate analysis SPE = Solid-phase extraction; Extr. = liquid-liquid extraction)

Sample Added Se(IV) No pretreatment XAD-8 Dowex 1X8
-1
(ng175) SPE Extr. SPE Extr. SPE Extr.

(I) Lafssjon 802 54 +2 54 +3 54+1 54 +2 53 42 57 %1
(ID) Savjadn 60 57 +1 59 +2 58+2 56 +2 57 +4 55 +1
(I1IT) Ramsen 40 37 +2 41 +1 3943 41 +1 42 +3 42 +1
(IV) Treh6rningen 20 18 +2 19 +1 19+2 21 +1 18 +1 20.0+0.2
(V) Flottsund 0 26103 33406 2.8 42401 3.1+07 38+02

2 Se(IV) added 3 months prior to analysis.

The samples were therefore spiked with Se(IV) to
concentration levels, where differences between
methods and treatments could be better detected.

Analysis were carried out within 24 h after
spiking. Determinations with the GC-ECD
method and the HG-AAS method were per-
formed by different persons.

GC-ECD. The water samples were analysed by
the SPE and the liquid-liquid extraction methods
and the results are presented in Table 9. There is
no significant difference (p = 0.05) in the Se(IV)
concentrations or in the precision between fil-
tered or unfiltered samples. Selenium(IV) con-
centrations obtained with the two extraction
methods indicate a somewhat higher mean value
for the liquid-liquid extraction procedure but
this difference is not significant. The major effect
of the filtration of the water through XAD-8 or
Dowex 1X8 was the faster and more distinct
phase separation in the liquid-liquid extraction
procedure. In the solid-phase extractions the same

TABLE 10
Determination of Se(IV) in water samples with HG-AAS

columns were used for samples that had been
treated in the same way, e.g., all unfiltered sam-
ples passed through the same SPE columns. The
regeneration of the columns appeared to work
effectively. No accumulation of adsorbed coloured
organic material was observed on either column
and no deterioration in performance was noted
after 15 loadings. Consequently, there appears to
be no need to prefilter the samples through an
adsorbing resin in the SPE method. .
HG-AAS. Standard additions of Se(IV) were
made to the unspiked waters and the slopes of
the standard additions graphs were compared
with the sensitivity determined from standards.
No differences were found and subsequently the
calibration graph was used in the evaluation of
the Se(IV) concentrations. The results are given
in Table 10. Significant higher results (p = 0.05)
were noted for subsamples filtered through
Dowex 1X8 despite the fact that this was not the
general observation. Evaluations from peak height

[Average and standard deviation (ng 1=!) from triplicate analysis. ND = Not detected]

Sample Added Se(1V) No pretreatment XAD-8 Dowex 1X8
-1
(ng1™ Peak Peak Peak Peak Peak Peak
area height area height area height

(I) Lafssjon 80 @ 59+1 55 2 59+5 56 +2 58+2 57 %3
(II) Savjadn 60 62+4 61 t4 58+6 58 +2 6514 66 +2
(III) Ramsen 40 43 +2 43 +1 44 +1 4 +1 47+3 47 +1
(IV) Treh6rningen 20 23+3 208 +04 2142 21.1+0.5 2314 21.7+04
(V) Flottsund 0 ND 1 +1 ND 2 +1 3+2 45403

2 Se(IV) added 3 months prior to analysis.
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or peak area gave the same results, indicating the
absence of volatile compounds causing spectral
interferences [7].

Analysis of variance was performed on the
results in Tables 9 and 10. There is a small but
significant difference (p = 0.05) between the re-
sults obtained with the two methods. The over-all
mean was 37.4 ng 17! with the HG-AAS method
compared to 34.8 for the GC-ECD method. It is
noticeable that the analysis by HG-AAS generally
gave a Se(IV) concentration higher than the
spiked level of the samples while the results ob-
tained with the GC-ECD method were somewhat
lower. The reason for this difference is not known
to the authors.

Conclusions

Solid-phase extraction using a polymeric sor-
bent can replace the liquid-liquid extraction of
the piazselenol in the determination of Se(IV) in
natural waters with GC-ECD. The SPE is less
time-consuming than the liquid—liquid extraction
and makes it possible to run several samples
simultaneously. Problems with emulsion forma-
tion and/or precipitation of organic substances
in the boundary layer between the two phases
that sometimes occur in liquid-liquid extraction,
are not present in SPE.

Removal of dissolved organic material is most
effective on XAD-7 or XAD-8 which in addition
do not retain inorganic selenium. The use of
Dowex 1X8 allows a separation of inorganic
Se(IV) and Se(VI) and it adsorbs dissolved organ-
ics as effectively as the XAD resins. Concordant
result were obtained between GC-ECD and HG-
AAS for fresh water samples spiked with Se(IV)
at the ng 17! level.
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or thiophene subunits
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Abstract

Two types of macrocyclic Schiff bases containing either thiophene or phenol subunits were synthesized and the
effect of ligand atoms on the liquid-liquid extraction of bivalent transition metal ions was studied. The phenol groups
in the macrocycle led to a large increase in the extraction of transition metal ions. The least stable manganese(II)
complex was extracted quantitatively into nitrobenzene as an ion pair with tetraphenylborate ion at pH 9. Copper(II)
was selectively extracted from weakly acidic media, permitting its separation from manganese(II), cobalt(II), nickel(II)
and zinc(I1). The composition of extracted copper(Il) species was evaluated. The extractability of metal complexes
with a cyclic tetraaza Schiff base has been compared with that of the corresponding acyclic Schiff base.

Keywords: Extraction; Schiff bases; Transition metal ions

In recent years an increasing number of
macrocyclic compounds with oxygen, nitrogen
and /or sulphur ligand atoms have been synthe-
sized and their potential usefulness as an analyti-
cal extractant for hard and soft metal ions has
been evaluated. Oxygen-containing crown ethers
are mainly used for alkali and alkaline earth
metal ion extraction, whereas thiacrown ethers
are dedicated to the extraction of soft metal ions.
Macrocyclic polyamines, possessing reactive sec-
ondary amines as the ligand, form stable cationic
complexes with various metal ions. The most pop-
ular reagents of this class are tetraaza and hexa-
aza crown ethers. These compounds have been
utilized for the extraction and spectrophotomet-
ric determination of silver(I), copper(II), zinc(II),
cadmium(II), lead(I1) and mercury(II) [1-4]. The

Correspondence to: S. Abe, Department of Material Science
and Engineering, Applied Chemistry Section, Yamagata Uni-
versity, 992 Yonezawa (Japan).

kinetics of metal complexation, however, revealed
that an increase in the size of macrocyclic amines
is accompanied by a decrease in the reaction rate
constant [5]. Thus, the slow complexation of metal
ion with hexacyclene necessitated preheating for
the quantitative extraction of most metal ions [4].
The use of polyoxa-polyaza crown ethers and
macrocyclic formazans has also been investigated
from analytical point of view [6-8].

In contrast, applications of macrocyclic Schiff
bases to the extraction of tranmsition metals have
been restricted. Zolotov and co-workers [9,10]
synthesized fifteen- and nineteen-membered
polyoxa—polyaza Schiff bases for the liquid-liquid
extraction of metal ions. The reagents showed
high selectivity for silver(I). Fujiwara et al. [11]
synthesized tetraaza Schiff bases and applied
them to the extraction of copper(I). Recently,
the extraction behaviour of copper(I) complexes
with macrocyclic tetraaza Schiff bases has been
reported [12].

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Macrocyclic Schiff bases used as extractants for transi-
tion metal ions.

In this work, three novel macrocyclic Schiff
bases containing thiophene or phenol subunits
were designed (see Fig. 1) and tested for the
ion-pair extraction of transition metals. The
macrocycles, 12,12,27,27-tetramethyl-31,32,33,34-
tetrathia-3,6,18,21-tetraazapentacyclo[26.2.1.1511,
11316 123,26 tetratriaconta-1(30),2,6,8,10,13,15,17,
21,23,25,28-dodecaene (TTTD), 12,27-dicyclohe-
xyl-31,32,33,34-tetrathia-3,6,18,21-tetraazapenta-
cyclo[26,2,1,1%11,11316 12326 }tetratriaconta-1(30),2,
6,8,10,13,15,17,21,23,25,28-dodecacne (DTTD)
and 13,13,30,30-tetramethyl-9,17,26,34-tetrahy-
droxy-3,6,20,23-tetraazapentacyclo[29.3.1.1%12.114
18 125,29]gctatriaconta-1(34),2,6,8,10,12,14,16,18,
19,23,25,27,29,31,33-hexadecacne (TTTH) were
used with tetraphenylborate (TPB) as the counter
anion. The extractability of metal complexes by
the cyclic tetraaza Schiff base was also compared
with that of the corresponding acyclic Schiff base.
These ligand molecules are effective extractants
for manganese(II), nickel(II), cobalt(II), cop-
per(II) and zinc(II). The phenol groups in the
TTTH imparted considerable stability to the
transition metal complexes. Thus the manganese
(ID-TTTH complex, one of the least stable com-
plexes of TTTH with transition metals, was quan-
titatively extracted into nitrobenzene. Copper(II)
was selectively extracted from weakly acidic me-
dia, permitting the separation of copper from
associated transition metals.

S. Abe et al. / Anal. Chim. Acta 274 (1993) 141146

EXPERIMENTAL

Reagents and apparatus

All reagents were of analytical-reagent grade.
Standard solutions of manganese(Il), cobalt(ID),
nickel(II), copper(II) and zinc(II) were prepared
by diluting the Standard Solutions for Atomic
Absorption Spectrometry (Cica-Merck, 1000 pg
ml~!) with water. Solutions of extractants were
prepared by dissolving appropriate amounts of
macrocyclic Schiff bases in nitrobenzene. The
counter-ion solutions (1.2 X 10°2 M) were pre-
pared from sodium tetraphenylborate. Acetate
buffer (pH 3-6) and borate buffer solutions (pH
7-11) were used. The ionic strength (0.1 M) was
adjusted with sodium sulphate solution.

A Hitachi Model 180-80 atomic absorption
spectrometer (acetylene—air flame) was used to
determine the concentration of metal ions. The
pH of aqueous phase was measured with a Toa
HM-26S pH meter.

Preparation of macrocyclic Schiff bases

TTTD, a macrocyclic Schiff base containing
thiophene subunits, was prepared according to
the non-plate method described by Sone et al.
[13]. Briefly, 2,2-bis(5-formyl-2-thienyl)propane
and 1,2-diaminoethane were simultaneously
added to chloroform solution over a period of 15
h while stirring and the solution was further
stirred for 30 h at room temperature. The crude
product was recrystallized with chloroform-
hexane to give TTTD. The yield of TTTD was
about 85%; yellow powder, m.p. 233-236°C. Mass
spectrum (70 eV), m/z 576 (M*); 'H NMR
(CDCl,, 60 MHz), 6 = 1.80 (12H, s), 3.79 (8H, s),
6.74 (4H, d, J = 3.6 Hz), 6.99 (4H, d, J = 3.6 Hz)
and 8.18 (4H, s); *C NMR (CDCl,), § = 32.41,
40.92, 61.07, 123.61, 130.04, 155.83 and 158.09.

Macrocyclic DTTD and TTTH were prepared
in a similar manner to TTTD. DTTD was pre-
pared by the reaction of 1,1-bis(5-formyl-2-
thienyl)cyclohexane with 1,2-diaminoethane. The
product was dissolved in CDCl; and reprecipi-
tated with hexane to give DTTD as a pale yellow
powder, m.p. 230-232°C. Mass spectrum (70 eV),
m/z 656 M*); '"H NMR (CDCl;, 60 MHz),
8=28.17 (4H, s), 6.98 (4H, d, J=4.0 Hz), 6.71
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TABLE 1

Effect of solvents on copper(II) extraction ?

Solvent Extraction (%)
Nitrobenzene >99
1-Nitropropane 95.2
2-Nitropropane 70.7
Chloroform 73.7

2[TTTD]=1.0x10"2 M in the solvent; [Cu?*]=1.57x10"*
M; [TPB]=2x10"3 M (pH 9).

(4H, d, J=4.0 Hz), 3.75 (8H, s), 2.0-2.5 (8H, br
s) and 1.3-1.5 (12H, br s). TTTH was prepared
by the reaction of 2,2-bis(3-formyl-4-hydroxy-
phenyDpropane with 1,2-diaminoethane. The
product was recrystallized from benzene as a pale
yellow powder, m.p. 231-234°C. Mass spectrum
(70 eV), m/z 616 (M™*);, '"H NMR (CDCl,, 60
MHz), 6 =832 (4H, s), 6.7-7.3 (12H, m), 3.82
(8H, s) and 1.55 (12H, s).

Preparation of acyclic Schiff base

Acyclic N,N’-bis{2-[1-(2-thienyl)cyclohexyl]-5-
thenylidene}ethylenediamine (TED) was pre-
pared as follows: a solution of 1,2-diaminoethane
in CDCl, was added to a solution of 2 mol eq. of
1-(5-formyl-2-thienyl)-1-(2-thienyl)cyclohexane in
CDCl,; (100 ml) at room temperature. After stir-
ring for 7 h, the mixture was concentrated to
dryness. The residual mass was recrystallized from
benzene-hexane to afford TED as pale yellow
crystals, m.p. 151-152°C. Mass spectrum (70 eV),
m/z 576 (M*); '"H NMR (CDCl,, 60 MHz),

TABLE 2

Extraction of metal ions with macrocyclic and acyclic Schiff bases ?
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6 =820 (2H, s), 6.7-7.3 (10H, m), 3.80 (4H, s),
2.1-2.5 (8H, br s) and 1.3-1.8 (12 H, br s).

Extraction procedures

To 1.00 ml of the sample solution (less than 50
ug of metal ion) in a 10-ml glass-stoppered tube,
the following solutions were added: 1 ml of 0.05
M borate buffer solution (pH 9), 1 ml of 0.167 M
sodium sulphate solution, 1 ml of 1.2 X 1072 M
tetraphenylborate and 1 ml of water. Then 5 ml
of 1.5 1073 M TTTH solution of nitrobenzene
was added and the mixture was shaken mechani-
cally for 20 min at room temperature. After phase
separation, samples of the organic and aqueous
phases were taken and the pH of the aqueous
phase was measured. The metal ion concentra-
tion in organic and aqueous phases was deter-
mined by atomic absorption spectrometry.

RESULTS AND DISCUSSION

Optimization of extraction parameters

The experimental conditions were optimized
with a fixed amount of metal ion and a single
extraction step. First, a range of bulky univalent
counter anions were examined, because the major
factors responsible for the ion-pair extraction of
transition metal ions are the natures of the
counter ion and the solvent. Preliminary experi-
ments showed that copper(II) and zinc(II) form
stable ion-pair complexes with a macrocyclic
Schiff base and TPB; they were quantitatively

Metal ion Extraction (%)

pHS pH9

TTTH TTTD DTTD TED TTTH TTTD DTTID TED
Mn(ID) 0 0 0 0 > 99 3 3 2
Co(I) 0 0 0 0 >99 >99 91 > 99
Ni(ID) 0 0 0 0 > 99 >99 > 99 >99
Cu(ID > 99 54 97 28 > 99 (90)® > 99 (12)° 97 (16)° 98 (5)°
Zn(ID) 0 0 0 0 > 99 97 > 99 98

2 [Extractant] = 1.5 X 103 M in nitrobenzene; [M?*]= 50 g in 5 ml; [TPB] = 2.4 X 10~3 M. ® Values in parentheses denote the

percentage extractions in the absence of TPB counter anion.
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extracted into the organic phase. Triphenyl-
methane dyes such as naphtholphthalein and thy-
molphthalein can be used as counter ions but are
less effective. Virtually no copper(Il) was ex-
tracted with TTTD when picrate or perchlorate
was used as a counter anion. The extraction of
copper(II) with TTTD ligand and different or-
ganic solvents decreased in the order nitroben-
zene > 1-nitropropane > 2-nitropropane = chlor-
oform (Table 1). 1,2-Dichloroethane was unsuit-
able because of the low solubility of macrocycles
in it.

The role of macrocyclic Schiff bases on the
metal ion extraction was ascertained at pH 5 and
9; copper(I) and other transition metal ions were
not extracted by pure nitrobenzene from aqueous
solution containing TPB. As a result, the combi-
nation of TPB and nitrobenzene provided the
most efficient system for the extraction study of
transition metals.

The effect of variation of the mechanical shak-
ing time on the extraction showed that equilib-
rium was attained after 10 min of mechanical
shaking, 20 min was adopted in the subsequent
experiments.

Comparison of macrocyclic extractants

The extractabilities of the transition metal ions
by means of the different systems are summa-
rized in Table 2. In acidic media, only copper(II)
was extracted by macrocyclic TTTH and DTTD,
permitting its separation from the other transi-
tion metal ions. The potential usefulness of
macrocyclic DTTD as an extractant was com-
pared with that of the acyclic counterpart, TED.
The extraction of copper(II) by DTTD was al-
most quantitative, whereas only 30% of copper(II)
was extracted by acyclic TED. This greater stabil-
ity of the metal complexes with macrocyclic Schiff
base could be a result of stronger bonding by
nitrogen and /or sulphur donor groups in DTTD
due to its relatively fixed stereochemistry com-
pared with the more flexible TED molecules.

From weakly alkaline solution (pH 9), man-
ganese(II), cobalt(II), nickel(I), copper(Il) and
zinc(IT) were extracted quantitatively by TTTH.
The contribution of phenolic OH groups to the
metal ion complexation is obvious by comparing

S. Abe et al. / Anal. Chim. Acta 274 (1993) 141-146

TTTH with TTTD. Both compounds contain sim-
ilar 26-membered cycles and have a fixed cavity
of similar size. The manganese(II)-TTTH com-
plex, the least stable complex of TTTH with
transition metal ions, is completely extracted into
nitrobenzene as an ion-pair complex. In contrast,
Schiff bases containing no oxygen donor group,
i.e.,, TTTD, DTTD and TED, showed negligible
extractability for manganese(II). The coordina-
tion of pendant phenolate to metal ion has been
demonstrated in the extraction system with the
monoaza-15-crown-5 derivative [14]. Acyclic TED
is relatively easy to prepare and finds wide appli-
cation as an extractant. The extraction curves of
metal ions with TED showed similar patterns to
those observed with the TTTD extraction system;
transition metal ions except manganese(Il) were
quantitatively extracted by TED at pH 9.

The organic solubility of macrocyclic TTTD
was modified by the substitution of cyclohexyl
groups for propyl units in the macrocyclic moiety.
The prepared DTTD also acts as an effective
extractant for transition metal ions at pH 9. The
extraction of copper(Il) by DTTD was also im-
proved in weakly acidic media.

Extraction with TTTH

The extraction curves for manganese(1l),
cobalt(II), nickel(II), copper(II) and zinc(IT) with
TTTH as a function of pH are shown in Fig. 2.
The extraction of copper(II) was complete over a
wide pH range (3-10.5). Quantitative extractions

%

Extraction,

Fig. 2. Effect of pH on extractions. Metal-TTTH-TPB ion-
paired complexes: © = manganese(II); A = cobalt(II); a =
nickel(II); © = copper(Il); ® = zinc(II).
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were also attained for manganese(II) at pH 8.5-9,
cobalt(II) at pH 7.5-9, nickel(II) at pH 6.5-9 and
zinc(Il) at pH 7.5-10.5. When manganese(II),
nickel(I1) and cobalt(II) were extracted at pH >
9.5, precipitates were detected at the boundary of
the aqueous and organic phases, which prevented
the quantitative recovery of these elements. In
contrast, copper(II}) and zinc(I) complexes did
not form any precipitate even at pH 10.5 and
were extracted into the organic phase. The se-
quence of increasing extractability Mn?* < Co?*
<Ni?*< Cu?*> Zn?* follows the order of the
Irving—William series. These data agree with the
previous finding that the tendency for coordina-
tion by the nitrogen-donor groups is more impor-
tant for complexation than are the ionic dimen-
sions. A similar extractability of metal ions has
been documented in the polyaza macrocycle sys-
tems [4]. Quantitative extraction of manganese(IT)
with TTTH clearly demonstrated the analytical
potential of TTTH as an extractant (cf., Table 2).
The distribution ratio (D) for manganese(Il) de-
termined by atomic absorption spectrometry was
> 100, which is in good agreement with that
obtained by neutron activation analysis using the
5Mn(n, y)*Mn reaction. The extraction of cad-
mium(II) was not quantitative; about 10% of the
cadmium(II) remained in the aqueous phase at
pH 9. Interestingly, about 90% of copper(II) was
extracted by TTTD even in the absence of TPB
counter ions (cf., Table 2). The proposed method
is selective for the extraction of copper(I) at pH
5, the other transition metal ions (manganese,
cobalt, nickel and zinc) remained in the aqueous
phase. Hence the separation of copper from man-
ganese, cobalt, nickel and zinc was satisfactory.
No copper(I1) was detected in the aqueous phase
within the uncertainty of the measurements.

The composition of the extracted copper(Il)
species was estimated from a graph of log D
versus log[TTTH] at fixed TPB and hydrogen ion
concentrations. The slope was 1.5, indicating that
the extracted copper(II) species contain one or
two TTTH molecules (Fig. 3). Because TPB exists
as a singly charged anion under the experimental
conditions, the composition of the extracted
species can be assumed to be [Cu(TTTH)]**-
[(TPB),]*~ or [Cu(TTTH),**[(TPB),]*>". In the

145

log D

1 1 L 1

-5 -4 -3
log [Extractant]

Fig. 3. Dependence of copper(Il) distribution ratio on the
concentration of extractant. © = TTTH system (pH 5); @ =
DTTD system (pH 5).

thiophene-containing macrocycles, a 1:1 cop-
per(ID)-DTTD stoichiometry was confirmed by
the log D vs. loglDTTD] plot. More detailed
studies of the extraction mechanism are in
progress to elucidate the steric effects on metal
complexation.

In conclusion, the most effective extraction of
the transition metals manganese(I), cobalt(ID),
nickel(IT), copper(I) and zinc(II) was obtained by
the use of TTTH as a ligand and TPB as a
counter anion when nitrobenzene was used as the
organic solvent. The proposed method permits
the separation of copper from commonly associ-
ated transition metals at pH 5. The analytical
utility of mixed donor macrocycles will motivate
further developments of new types of extractants.

The authors acknowledge the technical assis-
tance of Kazuaki Sato in synthesizing the macro-
cyclic Schiff bases.
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Abstract

The retention (log k') values for fifteen phenols with two different columns (C,g) and mobile phases (methanol-
water and acetonitrile—water) were correlated with the solute and mobile phase solvatochromic parameters. From the
results it is deduced that good linear relationships should be obtained between log k£’ and the Dimroth—Reichardt
EIT“ parameter of the mobile phase. From these correlations it is demonstrated that, for a fixed column—mobile phase
system, only a single solute parameter { p) and a single solvent parameter (EY) are needed for the prediction of
retention. Methods for computation of the column and mobile phase constants, solute p parameter and mobile phase
E¥ values are proposed. The prediction of retention was tested for three phenols (different from the original fifteen
data set) with good agreement between the predicted and observed values.

Keywords: Liquid chromatography; Phenols; Retention; Solvation energy; Solvatochromic parameters

The accurate prediction of retention in re-
versed-phase liquid chromatography (RPLC) is
an important aim. Many parameters have been
proposed in order to define the strength of the
mobile phase and to estimate the retention of
solutes. Some of the most useful are the solva-
tochromic parameters. Solvatochromic parame-
ters were developed for assessing solvent proper-
ties such as polarity and hydrogen bond donor
and acceptor capabilities, and they can be easily
measured from the UV-visible spectral shifts of
an indicator probe.

The most widely used is the E(30) scale pro-
posed by Dimroth, Reichardt and co-workers
{1,2]. Johnson et al. [3] showed that plots of log k’
(k’ = solute capacity factor) vs. the E value of

Correspondence to: E. Bosch, Departament de Quimica
Analitica, Universitat de Barcelona, Diagonal 647, 08028
Barcelona (Spain).

the mobile phase are in general more linear than
the plots of log k' vs. the volume fraction of
organic modifier. Therefore, suitable prediction
of retention for a specific solute can be achieved
from the E of the mobile phase and the correla-
tion parameters for this solute.

In a series of papers, Kamiet, Taft and co-
workers [4-7] applied the linear solvation energy
relationship (LSER) approach to retention in
RPLC. LSER is based on the Kamlet-Taft
multi-parameter scales [8~10] of solvatochromic
polarity (7*), hydrogen bond donor («) and ac-
ceptor (B) abilities and the Hildebrand solubility
parameter (8y). Cheong and Carr [11] have esti-
mated the 7* and a values for the most often
used mobile phase solvent mixtures and discussed
the simple E; approach. They concluded that
good correlations of retention with a single sol-
vent parameter can be observed only over a lim-
ited range of solvent composition, and that at

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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least two parameters are needed to account for
all the processes that control retention in RPLC
[12].

In this work, the LSER approach was applied
to retention of phenols using two different
columns and mobile phases over the whole range
of solvent compositions, from experimental and
literature [13] data. Phenols were chosen because
they have significant chromatographic applica-
tions and appropriate polarity and hydrogen bond
properties.

From the LSER results obtained it is con-
cluded that good log k£’ vs. E; correlations could
be obtained in the most often used composition
range of the most common mobile phases
(methanol-water and acetonitrile-water). More-
over, it is shown that the slope and intercept of
the log k' vs. E plots are well correlated, and
that good predictions of retention can be achieved
from a single solvent parameter (E;) and a single
solute parameter (denoted p). The E; value of
the mobile phases can be easily calculated from
the composition of the mobile phase by means of
previously developed equations [14]. Methods for
estimating the p values of solutes are proposed
from the correlation with the solute properties
(volume, polarity and hydrogen bond capabilities,
or log P) or from the p value of the same solute
using other columns and /or mobile phases.

LINEAR SOLVATION ENERGY RELATIONSHIPS AND
RETENTION IN CHROMATOGRAPHY

The LSER approach to chromatographic re-
tention has been defined by Cheong and Carr [12]
and can be written as

log k' = (log k')o +m(82 — 62)V,/100
ts(mm —m)wi +a(Bn— B,
+b(am—as)B2 (1)

where (log k'), is an independent term, m, s, a
and b are the coefficients of the correlation,
V,/100 is the “normalized” volume of the solute,
d is the Hildebrand solubility parameter and 7 *,
a and B are the Kamlet-Taft solvatochromic
parameters. As usual in the LSER chromato-
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graphic formalism [12], the subscripts s and m
denote the stationary and mobile phase, respec-
tively, and the subscripts 1 and 2 the solvent
(mobile and stationary phases) and solute, re-
spectively.

Equation 1 is usually simplified in two differ-
ent ways. When a system with a fixed mobile
phase (with a fixed composition) and a fixed
column stationary phase is considered, the equa-
tion becomes

log k' = (log k")o+mV,/100 + 5,75
taya,+b B, (2)

where the coefficients m,, s, 4, and b, depend
on the stationary and mobile phase solubility
(82), polarity (w*) and hydrogen bond basicity
(B) and acidity (a), respectively. Equation 2 al-
lows the correlation of the retentions of different
solutes in the same column and mobile phase
with the solute properties, and it has been widely
verified [4-7].

On the other hand, for the same solute in the
same column but with different mobile phase
compositions, Eqn. 1 can be reduced to

log k' = (log k'), +m,8% + s,m* + a,B,,
+b2am (3)

where (log k'), depends on (log k'), and on the
parameters of the stationary phase, and m,, s,,
a, and b, depend on the solute parameters. In
Eqn. 3 the invariance of the properties of the
stationary phase with the change in the mobile
phase composition is assumed. However, it is well
known that the stationary phase is partially sol-
vated by the mobile phase, and therefore their
properties change with changes in the mobile
phase composition [3,12,15-17]. In spite of this,
Eqn. 3 can be retained, as is demonstrated under
Results and Discussion.

Hildebrand solubility parameters are known
for many pure liquids, but they have not been
determined for mixtures. However, linear rela-
tionships between 62 and 7* have been pro-
posed [12,18]. Although these correlations apply
for pure solvents, they can presumably be applied
to binary solvent mixtures where 6 and 7=* change
in a limited range. Assuming that there is a linear
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relationship between 82 and m} (and perhaps
also with a,, and B,,), Eqn. 3 can be simplified to

log k' = (log k'), +sym% +a5By + biar,  (4)

where the prime indicates that the intercept and
the coefficients depend on the correlation of 82
with 7%, a, and B, for the particular mobile
phase studied.

Further reduction of Eqn. 4 is not directly
possible because the remaining Kamlet-Taft sol-
vatochromic parameters measure different sol-
vent effects and linear correlations between them
have not been demonstrated. However, it has
been shown that retention in RPLC does not
depend strongly on the interaction of the solute
hydrogen bond acidity a, with the solvent hydro-
gen bond basicity B,, [12] and, therefore, Eqn. 4
can be reduced to

log k' = (log k’)’s+s§17,:‘,‘ +bja,, (5
In order to obtain good linear relationships
between log k' and the E; value of the mobile

phase, the observed correlation between Er and
a and 7 * [9] should be fulfilled:

EX =0.009 + 0.4157* + 0.465a
n =40, r=0.984 (6)

In this and the following equations, the nor-
malized EY parameter [2] is used instead of the
E1(30) values in order to use similar units as for
the other parameters. Equation 6 shows that E

TABLE 2

Solvatochromic parameters of mobile phases

M. Rosés and E. Bosch / Anal. Chim. Acta 274 (1993) 147-162

is equally sensitive to polarity (7 *) and hydrogen
bond donation (a) of the solvent, and if the s
and b; coefficients of Eqn. 5 have similar values,
good correlations of log k' vs. EY, are expected,
according to the equation

log k'=q +pEY,, (7

EXPERIMENTAL

Apparatus and procedure

Retention data for the acetonitrile—water mo-
bile phase on a 15 cm X 4.1 mm i.d. Unisil Q Cg
column at 30°C were taken from the literature
[13]. Retention data for the phenols in
methanol-water (0.1 M in acetic acid) mobile
phase were measured at 25°C on a 25 ¢cm X 4.6
mm i.d. Spherisorb C,; column (Table 1). The
chromatographic equipment used consisted of an
ISCO (Lincoln, NE) Model 2350 dual-pump sys-
tem with a 10-u1 loop valve and a variable-wave-
length V* absorbance detector (ISCO) set at 282
nm. The chromatographic system was controlled
by Chemresearch Chromatographic Data Man-
agement System Controller software (ISCO) run-
ning on a Peceman AT Supermicro personal
computer. Phenols were dissolved (20-200 mg
1Y) in pure methanol. Resorcinol in pure
methanol was used as a dead volume marker.

Organic Methanol-water Acetonitrile-water
o EF,, m a Bm EX, m - B
100 0.764 0.60 1.09 0.62 0.464 0.75 0.31 0.37
90 0.777 0.74 0.99 0.54 0.712 0.80 0.80 0.43
80 0.792 0.82 0.95 0.54 0.749 0.84 0.84 0.42
70 0.809 0.91 0.91 0.53 0.767 0.85 0.87 0.40
60 0.827 0.98 0.88 0.50 0.787 0.91 0.86 0.41
50 0.848 1.03 0.88 0.43 0.810 0.95 0.87 0.40
40 0.870 1.08 0.89 0.38 0.836 0.99 0.90 0.39
30 0.896 1.11 0.92 0.32 0.867 1.06 0.90 0.36
20 0.926 1.15 0.95 0.26 0.903 1.12 0.92 0.31
10 0.960 1.16 1.01 0.23 0.947 1.15 0.99 0.25
0 1.000 1.17 1.09 0.19 1.000 1.17 1.09 0.19
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Fig. 1. Linear relationships between mobile phase solubility parameter (6,%,) and polarity (7.¥) from log k' vs. solute parameters
correlation coefficients m; and s; (Eqn. 2). O = Spherisorb C,5/methanol-water; + = Unisil Q C,5/acetonitrile-water.

Reagents

Methanol (Merck, for chromatography), phe-
nol (Carlo Erba, RPE, >99.5, 2-chlorophenol
and 4-chlorophenol (Carlo Erba, RPE, > 99%),
2,4-dichlorophenol and 3,5-dichlorophenol (Al-
drich, > 99%), 3-bromophenol (Aldrich, > 97%),
2,4-dimethylphenol, 4-chloro-3-methylphenol and
2-nitrophenol (Scharlau, > 99.5%), 4-nitrophenol
and 2,4-dinitrophenol (Scharlau, > 99%), pen-
tachlorophenol (Scharlau, > 97%), 2,4,6-trichlo-
rophenol (Scharlau, > 95%), 3-nitrophenol
(Fluka, > 99%), 2,6-dichlorophenol (Fluka, 97%),
3-chlorophenol and 4-bromophenol (Merck, >
98%) and 2-methylphenol (Doesder) were used.
Triply distilled water was used throughout.

Solvatochromic parameters

Table 1 shows the solute parameters [19,20]
used in the correlations. Solvent solvatochromic
parameters are presented in Table 2.

EY values were calculated by means of the
equations developed previously [14], which can be
written as follows:
methanol-water:

ET,=1.000-043v/(1+0.820) v=0-1 (8)

acetonitrile—water:
E-l;’m =1.000 - 0.59v/(1+ 1.1v)

v =0-0.80 9)
EN.=0.788 — 0.0111v/(1 — 0.966v)
v =0.90-1 (10)

where v is the volume fraction of the organic
modifier.

The 7* values measured by Cheong and Carr
[11] were used, a was computed form EY and
m* values according to Eqn. 6 and 8 was inter-
polated from the values in mol-% given in [21].

RESULTS AND DISCUSSION

The results of the correlation of the log k’
values for the phenols using the two studied
columns and mobile phases with the solute pa-
rameters according to Eqn. 2 are presented in
Table 3. The coefficient m, is positive and in-
creases with increasing water content, indicating
that an increase in the solubility parameter of the
mobile phase or an increase in the volume of the
solute increases the retention. The coefficients
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s, by and a; are negative and decrease with
increasing water content. Therefore, on increas-
ing the polarity or hydrogen bond capabilities of
the mobile phase or decreasing those of the sol-
ute, the retention increases. These conclusions
agree with the general RPLC theory. Results for
20% (v/v) organic solvent in the mobile phase
differ from the others, probably because of the
small number of solute retention data, and there-
fore they have not been considered in the above
comments.

From Table 3 it is deduced that the solvent
properties most affecting the retention of phenols
are the solubility parameter (high m, coefficient)
and the hydrogen bond acidity (high b, coeffi-
cient). Solvent hydrogen bond basicity is the
property that least affects retention (low a, coef-
ficients). Therefore, the simplification of Eqn. 4
to Eqn. 5 is completely justified.

Solvent polarity (s, coefficients) also seems
not to have much influence on the retention.
However, the importance of solvent polarity
comes from the correlation with the solvent solu-
bility. Evidence for this correlation is presented
in Fig. 1, where m, is plotted vs. s, for the
different mobile phase compositions studied, and
also in Table 4, where the correlation coefficients
among the different coefficients for the different
mobile phase compositions with organic modifier
contents higher than 20% are presented. As can
be seen, there is a good correlation (r > 0.99)
between m, and s, for both mobile phases. There
are also good correlations between m, and s,
with b, in the acetonitrile—water system. General

TABLE 4
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correlations for m,, b, and g, are as follows:
methanol-water:

my=(0.9510.04) — (3.48 £0.09)s,
+(0.01 £ 0.03)b, + (2.28 £ 0.52)a,
n=8, r=0.99975 (11)
acetonitrile—water:
m,; = —(0.46 + 0.02) — (5.73 + 0.56) s,
+(0.24 £ 0.15)b, — (0.77 £ 0.30) a,
n=_8, r=0.99990 (12)

For both correlations, the most significant term is
s, (the coefficient a, is also significant, but the
low a, values imply a low contribution of these
terms to the overall correlations). Therefore, for
both mobile phases a good correlation of 8% with
7* is expected, and Eqn. 3 can be reduced to
Eqn. 4.

Correlation of log k' with the mobile phase
parameters was done through Eqn. 4. The best
correlations were obtained for solvent composi-
tions with > 30-50% (v/v) organic modifier in
the methanol-water mobile phase and < 70%
(v/v) organic modifier in the acetonitrile-water
mobile phase. The results are presented in Table
5. Because of the large retention of pen-
tachlorophenol, not enough data were obtained
in order to correlate this solute in the methanol-
water system. Good correlations for this solute
were obtained in acetonitrile—water in the solvent
composition range available. However, the results
are substantially different from those for the other
phenols.

Correlation coefficients of crossed correlation of m,, s;, b, and «, for different mobile phase compositions

r

my 51 by a
m, 0.998 0.584 0.794 MeOH-H,0
8 0.9997 0.562 0.827
b, 0.996 0.996 0.223
a; 0.785 0.776 0.803
MeCN-H,0O

2 Top right hand corner, correlation coefficients for methanol-water mobile phase; bottom left-hand corner, correlation coeffi-

cients for acetonitrile—water mobile phase.
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For methanol-water, a; is not statistically sig-
nificant and s, is similar in value to bj. There-
fore, a good correlation with E¥ is expected for
this system. The s; values for the acetonitrile—
water are also similar to b5, but a5 is not mean-
ingless for this system. Nevertheless, the very
good correlations obtained for this mobile phase
(r > 0.9999) suggest that although some correla-
tion will be lost on neglecting a) terms, the
remaining correlation will probably be still good.

One of the pitfalls with the Kamlet-Taft «,,,
B, and 7} parameters is that they can be mea-
sured with more than one solvatochromic indica-
tor, and therefore the resulting parameter value
can depend on the indicator used. This problem
is especially important with solvent mixtures be-
cause of preferential solvation of the solva-
tochromic indicator used by one of the solvents of
the mixture. The extent of the preferential solva-
tion depends on the specific solute—solvent inter-
actions, and therefore on the particular solva-
tochromic indicator used. Consequently, different
a,, B, or w) values can be obtained for the
same solvent mixtures when measured with dif-
ferent solvatochromic indicators. One of the ad-
vantages of the E(30) scale is that it is measured
with a unique solvatochromic indicator, and
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therefore the E1(30) value is unambiguous, al-
though the E;(30) indicator showed preferential
solvation. A discussion of preferential solvation
of the E(30) indicator in 52 binary solvent mix-
tures (including those most often used in RPLC)
is given in [14].

Preferential solvation of indicators explains the
disparity of «_ values given in the literature
[22,23] for methanol-water and acetonitrile—
water solvent mixtures. Of course, the particular
set of a, (and B, and =}) values used in corre-
lation affects the s3, a5, and b} coefficients in
Eqn. 4. For example, when we use the «,, values
obtained by Park et al. [22] employing bis[a-(2-
pyridylbenzylidine-3,4-dimethylaniline Jbis(cyano)-
iron(II) as indicator instead of our «,, values, we -
obtain b; coefficients about three times larger
than s;, no statistically significant a} coefficients
for methanol-water and only significant s; coef-
ficients for acetonitrile—water mobile phases.
These results agree with those obtained by Park
et al. [24] for monosubstituted phenols using their
set of a,, values.

However, it is noteworthy that the conclusion
that log k' should be well correlated with EY is
still valid. If «,, values for a solvent mixture
caleulated with any particular solvatochromic in-

TABLE 6
Correlation of log k' values with the EY of the mobile phase 2
Phenol ® Log P°© Methanol-water Acetonitrile—water
q p n r q p n r
1 1.48 -9.79 £ 0.03 11.7+ 04 7 0.9976 —5.00+0.04 6.6+0.2 8 0.9968
2 1.95 —11.20 + 0.06 13.6 £ 0.6 7 0.9953 —6.44 + 0.06 85+03 8 0.9955
3 2.00 -11.35+0.03 13.8+0.3 7 0.9990 —6.21 + 0.05 82+04 7 0.9947
4 2.16 —12.39 £ 0.04 152104 7 0.9984 —6.51 £ 0.05 87104 7 0.9955
5 1.77 —11.60 + 0.04 144+ 04 7 0.9979 —6.39+0.03 87+0.2 7 0.9986
6 —12.08 + 0.05 148 + 0.5 7 0.9969 —6.92 +0.04 92+03 7 0.9971
7 2.42 —13.05 + 0.06 16.1+0.6 7 0.9967 —7.10 + 0.06 95+04 7 0.9946
8 2.63 —13.45+£0.03 16.7+ 0.3 7 0.9991 —17.54 £ 0.06 10.1 + 04 7 0.9951
9 2.60 —13.57 + 0.02 16.9+0.2 7 0.9997 —-7.51+0.07 10.1+£0.5 7 0.9941
10 —13.89 1 0.06 173+ 06 7 0.9967 —7.35+0.04 10.0+04 6 0.9967
11 2.30 —14.56 + 0.05 181+05 7 0.9978 —6.71 + 0.05 91+05 6 0.9935
12 3.10 —15.30 £ 0.03 192+ 03 7 0.9994 —7.58 +£0.05 102+ 0.5 6 0.9945
13 3.15 —15.58 + 0.04 19.6 + 0.6 6 0.9979 —8.03 £ 0.05 10.9 £ 0.6 6 0.9948
14 —16.95 + 0.04 21.5+06 6 0.9984 —8.82 + 0.06 120+ 0.6 6 0.9956
15 5.06 —21.56 + 0.06 28.1+05 3 0.9998 —9.68 + 0.06 13.6 + 0.4 4 0.9992

2 Correlation ranges: methanol-water > 30% methanol; acetonitrile—water, < 90% acetonitrile. ® See Table 1. ¢ Log P: the same

values as used in [13], obtained from {25].
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dicator do not agree with those calculated with
E indicator, this means that Eqn. 6 cannot be
applied to the former «, values, and a new
correlation must be established between EY and
the particular 7*, a and B values. Correlation of
EY, values in Table 2 with the #* and B,
values in Table 2 and the a,, values of Park et al.
[22] in the range of application of Eqn. 4 (20—
100% methanol for methanol-water and 10-80%
acetonitrile for acetonitrile—water mobile phases)
gives EN =(0.087 £+ 0.005) + (0.15 + 0.03)7* +
(0.56 £ 0.17)a + (0.02 + 0.13)8, n=9, r=0.997,
for methanol-water and EY = (0.391 + 0.006) +
(0.35 £ 0.097* 4+ (0.16 + 0.17)a — (0.16 + 0.19)8,
n=28, r=0.998, for acetonitrile—water. Hence
for methanol-water the 8 coefficient is not sig-
nificant and the a coefficient is 3.7 times larger
than the 7* coefficient. For acetonitrile—water
only the 7* coefficient is significant. The relative
size and significance of these coefficients agree
with those of s;, b} and a5, when we use Park et
al’s a,, values in Eqn. 4, and therefore the same
conclusion is obtained, i.e., good linear correla-
tions are expected between log k' and EY val-
ues.

M. Rosés and E. Bosch / Anal. Chim. Acta 274 (1993) 147-162

Correlations of the phenols with the ET of the
mobile phase according to Eqn. 7 are presented
in Table 6. Linear relationships between log k'
and EY, are obtained for composition ranges
with > 30% of organic modifier in methanol-
water and < 90% in acetonitrile—water for all
the solutes, including pentachlorophenol. These
composition ranges cover the range usually em-
ployed for analytical applications in RPLC, and
therefore good predictions of the retentions of
analytes can be obtained from their p and g
parameters and the EY value of the mobile phase.
In fact, only one parameter (p or ¢q) is needed
for each solute because both are very well corre-
lated, as can be observed in Fig. 2, where g is
plotted against p for both systems. The correla-
tion of ¢ and p in both systems is different
according to the following expressions:
methanol-water:

qg=—(1.35+0.07) — (0.724 + 0.005) p

n =15, r=0.9997 (13)
acetonitrile—water:
q= —(0.66 +£0.08) — (0.674 +£ 0.013) p

n=15, r=0.9976 (14)

-4
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-20 ﬁ
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Fig. 2. Linear relationships between the intercept (¢) and the slope (p) of correlations of log k' with EX of the mobile phase

(Eqn. 7). Symbols as in Fig. 1.
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From Eqns. 13 and 14, Eqn. 7 can be written as

log k' = —1.35+p(ET,, — 0.724) (15)
for methanol-water and
log k' = —0.66 + p( EY,, — 0.674) (16)

for acetonitrile—water. That is, log kK’ can be
calculated from only one solute parameter (p)
and one solvent parameter (EY ).

The meaning of the slope and intercept of the
plot of g vs. p can be well understood if a
general LSER for the EY equation, similar to
Eqn. 1, is considered:

log k"= (log k")o+ r(ETm — ET,) P, (17)

Comparison of Eqn. 17 with Eqns. 15 and 16
indicates that the slope of the g vs. p correlation
would in fact be the EY value of the stationary
phase, and the intercept would be the log k' in a
mobile phase with the same EY value as the
stationary phase.

The p, parameter is a hypothetical solute pa-
rameter that depends on the solute properties
interacting with the solvent properties related to
EY.. As demonstrated earlier, the significant sol-
vent properties that have led to linear relation-
ships between log k’ and EY are solvent hydro-
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gen bond donor acidity, polarity and solubility
parameter. Therefore, p, should depend on the
solute volume, polarity and hydrogen bond accep-
tor basicity. The observed p parameter would
also depend on these properties because it is the
product of the unknown p, parameter (specific
for each solute) and the fitting coefficient r (which
depends on the studied system). This is supported
by the linear correlation observed between the
two sets of p parameters in Table 6 (see Fig. 3):

PMeoH-H, 0= — (49+12)
+(2.27+ 0.20)pMeCN—H20
n=15, r=0.954 (18)

The weakest point in the above reasoning is
that it has been assumed that EY_ is constant
(with values of 0.724 and 0.674 for the two sta-
tionary phases studied). However, as has been
pointed out earlier, the composition of stationary
phases changes with change in the composition of
the mobile phases and EY| is not constant. Vari-
ation of the polarity of the stationary phases has
recently been demonstrated by Jones and Rutan
[17], who measured the E,(30) values of silica
and C,; stationary phases in thin-layer chro-
matography and methanol-water and acetoni-

p (Spherisorb—MeOH/H,0)

p (Unisil—-MeCN/H,0)

_ Fig. 3. Linear relationship between p values for Spherisorb C,3/methanol-water and Unisil Q C,g/acetonitrile—water.



158

trile-water mobile phases in the range 50-100%
of organic modifier, and related the results to the
mobile phase composition. However, if the Er
values of the stationary phases are plotted against
the E; values of the mobile phases (see Fig. 4), a
linear relationship is obtained in the range 60—
100% (v/v) for methanol-water and 60-90%
(v/v) for acetonitrile-water.

Assuming a general linear relationship be-
tween the EY values of the mobile and stationary
phases, which for simplification can be written as

Ef;=Eto+(1-p)ETn (19)
and substituting Eqn. 19 in Eqn. 17,

log k' = (log k")o—m,EXo+m,p, EY.  (20)
This equation is equivalent to Eqn. 7 with

g = (log k")o — "PzETNo (21)
p=1m.p, (22)

The two last equations show that there is a
linear relationship between p and ¢ and a pro-
portionality between the p parameters in two
different column-mobile phase systems. The pa-
rameter p depends on p,, specific for each sol-
ute, and on rp,, specific for each column-mobile
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phase, because the relationship between EY val-
ues of stationary and mobile phases depends on
both the particular mobile phase and column
(e.g., kind of stationary phase and number of
“active” points of the column that can absorb
mobile phase). According to Eqn. 18, a linear
relationship with a significant intercept (at the
95% confidence level by Students’s t-test), in-
stead of a proportionality, is obtained for the
relationship between p values in the two col-
umn-mobile phase systems. However, assuming
proportionality between the two p values:

Pmeon-m,0 = (1.74 £ 0.10) ppreen-_n,0 =15
(23)

Statistically it is difficult to decide with only
two p series whether they are proportional or
linearly related. More work is being done with
other solutes and columns, which is expected to
clear this point.

Rearrangement of Eqn. 20 leads to

log k' = (log k')o +p(EYm —EYo/P1) (24)

Comparison of Eqn. 24 with Eqns. 15, 16 and 17
shows that the term taken as the EY value of the
stationary phase is really a term that depends on

E} stationary phase

0.55 0.57 0.59 0.61

E mobile phase

0.63 0.65

Fig. 4. Linear relationships between EY values of stationary and mobile phases. O = C,3/methanol-water; + = C 3 /acetonitrile-
water; ¢ = silica/ methanol-water; A = silica/ acetonitrile-water. Data from [17].
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the intercept and slope of the relationship be-
tween EXY values for the stationary and mobile
phases.

Linear relationships between stationary and
mobile phase solvatochromic parameters can be
assumed for any other solvatochromic parameter,
and these linear relationships justify the good
correlations obtained between log k' and 82,
7, Bm and a,, (Eqn. 3), in spite of the change in
the solvatochromic parameters of the stationary
phase on changing the mobile phase composition.

Prediction of retention in any column can be
done from Eqn. 24 if the column-mobile phase-
dependent terms (log k'), and EY,/p,, the so-
lute-column-mobile phase-dependent term p
and the mobile phase-dependent term EY  are
known.

Calculation of EY_ can be easily done from
the mobile phase composition by means of Eqns.
9 and 10 developed previously [14]. Calculation of
(log k'), and EY,/p, can be achieved from stan-
dardization of the column-mobile phase with
some solutes at different mobile phase composi-
tions, correlation of the obtained log k' results
with EY_ and subsequent correlation of g with p
parameters. Prediction of retention for other sol-
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utes in this column can then easily be done from
their p values.

Estimation of the p values of solutes can be
done in two ways: from their p values in other
columns, or from the correlation of the p values
with solute properties such as V,/100, 75, B,
and a,, or the partition coefficient in octanol-
water (log P).

Correlation of the p values presented in Table
6 with the solute properties in Table 1 gives the
following:
methanol-water:

p=(102+0.8) +(29.9 £ 2.6)V,/100
—(89+1.6)mF —(22.5+3.6)B,
n=14, r=0.985 (25)
acetonitrile—water:
p=1(89+04)+(9.7+1.4)V,/100
—-(2.6+09)7f - (13.9+2.0)8,
n=14, r=0.976 (26)

As expected, the coefficients of «, are not signif-
icant (they are 0.1+ 1.2 and 0.3 + 0.7, respec-
tively), showing that p does not depend on the
hydrogen bond acidity of the solute. The most

28 —

24

22

20 4

log P

Fig. 5. Linear relationships between p values and octanol-water partition coefficients (log P). Symbols as in Fig. 1.
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Fig. 6. Plot of predicted vs. observed log k' values for phenols for Unisil Q C,g/acetonitrile-water. O, B = 2-Methylphenol; o,

¢ = 3-chlorophenol; a, a = 2,4,6-trichlorophenol. Open symbols, p values calculated from V,/100, w¥ and B,; closed symbols, p
values calculated from log P.
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TABLE 7

Predicted and observed p parameters of phenols

Parameter 2-Methyl  3-Chloro- 2,4,6-Tri-
phenol phenol chlorophenol

Solute parameters

V, /100 0.634 0.626 0.806

¥ 0.68 0.77 1.00

a, 0.52 0.69 0.35

B, 0.37 0.23 0.19

Log P 1.97 2.48 3.79
Unisil Q C,g / acetonitrile —water

p from V, /100,

¥, ay, By 8.1 9.8 11.5

p from log P 8.5 9.4 11.7

p observed 8.2+03 96+04 11.640.5
Spherisorb C g / methanol —water

p from V, /100,

¥, ay, B, 14.8 16.9 211

p from log P 14.4 16.6 22.4

p from Eqn. 18  13.7 16.9 214

p from Eqn. 23 143 16.7 20.2

p observed 14.7+03 159+0.1 221405

decrease in the solute volume produces a lower
retention (lower p values) because of the higher
polarity and hydrogen bond properties and the
lower solubility parameter of the mobile phase.
A plot of p vs. log P is presented in Fig. 5.
Correlation of p values with the log P values
represented in Table 6 (which have been used
earlier for prediction of retention in RPLC [13])
gives
methanol-water:

p=(57+09)+(4.41+0.28) log P

n=12, r=0.980 (27
acetonitrile—water:
p=(50+0.5)+(1.78 £ 0.15) log P

n=12, r=0.966 (28)

A practical example of the prediction of reten-
tion was done for 2-methylphenol, 3-chlorophe-
nol and 2,4,6-trichlorophenol with both column—
mobile phase systems. Table 7 presents the
V,/100, 75, B, and a, [19,20] and log P [13]
with the computed p values from Eqns. 25-28
and the observed values. For the Spherisorb
C,s/methanol-water system, p values were also
predicted from the experimental p values with
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the Unisil Q C,g/acetonitrile-water system
through Eqns. 18 and 23. The agreement between
the predicted and observed p values is very good;
only 3-chlorophenol in the Spherisorb C,g/
methanol-water system shows a p value slightly
lower than predicted. Prediction of log k' was
done from the estimated p values and Eqns. 15
and 16. Figures 6 and 7 show the predicted log k'
values vs. the observed values for the Unisil Q
C,s/ acetonitrile-water and Spherisorb C,z/
methanol-water systems, respectively.

From the results obtained it can be concluded
that the proposed equations offer a good method
for the prediction of retention in RPLC. This
prediction can be achieved from a single solute
parameter (p), which can be easily estimated
from different sources, and a single mobile phase
parameter (EY). All the other parameters are
constants of the column-mobile phase system
used, and can be easily determined from reten-
tion measurements on a few solutes at different
mobile phase compositions.
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(University College London) for kindly providing
the solute parameters of the phenols studied.
Financial support from the DGICYT (Project
PB88-0194) of the Spanish Government is also
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Abstract

The simultaneous determination of six metal ions (Cu?*, Zn?*, Ni?*, Mn?*, Co?*, Pb?*) by using dynamic
ion-exchange chromatography is proposed. The method was applied to the analysis of human hair after HNO;-HCIO,
digestion, with detection limits of ca. 1 ug g~ ! for all the metals examined, using Co as an internal standard. The
quantitative data were confirmed by.analysing the same hair samples by atomic absorption spectrometry and x-ray

fluorescence spectrometry.

Keywords: Ton exchange; Liquid chromatography; Hair; Trace metals

Human hair represents an interesting biologi-
cal matrix for studies in the organic [1] and inor-
ganic [2] fields. In the recent years it has had an
important role owing to the particular exogenous
substances accumulating in its sttucture and that
are linked to specific situations [3,4]. From an
inorganic point of view, the determination of
metallic elements may constitute a biological in-
dex for workplace [5-7] and environmental [8—10]
pollution or the presence of specific diseases [11-
13].

Various different techniques have been em-
ployed in the detection of trace metals present in

Correspondence to: A. Sturaro, Ufficio Sicurezza e Preven-
zione del CNR, Corso Stati Uniti 4, 35020 Padova (Italy).

human hair. Optical methods such as atomic ab-
sorption spectrometry (AAS) and atomic emis-
sion spectrometry (AES) have been widely used
owing to their simplicity, negligible matrix effects
and significant levels of sensitivity and precision.
However, they need average sample volumes of
several millilitres and the measurements must be
repeated for each element because, in general,
single-element hollow-cathode lamps are used
[14,15]. Another technique applied to hair analy-
sis is x-ray fluorescence (XRF) spectrometry. This
technique is sensitive for those elements above Si,
but does not give satisfactory results when mea-
suring lighter elements [16,17]. Yet another
method for trace metals in hair is mass spectrom-
etry (MS). In this instance the instrument uses a

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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spark source, the specific ionic source for the
sample having a high melting point and low par-
tial pressure [18,19]. This technique is very sensi-
tive and specific but may suffer from spectral
interferences due to the overlap of ionic organic
fragments with the spectral lines of the elements
which are present. Neutron activation analysis
(NAA), rarely employed in chemistry laborato-
ries, may also be used [20,21].

Liquid chromatography (LC) has been used for
the determination of metals as ions in aqueous
solutions [22-24]. The classical LC configuration
(pump, column and UV detector) with the addi-
tion, on-line, of a post-derivatization apparatus
allows a wider field of application of this method.
This technique, which applies the reversed-phase
dynamic ion-exchange chromatographic principle,
requires only a knowledge of the common LC
system [25,26]. In this work, the use of this LC
method for the detection and determination of
trace metals in human hair is proposed.

EXPERIMENTAL

Materials and chemicals

Each hair sample was ashed with 2 ml of nitric
acid (65%, v/v) and 1 ml of perchloric acid (60%,
v/v) with low metal concentrations, purchased
from Merck (Darmstadt). Decomposition took
place in 30-ml PTFE FEP (ethylene—propylene
fluorurate) bottles with hermetic caps supplied by
Nalgene (Rochester, NY).

Standard solutions containing 2000 pwg ml™ !,
used to obtain the calibration graphs for each
element, were prepared by diluting commercial
Tritisol standards (Merck) to 500 ml.

LC eluent contained 0.433 g of sodium octane-
sulphonate (98%), 6.063 g of sodium hydrogen-
tartrate (98%), 50 ml of acetonitrile and water
(LC grade) to give 1 1. For the preparation of the
post-column derivatization solution, 206 ml of
ammonia solution (30%, v/v) (99.99 + % pure),
52 mg of monosodium 4-(2-pyridylazo)resorcinol
(PAR), 58 ml of glacial acetic acid and water (LC
grade) to bring the volume to 1 | were used [27].
All these chemicals were supplied by Aldrich
(Stenheim, Germany).
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Millex-GV filters (0.22 um) were employed
(Millipore, Milford, MA) for filtration of the sam-
ples, eluent and post-derivatization solution.

Wet ashing apparatus

Human hair and oxidizing acids contained in
PTFE bottles were wet ashed in an autoclave at
115°C. After decomposition, the liquid phase was
evaporated on a sand-bath at 150°C.

LC separation and detection system

All the measurements were made with a Wa-
ters (Milford, MA) LC system consisting of a
Model 600 E MS pump, a U6K manual injector, a
Model 441 UV detector and a Model 990 plus
MS photodiode-array (PDA) detector. The acqui-
sition and processing of the data were carried out
with an NEC (Boxborough, MA) APC IV com-
puter, and the chromatograms and the results for
the samples analysed were reported in graphical
form using a Waters Model 990 and an NEC CP6
Pinwriter printer. A Waters Delta-Pak RP-18
stainless-steel LC column (150 mm X 3.9 mm i.d.o)
was used with 5-um spherical particles and 100-A
pore diameter [27].

Chromatographic conditions

The metals were separated at room tempera-
ture using the chromatographic eluent adjusted
to pH 3.65 at a flow-rate of 0.75 ml min~! and
degassed with helium at a flow-rate of 20 ml
min~!. The UV 441 detector recorded at a fixed
wavelength of 546 nm with a sensitivity of 0.5
a.u.f.s. The PDA detector conditions were wave-
length scan 470-600 nm, scan time 2 s, sensitivity
0.3 a.u.f.s. and resolution 1.4 nm. Quantitative
analysis was carried out at 546 and 492 nm for
the UV 441 and PDA detectors, respectively. The
injection volume for all the samples was 100 ul.

Post-derivatization system

An RDM (reagent delivery module) post-col-
umn derivatization apparatus was supplied by
Waters. This consisted of a T-connector which
allowed the addition of a reagent to the column
eluate, so that the examined metals had a reason-
able absorbance in the UV region [28]. Such
system was set up after the LC column and pro-
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grammed at a post-derivatization solution flow-

rate of 0.4 ml min~".

Preparation of standard solutions

Seven standard solutions, containing the dif-
ferent concentrations reported in Table 1 for Cu,
Zn, Pb, Ni and Mn, were prepared to obtain the
calibration graphs for the five metals examined.
The chromatographic eluent was used for the
preparation of the above solutions in 10 ml volu-
metric flasks. The solutions reported in Table 1
were equivalent to particular concentrations of
each metal, defined as ug g~ ! in the hair. All the
solutions contained 0.4 g ml~! Co as an internal
standard. Three absorbance measurements, re-
lated to each concentration level of the standard
solutions, were recorded to allow statistical treat-
ment of the data.

Preparation of samples

The human hair samples, not subjected to any
chemical treatment, were collected from healthy
people in the age range 6-40 years. The hair was
washed with Aquet (Manostat, NY) non-ionic
detergent solution (1%, v/v) and extracted with
diethyl ether in a Soxhlet apparatus for 5 h so as
to eliminate the presence of lipids and pollutants
from environment such as dust, which may ad-
here superficially to hair [29]. After drying at
105°C for 12 h, the hair was pulverized by means
of PTFE pellets.

A 200-mg amount of each hair sample was
placed in a PTFE container and 2 ml of concen-
trated HNO; were added at room temperature.
The bottles were left open for a few minutes until

TABLE 1
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the appearance of brown fumes due to the oxida-
tion of the more easily decomposed components.

The bottles were then hermetically sealed and
placed in an autoclave at 115°C for 1 h. After
cooling and having eliminated the smoke, 1 ml of
concentrated HCIO, was added to the bottles,
repeating the above procedure in the autoclave.
The liquid phase was completely evaporated on a
sand-bath at 150°C.

The solid residue was dissolved in 10 ml of
chromatographic eluent and the solution was fil-
tered through a 0.22-um membrane. A 20-ul
volume of internal standard solution (200 ug
ml~! Co) was added to the solution before it was
injected into the chromatograph.

AAS and XRF conditions

The same human hair samples, after digestion
according to the above procedures, were analysed
by an independent method to verify the LC data.
An atomic absorption spectrometer (Varian
Model AA 275; Techtron, Springvale, Australia)
equipped with single-element hollow-cathode
lamps was used for the determination of Cu and
Zn at the detection wavelengths of 324.7 and
213.9 nm, respectively, using an air—acetylene
flame. A total reflection x-ray fluorescence
(TXRF) spectrometer was used for the determi-
nation of all six elements investigated, with Co as
the internal standard. This instrument consisted
of an EXTRA II module (R. Seifert, Ahrensburg,
Germany) with double-beam excitation (molyb-
denum and tungsten tubes), an x-ray generator,
an Si(Li) detector, an automatic sample changer
and a computer-controlled multi-channel anal-

Cu, Pb, Zn, Ni and Mn concentrations in the standard solutions used to obtain the calibration graphs

Solution Cu Pb Zn Ni Mn
pgml™' pge™' pgml™' uggT!  ugml™' pggT'  ugml™' pgg”!  pgml™! pgg!

1 0.04 2 0.1 5 1 50 0.02 1 0.002 0.1
2 0.10 5 02 10 2 100 0.04 2 0.004 0.2
3 0.20 10 0.5 25 4 200 0.10 5 0.010 0.5
4 0.40 20 1.0 50 6 300 0.20 10 0.016 0.8
5 0.80 40 2.0 100 8 400 0.30 15 0.020 1.0
6 1.20 60 3.0 150 10 500 0.40 20 0.030 1.5
7 1.60 80 40 200 12 600 0.50 25 0.040 2.0
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Time 1 --~- 20 min

Fig. 1. Typical liquid chromatogram for the determination of Cu, Pb, Zn, Ni and Mn in human hair samples measured at (A) 546
and (B) 492 nm (Co internal standard).
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yser system. The sample solutions (10 wl) were
placed on the sample carrier (quartz disc) as a
thin film obtained by evaporation of the solvent.

RESULTS AND DISCUSSION

Optimization of sample preparation

Organic compounds present in the samples or
chromatographic eluent may contaminate the LC
column when used in this type of analysis. The
effects of this contamination result in the broad-
ening of the peaks with a consequent decrease in
their height, especially for the Cu and Ni peaks.
As a result, a certain degree of sensitivity is lost
with a subsequent higher detection limit, in that
the peak height /area ratio is less favourable, and
even where there are significantly high concentra-
tions it is more difficult to distinguish this from
the noise.

The main source of organic compounds is the
sample itself, as the wet ashing is incomplete.
Therefore, optimization of the decomposition
phase is essential if the results are to be repro-
duced and accurate analyses of large numbers of
samples are to be carried out. To ensure the least
possible contamination the hair samples should
be treated with a more aggressive oxidizing acid
at a sufficiently high temperature, which results
in better ashing. To this end, it was found that
using 2 ml of HNO, first, followed by the addi-
tion of 1 ml of HCIO, in two separate steps for
each sample, gave the best results. In fact, when
these two oxidizing agents were used together,
the degradation of the hair sample was worse,
owing to the strong action of the HCIO, on easily
oxidizable components and thus left fractions to
be ashed that could not be degraded by the
weaker HNO;. By using the two acids in succes-
sive steps, the less powerful HNO; oxidized the
more reactive components of the matrix, leaving
the stronger HCIO, acid to degrade completely
the remaining, more resistant components. An
interesting study which deals with partial wet
ashing has been reported by Wurfels et al. {30].

To avoid any organic contamination of the
chromatographic column, a precolumn (Nova-Pak
RP-18, Waters) was connected on-line. Replacing
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such a device periodically, meant that the effi-
ciency of the column was not compromised, as
the unwanted effect of the organic compounds
was eliminated. Using the precolumn also en-
sured the absence of organic compounds in the
chromatographic eluent, which could represent a
considerable source of contamination owing to its
large volume.

Because of the low detection levels obtained
with this LC method, considerable care should be
taken to prevent any metal contamination by
reagents or by the containers themselves. With
reference to this latter point, only extremely pure
acids should be used in order to avoid further
increasing the levels of metals in the human hair
samples. During our experiment, it was seen that
the acid used could lead to an increase in the Ni
peak by as much as 60% over its real value,
although the Cu and Zn peaks were less affected
because of their higher concentrations in the
original samples.

Another factor affecting the analysis, was the
kind of material of which the containers were
made [31]. The adsorption and release of metals
were possible phenomena that could arise be-
tween the solution and container material. It has
been emphasized that the adsorption is influ-
enced by the solution pH and that, in particular,
pH values <4 minimize such effects [32-34].
This phenomenon was negligible in these experi-
ments owing to the low conservation time and the
pH normally used (< 3.65). Choosing the materi-
als for the bottles was important because of the
release effects [31]. Among all the materials avail-
able, PTFE ensures minimum contamination of
the samples [31]. Therefore, in all sample prepa-
ration phases this container material was used.

The injection volume required (100 wl) al-
lowed the selection of a suitable dilution of the
sample so as to exceed the detection limit for all
the metals.

Performance of the method

Hair analysis by the LC method allowed the
detection of Cu?*, Pb%*, Zn?*, Ni?* and Mn2*
in each chromatographic run of 25 min. Figure 1
shows a typical chromatogram, with Co as the
internal standard.
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TABLE 2

Detection limits for Cu, Pb, Zn, Ni and Mn elements accord-
ing to the LC method

Element Detection limit
ngml ™! ugg™!
Cu 20 1
Pb 40 2
Zn 20 1
Ni 20 1
Mn 3 0.15

2 Minimum area = 0.001 absorbance - min.

The presence of the very intense Cu peak
.interfered with the detection of Pb, which was

present only at low concentrations, because the
former immediately preceded the Pb peak in the
chromatographic run. A similar situation was
found with regard to the Zn-Ni pair. However,
to detect the Ni peak effectively PDA detection
was used, which reduced the interference by the
Zn peak. The 546-nm wavelength of the UV filter
detector was reliably sensitive with reference to
all the metals except the Ni complex. The 492-nm
PDA wavelength was more sensitive with respect
to Ni as this wavelength represents the maximum
absorbance value for this element only.

The validity of the method was confirmed by
the high sensitivity of detection, which gave con-
centration values a few ng ml~! for all the metals
under examination. Table 2 gives the detection
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TABLE 3

Calibration equations y = (a X concentration)+ b and concen-
tration ranges (ug g~ ) for Cu, Pb, Zn, Ni and Mn metals,
where y = metal area/internal standard area

Element aXx10® b R? Concentration
range
(nge™"

Zn 5.44 0.131 0.9962 50-600

Cu 17.78 -0.019 0.9972 2-80

Ni 6.01 —-0.001 0.9964 1-25

Pb 11.09 —-0.047 0.9989 5-200

Mn 25.33 0.0032  0.9849 0.1-2

2 Seven triplicate determinations.

limits for all the elements recorded with a signal-
to-noise ratio of 3, corresponding to an area of
about 0.001 absorbance - min.

Linear calibration graphs were constructed for
all the metal ions at the various concentration
levels in the range of interest. The equations
representing the seven sets of experimental data
indicated good linearity as verified by the R?
values (Table 3). The relative standard deviations
(R.S.D.), calculated on three replicate determina-
tions of the same concentration for all the metals
are reported in Table 4.

According to the literature [35], the precision
of data relating to biological samples should be in
the region of R.S.D. <20%. A comparison be-
tween the limits of detection and determination
limits is reported in Table 5 for the two units of
measurement (ng ml~! and pg g~ !). The quanti-

TABLE 4

Relative standard deviations (n = 3) for each concentration value of the Cu, Pb, Zn, Ni and Mn solutions

Zn Cu Ni Pb Mn

Concen- R.S.D. Concen- R.S.D. Concen- R.S.D. Concen- R.S.D. Concen- R.S.D.

tration (%) tration (%) tration (%) tration (%) tration (%)

(nge™ (nge™ (ngg™ (uge™" (nge™"

600 35 80 32 25 3.6 200 2.1 2 N

500 4.0 60 4.0 20 43 150 2.6 1.5 9.6

400 4.7 40 5.6 15 5.4 100 38 1.0 13.5

300 6.1 20 10.9 10 7.8 50 7.2 0.8 16.6

200 8.9 10 21.7 5 15.3 25 14.4 0.5 259

100 17.4 5 43.2 2 38.0 10 35.8 0.2 64.0
50 346 2 108 1 76.0 5 71.7 0.1 128.0
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TABLE 5

Comparison between the detection and determination limits
in the LC determination of Cu, Pb, Zn, Ni and Mn in hair 2

Element Detection limits Determination limits
ngml~! pgg! ngmi~! pgg!

Cu 20 1 220 11

Pb 40 2 360 18

Zn 20 1 1700 86

Ni 20 1 76 38

Mn 3 0.15 13 0.65

2 Minimum area = 0.001 absorbance -min. R.S.D. = 20%.

tative detection of more abundant elements such
as Zn, Cu and Pb shows high limit values, be-
cause they were strictly linked to the particular
concentration range, used to obtain the calibra-
tion graphs corresponding to the real concentra-
tions in human hair.

Evaluation of the method

The accuracy of the LC method was verified
by comparing the data with those obtained for
the same hair samples using AAS and XRF.
These two methods were chosen because they
represent the most widely used approaches in the
investigation of trace metals in human hair [2].

Table 6 shows the average concentrations (ug
g~ 1), the range of values found for Zn, Cu, Ni,
Mn and Pb by the three methods on a total of 30
human hair samples and the percentage differ-
ences between the LC and the AAS and XRF
results. The measurements done with AAS al-
lowed the detection only of Cu and Zn because
these elements were present in appreciable con-

TABLE 6

169

centrations in the amount of hair analysed (200
mg). The average values obtained with the three
different methods for Zn and Cu compared well,
thus confirming the validity of the RP-LC system
for the quantitative analysis of this particular and
complex matrix.

For Ni, Mn and Pb there were differences
between the values obtained by LC and XREF,
with the XRF data having higher values. If from
a qualitative point of view the presence of these
metals was verified, an R.S.D. > 20% must be
attributed to the data for Ni and Pb because their
levels were below the determination limits, as
reported in Table 5.

Further, LC, unlike the XRF method, did not
detect the presence of Pb in all the samples
analysed, probably owing to the interference of
the high and close Cu peak. The LC values for
the Mn were sufficiently reliable and compared
well with those obtained by XRF, considering the
low concentration of this metal in human hair.

Conclusions

The proposed method for the determination of
trace metals in human hair has certain advan-
tages, mainly owing to the wide availability of LC
instruments. The high precision and accuracy and
the low detection limits make this technique suit-
able for the simultaneous determination of a
number of elements found together even in com-
plex matrices. The LC study of six elements (Cu,
Zn, Ni, Mn, Pb and Co as internal standard) in
human hair was significant for Zn, Cu and Mn
but not for Ni and Pb because their concentration

Cu, Pb, Zn, Ni and Mn average concentration values and range determined in the same human hair samples using LC, XRF and
AAS and average percentage differences between the LC and the XRF and AAS results

Method Parameter Zn Cu Ni Mn Pb

LC Average concentration (ug g~ ') ? 238 + 12 16+1 1.2+0.1 0.8+0.1 7+1
Range (ugg™ 1) 189-319 11-22 1.0-1.8 0.6-1.3 5-9

XRF Average concentration (ug g=") ? 226 + 13 16 +1 22402 1.1+0.1 7.7+£0.6
Range (ugg™1) 171-314 10-21 1.4-3.2 0.7-1.8 6.5-8.7
Difference from LC (%) 5.6 55 90 36 19

AAS Average concentration (ugg™') ? 235+ 16 16+ 1 - - -
Range (ugg™ ) 169-350 11-22 - - -
Difference from LC (%) 6.6 7.7 - - -

@ Mean + S.D. (n=30).
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levels were lower than the determination limits.
The results obtained were confirmed by analysing
the same hair samples by AAS and XRF.
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Effect of relative humidity on the performance
of a platinum-lead denuder for the adsorption
of nitrobenzene
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Abstract

A platinum-lead coated annular denuder has been tested with humid atmospheres laden with nitrobenzene.
Atmospheres in the range 20-99% relative humidity at 12.5°C laden with 16 xg m ™3 nitrobenzene were employed.
Measurements of the nitrobenzene leaving the denuder were made by a gas chromatograph fitted with an electron
capture detector. Results demonstrate the dramatic effect of high relative humidity on the performance of the
denuder. Above 47% relative humidity the denuder showed immediate breakthrough of nitrobenzene and a greatly
reduced capacity compared with relative humidity of < 20%. 1t is believed that the presence of multilayers of sorbed
water on the metal surface is the reason for the reduced efficiency of the denuder.

Keywords: Gas chromatography: Humidity effects; Platinum-lead denuder

Previous work in this laboratory [1,2] and else-
where (reviewed in Ref. 3) has demonstrated the
potential of annular denuder tubes for selective
sorption of organic vapours and gases from the
atmosphere.

The concentration and determination of trace
gases in the atmosphere using active surfaces as
either sensors or concentrators cannot be consid-
ered in isolation from the influence of water
vapour on the system employed. Water vapour is
present in the air in the 10 g m~3 range at usual
atmospheric temperatures, pressures and altitude
[4]. This is a three orders greater concentration
than the occupational exposure limit for ni-
trobenzene (5 mg m~2) [S] which was the target
analyte in these studies [1]). One would expect,
therefore, an influence of water vapour on the

Correspondence to: C.L.P. Thomas, Department of Instrumen-
tation and Analytical Science, UMIST, P.O. Box 88, Man-
chester M60 1QD (UK).

performance of denuder tube concentrators to-
wards nitrobenzene.

Water vapour adsorbs onto metal surfaces
readily, and the enthalpy change which accompa-
nies non-dissociative H,O adsorption does not
vary widely for different metals, being typically
—50 kJ mol™! [6, p. 241], on a smooth surface.
The enthalpy of adsorption on an atomically
rough surface will be 10-20 kJ mol~! greater
than this [6, p. 265]. The platinum-iead surface
used in this work was grey, as opposed to shiny
{1] and it is likely therefore that the surface was
atomically rough. The adsorption of water onto
the metal surface is followed by rapid surface
diffusion, with the tendency to form water clus-
ters, however it is not necessary to assume high
mobility of the adsorbed water. According to
Thiel and Madey [6, p. 254], “all available evi-
dence indicates that adsorption of H,O on met-
als is not activated; adsorption probabilities are
close to unity and not temperature dependent

0003-2670 /93 /$06.00 © 1993 — Elsevier Science Publishers B.V. All rights reserved
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below the onset of desorption”. The adsorption
kinetics of water apparently reflect the fact that it
is energetically equivalent to chemisorb directly
at the metal, or to hydrogen bond with other
water molecules. Multilayers can start to form
even before the first layer is saturated [1]. On
atomically rough surfaces, it is believed that the
adsorbed water molecules occupy positions at the
top of the ridges or steps of the surface [6, p.
265]. One therefore has a picture of the metal
surface exposed to high concentrations of water
vapour (g m~?) at atmospheric temperature and
pressure as being covered to a large extent with a
quite strongly adsorbed water film. For nitroben-
zene to be adsorbed on this surface it would need
to penetrate this film, displace water, and be
itself adsorbed onto the metal surface. Concur-
rent work in this laboratory [7] has demonstrated
similar effects with the sorption of chloropicrin
onto wetted carbon surfaces, and demonstrated
(on a macro-scale) that chloropicrin does indeed
displace water both from capillaries and the open
surface of the carbon. One might cautiously imag-
ine a similar situation on the platinum-lead sur-
face.

In the present study the effect of wetting the
surface of the platinum-lead denuder tube de-
scribed elsewhere [1,2], was investigated, to deter-
mine the degradation in concentration efficiency
that would occur.

EXPERIMENTAL

The experimental arrangement and details of
the procedures employed for measuring the ni-
trobenzene breakthrough curves have been de-
scribed in detail elsewhere [1]. The apparatus was
modified (Fig. 1) to incorporate the humidity
generator which is described in detail in another
paper [8]. Briefly, a PTFE permeation tube con-
taining 0.1 g of nitrobenzene is maintained at
30°C in an oven. The nitrobenzene source is
placed in a gas line with a constant flow of dried
oxygen-free nitrogen over it. The approximate
release rate was 370 pg s~ ! and the resulting test
atmosphere was passed to a stainless steel four-
way valve for switching into and out of the test
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Fig. 1. Experimental rig [1,8]. 1= Air; 2= humidifier; 3=
humidity controller; 4 = nitrobenzene vapour generator; 5=
4-way inlet valve; 6 = denuder tube in induction heater; 7=
exhaust valve; 8 = chart recorder; 9 = humidity meter; 10 =
thermometer; 11 = chart recorder; 12 = heated sample trans-
fer line; 13 = integrator; 14 = gas chromatograph; 15 =
nitrogen, oxygen free and dried. Most pipework was stainless
steel with a few connections in PTFE tubing and glass.

apparatus. Detection of the nitrobenzene was
with a electron capture detector (Chrompak,
London).

The humid atmospheres were generated by
blending a humid air stream with a dry air stream
in a solenoid operated mixing valve (Fig. 2). The
valve was driven by a programmable controller

outputs ’ |E @:

LI

control
units L,
outlet to
nitrobenzene
power generstor

supplies §

and

thermostatted
enclosure

Fig. 2. Humidifier and humidity controller [8). 1= Heater;
2 =fan; 3= thermistor; 4 = humidity sensor; 5= humidity
control unit; 6 =solenoid operated switching valve; 7 = air;
8 = flow controller sand meters; 9 = bubblers containing wa-
ter; 10 = constant temperature water bath; 11 = mist trap.
Most pipework was stainless steel with a few connections in
PTFE and glass.
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which adjusted the mixing ratio. The blended air
was passed through a mixing coil to a humidity
sensor (Panametrics, Surrey) and the response of
the sensor was fed back to the humidity con-
troller. The relative humidity was checked with a
Vaisala (Cambridge) HM132 humidity sensor. The
controller was capable of maintaining the relative
humidity (RH) to within + 0.5% RH over the
range 0-80% RH at 23-25°C. The calibrated
humid atmosphere and the nitrobenzene test at-
mosphere, of known concentration, were then
mixed and passed into the platinum-lead coated
denuder tube. The denuder was of a somewhat
different design to that used previously [1], and
consisted of two parts, an outer thimble and an
inner finger, both made from fused silica (Fig. 3).
The outer thimble was fitted with a B19 ground
glass socket and two side arms. Its internal sur-
faces were frosted by grinding with an abrasive
paste. The inner finger was fitted with a B19
ground socket and had a co-axial inlet. Its outer
surfaces were frosted by sandblasting. Before gold
and platinum-lead surfaces were applied the
frosted quartz surfaces were thoroughly cleaned
by washing with Decon 75 (BDH, Poole) followed
by rinsing with doubly distilled water. The de-
nuder sections were then dried in an oven for
approximately 1 h at 70°C.

The gold surface was applied to the collection
surface using Liquid Brightgold (Englehard, Cin-
derford), a ceramic finishing product. Liquid
Brightgold was painted onto the frosted surfaces
and allowed to dry at room temperature. The
quartz pieces were then placed into an oven and
heated to approximately 550°C for 5 h. This pro-
cedure was repeated to ensure an adequate gold
support for the electrodeposition of the plat-
inum-lead surfaces. After the final application
the units were rinsed in doubly distilled water
and dried overnight at 70°C.

Platinum-lead surfaces were produced in the
same way as previously reported [1].

The complete unit was held within the water-
cooled coil of a 3-kW induction heater (Inducte-
lec, Sheffield). The denuder unit could be rapidly
heated in the coil to a desorption temperature of
300°C in 20 s. On completion of desorption the
denuder unit was cooled back to a constant tem-

Thermocouple
Inlet

Gas Outlet

Pr/Pb costing
on gold

_/

Gas Inlet

Fig. 3. Denuder tube assembly. Made from transparent fused
silica with B19 cone and socket. The outside of the male tube
and the inside of the female tube are coated with platinum-
lead (1] laid down on gold. A thermocouple is placed inside
the male tube in thermal contact with the wall. The whole
assembly is fitted within the induction heater coil, gas connec-
tions are made with compression fittings.

perature of 12.5°C. The temperature of the unit
was monitored with a thermocouple during the
course of the experiments.

Procedures

The relative humidity of the test atmosphere
was the only variable parameter in these tests. All
other variables were fixed and are given in Table
1. Breakthrough curves and desorption profiles
were obtained for each of the humidities studied.
Each run comprised three parts: conditioning,
challenge and calibration.

Conditioning. Prior to a test the denuder was
thermally desorbed in accordance with previously
described procedures {1]. The resulting desorp-
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TABLE 1

Instrumental and experimental parameters

Instrumental

Gas chromatograph model Packard 437A

Oven temperature 120°C

Detector temperature 250°C

Injector and sample valve

temperature 175°C

Column 10 m X 0.53 mm i.d.
WCOT
fused-silica
coated with
CP Sil 19CB

Inlet pressure 100 kPa

1
1

23.8 cm® min~
41.8 cm® min~

Carrier gas flow-rate
Make-up gas flow-rate

Experimental
Denuder tube temperature 12.5°C
Sample flow-rate 1427 em® min~*

Nitrobenzene concentration 16 pgm™3
Desorption gas flow-rate 28.3 cm® min~!
Sample volume 42.81 dm?
Humidifier inlet pressure 1.5 bar

Dry air inlet pressure 4 bar

Sample transfer line temperature 150°C

tion profile was scrutinised for evidence of de-
sorbed nitrobenzene and if present in anything
other than trace amounts, the desorption proce-
dure was repeated until an acceptable blank was
obtained.

Challenge. At the beginning of each test a
relative humidity test atmosphere was selected
and passed to the four-way inlet valve of the
denuder tube, where it was exhausted and the
inlet RH recorded. Once the RH was stable the
outlet valve of the denuder was opened, the inlet
valve switched over to its sample position, and
the gas chromatograph programme was started.
Throughout the sample period the relative hu-
midity at the denuder tube outlet was monitored.
At 120 s before the end of the sample period the
integrator and the gas chromatograph were
stopped, and their parameters adjusted for the
thermal desorption sequence. The induction
heater parameters were then set and the digital
thermometer, which monitored the temperature
inside the male component of the denuder, turned
on and adjusted to the appropriate scale. At the
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end of the sample period the four-way inlet valve
was set to the desorption position before the
outlet valve was shut off. The denuder was then
purged for 30 s before it was thermally desorbed.

Calibration. After the thermal desorption pro-
cedure was finished the sample inlet of the gas
chromatograph was connected to the exhaust of
the four-way inlet valve and a series of calibration
samples taken. This process was repeated after
every other run unless the baseline signal of the
electron capture detector had shifted signifi-
cantly.

RESULTS AND DISCUSSION

The conditioning step was incorporated be-
cause the desorption procedure had been devel-
oped for use with dry test atmospheres (RH < 5%
at 12.5°C). In the present experiments relatively
large quantities of water vapour were passed
through the system, so the additional blank de-
sorption step was incorporated to ensure that the
initial condition of the system was the same for
all tests.

Quantities of water were seen to condense
within the side arm of the denuder during the
desorption procedure following sampling of high
relative humidity test atmospheres (RH > 70% at
12.5°C). The condensate was only cleared after
the second desorption procedure (i.e., the next
conditioning run).

In two of these conditioning runs significant
quantities of nitrobenzene were detected. Prior
to these tests the system had been shut down
overnight or longer. Furthermore, the mass of
analyte desorbed seemed to be dependent on the
recent history of the denuder tube, and the length
of time the system had been shut down with
purge gas flowing through it.

Examples of the desorption profiles are given
in Figure 4. The source of nitrobenzene could be
attributed to the release of absorbed analyte from
the PTFE tubing connecting the denuder tube to
the rest of the system. In Fig. 4A, the desorption
profile has two peaks, suggesting two adsorption
mechanisms at work within the unit. It seems
likely that the analyte was adsorbed in significant
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Fig. 4. Desorption profiles and their relationship to history of
denuder exposure. A (0), 200 ng nitrobenzene desorbed, first
desorption after system had been shut down for 31 days. B
(), 12 ng nitrobenzene desorbed, second desorption, after
“A”; shift in maximum indicates desorption from silica. C
(O), 44 ng nitrobenzene desorbed, system had been shut
down for 14 h. Maximum corresponds to desorption from
Pt-Pb surface. Last run had been with air of RH 21.1% at
12.5°C.

quantities on the fused silica and metal surfaces
of the denuder tube. The second peak would be
associated with the silica surfaces, for these would
be indirectly heated by the platinum-lead collec-
tion surfaces and so their temperature would lag
behind in the desorption cycle. Figure 4B is the
profile obtained from a second blank desorption
run immediately after that described above. The
maximum of this desorption profile is shifted
towards a larger desorption volume of 100 cm’.
This indicates that analyte was still being released
from silica surfaces. Profiles 4A and 4B may be
compared to the profile shown in Figure 4C,
obtained after the system had been left standing
overnight after sampling a nitrobenzene test at-
mosphere with an RH of 20% at 12.5°C; two
peaks are discernible. When conditioning runs
were performed after the system had sampled
high humidity atmospheres (RH > 70% at 12.5°C)
containing nitrobenzene, and then been left to
stand overnight, no nitrobenzene was observed in
the desorption profile these results support the
findings that the wetted silica and PTFE surfaces
do not sorb significant amounts of nitrobenzene.

Breakthrough profiles

A sample of breakthrough profiles for ni-
trobenzene-laden air at various relative humidi-
ties is given in Fig. 5. There is a marked trend in

the curves from the classic sigmoid shape at 21%
RH, to immediate breakthrough at 47%, and
then decreasing capacity at higher RH. The 70%
RH profile was obtained after the denuder had
been exposed to nitrobenzene in dry air. The
initial peak indicates removal of nitrobenzene
from the non-heated parts of the denuder, the

Concentration of Nitrobenzene in Eluent/ug m~3

T N T
10 20

Sample Volume/L

Fig. 5. Denuder breakthrough profiles for nitrobenzene laden
air at different relative humidities. Conditions (B.V.=
breakthrough volume, in I; E.V. = equilibration volume, in I;
M.R. = mass retained, in ng; M.D. = mass desorbed, in ng):
Run 1, RH = <0.1, B.V.=4, E.V.=not measured, M.R. =
not measured, M.D.=188. Run 2, RH =21.1, B.V.=3.00-
443, E.V.=275, M.R. =130, M.D.=112. Run 3, RH =47.0,
BV.= <157, EV.=20,MR. =82, M.D.=82. Run4, RH=
70.0, B.V.= <157, EV.= <157, M.R.=not measured,
M.D.=1.1. Run 5, RH=280.0, BV.= <157, EV.= <157,
M.R.= not measured, M.D.=48. Run 6, RH =99.1,
B.V.= <157 EV.=17.5, M.R. =not measured, M.D.=5.8.
Run 7 not shown, saturated, B.V.= <1.57, EV.=10, M.R. =
29, M.D.=14. Run 8 not shown, saturated, B.V.= <1.57,
E.V.=not measured, M.R. = not measured, M.D.=17. The
profile obtained for <0.5% RH is not shown, it is very
similar to profile 2. Two other profiles were obtained with the
vapour saturated which were almost identical to the plot of
Run 5, and are therefore not shown.
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Fig. 6. Desorbed mass of nitrobenzene vs. relative humidity of
the carrier air stream. The minimum around 80% RH was
unexpected and its origins not clearly obvious (see text). The
numbers relate to the runs in Fig. 5.

fused-silica walls, and PTFE connections. This is
a typical example of the phenomenon which was
observed regularly in the work. By 99% RH (at
12.5°C) the breakthrough profile had achieved its
limiting shape, with almost immediate break-
through and minimal adsorption capacity.

Desorbed mass of nitrobenzene

The plot of desorbed mass of nitrobenzene
from the denuder during the desorption cycle vs.
relative humidity of the ambient air is shown in
Fig. 6. The small increase at 99% RH (at 12.5°C)
may be due to condensation of water into a liquid
film with dissolution of the nitrobenzene in the
water. The actual surface area of the denuder is
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quite large (ca. 100 cm?) and the amount of
nitrobenzene desorbed is 20 ng, so this is a possi-
ble explanation, although it is not entircly con-
vincing. In view of the propensity of water to
form multilayers even with only partial coverage
[6, p. 254], one would expect the curve to de-
crease asymptotically rather than go through a
minimum as was observed. Another explanation
might be the condensation of a nitrobenzene
hydrate from the gas phase in the aerosol formed,
with subsequent sorption onto the water film.
This effect could be due to experimental error
however, and the point should be investigated
further.

Conclusions

It is clear that humidity disrupts the concen-
tration of nitrobenzene by the denuder tube; the
capacity of the denuder tube decreases linearly
by 1.2% for each 1% increase in relative humidity
at 12.5°C (Fig. 6). The disruption of denuder tube
operation by relative humidity has been previ-
ously reported [9], and the collection surfaces
were heated to reduce the effect. As important
however are the implications for other active
surfaces, such as are employed on piezoelectric,
semiconductor or potentiomeric sensors, where
not only will the sensor be affected by the pres-
ence of water vapour, the response sensitivity to
nitrobenzene (and like compounds) will be re-
duced.

This work was supported by the Procurement
Executive, Ministry of Defence, to which the au-
thors are grateful.
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Abstract

A low-cost precision humidity generation technique capable of producing constant humidity atmospheres at
variable flow-rates is described. The stability of the humidity generation was to within +0.5% relative humidity at
ambient temperature per hour over a continuously variable range of humidity, from 0 to 80% relative humidity at

ambient temperature.

Keywords: Atmospheric monitoring; Humidity generator

Atmospheric monitoring systems must be able
to tolerate a range of water vapour concentra-
tions in their operating environment. Accurate
characterisation of a sensor with respect to
changes in relative humidity (RH) is an essential
stage of prototype and method development.
Many workers have used saturated salt solutions
to genecrate standard RH atmospheres, either
through recirculating or static headspace tech-
niques [1]. While being convenient, saturated salt
solutions may be regarded as unsuitable sources
for three reasons: they require a long equilibra-
tion time, the carry over of salt aerosol or particu-
lates often disrupts test instrumentation in a
non-quantifiable manner, and they are difficult to
use in conjunction with dynamic test atmosphere
generation techniques. The last reason is espe-
cially important when sensing systems are to be
evaluated for their response to toxic vapours,
where dynamic methods are preferred for test

Correspondence to: C.L.P. Thomas, Department of Instrumen-
tation and Analytical Science, UMIST, P.O. Box 88, Man-
chester M60 1QD (UK).

atmosphere generation [2]. An alternative ap-
proach, embodied in some commercial equip-
ment, involves blending streams of wet and dry
air with humidity control being achieved through
the variation of the mixing ratio. Such systems
operate at a fixed flow making them cumbersome
to use for dynamic test atmosphere generation,
where the concentration of the analyte is often
controlled through adjustment of gas flows.

Harvey et al. {3] highlighted the need for low-
cost precision RH generators. In order to evalu-
ate a series of RH sensors and designs a genera-
tor was developed to produce static standard RH
atmospheres in a thermostatic container. A pump
recirculated air through a bubbler and then back
to the test enclosure. The pump was operated on
a feedback control loop based on the signal of a
relative humidity sensor located in the test enclo-
sure. Although the authors reported some prob-
lems with condensation, their data indicated a
system capable of generating stable test atmo-
spheres with short equilibration times.

The work described here is based in part on
the approach described above. Two streams of

0003-2670,/93 /$06.00 © 1993 - Elsevier Science Publishers B.V. All rights reserved
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purified air, one saturated with water vapour and
the other one dry, were mixed by solenoid actu-
ated valve switching between the two streams.
The eluting gas streams were then fed into a
short mixing column. The signal from a relative
humidity sensor located downstream of the valve
and mixing assembly was used to control the
mark space ratio of the valve, and hence the
proportion of dry and wet air switched into the
mixing column.

DESCRIPTION OF THE HUMIDITY GENERATOR

The humidity generator was based on three
interacting systems: a conditioned pressurised air
supply, temperature regulation, and humidity
control. Cylinder air (BOC, Guildford) was
cleaned and dried, using standard gas chromatog-
raphy gas treatment systems (Chrompack, Lon-
don), before it was split into two streams. One
was passed through a secondary regulator before
entering a humidification assembly, after which it
was connected to the inlet of a mixing valve. The
other air line was passed directly to the mixing
valve inlet. The flow through the mixing valve was
controlled by needle valves located upstream of
the mixing assembly. The combined action of the
mixing valve and flow controls enables a continu-
ously variable range of standard RH test atmo-
spheres to be produced at variable flow-rates.
Figure 1 is a schematic diagram of the whole
system.

Temperature regulation

All the humidity control components were
maintained at a constant temperature of 308 K.
This was an essential feature of the design. The
control signal from the humidity sensor was based
on capacitance changes caused by the absorption
of water into a polymer film producing a shift in
the dielectric constant of the sensing element.
Variations in the temperature of the sensor would
have interfered in the sensing mechanism and led
to an irreproducible and unstable response from
the whole humidity generation system.

Temperature control was achieved by using a
40 Q Nichrome wire heater, run from the feed-
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Fig. 1. Schematic diagram of the humidity generator. 1=
Pressure regulator; 2 = needle valve; 3 = water bath at 318 K;
4 = epoxy lined aluminium bubblers; 5= condensor; 6 = wet
air inlet at > 95% RH, 308 K; 7 = dry air inlet at <1% RH,
308 K; 8 = switching valve; 9 = mixing coil, 200 mm of 3.2 mm
o.d. PTFE tubing; 10 = swagelok T-union in 316 stainless-steel
housing humidity sensor fixed into a PTFE ferrule; 11=
humidity control electronics; 12 = thermostatic housing at 308
K; 13 = outlet.

back signal produced by a thermistor located in
the thermostatic enclosure. All the components
were supplied by RS Components (Corby), and
standard circuit designs and construction tech-
niques were used to produce a temperature con-
troller of the required precision [4]. A fan
mounted inside the enclosure was run continu-
ously to ensure an even temperature distribution,
and the temperature was maintained to a stability
of better than +0.5 K. It should be noted that if
ambient temperatures were to approach 308 K
then additional cooling might be required. This
unit was not used under such conditions and this
aspect of the design was not investigated further.

Humidity control

Humidity control was achieved using a minia-
ture solenoid-actuated valve (Lee Products, UK)
that rapidly switched between the wet and dry air
streams. The gas from the valve outlet was mixed
in a turbulent flow in PTFE tubing, 10 cm long
and 1.56 mm o.d. (Phase Separations, Deeside)
before entering the humidity sensor cell. The
humidity sensor was a Minicap II (Panametrics,
Surrey) and was fitted into a Swagelok T-Union
(Manchester Valves and Fittings, Warrington) us-
ing a one-piece 6.4 mm PTFE ferrule and epoxy
resin (Phase Separations). The test atmosphere
then exited the sensor cell and was passed through
the walls of the enclosure using 3.2 mm o.d.
PTFE tubing (Phase Separations). Figure 2 is a
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schematic diagram of the humidity sensing and
control circuitry.

Humidity generation

Wet air was generated by using two bubblers
in parallel. The pressure at the inlet to the bub-
blers was maintained at 0.67 bar by a pressure
regulator. This was to ensure that excessive pres-
sure build-up did not occur within the humidifier
when the mixing valve shut down the wet air
supply to the mixing column. The flow was then
split and passed through two glass bubblers im-
mersed in high purity water (18 M cm~2). The
two air streams were combined before being sent
to a condenser. Here entrained aerosol was re-
moved and the temperature of the humidified air
equilibrated with ambient temperature, before it
was passed to the wet input of the mixing valve.
The bubblers were housed in a water bath main-
tained at 316 K and this enabled > 95% RH at
ambient temperature to be generated. The bub-
bler reservoirs were made from aluminium con-
tainers internally coated with an epoxy based
lacquer to prevent dissolution of the aluminium
walls into the water. These containers were sub-
jected to a static hydraulic pressure test to 2.01
bar on one of the units before use to ensure their
suitability for pressurised operation.

181

SYSTEM EVALUATION

Experimental procedure

To assess the performance of the humidity
generator its outlet was connected to a Vaisala
HM132 humidity and temperature sensor (RS
Components, Corby) using a simple nylon test
cell. The internal volume of this cell was min-
imised so that short term fluctuations in the sta-
bility of the generator could be precisely recorded.
The sensor was calibrated prior to these tests in
accordance with the manufacturer’s instructions,
using a series of saturated salt solutions.

The performance of the system was then eval-
uated with respect to the reproducibility of oper-
ation and the stability of the test atmospheres
generated.

Reproducibility study

The precision with which the unit could be set
to generate a fixed humidity atmosphere in the
absence of any external monitoring was deter-
mined. A series of set points at regular intervals
across the humidity generator operating range
was selected. The relative humidity of the test
atmosphere produced at each of the set points
was subsequently recorded, along with its temper-
ature. At the end of the test the whole system
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Fig. 2. Schematic diagram of the humidity control electronics.
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was shut down. The test was then repeated a
further eight times.

Data from the relative humidity meter were
obtained at ambient temperature, which varied
between 296.0 K and 298.3 K during these trials.
In order to assess the performance of the system
these data were converted to mole fractions of
water vapour in air and hence to mass per unit
volume concentration of water in air, [H,O}.

The RH of an atmosphere at a specified tem-
perature T is:

Praro (1)
SVP,

RH, = 100

where Py,o is the partial pressure in mmHg of
the water vapour in the atmosphere and SVP; is
the saturated vapour pressure of water at temper-
ature T.

Hence the mole fraction Xy, of water in a
test atmosphere at 760 mmHg may be approxi-
mated by the expression:

SVP,

P, '
Xy,0= | = || 760 - ——— 2
20 [IOORHTH IOORHT] )

H2C]/gm_3

T I | T 1 1 T
10 20 30 40 50 60 70

Instrument Setting

Fig. 3. Reproducibility study. 99% confidence limits marked.
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Fig. 4. Stability study showing the stability of the %RH at 308

K of 7 test atmospheres in the range 10-75% RH at 308 K

over a test period of 1 h at a flow of dm?® min~—L.

The mass of water My o in 1 m? of air at 25°C at
760 mmHg may be estimated by:

My,o
MHZOzXHZO( 2 )

> 3)

m
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The molar mass of water my, is 18 g and the
molar volume V,,, is approximately 0.024 m?® at
25°C, 760 mmHg pressure. ‘
Hence:

[H,0] = 750X, o (4

In these tests the errors caused by slight fluctua-
tions in temperature away from 298 K and varia-
tions in pressure about 760 mmHg were calcu-
lated to be in the range 1-5% of the calculated
concentration, and the data obtained are pre-
sented in Fig. 3. The 99% confidence limits are
shown in Fig. 3 and these indicate that the hu-
midity generator could be set to within +10% of
the set point value.

Stability study

Seven tests were conducted to assess the sta-
bility of the generator under normal operating
conditions. In each study the outlet flow was set
at 1 dm® min™!, and a humidity valve set, ranging
between 10 and 75% RH at 308 K. The humidity
of the outlet flow was then continuously moni-
tored for 1 h, a typical sensor test cycle time.

The results of this trial are given in Fig. 4,
where it can be seen that the water concentra-
tions of the test atmospheres were maintained to
a stability of +0.5% RH at 308 K.

Further tests were undertaken to establish the
speed at which stable RH generation was achieved
when the instrument setting was changed. These
investigations revealed that instantaneous changes
of greater than +10% RH at 308 K required a
period of approximately 2 min before the humid-
ity stability was recovered.

Further instability was observed when the unit
was first switched on and the generator was heat-
ing up to its operating temperature. Under nor-
mal operating conditions the unit required 90 min
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to stabilise to its operating temperature and any
test atmosphere produced in this period was not
stable in respect of its RH.

The lifetime of the unit is dependent on the
valve used. With the valves specified above, the
generator has an expected service interval of 400
h of continuous operation.

The system described enables precise and sta-
ble dynamic humid atmospheres to be generated
at low cost. This means that chemical sensing
systems, sampling techniques and atmospheric
monitoring methods for the determination of low
levels of toxic gases may now be evaluated and
calibrated in the laboratory under conditions that
are closely tailored to their eventual operating
environment. Furthermore, its use may be further
extended through the use of computer control to
enable accurate temperature and humidity pro-
gramming of test atmospheres to be achieved.
This would allow aspects of climatic cycles and
weather patterns to be physically reproduced in
the laboratory. The development of such a system
would be an obvious continuation of this work.

The authors gratefully acknowledge the sup-
port given to A.R.M. Przybylko by the SERC and
Chelsea Instruments Ltd. through the Total
Technology Award Scheme. Our work in this
area is also supported by the Procurement Execu-
tive, Ministry of Defence, UK.
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