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SUMMARY

The theoretical and practical aspects of injection techniques used in flow-through sys-
tems with ion-selective electrodes and voltammetric detectors are discussed. Mathematical
descriptions of the measuring systems based on the use of mixing chambers in the analy-
tical channel are briefly outlined. The effects of different parameters on the analytical
signals are described theoretically and' experimentally, The methods developed for the
evaluation of the analytical signals are presented in detail.

Applications of electroanalytical detectors in flowing systems are not new,
but have recently achieved special importance. Numerous important analytical
tasks can easily be done by measurements in streaming solution. Thus, for
example, in monitors or monitoring systems, recycling or by-pass circuits are
often used to ensure continuous sampling, and measurements can be simplified
in various fields of analytical chemistry. Undoubtedly, the general introduc-
tion of flow-through analytical methods has been promoted by the fact that
modern instruments widely used for serial analyses are mostly based on the
flowthrough channel principle. The predominant position of high-performance
flow-through analyzers incorporating electroanalytical detectors is not jeop-
ardized by the appearance of serial analyzers based on other principles (e.g.,
centrifugal analyzers), which offer remarkable advantages in some respects, as
these systems generally cannot be equipped with electroanalytical detectors.

The adaptation of electroanalytical techniques to flowing systems offers
special advantages, but may also involve special difficulties. In particular,
with potentiometric and voltammetric detectors, the signal developed results
from a heterogeneous reaction at the solution—electrode interface which in-
volves certain transport processes. Obviously, the relative movement of the
electrode and the solution affects the transport, and thus, may also influence
the behaviour of the electrode.

The use of potentiometric detectors in flowing solutions offers the following
main advantages. First, as the sample in contact with the electrode surface
is moving continuously, the electrode does not influence the sample concen-
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tration. Secondly, as the diffusion layer established at the electrode surface
is thinner owing to the convection, the response time and the sensitivity of
the electrode are often improved. Thirdly, the reference electrode is usually
placed downstream from the indicator electrode, so that the ionic species
of the reference electrode do not influence the response of the indicator.
Finally, reference electrodes with flowing inner solutions can easily be
employed to overcome problems arising from alterations of the liquid
junction potential. The formation of the potentiometric signal is based,
in general, on dynamic equilibrium reactions, thus the magnitude of the
signal is independent of the rate of the transport process. Accordingly,
the flow rate affects only the transient signal produced at rapid concentra-
tion changes. The use of potentiometric sensors in flow-through analysis
is greatly facilitated by the fact that electrodes can be produced in widely
different sizes and shapes. Simple flow-through measuring cells can easily
be constructed for use with commercially available electrodes, such as
micro-capillary and flow-through cap electrodes. Difficulties may arise
in the case of narrow conduits: insufficient conductivity may cause a
significant streaming potential which leads to errors in the potential measure-
ments especially in the case of non-uniform flow (e.g. with peristaltic pumps).

With voltammetric sensors, the signal, i.e. the current intensity, depends
on the rate of mass transport to the electrode surface; thus, under suitable
hydrodynamic conditions, the signals in streaming solutions may reach con-
siderably higher values than in stationary solutions, giving aremarkableincrease
in sensitivity. A further advantage is that the noise is smaller under the con-
ditions of convective diffusion. In voltammetry in streaming solution, the
current is usually measured at constant potential, thus not only is there a re-
duction in the interfering effect of the residual current, which is due to time-
dependent surface reactions and the charging current of the surface double
layer, but measurements of the current and the electrical or electrochemical
compensation of the residual current are simplified. Because of all these factors,
the lower limit of detection can be decreased remarkably. The sensitivity of
hydrodynamic voltammetry as a measuring technique in streaming solutions
at constant electrode potential can be compared with that of the most sensi-
tive electroahalytical techniques.

The advantages offered by the conditions of convective diffusion are, of
course, often utilized in voltammetry in stationary solutions, e.g. at rotating
disc electrodes. One of the most critical problems in the use of voltammetric
sensors in flowing systems is that constancy of the active electrode surface
must be ensured if reproducible results are to be obtained; reproducible
renewal of the electrode surface is more difficult in a flow-through channel
than under stationary conditions. Another important point is that the con-
ditions of convective diffusion at the electrode surface must be kept strictly
constant if signals are to be reproducible, as the signal depends on the rate of
mass transport.

The general scheme of a serial analyzer based on the flow-through principle
is as follows. The sample is carried to the detector by a carrier solution
streamed at constant rate. The analysis channel contains facilities for sample
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introduction, sample transport, sample treatment and detection. The carrier
solution not only enables samples of small volumes to be analyzed, but can
be used to adjust the sample to appropriate physical and chemical condition.
Analyses can be based on two different principles: (a) steady-state signals
produced after the sample and the carrier solution have been mixed and
possible reactions have taken place, or (b) dynamic signals as in the case
of continuous flow techniques with sample injection.

Where dynamic signals are to be related to analyte concentrations, a well-
defined, reproducible concentration profile at the detector cell is essential,
and this can be achieved in different ways. The most important condition for
reliability is that the concentration profile set up in the analysis channel after
sample introduction should depend solely on the amount or concentration
of the analyte in the sample. Among the most important factors influencing
the concentration profile are viscosity, specific gravity and temperature.

Several workers have found that the concentration profile produced by
injecting the sample into the carrier solution depends on the viscosity of
the sample. To eliminate the resulting errors, Betteridge and Ri%itka [19]
suggested the use of standards with viscosities equal to those of the samples.
The problem here is that the suggestion is difficult to realize in practice, as
it is not easy to determine the viscosity of very small samples. Moreover,
there may be differences in the viscosities of the samples.

With samples of different origin, the specific gravity may alsodiffer,in certain
types of analysis channel, this may cause differences in the dispersion profile.
This effect can become important if the specific gravity of the samples differs
markedly from that of the carrier solution, and if the conduit of the carrier
stream is of small internal diameter. Finally, the effects of temperature are com-
plex, but temperature differences can certainly change concentration profiles.

If the concentration profile prevailing in the detector cell is to provide un-
ambiguous information on the analyte concentration, a suitable means of
sample introduction is needed. This can be ensured by using either a unit that
gives a constant rate of sample introduction, or a system in which the sample
mass flow is not strictly constant but the effect of differences in sample intro-
duction is eliminated or reduced by suitable construction of the analysis
channel. Obviously, well-defined reproducible concentration profiles in the
carrier stream can be expected only if the hydrodynamic conditions remain
constant within experimental error during the time of analysis. The main
problem here arises from inconstancy of flow rate.

The concentration profile formed in the analysis channel is followed by a
suitable detector, the characteristics of which may make special demands on
the nature of the profile. If an integrating detector (e.g. spectrophotometric)
is used, the homogeneity of the solution in the direction perpendicular to the
flow is not very important. With a non-integrating detector which follows the
concentration profile at a single point in the channel, the profile must also
be reproducible in the direction perpendicular to the flow. This is most easily
done by ensuring homogeneity of the solution in the cross-section of the
detector cell. The signals from voltammetric and potentiometric detectors are
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determined solely by the analyte concentration in the solution layer in contact
with the electrode, i.e. these sensors are non-integrating. Accordingly, the
proper dimensioning, construction and positioning of electroanalytical detec-
tors in flow-through channels is important; experience gained with spectro-
photometric detectors is essentially irrelevant in this respect. For example,
whereas a flow-through spectrophotometric cell has a certain averaging ca-
pacity, potentiometric sensors give a mixed potential which is not characteristic
of the average concentration of the solution if different points of the elec-
trode surface are in contact with solutions of different ion activities [2].
Accordingly, it is advisable to use detectors whose surface area is small in the
direction of the flow. Moreover, reproducible signals will be obtained only if
the electroanalytical cell is constructed in such a way that the concentration
profile in the channel is unaffected.

FLOW-THROUGH-SYSTEM DEVELOPED FOR INJECTION ANALYSIS

The apparatus developed about ten years ago in these laboratories [1] is
simple in construction and is suitable for serial analysis of small volumes of
samples. Various potentiometric and voltammetric sensors have been incor-
porated into the system for numerous applications {3—13]. A diagram of a

RECORDER
AND/OR

MEASURING| DATA

INSTRUMENTT | PROCESSING
UNIT

Fig. 1.Flow-through system for carrying out injection measurements. (1) Peristaltic pump;
(2) injector section; (3) mixing chamber; (4) detector cell.

Fig. 2. Different flow-through detectors employed. (a) Flow-through tube cell incorporating
the indicator and reference electrodes; (b) micro-capillary indicator electrode (Radelkis)
with reference electrode placed downstream; (c¢) indicator electrode (sensitized electrode)
placed in the mixing chamber.
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representative apparatus is shown in Fig. 1. A solution of suitable composition
is continuously pumped through the analysis channel at a constant rate by a
peristaltic pump. The solution reaches the injector section, where samples are
introduced, and then passes through a mixing chamber and a potentiometric
or voltammetric flow-through detector, the electrodes of which are connected
to an appropriate measuring instrument and a recorder. Figure 2 shows some
typical detector cells. Samples can be injected into the carrier stream by
Hamilton syringes through rubber caps or septa or introduced by constant-
volume or variable-volume valves in the now conventional manner. Different
sizes and forms of the general apparatus can be constructed for particular
analytical purposes.

The mixing chamber is an important feature of the general construction of
the apparatus. Various flow-through systems have been constructed in other
laboratories [14—21] which differ from the system described here. Most of
these do not include a mixing chamber with mechanical stirring. The favour-
able experience reported with these devices, as well as the fact that the mixing
chamber has a hold-up effect and other unfavourable properties, makes in-
clusion of the mixing chamber questionable. However, these chambers offer
distinct advantages, despite some suggestions and experimental findings which
favour their elimination. The mixing rod, driven externally, homogenizes the
solution in the mixing chamber. The intensity of stirring is such that the con-
centration profile in the analysis channel is basically determined by the dis-
persion produced in the mixing chamber. This offers a number of advantages.
For example, in the case of samples with different viscosities, the small dif-
ferences in dispersion in the channel are leveled by the stirrer; at suitable
stirring rates, the dispersion conditions in the mixer are independent of the
viscosity of the solution entering the mixer. Similarly, the effects of differences
in specific gravity, temperature, detergent content, etec., of the samples on the
concentration profile can be remarkably reduced.

The effects of differences in the viscosity of samples on the shape of signal
obtained after sample injection for apparatus without and with a mixing
chamber are shown in Fig. 3. For these tests, equal volumes of a potassium
chloride solution were injected and the e.m.f. of the measuring cell incorpor-
ating a chloride-selective electrode was recorded. Differences in viscosity were
produced by adding glycerol. Figure 3 clearly shows that the peaks are mark-
edly affected by as little as 2% glycerol if no mixing is employed, whereas if
a 1-ml mixing chamber is inserted, there is no appreciable difference between
the peaks for samples with and without glycerol. Similar effects can be seen
in Fig. 4 for the addition of a surfactant (Brij 35).

An additional advantage offered by mixing chambers is that differences in
signals caused by variations in injection rates are reduced. Thus even manual
injection can be used, and there is no need for sophisticated injection devices
to provide adequate accuracy and reproducibility.

The solution leaving the mixing chamber is homogeneous in the direction
perpendicular to the flow, which is of basic importance from the point of view
of electroanalytical detection.
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Fig. 3. Injection peaks obtained with samples of different viscosities. Peaks A and C are
for 10 M KCI2% glycerol, and peaks B and D for 107> M KCl. A and B, without mixing
chamber; C and D with mixing chamber.

Fig. 4. Injection peaks obtained with 107 M KCl samples in the absence (peaks A and C)
and presence (peaks B and D) of a surfactant (2% Brij 35) without (peaks A and B) and
with (peaks C and D) a mixing chamber.

The composition of the flowing solution is of great importance, for the
concentration profile reflects any changes in the ratio of the volume of the
carrier solution to that of the sample. If the carrier contains components im-
portant from the point of view of the detection, this volume ratio should not
be changed appreciably in favour of the sample at any point. A mixing chamber
of appropriate volume inserted in the flow system allows well-defined control
of the mixing ratio. Moreover, mixing with a pH- and ionic strength-adjusting
buffer, background electrolyte or reagent in a defined controllable ratio is
ensured. Appropriate choice of the volume of the mixing chamber makes it
possible to adjust the concentration profile to an optimal configuration for
measurement. Dilution of the sample is often advantageous, so as to reduce the
concentration of interfering components or insoluble particles.

Changing the volume of the mixing chamber makes it possible to adjust the
time of contact of the sample with the detector, so that even electrodes with
slow response (enzyme electrodes, membrane-covered gas electrodes) can be
used as detectors. The results of ammonia determinations by the injection
technique with an ammonia gas electrode with and without insertion of a
mixing chamber are shown in Fig. 5; otherwise the apparatus and sample were
identical. It can be seen that the signals obtained with the mixing chamber
are much greater, although the maximum concentration within the profile
must obviously be much higher when the mixing chamber is omitted.

After this survey of the obvious advantages afforded by the use of mixing
chambers, it should be noted that systems without these chambers are also
of value for certain analytical tasks, especially if an integrating-type detector
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Fig. 5. Calibration curves for an ammonia probe (EIL) obtained by injecting samples into
a flow-through system: (a) with mixing chamber; (b) without mixing chamber. Flowing
solution, 2.5 mg NH,Cl I"'—10~! M NaOH; flow rate, 2.8 ml min™; chamber volume, 1.4 mlL.

is used. However, the introduction of a mixing chamber remarkably simplifies
the construction of an apparatus for injection analysis, without detriment to
the required accuracy and reproducibility. Obviously, these systems allow a
lower rate of analysis, but analysis of very similar samples (equal viscosity,
specific gravity, etc.) at a rate of 400 analyses per hour is relatively rarely
needed in an analytical laboratory.

THEORETICAL BACKGROUND

In all these measurements, small volumes of sample are introduced plug-
like into the carrier solution streaming at a constant rate. The concentration
profile established in the flow stream can be described on the basis of the
concentration conditions prevailing in the mixing chamber, provided that the
dispersion characteristics of the system are basically determined by the mixing
chamber, i.e., there is no concentration gradient in the direction of flow within
the plug of solution injected, and the sample and carrier solution are hom-
ogenized in the mixing chamber instantaneously and completely. Accordingly,
the concentration of a substance in the mixing chamber, under suitable con-
ditions in the analysis channel, can be described as a function of time by

dAc,/dt = (VW) [A(c,)e — Acy] (1)

if A(c,); = M/Vr at t < 7 and A(c,), = O at ¢ > 7. Here, ¢t is the time (s) from
the moment of injection; A¢, = ¢; — ¢¢; ¢, is the actual analyte concentra-
tion at time t; (c,); is the concentration difference between the carrier
stream and the solution carrying the injected sample, on entry into the
mixing chamber; ¢, is the analyte concentration in the carrier stream before
injection of solution; V is the flow rate (ml min™'); W is the volume of the
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mixing chamber; M is the mass of sample injected (i.e., the product of the
concentration and volume of the sample); and 7 is the time needed by
the plug of injected solution to pass through the entrance of the mixing
chamber. If dispersion in the flow stream to that point is negligible, this time
is equal to the time taken for the actual injection.

From eqn. (1), the concentration change in the carrier stream at any
moment after sample injection can be expressed by the following equations:

Ac,= (MJVr) [l —exp (—Vt/W)] at 0< t< 7 (2)
Ac, = (M/Vr) [1 — exp (—Vr/W)lexp (—V(t —7)/W)] at t > 7 (3)

The detector signal can readily be expressed if the response time is small, pro-
vided that the signal vs. concentration relationship is known. For example,
for potentiometric detection with an ion-selective electrode sensitive to the
substance injected, the change in the electrode potential as a function of
time can be described at time 0 < ¢t < 7 by

AE,=SIn {1 +[M/Vr][1— exp (—Vt/W)]/[co +S K,.c,.” (4)

i=0
and at time ¢t > 1 by

AE,=Sln{1+[M/Vr] [1— exp (—Vr/W)]exp (—V(t-—r)/W)/[co+ s K,-c,-]}

i=1
(5)

where K; is the selectivity coefficient and ¢; is the concentration of an inter-
fering ion in the carrier solution.

When a voltammetric detector cell is used, the concentration of the com-
ponent injected is followed by measuring the voltammetric current at a suit-
able constant electrode potential. For the voltammetric detector used here,
the relationship between the current measured at constant potential and the
concentration is linear. The actual form of the equation describing this relation-
ship depends on the hydrodynamic conditions prevailing in the cell. For a disc
electrode with a surface area of a few mm? placed in the stream parallel to
the direction of flow, the current can be described at time 0 < t < 7 by

i, = (KM/V7) [a + V"] [1 —exp (—Vt/W)] (6)
and at time ¢t = 7 by
iy =(KM/Vr) [a + V2] [1 —exp (—V7/W)] [exp (—V(t —1)/W)] (7)

where K and a are constants involving the electrochemical and hydrodynamic
parameters of the system.

The validity of the potential and current equations derived has been checked
in two ways [22]. First, experimental electrode potential vs. time and current
vs. time curves were compared with the corresponding theoretical curves,
which were calculated by inserting the parameters determined in separate
experiments into eqns. (4) and (5) or (6) and (7) (Figs. 6 and 7). Secondly,
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Fig. 6. Voltammetric injection peaks obtained by calculation from the model expressed
by eqns. (1—3), indicated by the thin smooth line, and by experiment (thicker line).
W=32ml;V=02mls';r=9s;K=2.88,M=5x10"°mol;a = 0.20. Carrier solution
0.5 M KCl; solution injected K,Fe(CN),; applied potential +0.7 V.

Fig. 7. Potentiometric injection peaks obtained by calculation from the model expressed
by eqns. (1—3) indicated by thick smooth lines, and by experiment (thin lines) for different
values of 7. ¢, = 10™ M AgNO,—10' M KNO,; M = 6.75 X 10™® mol Ag*; S = 58 mV;
V=0.13mls™"; W= 27 ml.

the dependence of the characteristic parameters (see later) of the potentio-
metric and voltammetric peak signals on the factors included in the equations
(flow rate, volume of mixing chamber, time of injection, concentration) was
studied theoretically and experimentally. The relationship between the peak
current and time of injection, and the dependence of the potentiometric peak
height on the flow rate, are shown in Figs. 8 and 9 as examples.

In general, the agreement of the theoretical and experimental curves was
good, which indicates that the assumptions used in deriving the theoretical
equations approach reality closely. In comparing the experimental and theor-
etical curves, better agreement was generally obtained if not the geometric
volume of the mixing chamber (W) but a value slightly exceeding it (W)
was used in the calculations. The reason for this might be that the stirring is
not restricted to the mixing chamber but extends to the preceding and suc-
ceeding portions of the channel. Experimental curves are compared with
theoretical ones obtained by fitting with respect to the volume of mixing
chamber in Fig. 10.

The simple model and the corresponding equations gradually lapse if the
time of sample introduction is reduced below about 3 s or if the tubing be-
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applied potential +0.7 V.

Fig. 9. Relationship between the potentiometric peak height and the flow rate of the carrier
solution. The conditions were as described in Fig. 7 apart from flow rate and mixer volume
(2.1 ml). (¢) Calculated; (o) measured.

tween the mixing chamber and detector is longer than about 2 e¢m. The
simple model is not valid when the tube length between the mixing chamber
and the point of detection exceeds 20 cm. As this may occur in practice,
it was considered necessary to modify the above relationships to take into
account any dispersion of the sample plug in the channel under the condi-
tions mentioned. The derivation was started with eqn. (1), as in the previous
case, with the difference that the generator function A(c,), in differential
eqn. (1) was replaced by a more complicated term to include dispersion
effects. As dispersion is not solely due to molecular diffusion of the com-
ponent injected, but also to longitudinal mixing, the relationship for A(c; ),
cannot be derived simply from Fick’s second law. This law can be applied
only if the molecular diffusion coefficient is replaced by an effective diffu-
sion coefficient (D, dispersion coefficient) as in modelling chemical reac-
tors [23].

If a sharp concentration profile is assumed, at the point of injection, the
following relationship can be deduced from Fick’s second law [24] :

M 1 L V32
s~ e o |~ ) | Q

where L is the length of tubing between the points of injection and detection,
and q is the cross-section of the tube.

By inserting eqn. (8) into differential equation (1), the following relation-
ship is obtained:

dac, _V M 1 (L __Vt”z)z]_
at "W{zq(nDefft)meXp[ iD.; (t“ 7 Ac(t) ©)

Equation (9) cannot be solved for Ac, by the standard methods of mathemat-
ical analysis, but there are several numerical methods for the computerized
calculation of Ac,. The simplest integration procedure is that of Euler [25],
which can be applied to the present problem in the following form: Acy,
=Ac;, =0andfori=2,3...n
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Fig. 11. Potentiometric injection peak obtained by calculation (=) and experimentally (—).
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8eq, = [(VIW) (€D + (1= V/W) Acyy )] ALy (10)

where At; =, — t;— .

The function A(c,), is described by eqn. (8). At t = t,, Acy = 0, which means
that the concentration vs. time curve returns to the base line after the sample
plug has passed through the detector. The Ac, function can thus be obtained.
The detector signal vs. time curve in which sample dispersion in the channel
is taken into account can be calculated by inserting the Ac, function into the
equation describing the response of the detector.

A difficulty in the application of this model is that Dg; is not a simple
physical constant defined by one process only, but a parameter which de-
scribes the simultaneous effects of several processes, such as molecular dif-
fusion, convection, etc., and which depends on various factors, such as the
cross-section of the analysis channel, flow rate and the microscopic properties
of the injected and streaming solution. The easiest way of determining D is
to fit the model described by eqn. (9) to the experimental detector signal vs.
time curves.

In Fig. 11, an experimental electrode potential vs. time curve is compared
with the theoretical curve calculated for the model described by eqn. (9). In
the experiment, a 20-cm tube (2.5 mm internal diameter) was inserted be-
tween the point of injection and the mixing chamber; a 50-ul sample was in-
jected by means of a Hamilton syringe in about 1 s. The D value used in
the calculations was 3 X107 m?s™!. As shown by the fairly good agreement
of the curves, the model can be used for describing the phenomena under the
given experimental conditions.

ANALYTICAL ASPECTS OF THE INJECTION TECHNIQUE

Evaluation of the signals measured

The methods of evaluation of the signals will be treated separately for the
voltammetric sensors giving linear response and the potentiometric sensors
with logarithmic signal conversion. As can be seen from eqns. (4, 5) and (6, 7),
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respectively, each point of the peak-type signal gives information about the
amount of material injected into the flow stream. However, for such signals,
the important characteristics for quantitative evaluation are the peak height
and the peak area.

The appropriate correlations for the peak height when potentiometric and
voltammetric sensors are used can easily be obtained from eqns. (4) and (6),
since AE; = AE,,, and i; = iy, for t = 7. The area under the detector signal-
time curve (T), i.e., the integral of the detector signal with time, can be de-
rived simply for voltammetric detection:

T = (KM/V) (a + V'?) (11)

With potentiometric detection, this cannot be obtained in an explicit form,
but the peak area can still be used for determination of concentrations;a cali-
bration technique or the result of a numerical iteration is used in this case.

If the injection peak is detected voltammetrically, then the peak height and
the peak area are linear functions of the amount of material injected, and
either can be used to quantify the results with the help of a calibration line
or a numerical comparison, obtained by injection of appropriate standard
solutions. Peak height is more easily measured than peak area, which requires
integration of the signal, but electronic integrators and microprocessors sim-
plify the area measurements. The higher costs are overcompensated by the
advantage that the peak area — as opposed to peak height — is independent
of the volume of the mixing chamber and of the duration of the injection
process (egns. 6 and 11). Small variations in the injection and the mixing pro-
cess exert practically no influence on the peak area.

If the injection peak is detected by a potentiometric sensor, several methods
of evaluation are available. The most important methods are as follows.
Quantification can be based on peak height or peak area; the potentiometric
signal can be used either as it was measured or after Gran transformation.
Further, the potentiometric signal measured can be used for evaluation either
relative to the signal measured in the background solution, i.e. relative to the
base line, or relative to the instrument zero. Some of the techniques for
evaluation discussed below require the plotting of a calibration line based on
measurements with appropriate standards. In most cases, however, calibration
with only one or two standards will suffice if the relationships discussed above
are linearized.

The following discussion of evaluation is based on the equations:

AE, = S log (co + Acy)/co (12a)
if ¢y #0, whereas if ¢, = 0 is also allowed, then
E,=E°+8logc, (128)

These equations represent a more general form of eqns. (4) and (5) by applying
the general expressions Ac, and ¢,, respectively, to describe the concentration
peak caused by injection. Equation (128) can be used if the signal is related
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to the instrument zero, while eqn. (12«) is used if the signal is related to that
measured in a carrier solution of concentration c¢,; in the latter case, Ac, is
defined as ¢; — c,. These equations are, of course, valid only if the detector
can promptly follow the changes in concentration. Further discussion will
deal only with case a (signal measured relative to the base line); for case 8 the
derivation is very similar, so that separate treatment is unnecessary.

Methods based on peak height (AE,,,,) measurement
AE ., is the maximum (or minimum) voltage measured relative to the base
line, and depends on Ac,,,, by analogy with eqn. (12a):

AEmaau( = S IOg (co + Acmax)/co (13)

On the basis of the models discussed above, the sample amount injected (M)
and Acp,, can be related by Acg,, = EM. The proportionality constant & is
determined by the geometry of the experimental setup and the streaming
conditions.

Direct calibration method. In order to obtain the correlation between
AE ... and the amount of sample injected, Ac,,,, = kM is inserted into eqn. (13)
to give

AE .« =S log (co +kM)/cy=Slog (1 +kM/c,) (14)
This can be linearized if 1 € kM/c,:
AE . = SlogkM/co=Slogkjcy+Slog M (15)

Thus a AE_,, vs. log M plot will be linear if proper experimental conditions
have been selected.

Methods based on Gran transformation
Gran transformation of eqn. (14) gives

104Emax/S — 1 =kM/c, (16)

Since M is directly proportional to the left-hand side of eqn. (16), either a
linear calibration curve can be made, or a singlepoint calibration, i.e. calibra-
tion by a single standard injection becomes possible. If the amounts of
standard and sample solutions injected are denoted by M, and M,, respec-
tively, and the corresponding potential peak heights are denoted by E . «
and E,,. ,, then eqn. (16) can be written for both standard and sample,
and combination of these equations gives

M, = M,; (104Emax, s/S — 1)/(104Fmax, st/S — 1) (17)

Thus, if S is known, M can be calculated. If k is also known, then no standard
is needed, because M can be calculated directly from eqn. (16) after the ob-
vious rearrangement. If k& is known but S is not, then M can be calculated from
eqn. (16) written for standard and sample injections, by an iteration procedure
[26]. This means that the electrode need not be calibrated before the actual
measurement is taken in the sample provided that all experimental conditions
are correctly controlled.
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Methods based on peak area measurement

Although peak area measurements require more sophisticated equipment,
they are used quite often. The inherent advantages of peak area determination
have already been indicated in the case of voltammetric detection. If poten-
tiometric detection is used, somewhat different aspects have to be considered.

Evaluation based on the potentiometric peak area. The area under the po-
tentiometric peak can be calculated from eqn. (12a) by integrating it over the
time period 0 to ¢,,:

tn tn

[ AE,dt =S [ log [(co + Acy)/co] dt (18)
(4] 4]

where t, is the time span during which the concentration peak passes the
detector. The relation between the amount of sample M and the function Ac;
is given by the generalized form Ac,; = k; M, where k, denotes a time function
determined by the experimental setup which is independent of M.Combination
of this equation with egn. (18) does not yield a linear relationship between
the potentiometric peak area — the left-hand side of eqn. (18) — and the
amount of sample, M, or between any simple derived quantities of these
components. Hence, only non-linear calibration curves can be plotted.

It may be realized that the model equations discussed earlier can be used
to calculate M from eqn. (18) without calibration if all relevant conditions
are properly controlled.

Evaluation based on the area of the Gran-transform of the potentiometric
peak. Application of the Gran transformation to eqn. (12«) gives the following
equation after integration:

tn trl
J 10AES dt = (1/cy) [ Ac,dt +t, (19)
1] 0
The mass balance is expressed by
tn
M=coV [ Ac,dt (20)
0

and combination of these equations gives

tn
J 104Ees dt = (M[Ve,) + ¢, (21)
0

This equation means that there is a linear relationship between M and the area
under the Gran-transformed peak. Thus, linear calibration curves can be plot-
ted, in contrast to the case when the area under the potential peak is used.

Calibration lines need not be drawn if the values of S, V, ¢4 and t,, in eqgn.
(21) are known with sufficient accuracy, because M can then be easily calcu-
lated from the equation

tn
M = Ve, [f 108ES g — t,,] (22)
0
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In this case, a standard solution need not be injected. If S cannot be considered
constant during a long series of measurements, then a standard solution must
be injected into the carrier stream from time to time. In this case, M can be
calculated by applying eqn. (22) to both sample and standard and using an
iterative procedure to solve these equations [26].

Comparison of the methods used for evaluation of the potentiometric peaks

Evaluation on the basis of peak height is technically very simple and this is
its great advantage. Peak area measurements require more sophisticated
instrumentation, but they utilize the complete measured signal instead of
using only a single point of the peak, so that errors arising from the noise
superimposed on the signal are decreased.

The Gran transformation seems to be most advantageous not only because
the calibration curve becomes linear but because the result is independent of
the shape of the concentration peak and even of its reproducibility. Figure 12
shows a potentiometric peak and its Gran transform.

As stated above, the potentiometric signal can be measured relative to the
base line or the instrument zero. The decision between these two possibilities
will be dictated by the characteristics of the sensor. The potential measured
relative to the base line, AE, is independent of E°, so that this method should
be applied if E° is not stable enough. If the potential is measured relative to
the instrument zero, E® must be stable (or frequently checked), since the
calculations are based on the constancy of E°. In this case, however, it is not
necessary to wait until the base line is accurately reached. This is an important
factor, because the potential of most potentiometric sensors stabilizes quite
slowly in dilute solutions (background solution). Thus the techniques based

3007 T~ T T 7T 319800

E (mV)

150t ==

Time (s)

Fig. 12. Comparison of the potentiometric peak (a) and its Gran transform (b).
Streaming solution, 10™ M KI—10™ M KCl; solution injected, 200 1 10" M KI; V= 2.,5
ml min'; W =14 ml
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on the measurement of potential relative to the instrument zero rather than
to the base line allow an increased speed of analysis.

These points may be illustrated by an example. Let us assume that the con-
centration of the background solution is 10™* M and that the maximum of the
concentration peak corresponds to the value 107 M. To achieve a 1% accu-
racy when the potential is measured relative to the base line, the base line
must be restored within at least 0.25 mV (see eqn. 15) for S = 59 mV; this
usually requires quite a long time. It should be noted that 0.25 mV is about
0.2% of the potentiometric peak height, while the accuracy of the concentra-
tion measurement is only 1%.

Potential applications of the injection technique

Quite generally, injection techniques allow numerous analytical tasks to
be solved in a simple and convenient way. Obviously, the general technique
is most advantageous when serial analyses of samples of more or less similar
composition are required. When it is considered that the wide range of con-
centration sensitivity and the high selectivity of potentiometric detectors
avoid, in many cases, any requirement for sample pretreatment, the direct in-
jection of microliter samples into a carrier stream combined with electro-
analytical detectors becomes very attractive for many analytical applications.
Mechanization of potentiometric and voltammetric determinations offers a
simple fast technique for analysis.

Further advantages are as follows. First, as the detector electrode is in con-
tact with the carrier solution of constant composition during the time elapsed
between the passage of each sample, it is conditioned; thus measuring prob-
lems that may arise from changes in the active electrode surface often decrease
dramatically. The continuous flow of the carrier solution gives some regen-
eration of the electrode surface state. Secondly, recalibration of the detectors
is fast and simple; thus, even electrodes of changeable electrochemical
properties can give fairly reliable results with frequent recalibration. For
example, in the case of enzyme electrodes, regular recalibration with injecting
standards is essential, the frequency of recalibration depending mainly on
the stability of the reaction layer of the enzyme sensor. Other useful aspects
are presented by the favourable signal-to-noise ratios given by the difference
signals, and the speed of analysis available from the dynamic signal-time
recordings.

If the species to be determined cannot be sensed directly by the detector
employed, it may be possible to select appropriate chemical reactions between
the analyte and the carrier solution to produce a detectable concentration
change. Thus, without any complicated flow patterns, a wide range of
inactive species becomes determinable.

The varieties of the injection technique employing chemical reactions can
be classified as follows.

(1) Analysis of samples containing species not detectable by the sensor
employed (inactive sample analysis). Two methods can be used in this case.
(a) The carrier solution contains a component detectable by the sensor
which reacts with the analyte as well as components required for the de-
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tection (e.g. supporting electrolyte, ionic strength adjusting buffer, pH
buffer, etc.). The concentration of the detectable material decreases as
the reaction proceeds. (b) The streamed solution contains an inactive ma-
terial which reacts with the sample solution to give an electroactive reac-
tion product. Naturally the solution must also contain any other important
components required for the chemical reaction and detection.

(2) Analysis of continuously streaming sample solution containing a com-
ponent not detectable with the detector employed (inactive species analysis
in the flow stream). In this case a suitable reagent solution is injected. If the
reagent is sensed by the detector, then the consumption of the reagent is
followed. If the reagent is not sensed, then the product of the chemical reac-
tion must be electroactive and its appearance is monitored. Obviously, the
terms “electroactive’, “inactive’, “sensed”, “not detectable” depend on the
nature of the sensor and on the experimental conditions.

The two “indirect” injection methods described above can be considered
as complementary. The choice of whether the reagent is streamed or injected
will depend on the analytical problem, as well as on the volume of sample
available and on its concentration. In this last aspect, it may be noted that
with more concentrated samples, sample injection gives more satisfactory
results than reagent injection, whereas with diluted samples the situation is
reversed.

It becomes clear then, that the indirect techniques are applicable to almost
all determinations which can be solved by potentiometric or amperometric
titrations.

In applications of potentiometric detection — owing to the non-linear
signal-conversion character of the sensor — the reagent injection technique
offers a possibility for determining the concentration of a streaming sample
solution by standard addition or subtraction (see below).

The reagent can often be prepared advantageously by electrolytic generation.
This has widespread application, especially when the reagent is the injected
solution, however, the reagent can easily be produced in the streaming solution
also by a continuous electrolysis process.

The apparatus shown schematically in Fig.13 can be employed for injection

FUNCTION ||
GENERATOR NTERFACE COMPUTER—— PRINTER
CURRENT MEASURING

GENERATOR INSTRUMENT RECORDER

—*
4

3 |

Fig. 13. Experimental set-up used for injection measurements employing electrically gen-
erated reagent. (Details see in text.)
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analysis with in situ electrolytic reagent generation [12]. The generation of
different reagents has been successfully solved with the arrangement designed.
The sample solution (1) containing also the reagent precursor and the auxiliary
solution (2) pumped with a multichannel peristaltic pump (3) flow through a
two-compartment electrolysis cell (4); the two compartments are separated
by a dialysis membrane (5) and contain the appropriate generating (6) and
auxiliary (7) electrodes. The generator compartment also serves as a mixing
chamber. The generating and the detector units (8) are separated electrically
from each other by a drip vessel (9). The reagent injection is done by con-
trolled current electrolysis employing square-wave current pulses of adjustable
intensity and length. The signal—time curve is recorded and/or evaluated with
the help of a suitable data processing unit.

The peak-type signals provided by potentiometric detectors depend on the
primary ion activity of both the injected and the streaming solutions. Thus a
particular attribute of the potentiometric injection technique is that continu-
ously streamed samples can be analyzed simply by standard addition or
subtraction. Signals obtained by volumetric or electrolytic injection of the
primary ion standard (addition) or of a suitable reagent (subtraction) are evalu-
ated by calibration or numerically (see above, Evaluation of signals).

The special feature of the voltammetric injection technique is mainly re-
lated to the advantages of the hydrodynamic conditions involved. The effects
of convection and the favourable signal-to-noise ratio with the constant-
potential measurements ensure a sensitivity as high as can be obtained with
far more sophisticated voltammetric techniques, e.g., a.c., differential pulse
methods.

The most important characteristics of injection analysis such as accuracy,
sensitivity and rate of analysis depend largely on the type of the sensor, on
the hydrodynamic conditions and the geometry of the injection setup, as well
as on the evaluation method used. It is, therefore, difficult to characterize
briefly these features of the many types of injection analysis studied so far.
Some data concerning typical accuracies with voltammetric detection are,
however, listed in Table 2. When potentiometric detectors were employed,
relative errors of 3—6%,1—3% and 1—5% were obtained for the same measuring
setup when evaluation was based on peak area, peak shape and peak height
measurements, respectively, by the numerical iteration procedures mentioned
earlier. A typical rate of analysis is 40—60 samples per hour.

SELECTION OF OPTIMAL PARAMETERS FOR INJECTION MEASUREMENTS

The choice of the optimal conditions is assisted by the relationships dis-
cussed in earlier sections. These relationships are useful for direct determ-
inations as well as for indirect determinations if the reaction involved can be
regarded as instantaneous. If the chemical reactions are slow, the reaction
rates must also be considered. It has to be realized that all the parameters in-
volved in the potential and current equations describing the dynamic signal
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TABLE 1

Potential analytical applications of the injection technique

(M, sample solution; R, reagent; P,reaction product; A, “electroactive’; I, ‘“electroinactive’;
8, streaming; J, injected.

The figures show detected peaks with sample concentrations increasing from left to right.

Direct sample injection

M) + Rf - M, J\J‘!L

Indirect sample injection

aaa

1(a) Mj + RS - RS —P

(b)Mj + R¥ - Py A_kj_

2(a) M§ + Ry, — R} — P J\J\_L

(b) M + R » P Ji -

TABLE 2

Some reproducibility data obtained by the voltammetric manual injection method [22]
{Concentration range studied, 107—107* M; volume injected, 100 ul; evaluation by peak
area measurements. )

Indicator electrode Material Relative standard
deviation (%)

Silicone rubber-based graphite electrode K,[Fe(CN),] 0.6
Chlorpromazine 0.7
Amidopyrin 1.0
Dropping mercury electrode Cadmium 0.8
Calcium (indirect) 1.3
Membrane-covered mercury electrode [10] EDTA 1.2
No-spa? 1.8
Diazepam® 1.5

21-Benzoyl-3',4',6,7 -tetraethoxy-1,2,3,4-tetrahydro-isoquinoline hydrochloride.
b7.Chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1 4-benzodiazepine-2-one.



20

play a role in determining the course of the respective signal—time curves.
However, the relative importance of each parameter is discussed below.

Flow rate

The dependence of the signals on the flow rate can be assessed from eqns.
(4), (6) and (11) if slow chemical reactions are absent. As the flow rate in-
creases, the voltammetric peak height increases (Fig. 14) while the peak area
(i.e. the charge passed through the detector cell as a result of the injection)
at the same time decreases (Fig. 15). At small flow rates (0.5—1.0 ml min™*
for 2 mm i.d. tubes), the effect of a unit change in the flow rate on i,,, and
T is much higher than at higher flow rates.
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Fig. 14. Relationship between the voltammetric peak height and the flow rate of the carrier
solution. Carrier solution, 0.5 M KCl;solution injected, K ,[Fe(CN),]; M = 10~° mol,
K = 1.85; a = 0.104. Applied potential, +0.7 V. The line is calculated and the symbols
indicate the measured values.
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Fig. 15. Relationship between the area under the voltammetric peak and (A) the flow
rate of the carrier solution; (B) the area under the potentiometric peak and the recip-
rocal value of the flow rate. Conditions for (A) as for Fig, 14 for (B) as for Fig. 9. Open
and filled symbols indicate different experiments.
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It is well known that the analysis time is determined primarily by the flow
rate prevailing in the analysis channel. High analysis rates require high flow
rate, but this can have adverse effects. The peak area, which is generally used
for evaluation of the results, especially for voltammetric methods, will decrease
as the flow rate increases and so the accuracy and precision of the measurement
may suffer. Another important effect which has to be considered is that in-
creasing the flow rate may make the rate of mass transfer to the electrode
surface approach the rate of charge transfer — especially for reactions of
analytically important organic molecules on solid electrodes. This renders the
calibration line non-linear and may even make the measured signal almost
independent of sample concentration. The flow rate should be chosen by
considering all these effects. In this work, good results were obtained by
applying flow rates of 4—5 ml min™! with 2 mm i.d. conduits.

The peak height obtained with a potentiometric sensor will be much less
dependent on flow rate than that obtained with a voltammetric detector. On
increasing the flow rate, AE ., decreases as shown in Fig. 9; the points of the
curve were calculated by using the simple model (eqns. 1—3) which neglects
dispersion in the analysis channel. Naturally, the peak area decreases on in-
creasing the flow rate (Fig. 15B).

The characteristics of the electrodes used should also be considered when
setting the flow rate. Electrodes of high response time (e.g. enzyme electrodes
or gas probes) will show decreased sensitivity if the flow rate is increased, i.e. if
the time during which the sample is in contact with the electrode is decreased.

For indirect measurements based on reactions which cannot be regarded
as instantaneous, the time available for the reaction to proceed will depend
on the flow rate inter alia. A general discussion of this case, however, is be-
yond the scope of this work.

Volume of the mixing chamber

The choice of this volume is influenced by several factors. If slow chemical
reactions are not involved, the voltammetric peak height decreases with in-
creased chamber volume because the sample will become more diluted in this
way (eqns. 2 and 3); the peak area, however, is practically independent of the
chamber volume (Table 3). If potentiometric detection is used, both the peak
height and the peak area depend on the volume of the mixing chamber (Fig.
16), whereas the area of the Gran-transformed peak is independent of it.

Other important factors are the required mixing ratio of the sample and
the reagent or solutions added to adjust conditions such as pH, ionic strength,
etc., the time required for the chemical reactions to proceed, the time during
which the sample and the electrode must be in contact and the specific
gravity, viscosity and surface tension of the samples.

Time span of injection
The peak shape is affected by the duration of the injection (eqns. 4—7).
Good reproducibility of the flow pattern and of the signal measured can be
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TABLE 3

The area under the voltammetric peak (electric charge passing through the detector cell as
a result of injection; pCb) with mixing chambers of different volumes

w Area of peak for different sample amounts (mol)

mh) 5107 4 %107 6 X107 8 x10~ 1x10~

0.3 1.09 1.93 3.03 3.97 5.05

1.7 1.12 1.83 3.05 3.98 5.21

3.2 1.17 1.89 3.12 3.89 5.03
60—

AEmax (mV)
»
Q

Y‘oﬁg\(
10 20
W (x1074L)

Fig. 16. Comparison of the calculated (from eqn. 4 written for AE, ., ) and measured
potentiometric peak heights obtained with mixing chamber of different volumes. 7 = 5 s;
V=2.10"%1s7". (o) Calculated; () measured.

achieved by applying short injection times and small sample volumes. The
injection time is reproducible enough if an injector valve is used; with manual
injection, however, it may vary from sample to sample and this necessitates
the use of evaluation methods which are insensitive to variations in the peak
shape, e.g. peak area measurements for voltammetric detection, and the Gran-
transform area method for potentiometric sensors.

Composition of the carrier solution

Attention must be paid to the particular analytical problem. If direct voltam-
metric detection is used, the supporting electrolyte can be used as the carrier
solution; the peaks then rise from the background current measured in the
supporting electrolyte at the potential applied for detection.

If the indirect voltammetric method is used, then the concentration of the
reagent should be chosen in such a way that the measured signal, which is due
to the electroactive reagent or the reaction products, will be in an unambiguous,
well-defined correlation with the concentration of the component detected
over the whole concentration range in question.

In selecting the proper concentration of the reagent, it should be remem-
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bered that the reagent must always be in excess in the mixing chamber. The
optimal ratio of reagent to sample always depends on the analytical problem.
As in any other type of analysis, if the reaction is not instantaneous, then
decreasing the excess of reagent will decrease the reaction rate, whereas if
the reagent concentration is too high, the relative change in its concentration
caused by the sample will be small and accuracy and precision will decrease.

The background solution used for potentiometric injection generally incor-
porates the components required for ensuring the optimal working conditions
(pH, ionic strength, etc.) of the indicator electrode. The problems connected
with the use of primary ion in the carrier solution have been discussed under
Evaluation of signals. It must be emphasized that the concentration of the
primary ion — if used at all — should be relatively low compared to that of
the sample injected. It is necessary to ensure not only a reasonable change in
concentration by the injection but also a background signal in the linear range
of the response function of the appropriate electrode.

Additionally, voltammetric detection requires a proper choice of the applied
potential. Obviously, the rules governing selection are the same as in any
other amperometric measurement, if optimal selectivity is required.

The interplay of all these factors must be considered in optimizing perfor-
mance for any analytical problem. The injection measuring technique has
been used for more than ten years in these laboratories for solving various
practical problems, usually with voltammetric and ion-selective electrodes as
detectors. In the course of this work, numerous analytical methods and some
laboratory instruments have been developed based on injection techniques
[8,10,12,13, 22, 27].

The authors thank E. Lindner, Dr. A. Hrabéczy-Pall, G. Forgach and
J. Szamek for their contribution to the preparation of this work.
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SUMMARY

Trimethylphenylammonium-selective electrodes are used in the measurement of serum
antibodies to bovine serum albumin, with serum complement and sensitized, marker-loaded
sheep red blood cell ghosts as mediators. The result is a sensitive and reproducible assay
system for the antibody in the presence of its antigen. In addition, the method described
is shown to be valuable for basic studies of immune complex—complement interactions.

The development of immunoassay procedures involving potentiometric
electrodes is based on coupling an immune reaction to an appropriate poten-
tiometric sensor with mediators designed to produce a measurable response
on stimulation by the immuno-system. In the present paper, a novel measure-
ment of serum antibodies is described: the complement fixation test [1] is
coupled to an electrode selective for the cation trimethylphenylammonium
(TMPA™). The bovine serum albumin (BSA)—anti-BSA system has been chosen
as a model for the application of this analytical concept.

The use of marker-loaded sheep erythrocyte ghosts as mediators between
the TMPA™ electrode and serum complement was described recently [2]. The
release of TMPA* marker from red blood cell ghosts was monitored and related
to the level of hemolytic complement present (CH;, units). This novel assay
procedure for complement proved advantageous over existing methods. The
ability to use electrodes directly in suspensions of cell ghosts without the
separation steps required in spectrophotometry, permits a ‘‘dipstick’ assay
procedure for hemolytic complement with a minimum of sample handling.
In addition, the equipment used is simple to operate and may be designed and
constructed in the laboratory.

Complement, as well as lysing sensitized erythrocyte ghosts, can be fixed
by many antigen—antibody complexes. Through use of the cell ghost lysis
phenomenon as an indicator system, free complement can be measured after
a known level has been exposed to a soluble or insoluble antigen and its anti-
body. The amount of free complement remaining is inversely proportional to
the amount of immune complex present. Moreover, the system can be made
quantitative with respect to antibody if excesses of antigen and complement
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are present. Calibration curves can be constructed and unknown determi-
nations run to confirm the presence of antibody-producing disorders in living
systems. Likewise, antigen may be assayed in the presence of excesses of anti-
body and complement.

The BSA—anti-BSA model system described provides a valid and practical
test of the indicator system. The quantitative measurement of antibodies to
BSA opens the way for assay of other antibodies or antigens directly in physio-
logical fluids by the proposed method. In addition, the usefulness of ion-
selective electrodes for fundamental studies of immune complex—complement
interactions is demonstrated.

EXPERIMENTAL

Equipment

Potentiometric measurements were made on a Corning Model 12 Research
pH meter in conjunction with a Heath-Schlumberger Model SR-204 strip-chart
recorder. Measurements were made in a 15-ml glass, water-jacketed cell with
circulation and thermostating provided by a Haake Model FS water bath/cir-
culator. All measurements were taken at 37°C.

The indicator electrode used is of the polymer matrix type [3] and is highly
selective for TMPA* over other monovalent cations, e.g., Na*, K*, and Li*.
Miniaturization of this electrode permits its use, together with a miniature
saturated calomel reference electrode, in sample volumes as small as 0.60 ml
[4]. The lifetime of the TMPA™ sensor is dramatically extended if it is stored
dry when not in use. A brief period of soaking in the relevant buffer is required
prior to operation. Since these electrodes can be produced rapidly and inex-
pensively in the laboratory, they are discarded when their response character-
istics deteriorate.

Reagents

Lyophilized rabbit antisera to bovine serum albumin were obtained from
Miles Laboratories Inc., Elkhart, Ind. (lots R148, R259, and R270). Titers
expressed as mg of antibody per ml of serum were supplied with the product.
Rabbit antisheep hemolysin (lyophilized) and lyophilized guinea pig serum
(as a source of complement) were from Grand Island Biological Co., Grand
Island, NY. The complement titer of the guinea pig serum employed was
1:100. Hemolytic complement is expressed in CH;, units, one unit denoting
the amount of complement activity required to lyse 50% of a fixed number
of sensitized sheep red blood cells under the specified conditions of assay [ 5].

Sheep blood was obtained from the Department of Animal Science and
Agricultural Biochemistry, University of Delaware, as an 87% (v/v) suspension
of whole blood from the animal in acid citrate—dextrose anticoagulant. A
volume of blood could be stored and remained usable for approximately one
month.

Other materials used were triethanolamine and bovine serum albumin
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(lyophilized, Cohn Fraction V) from Sigma Chemical Co., and trimethyl-
phenylammonium chloride from Eastman Kodak Co. Reagents used for pre-
paration of buffers and other solutions were of analytical grade.

Triethanolamine-buffered saline (TBS) was prepared at pH7.3—7.4 and con-
tained 5.0 X 10™* M Mg?* and 1.5 X 10™* M Ca?*. This buffer is recommended
for use in complement fixation studies [6]. Because of the slight Na* inter-
ference of the TMPA™ electrode, lithium chloride was substituted for sodium
chloride in TBS and the buffer was used as standard diluent for all work de-
cribed here.

Procedures

The process of preparing sheep red blood cell ghosts for use was as described
[2] with the following changes in the hemolytic and resealing steps. To increase
the stability of cell ghosts, 1 X 1075 M CaCl, was added to the lysing medium
[7]. In addition, ghosts were sensitized in bulk following the 37°C resealing
step with a 1:750 decomplemented anti-sheep hemolysin dilution. The advan-
tages gained by these changes are discussed below.

Complement fixation experiments were carried out by mixing antigen, anti-
body, or antigen plus antibody with 11.2 CHs, units in a total volume of 160
ul. The reaction mixture was stored at 2—4°C for 20 h. Following the incu-
bation period, the mixtures were placed in ice water until ready for use [1].

Experiments to determine free or unfixed complement activity were done
as follows. The sensitized ghost suspension (400 ul) was diluted to 710 ul with
TBS. The electrodes were immersed in this stirred mixture and the resulting
equilibrium potential was noted. The test reaction mixture (40 ul) was added
and the resulting potential designated as E,. The potential after a reaction
time of 15 min was recorded as E,. AE,; values were computed (E, — E,) and
recorded.

Stock antiserum to BSA was reconstituted with distilled water and decomp-
lemented by heating at 56°C for 30 min. Dilutions of the antiserum were pre-
pared in TBS in the following concentrations: 1.0, 0.83, 0.67, 0.50, 0.33,
0.17, and 0.04 mg ml™!. Constant aliquots of each dilution containing varying
amounts of antibody from 1 ug upwards were used to establish the upper
limit of the test. An optimum level of antigen and 11.2 CH;, units were added
to each aliquot followed by mixing and incubation. A series of AFE,5 values
resulting from free complement activity was thus obtained. These values were
plotted as a function of the amount of antibody in a 25% aliquot of the initial
mixture.

Complement titration curves [2] were run after the antibody calibrations
to obtain a quantitative estimate of the CHs, units fixed at various points on
the antibody calibration curve. Complement dilutions as well as antibody
dilutions were prepared just before use.
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RESULTS AND DISCUSSION

The model system employed in this study is: BSA + rabbit anti-BSA +
complement.

After a specified reaction time, unfixed complement is assayed and related
to variation in antibody or antigen level, the other components being present
in constant, predetermined amounts. To quantify the antibody, it is necessary
to optimize not only the antigen level but also the amount of complement
employed. For good sensitivity, a level of complement was chosen which lyses
close to 100% of a specified cell suspension while avoiding a large excess.
Based on past results [ 2], a value of 2.8 CHs, units was used. Greater accuracy
in pipetting was achieved by initially mixing 11.2 CH;, units with the anti-
gen—antibody mixture. A 25% aliquot thus corresponds to 2.8 CHs, units if
the complement activity remains constant. Fixation of complement below
this level by immune complex or by either component alone results in a very
sensitive assay system. The method closely resembles that of Stein and Van
Ngu [8] since excess of complement is not employed and the reaction mix-
ture is added without dilution directly to the sensitized cells.

The interference of impurities in the antisera, in terms of complement-
fixing ability, was investigated. It was found that an amount of antiserum
corresponding to 24 ug of antibody could be used in the presence 0f11.2 CHs,
units with no fixation of complement. Similarly, 24 ug of the bovine serum
albumin preparations showed no complement fixation under these conditions.
This corresponds to 6 ug of antibody and 6 ug of BSA in the presence of 2.8
CHs, units involved in actual determinations. AE,; values obtained were
equal, within experimental error, to those obtained when 2.8 units of fresh
complement were added to the indicator system.

Development of an assay system for antibody involved optimization of
the antigen level to be used with 24 ug of rabbit antibody. Maximum fixation
of complement, i.e. a minimum AE,s value, as a function of antibody to anti-
gen ratio was sought. Antibody calibration curves could then be constructed
by decreasing antibody added from the maximum value to values approaching
zero in the presence of an optimum amount of BSA. A large slope over the
range tested would be desirable to increase the sensitivity of the system. A
typical result is shown in Fig. 1. Antibody to antigen ratio is varied from 1:1
to 10:1 by weight for a constant 24 ug of antibody. The minimum AE,s value
occurred at an antibody: antigen ratio of approximately 3:1. This value
corresponds to the equivalence point as defined by precipitin analysis, in that
the maximum amount of immune complex fixes more complement than is
fixed in the zones of antibody or antigen excess [1].

The amount of BSA chosen for antibody calibration was 7.2 ug per total
reaction mixture. An antibody calibration curve is shown in Fig. 2. Variation
of antibody from 1 to 24 ug initially, produced the values shown on the
abscissa when a one-fourth aliquot was used in actual determinations. Since
the potential change at the lowest antibody value tested closely corresponds
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Fig. 1. Determination of antibody to antigen ratio at the point of maximum complement
fixation; 24 ug of antibody and 11.2 complement units used per total reaction mixture.

Fig. 2. Calibration curve for rabbit anti-BSA;7.2 ug of antigen and 11.2 complement units
used per total reaction mixture.

to the AE obtained upon addition of 2.8 units of fresh complement, the full
range of complement fixation has been exploited under the assay conditions
used. A quantitative estimate of complement units fixed at points on the cali-
bration curve is possible by constructing a complement titration curve im-
mediately following antibody calibration. In this way, characteristics of the
system, e.g., level of marker trapped within cell ghosts, amount of background
ion, etc., remain constant. Millivolt values from the antibody calibration curve
can be read as free CH;, units on the complement curve. These values sub-
tracted from 2.8 result in complement units fixed under the specified con-
ditions. Table 1 shows these results obtained for the calibration curve of Fig.
2. Owing to the low slope of the complement titration curve at the high com-
plement end, an accurate value could not be determined at the 0.25-ug anti-
body level.

To evalute the accuracy and precision of the method, each of two lots of
antisera other than that used as the standard were run at three different
points on the antibody calibration curve. Results obtained are shown in
Table 2. Excellent agreement with known values is obtained along with the
reproducibility necessary for quantitative analysis.

Improvements in the preparation of erythrocyte ghosts have increased the
practicality of using such vesicles as reagents in analytical systems. Addition
of calcium ions in low concentration to the lysing medium (approximately
107* M) increases the proportion of usable cell ghosts [7]. Likewise, bulk
sensitization of a batch of erythrocyte ghosts immediately after reforming
dramatically increases the lifetime of the ghosts. The method of storing un-
sensitized ghosts and mixing only the desired aliquot with the hemolysin anti-
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TABLE 1

Complement units fixed by varying amounts of antibody in the presence of BSA antigen?®

Amount antibody (ug) 0.25 1.0 2.0 3.0 4.0 50 6.0
CH,, units fixed® nd. 1.8 21 22 23 24 24

27 2 ug BSA per total reaction mixture,
POut of possible 2.8 units. Each value represents the mean of three determinations with a
standard deviation of +0.1.

TABLE 2

Potentiometric determination of antibody in commercial antisera

Antiserum lot Known value Value obtained?
(mg Ab ml™) (mg Ab ml™)

R270 2.5 2.6

R148 2.4 2.5

2Values represent the mean of three determinations with a standard deviation of +0.2.

body prior to use resulted in such high rates of leakage that cells were not
usable after two or three days. Under the new conditions, ghosts could be
stored and remained viable for periods as long as two weeks. Refrigerated
dialysis of the ghosts, when not in use, assures low background levels of ion
marker. Procedures for lyophilization of modified erythrocytes [9] without
damage to cell membranes upon reconstitution may also be applied to cell
ghosts. This would provide convenient storage of the loaded vesicles until
ready for use.

The versatility and ease of operation of ion-selective electrodes have made
them readily applicable to measurements in biological systems. Their useful-
ness in immunochemistry has now been extended through the use of sheep
red blood cell ghosts and complement as mediators to a method for determi-
nation of serum antibodies to bovine serum albumin. The application of the
principles described may lead to sensitive immunoassays for various other
antibodies and antigens as well as providing a system for use in basic immuno-
chemical studies.

We gratefully acknowledge the support of a grant from the National
Institutes of Health.
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SUMMARY

A microbial sensor consisting of immobilized Trichosporon brassicae, a gas-permeable
Teflon membrane and an oxygen electrode is suitable for the continuous determination
of acetic acid in fermentation broths. When an acetic acid solution is pumped through the
flow system, the current decreases to a steady state with a response time of 8 min; shorter
pumping times give peaks which can also be measured. The relationship between the current
decrease and the acetic acid concentration is linear up to 54 mg 1!, with a relative standard
deviation of about 6% at the higher concentrations. Selectivity is satisfactory. Results ob-
tained with this sensor and by gas chromatography for a glutamic acid fermentation broth
were in good agreement (regression coefficient 1.04). The sensor was stable for more than
3 weeks and 1500 assays.

On-line measurement of acetic acid concentrations is required in fermen-
tation processes. In the cultivation of microorganisms with acetic acid as the
carbon source, acetic acid inhibits growth above a certain concentration, so
that the optimal concentration should be maintained by on-line measurements.
Gas chromatography can be used but is unsuitable for on-line measurements.

Recently, many techniques have been developed for the immobilization of
living whole cells [1—4]. These immobilized cells have been used in the elec-
trochemical sensors known as microbial sensors. Such sensors have been devel-
oped for estimations of BOD [5—7], antibiotics [ 8], alcohol [9] and vitamins
[10], based on oxygen electrodes, fuel cell electrodes and combined glass
electrodes. As previously reported [ 5—8], assimilation of organic compounds
by microorganisms can be determined from the respiration activity of the
microorganisms, which can be measured directly with an oxygen electrode.

In this paper, a microbial sensor consisting of immobilized yeasts, a gas-
permeable Teflon membrane and an oxygen electrode is described for the
determination of acetic acid. Application to the continuous determination of
acetic acid in fermentation broth is reported.
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EXPERIMENTAL

Materials

The materials used were malt extract (Difco Laboratories), polypeptone
and yeast extract (Takeda Yakuhin Kogyo Co.) and acetic acid (Junsei
Chemical Co.). Laboratory-grade chemicals were used.

Preparation of the sensor

Culture and immobilization. Trichosporon brassicae CBS 6382 was cultured
on 8 ml of a suitable medium in a test tube (15 mm i.d., 16 cm high) at 30°C
for 2 days. The medium contained 0.3% malt extract, 0.3% yeast extract,
0.3% polypeptone, 1.0% glucose and 2.0% agar, adjusted to pH 6.0. The micro-
organisms (0.3 g wet weight) were suspended in 5 ml of sterilized water, and
3 ml of the suspension was dripped onto a porous acetylcellulose membrane
(Millipore type HA, 0.45-um pore size, 47-mm diameter, 150 um thick), with
slight suction.

The microbial sensor is illustrated in Fig. 1A. The oxygen electrode (Model
C-3021, Denki Kagaku KeikiCo.) consisted of a Teflon membrane (50um thick),
a platinum cathode, an aluminum anode and a saturated potassium chloride
electrolyte. The porous membrane with the immobilized microorganisms
was cut into a circle (1.4-cm diameter) and fixed on the surface of this Teflon
membrane. This was covered with a gas-permeable Teflon membrane (Milli-
pore type FH, 0.5-um pore size) or a silicone rubber membrane (Radiometer

(A) (8)

| D f'"'“ 5 @ 7

- O Tap water
2 3 Waste e |l (pH 3 )
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Water —>-lj-j=\\ 9
O 3
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Fig. 1. (A) The microbial sensor for acetic acid: (1) aluminum anode; (2) electrolyte; (3)
insulator; (4) platinum cathode; (5) rubber ring;(6) nylon net; (7) Teflon membrane; (8)
microorganisms; (9) acetylcellulose membrane; (10) porous Teflon membrane. (B) The
sensor system: (1) microbial electrode; (2) flow cell; (3) jacket; (4) magnetic stirrer; (5)
recorder; (6) peristaltic pump; (7) sampler.
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type D 606), the whole arrangement being held together with a nylon net.
Thus the microorganisms were trapped between the two porous membranes.

Apparatus

The system (Fig. 1B) consisted of a jacketed flow cell (3-cm diameter,
2.7-cm high, 19-ml capacity), a magnetic stirrer (1000 rpm), a peristaltic
pump (Technicon Model I), an automatic sampler (Tokyo Kagaku Sangyo
Co.) and a current recorder (Yokogawa Electric Co. Model ERB-6-10 or
LER-12A).

Procedure

The temperature of the flow cell was maintained at 30 + 0.1°C by warm
water passed through the jacket. Tap water was adjusted to pH 3 with 0.05 M
sulfuric acid and saturated with air. Then, it was transferred to the flow cell
at a rate of 1.4 ml min™! together with air at a flow rate of 200 ml min™'.
When the output current of the sensor became constant, a sample was passed

into the system at a rate of 0.8 ml min™! for 3 min, 10 min or 15 min.
RESULTS AND DISCUSSION

Response of the electrode

Figure 2 shows typical response curves of the sensor based on immobilized
Trichosporon brassicae for acetic acid. The current at time zero was obtained
with the tap water saturated with oxygen; this current corresponds to the
endogenous respiration level of the immobilized microorganisms. When the
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Fig. 2. Response curves of the microbial sensor for sample solutions (12 ml) containing
various amounts of acetic acid passed into the system as described under Procedure.

Fig. 3. Response curve of the sensor with a gas-permeable Teflon membrane by the shorter
method. Sample solution (2.4 ml) was passed into the flow cell for 3 min, as described
under Procedure.
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sample solution containing acetic acid entered the system, acetic acid per-
meated through the gas-permeable membrane and was assimilated by the
microorganisms. Oxygen was then consumed by the microorganisms so that
the concentration of dissolved oxygen around the membranes decreased. The
current decreased until it reached a steady state, which indicated that the
consumption of oxygen by the microorganisms and the diffusion of oxygen
from the sample solution to the membrane were in equilibrium.

The steady-state current depended on the concentration of acetic acid.
When tap water was again passed through the flow cell, the current of the
sensor returned to its initial level. The pH of the solution had to be kept suf-
ficiently below the pK value for acetic acid (4.75 at 30°C), because acetate
ions cannot pass through the gas-permeable membrane.

Porous Teflon, silicone rubber, polybutadiene and polyethylene membranes
were tested for covering the surface of the microbial sensor. The 90% response
time (i.e. the time required to obtain 90% of the maximum current decrease)
and the sensitivity (the ratio of current decrease to concentration of acetic
acid) were examined for each electrode. Porous Teflon or silicone rubber
membranes proved to be suitable. The 90% response times and the sensitivities
of the sensor were 3.5 min and 5.0 X 10 pA 1 mg™ with porous Teflon
membranes, and 7.5 min and 1.8 X 10™ uA 1 mg™" with silicone rubber mem-
branes, respectively. Porous Teflon membranes were employed for further
work.

The time required for the determination of acetic acid is long by the steady-
state method, therefore samples were passed into the flow cell for only 3 min.
Figure 3 shows the response curves obtained for acetic acid concentrations
of 18, 36, 54 and 72 mg 1! by this method under the same conditions as
those described in Fig. 2 except for the sample volume and time (3 min) in-
volved. In this case, the maximum current decrease was only 75% of that
obtained by the steady-state method, but the measurement could be done
within 4 min. The total time required for an assay of acetic acid was 30 min
by the steady-state method and 15 min by the shorter method. The latter
method was, therefore, employed for assay.

Calibration

The calibration graphs obtained (Fig. 4) showed linear relationships be-
tween the current decrease and the concentration of acetic acid up to 54
mgl™! by the steady-state method and up to 72 mg 1"! by the shorter method.
The minimum concentration for determination was 5 mg of acetic acid per
liter. The reproducibility of the current difference was examined using the
same sample. The current difference was reproducible within +6% for an
acetic acid sample containing 54 mg 17!, The standard deviation was 1.6 mg1™!
in 20 experiments.

Selectivity of the microbial sensor
The selectivity of the microbial electrode for acetic acid was examined with
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Fig. 4. Calibration plots for the sensor by the steady-state method () and by the shorter
method (¢). The experimental conditions were the same as those described in Figs. 2 and
3, respectively.

Fig. 5. Comparison between concentrations determined by the microbial electrode sensor
and those determined by gas chromatography. The determination by the microbial sensor
was carried out under the standard conditions except that the sample was pumped for 10
min and was diluted 170 times. The fermentation broth was diluted and pumped automati-
cally into the system.

TABLE 1

Response of the microbial sensor to various compounds by the steady-state method (15
min)

Compound Concentration?  Current Compound Concentration?  Current
(mg1™") decrease (UA) (mg1™h) decrease (LA)

Acetic acid 100 0.18 Tartaric acid 100 0

Formic acid 100 0 Methanol 40 0

Propionic acid 100 0.17 Ethanol 40 0.21

n-Butyric acid 100 0.21 Glucose 1000 0

Lactic acid 100 0 KH,PO, 5000 (V]

Succinic acid 100 0

20riginal concentration (diluted 2.8 times in the flow cell).

the results presented in Table 1. The sensor did not respond to volatile com-
pounds such as formic acid and methanol or to involatile nutrients such as
glucose and phosphate ions. As the microbial electrode was covered with a
gas-permeable membrane, only volatile compounds could penetrate through
the membrane. The response to organic compounds depends on the assimila-
bility by the immobilized microorganisms. Trichosporon brassicae, which
utilizes acetic acid, did not assimilate formic acid or methanol, but utilized
propionic acid, n-butyric acid and ethanol. Fortunately, the latter three com-
pounds are not generally present in fermentation broths.
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Application and long-term stability of the microbial sensor

The microbial sensor for acetic acid was applied to a fermentation broth
of glutamic acid. The concentration of acetic acid was determined by the
microbial electrode and by a gas chromatographic method. As shown in Fig. 5,
good agreement was obtained; the regression coefficient was 1.04 for 26
experiments. Whole cells in the broth did not affect the electrochemical deter-
mination of acetic acid.

The long-term stability of the microbial electrode was examined for acetic
acid solutions (72 mg 1"'). The current output (0.29—0.25 uA) of the elec-
trode was constant (within +10% of the original values) for more than 3 weeks
and 1500 assays. Therefore, the yeasts in the electrode survived remarkably
well. In conclusion, the microbial sensor appears to be quite promising and
very attractive for the determination of acetic acid in fermentation broths.

The authors are grateful to Mr. T'. Kiya and Dr. K. Mitsugi, Central Research
Laboratories, Ajinomoto Co., Inc., for their helpful advice and encourage-
ment, and to Mr. T. Shirakawa for his assistance.
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SUMMARY

Microbioassay of nystatin is achieved with an electrode composed of a yeast membrane
and an oxygen electrode, based on the inhibitory action of the antibiotic on the respiration
of the yeast. A linear relationship is obtained between the rate of current increase and the
potency of nystatin. The minimum measurable nystatin concentration is 0.5 unit ml™. The
assay takes less than 1 h; the standard deviation is 1.2 unit ml™ at the 27 USP unit mi™
level.

Many polyene antibiotics have been isolated from the culture broth of
Streptomyces species. These antibiotics are active against fungi, yeast and
other organisms. However, most are too toxic for clinical use. Only nystatin
and some other polyene antibiotics are useful for clinical applications [1].

The agar diffusion method [2, 3] used for the microbioassay of the poly-
ene antifungal antibiotics presents difficulties owing to the nature of the anti-
biotics. They consist of heterogeneous mixtures of closely related compounds
which are poorly soluble in aqueous diluents, diffuse poorly in agar gel, are
unstable in bright sunlight, and produce zones of inhibition that may be
neither clear nor proportional in size to the logarithm of the antibiotic con-
centration [4]. Therefore, simple and rapid methods are required for deter-
minations of polyene antifungal antibiotics.

The present authors have developed a number of microbial electrodes con-
sisting of immobilized micro-organisms and electrochemical devices [5——8] "
which have been applied to microbioassays [9, 10].

The polyenes are believed to bind with the sterol present in the membranes
of sensitive cells leading to the formation of pores. The subsequent death of
the micro-organisms is preceded by the leakage of cellular materials [1]. The
death of the micro-organisms can be detected with an oxygen electrode.
Therefore, an electrode consisting of the micro-organisms and an oxygen
electrode should be applicable to the microbioassay of polyene antifungal
antibiotics. In this paper, a yeast electrode composed of a yeast membrane
and an oxygen electrode is described, and applied to the determination of
nystatin.
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EXPERIMENTAL

Materials

Nystatin (5780 USP units mg™'; Sigma Chemical Co.) was stored in a
desiccator at —20°C. Collagen was obtained from steer hide and was purified
as described previously [11]. Collagen membranes (50 um thick) were pre-
pared. by casting a suspension on a Teflon plate; the membrane was then
treated in 0.001% glutaraldehyde solution for 5 min and dried. Yeast mem-
branes were prepared as follows: a portion (0.1 g) of yeast cells was suspended
in 10 ml of physiological saline and yeast solution (50 ul containing 4.6 X 107
cells) was dropped onto a filter paper (diameter 2 cm, thickness 70 um).

Saccharomyces cerevisiae was purchased from the Oriental Yeast Co. Deion-
ized water was used in all procedures.

Construction of the yeast electrode

A diagram of the yeast electrode is shown in Fig. 1. The electrode contains
a collagen membrane and an immobilized yeast membrane attached to an
oxygen electrode (Ishikawa Seisakujo Co., Model A; diameter 1.7 cm, height
7.2 cm; PVC casing). The collagen membrane is used to prevent leakage of
yeast cells.

Assay procedure

Nystatin was dissolved in dimethyl formamide (DMF) and diluted to the
appropriate concentration with 0.05 M phthalate buffer (pH 4.5) containing
glucose (500 mg 1!). The concentration of DMF in the sample solution was
kept below 0.66%. The yeast electrode was inserted into the sample solution
which was saturated with dissolved oxygen by magnetic stirring. The electrode
current was displayed continuously on a recorder (TOA, Electronics Ltd.,
Model EPR-200 A) and the rate of current increase calculated from the linear
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Fig. 1. The yeast electrode; (1) collagen membrane;(2) yeast membrane; (3) Teflon mem-
brane; (4) cathode (Pt); (5) anode (Pb); (6) electrolyte (NaOH);(7) amplifier;(8) recorder.
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portion of the response curve (see Fig. 4) at the middle point of the sigmoid
curve.

RESULTS

Basic studies of the yeast electrode

The respiration of immobilized micro-organisms can be determined by the
oxygen electrode, as described previously [5]. However, nutrients (e.g. glu-
cose) in the sample solution affect the respiration of yeast cells, and such
effects must be avoided. If sufficient nutrients are present in the solution, the
electrode current is not affected by changes in nutrient concentration. Figure
2 shows the effect of glucose concentration on the steady-state current of the
electrode; it takes 10 min to reach the steady state. The steady-state current
decreases linearly with increasing glucose concentration, and becomes con-
stant at concentrations exceeding 300 mg 17!, The rate of metabolism in the
yeast cells may be rate-determining in this range. The current depends on the
total respiration activity of the yeast cells. Thereafter, a buffer solution con-
taining 500 mg 17! of glucose was employed.

The total respiration activity of yeast and therefore the current is affected
by the number of yeast cells in the membrane. Figure 3 shows the relationship
between the steady-state current and the number of yeast cells in the elec-
trode membrane. The current decreased with increasing number of cells but
a linear relationship was obtained for 1 X10"—4.6 X 107 yeast cells. Conse-
quently, a membrane containing 4.6 X 107 cells was used thereafter for the
electrode.

Current {uA)
@
T
Current (pA)

4 1 1 1 L
o] 100 200 300 400 500

Glucose concentration {mg 17" Number of cells (107 celis)

Fig. 2. Effect of glucose concentration on the steadystate current. The electrode contained
4.6 X 107 yeast cells and was inserted into the glucose—0.1 M phosphate pH 7.0 buffer
solution at 30°C.

Fig. 3. Relationship between the steady-state current and the number of yeast cells in the
electrode membrane, for a 0.1 M phosphate (pH 7.0) buffer containing glucose (500 mg1™*)
at 30°C.
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Response to nystatin

The time course of the reaction (response curve) is shown in Fig. 4. When
the yeast electrode was inserted into the glucose-buffer solution containing
nystatin, a steady-state current was obtained and then the current began to
increase giving a sigmoidal curve. When the electrode was inserted into the
glucose-buffer solution not containing nystatin, no current increase was ob-
served. In the presence of nystatin, the electrode current ultimately reached
the level of the electrode in the absence of yeast. The rate of current increase
is a measure of the nystatin concentration, and is most easily measured as the
linear slope at the mid-point of the sigmoidal curve.

The yeast membrane used in the above experiments was suspended in
physiological saline (10 ml), and the number of cells leached into the sol-
ution was counted by a hemocytometer (Kayagaki Rika Kogyo Co. Ltd.) and
microscope. The total number of living yeast cells on the filter paper had
decreased to below 1.0 X 108, indicating that the cell walls of the yeast were
disrupted by nystatin.

The relationship between the response time and the nystatin concentration
(Fig. 5) showed decreasing response times for increasing amounts of nystatin.
As nystatin (C4,H,50,,) is a large molecule (molecular weight 926), it diffuses
only very slowly through the collagen membrane. Therefore, several minutes
are required to initiate the current increase. Acetylcellulose and nitrocellulose
membranes (both 50 um thick) were also used to cover the yeast membrane,
but the response time of the electrode was then longer (> 30 min) than that
of the collagen membrane. It is possible to determine nystatin on the basis of
the response time.

Figure 6 shows that the rate of current increase decreased with increasing
pH. However, the response time of the electrode decreased with decreasing
pH. The yeast electrode was more sensitive to nystatin at a lower pH, but
experiments showed that yeast cells were inactivated at pH 4.0. In the lower
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Fig. 4. Response curves obtained under the recommended conditions. The nystatin concen-
trations were: (1) 81 USP units ml™; (2) 27 USP units ml™; (3) zero.

Fig. 5. Relationship between response time and nystatin concentration under the rec-
ommended conditions.
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Fig. 6. Effect of pH onrate of current increase, under the recommended conditions except
for pH [0.1 M acetate buffer (pH 4.5 and 5.5), 0.1 M phosphate buffer (pH 6.5 and 7.5)].
The solution contained 27 units of nystatin.

Fig. 7. Calibration curve obtained under the recommended conditions.

pH range, mitochondria and glycolytic enzymes easily lose their activities
after disruption of the cell wall. Also, no response of the electrode to nystatin
was observed at pH 7.5, although mitochondria and glycolytic enzymes re-
tained their activities after disruption of the cell wall under neutral pH con-
ditions. Therefore, pH 4.5 is most suitable for nystatin determination with
the yeast electrode.

Figure 7 shows that the relationship between the rate of current increase
and the nystatin concentration is linear below 54 units ml™!. The rate of cur-
rent increase had a standard deviation of 1.2 units ml™! when a sample sol-
ution containing 27 units mi™! of nystatin was analysed (30 experiments).

DISCUSSION

Nystatin is active against yeast and fungi, but is ineffective against bacteria
and viruses. Therefore, a yeast electrode seemed appropriate for the micro-
bioassay of nystatin.

As shown in Fig. 3, the relationship between the current (I uA) and the
number of intact cells (N) in the membrane isgivenby I = 11.56 — 2.5 X 107" N.
The rate of current increase (in uA h™') is found by differentiating this
equation, so that dI/dt = —2.5 X 1077 dN/dt. The rate of cell number decrease
is proportional to the nystatin concentration when there is a large number of
cells in the membrane, i.e., —dN/dt = kP, where P is the nystatin concentration
(units ml™') and k is a constant. Therefore, dI/dt = 2.5 X 1077 kP pA h™!,
showing a linear relationship between the rate of current increase and the
nystatin concentration, as verified experimentally (Fig. 7) where the constant
(2.5 X 1077 k) was 1.6 uA h™! units™! ml.

When yeast was entrapped in polymeric matrices such as collagen, poly-
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(acrylamide) and agar, the cells were not inactivated by nystatin and did not
lose their respiration activity. However, when Saccharomyces cerevisiae cells
were adsorbed on a filter paper and the paper was covered with a collagen
membrane, this prevented the loss of yeast cells without impairing their
inactivation by nystatin.

Yeast cells are destroyed by nystatin. Therefore a new yeast membrane is
needed for each analysis; but the preparation and exchange of a yeast mem-
brane are very easy and replacement takes only 1 min. Moreover, the yeast
cell suspension can be stored for 20 days at 5°C. The electrode current was
reproducible to within 5% (in the buffer solution containing 500 mg I"! of
glucose) when the yeast membrane used for analysis was replaced with a new
membrane prepared from the stored suspension.

The yeast electrode method is different in principle from the conventional
diffusion method. Inhibition of growth is measured by the conventional
method, whereas inhibition of respiration activity is measured by the electro-
chemical method. As the respiration of yeast cells is converted immediately
to an electrical signal, the microbioassay of nystatin with the yeast electrode
can be completed within 1 h. Furthermore, the yeast electrode method em-
ploys a homogeneous suspension. Consequently the sensitivity of the yeast
electrode is higher than that of the diffusion method; the minimum measur-
able inhibition concentration is 0.5 unit ml™! by the yeast electrode method
and 20 units ml~! by the conventional method. As shown in Fig. 7, the
electrode method does not exploit a logarithmic relationship; this generally
improves the reproducibility of the results. :

The yeast electrode method could well be extended. It could be applicable
to the other polyene antifungal antibiotics such as amphterichin, candicidin,
filipin and lucensomycin, and antibiotics such as antimycin, oligomycin and
rutamycin. If bacteria are used instead of yeasts, the microbioassay of pep-
tide antibiotics such as polymyxin and colistin should also be possible.
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SUMMARY

An isothermal distillation unit is incorporated in flow injection systems. The influence
of surfactant, flow rates, alkalinity, ionic strength, collector stream pH, reagent concen-
tration and sample volume in ammonia distillation are discussed. A method for the deter-
mination of total nitgrogen in plant digests employing Nessler reagent is proposed. This
method, based on merging zones approach, is characterized by a sampling rate of 100
samples per hour, a precision better than 3%, a reagent consumption of only 100 ul per
sample and virtually no base-line drift. The results agree with those obtained with the
indophenol blue colorimetric method. The incorporation of isothermal distillation in
flow systems with potentiometric measurement is also described.

Distillation is often used in analytical chemistry, but its incorporation in
automated systems is cumbersome. It has been utilized, with temperature
gradients, in some of the air-segmented continuous flow analyzers. Isothermal
distillation is a slow process and, despite its simplicity, cannot be incorporated
in continuous flow analytical systems where a steady state is required. How-
ever, analysis by flow injection [1, 2] does not necessarily require the attain-
ment of a steady state. Methods based on incomplete chemical reactions [3],
incomplete extractions [4] or even incomplete detection [5] have been
already adapted to this methodology.

The aim of this paper is to investigate the feasibility of isothermal distillation
in a flow injection system. Some of the factors related to the distillation of
ammonia are studied, in order to develop an automated system to analyze for
total nitrogen in plant material. Distillation is followed by optical or poten-
tiometric measurement.

The merging zones approach [5—7] is employed to add Nessler reagent in
a discrete way so as to avoid base-line drift, which happens when this reagent
is added continuously [8], and to diminish reagent consumption.

THEORETICAL CONSIDERATIONS

Some analytical procedures for the determination of ammonium, urea,
sulphite and carbonate [9-—12] require conversion of the chemical species to
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be determined to a gaseous form, and diffusion of this gas towards the detec-
tion system. When the gas produced is collected in another liquid phase at the
same temperature, the entire process is really an isothermal distillation. This
process can be incorporated in flow-injection analytical (f.i.a.) systems by
having two separated parallel streams flowing close together.

The donor stream contains the sample zone [1] where the gas has already
been produced. As the partial pressure of the gas in this stream is higher than
in the surrounding air, it will evaporate. The difference in the partial pressures
of the gasin the two streams causes the gas to diffuse towards the stream with
the lower partial pressure, where it can be collected. The process is accelerated
by keeping the surface of these streams as large as possible and the gap as small
as possible. The evaporation becomes faster when the partial pressure of the
gas in the donor stream is higher, being accelerated with increase of tempera-
ture of this stream, ionic strength, or any physicochemical parameter which
increases the partial pressure. Collection is favoured when the partial pressure
of the gas is kept as small as possible in the collector stream.

Theoretical discussions about analytical procedures for ammonium and
other ions with ion-selective electrodes, in which a steady state is reached,
have already been published [13—15]. Those considerations apply only partly
to flow injection procedures where a fraction of the species is distilled, and
steady states are not reached.

EXPERIMENTAL

Apparatus

A Technicon AAII peristaltic pump furnished with Tygon pumping tubes
was employed. The manifold was made from polyethylene tubing (i.d. 0.8 mm)
supported by a perspex baseplate, together with a multiple proportional
injector [5] and perspex connectors.

The distillation unit (Fig. 1) is a closed chamber and consists of two silicone
rubber sheets supported by parallel perspex plates. The distance between the
sheets can be adjusted by the screws near the ends of the plates. The exposed
width of the silicone rubber strips is 10 mm. The stream containing the sample
enters through inlet A, and spreads along one silicone rubber sheet, producing
a thin film which passes the entire length of the rubber before going to waste
(W). During this transport, the species of interest evaporates and the gas dif-
fuses through the space between the two sheets, being collected in the receptor
stream. This receptor stream enters at point B and also produces a thin film,
which clings to the rubber sheet by liquid-solid adhesion and is then directed
to the measurement unit. In cases where the addition of another reagent is
required it is added in a chamber, at point C, and the mixture is aspirated to
the detection unit.

For spectrophotometric measurements, a Beckman model 25 double-beam
spectrophotometer and a Beckman 24-25 ACC recorder were used. The flow-
through cuvette was a 178 Hellma cell (optical path 10 mm, volume 80 pl).
The wavelength was set at 410 nm.
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Fig. 1. Cross=section (not to scale) of the distillation units used for spectrophotometry
(1.1) or potentiometry (1.2). A, B and C are the inlets for the donor stream, the receptor
stream and the reagent, respectively; M is the output to coil C, (Fig. 2); W denotes waste;
G and R are the glass and reference electrodes; T is a tube closed at one end with a lateral
hole, H, of 6 mm diameter. The two heavy black traces represent the silicone rubber sheets
(2X10 x225 and 2 X10 X 210 mm)held by two perspex plates. The distance between the
two rubber sheets (ca 1.5 mm) can be adjusted by the screws near the ends of the perspex
plates. For details, see text.

For potentiometric measurements a Radiometer assembly was used, con-
sisting of a model 63 pH meter connected to a REC 61 Servograph with a
REA 112 high-sensitivity unit, a flat glass electrode and a K401 saturated
calomel electrode.

Flow diagrams

The use of isothermal distillation in conjunction with f.i.a. was studied with
the systems shown in Fig. 2.The samples were injected at point S, the necessary
mixing and addition of alkali was done in coil C, and the ammonia produced
was partially distilled in unit D. The pumping rates were fixed in order to
permit a sampling rate of about 100 samples per hour, with small sample di-
lution by the confluent streams. The spectrophotometric measurement was
made after Nesslerization in coil C,. Potentiometric measurements were made
with a pH electrode, which measured the pH change caused in the collector
stream by the collection of ammonia.

Effects of surfactants, flow rates, alkalinity, ionic strength and pH of the
collector stream were investigated with the system shown in Fig. 2A. In all
cases, 50 ul of a 100-ppm ammonium standard were injected.
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Fig. 2. Flow diagrams of the systems used. P is the peristaltic pump with indication of
flow rates, in ml min™'; D is the distillation unit: M is the measurement unit; C; are coils
with lengths (in em)indicated in parentheses;S and R are the sample and reagent injection
ports, with the injected volumes (in ul) indicated; W denotes waste; N is the Nessler reagent;
C is the collector stream (107° M sulfuric acid for spectrophotometry or 1 M KCl for
potentiometry); Cg is the sample carrier stream (water) and Cg is the reagent carrier stream
(1 M NaOH). For details, see text.

The influence of surfactant was investigated with the collector stream kept
at pH 6.0. The sample carrier stream, consisting of 1 M sodium hydroxide
solution containing surfactant (0.01%), was pumped at 5.9 ml min!. Flow
rates of the sample carrier stream (1, 2, 3, 4, and 5.9 ml min™') were investi-
gated with the same system, wetting agent (0.01%) being added to all streams.
The concentration of the sample carrier stream (0.0001, 0.0002, 0.0004,
0.001,0.01,0.1, 1, 2, 4 and 10 M NaOH) was investigated by pumping this
stream at a rate of 5.9 ml min™!. The effect of ionic strength was studied with
the latter system; the 0.1 M sodium hydroxide solution was saturated with
solid potassium chloride. Finally, the influence of the pH of the collector
stream was studied with this system, the sample carrier stream being a 1 M
sodium hydroxide solution. The pH variation (1.7, 2.3, 3.4, 4.1, 5.3, 6.3,
7.1, 8.1, 9.4 and 10.9) was done with 1 M sulfuric acid or sodium hydroxide
solutions.

The system shown in Fig. 2B was employed in investigations of the effect
of injected volume (30, 50, 90, 125, 185 and 250 ul) and reagent concen-
tration (1:2, 1:4 and 1:10 dilutions of Nessler reagent with a 1 M sodium
hydroxide solution). The confluence configuration was chosen in order to
allow larger volumes to be injected [4]. For each situation, a calibration curve
involving the routine plant standards was made.
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To calculate the dispersion factor [2], the carrier stream was replaced by
the smallest plant routine standard and the absorbance measured was com-
pared with the absorbance corresponding to the injection of 185 ul of the
same standard.

The percentage recoveries from distillation were obtained by replacing the
sample carrier stream by a standard solution (10 ppm ammonium) and later
replacing the collector stream by the same solution. The recovery corresponds
to the ratio between the two measured absorbances.

The samples were analyzed with the system shown in Fig. 2D based on the
merging zones approach, which requires simultaneous injection of both sample
(185 ul) and reagent (100 ul), as indicated in Fig. 3. A delay coil C; was
necessary for synchronization, and a larger mixing coil C, (50 cm long) was
used to improve the reproducibility. The reagent carrier stream (Cr) was 1 M
sodium hydroxide.

The possibility of using potentiometric measurements after distillation was
investigated with the system shown in Fig. 2C. Two situations were tested: (a)
the collector stream and the sample carrier stream flowed at similar speeds;
and (b) the collector stream was pumped at a much lower rate than the sample
carrier stream.
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Fig. 3. Recorded peak profiles of sample (S) and reagent (R), injected at instant I in system
2D. For the sample peak, a 5% N-NH, standard was employed and the reagent was added
continuously. The reagent signal was obtained by replacing the sample carrier stream by
a 1% N-NH, standard and injecting the Nessler reagent.

Fig. 4. Influence of the sodium hydroxide concentration on the measured signal. Point o
was obtained with addition of solid potassium chloride to the sample carrier stream.
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Reagents, samples, standards

All chemicals used were analytical grade. Freshly deionized-distilled water
was used. The wetting agent was a household detergent with a very low am-
monium content.

Nessler reagent was prepared by dissolving 14 g of potassium iodide in
about 40 ml of water with dropwise addition of a 4% (w/v) mercury(Il)
chloride solution until a slight red precipitate was formed; 100 ml of 10 M
sodium hydroxide solution was then added and the volume was made up to
1 1 with water. After addition of more mercury(II) chloride, to give a perma-
nent turbidity, the mixture was left for at least one day, decanted and stored
in an amber glass bottle.

Plant digests were obtained by sulfuric digestion of foliar material from
Sorghum spp. in a Technicon BD 40 digester block [16].

The standard stock solution contained 6.288 g of ammonium sulfate per
liter (1715 ppm ammonium). Routine plant standards were prepared to
correspond to 0, 1, 2, 3, 4 and 5% N-NH:-in the plant material by diluting O,
1, 2, 3,4 and 5 ml of the stock solution with water, adding 2.2 ml of concen-
trated sulfuric acid and making the volume up to 50 ml with water.

RESULTS AND DISCUSSION

The addition of surfactant increased the measured signal by 27%. This in-
crease, which was independent of the amount of the wetting agent (between
0.01 and 1.0%), occurred mainly because of better spreading on the silicone
rubber sheets with consequent increase in the exposed surface. The flow rate
of the sample carrier stream exerts little influence on the measured signal; for
example, when the flow rate was increased from 1.0 to 6.0 ml min!, the
absorbance signal decreased only from 0.240 to 0.205. This is due mainly to
two conflicting factors: the available time of distillation and the dilution factor
caused by differences between the pumping rates of the streams. A sample
carrier stream flowing at 5.9 ml min~! was chosen, since lower fluxes would
decrease the sampling rate. More detailed studies on flow rates and injected
volumes are now in progress, to establish a method for the analysis of natural
waters and soil extracts with low ammonium contents.

The influence of sodium hydroxide concentration on the measured signal
is shown in Fig. 4. When the sodium hydroxide concentration is not high
enough to provide total conversion of ammonium ion to ammonia, the signal
must depend on this concentration. However, if sodium hydroxide concen-
tration is very high, the signal again depends on this concentration, because
of the effect of ionic strength. This was confirmed by an increase of 30% in
the signal obtained after addition of solid potassium chloride to the sample
carrier stream. This increase is due to the decreased solubility of ammonia in
the liquid phase on increasing the ionic strength.

Table 1 shows that the pH of the collector stream has a marked influence
on the measured signal. When the pH decreases, the chemical equilibrium
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TABLE 1

Influence of pH of the collector stream on the measured signal

2.3 3.4 4.1 5.3 6.3 7.1 8.1 9.4 10.8
20 0.284 0.280 0.230 0.212 0.200 0.204 0.204 0.152 0.080

pH .

1.7
A 01

favors the conversion of ammonia to ammonium ion, i.e. gas collection is im-
proved. The abrupt decrease in the signal under the more acidic conditions
happened because the quantity of sulfuric acid was large enough to decrease
significantly the alkalinity of the Nessler reagent, resulting in a loss of sensi-
tivity [8]. It is interesting that even when the pH of the collector stream is
higher than the pK value of the ammonia/ammonium system (pK = 9.2), dis-
tillation occurs. Preliminary experiments have indicated that the collector
stream can be replaced by the Nessler reagent or even by alkaline sodium
phenolate solution [17].

The influence of sample volume and reagent concentration on the cali-
bration curves are shown in Fig. 5. When the injected volume was too small
or when Nessler reagent concentration was too low, signals were not detected.
The linearity of the calibration curve increases with concentration of Nessler
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Fig. 5. Influence of sample volume (A) and reagent concentration (B) on the calibration
curves. The curves shown in A were obtained with a 1:2 reagent dilution; curves a—f
correspond to injected volumes of 30, 50, 90, 125, 185 and 250 nl, respectively, The
curves shown in B were obtained with an injected volume of 125 ul; curves x, y and 2 ror-
respond to reagent dilutions of 1:10, 1:4 and 1:2, respectively. For details, see text.
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reagent and sample volume. As a compromise between linearity and con-
venience, a volume of 185 ul and a 1:2 dilution of the reagent were chosen.
In order to utilize the merging zones approach, a more concentrated reagent
must be employed, because some dilution always occurs; in this case, the
normal Nessler stock solution was used.

The percentage recovery obtained in the distillation was only 11%. Although
thisislow, it proved adequate for routine analysis because the reproducibility
was good; for example, 20 repeated runs of 100 ppm N-NH, standard gave a
relative standard deviation of only 3% for system 2D. The dispersion factor
was 0.16, indicating that better sensitivity could be easily achieved by in-
creasing the sample volume.

Figures 6 and 7 show the feasibility of potentiometric measurement in
connection with the proposed technique. Higher sensitivity is achieved when
the collector stream is pumped at a very slow speed, which gives concentration
of the distilled species in a smaller volume. A similar situation was found
earlier in the air-gap electrode design [9].

Figure 8 shows the recording of a routine run for total nitrogen in plant
material with the proposed method, and indicates that 100 samples per hour
can be analysed with good precision. Table 2 shows a comparison of the re-
sults obtained by the proposed method and those obtained by the standard
procedure for automatic analysis of ammonia in plant digests [18]. No stat-
istical difference was found at the 1% level.
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Fig. 6. Calibration curves obtained with the system 2C, and the following pumping rates:
(a)x=x'=3.0mlmin™?;(b)x=3.0andx’ =0.23mlmin™;(¢c)x =0.8and x’ =0.23 ml min™".

Fig. 7. Calibration graph obtained with system 2C for the situation indicated in Fig. 6,
curve b. From left to right, standards injected in duplicate containing 2.5, 5.0, 10.0, 20.0,
40 and 100 ppm N-NH, with a chart speed of 0.5 cm min™, followed by a recording of the
100 ppm N-NH, standard at a paper speed of 2 cm min™.
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Fig. 8. Routine analysis of digested plant samples, at an average sampling rate of 100 in-
jections per hour. From left to right, a blank, 6 ammonium standards corresponding to
(0.5, 1, 2, 3, 4 and 5% N-NH, in dry matter), 10 samples, a blank, and the calibration
again. All measurements are made in triplicate.

TABLE 2
Results obtained for total nitrogen in Sorghum spp by the proposed method (system 2D)

and the indophenol blue colorimetric method [18]. Data obtained from triplicate
measurements.

Sample % N (dry weight) Sample % N (dry weight)
Auto Analyzer System 2D Auto Analyzer System 2D

1 0.80 0.90 7 1.20 1.15
2 2.80 2.80 8 3.90 3.85
3 3.20 3.20 9 5.20 4.90
4 3.45 3.55 10 1.95 2.00
5 1.00 1.00 11 1.10 1.00
6 4.70 4.85 12 4.70 4.75
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J.J. KULYS* and G.-J. S. SVIRMICKAS
Institute of Biochemistry, Lithuanian Academy of Sciences, Vilnius (U.S.S.R.)
(Received 25th January 1979)

SUMMARY

In the biochemical cell reported, lactate is oxidized by potassium hexacyanoferrate(IIl)
in the presence of cytochrome b, as catalyst. The dependence of the steady-state current
on the logarithm of the lactate concentration is linear over the range 5 X 10™—4 X107 M.
The action of the cell is explained in terms of the anolyte equilibrium.

Biochemical cells based on enzymes, multienzyme systems and microorgan-
isms are well known [1—7]. They have found application in the determination
of enzyme activity [8—10]. The high selectivity of enzymes also makes it
possible to use biochemical cells for the determination of biologically import-
ant compounds.

L(+)-lactate is a metabolic product, the concentration of which indicates a
certain pathological state in certain organisms. NAD-dependent lactate de-
hydrogenase [11, 12] and cytochrome b, [13] have been used in the con-
struction of amperometric enzyme electrodes for lactate determinations in
biochemical solutions. However, the sensitivity of these electrodes is low be-
cause their action is governed by steady-state requirements [14].

The present paper describes a biochemical cell based on cytochrome b, for
L(+)-lactate determination. The system is 100 times more sensitive than that
described by Racine et al. [13].

EXPERIMENTAL

Cell preparation

A biochemical cell was constructed from two glass cylinders (14 mm dia-
meter, 60 mm high). The top of each cylinder was capped with a Teflon plug
having apertures for a salt bridge, electrodes, and capillaries for gas bubbling
and introduction of reagents. The salt bridge was made from a glass tube (1.0
mm i.d.) filled with a gel of 20% gelatin in the buffer solution. A platinum
electrode (P-101; surface area 56.2 mm?; Radiometer, Denmark) was placed
in each chamber. The volume of solution in each chamber was 7.0 ml. The
anolyte consisted of the buffer, lactate, potassium hexacyanoferrate(III) and
enzyme; the catholyte was potassium hexacyanoferrate(IIl) in the same
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buffer. Both solutions were stirred by bubbling nitrogen. The cell was thermo-
statted at 25 + 0.10°C in a water bath.

Apparatus and procedure

The cell current was measured with a polarograph (LP-7, Czechoslovakia)
at zero potential applied between the electrodes. During the experiment the
resistance of the external circuit was 3.25 kohm. At the beginning of the
experiment, buffer solution containing hexacyanoferrate(11I) was poured into
both chambers and allowed to stand for 5 min. Enzyme solution (0.13 ml)
was added to the anolyte and a constant current was allowed to establish itself.
The reaction was then initiated by the introduction of the lactate solution
(0.15 ml) into the anolyte.

The lactate concentrations quoted below refer to the solution in the cell.

Materials

Cytochrome b, was prepared (at the All-Union Research Institute of Applied
Enzymology, Vilnius), from Hansenula anomala [15] with an activity of
50—70 unit mg™'; 1 unit of enzyme activity corresponds to the initial rate of
reduction of1 mmol hexacyanoferrate(III) at pH 7.2. The other stock solutions
were a 0.1 M phosphate buffer (pH 7.2), a 1 mM potassium hexacyanofer-
rate(III) solution in the buffer, and a 10 mM solution of lithium L(+)-lactate
(from the G.D.R. collection) in the buffer.

RESULTS

On the introduction of cytochrome b, into the anolyte containing hexa-
cyanoferrate(III), a small current flows in the external circuit which quickly
becomes constant (Fig. 1). Subsequent addition of lactate to the anolyte
leads to a further increase in the current which reaches its maximal value after
3—15 min. The maximal value is retained for a longer time when the hexa-
cyanoferrate(IlI) concentration exceeds 0.5 mM, than at lower hexacyano-
ferrate(IIT) concentrations. The lower the hexacyanoferrate(IIT) concentration,
the quicker the decrease of the current (Fig. 1).

Above 0.5 mM hexacyanoferrate(III) there is a linear dependence of the
constant maximal current on the initial lactate concentration when plotted
in semilogarithmic coordinates (Fig. 2). The sensitivity is better than 5 uM
lactate. Changes in enzyme concentration over the range 0.07—0.7 unit ml™!
do not alter the steady-state value of the current. On changing the concen-
tration of hexacyanoferrate(IIl) in the anolyte and catholyte from 74 uM to
6.9 mM, the steady-state current passes through a maximum (Fig. 3) at 0.3
mM hexacyanoferrate(1II) in the presence of 0.21 mM lactate in the anolyte.

The rate of cell current change shows a complex dependency on enzyme
and hexacyanoferrate(IlI) concentrations (Figs. 4, 5). Increase of enzyme
concentration increases the rate of increase of the cell current (Fig. 4). How-
ever, the rate declines sharply when the concentration of hexacyanoferrate(III)
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Fig. 1. Variation of biochemical cell current with time. Potassium hexacyanoferrate(III)
concentrations in the anolyte and catholyte: (1) 7.4 Xx10™ M, (2) 1.4 X10™* M, (3) 2.9
X10™ M, (4) 5.7Xx10™ M, (5) 1.1 x107° M, (6) 6.9 X107 M, Lactate, 2.1 X10™ M, en-
zyme, 0.06 units ml™. The arrows indicate the time of lactate introduction.
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Fig. 2. Dependence of (1) maximal current and (2) calculated anode equilibrium potential
on lactate concentration. Potassium hexacyanoferrate(III) in the anolyte: (1) 6.9 x 1075M,
(2) 2 X107 M, and in the catholyte, 6.9 X 107* M. Enzyme, 0.06 units ml™.

Fig. 3. Variation of (1) maximal current and (2) calculated anode equilibrium potential
with hexacyanoferrate(III) concentration in the anolyte and catholyte. Experimental con-
ditions for curve (1) are as in Fig. 1; for curve (2), 2 X 107* M lactate is present.
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Fig. 4. Dependence of (1) the rate of cell current change and (2) its reciprocal value on
enzyme concentration in the anolyte. 1.4 X 107 M potassium hexacyanoferrate(III) in the
anolyte and catholyte; 2.1 X 10™ M lactate. The rate is determined at the end of the first
minute after introduction of lactate.

Fig. 5.(1) Dependence of the rate of cell current change on potassium hexacyanoferrate(III)
concentration in the anolyte (and catholyte) and (2) linearization of data in inverse coor-
dinates; 2.1 X 10~ M lactate; 0.06 unit ml™ enzyme. The rate of the cell current change is
determined as in Fig. 4.

is raised from 74 to 570 uM; at high concentrations (=1 mM) it becomes
steady (Fig. 5).

DISCUSSION

Cytochrome b, catalyzes the oxidation of L(+)-lactate by electron acceptors
[15]. For hexacyanoferrate(III), the reaction can be expressed as

CH;CH(OH)COO™ + 2Fe(CN)¥ = CH;COCOO™ + 2Fe(CN)¢ + 2H*

The equilibrium lies far towards pyruvate formation, since the standard redox
potentials for the lactate and hexacyanoferrate system are —0.19 and 0.36 V,
respectively, at pH 7.0 and 25°C [10, 16].

Hexacyanoferrate(1l) formed in the anolyte is oxidized electrochemically
- at the anode; the electrochemical reduction of hexacyanoferrate(I1Il) takes
place at the cathode. Estimation of the enzymatic reaction rate in the anolyte
indicates that at lactate concentrations above K,,, (K,, =1.3mM [15]),0.4—5
umol of hexacyanoferrate(III) is reduced per minute. The highest values of
the cell current do not exceed 0.5 uA which corresponds to the conversion
of 0.31 neq min™* of the acceptor. It follows that the rate of the enzymatic
reaction considerably exceeds the rate of the electrochemical process. Conse-
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quently, the constant cell current is determined by the anode equilibrium
potential. Since the hexacyanoferrate couple is a reversible redox system
having a high exchange current [17], it can be assumed that the anode and
cathode do not polarize at low external currents. The value of the current
(im) therefore depends on the difference of the electrode potentials and the
cell resistance (r), i.e., i, = (E, — E,)/r.

When the steady-state current is measured at high hexacyanoferrate(III)
concentrations in the catholyte, E. is constant; thus the value of the con-
stant current and the rate of current change are determined by the anode po-
tential. This is supported by the fact that the constant current does not depend
on the enzyme concentration. It is also confirmed by the logarithmic depen-
dence of the calculated anode potential on the initial concentration of lactate,
thus obeying the Nernst equation (Fig. 2).

The dependence of the maximal constant current on the hexacyanofer-
rate(I1I) concentration is also determined by the anode equilibrium potential.
The decrease in the initial hexacyanoferrate(III) concentration in the anolyte
must result in a more negative equilibrium potential of the anode and in a
greater external current. This conclusion is in agreement with the calculated
values of anode equilibrium potentials at different hexacyanoferrate(1II) con-
centrations in the anolyte (Fig. 3).

To explain the dependence of the rate of current change on enzyme and
hexacyanoferrate(III) concentrations, the Nernst equation for the anode
equilibrium potential must be differentiated:

—dE, /dt = [RTF'][bo/(bo — X)X] d X/d¢

where b is the initial hexacyanoferrate(Ill) concentration, X is the hexa-
cyanoferrate(1l) and ¢ is the time. At low degrees of substrate conversion and
when b, > K, (K,, = 5—10 uM [18] for hexacyanoferrate(III)) the formation
of hexacyanoferrate(II) may be expressed by the simplified Michaelis—Menten
equation X = ke t where k&, and e, are the catalytic constant and total enzyme
concentration, respectively. From the two previous equations, the dependence
of anode potential change on the concentration of enzyme and ferricyanide
is given by

V=—dE,/dt = [RT/Ft] [bo/(bo— k.eot)] = di/rdt

(This equation cannot be used when X = k.e,t > 0 because of the uncertainty
of the potential in the Nernst equation.) Thus the reciprocal of the rate of
current change at the fixed initial time is directly proportional to the enzyme
activity and inversely proportional to the initial hexacyanoferrate(III) concen-
tration, i.e. Vil =1 —k.eot/b,y, where V., = — (Ft/RT)- (dE,/dt).

Experimental data concerning the dependence of the rate of current change
on the enzyme concentration fit the last equation well (Fig. 4). If the initial
hexacyanoferrate(III) is changed, the experimental data still obey this

equation (Fig. 5).

The small current that appears in the absence of substrate on the intro-
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duction of enzyme into the hexacyanoferrate(III) solution (Fig. 1) is not due
to lactate impurity. This was checked by dialysis of the enzyme solution and
by repeated precipitation of cytochrome b, with ammonium sulphate. Calcu-
lations showed that this current might be due to the oxidation of active sites
of reduced cytochrome b,, usually isolated in such a form to increase stability.
Consequently, with cytochrome b, in the oxidized form the lower sensitivity
limit Sf the cell may reach 1077—1078 M lactate.
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SUMMARY

The use of naphthyldiazoalkanes as derivatizing agents in the h.p.l.c. separation of fatty
acids from C,, to C,, is described. Esterification is relatively rapid under mild conditions,
and the progress of the reaction can be monitored by the color changes. Derivatization by
1-naphthyldiazomethane or 1-(2-naphthyl)-diazoethane is recommended; 1-(4-biphenylyl)-
diazoethane shows some promise in the separation of short-chain fatty acids. The fatty
acid profiles of butterfat, margarine, and castor oil are reported.

In recent years there has been a revival of interest in the analytical separation
of fatty acids by liquid chromatography. Reversed-phase high-performance
liquid chromatography (h.p.l.c.) is eminently suited for the separation of fatty
acids, and the only real problem has been the detection of the eluting com-
pounds. The most widely adopted method of detection is derivatization of
the fatty acid with a strongly absorbing chromophore, followed by column
separation and ultraviolet absorbance detection. The derivatizing agents used
for this purpose have included arylacyl halides [1—3], methoxyaniline [4],
tolyltriazine reagents [5], and substituted isoureas [6]. While these reagents
are sufficiently reactive to give good yields, most of the procedures require
heating for complete reaction. Moreover, there is no easy way of determining
whether enough derivatizing agent has been added if the amount of fatty acid
in a sample is unknown.

Diazomethane is a valuable reagent for the synthesis of methyl esters in
high yield under mild conditions [7]. In an attempt to combine the advantage
ofdiazomethane with suitable uv.chromophores, several aryldiazoalkanes were
examined as derivatizing agents for fatty acids. The aryldiazoalkanes are rela-
tively easy to synthesize from readily available compounds, they react quickly
at room temperature to give high yields of the corresponding esters, they are

FTaken in part fromthe Ph.D. Dissertation of D. P. Matthees, University of Maryland, 1978.
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compatible with many organic solvents, and anhydrous reaction conditions
are not necessary. Moreover, these compounds are intensely colored but be-
come light yellow on reaction with acids, thus giving an indication of the ex-
tent of reaction and of the presence of sufficient reagent.

EXPERIMENTAL

Apparatus, reagents and solvents

The chromatographic equipment used included a Model 6000A pump,
U6K injector, and Model 440 ultraviolet absorbance detector (254 nm)
(Waters Associates, Milford, Mass.). A variable wavelength detector (Spectro-
flow; Schoeffel Instrument Division, Westwood, N.J.) was also used. The col-
umn packing was C,s uBondapak (30 cm long; Waters Associates).

The fatty acids were obtained from Applied Science Laboratories (State
College, Pa.); other organic compounds and the solvents were obtained from
the Fisher Scientific Company, Mallinckrodt, Inc., and Aldrich Chemical
Company. Solvents were analytical-reagent grade, redistilled in glass, the
first and last 10% being discarded. Water was twice-distilled, an all-glass ap-
paratus being used for the second distillation. All solvents were filtered through
0.45-um filters before use.

Aryldiazoalkane synthesis

Both 1-naphthyldiazomethane and 1-(2-naphthyl)-diazoethane were found
to be suitable derivatizing agents because of the ease of synthesis and good
chromophoric properties. These were made from the hydrazones of 1-naph-
thaldehyde and 2-acetonaphthone, respectively, as described by Miller [ 8] and
Nakayaet al. [9]. A typical aryldiazoalkane preparation involved the oxidation
of 2—5 g of hydrazone to the corresponding aryldiazoalkane. The solution was
concentrated to about 5—15% diazoalkane in the desired solvent, so that a
preparation amounted to 10—40 ml of reagent depending on the amount of
starting material. Solutions of the naphthyldiazoalkanes in hexane or ether
solvent are stable for several days. Old solutions can be purified by evaporation
of solvent, extraction of the diazoalkane with hexane (which leaves most im-
purities behind), and concentration of the hexane solution.

1-(4-Biphenylyl)diazoethane was prepared from the hydrazone of 4-acetyl-
biphenyl by the methods described above. It was hoped that this reagent
would be particularly suitable for certain applications, such as the short-chain
acids, but it proved to be difficult to obtain in good yield.

Derivatization

The fatty acids (glycerides and salts do not react with the diazoalkanes
under these conditions) were dissolved in hexane, chloroform, or ether (1—3
mg in about 0.5 ml of solvent) and the solutions were mixed with several drops
of an ether or hexane solution of the naphthyldiazoalkane at room tempera-
ture in a graduated glass-stoppered tube (usually 1 ml). Nitrogen evolved, and
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if the reddish color of the naphthyldiazoalkane disappeared, more was added
so that the solution remained red for at least 1 h; this ensured complete reac-
tion. After derivatization, the solution was diluted to the mark with the rel-
evant solvent. An aliquot (2—5 ul) of the solution was injected directly into
the liquid chromatograph without further treatment.

Chromatographic conditions

Both aqueous acetonitrile and aqueous methanol were used for elution of
the fatty acid derivatives. With the C,s uBondapak column employed, 85:15
mixtures of acetonitrile—water and methanol—water were suitable for elution
of the derivatives of the fatty acids containing 1018 carbon atoms, i.e. the
most important fatty acids. For a wider range of chain lengths, gradient elution
would be desirable. A flow rate of 1.5 ml min™ was used in nearly all instances.

RESULTS AND DISCUSSION

In the following discussion, fatty acids will be abbreviated by two numbers,
the first designating the number of carbon atoms and the second the number
of double bonds. Thus, lauric (dodecanoic) acid is referred to as C,,., and
linoleic (octadecadienoic) acid as C,s.,.

Figures 1 and 2 show the separation of a mixture of saturated and unsatu-
rated fatty acid derivatives with an aqueous acetonitrile eluent and an aqueous
methanol eluent, respectively. (In these Figures, increasing amounts of the
fatty acids were used to maintain similar peak heights despite the changing
molecular weight.) Sharper, narrower peaks are obtained with aqueous
acetonitrile, but there is an overlap of C,¢.0 and Cys.;. If aqueous methanol is
used, this pair resolves, but C,4., overlaps C,;5.5. Both the 1-naphthyldiazo-
methane and the 1-(2-naphthyl)-diazoethane derivatives give essentially the
same chromatographic results. Unfortunately, the peaks related to excess of
reagent and decomposition products tend to obscure the short-chain acid
derivatives. This difficulty can be partially solved by derivatization of these
acids with 1-(4-biphenylyl)diazoethane in hexane. Under these conditions,
much of the interfering material precipitates and the derivatives are retained
for long enough so that fatty acids as short as C,. can be detected (Fig. 3).
This reagent should prove to be quite useful for fatty acid analysis when con-
ditions for its synthesis have been optimized.

The naphthyl derivatives permit the detection of ca. 10 ng (30—40 pmol)
of fatty acid, when the fixed wavelength detector and a column of about
3000 theoretical plates are used. Since all derivatives possess the same chromo-
phore, the peak area is proportional to the number of moles of acid reacted.

Figures 4-—6 show the fatty acid profiles of samples of butterfat, a margar-
ine, and castor oil, respectively. These samples were saponified by the method
of Christie [10], except that the unsaponifiable matter, which would be ex-
pected only in minute amounts in these samples, was not removed. The
saponification mixture was then acidified and the free fatty acids extracted
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Fig. 1. Separation of the 1-(2-naphthyl)-diazoethane derivatives of a fatty acid mixture,
About 4—8 ug of each acid was derivatized. Mobile phase, 85:15 acetonitrile—water; flow
rate, 1.5 ml min™; detection at 254 nm (Waters). Fatty acids corresponding to numbered
peaks: (1) 10:0,(2)12:0,(3)18:3,(4)14:0,(5)18:2,(6)16:0,(7)18:1,(8)17:0,(9) 18:0.

Fig. 2. Separation of the 1-naphthyldiazomethane derivatives of the same fatty acids as
above. About 5—12 ug of each acid was derivatized. Mobile phase, 85:15 methanol—water;
flow rate, 1.5 ml min™; detection at 260 nm (Schoeffel). Fatty acids corresponding to
numbered peaks: (1) 10:0, (2) 12:0, (3) 14:0 and 18:3,(4) 18:2, (5) 16:0, (6) 18:1, (7)
17:0,(8) 18:0.

with hexane, chlororform, or ether. Excess of mineral acid was removed by a
water wash prior to derivatization of the fatty acids. The fatty acids in these
samples were identified by comparison of the retention times of the derivatives
with authentic standard fatty acid derivatives. The separation of the cis and
trans isomers of C,g., in Fig. 5 is noteworthy; the trans isomer is an artifact
of catalytic hydrogenation of vegetable oils. Figure 6 illustrates the marked
effect of polar functional groups on the retention of fatty acids. Ricinoleic
acid, the major constituent of castor oil, is an hydroxylated C,;., acid, and
although it has arelatively long carbon chain, it elutes before any of the other
acids in that mixture.

Since the aryldiazoalkanes may be synthesized from a variety of readily
available aryl aldehydes and ketones, there is considerable flexibility in the
type of derivatizing agent that can be prepared. The type of substituent groups
introduced affects not only the absorption maximum and molar absorptivity,
but also the reactivity and stability of the diazoalkane.
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Fig. 3. Separation of 1<(4-biphenylyl)diazoethane derivatives of short-chain fatty acids.
About 6 ug of each acid was derivatized. Mobile phase, 75:25 methanol—water; flow rate,
1.5 mlmin™;detectionat 254 nm (Waters). Fatty acids corresponding to numbered peaks:
(1) n-4:0, (2) is0-5:0, (3) n-5:0, (4) n-6:0, (5) n-7:0, (6) n-8:0.

Fig. 4. Fatty acid profile of butterfat. Mobile phase, 85:15 methanol—water; flow rate,
1.5 ml min™; detection at 254 nm (Schoeffel). Fatty acids corresponding to numbered
peaks: (1) 10:0, (2) 12:0, (3) 14:0 and 18:3, (4) 16:0, (5) 18:1, (6) 18:0. Injection of
5 ul corresponding to 100 ug of butterfat.
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Fig. 5. Fatty acid profile of a margarine. Mobile phase, 90:10 methanol—water; flow rate,
1.5 ml min™; detection at 254 nm (Waters). Peaks: (1) 14:0 and 18:3,(2) 18:2, (3) 16:0,
(4)18:1,cis,(5)18:1,trans, (6)18:0. Injection of 1 ul corresponding to 50 ug of margarine.

Fig. 6. Fatty acid profile of castor oil. Mobile phase 85:15 methanol—water; flow rate,
1.5 ml min™; detection at 254 nm (Schoeffel). Fatty acids corresponding to numbered

peaks: (1)ricinoleic,(2)12:0,(3) 18:2, (4) 16:0, (5) 18:1. Injection of 2 ul corresponding
to 20 ug of castor oil.
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SUMMARY

Triethylenetetraminehexaacetic acid (TTHA) is proposed for the amperometric ti-
tration of small amounts of calcium instrongly alkaline medium. The reduction current of
added lead(II) ions serves to indicate end-points; at pH 13 the Ca—TTHA complex is more
stable than Pb—TTHA. Oxygen need not be removed when square-wave polarography is
used to measure the indicator current. More than 107*% of calcium can be determined
in NaOH, KOH, NaClO, and LiClO, (analytical grade) with good precision. Atomic ab-
sorption spectrometry was used to obtain comparative results, but the amperometric
method was more satisfactory.

The determination of calcium in chemicals is an important aspect in their
purity control. Direct determination of traces of calcium in the presence of
large amounts (10*—10°%) of sodium or potassium ions is rather difficult.
Spectrography [1], fluorimetric titration (for >1073% Ca) [2], atomic absorp-
tion spectrometry [3—5] and amperometric titration with EDTA [6, 7] have
been suggested.

In this paper, TTHA as titrant is recommended for the amperometric ti-
tration of small amounts of calcium. The reduction current of lead(II) ions
in strongly alkaline medium was used as the indicator current; this has advan-
tages over the reduction current of Zn(II) ions.

EXPERIMENTAL

Apparatus

A d.c. polarograph (Model LP-60a, Laboratorni Pristroje) and a square-wave
(s.w.) polarograph (Model OH-104, Radelkis) were used. The dropping metr-
cury electrode had the following characteristics: m = 298 mg Hgs ™}, t = 3.2 s
in 0.1 M KCl without applied voltage for h = 70 cm. The indicator current in
amperometric titrations was measured by d.c. polarography with a d.m.e.—
s.c.e. electrode system; and by s.w. polarography with a d.m.e.—s.c.e.—Pt
electrode system.

**Part 2: Anal. Chim. Acta, 104 (1979) 215.
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A Perkin-Elmer model 306 atomic absorption spectrometer was also used.

Reagents

A 1.0X 1072 M solution of triethylenetetraaminehexaacetic acid (Fluka)
and 1.0 X 1072 M solutions of calcium(II), lead(II) and zinc(II) nitrates, were
prepared. The hydrochloric acid was purified by isopiestic distillation.

All reagents were of analytical grade (POCh) and water was triple-distilled
from quartz apparatus.

Preliminary tests

A comparison of the stability constants of the Ca(II), Zn(II) and Pb(II)
complexes with TTHA (Fig. 1) shows that the calcium complex is more stable
than those of lead and zinc at pH 13. Thus during titrations of Ca—Pb or
Ca—Zn mixtures with TTHA the calcium complex is formed first in 0.1 M
NaOH solutions. The curves of the changes in the Pb(II) or Zn(II) reduction
current during titration confirm this order of stability. Addition of TTHA to
a mixture of calcium and lead ions in 0.1 M NaOH does not change the lead
current until calcium has completely reacted; lead then forms the TTHA com-
plex and the current decreases. The titration curve (Fig. 2) shows two inflec-
tions, the first corresponding to the end-point of the calcium titration and the
second to the total amount of calcium and lead.

The reduction current of zinc(II), changes similarly, during titration of cal-
cium and zinc mixtures in 0.1 M NaOH; thus either lead(II) or zinc(II) can
serve as the indicator. The concentration of added indicator ion depends on
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Fig. 1.Dependence of conditional stability constants of the Zn—TTHA (curve 1), Pb—TTHA
(curve 2) and Ca—TTHA (curve 3) complexes on pH.

Fig. 2. Titration curves of lead(II) (curve 1) and lead(II) and calcium(II) (curve 2) in 0.1
M NaOH by TTHA; d.c. detection.
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the calcium(II) and titrant concentrations and on the polarographic technique
used.

Lead(II) is a better indicator than zinc(Il), because surfactants are unneces-
sary, and because the high sensitivity of the s.w. peak of lead(II) enables small
amounts of indicator and dilute solutions of TTHA to be used. Even 5X 107 M
calcium(II) solutions can be titrated. Moreover titrations can be done without
deaeration; the presence of oxygen changes the shape of the peak but does
not influence the shape of the titration curve or the final result. All metals
which in 0.1 M NaOH form TTHA complexes more stable than Pb—TTHA
interfere, being titrated simultaneously with calcium(II).

The method recommended here is more sensitive than the procedure based
on the anodic current of TTHA [8]. The results shown in Table 1 indicate
that the use of lead as the indicator provides better precision. The presence
of equivalent amounts of magnesium has no significant effect.

Procedure for calcium in alkali metal hydroxides )

The following procedure is recommended for 0.5 X 1073—1.5 X 1073% cal-
cium. Place the weighed sample (50 g) in a 250-cm3 volumetric flask, dissolve
in a little water, cool and dilute to the mark. Transfer to a polyethylene bottle.
Measure a 10-cm? aliquot into a 50-cm?® volumetric flask and neutralize the
hydroxide by adding 5 M HCI to give a final 0.1 M hydroxide concentration.
Add lead nitrate solution to give a concentration of about 1 X 107 M and
dilute with water to the mark. Place a 10-cm? aliquot of this solution in the
amperometric cell and titrate with standard 1 X 10™* M TTHA solution in
0.2-cm? portions. After each addition of TTHA, stir the solution magnetically
for 30 s and record the s.w. peak of free lead(II) ions (E, = —0.70 V). After

TABLE 1

Results of amperometric titration (d.c. detection) of Ca(II)—Zn(II) and Ca(II)—Pb(II)
mixtures in 0.1 M NaOH with TTHA solution

Soln. Sample (umol) Ca Error Soln. Sample (umol) Ca Error
found (%) found (%)
Ca Mg Zn (umol) Ca Mg Pb (smol)
1 1.256 — 0.99 1.09 —12.8 1 1.256 — 0.48 1.30 4.0
0.99 —20.8 1.17 —6.4
2 1.25 — 198 1.14 —8.8 2 2.60 — 0.48 2.32 —7.2
1.07 —14.4 2.38 —4.8
3 2.50 — 0.99 2.07 —17.2 3 1.25 — 0.96 1.32 5.6
2.54 1.6 1.29 3.2
4 2,50 — 0.40 2,09 —16.4 4 2.50 — 0.96 2.44 —2.4
2.20 —12.0 2.26 —9.6
5 1.25 1.01 0.99 1.15 —8.0 5 1.25 1.01 0.96 1.25 0.0
1.21 —3.2 1.21 —3.2
6 1.25 2.02 0.99 1.25 0.0 6 1.256 2.02 096 1.24 —0.8

1.29 3.2 1.27 1.6




70

the end-point, indicated by the decrease of the peak, add four portions of
0.2 cm?® of TTHA. Correct the measured peak heights for volume changes.
Estimate the end-point from the titration curve or by extrapolation of the
linear portions of the curve after calculating the best fit by the method of
least squares.

When the content of calcium is below 5 X 107%%, the procedure is slightly
different. After addition of hydroxide, acid and lead(II) to the 50-cm? volu-
metric flask, about 2.5 X 10™* mmol Ca is added. This simplifies estimation
of the end-point; the equivalent volume of TTHA for the calcium addition is
subtracted from the final result.

Procedure for calcium in alkali metal perchlorates, nitrates etc.

The procedure is similar to the above method except for sample preparation.
Dissolve the weighed sample (50 g) in water in a 250-cm? volumetric flask
and dilute to the mark. Transfer a 10-cm?® aliquot to a 50-cm?® measuring flask
and add 5 cm?® of 1.0 M NaOH; previously determine the calcium content of
the sodium hydroxide by the above procedure. Next, add lead nitrate solution
to give a concentration of 1 X 107> M and dilute the solution to the mark with

TABLE 2

Amperometric determination of calcium in alkali metal salts

(The results given are the mean for 2 or 3 titrations of the diluted sample solutions, x, the
mean result for two separate samples of the same salt, %, the standard deviation, s, and the
standard deviation at a 95% confidence limit.)

Reagent Sample Ca found (X 107) (%) A.as,
solution = result
x x s $(t4.55)
NaOH I 1/1 1.00 _
172 1.07 1.03 0.020 +0.051
2/1 0.97 _
2/2 095 0.96 0.031 +0.080
NaOH II 1/1 0.71
172 074 0.73 0.010 +0,026 0.57
2/1 0.66
2/2 0.67 0.67 0.009 +0.023 0.55
KOH 11 1.20 B
12 1.29 1.21 0.018 +0.057
NaClO, 1/1 0.81 0.77
1/2 0.80 0.81 0.009 +0.023 .
2/1 0.83
2/2 0.83 0.83 0.006 +0.015 0.73
LiCIO, 1/1 0.17 0.17 0.007 +0.022 —

1/2 0.16
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water. Then proceed exactly as described above. Deduct the blank arising from
the sodium hydroxide.

RESULTS AND DISCUSSION

The preliminary investigations were done with sodium hydroxide samples
containing no more than 8 X 1073% Ca (POCh certificate). For a 0.5 M NaOH
solution, the calcium concentration would be about 5 X 107® mol dm™3. In
this range titration based on the anodic current of TTHA is useless, but pro-
cedures can be based on: (a) amperometric titration of calcium with TTHA
and lead(Il) indicator (s.w. polarography);or (b) s.w. polarography of lead(II)
displaced by calcium(II) from the Pb—TTHA complex.

The limiting current of lead(II) in d.c. polarography in the absence of
TTHA is independent of the NaOH concentration in the range 0.08—0.50 M.
The height of the lead(II) s.w. peak increases only slightly as the NaOH con-
centration increases from 0.08 to 0.12 M whereas the increase is about 40%
for 0.50 M NaOH. Thus when concentrated NaOH solutions (e.g., 0.5 M) are
titrated, the accompanying dilution of the sample spoils the shape of the ti-
tration curve obtained from measurements of the lead peak. To avoid this
effect, the concentration of the NaOH solution should be about 0.1 M. When
higher concentrations of sodium hydroxide are necessary because of low
calcium contents, the excess of hydroxide must be neutralized.

In the determination of small amounts of calcium in strongly alkaline sol-
utions, the prolonged storage in ordinary glassware must be avoided, because
calcium ions are eluted from the glass after a few hours. The solutions should
therefore be kept in quartz or polyethylene vessels.

The procedures recommended above for alkali metal salts were applied to
samples of NaOH, KOH, NaClO, and LiClO, (analytical grade). The results
are presented in Table 2; for each sample two preliminary solutions were
prepared and from each preliminary solution two titration solutions were pre-
pared. The titration curves were similar to those shown in Fig. 2 (curve 2).

Comparative determination of calcium by atomic absorption spectrometry
As a comparative method, atomic absorption spectrometry (a.a.s.) was
used. Because of the influence of significant sodium concentrations on the
absorbance of calcium, as well as difficulty of obtaining reagents devoid of
calcium, a standard addition procedure was chosen. When a graphite furnace
was used, a large scatter was observed in the results regardless of the wave-
length used (422.7 nm or 393.4 nm). Atomization in a nitrous oxide—acety-
lene flame and absorbance measurements at 422.7 nm gave more reproducible
results. The slopes of the calibration graphs obtained for the range 0—80 ug Ca
in 0.2 M NaOH solutions were only about half those obtained for 0.1 M NaOH
solutions, in accordance with earlier reports [4, 5] . For the determination of
calcium, the best concentration of sodium hydroxide and sodium perchlorate
was 4%, but at such salt concentrations the burner often became clogged;
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thus the burner was frequently cleaned and washed with 0.1 M HCI and dis-
tilled water. Solutions were prepared similarly to the amperometric method,
the pH being adjusted to 2 with 5 M HCI before the standard addition of cal-
cium and final dilution. The mean results obtained for some samples are
shown in the final column of Table 2.

Comparison of the results in Table 2 indicates that there is a significant
negative error in the a.a.s. results in relation to the amperometric method.
The presence of AI(III), Fe(III), Mg(II), Zn(II) and Pb(II) in equimolar
amounts to calcium does not influence the amperometric results whereas
Cu(II), Cd(II) and Ni(II) cause positive errors. The s.w. polarographic curve
for 5 M NaOH solution indicated the presence of iron (1 X 10™* M) and lead
(1 X1077 M) but Cu, Cd, Ni and Zn were not detected. Accordingly, the
amperometric results appear to be correct, and the low a.a.s. results for cal-
cium must be ascribed to errors from the large amount of sodium.

For the determination of calcium in the alkali metal salts, the amperometric
method is the more convenient because only one sample solution is needed
and standard addition is not required.

REFERENCES

1 M. RfiZicka and A. Matrani, Chem. Zvesti, 22 (1968) 690.

2 R. L. Olsen, H. Diehl, P. F. Collins and R. B. Ellestad, Talanta, 7 (1961) 187.
3 S. Skurnik-Sarig, A. Glasner, M. Zidon and D. Weiss, Talanta, 16 (1969) 1488.
4 W. Rutkowski and M. Kupinski, Chem. Anal., 21 (1976) 707.

5 J. Ramirez-Munoz, Anal. Chem., 42 (1970) 517.

6 J. Tranka, Chem. Listy, 51 (1957) 1378.

7 M. L. Richardson, Talanta, 10 (1963) 103.

8 S. Rubel and M. Wojciechowski, Anal. Chim. Acta, in press.



Analytica Chimica Acta,109 (1979) 73—83
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

AN INJECTION METHOD FOR THE SEQUENTIAL DETERMINATION OF
BORON AND SEVERAL METALS IN WASTE-WATER SAMPLES BY IN-
DUCTIVELY-COUPLED PLASMA ATOMIC EMISSION SPECTROMETRY

J. A.C. BROEKAERT* and F. LEIS

Institut fiir Spektrochemie und angewandte Spektroskopie, Postfach 778, 46 Dortmund
(Bundesrepublik Deutschland)

(Received 12th February 1979)

SUMMARY

Boron and nine metals (Ba, Cd, Cu, Fe, Mn, Mo, Ni, Zn) can be determined in waste
waters of medium and high salt concentration by inductively-coupled plasma atomic
emission spectrometry. An injection method was applied in order to achieve analysis times
of about 1 min per determination, and to allow trace analysis in solutions having salt con-
centrations up to 20 mg ml™, when a Meinhard nebulizer is used with a low-power argon
plasma. When 500-ul aliquots are injected and the peak heights of the amplified photo-
multiplier signals are measured, the detection limits for the elements tested range from
0.05 to 0.4 ug ml™. Matrix effects caused by sodium nitrate (20 mg ml™) are less than
20%, provided that a peristaltic pump is used for feeding the nebulizer. Matrix effects can
be decreased by using simultaneous background measurement. The plasma—injection
method is applicable to boron and metals in the range 0.05—20 ug ml™.

Monitoring of the concentrations of a series of metals and other toxic
elements in waste waters has become essential from an ecological point of
view. This necessitates the development of methods that allow sequential or
simultaneous determinations in solutions of very different compositions.
Inductively-coupled plasma (i.c.p.) excitation is suitable for this purpose
because it is characterized by high sensitivity for most elements, by large
dynamic ranges and by rather low matrix effects [1—5].

In the work described here, a sequential i.c.p. procedure was applied in
conjunction with an injection method, and the amplified photomultiplier
current was used as the analytical signal. Injection procedures have already
been applied in atomic absorption and flame atomic emission spectrometry
(a.es.) [6] and also in i.c.p.-a.es. [7, 8]. The main aim then was the analysis
of samples of small volume, e.g., in clinical analysis and after pre-enrichment
procedures. In this work the objectives were different: to allow reproducible
operation of the pneumatic nebulizer in analyses of samples of high salt con-
centrations; and to increase the speed of analysis compared to continuous
sample feeding and integration of the measured signal. The i.c.p.—injection
method developed is an extension of the injection method reported by
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Sebastiani et al. [9] for flame atomic absorption spectrometry, with similar
objectives.

The development of the i.c.p.—injection technique comprised three stages.
First, its power of detection was compared to that obtained by continuous
sample feeding. Secondly, the matrix effects caused by high sodium concen-
trations, which were present in the waste waters, were studied and procedures
for decreasing these effects were investigated. Finally, applications to the
sequential determination of boron and several metals in waste waters of varying
salt contents were examined.

EXPERIMENTAL

Apparatus

The i.c.p. system and the working conditions have been described [10];
they are summarized in Table 1.

The radiation emitted by thei.c.p. is measured photoelectrically. The 0.5-m
monochromator (Fig. 1) is equipped with a quartz refractor plate in front of
the first exit slit; this allows accurate measurement of the analytical line in-
tensities and of the adjacent spectral background alternatively, as has been
applied in a continuous method [11]. A supplementary measuring channel is
obtained by reflecting part of the emission at a wavelength adjacent to that

TABLE 1

Instrumental data and working conditions

Plasma generator Labtest (maximum power 2 kW, frequency 27.12 MHz,
crystal-controlled)
forward p