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Foreword

About 20 years ago Skeggs introduced the concept of air-segmented
continuous flow systems in chemical analysis. Its application has led not
only to an increased sample throughput but also to an improvement in
accuracy, reproducibility and reliability for routine work. Analyzers based
on this principle are now conventional equipment in many analytical
laboratories.

Even a cursory glance through recent issues of journals on analytical
chemistry indicates a renewed interest in continuous flow analysis. This
renewed interest has mainly been caused by the work started by Ri%itka
and Hansen in Copenhagen, and Stewart and colleagues in Washington, D.C.
about five years ago. They have shown that under certain flow conditions
air segmentation is not a prerequisite to avoid carry-over of the successive
samples in the system; it appeared to be possible to inject the samples directly
in a carrier stream at a rate of over 200 samples per hour.

After an incubation period of about five years, the time seems ripe to
assess the results of non-segmented continuous flow systems in comparison
to air-segmented systems. Such an evaluation was the immediate motive for
organizing the International Conference on Flow Analysis in Amsterdam in
September 1979. The plenary lectures as well as most of the submitted
research papers are compiled in this special issue of Analytica Chimica Acta.

The reactions of many participants proved that the conference fulfilled
its objectives. It is hoped that this publication will stimulate many other
analytical chemists as well.

The meeting was held under the auspices of the Royal Netherlands
Chemical Society, Analytical Division.

G. den Boef Laboratory for Analytical Chemistry,
W. E. van der Linden  University of Amsterdam,

The Netherlands.
B. Griepink Laboratory for Analytical Chemistry,

State University Utrecht,
The Netherlands.
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CONTINUOUS-FLOW ANALYSIS: PRESENT AND FUTURE

L. R. SNYDER
Technicon Instruments Corporation, Tarrytown, NY 10591 (U.S.A.)
(Received 24th July 1979)

SUMMARY

The present and probable future performance of continuous-flow analysis is discussed
in terms of design considerations and new analytical modules. Comparison of throughput
rates and reagent/sample consumption with the competitive technique of flow-injection
analysis shows that the latter is better suited for very simple processing schemes that
require only a small dwell time (e.g., 5 s or less) within the flow system. For more compli-
cated manipulation of sample and/or longer reaction times, continuous flow analysis
generally has a substantial advantage with respect to analysis rate, reagent consumption
and required sample size.

The general technique of continuous-flow analysis (c.f.a.) has been re-
viewed within the past few years [1, 2], but the field continues to advance
at such a rate that another review at the present time is justified to keep the
reader up to date. In addition, the related procedure of flow-injection analysis
(f.i.a.) (see, e.g. [3, 4]) has shown rapid development since 1975 in terms of
the volume of published work. This has naturally led to questions concerning
the relative advantages and limitations of each technique for application to
the area of high-speed automated chemical analysis. Fortunately, there now
exists a body of theoretical and experimental data which allows comparisons
to be made between c.f.a. and f.i.a. in terms of such practical questions as
sample throughput rate, optimum experimental design, etc. Such a compari-
son makes it possible to determine which procedure will be preferable in
specific applications; it also allows the potential future performance of these
two methods to be examined.

In the present review, the theory which is basic to sample-throughput in
both c.f.a. and f.i.a. is developed and applied to a comparison of the perfor-
mance of each procedure. Recent developments in c.f.a. that extend the
overall range of its application are also discussed, with emphasis on combin-
ing c.f.a. with high-performance liquid chromatography (h.p.l.c.).

C.F.A. VERSUS F.I.A.: SOME PRELIMINARY CONSIDERATIONS

Some familiarity with the general principles and experimental approach
used for these two techniques (see, e.g. [1—4]) is assumed. Here it is useful
to focus on the major differences. The simplest possible example of either
technique is the addition of sample to a reagent stream, flow of the combined
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Fig. 1. Comparison of (a) flow-injection analysis with (b) continuous-flow analysis as
normally practiced. Sample concentration—time profiles shown below each equipment
diagram. S, sample solution; W, wash solution; V, sample valve; Sp, automatic sampler;
P, pump; R, reagent solution; D, detector.

stream through an incubation coil for some time ¢ (to complete reaction of
sample and reagents, provide for mixing, etc.), followed by passage of the
stream through some detector (often a simple photometer). In present f.i.a.
systems, the sample is injected as a plug into the reagent stream, usually as a
narrow ‘‘spike”, as shown in Fig. 1(a). In present c.f.a. systems, the sample
is usually added in alternation with wash solution to a reagent line, usually as
a broad slug as shown in Fig. 1(b). In c¢.f.a. the combined stream after sample
introduction is then segmented with air bubbles, and the segmented stream
flows through the incubation coil and into the detector. Variations on the
latter theme may involve addition of the air bubbles to the reagent stream
before sample addition, debubbling of the combined stream before detection,
etc. These latter features have little fundamental significance so far as the
performance of c.f.a. is concerned.

The final output sensed by the detector is shown in Fig. 1(a) and (b). In
the case of f.i.a., a series of more or less sharp bell-shaped “peaks’ are
obtained, with peak-height & being proportional to analyte concentration. In
assays by c.f.a., each sample curve shows a plateau, and the height of this
plateau (‘““flat”’) is similarly proportional to analyte concentration. The latter
differences between c.f.a. and f.i.a. with respect to the shape of the final
sample curve are actually not basic to either method. One can run either
system so as to get bell-shaped or flat curves, simply by modifying the
sample-introduction procedure. In fact, c.f.a. systems (so-called generation-I
systems) were originally run to obtain bell-shaped curves., Whether one
prefers bell-shaped or flat curves depends on the characteristics of these two
approaches, as outlined in Table 1, Since c.f.a. systems have an inherently
high throughput rate, the normal selection of flat curves allows increased
emphasis on such aspects as reliability (function monitoring), precision, etc.

The apparent differences in equipment for f.i.a. and c.f.a. are also not of
fundamental interest. Thus, a sample valve (V in Fig. 1a) is normally used in
f.i.a., while an automated sampler (Sp in Fig. 1b) is customary in c.f.a. How-
ever, either sampling device can be used interchangeably. Only questions of
cost, precision, convenience, etc., affect the choice of sampling means in a



TABLE 1

Characteristics of flat versus bell-shaped sample curves in flow analysis

Advantages Disaduvantages

1. Greater precision possible as a result of 1. Sample throughput is cut by about half
averaging data points across flat. versus bell-shaped curves,

2. Greater reliability of final result, as a 2. Achieving the benefits of advantages 1,2
result of inspecting the curve ““flat” above requires more complex data-
(function monitoring). processing.

3. Precision unaffected by small variations 3. Sample and reagent consumption are
in sample size. increased about two-fold.

4, Less dilution of the sample, and resulting
greater detection sensitivity.

system of given design. In principle, sample valves provide greater precision
when a flow analysis system is run with bell-shaped sample curves, as opposed
to flats, and this advantage of sample valves increases with reduction in
sample size.

The basic difference between f.i.a. and c.f.a. appears to be the use of
bubbles for segmentation in the latter procedure. As will be seen, this
provides for a major decrease in the dispersion or intermixing of adjacent
samples in the flow system, and allows greater throughput rates, other
factors being equal. Conversely, the insertion of air bubbles adds a further
level of complexity to the system for c.f.a., in terms of equipment, operator
interaction with the system, and hydraulic performance. Which approach
should be selected —f.i.a. or c.f.a. — will depend on such questions as the
throughput rate required, the degree of dispersion associated with a given
assay, and the importance of system simplicity. Because c.f.a. has been
practiced for about 20 years and is now the major technique for automated
chemical analysis, its adherents have become accustomed to the complexity
(such as it is) associated with the use of air segmentation.

BASIC THEORY OF SAMPLE DISPERSION IN C.F.A. AND F.I.A.

The spreading of sample bands as in Fig. 1 (detector) obviously limits the
spacing of samples in the flow network and the resulting throughput rate.
The shape of the resulting curves in each case (Fig. 1a or b) can be approxi-
mated by a Gaussian distribution, as illustrated in Fig. 2. In the first case
(initial sample “‘spike”, 2a), the resulting curve is a simple Gaussian curve; in
the second case (initial sample slug, 2b), the wash-in and wash-out portions
of the curve are integrated Gaussian curves [5]. In either case, the extent of
sample dispersion is given by the quantity o, (Fig. 2) which is the standard
deviation (in seconds) of the appropriate Gaussian curve.

The throughput rate for a f.i.a. or c.f.a. system depends on the spacing of
sample bands in units of ¢,. A previous paper [6] has suggested a value of
8 o, for sample curves with “flats” (Fig. 2b). Similarly, a spacing of 4 o, seems

- U
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Fig. 2. Shape of sample curves for injection of a “spike” (a) or “slug” (b). Dispersion is
measured in each case by the Gaussian standard deviation o,.

appropriate for final bell-shaped curves (Fig. 2a). The latter figure is suggested
by the related problem in chromatography of the resolution between adjacent
bands. A spacing of 4 ¢, is equivalent to a resolution R =1, which is better
illustrated in an earlier paper [7]. In the latter case, carryover corrections
will be small (or negligible) for most adjacent samples, and can be estimated
[7]. However, it should be noted that previous applications of f.i.a. often
involve poorer resolution of adjacent sample curves (i.e. sample spacing of
about 3 a,).

Given the above spacing between adjacent samples in f.i.a. or c.f.a., it is
possible to calculate sample analysis rates f (samples/h) as a function of o,

(s):
(no flats) f = 3600/4 o, = 900/0, (1)
(flats)  f=3600/8 o, = 450/0, (1a)

Now the estimation of throughput rate f is seen to require only the value of
o, for a given system to be specified. The evaluation of o, in c.f.a. or f.i.a.
applications must next be considered.

Dispersion in c.f.a.

The evaluation of o, as a function of experimental conditions has been
studied exhaustively, and on the basis of these data a semi-rigorous theory
relating o, to all experimental variables has been proposed [5, 7, 8]. This
relationship can be cast into the following form:

538 d?3(F + 0.92d3n)53n"3 2.35(F + 0.92 d2n)>3n?3¢
Og =[ . ('72/3F'D 25t ) + 1/"][ ( I Fd433n) 1 ] (2)
w, t

Here, the various quantities are defined as follows: d,, internal diameter of
the tubing comprising the flow network (in cm); F, the flow-rate of the total
liquid within the network (ml s!); n, the frequency of segmentation (in
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bubbles/s); n, the viscosity of the flowing solution (in Poise); v, the surface
tension of the flowing solution (dyne cm™); ¢, the time spent by a given
segment between injection and detection (s); D, ,5, a mass transfer coefficient
which varies between 2 X 107° and 12 X 1075 for sample molecular weights of
400,000 to 27. D, ,, is smaller for straight tubing than for coiled tubing.

While eqn. (2) may appear somewhat complex, it can be derived from
fairly straightforward starting relationships that are well accepted in physical
chemistry [7, 8]. More important, it has been tested over a wide range in
values of the various parameters contained within eqn. (2), including condi-
tions which are both typical of c.f.a. and those which are atypical. Figure 3
illustrates the correlation between calculated (eqgn. 2) and experimental
values of o, from one study [5, 7]. Generally, agreement within +10% (1 SD)
appears to be found.

Equation 2 does represent an oversimplification to the extent that the
effect of bubbles on detection is not considered. In second-generation
systems (e.g., SMA), debubbling of the flowing stream occurs before the
detector. In third-generation systems (SMAC), bubbles pass through the
detector. In either case, there is an effective increase in ¢, which results
either from mixing in the debubbler, or the requirement that each liquid
segment be large enough to more than fill the detector flowcell. The problem

o
{expt.)

(calc.)o

Fig. 3. Validation of eqn. 2. Comparison of sample dispersion (experimental values of o)
in c.f.a. with values calculated from eqn. 2. Data of [7].

Fig. 4. Calculated dispersion (values of ¢,) for the Technicon SMAC Analyzer as a function
of flow-rate F and n (bubbles/s). Conditions assume dilute aqueous solution at 25°C;
500-s incubation (dwell) time, and solute molecular weight of 167; internal diameter of
open tube, 1.00 mm. Reprinted from {6].
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is illustrated for SMAC in Fig. 4. Here, calculated values of ¢, are plotted
versus segmentation frequency n, for different flow-rates (¥ = 0.001—0.05
ml s7!); the dashed part of each curve represents ‘“‘forbidden’ values, because
resulting liquid segments are too small for the flowcell. While in theory a
minimum value of o, = 1.8 s should be possible for SMAC, in practice the
flowcell-volume restriction places a lower limit on o, = 2.3, which means
about a 25% decrease in maximum sample throughput.

The o, values for other c.f.a. systems can be similarly calculated; some
resulting values are listed in Table 2. According to Table 2, it should be
possible to run an SMA system at about 130 samples/h. In fact, such systems
are typically run at half this rate: 60/h. The reason is the debubblers and
other unsegmented mixing volumes (e.g., detector flowcell) present in an
SMA system. The effect of the latter contributions to dispersion can be
removed electronically in so-called curve-regeneration devices [9], and the
analysis rate is thereby increased to 120/h [10]. The latter figure is seen to
be in reasonable agreement with the value of 129/h shown in Table 2.
Similarly, the calculated throughput rate for SMAC (196/h in Table 2)
agrees reasonably well with the 150/h at which SMAC actually runs. Finally,
Table 2 presents predicted sampling rates for a “generation-IV” c.f.a. system
based on 0.5-mm i.d. tubing in the flow network. The latter approach, com-
bined with a reduction in dwell time within the system (from present 10 min
or so, to 100 s), would allow sampling rates of up to 590/h. However, such a
system has not yet been demonstrated, although the prediction appears
plausible on the basis of the above discussion.

Dispersion in f.i.a.
Although f.i.a. systems appear physically simpler than their analogous
c.f.a. counterparts, the prediction of o, values is less well developed — at least

in the case of the commonly used coiled-tube modules. Dispersion in flow- -~

through straight tubing is given by the Taylor equation (see, e.g. [11]):
ol =td2/96 D . (3)

TABLE 2

Possible sampling rates f for various continuous-flow systems
(Calculations assume sample “flats” as in Fig. 1(b); data based on calculations of [6].)

System Dweli time a, (8) Sampling Analysis rates
(s) time (s) (samples/h)

SMA 12/60 500 3.5 28 129

SMAC 500 2.3 18.4 196

Generation-IV 500 1.7 13.6 265

100 0.76 6.1 590
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Here, D is the diffusion coefficient (¢cm? s7!) of the sample molecules in the
surrounding solution. Equation (3) is readily derived from the commoner form
of the Taylor equation: H = d,>u/96 D, where H is the height equivalent of
a theoretical plate (equal to tube-length L divided by plate number N; N is
the theoretical plate number, equal to t?/¢,> [11]), and u is the velocity of
the liquid stream (cm s7!).

Equation 3 predicts rather large values of ¢,, and therefore low sample
analysis rates. For example, for a sample (analyte) molecular weight of
167 as in Fig. 4 for that c.f.a. system, the value of D_ is estimated from the
Wilke—Chang equation (see, e.g. [12]) as 0.8 X 107° (in water at 25°C).
Taking the same value of d, (0.1 cm) and ¢ (500 s), eqn. (3) for f.i.a. predicts
a value of o, equal to 81 s, which is some 35-times greater than for SMAC in
Table 1, and therefore yields a sample throughput 35-times less.

Of course, f.i.a. is not usually carried out in straight tubing. If coiled
lengths of tubing are used instead, it is known that the resulting secondary
flow (not turbulence [11, 13]) provides improved dispersion within the
flow system (i.e., smaller values of ¢,). There is at present no rigorous equation
to predict the decrease in ¢, versus eqn. (3) in coiled tubing, but Tijssen [13]
has presented an experimental correlation of this reduction in ¢, with the
dimensionless parameter De?Sc (the product of the Dean Number squared
times the Schmidt Number). The latter parameter can be expressed in terms
of primary experimental variables:

De®Sc =d?pu?/nd_ D, (4

Here, p is the density of the flowing liquid, u is the velocity of the liquid
stream (cm s7'), d, is the diameter of the coil or helix, and D_, is the solute
(sample) diffusion coefficient. If H, refers to the value of H for straight
tubing (eqn. 3), and H_ is the corresponding value for a coiled tube (with
other variables held constant), then the improvement in sample dispersion
as a result of coiling the tube can be expressed by the parameter ¢, where

=(Ho/H,) — 1 (%)

If o, values are similarly defined for straight (g,) and coiled (¢,) tubing, the
advantage of coiling the tube (in terms of improved dispersion) can be
expressed as

0,/0, = (£ + 1)1 (5a)

The unprovement in sample throughput (f,/f,) for coiled versus straight
tubing is Seen to be equal to (o,/0,) from eqn. (5a). The latter quantity is
replotted from Tijssen [13] as a functlon of De?Sc in Fig. 5. The plot of
Fig. 5 in conjunction with eqn. 3 (o, = 0,) allows values of o, = 0, to be
estimated in f.i.a. with coiled tubing.

Before proceeding with an analysis of dispersion and throughput in f.i.a.
with coiled tubing, it is of interest to consider the accuracy of the above
scheme [13] for this purpose. Data from the work of Hofmann and Halasz
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Fig. 5. Improved dispersion in f.i.a. with coiled tubing, as a function of experimental
conditions (De’Sc from eqn. 4). Values of u at top of figure are for d, = 0.025 cm, water
at 25°C,d,=1.0cm,and D, =7.4 X 107% em? s7*,

[11] for relatively large coil diameters (d ) show experimental o, values that
are smaller than predicted from the data of Tijssen [13] by a factor of 2to 3.
The reason for this is that eqn. (4) probably overestimates the importance of
d, when d, is large. Thus, small values of d, (e.g. 1 cm vs. 2 cm) may be
important in determining secondary flow, whereas the difference between
coil diameters of 20 and 40 cm is probably less important. A similar inde-
pendence of secondary flow on d, when d_ is large (4—35 cm) has been
noted for segmented flow [5].

Values of u are plotted across the top of Fig. 5, for water at 25°C, a tube
of diameter 0.025 cm and coil diameter of 1.0 cm, and a solute molecular
weight of 167. Typical values of u in f.i.a. are less than 30 ¢cm s™!, which
leads to an improvement in throughput f (as a result of coiling) of 3-fold or
less in the usual case.

Comparison of dispersion in c.f.a. versus f.i.a.

The preceding treatments allow values of o, to be calculated for either
c.f.a. or f.i.a. systems as a function of experimental conditions. For either
cf.a. (eqn. 2) or fia. (eqn. 3), ¢, is predicted to increase as t'’?, assuming
that other variables are held constant, and ¢ refers to some required time for
incubation. This means that very small values of g, are possible, as ¢t approaches
zero. For such applications requiring only a few seconds of incubation time,
it will be seen that high throughput rates are possible with either c.f.a. or
f.i.a. Therefore, so far as dispersion and throughput are concerned, the ques-
tion of what happens at larger values of t is of greater interest, since it is for
large values of ¢ that dispersion and throughput become a practical problem.
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Fig. 6. Comparison of sample dispersion in f.i.a. and c.f.a. systems. Incubation time ¢ =
500s,d, =0.1 cm, d, = 1.3 cm, other conditions as in Fig. 4.

The first comparison, in Fig. 6, is for an incubation or dwell time of
500 s, with a tubing diameter of 0.1 cm and a coil diameter of 1.3 cm. Here
and elsewhere, the solute molecular weight is taken as 167, and the liquid
within the flow network is water (plus surfactant) at 25°C. In Fig. 6 o, is
plotted as a function of flow-rate F for both f.i.a. and c.f.a., by using the
equations developed in the preceding sections. Values of the pressure drop
P (psi) and tube length L (m) are marked on the f.i.a. plot, and these are seen
to increase as F increases. The c.f.a. values are taken directly from Fig. 4,
and are the “best” values (optimum n) for each value of F; i.e., the curve
of Fig. 6 for c.f.a. is the lower envelope of the curves of Fig. 4. This c.f.a.
curve predicts smaller o, values than will be found in practice, because of the
need to eliminate bubbles by either electronic or physical means. In the
preceding analysis of Fig. 4, it was noted that for conditions as they exist on
SMAC, the actual values of o, are about 25% higher than predicted in Fig. 6.
This arises from the electronic debubbling used on SMAC, and the size of the
detector flowcell. For physical debubbling, other calculations [8] suggest a
smaller increase in o, relative to the values of Fig. 6. One experimental study
[14] found a 10% increase in o, as a result of physical debubbling. In any
case, it will be seen that this 10—25% increase in g, values in c.f.a. as a result
of debubbling does not affect the comparison of c.f.a. and f.i.a. throughput
rates. The c.f.a. curve of Fig. 6 also assumes that the length of the incubation
coil will be adjusted to provide the required dwell time (500 s) at the specified
flow-rate F, which is normal practice in c.f.a.

Figure 6 shows that o, for f.i.a. is generally much larger than the values
for c.f.a. This reflects the marked ability of air-segmentation to break up
laminar flow and decrease sample dispersion. There is an optimum flow-rate
. F for minimum dispersion in c¢.f.a., with the optimum F value being 0.1—0.2
ml min~! in the system shown; o, is then equal to 1.8 s. The pressure drop P
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for this optimum value of o, for c.f.a. is a few psi. In the case of f.i.a., values
of ¢, are quite large atlow flow-rates (o, = 82 s). With increase in F, secondary
flow becomes more important (as in Fig. 5), and the values of ¢, for f.i.a.
decrease. However, the ultimate decrease in ¢, is limited by two considera-
tions: increasing pressure P and increasing consumption of reagents. For the
peristaltic pumps commonly used in f.i.a., a maximum value of P equal to
10 psi can be assumed. This corresponds to a value of F = 8 ml min™' in
Fig. 6, and yields o, = 26 s. Thus in the example of Fig. 6, ¢, for c.f.a. is
(26/1.8) or 14-fold smaller than for f.i.a., which means that throughput
rates should be 14-fold greater in c.f.a. Reagent consumption would be over
400-fold greater per assay.

Dispersion in f.i.a. can be significantly reduced by using tubing of smaller
diameter, and tubing diameters of 0.025 cm have been used. While a similar
reduction in dispersion occurs for c.f.a. as d, is decreased [8], this involves
practical difficulties which have not yet been completely resolved (hydraulic
effects, increased pressure drop, higher required segmentation rates). There-
fore, for the moment, it is assumed that d, = 0.1 cm is the lower practical
limit for c.f.a. Figure 7 illustrates the dependence of ¢, on F for d, = 0.025
cm in f.i.a., with other conditions the same as in Fig. 6 (same curve forc.f.a.).
As expected, the value of o, at low values of F is decreased significantly
(from 82 to 20.5 s). However, the pressure drop for smaller d, is increased
substantially for the same values of F. This means that the further decrease
of f.i.a. o, values at higher values of F is more limited than in Fig. 6. For an

100

= — P=0.1l
0.27 | FIA
2.7 10

27

oy (s)

T T T T

CFA CFA

| L L Lo 11 0.1 R iaaal
0.1 1.0 0.0t 0.1

Flow-rate (ml min~") Flow-rate (m! min™")

Fig. 7. Comparison of sample dispersion in f.i.a. and c.f.a. systems. Conditions as in
Fig. 6, except d, (f.i.a.) reduced to 0.025 cm.

Fig. 8. Comparison of sample dispersion in f.i.a. and c.f.a. systems. Conditions as in
Fig. 7 (d, = 0.025 cm for f.i.a., 0.1 cm for c.f.a.) except £ =5 s.



13

upper limit on P = 10 psi, g, is equal to 15.5 s for f.i.a. This now corresponds
to a value 8-fold greater than the corresponding c.f.a. case. Thus even with a
small tube diameter, f.i.a. is still slower in terms of throughput than is c.f.a.

The situation becomes more favorable for f.i.a. if the incubation time ¢ is
decreased, since this allows higher flow-rates and greater secondary-flow
effects. This is illustrated in Fig. 8, for ¢t = 5 s. While both curves are displaced
downward by 10-fold (100!/?) compared with Fig. 7, much higher flow-rates
are possible with f.i.a. because of the shorter tube lengths now required;
thus, for P equal 10 psi, a value of ¢, = 0.85 s is possible. The throughput
advantage of c.f.a. is now reduced to 4.7-fold (0.85/0.18). However, even for
short incubation times, c.f.a. retains an advantage over f.i.a, although debub-
bling effects are more important for smaller values of ¢, which can substantially
reduce this advantage in practice.

If only very short incubation times are required, and high throughput
rates are advantageous, f.i.a. becomes preferable to c.f.a. Tijssen [13] has
shown that analysis rates of up to 900/h are practical with f.i.a. when
0.2-cm-diameter tightly-coiled (0.2-cm diameter) tubing is used. However,
the incubation times under these conditions are of the order of 2 s, which
limits this application to very fast reactions —if reaction of the sample is
required for detection.

C.f.a. versus f.i.a.: overview

Apart from the considerations discussed above, f.i.a. has advantages over
c.f.a. (as now practiced) for the rapid analysis of samples that require short
incubation times (e.g., of the order of a few seconds). But this limits f.i.a.
applications to very simple situations, and to dedicated as opposed to flexible
or multi-channel analyzers. Many automated assays require longer incubation
times, and c.f.a. then offers higher possible throughput rates. In addition,
automated chemical analysis derives much of its appeal from its ability to
mimic other laboratory manipulations: dialysis, evaporation-to-dryness,
solvent extraction, etc. For these situations, the increased dwell time t
within the system clearly gives the advantage to c.f.a. over f.ia. It thus
appears that there is a place for both f.i.a. and c.f.a. in automated chemical
analysis. The choice of one technique over the other should be made on the
basis of the various compromises involved.

RECENT DEVELOPMENTS IN CONTINUOUS-FLOW ANALYSIS

Apart from the possibilities of increased sample-throughput rate discussed
in the preceding sections, c.f.a. can be further improved by increasing its
versatility; that is, its practical utility can be broadened by adding new
modules or cartridge modifications that provide new processing options.
Since the earlier reviews [1, 2], several such developments have occurred.
While some of these may prove applicable to f.i.a. systems as well, they are
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for the most part better adapted for use in systems that allow fairly long
dwell times. Several of these new c.f.a. options have been developed specifi-
cally for systems that incorporate high-pressure liquid chromatography
(h.p.l.c.) into the system.

Evaporation-to-dryness (EDM) module

Automated sample pretreatment prior to h.p.l.c. separation and analysis
is becoming increasingly necessary [15, 16]. Thus in many h.p.l.c. applica-
tions it is undesirable to inject the raw sample into the column, and often
in such cases it is preferable to automate the sample pretreatment scheme,
Many such sample-pretreatment schemes require the evaporation of some
solvent A from the sample, followed by redissolution of sample into a
different solvent B (e.g., the h.p.l.c. mobile phase). At the same time, the
concentration of sample in the final solution can be increased (if desired)
by decreasing the ratio of final to initial solvent volumes.

The Technicon EDM module, shown schematically in Fig. 9, was designed
to provide just this capability. The sample in solvent A is allowed to flow
onto the moving teflon wire at position 1. Under the influence of the vacuum
(at point 2), the sample stream is pulled into the tube which surrounds the
wire, and coats the wire. Sample flow-rates of 0.5—1.0 ml/min~! can be
accommodated without any loss of sample (by dripping off the moving wire).
During passage of the wire through the tube, the temperature within the
tube can be elevated by heating the air entering the tube (at point 2). This
serves to evaporate solvent A, so that sample arriving at the end of the tube
is free of solvent A. At this point, the moving wire enters a crosspiece (3),
where solvent B is pumped into a right-angle port of the cross and flows
across the wire during its transit through the cross, dissolving the sample
from the wire in the process. Solvent B is then pumped out of the cross at a
slightly higher flow-rate than is used to deliver B to the cross. This serves to
draw air bubbles into the cross (through the ports holding the wire), resulting
in segmentation of solvent B leaving the cross. This allows for exchange of
solvent A by B, as well as for increasing the concentration of sample in B
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SAMPLE IN SOLVENT “A"

Q HO
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H3r—————— 2
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Fig. 9. Schematic diagram of Technicon evaporation-to-dryness (EDM) module. See text
for explanation.
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versus A (by reducing the flow of B into the cross, relative to flow of A onto
the wire).

The utility of the EDM module for automated sample pretreatment in
h.p.l.c. has been demonstrated in several applications (see e.g., [17]). This
same capability should also be useful in other types of automated analyses,
wherever solvent exchange or sample concentration is required.

Coated-tube separations

Simple separation steps are often involved in manual assay procedures.
Sample dialysis was one of the first of these to be adapted to the Auto-
Analyzer. Other operations for which automation is desirable include sample
filtration and low-pressure chromatography. While the latter operations
have already been adapted to c.f.a., these procedures have so far proven
more or less cumbrous and unreliable. A new approach to this general class
of separations is the use of coated tubes: so-called segmented-flow capillary
liquid chromatography [18, 19].

The principle of operation of coated-tube separations in c.f.a. systems is
illustrated in Fig. 10. A length of narrow-diameter tubing is coated internally
with a thin layer of retentive material (stationary phase). The solvent (mobile
phase) flowing through the coated tube is segmented with air bubbles, and
samples are periodically introduced into the tube. Within the tube, any of
the usual chromatographic processes can be carried out, depending on the
choice of solvent and stationary phase. In this way, it is possible to automate
chromatographic separation in c.f.a. without the need for intermediate
debubbling and rebubbling, and with minimum pressure drop across the sep-
paration module. Furthermore, these coated tubes accommodate particulate-
containing samples with no problem, and can also be used to filter such
samples during the separation.

The application of these coated-tube separations in c.f.a. systems has so
far been confined to the use of agarose-coated tubes for gel-permeation
separations. In this mode, rapid filtration of particulates (or proteins) from
the sample is possible, with complete recovery of desired sample constituents,
and with no need for renewable filter elements (filter paper, membranes,
etc.). Figure 11 shows a flow diagram for one such application of coated
tubes in c.f.a., the h.p.l.c. of therapeutic drugs in serum. In manual sample
pretreatment for this assay by h.p.l.c., the usual procedure is to precipitate the
sample protein, spin down the sample, filter the supernatant liquid through a

L
FARNRND S \ AN
stationary mobile phase
phase air-bubble

- Fig. 10. Separation by means of segmented flow through coated tubes.
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Fig. 11. Flow diagram for automated h.p.l.c. of therapeutic drugs in serum with segmented
flow.

Fig. 12. Coated-tube separation of free drug from precipitated protein in a 200 x 0.1 ecm
tube.

0.5-um filter, and then inject the sample. In the coated-tube approach
(Fig. 11), the sample is combined with a precipitating reagent, passed through
an incubation coil to allow completion of precipitation, and then enters a
tube coated with agarose. During passage through this tube, the drug(s) of
interest is separated from precipitated protein, leaving the tube as shown in
Fig. 12, The combined protein/drug fractions are passed through the sample
loop of the automatic injection-valve of Fig. 11, and the passage of particu-
lates (precipitated protein) from the valve loop is monitored by the 630-nm
detector. When the protein band has cleared the sample loop, the valve
injects the sample onto the h.p.l.c. column, and the analysis is completed in
a conventional manner. It can be seen in Fig. 12 that assay rates of 20/h are
possible, as far as the coated-tube separation is concerned; at present, faster
analysis rates are precluded by the speed of the h.p.l.c. separation. However,
improvements in the design of the coated tubes should allow considerably
faster throughput rates in such separations [18].

These c.f.a. coated-tube separations can be extended to other applications
as well. Thus the use of solid reagents would allow reaction with the sample,
after which the excess of reagent could be separated as in Fig. 11. Other
applications will be suggested by different separation problems.

Long-term incubation

When a segmented stream is at rest, there is essentially no dispersion of
sample bands during this “storage” period. This suggests various valving
schemes, in which a series of sample/reagent mixtures can be fed into storage
coils, and then allowed to stay (at rest) in the coils for an extended incubation
time. This overcomes the normal tendency for sample dispersion to increase
with incubation time (eqn. 2), and in principle would allow long reaction
times plus high throughput rates of analysis.

One application of this principle has been discussed for c.f.a. reaction-
detectors for h.p.L.c. [20], but the same approach could be used for other
applications, e.g., the multi-hour incubations required in radicimmunoassay,
when sample concentrations are extremely small.
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Fully automated sample-pretreatment for liquid chromatography (FAST-LC)

The combination of various AutoAnalyzer modules including the Solid-
Prep sampler and other units described above allows the complete automation
of virtually any operation now carried out for the purpose of sample pretreat-
ment prior to h.p.l.c. analysis. These FAST-LC systems are being used for a
variety of purposes, including the determination of vitamins in tablets,
therapeutic drugs in serum, etc. While the advent of these systems is relatively
recent, and therefore published examples are still rather few in number, the
potential area of application is extremely broad. The use of such FAST-LC
systems should see a very rapid growth during the next few years.

Magnetic-particle reagents

In many situations it is desirable to be able to separate sample from
reagent(s) upon completion of some assay reaction. A common example is
provided by radioimmunoassay (r.i.a.), where an antibody reagent, labeled
antigen and sample are incubated together, and then separated into antibody
and non-antibody fractions. Counting of the separate fractions then allows
the determination of the fraction of labeled antigen which is bound to the
antibody. From this measurement the concentration of antigen (analyte)
in the original sample can be determined.

The Technicon STAR system provides for fully automated r.i.a. determin-
ations of various analytes of interest [21]. In the STAR system, the separation
of antibody reagent from the remainder of the sample is achieved as follows.

SEPARATION OF BOUND FROM FREE ANTIGEN

WASTE
—_—
BUFFER —— 1
1 ELECTROMAGNETS ——
CJoni—] b
W ANSEIESL RS Y A E
yanN — [ — =)
LIGHT o
ACTIVATED — © |
SWITCH WASTE
(a) separate & wash
WASTE
—_—
BUFFER —
ELECTROMAGNETS
A CoFAC [E—
(. 29er iR e
2\ [ £
LIGRT o
ACTIVATED C_— ©° |
SWITCH
WASTE

(b) release & count

Fig. 13. Separation of solid-phase (antibody) reagent from sample in the STAR r.i.a.
. system. (a) Separate and wash: magnet ON, particles about to be collected. (b) Release
and count: magnet OFF, particles just released.
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The antibody is bonded to particles which have metallic iron incorporated
into the particle matrix, thereby rendering the particles susceptible to
magnetic attraction. The antibody particles react with labelled antigen and
sample within the STAR system, followed by incubation for completion of
the antibody—antigen reaction. The resulting mixture of particles and
unreacted antigen-plus-sample is then directed to an electromagnet which
surrounds part of the flow network (Fig. 13a). At this stage of the analysis,
the magnet is switched on and the magnetic particles collect on the walls of
the tube near the magnet. Once the remainder of the sample and unbound
reagents are swept past the magnet, the latter is switched off, releasing the
magnetic particles (Fig. 13b). In this fashion, the solid-phase antibody
reagent (plus bound antigen) is separated cleanly from the soluble reagents
plus sample. The particle fraction is then directed to an on-line radiocounter,
to measure the radioactivity of the bound-antigen fraction.

It is apparent that the general principle of the STAR magnetic reagents
can be extended to other applications. In fact, this approach is similar to the
gel permeation coated-tube procedure described above, and certain problems
that can be solved by application of the coated-tube technique can also be
handled with magnetic particles.
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SUMMARY

The basic principles of Flow Injection Analysis are outlined. The parameters governing
the dispersion of the injected sample zone in the system are discussed, and it is demon-
strated how these parameters can be manipulated in order to suit the requirements of an
individual analytical procedure. A number of examples illustrating the practical applica-
tion of f.i.a. are described, comprising the use of automated, stopped-flow, merging-zones,
extraction techniques as well as f.i.a. scanning and methods based on intermittent pump-
ing. Updated lists on f.i.a. procedures published and species that can be determined by
f.i.a. are included.

There are many examples of how progress of science or technical develop-
ment has been hindered by a well established concept or technology. Thus,
it took ten years for A. G. Bell to convince the telecommunication experts
of his era that it is at least as useful to transmit the human voice by wire as
it is to transmit the Morse code (without the aid of the Brazilian Emperor
Pedro the 2nd, who took a fancy to the telephone, it would certainly have
taken even longer). It is hard to believe now that World War II was fought
almost entirely with piston engine propelled aircraft although Whittle
designed the jet engine in 1930 and made the first test run in 1937. Yet, the
established British aircraft engine manufacturers were not interested in this
_crackpot idea because they “knew’” from experience that it would not work.
Thus it comes as no surprise that the areas of lesser technical importance,
such as automation of chemical analysis, are also not immune to this kind
of technological and scientific orthodoxy. The initial scepticism towards

- Flow Injection Analysis (f.i.a.) [1—79], which is based on the use of non-
segmented streams, emanated from the fact that the new method ostensibly
contradicted the basic principles of continuous flow analysis. It was Skeggs’
concept of continuous, air-segmented flow [80] which, being truly ingenious,
had resulted in the widespread use of continuous flow systems for perform-
ing discrete chemical analyses. Thus, it became generally assumed that air
segmentation and the attainment of the “steady-state” signal were essential
prerequisites for performing continuous flow analysis. Yet, although the
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Fig. 1. Comparison of two continuous flow systems with colorimetric flow-through cell
(FC) designed for a simple method based on the colour formation between the sample (S)
and the reagent (R) solutions. The residence time of the sample in the f.i.a. system (left)
is much shorter than in the airsegmented system (right), where the stream has also to be
split prior to measurement between two different waste lines (W) to remove the air
segments from the monitored stream.

presence of air decreases the carryover, this air also prevents miniaturization
of the system and limits its usefulness: because of the inherent compressibility
of air which causes the stream to pulsate; because the air has to be added to
the stream and then removed prior to measurement (Fig. 1); and because the
air segmentation unselectively hinders dispersion of the sample zone with the
sole aim of decreasing the carryover.

While the f.i.a. system might at first seem to offer only some kind of
technical improvement, such as a high sampling rate or a nearly instant
availability of the analytical readout, its concept of controlled dispersion is
in fact entirely new in analytical chemistry and it may very well be the most
important aspect of this new technique.

THE PRINCIPLES OF FLOW INJECTION ANALYSIS

The key to understanding how and why flow injection analysis works lies
in the knowledge of how a sample zone disperses when injected into a con-
tinuously moving, unobstructed carrier stream of reagent and how this
dispersion can be manipulated so that its degree exactly suits the require-
ments of an individual analytical procedure. Leaving chemistry aside, one
can simply measure the dispersion in a simple f.i.a. system, such as that
shown in Fig. 1 (left), by pumping a colourless carrier stream and by inject-
ing an exact volume of a coloured dye and by recording the peak as detected
by means of a flow-through spectrophotometer. Such an experiment will
reveal that, if the solution flows through a thin tube of uniform diameter
(say 0.5 mm) in a laminar flow fashion, then the height, width and shape of
the recorded peak will be affected by three interrelated factors, i.e., sample
volume, tube length and pumping rate. At constant pumping rate the influence
of sample volume and tube length is shown in Fig. 2 which depicts the rela-
tion between the peak height and the length of the measuring.cycle in relation
to the sample volume (Fig. 2A) and the tube length (Fig. 2B). It follows that
any point of the rising part of the peak is as good a measure of the analyte
concentration as the ‘“‘steady-state” value eventually reached and it is there-
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Fig. 2. (A) F.i.a. response curves as a function of injected sample volume. The peak height
increases with the volume of the sample injected until the “steady-state” signal is reached.
All curves recorded from the same starting point S with sample volumes of 60, 110, 200,
400 and 800 pl. Note that D; = 1 for the “steady state”, and that the peak width in-
creases dramatically with increasing sampling volume. (B) Dispersion of an injected sample
zone as a function of tube length travelled.

fore a waste of sample and reagent solutions and of time to try to reach the
plateau of the response curve. In order to obtain reproducible results, how-
ever, the carrier stream must not pulsate and the injection has to be per-
. formed so that always exactly the same volume of the sample solution is
introduced into the carrier stream in a reproducible way. This is best achieved
by a rotary valve furnished with a bypass (Fig. 3).

: When a sample zone moves through an open tube in a laminar flow
© fashion, the original square-wave concentration profile, which the zone had
' when residing in the injection valve, disperses and the degree of dispersion
increases with the length of the tube through which the sample zone has
travelled (Fig. 2B). Thus one can manipulate the dispersion of the sample
zone by choosing the injected volume and the length of tube through which
. the sample zone will travel. In order to obtain maximum sampling frequency
¢ it is necessary to prevent peak spreading as otherwise the sample solution
- would occupy an undue length of the carrier stream and would intermix
with the next oncoming sample zone. An excessively small dispersed sample
zone, on the other hand, would not be sufficiently mixed with the carrier
stream of reagent and thus the chemical reactions would not take place.
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Fig. 3. (A) The principle of a simple rotary valve, the bore of which determines the in-
jected volume. The valve is furnished with a bypass of higher hydrodynamic flow resistance
than the volumetric bore so that the carrier stream can flow continuously through the
manifold lines when the valve is turned from the inject (b) to the sampling (a) position,
(B) Multi-injection valve consisting of a rotor (2) sandwiched between two stators (1 and
3), the whole system being clamped together by a bolt when assembled. The rotor (20 mm
high) has three volumetric bores of which one is shown filled by sample solution S, the
excess of which is drained through the bottom stator at (a). In the rotor position shown,
the carrier stream C bypasses the rotor through a shunt, entering the valve through the
bottom stator at (b). Thus, after turning the rotor (as indicated by the arrow), the precisely
measured sample zone is swept by the carrier stream into the system, because the bypass
conduit has a higher hydrodynamic flow resistance.

As the analytical readout in f.i.a. is obtained from the peak height, the dis-
persion D, has been defined [20] (Fig. 4) as the ratio of the original analyte
concentration C, to the concentration of the analyte in that element of fluid
which corresponds to the maximum of the peak Cmax:D, = Co/C™?%, This
means, that for D, = 2, for example, the sample solution has been diluted 1:1
by the reagent carrier stream. For convenience, dispersion has been classified
as limited, medium and large, and the flow injection systems designed accord-

ingly have been used to accommodate various analytical methods (Tables
1—3).



23

9.2 ml min™'S

D 73
Co !
7/ 1 L
6.5
—Smn___, 59
42
55
in 50

-—
SCAN

Fig. 4. Dispersion in the f.i.a. system. At the point of injection the sample solution is
undiluted with a concentration C, through all its length, i.e. the injection has a square

form. Dispersion causes the concentration to decrease to C™M2aX 35 a function of the
length travelled (L).

Fig. 5. F.i.a. system with limited dispersion used for rapid pH measurement, comprising
a flow-through capillary glass electrode and a conventional calomel reference electrode
[43]. The carrier stream is 2 X 107 M phosphate buffer in 0.14 M NaCl (pH 6.64), each
sample (30 ul) being injected in triplicate (tube: 10 em long, 0.5 mm i.d.).

An example of a design of a system with limited dispersion, in which the
original composition of an undiluted sample solution is to be assayed, is the
measurement of pH which can be performed at a rate of over 240 samples
per hour with a reproducibility of 0.01 pH unit using a simple experimental
setup (Fig. 5). As there is always only one sample in the system at a time,
the measuring cycle, including the washout period, lasts only 15 s and the
actual analytical readout is available less than 5 s after sample injection. The
injected sample volume is 30 ul (or less) and the consumption of carrier
stream (0.14 M NaCl—1 X 10™* M NaH,PO,—1 X 10°* M Na,HPO,) per
measurement is 500 ul. The well defined flow geometry of the system, the
reproducible sample injection and the exact timing allow simple measure-
ments of peak heights instead of the time-consuming approach of measuring
the “‘steady-state’’ signals.

Limited dispersion has also been used for the potentiometric determina-
tion of the calcium activity in serum or the so-called ionized fraction of
caleium [21]. The calcium electrode was placed in a specially designed flow-
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TABLE 1

Instrumental analytical methods and techniques used with f.i.a.

Method/technique Reference

Amperometry 65, 74

Atomic absorption spectrophotometry 40

Chemiluminescence 79

Conductivity 717

Fluorimetry 28,44,75

Immunoassay 78

Potentiometry 1,3,16
pH and ion-selective electrode 8,12,13, 20, 21, 35, 47, 53, 55
Potential difference 26, 68
Titration 10,41

Spectrophotometry 1,2,3,4,5,13,14,15,17, 18, 20, 21, 22,

24, 25, 27, 31, 48, 49, 50, 52, 54, 55, 57, 59,
61, 63, 66, 67,68, 71

Colour-indicator (pH) 52,63
Dialysis 6,9,52
Enzymatic analysis 9, 20, 60, 63
Extraction 19, 20, 22, 28, 38, 51, 56, 69, 70
Isothermal distillation 47
Differential kinetic 36,42, 46, 62
Merging zones 23, 39, 40, 43, 45, 47, 58, 60, 61, 63
Multielement analysis 29,76
pH-Gradient formation 29,76
Refractive index 25,77
Stopped-flow (kinetic) 20, 43, 59, 60
Titration 10, 57, 67
Turbidimetry/nephelometry 11, 18,34,72,76
Viscosity _ 7,77
Voltammetry (anodic stripping) 20, 37
F.i.a. with microprocessor 29, 63, 64, 67,76, 77
F.i.a. theory 1,20,73

through cell, which also accommodated the reference electrode, and b:
incorporating a pH glass capillary flow-through electrode into the system i
was possible to measure simultaneously the pH and pCa of the injecte
sample at a rate of ca. 100 samples per hour with high reproducibility.
Systems with medium dispersion are the most interesting from an analy
tical viewpoint as they encompass a large number of procedures, in whicl
one or several reagents are mixed with the sample solution in order to forn
a coloured, fluorescent, electroactive or other product which then can b
sensed by a flow-through detector (Tables 1—3). In this type of determins
tion not only sufficient mixing must take place, but also sufficient tim
should elapse before the sample zone reaches the detector to ensure that th
chemical reactions involved are allowed enough time to produce an adequat
amount of coloured or other detectable product. Again, because of the higl
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TABLE 2

Flow injection references listed according to area of application

Area of chemical analysis Reference

Agricultural 2,3,5,8,11,12,13, 16, 17, 22, 23, 35, 40, 44, 45, 47,
49,50, 51, 55, 69, 60, 71

Pharmaceutical 7,19, 26, 28, 34, 36, 37, 38, 44, 60, 62, 65, 66, 68, 69,
70,74,77,78,79 .

Clinical 6,8,9,21, 39,42, 43, 44, 46, 52, 53, 54, 60,63, 78

Environmental 4,8,11,12,15,18, 21, 24, 25, 27, 29, 31, 41, 48, 49,
50, 55, 56,57,71,72,76

Review articles 20, 30, 32, 33, 58, 60

reproducibility of the mixing and timing in the unsegmented stream, there is
no need to reach chemical equilibrium in order to obtain valid analytical
results. Here, however, lies the true limitation of the flow injection method,
because if one chooses, say, 30 s as the maximum acceptable residence time
of a sample in the system, then the chemical reactions may reach less than
ca. 25% of their equilibrium signal within the residence time chosen, and this
may not provide sufficient sensitivity for the particular analytical purpose.
Surprisingly, very few spectrophotometric methods have so far been encoun-
tered where an insufficient change of absorbance, caused by a low reaction
rate, has proved to be an obstacle. This has very probably happened because
most analytical methods used in practice are based on fast reactions, and per-
haps also because the samples in many manual methods often have become
very diluted prior to actual measurement as it is more convenient in classical
techniques to pipet and handle large volumes of liquids. In f.i.a. one can, if
necessary, choose precisely a combination of minimum dispersion and
maximum residence time that will exactly suit a particular chemistry.
Many simple colorimetric procedures can be automated by injecting
a sample directly into a carrier stream of reagent (Table 1). An example of
this approach is the determination of nitrite based on reaction with sulpha-
nilamide forming a diazo compound which is subsequently coupled to
. N-(1-naphthyl)ethylenediamine yielding a strongly coloured dye, the absor-
-bance of which is measured at 520 nm. The automated manifold for this
purpose (Fig. 6A) has an injection valve (Fig. 3) which is integrated into one
unit with the sample changer so that the aspiration tube is only 10 cm long. A
bypass is used so that the system consists of two independent circuits, one for
sampling and the other for performing the chemistry and measurement, both
circuits being served by the same pump. A series of nitrite standards and
various samples were analyzed by using two different pumping rates in the
reagent line (x = 4.0 ml min™! or x = 1.4 ml min™!) and by sampling either
at 110 samples/h or 240 samples/h. The sampling line was operated by the
same rate in all cases, though obviously lower pumping rate could have been
used for lower sampling rate. The remarkable absence of carryover in three
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TABLE 3

Species determined by f.i.a.

Species Reference Species Reference
Acids, strong 10, 41, 57 Lead 20, 29, 34, 56
Albumin 39, 44 Magnesium 36, 40, 42, 46, 54,62
Aliphatic amines 79 Manganese 50,79
Aluminum 24,45 Molybdenum 22,51
Ammonia/ammonium 1, 3,5, 13, 35, Nitrate 8,12,13, 31, 35, 48,

47, 49, 55 55,71
Ascorbic acid 20, 26, 37, 65 Nitrite 15,18, 48, 55,71
Cadmium 20, 34, 56 Nitrogen, total 3,5,47,55

(inorg. and org.)

Calcium 10, 21, 36, 40, pH 20,21, 53, 58

46, 54, 62
Carbon dioxide 52 Phosphate 1,2,5,6,13, 14, 23,

35, 57,58

Chloride 4,6,14,18,57 Potassium 8,13, 28, 40
Chromium 27 Proteins 3,17
Cobalt 25 Silver 20
Copper 20, 25, 34 Sodium 8
Codeine 38 Strontium 36,42, 62
Caffeine 19 Sulfate 11,18,72,76
Corticosteroids 66 Sulfite/sulfur dioxide 16, 59
Gallium 75 Thiamine (Vitamin B,) 69
Glycerol 7 Urea 53, 58, 60, 63
Glycine 44 Vanadium 29
Glucose 9, 20, 43, 60 Water, in org. solvents 68
Iron 26,74 Zinc 34

of the four presented runs (Fig. 6B) is a typical feature of a well designed
flow injection system.

The previous examples have dealt with simple procedures where sample
solution was injected directly into one carrier stream thus yielding a signal to
be measured. Often, however, several chemistries have to be done sequentially
as the reagent or the reaction products are incompatible. Initially, it was
doubted that f.i.a. would be capable to accommodate such procedures
requiring addition of further reagents downstream, because it was thought
that the mixing at the confluence points would be either insufficient, or
possibly excessive; in the latter case the carryover would become unaccep-
table. Since then, however, various sequential systems have been designed,
such as the method for the determination of urea, which is based on enzy-
matic formation of ammonia, its oxidation to chloramine, coupling with
phenol and subsequent measurement of indophenol blue; all of this is
manageable in a relatively simple setup (Fig. 7) from which the analytical
readout is available 20 s after sample injection.

The large dispersion may serve two different purposes, either to obtain a
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Fig. 6. (A) Automated f.i.a. manifold used for the determination of nitrite. The sample
(30 ul) is aspirated from the sample changer (S) into the injection valve (Fig. 3B), the
surplus going to waste (W). After injection the sample is mixed with the reagent stream
(10.0 g of sulphanilamide, 0.5 g of N-(1-naphthyl)ethylenediamine and 100 ml of phos-
phoric acid (85%) diluted to 1 1 with water) in the coil (40 ¢m long) and then led to a
flow-through optical cell and finally to waste (W). X denotes pumping rate (see B). Tubes
in sampling and carrier stream lines were 0.5 mm i.d. (B) Calibration curves for nitrite
obtained in the system shown at two different pumping rates of the carrier stream (X).
Standard nitrite solutions containing 0.25, 0.50, 1.00, 1.50 and 2.00 ppm N-NO, are
followed by a number of samples (all solutions injected in triplicate). Each run, lasting
exactly 15 min, shows from left to right sampling rates of 105 and 240 samples/hat X =1.4
ml min~?, followed by 105 and 240 samples/h at X = 4.0 ml min™! (S = 1.8 ml min™" in all
cases). Note that the first and last runs use the appropriate pumping rate X, while the
two runs shown in the centre have either too high carryover (left) or too high reagent
consumption per analysis (right).

suitable sample dilution, or to produce a concentration gradient which
extends over a well defined period of time. If the sample material is too
concentrated to be directly assayed, rapid dilution can be effected simply
by injecting a very small volume (1 to 5 ul) into a system designed to yield
for instance D, = 20. As such a small injected sample zone is very short, it
will, even when dispersed twenty times, pass through the flow cell in less
than 5 s at a pumping rate of 1 ml min™, and therefore, the sampling fre-
quency would be as high for this system with large dispersion as for the
above-mentioned systems with limited and medium dispersion.

In other applications, however, it may be desirable to stretch the length of
the sample zone so that the concentration gradients formed at the interface
between the carrier stream and the sample zone might take 30 s or even
more to pass through the flow cell. Examples of such an approach are the
Flow Injection Titrations, where not the peak height, but the peak width is
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Fig. 7. F.i.a. manifold for determination of urea in serum where ammonia from the
enzymatic conversion of urea is oxidized to chloramine and coupled with phenol, and
the resulting indophenol biue is measured at 620 nm. The sample (30 ul) is injected
at point S; all tubes are of 0.5 mm i.d; tube lengths are stated in cm. The output on the
left side is a series of peaks recorded from the same starting point (S) which confirms
that regardless of the concentration of urea the whole measuring cycle is complete
within 20 s after sample injection. The output on the right-hand side is from triplicate
injections of a series of standards in the range 2—20 mM urea and ten injections of a
serum sample containing a normal urea level.

measured (in time units); this width corresponds to the amount of titrant
equivalent to the amount of analyte injected into the system [10, 57]. Thus,
the f.i.a. system used for titration is built around a mixing chamber (Fig. 8)
which provides not only the large dispersion of the sample, but also a strictly
exponential concentration gradient because the chamber volume dominates
the total volume of the system. For instance, when a sample of acid is
injected into a carrier stream consisting of strong base and an indicator (e.g.,
bromothymol blue), the photometer will record a change from the basic
(blue) to the acid (yellow) form of the indicator twice during each titration
cycle (Fig.8): first when the front of the sample zone passes through the
detector, and second when the equivalence point, located on the falling
“tail” of the peak, leaves the flow cell. The time interval between the two
colour changes t.,, therefore increases with the concentration of the acid
in the injected sample (C,;4) and it can be shown that:

teq = (V/v) In 10 log Caesq — (V/v) In 10 log Cpaee

where V is the volume of the mixing chamber, v is the pumping rate, and
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Fig. 8. F.i.a. titration of acid with base. The manifold (top) comprises a mixing chamber
having a volume of 1 ml (G), where a well defined concentration gradient is formed of
the injected acid sample zone within the alkaline carrier solution containing the indicator.
The change of the indicator colour from blue to yellow is monitored as shown in the
record below. The time interval (¢4 ) between the two square points on the ascending and
descending parts of each curve is the measure of the concentration of the injected sample
(for details see text).

Fig. 9. The influence of a mixing chamber on the dispersion of a 50-ul sample of a dye
injected into a f.i.a. system consisting of 50 cm of 0.5 mm i.d. tubing without (curve A),
and with (curve B) a mixing chamber having a volume of 1.9 ml; pump rate 1.5 ml min™!
in both cases. (S is the point of injection, D; is the total dispersion of the sample in the
system. )

C,.s 18 the concentration of the base (in the carrier stream) which reacts
with the injected acid in a 1:1 stoichiometric ratio.

Exploitation of such concentration gradients seems to be one of the most
interesting aspects of f.i.a., as in principle it becomes possible to extract
several items of information from one injected sample zone. Based on this
concept a mixture of metal ions was analysed by measuring the extent of
colour formation with the PAR reagent along an elongated pH gradient [30].

Unless, however, that there is a need to create a concentration gradient,
which is stretched in time, i.e., in cases where it is not the peak height but
the peak width which is to give the analytical information, the use of a
mixing chamber should be strongly discouraged as its presence not only
greatly diminishes the sampling frequency but also dramatically decreases
the recorded peak height. Thus, a simple dispersion experiment, performed
on a zone of injected dye in a system without (Fig. 9, curve A) and with a
very small mixing chamber (Fig. 9, curve B), shows the substantial decrease
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in the peak height and in the sampling frequency caused by increased dis-
persion. In this context it should be emphasized that it is not only the
mixing chamber per se which should be avoided but also dead volumes
of any kind in the system caused by, e.g., a poorly designed injection port,
bad connections between coils, and the use of a flow-through cell with
excessive capacity.

CHEMICAL SEPARATIONS

The f.i.a. systems described above were designed to handle one-phase
systems consisting of one or several aqueous carrier streams. It was therefore
a significant advance when Karlberg [19] and Bergamin et al. [22] indepen-
dently designed a f.i.a. system for solvent extraction capable of mixing and
separating two immiscible liquids. This technique proved to be very efficient
and has become successfully adapted in pharmaceutical control [38, 69, 70].

As an example, the aqueous sample is injected into an aqueous carrier
stream (Fig. 10) to which at (a) the organic phase is continuously added, and
after passing through the extraction coil (b), the phases are separated at
point (c¢) and further carried through the flow cell for continuous measure-
ment. The key to successful performance of this method, which has a
standard deviation of less than 1%, is the extreme regularity with which
small droplets of organic phase are dispersed within the carrier stream and
collected for spectrophotometric measurement free of any trace of aqueous
phase. The truly ingenious design of the dispersing and separating devices
can be found in the original work of Karlberg et al. [19].

Though solvent extraction so far has been employed in connection with
spectrophotometry and fluorimetry (Table 1) (interestingly, in the latter
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Fig. 10. F.i.a. manifold for the determination of trace metals by solvent extraction with
dithizone in CCl,. The aqueous sample (S) is injected into the aqueous carrier stream
(AQ) to which at (a) the organic phase (ORG) is continuously added and after passing
through the extraction coil (b), made of teflon tubing, the organic phase is again separated
at point (c) and further carried through the flow cell for spectrophotometric measurement.

Fig. 11. Automated f.i.a. manifold used for the determination of nitrate by reduction to
nitrite with spectrophotometric detection (Fig. 6). The sample (30 nl), aspirated from the
sample changer (S), is injected into a 0.25 M acetate solution of pH 6.0 (A) and then
carried to the reduction column filled with small zinc chips. The nitrite produced is then
mixed with the colour-forming reagent solution (R) (see Fig. 6). All tubing 0.5 mm i.d.
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case the organic phase was not separated from the aqueous phase prior to
measurement [28], it should be very rewarding to use solvent-extraction
f.i.a. systems in connection with atomic absorption.

Gas diffusion from a donor stream into an acceptor stream, where two
streams run in parallel separated from each other by a suitable membrane,
is a well known, highly selective technique, frequently used in air-segmented
continuous flow systems. In unsegmented streams the diffusion unit can be
much miniaturized and the flow rate considerably reduced. For ammonia
measurements, microporous teflon membranes are the most suitable, while
nonporous silicone rubber or cellophane membranes have been used for
measurements of carbon dioxide [52]. The absorbed gas changes the pH
of the acceptor stream and this can be most conveniently measured spectro-
photometrically via an acid—base indicator, the change in absorbance being
proportional to the logarithm of the concentration of analyte. However, by
adding a mixture of appropriately selected indicators to the acceptor stream
and ensuring that its buffering capacity is maintained at a constant level, the
change of absorbance will be a linear function of the concentration of
analyte, thus greatly enhancing the precision of measurement [63]. Most
recently an ingenious isothermal distillation system was designed for f.i.a. [47]
in which the diffusion membrane is replaced by an air gap.

SYSTEMS WITH A COLUMN

As the f.i.a. apparatus is, in contradistinction to chromatographic setups, a
low-pressure system operated by a simple peristaltic pump, the use of solid
particles in the form of columns is restricted to very short units. Further-
more, whereas the purpose of the column in chromatography is to separate
each individual sample into several separate components, the column in the
f.i.a. system is designed to perform the same chemistry on each individual
sample with the aim of producing a detectable species. The column material
might thus contain an insoluble enzyme, an oxidant or a reductant. As an
example of such an approach may serve the determination of nitrate which
is done colorimetrically after reducing nitrate to nitrite on a column filled
with particles of a reducing metal [48, 71]. An automated f.i.a. system
equipped with a column filled with small zinc chips (Fig. 11) is capable of
operating at a sampling rate of 180 samples per hour, with the analytical
readout available within 15 s of sample injection (Fig. 12). There are two
interesting features of this approach: first, it is possible to design the column
in such a way that the dispersion of the sample zone is kept at a minimum,
permitting a complete washout of the system within 20 s after sample injec-
tion. Despite the short residence time, the efficiency of the reduction of
nitrate to nitrite is 5% for the sampling rate of 180 samples/h and 45% when
the system was operated at correspondingly lower pumping rates (A =R =1.2
ml min~'), at 90 samples/h; thus by decreasing the sampling frequency by
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Fig. 12. Long-term stability test of the nitrate reduction column used in the system
shown in Fig. 11. A series of 7 samples (1.0, 2.0, 3.0, 4.0, 5.0, 7.5 and 10.0 ppm N-NO,),
each in triplicate, were placed in the sample changer and the system was then operated
continuously for 6 h every day over a period of 3 days (sampling rate 180 samples/h).
Only during the 3rd day did the column show signs of gradually reduced efficiency.

a factor of 2 the sensitivity of measurement is increased almost 10 times. The
other interesting aspect is that the life-time of the column in terms of days,
and in terms of numbers of analyses performed (Fig. 12), is prolonged
compared to conventional ‘‘steady-state” operation because the exposure
time to the sample solution is shorter and the wash periods are longer.

STOPPED FLOW AND F.I.A. SYSTEMS WITH INTERMITTENT PUMPING

One of the most important findings of f.i.a. theory [20] has been that
in order to increase the residence time one should decrease the velocity of
the carrier stream rather than increase the length of the reaction coil, because
the latter technique leads to increased dispersion (cf. Fig. 2) whereas lower
pumping rates result in less dispersion. Should the carrier stream cease to
move, then dispersion of the sample zone will cease (except for a negligible
contribution from molecular diffusion) and D, will become independent of
time. Thus by applying intermittent pumping, reaction time can be gained
during the stop interval when the carrier stream does not move.

If the sample zone is stopped within the flow cell itself, it is possible to
record the change of, say, absorbance, caused by the reaction between the
sample component and the reagent constituting the carrier stream. The
obvious prerequisite for success of such a reaction rate measurement is that
movement of the carrier stream can be exactly controlled from the opera-
tional pumping rate used to complete standstill, and that always the same
section of the sample zone can be reproducibly held within the flow cell
for measurement. In practice this is best achieved by using an electronic
timer (T, Fig. 13) which is activated by a microswitch connected to the
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Fig. 13. Simple stop—flow f.i.a. manifold. When the sample (S) is injected, the electronic
timer (T') is activated by a microswitch positioned on the injection valve. The time from
injection to stopping of the pumping (delay time) and the length of the stop time can
both be preset on the timer.
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Fig. 14. The principles of the stop—flow f.i.a. method demonstrated by injecting a dye
sample into a colourless carrier stream and recording the absorbance in a flow-through
cell. All curves recorded from the same point (S) by injecting 26 ul of the same dye: (a)
continuous pumping; (b) 9 s pumping, 14 s stop and continuous pumping again; (¢) hypo-
thetical line corresponding to any chemical reaction during the 14-s stop interval.

Fig. 15. (A) F.i.a. manifold for stop—flow determination of SO, in wine. The sample
(10 ul) is injected into a carrier solution of pararosaniline (0.08% in 0.3 M H,SO,) to
which is added a solution of formaldehyde (0.5% in 0.3 M H,SO,) which catalyzes the
reaction. After mixing in the 15-em (0.5 mm i.d.) coil, the sample zone is stopped in the
flow-through cell for measurements. (B) Calibration record for sulphur dioxide with the
system in (A). The concentrations are given in ppm SO,. The delay time was slightly
longer than the residence time, i.e., the samples were stopped shortly after the peak
maxima had been passed. As the stop time was identical in all cases (15 ), the analytical
result corresponds to the peak increase during the stop interval. To the right are shown
recordings for determination of the free sulphur dioxide contents in two white wines
(Touraine Blanc, 29 ppm; and Gumpoldskirschner, 1977, 18 ppm).

injection valve. Thus any delay time as well as any length of stop time can
be chosen so that it suits the chemical reaction rate involved. The perfor-
mance of an f.i.a. system made for this purpose was tested by injecting a
solution of a dye and by measuring the absorbance when pumping con-
tinuously (Fig. 14a) and then during a stop—flow cycle (Fig. 14b). The
horizontal portion of the curve recorded during the stop period confirms
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the feasibility of this type of measurement; the dotted line (c) indicates the
record that would have been obtained if a chemical reaction had taken place.
Rate measurements are often used in clinical chemistry and therefore the
enzymatic assay of glucose based on the use of glucose dehydrogenase
coupled to the spectrophotometric measurement of the coenzyme NADH
became the first chemistry incorporated into a stopped-flow £.i.a. system [43].

Another interesting example is the determination of sulphur dioxide in
wine, based on the well known West—Gaeke [81] method in which the pink
compound formed by the reaction between pararosaniline and sulphur
dioxide, and catalyzed by formaldehyde, is measured at 580 nm. While
sulphur dioxide (which is always present in wine as a preservative) can be
determined in samples of white wine by simple direct measurements, the
colour of red wines interferes, especially because different wines provide
variable blanks. This, however, can be corrected for each individual sample
by measuring the increase of absorbance caused by the sulphur dioxide—
pararosaniline reaction while the sample zone is stopped within the flow-
through cell (cf. Fig. 14). As the premixed reagent is not stable in time,
the simplest stop—flow system (Fig. 13) had to be slightly modified (Fig. 15A)
to accommodate two reagent lines. This arrangement allowed the sulphur
dioxide to be determined in wines at a rate of 105 samples/h with the analy-
tical readout available 23 s after sample injection (Fig. 15B).

It is interesting that-the stop—flow technique can utilize any section of
the dispersed sample zone, i.e., by monitoring not only the peak maximum,
but any segment on the tailing portion (Fig. 16, curves a—e). At the top of
the peak the sample/reagent ratio corresponds to D,, but this ratio will
gradually change along the tail and so will the rate of the reaction, con-
sequently causing different slopes of the rate curves. Hence, the dispersion
along the length of the peak zone can be exploited in order to discover the
section of the sample zone in which the sample/reagent or sample/enzyme
ratio is most suitable for the particular assay, without the need to change
any other feature of the f.i.a. system. Thus, in contrast to conventional
stopped flow systems in which sample and reagent solutions are completely
mixed by force in a special chamber, the stop—flow injection method readily
allows adjustment to obtain optimum measurement conditions. Also, mixing
takes place in the simple tubing without any special auxiliaries, so that the
apparatus is simple to construct, and the stop—flow method is obviously less
demanding on reagent consumption than the continuous flow approach.
It should, however, be pointed out that if the rate of the sample zone dis-
persion is slower than the rate of the chemical reaction involved, the result
will be distorted, and therefore f.i.a. is unsuitable for extremely fast reaction
rate measurement.

Another aspect of operating a flow injection system with intermittent
pumping becomes apparent when two pumps are used in such a way that
they operate at different time intervals in a prefixed time sequence. The
simplest use of such a system is to increase the sampling frequency by
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Fig. 16. Stop—flow analysis for glucose [43] showing the influence of increasing stop
delay time on the slope of the reaction curve. The stop period of 15 s started after sample
injection (S) within: (a) 7.8 s;(b) 8.8 s; (¢) 9.8 5;(d) 10.8 s; and (e) 11.8 s (curve f corre-
sponds to continuous pumping). The sample volume was 26 ul; glucose concentration
10 mM; manifold Fig. 22.

Fig. 17. F.i.a. system operated with intermittent pumping. The sample (S) is injected into
the reagent stream (R) propelled by pump L. After the peak maximum has been recorded
by the detector, pump I is stopped and pump II is activated to wash the sample out of
the system (pumping rate y > x, c.f. Fig. 18). After a preset time, pump I is restarted
and pump II stopped, thus permitting a new sample injection. All lines are 0.5 mm id.;
the line length from the point of injection to the T-joint is 25 cm, and from there to the
flow cell 75 ¢m.

increasing the wash-out speed of a coil and a flow cell by stopping the first
pump and starting the second one immediately after the top of the peak has
been measured. This is simply achieved by using a f.i.a. system such as that
depicted in Fig. 17 where the first pump of slower pumping rate delivers the
reagent stream while the second pump, having a higher pumping rate, delivers
only wash solution (water). Thus, immediately after the peak maximum has
passed the detector, the first pump is stopped and the second one is operated
until the next sample is injected into the system. This approach allows an
increase of the sampling frequency (Fig. 18) and greatly economizes on
reagent solution.

THE MERGING ZONES PRINCIPLE

High reagent consumption is a main disadvantage of all continuous flow
systems which, in contrast to batch analyzers, use the reagent continuously
even when no sample is present in the apparatus —notably during the start-up
and shut-down procedures, as well as through coffee breaks. This problem is
less serious in f.i.a. where the volume of the sample path is seldom larger
than a few hundred microlitres, and is therefore easy to fill and wash in less
than 1 min with small amounts of reagent or wash solutions. If, however, an
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Fig. 18. Curve (A) was obtained with the intermittent pumping system in Fig. 17 by
injecting 20 ul of a coloured dye solution. Pumping rates: x = 0.9 ml min™'; y = 4.0
ml min—!. As the residence time of the sample in the system was 18 s, pump I was operated
for a preset time of 19.9 s while pump II was stopped; then pump I was stopped and
pump II operated for a preset period of 12 s to flush out the sample, whereupon pump I
was reactivated and pump II stopped. This allows the sampling rate to be approximately
doubled compared to continuous pumping of pump I alone (curve B).

expensive reagent or an enzyme is used, it is wasteful to pump these solu-
tions continuously, because the reagent occupies the entire flow system.

The merging zone principle avoids this uneconomical approach by inject-
ing the sample and introducing the reagent solutions in such a way that the
sample zone meets the selected section of the reagent stream in a controlled
manner, while the rest of the system is filled with wash solution or only
pure water. This can be achieved in two different ways (Fig. 19A and B), by
intermittent pumping [61] or by the use of a multiple injection valve [23,
39, 43].

The merging zones system based on intermittent pumping is shown in
Fig. 20 where two pumps are operated in such a way that when pump I is
in go position, pump II is in stop and vice versa. Thus the sample zone can
be first brought from the injection port by means of a pump I, then at a
chosen distance from the merging point pump II can be started which still
brings the carrier stream forward while the reagent is being added (cf. Fig.
19A); after the sample zone has passed the merging point, pump I can be
reactivated while pump II is stopped again. This approach allows the length
of the reagent zone to be regulated simply by choosing different go and stop
periods on the timer, and makes it possible to create different concentration
gradients on the interface between the sample zone, reagent solution and
carrier stream (Fig. 21).
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Fig. 19. (A) Merging zone system with intermittent pumping: (from top) (a) the sample
zone is injected into line I and propelled forward (by pump I) by an inert carrier solution,
while pump II controlling the reagent solution, is stopped. When the sample zone has
reached the merging point (b), pump II is activated, delivering reagent, and pump I is
stopped. After addition of reagent, pump I is reactivated and pump II stopped. (B) Syn-
chronous merging of two zones in a symmetrical system with continuous pumping: (from
top) (a) equal sample and reagent volumes are injected, (b) merge with identical velocities
after passing through equal lengths of tubing, and (¢) continue downstream while being
mixed and dispersed into the carrier stream.

Bergamin et al. [23] and Mindegaard [39] independently suggested the
use of a multi-injection valve and demonstrated that the f.i.a. merging zone
approach is feasible. The purpose of using a valve, such as that shown in
Fig. 3B, is to inject sample and reagent zones into two separate carrier
streams pumped at the same speed (Fig. 19B and Fig. 22) which then meet
in a controlled manner. As distilled water (or diluted buffer—detergent
mixture) might be used as carrier in both streams, the reagent volume
consumed per determination may be as little as 30 ul {43]. The carrier
streams can be pumped continuously — for single point measurements — or
intermittently, for stop—flow rate measurements.In fact,the above-mentioned
stop—flow glucose measurements [43] were done by using the merging zone
system depicted in Fig. 22. The enzyme consumption, about half an enzyme
unit per sample, was about twenty times lower than that of the corresponding
AutoAnalyzer method, and the analytical result was available 30 s after
injection of 10 ul aqueous standard or serum sample solutions [43].



38

03}

0.2

cAr[x ] o1k

CAR

0F

e 1 PIMP1I
=== PUMP II

Fig. 20. F.i.a. manifold for merging zones system based on intermittent pumping (cf,
Fig. 19A), operated so that when pump I is in the GO position, pump II is on STOP,
and vice versa. After sample injection (20 ul) and a preset delay, the timer (T) stops
pump I and activates pump II. Reagent is added at z ml min™', while the sample zone
is carried forward at y ml min™' by pump II. After a preset time, pump II is stopped
and pump I is reactivated. All lines 0.5 mm i.d.; tube length from injection point to
T-joint 25 cm; from there to the flow cell (including the coil) 75 cm.

Fig. 21. Trace obtained with the f.i.a. system in Fig. 20 demonstrating the merging zones
principle with intermittent pumping. Pumping rates: x =2.0mimin™,y =z = 1.0 ml min™.
The shaded peak was recorded by injecting 20 ul of bromothymol blue solution (1.0% w/v)
into a colourless carrier stream, pumped by all three lines x, y and z. Next, colourless
solution was injected as well as pumped by lines x and y, while a bromothymol blue
solution (0.5% w/v) was pumped through line z. A delay time of 0.3 s was used in all
experiments, but pump II was activated for increasingly longer periods: (a) 5s, (b) 10 s,
(c) 15 s, (d) 20 s. The reagent zone broadens over the sample zone, until a *“reagent
steady-state’’ (where Dg = 1) is reached. Obviously pumping for 10 s (curve b), corre-
sponding to 166 ul of reagent per sample, is more than sufficient to cover the shaded
sample zone,

The merging zone concept might, if applied to a wider range of enzymatic
assays, reverse the present trend towards the use of insolubilized enzymes,
not only because of the high sampling rate and instant response of the f.i.a.
system, but also because rate measurements and blanking are not so readily
accomplished in systems where enzymes are fixed in the form of columns
or tubes.

The drawback of the merging zones approach is that a variable baseline
signal will affect the measurement unfavourably if the injected reagent zone
alone is sensed by the flow-through detector. Thus in spectrophotometry
the reagent should be colourless or at least should not absorb significantly
at the wavelength at which the reaction product is being monitored. The
most interesting aspect of the merging zones approach is its great versatility
when accomplished by intermittent pumping (Figs. 18, 19A and 21). By
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Fig. 22. F.i.a. manifold for the synchronous merging of two zones in a symmetrical
system as used for determination of glucose [43] where the carrier stream is pumped at
equal rates in lines x and y (1 ml min™') through tubes of equal length (a = b =10 cm, i.d.
0.5 mm). The merged zones are then transported through line ¢ (30 cm long, 0.756 mm
i.d.) to the flow cell (FC). The sample is injected at S through port A, while the reagent
(enzyme) is injected through port B to which the reagent (enzyme solution) is transported
through the line z. The volume of injected reagent (enzyme) was 26 ul, while the sample
volume was 26 or 10 ul depending on the required sensitivity. T denotes the electronic timer.

choosing different lengths of reagent zone, it is possible to obtain individual
blanks for the reagent alone, sample alone as well as the rate of formation of
the reaction product.

DEVELOPMENT OF F.I.A. PROCEDURES

It is an interesting experience as well as a challenge to adapt an existing
analytical method to a f.i.a. system. When searching for a suitable chemistry
for a given determination, a great deal of inspiration is to be found in the
older as well as the more recent literature on colorimetry and spectro-
photometry and in newer works on fluorimetry and luminescence. Naturally,
fast chemical reactions, which can be accommodated in the simplest f.i.a.
system, ought to be tried first, and no efforts should be spared in trying to
increase the reaction rate by changing the reaction medium, by applying
heat or by using catalysis. As a rule of thumb, any colour-forming reaction
which yields an observable change in colour in a test tube within a minute
of mixing the sample and reagent solutions should be adaptable for f.i.a.; in
contrast to manual procedures, it is not essential that the reactions used in a
f.ia. system attain chemical equilibrium and the reaction product does not
have to be stable for more than, say, 1 min. For the same reason, the condi-
tions of manual procedures, such as pH, which may have been chosen to
ensure the stability of the reaction product rather than to increase the initial
reaction rate, may often serve merely as guides rather than represent optimal
conditions for an f.i.a. procedure. Therefore, following an initial “test tube”
test, a simple manifold must be constructed in which the influence of the
coil length, pumping rates, and reagent concentrations as well as the sample
volume should be further investigated.

The influence of pH is best investigated by the f.i.a. scanning method, the
principle of which is shown in Fig. 23 for a study of solvent extraction of
metal dithizonates [56], where the pH of the carrier stream is continuously
altered by means of potentiostatic control. Thus, by injecting a number of
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Fig. 23. The f.i.a. scanning method, illustrated by the solvent extraction of lead by
1 X 10™* M dithizone solution in carbon tetrachloride. The pH in the gradient vessel
G, originally containing 1 x 107> M HNO,, is gradually changed via a potentiostatically-
controlled pH electrode by adding 0.1 M NaOH from an autoburette (ABU). Thus an
aqueous carrier stream (AQ) of gradually changing pH is pumped to the sampling valve
(S) where 30-ul aliquots of 1 x 107* M Pb(NO,), solution are injected at regular intervals.
After extraction with organic phase (ORG) and phase separation (point c), the absor-
bance (A) of the extracted lead dithizonate is continuously measured at 520 nm in the
flow cell (FC). The pH and the absorbance are simultaneously fed to an x—y recorder,
the output of which is shown atop the figure. Less than 25 min is needed for this com-
plete investigation.

Fig. 24. Number of f.i.a. papers published per year since 1974 — when the technique was
first introduced — by the research group of this Department (line A) and by others (line
B). The latter line is not fully drawn at the end as it includes only the references listed at
the end of this paper.

samples of identical analyte content (10™* M Pb(NO3;), in the example shown),
and by recording the absorbance of the extracted species on the vertical
axis and simultaneously recording the pH on the horizontal axis of an x—y
recorder, it is possible to obtain, in less than 30 min, the pH profile of the
extraction procedure, which would require at least ten times more chemicals
and time to investigate by manual methods. The catalytic activity of enzymes,
the influence of pH on ion-selective electrode measurements and numerous
other investigations can be done even faster in a similar way, as they do not
involve mixing and separation of two immiscible phases. Admittedly, in this
type of flow injection scanning, the true equilibrium conditions are not
measured, because the sample residence time in the system is too short, but
the measurements reflect correctly the conditions in that dynamic situation
valid for that particular f.i.a. manifold, and therefore yield the optimum
conditions for automated determinations.

In this context, it is appropriate to mention the advantages of using micro-
computers in connection with the development of chemistries for £.i.a. systems
and in processing the read-out signals from the f.i.a. systems. An example of
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choosing the optimum buffer composition for an indicator—buffer system
with a linear pH response is the work on enzymatic analysis [63], recently
completed in this laboratory, in which programmes for automatic measure-
ment of buffering capacity and digital readout at peak maximum are de-
scribed. With regard to controlling the functions of the f.i.a. system and the
timers which control the pumps for intermittent pumping, conventional
electronic circuits have hitherto been employed. Yet, for this purpose also,
the use of a hobby-type microcomputer, such as the Commodore PET, offers
advantages in providing greater flexibility, primarily because of the easy
reprogramming of the system.

FUTURE DEVELOPMENTS

The versatility and simplicity of the f.i.a. systems will possibly lead to a
significant change of attitude towards automation in the analytical labora-
tory where the use of an automated system is still viewed as justifiable only
when large numbers of samples of the same type have to be analyzed daily.
Yet, it is worthwhile to analyse even small numbers of samples with a simple
system which can be started and closed down in a few minutes, and which
can be easily reprogrammed from one type of analysis to another.

It might be objected that such a change of attitude should have happened
20 years ago, when segmented continuous flow analysis was introduced. Yet,
the use of air-segmented systems remained confined to the routine assay of
many samples, either because of the slowness of response, bulkiness, or cost
of the instrumentation, or because the philosophy of ready-made automated
procedures did not appeal to pedagogic and research-oriented university
chemists. The enthusiasm with which f.i.a. experiments have been greeted by
undergraduate and graduate students in this Department [57], the recent
increase in publications dealing with new f.i.a. methods (Fig. 24), as well as
the present symposium indicate that such a change of attitude is now taking
place.

How soon this change will reach the routine laboratory depends entirely
on when a well designed, fully automated f.i.a. instrument becomes com-
mercially available, because, as experience has shown in the past, no instru-
mental method has become widely used until, say, a reliable polarograph or
atomic absorption spectrophotometer could be purchased. It is, however,
very important that the fi.a. instrument should fulfil certain minimum
requirements as to the degree of dispersion, residence time, sample and
reagent consumption, and maximum size (it certainly should not be larger
than a typewriter); otherwise it would not reach the sampling frequency and
yield the almost instantaneous response which are the main features of a well
designed f.i.a. system.

Even more has to be done on the theoretical side, where the dispersion of
the sample zone must be investigated in much greater detail. Very little is
known about the microstructure of the concentration profiles when the
sample zones merge, pass sharp bends and change velocity or direction. The
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theory of dispersion, although very useful, is far from exact and complete.
Its further pursuit will allow better understanding of the concept of con-
trolled dispersion, which is entirely new in analytical chemistry, where
complete mixing of sample and reagent solutions was thought to be a necessary
prerequisite for performing a chemical assay. Only deeper theoretical
studies will lead to design of even more advanced continuous flow techniques,
which, together with the numerous different techniques discussed in this
paper, will allow chemical analyses to be performed in new ways.

The authors express their appreciation to Inge Marie Johansen and Flem-
ming Mikkelsen for conscientious technical assistance; to Anders Ramsing
for stimulating discussions; to Susanne Helmark, Ove Broo S¢rensen and Eva
Thale for help in preparing the figures; and to the Danish Council for Scientific
and Industrial Research, the Danish Natural Science Research Council and
the International Atomic Energy Agency, Austria, for financial support.
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SUMMARY

A survey is given of the different fields of application of flow-through techniques
employing electroanalytical detectors. Emphasis is placed on recently developed titration
techniques.

Analyses in flowing systems produced their first remarkable results in the
field of the elucidation of reaction mechanisms and determination of reaction
kinetic relationships in the 1940’. Despite these initial successes, flow-
through techniques were introduced into general analytical practice only
about twenty years ago. There are two main reasons for the present wide-
spread use of these methods. On one hand, the analytical problem itself may
require that the analysis be carried out in streaming solution, when for
example continuous information is demanded on the composition of a
- streaming solution (biological fluid, industrial effluent, eluent, etc.). On the

other hand, the special advantages offered by flow-through analytical tech-
niques can justify their use for other routine purposes. In general, the main
“fields of application of flow-through techniques are: laboratory analysis,
i.e. automatic serial analysis, analysis under flow-through conditions, e.g.
study of dissolution processes, and industrial and environmental monitoring.
The flow-through analytical channel is the essential part of the technique;
its construction and size may differ widely depending on the nature of the
analytical problem. The design of flow-through analysis systems is increasingly
based on theoretical considerations borrowed from chemical engineering, for
example, in gradient titrations [1, 2], injection techniques [3, 4] and con-
tinuous calibration of ion-selective electrodes [5]. The dispersion of dissolved
material in segmented [6, 7] and unsegmented [8] flowing streams has also
been described by using the concepts of chemical engineering. Surprisingly,
the description of phenomena in unsegmented streams seems to be more
complicated than in segmented ones.
The common feature of such systems is that a flow-through detector cell
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is always situated at the end of the analytical channel. Although most instru-
mental methods may be employed for following the concentration profile
prevailing in the detector cell, optical detectors are most widely used. Conse-
quently, most of the knowledge concerning flow-through methods and
apparatus is related to the application of optical detectors. The parallel
improvement of flow-through techniques and the development of new types
of electroanalytical detectors have introduced more theoretical and technical
problems, and have also led to the accumulation of a new range of knowledge.
The present paper provides a survey of recent results and problems connected
with the application of flow-through techniques employing electroanalytical
detectors, with special emphasis on laboratory methods and equipment.

Ion-selective and voltammetric electrodes are the main electroanalytical
detectors used for carrying out analyses in flowing solutions; conductimetric
detection is mainly used for process streams. Such detection generally has
a number of advantages in flowing systems compared with stationary systems
[4], e.g., higher sensitivity, shorter response time and elimination of mani-
pulation effects caused by displacement of the sensors. The requirements for
electroanalytical sensors under flow-through conditions are increased in several
respects: (a) response time; (b) long-term stability, which involves reproduc-
ible renewal of the working electrode surface area; (¢) the constancy of the
potential of the reference electrode, etc. The detailed requirements depend
on the measuring technique employed.

The development of flow-through analysis systems and of the detectors
used are interdependent. For a certain type of flow system, the detector
must be capable of extracting the sought information at the output of the
analysis channel. If, for example, fast concentration changes must be followed,
an enzyme sensor or gas-sensing probe is unsuitable because of its slow re-
sponse [4]. An important feature of some electrochemical detectors is that
their signal is determined by the concentration or activity of the measured
species in the vicinity of the electrode surface; such detectors measure local
rather than volume average concentrations. Therefore it is very important
that there be an unambiguous relation between the average concentration in
the cross-section of the analysis channel and the concentration at or near the
electrode surface. (Naturally, there are detectors such as dielectrometric and
conductimetric detectors, the response from which is characteristic of the
average concentration of the solution between the electrodes.) Other require-
ments for detector cells incorporating electroanalytical sensors are generally
the same as those for other types of flow-through detectors (e.g., small dead
volume and thus small cell volume, long-term stability, simple construction,
in some cases high sensitivity). In addition, low electrical resistance and, in
most cases, well defined hydrodynamic conditions in the detector cell are
especially important. Detector cells of different construction have been de-
scribed. In flow-through voltammetry, tubular cells [4, 9], possibly containing
tubular working electrodes, [10], and thin-layer cells [11, 12] are most
commonly used. For potentiometric measurements, tubular cells [13, 14],
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microcapillary indicator electrodes [4] and flow-through caps [15] have
been employed.

If the choice of detector and detector cell has already been made, the
analysis system usually has to be adapted accordingly. This adaptation may
consist of choosing the appropriate flow rate, mixing a conditioning solution
for the electrode with the effluent of the analysis system, changing the pH of

the effluent, etc. In some cases, fundamental changes in the analysis channel
" are necessary to match the features of the detector, e.g. for the measurement
of the total nitrogen content of foodstuffs with an ammonia probe [16].

Flow-through analyzers designed originally with optical detection can be
equipped with electroanalytical sensors. However, numerous new techniques
have been developed recently which are more suitable for use with electro-
analytical detection and flow-through conditions.

An arbitrary classification of flow-through techniques can be as follows.

Methods based on direct evaluation of detector signals. These are methods
in which a component of the sample is determined from a single signal which
is unambiguously related to the concentration of that component. They have
received widest acceptance both in analytical practice and in the solution of
research problems.

Titration techniques. Here, the measurement of reagent consumption in
the titration of the sample is used for evaluation.

Reaction rate methods. This group includes those methods in which the
concentration of a component is determined from the change in the rate of a
chemical reaction caused by the particular component.

This classification is based on one of the most important characteristics of
flow-through techniques, although other classifications can be based on other
characteristics. The direct detector signal used for estimating concentrations
may be a steady-state signal or a dynamic signal. The analysis can be carried
out with or without the addition of one or more reagents. The solution stream
in the analysis channel may be continuous (non-segmented) or segmented. The
results can be evaluated by calibration or standard addition or subtraction.

The conditions of measurement in the analysis channel can be chosen so
that the time spent by the sample solution (often after the addition of reagent
or auxiliary solutions) in contact with the sensor in the detector cell is long
enough for establishment of a steady-state signal corresponding to the con-
centration of the sample (or reaction product). Such conditions are ensured
mainly in the Technicon-type analyzers with segmented flow. In the injection
technique, which is receiving increasing attention nowadays, small volumes
of sample are introduced into a continuously flowing solution, the conditions
of flow having been adjusted so as to produce a concentration profile, which
is measured by the appropriate detector. The profile, however, is determined
by the concentration of the sample and the hydrodynamic parameters.
Accordingly, a dynamic signal serves as the basis of the concentration deter-
mination.

In cases where a sensor is available to detect a given component, the deter-
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mination can often be carried out, selectively and with sufficient precision
and accuracy, directly without a chemical reaction, that is without reagent
addition. In such applications ion- and molecule-selective sensors and voltam-
metric electrodes are of great practical importance. In many systems, however,
the species to be determined undergoes a chemical reaction in the flowing
solution and is transformed, partly or totally, into product(s). This might be
considered as indirect detection. There may be various reasons for carrying
out the reaction, for example, no suitable detector may be available for the
analyte but the reaction product, in an equivalent amount, is easily monitored
(e.g. spectrophotometric detection after a chromogenic reaction or voltam-
etric detection of a reaction product). Similarly, a detector may be available
only for sensing a reaction partner, the excess of which is measured after the
reaction. Chemical reactions may also be used to increase the precision and
accuracy of the analysis. Examples involve various subtraction and titration
methods. These are generally based on the stoichiometric reaction of the
sample with a near-equivalent amount of reagent and measurement of the
small excess of either reagent or sample. The amount of this small excess need
not be measured very accurately, i.e. the detector need not be very accurate,
but it has to be sufficiently sensitive because only a small fraction of the
original sample or reagent concentration is measured.

Analyses in flowing systems usually require preliminary calibration. The
frequency of calibration is defined by the properties of the detector and by
the analytical problem involved. Data handling, evaluation of results and
control of calibration frequency are often done with a desk-top computer or
microprocessors.

METHODS BASED ON DIRECT EVALUATION OF DETECTOR SIGNALS

Electroanalytical detectors are being increasingly employed in flow-through
analytical methods based on direct signal measurement, Several publications
have appeared on the use of ion-selective electrodes in Technicon-type analy-
zers [7, 17—21], and analyzers with ion-selective electrode detection have
become commercially available [22, 23]. Mainly pH, sodium, potassium, cal-
cium, fluoride and chloride ion-selective electrodes have been used, especially
for the analysis of biological and environmental samples. Essentially the
same is true of applications of ion-selective electrode detection with the in-
jection technique [13, 24, 25]. However, for successful use of the injection
technique, it is important to note that the stability of the system is greater if
the analyte is present in the continuously streaming background electrolyte
at a relatively low concentration [13, 15]. This constant addition gives a
more stable base line, which may also serve as a calibration point, although it
may reduce the sensitivity of the injection measurement to a certain extent
[4].

Various voltammetric sensors have been constructed. For example, lead
and zinc [27] and calcium and magnesium [28] have been determined using
a polarographic flow-through cell. Cinci and Silvestri [29] and Lund and
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Opheim [30, 31] described systems for use in pharmaceutical analysis. In the
construction of these systems, considerable effort was devoted to solving the
problems of continuous deaeration of the sample solution, but unfortunately
this aspect still has not been solved satisfactorily. A differential pulse polaro-
graphic system has been described by Alexander and Shah [32] for automatic
continuous measurement of serum proteins in a Technicon-type analyzer
system, which ensures a high analysis rate.

The injection technique based on voltammetric detection as first described
by Pungor et al. [3] is particularly suited to analysis with voltammetric elec-
trodes of constant surface area. The possibility of reproducible conditioning
offered by flow-through techniques has special advantages for the application
of such electrodes. Fehér [ 33] pointed out that the injection technique with
voltammetric detection is suitable for fast serial determination of the active
ingredient in various pharmaceutical preparations, or for the discontinuous
periodical control of the dissolution of the active ingredients in pharma-
ceutical products and for dissolution rate measurements [9]. Commercial
production of such voltammetric analyzers is envisaged [26].

In serial analyzers high sensitivity is not usually a general requirement, yet
voltammetry carried out under hydrodynamic conditions (hydrodynamic
voltammetry or amperometry) can be considered as one of the most sensitive
voltammetric techniques. The voltammetric signal measured under flow-
through conditions may reach a value many times greater than the signal
measured under stationary conditions, because of convective diffusion mass
transport. At the same time, current measurement at a constant working elec-
trode potential, which is used almost exclusively in flow-through techniques,
is characterized by a very low residual current which, as is well known, deter-
mines the sensitivity of voltammetric measurements. Thus the components
of the condenser current, which decreases exponentially with time, make a
smaller contribution to the signal, and the background current measured
when the background electrolyte flows through the system can be compen-
sated electronically or by physical or chemical methods, e.g. by difference
measurement.

Nowadays the rate of analytical measurement by automatic analyzers has
increased to such an extent that the duration of the overall analysis is often
determined by the time needed for sample pretreatment. It is an old-estab-
lished concept to carry out the pretreatment procedure in the analyzer itself,
e.g. Kjeldahl digestion or acid digestion. Recently, efforts have been made
to combine continuous sample pretreatment with the injection technique
[34, 35].

Combinations of special sample pretreatment and electrochemical detectors

In certain cases, the concentration measurement is, by its nature, closely
connected with the sample treatment procedure, for example in chromato-
graphy with electroanalytical detection and in stripping analysis under flow-
through conditions. Chromatography is certainly one of the oldest areas
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where detection is done in flowing systems, and Kemula [36] was the first to
combine chromatographic separation with electroanalytical (polarographic)
detection (so-called chromato-polarography). Usually photometric detectors
are used in liquid chromatographs but the use of electroanalytical detectors
is increasing. Kissinger and his co-workers [37] have made remarkable contri-
butions to the development of electroanalytical detectors for chromatography.
Initially, the dropping mercury electrode was used as a detector in chromato-
polarography. I'ts unsatisfactory sensitivity, because of noise and the relatively
large dead volume, has directed attention to solid electrodes, primarily
various types of graphite. Carbon paste and glassy carbon electrodes have
been successfully used for determining biogenic amines, therapeutic com-
pounds and their metabolites in biological fluids, and pharmaceutical and
food products [11, 36—41]. Detector cells incorporating graphite electrodes
are now commercially available. In view of the limited negative potential
range of these solid electrodes, continuous efforts are still being made to
enable mercury electrodes to be used in flowing systems. Attempts have been
made to use special cell constructions (with horizontal or tilted capillaries)
or solid (mainly platinum) electrodes covered with a mercury film [42—44].
The present authors have no experience with the PAR flow-through cell
incorporating a dropping mercury electrode [45], but it seems to be a good
solution of the problem.

There are several directions for research and development work connected
with the adaptation of electrochemical detectors to chromatographic systems.
Here only work aimed at increasing the sensitivity and selectivity will be dis-
cussed. One way of increasing the sensitivity is to construct the cell so that
the rate of mass transport to the electrode surface is greatly increased. Thus,
remarkable results can be obtained, for example, with wall-jet electrodes at
high flow rates [46—48]. The signal and thus also the sensitivity can be
enhanced by enlarging the surface area of the working electrode relative to
cell volume, which involves a complete or nearly complete transformation of
the electroactive component at the electrode. By ensuring 100% conversion,
coulometric evaluation becomes possible [12, 49—51]. In this case, however,
the residual current can be greater than in general voltammetry, therefore in
some cases no actual gain in sensitivity is achieved. Highly sensitive voltam-
metric methods, primarily differential pulse polarography, should be con-
sidered when greater sensitivity is needed. However, as shown below, their
use is of greater importance for solving selectivity problems. It should be
noted that, under flow-through conditions for voltammetry or amperometry,
the simple d.c. method can provide as high a sensitivity as the a.c. methods.

The use of electroanalytical detectors in liquid chromatography is very
often justified more by the attainable sensitivity and measuring conditions
than by the need to identify the species. However, the application of such
detectors is restricted: only components reduced or oxidized within the
available potential range of the measuring system can be determined. At the
same time, electroanalytical detection sets limitations on the separation tech-
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nique and composition of the mobile phase. Thus, very often it is necessary
to solve the problems of selective detection, in addition to the chromato-
graphic separation. Voltammetric (amperometric) detection can be made
more selective by an appropriate choice of the potential of the working elec-
trode. In practice, the current is usually measured at a potential within the
range of the convective diffusion limiting current. In some cases greater selec-
tivity is attained by choosing a lower potential, but at the cost of reduced
sensitivity [52]. A cell incorporating a working electrode connected to two
electrical circuits has been constructed by Blank [53]; by applying different
voltages, components with very similar half-wave potentials could be deter-
mined simultaneously. Methods more selective than classical d.c. voltammetry
have been used; differential pulse voltammetry [52, 54, 55] and differential
double pulse voltammetry [55] have been examined successfully.

In addition to the more widely used voltammetric detectors, detector cells
measuring conductivity or permittivity and others incorporating ion-selective
electrodes have been described [56]. However, ion-selective electrodes can
only be applied for detecting inorganic ions, after separation by ion-exchange
chromatography. Organic substances can be determined in the effluent (gas
or liquid) from the chromatographic column only after some conversion pro-
cess (oxidation, hydrogenation, etc.) and absorption of the product in a
suitable liquid. Detectors incorporating ion-selective electrodes have been
used to measure compounds containing fluorine, chlorine, sulphur or nitrogen
[56]. Among recent studies, Kojima et al. [57] used chloride- and bromide-
selective electrodes for simultaneous detection or identification of chlorine
and bromine compounds. Such applications are justified only in special cases.

Another technique combined with special sample pretreatment, with the
aim of increasing sensitivity, is flow-through stripping. This technique, appli-
cable to trace metal analysis, is basically a hydrodynamic method, since the
metal to be determined has to be deposited on a working electrode under
well defined hydrodynamic conditions. In earlier experiments, electrolysis
was done in solutions stirred at a constant rate, but later a rotating disc elec-
trode was used [58, 59]. Deposition (mainly of metals) from a flowing sol-
ution is advantageous because of the simplicity of ensuring well-defined
hydrodynamic conditions, the possibility of automation and the reduction in
analysis time. Deposition and stripping have both been done in flowing sol-
ution by some authors [60, 61], whereas stripping in a stationary solution
has been found advantageous by others [62]. Tubular electrodes are often
used as working electrodes [60, 61] but the use of a fixed [62] or rotating
disc electrode [58, 59] has also been described. The main problems connected
with stripping analysis under flow-through conditions are the construction of
the working electrode (generally platinum or graphite electrodes covered
with a mercury film), de-aeration of the sample and auxiliary solutions, but
remarkable efforts have been made to solve them.
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FLOW-THROUGH TITRATION TECHNIQUE

Titration techniques are superior to methods based on direct signal measure-
ment with respect to both accuracy and reliability, and it is in this area that
electroanalytical detection is used almost exclusively. This superiority arises
because the concentration determination is made on the basis of the chemical
equivalence, thus the results of the analysis are not, or only slightly,
influenced by changes in the properties of the sensor used; and, in contrast
to direct methods, these techniques do not require individual standard
materials, the purity of which is often questionable.

There are numerous possibilities for carrying out titrations in flow-through
circumstances, a number of which have already been realized. The titration
procedure may be conducted on a batch basis, followed by a fast washing
procedure, or it can be done under continuous flow conditions. In the latter
case, the streaming sample is mixed with the streaming reagent, the mass flow
rate of one of these usually being controlled by some means. The detector
is placed downstream from the mixing device. The mass flow rate of the
reagent may be controlled so as to keep the reaction always at the equivalence
point. In this case the output parameter of the system is the mass flow rate
of the reagent. Optimal ways of controlling the mass flow rate of the reagent
have been worked out by van Osch and Griepink [63].

In another version of titration in flowing solutions, the mass flow of the
titrant is controlled by a predetermined program, preferably linearly. The
detector senses the resulting transient which is used to calculate the sample
concentration. There are different ways of programming the titrant mass
flow rate, e.g. by using dilution flasks [1, 2, 64] or, more simply, by cou-
lometric generation of the reagent [65]. Recently it was pointed out [66]
that a continuous titration can be carried out with constant mass flow rates
of reagent and sample, at least if there are no broad variations in sample
concentrations, Suitable reagent mixtures can be used to titrate sample con-
centrations in a broader range [67].

In a very interesting version of such a titration, a rotating ring-disc elec-
trode is used [68—70]. Although it cannot be considered as a real flow-through
technique, it operates under hydrodynamic conditions. The titrant (e.g.
bromine) is generated at the disc and reacts with the surrounding sample. If
the rate of reagent generation is high enough, a fraction of the excess of
reagent will arrive at the ring where it is detected. The ring current vs. disc
current graphs can be used to evaluate the sample concentration or the reaction
rate,

Triangle-programmed titrations

A method based on triangle-programmed reagent addition has been devel-
oped [65] for titrations in flowing systems. A flow-through analytical channel
was designed (Fig. 1), in which the sample of concentration cg is streamed at
a constant flow rate vg. The channel is constructed so as to enable reagent
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Fig. 1. Outline of the basic principles of the triangle titration technique.

introduction to the sample stream at a programmed mass flow rate (Vy). The
combined homogeneous stream flows to the detector during which time a
chemical reaction takes place. The mass flow of the reagent is changed by
means of an isosceles triangle program. For time ¢ < 7, Vy = nt, while during
t> 71, Vg = (21 — t)n, where n and r are constants (see below). The reagent
addition program is chosen so that the maximum reagent mass flow, Vg7,
should exceed the sample mass flow (Vg = cgvg).

Because of the programmed reagent addition, the ratio of the sample to
reagent and also the degree of titration become different in the subsequent
infinitesimal solution segments arriving at the detector. By following the
composition of these segments over a period of time, with an appropriate
detector, a complete titration curve can be obtained. As a result of the triangle-
programmed reagent addition, two titration curves connected to each other
are recorded.

There is a well defined relationship between the time elapsed between the
appearance of the two equivalence points and the sample mass flow, which
can be derived from the mass balance [71]. If the instantaneous titration
reaction is:

aA +bB > dP, +gP,,
the time elapsed (Q) between the two equivalence points can be given as
Q = tg, — tg, = 21 — 2acgug/bn,

where 27 is the total length of the reagent addition program (s), a and b are
stoichiometric constants, vg is the volume flow rate of the sample solution
(dm® s7'), cg is the concentration of the sample solution [mol dm™] and n
~ is the slope of the reagent addition program [mol s72]. If the equivalence
points can be detected, the concentration of the sample solution can be
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calculated from @ on the basis of the known parameters of the titration. It
should be emphasized that the slope of the @ vs. ¢g function, i.e. the sensi-
tivity of concentration measurement, depends on the values of 27, n and vg.

Such triangle-programmed titrations can be classified in different ways,
for example, based on volumetric or coulometric reagent addition, or accord-
ing to the nature of the reagent (acid—base titrations, titrations with silver(I)
{72], mercury(II) or bromate solutions [73] or iodimetric titrations), or
according to the detector used (potentiometric, amperometric, photometric,
conductimetric). The shape of the titration curve depends on the signal vs.
concentration relationship valid for the detector employed. Automatic data
processing was used in the determination of the equivalence point of ampero-
metric titration curves by least-squares curve fitting [74]. The automatic
evaluation of potentiometric titration curves has also been reported [75].

In the theory and practice of triangle-programmed titrations, it is of major
importance to know whether the determinations are feasible when two or
more species capable of reacting with the titrant are present in the sample.
This problem arises when halides, acids or complexes are to be determined.
In such cases the feasibility of the selective determination is affected by the
ratio of the solubility products of the precipitates, dissociation constants of
the acids, stability constants of the complexes, as well as the concentrations
of the components.

Very many organic compounds react with bromine, so theoretically they
can all be determined by titration with bromine. However, classical direct
titrations are feasible only if the reaction with bromine is fast and stoichio-
metric. For slow reactions end-points are difficult to detect and there may be
other sources of uncertainty. In such cases, time-consuming back-titrations
must be used. The special importance of triangle-programmed titrations with
bromine carried out in flow-through systems is that they enable compounds
to be determined even when classical titration of discrete samples is not
feasible (i.e. when there is no definite end-point, because the reaction is slow
or because after the first bromine-consuming reaction step the product slowly
reacts further with bromine or analyte). In triangle-programmed titrations
the reaction conditions are well defined and the reaction time is controlled
by the flow rate and the geometry of the analytical channel. The reaction
products rapidly leave the detector cell, so that no undesirable effects are
caused by their accumulation in the cell.

A great variety of organic compounds can be determined by the technique,
including prostaglandin-type preparations [76]. By an appropriate choice of
time and reaction conditions, compounds reacting with bromine at different
rates can be determined without preliminary separation. The great accuracy
of coulometric reagent generation combined with the high sensitivity of
amperometric detection renders possible the determination of low concen-
trations of many organic compounds.
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REACTION-RATE METHODS

Reaction-rate methods can be divided into two groups according to how
they are carried out. In one case, the chemical reaction on which the deter-
mination is based is followed continuously by a detector with a relatively
fast response, and evaluation is made on the basis of the detector signal vs.
time function or another function derived from time. In the other case,
evaluation is based on a change in concentration or detector signal within a
constant reaction time. In analyses in flowing systems, the use of the latter
method is obviously more practicable, as uniform handling of samples and
constant reaction times can easily be ensured.

A remarkable proportion of the methods described during the past few
years as flow-through analytical methods can be considered as reaction-rate
methods, in which electroanalytical detectors have been increasingly applied.
Among them, methods based on the specific catalytic effect of dissolved
enzymes or those used for enzyme activity measurements [ 77—81] are worth
mentioning. In other cases a column containing an immobilized enzyme
[82—87], a tube reactor [88] or enzyme electrode [91] is used for the
measurements. Enzyme inhibitors can also be determined in flow-through
systems, by using a dissolved [90] or immobilized enzyme [91]. Much of the
apparatus used has been assembled from modules of commercially available
segmented-flow analyzers, e.g. [79—81], whereas in other cases apparatus
was designed for the special purposes of the analysis [77, 89, 92]. The evalu-
ation can be done on steady-state [79—81] and transient signals [89, 93,
94].

A flow-through technique, when used for analyses based on reactions
involving a single detector signal corresponding to a fixed reaction time, is
not always particularly reliable. Usually, no background signal correction can
be carried out under the conditions applied. Batch type or centrifugal analy-
zers are usually preferred to flow-type apparatus, so that the course of the
reaction can be followed.

Several attempts have been made to eliminate the above sources of uncer-
tainty. Among these the stopped-flow technique should be mentioned.
Recently a few papers have been published on the combination of injection
and the stopped-flow technique for the special purposes of kinetic analysis
[95]. The system in which the flow of the reaction mixture is stopped for a
certain period of time offers a number of obvious advantages, although it is
more complicated than the usual flow-through analyzers. Additionally, in
this case, only a few electroanalytical detectors can be used.

In several cases [77, 90, 93], two detectors have been used to eliminate
the errors arising from differences in the background signal, and evaluation is
based on the difference of the signals of the two detectors. Usually one
detector is inserted at a point before the reaction has started, and the other
" at a point after the reaction zone. Enzyme electrodes present a special
opportunity to observe the differential signal produced by the enzyme elec-
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trode and a sensor identical with the fundamental electrode of the enzyme
electrode. The system developed by Thevenot et al. [96] for measuring
glucose is a good example of this measuring principle. Many interesting
developments are clearly probable in this field.

The authors thank Dr. A. Hrabéczy-Pall for her contribution to this work.
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SUMMARY

Characterization of liquid phase flow-through detection systems as used in column
liquid chromatography and flow injection analysis is discussed. Linear range, selectivity,
peak broadening and detection limit are the most important characteristics. Peak broadening
is treated with the aid of the concepts of systems analysis. The total peak broadening effect
is given as the sum of contributions from connecting tubes or reactors, measuring volume
and time constants in electronics and transducers. The influence of noise and signal fre-
quency content on the precision of analytical results is treated qualitatively. The detection
limit of a flow-through detection system is defined, taking these effects into account
qualitatively. These characteristics are related to the performance of the whole analytical
system with regard to concentration detection limit, absolute detection limit and maximum
sample frequency.

There is some ambiguity about the definition of a detection system in
analytical chemistry. It may be clear in flow injection analysis (f.i.a.) that
the detector is some physical or chemical transducer, but for other specialists
the detector may be quite differently defined. In chromatography the de-
tection device is defined as consisting of all parts which serve the purpose of
detecting rather than of separating. Thus, detection devices can be as simple
as an electrode in a tube, or a refractometer or uw.v. absorbance meter, but
they may also consist of complete reaction detectors comprising flow-through
reactors, reagent pumps, cooling tubes, flow extractors and one or more u.v.,
fluorescence, electrochemical or other physical devices. In fact, the detection
device may be a whole flow injection system in itself with the only difference
that analytes are not injected into it directly from sample containers, but are
delivered by the chromatographic separation unit, as a time sequence that is
determined by the dynamics of the chromatographic process (Fig. 1).

The proper characterization of flow-through detection devices, and their
optimal design, accepting certain physical, practical, or financial boundary
conditions, is important not only for chromatography and flow injection
analysis, but also for applications such as process control. The general topic
requires knowledge from various fields, such as chemistry, materials science,
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COLUMN l

REACTORS detection
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AMPLIFIER

v V(t)
DATA
HANDLING

Fig. 1. Building blocks or sub-systems constituting a liquid chromatographic or flow
injection system, showing the ambiguity in the concept of detection: ¢(¢) concentration
time function of analyte; cp(t) concentration time function of reaction products; V(¢)
signal time function.

physics and electronics, to mention but a few. The fact that these devices are
operated in a flow-through mode, necessitates also the incorporation of
knowledge about transport phenomena and systems analysis which have been
particularly developed in chemical engineering. Great advantage has been
taken of this source in the development of gas and liquid chromatography.
Nowadays f.i.a. tends to use chemical engineering concepts. However, it
should be emphasized strongly that these new studies of transport phenomena,
etc., should incorporate ideas, methods and techniques from chromatography
as well as from chemical engineering. There are two reasons for this. First,
the single discipline of analytical chemistry would be much stronger if all
specialists used the same technical terminology. Secondly, f.i.a. development
would be speeded up considerably if knowledge and experience from liquid
and gas chromatography were properly utilized. The pitfalls in the application
of transport equations and correlations are manifold, and the confusing mis-
takes made earlier in liquid chromatography should not be repeated in f.i.a.
development.

In the study of flow-through detection systems, two stages can be distin-
guished; description and then design or improvement. In the first stage, the
measuring system can be considered as a black box, having one input, into
which the liquid stream is fed, and one output, i.e. the electrical output
delivering the signal to the recorder or other data handling equipment. No
attention is given to the fact that the actual device has many other con-
nections with the surroundings, e.g. it mostly needs an electrical power
supply reacting to changes in supply voltage, etc. As a first approach, entirely
as in treatments by systems analysis, these external factors are ignored and
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only input—output relations are considered. In particular, the relation be-
tween concentration in the input stream and the output signal must be
studied and the following characteristics must be established by proper ex-
perimentation [1].

(a) Calibration curve. The functional relationship between input and out-
put must be known, Preferably it should be linear over a large range.

(b) Dynamic behaviour. The dynamic behaviour of the system must be
well understood. A change in the input will bring about a certain time
function as the output behaviour; or more generally, the relation between
the output time function and the input time function must be studied.

(c) Selectivity. The dependence of the calibration curve on the type of
compound must be known.- A universal detector will respond to a wide range
of compounds to about the same extent, whereas a selective detector will
respond much more sensitively to certain ions or compounds or groups of
compounds than to others.

(d) Noise and detection limit. Finally, uncertainties connected with the
value of the output parameter must be investigated. This determines the
smallest concentration (change) that can be determined with a specified pre-
cison (i.e. the determination limit) and the smallest concentration change that
can be observed with a specified uncertainty (i.e. the detection limit).

Calibration curves and selectivity will not be discussed here, as these two
characteristics play a role in every analytical method. Attention will be con-
centrated on the problems associated with dynamic behaviour and noise, be-
cause these are the vital features which arise from the very nature of the
measurement process in f.i.a.,i.e. the continuous measurement made possible
by the continuous flow in the system.

PEAK-BROADENING EFFECTS OF DYNAMIC BEHAVIOUR

The dynamic behaviour of detection systems should be more carefully
measured and described than is usually done in analytical chemistry. The
reason is that peak broadening in the detection system ultimately limits the
speed with which the total analytical system can generate new independent
information. In chromatography, the sequence of peaks delivered to the de-
tection device should be monitored without distortion [2]; thus the maximum
frequency with which the peaks may elute from the column depends on the
detection system. Analogously, in flow injection analysis, the dynamic be-
haviour of the detection system sets an upper limit to the frequency with
which samples can be injected. If this limit is exceeded, peak width will be
larger than the time spacing between peaks, and the measurement at a peak
maximum will be influenced by the intensity of the preceding peak; this is
known analytically as a carry-over effect.

For a general discussion of peak broadening, it is first assumed that the
calibration curve is linear from the region where signal changes are indis-
tinguishable from noise, up to a certain concentration of the analyte. Next
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it is assumed that the detector is time-invariant, i.e. the input—output relation
of the detector itself is not a function of time. This condition is fulfilled for
instance in the u.v. absorption detector, but not in a polarographic detector
where the signal for a constant input fluctuates with drop frequency. Linear
time-invariant systems can be studied most easily.

The output signal function can be described as the convolution of the con-
centration input function with the impulse response function of the gystem
[2] (Fig. 2):

Vi) = o(t) * ha(t) = | e(t — 1)ha(r)dr (1)

where V(t) is the signal value at moment £, c(t) is the concentration at
moment ¢, 7is a dummy time variable, and h4(7) is the impulse response func-
tion of the detection system.

The signal value therefore depends not only on the momentary value of
the concentration c¢(t) but on its value during the time preceding the moment
t; in principle the integral should be extended to minus infinity. The integral
(egn. 1) is the mathematical formulation of a phenomenon which, depending
on circumstances and physical causes, can be described more or less accurately
as memory effect, carry-over, (extra) peak broadening, dispersion, or ampli-
fier time constant. The function h4(7) can be observed if the 5(¢) function
can be approached experimentally as a concentration input profile, by means
of a very fast injection device.

The function h4(7) is related to the static sensitivity S, which is defined as
the ratio between signal change and concentration change. If ¢(¢) in eqn. (1)
is maintained constant, then it can immediately be derived that

S= [ h(r)dr (2)
0

Manipulation with the full 2(7) function is rather awkward in practice, hence
it is indeed useful to express the intensity of the 2(7) function in this one value,

c(t)
impulse

Fig. 2. Illustration of the convolution integral in the response of a detection system to
the input concentration profile. Upper drawings refer to the case where an impulse input
is applied to the concentration input of the detection device and the impulse response
is obtained at the output. Lower drawings refer to the case where a concentration profile
of significant width is input to the detector. If the input is regarded as an infinite sum of
impulses, the linear time-invariant detector will have a response which is the sum of the
responses to each of these impulses.

V(t) = hd(t)
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8, which can quite easily be obtained experimentally. Such reduction, which
neglects the width of the h(r) function, is however rather cruie, and so at
least one additional feature is needed to indicate the width of this function.
This can be done in numerous ways; concepts like ““full width at half maxi-
mum”, “standard deviation”, “time constant’ are in use to indicate widths
of peaks. Shapes of response curves for various detectors differ widely, and
even for one detector the shape depends on the conditions. It is then obviously
impossible to describe the h(7) function by one or even two features or
numbers; it is important to realize that whatever measure of broadening is
adopted, some approximation is intrinsic in the use of one number for this
effect.

Chromatographers express peak width as a standard deviation o¢,. Irrespec-
tive of the method of measuring the width, the standard deviation in a gaussian
curve necessary to give this measured result is calculated; for example,
drawing tangents would give 40, for the base-line intersection distance in a
gaussian curve, and g, is therefore calculated as one fourth of the intersection
distance observed. Such methods have a number of advantages: they are
simple, the influence of noise is small, and the data handling equipment can
be as simple as a strip-chart recorder.

Mathematical elegance is obtained at the price of numerical complexity, if
the peak width is measured by the real standard deviation of the response
curve, the root of the centralized and normalized second moment of this
curve. The elegance lies in the fact that if a number of systems % are placed
in series, e.g. an injection device, reactor and detecting device, then additivity
of the variances is obtained in the final result [1—3]:

0%,tot= % Gf.k (3)

Fortunately, this relation is also a very realistic approximation when the stan-
dard deviation is determined in simpler ways, which do not require numerical
integration to obtain the second moment. For gaussian response curves, all
the simple estimates coincide with the real standard deviation. Equation (3)
indicates that the weakest link in the chain of systems is largely responsible
for determining the final width of the peak.

For some purposes it is more convenient to express the peak width or
standard deviation in volume units rather than in time units by using the
equation: o+ 4 = Woyq4, in which oy 4 is the volume standard deviation, o4 is
the time standard deviation of the detector and w is the flow rate. The stan-
dard deviation should be measured by injecting in such a way that a §(¢) input
is approached as closely as possible. A septum injection device [1] (one of
the experimental assets adaptable from chromatographic experience) con-
nected with as narrow and short tubes as possible, would serve the purpose.
Once the 0,4 or oy 4 value has been obtained as a function of the flow rate,
on which it depends, its relative contribution to the peak broadening in the
whole system can be judged. In particular, it becomes possible to draw con-
clusions for two situations. First, if the detector is used for measuring the
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peak broadening characteristic of another element % in the system, it is es-
sential to ensure that the results reflect this element and not some deficiency
of the detection system. Thus, for an accuracy criterion of 5%: 0,4 < 0.3 0.
Secondly, for optimized performance of f.i.a. in terms of sample throughput
. per hour, it can be stated that a sample peak should not come earlier than
k0,40t after the previous peak, in order to avoid carry-over. Thus fmax
< 1/k104 401, in which fi,x is the maximum sample frequency and k1lis a
factor depending on the acceptable amount of carry-over (peak overlap), i.e.
the accuracy of the analysis, and also on the data handling method (peak
height/area). k, should usually lie between 4 and 6 and corresponds to the
chromatographic resolution R.

This fn.x relationship enables the maximum sampling frequency to be
inferred directly from the detector characteristic 0,4 when all other sub-
systems are “perfect”, i.e. they contribute nothing to oy 4.

These considerations may seem trivial, but experience in gas and liquid
chromatography has shown that quite often much effort is devoted to im-
proving the better-performing components of the systems in series, which
according to eqn. (2) is useless.

Causes of peak broadening

Once the black box concept has served its purpose, the system itself must
be examined in order to establish the features actually responsible for the
peak broadening. Essentially there are three causes of peak broadening: (1)
dispersion in tubes; (2) finite effective measuring volume; (3) dynamic be-
haviour of transducer, and signal amplifying and handling equipment.

Dispersion in tubes. The dispersion in connecting tubes has been the sub-
ject of a number of studies [4—6]. For straight and sufficiently narrow and
long tubes of radius R, and length L,, the volume standard deviation oy, is
given [7] by

oy, =nR{L,w/24D 4)
and the time standard deviation by
0}, =tgR2/24D (3)

where tg, is the residence time and D is the diffusion coefficient.

The application of these reactions, known as the Taylor equation, requires
some care in f.i.a. as well as in liquid chromatography. The equation was de-
rived (and in fact can only be derived) under the condition that the length
of the tube, its radius and the mean residence time satisfy the criterion
Dty > RZ. With tubes of 0.5—2 mm inner diameter and residence times of a
few seconds, this condition is not met at all. The equations in that case pre-
dict a standard deviation much larger than that actually found. Moreover,
coiling of the tube diminishes the dispersion.

Nevertheless, eqns. (4) and (5) are useful in that they predict the qualitative
influence of the various parameters properly, and become more and more
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accurate when longer lengths or residence times and smaller diameters (the
critical cases) are used. Finally, they constitute a reference point from which
the effect of coiling can be discussed {10].

When tubes are used simply for connections, length L; and radius R, are
determined by practical considerations. If a tube is to be used as a flow-
through chemical reactor, the residence time ¢y, in the tube is fixed by the
time requirement of the chemical reaction, and in that case the second
formula is more instructive. Expression (5) shows that the volume standard
deviation increases with flow rate, and increases for lower diffusion coef-
ficients D. Also, a dramatic increase is to be expected from an increase of the
tube diameter; in order not to impair the performance of detectors, tubes
preferably should be 0.5 or even 0.25 mm in diameter.

When tubes are used as reactors (delay elements), the choice of the diameter
becomes critical as soon as the required reaction time exceeds 20 s. A com-
promise between pressure drop and peak broadening has then to be made.
This has been discussed in several papers [8, 9]. The peak broadening is
significantly smaller if the tube is coiled, because of the effect known as
secondary flow [8—11]. When the required reaction time is even larger, other
types of reactors should be used; a packed-bed reactor gives a more favourable
compromise than an open tube [8, 9] at least at practical values of the flow
rate. Reaction times in excess of 10 min generally should not be attempted
in a homogeneous flow-through reactor; the air-segmentation principle [12—
14] then shows superior performance.

Finite effective measuring volume. The peak broadening effect caused by
the finite effective measuring volume is rather difficult to predict, because
the exact flow profile is usually unknown, and the effective measuring volume
is often also unknown. For some extreme situations, however, estimates are
possible. If the effective measuring volume equals the cell volume V, and plug
flow prevails, a molecule will contribute to the signal during a time V /w. An
impulse input will yield a rectangular block output, with a base V /w and a
(volume) standard deviation (second moment) V./12"2. If, however, the cell
behaves as an ideal mixer, an exponential with time constant V /w will be
the response, corresponding to a volume standard deviation equal to V.. Most
practical cases will lie in between these two extremes, so that generally the
volume standard deviation can be expressed as oy, = aV,, in which a is a
numerical factor between 1 and 0.3.

For some measuring techniques, such as u.v.-visible absorption and radio-
activity counting, the detection limit in concentration diminishes with in-
creasing cell volume [15, 16]. In such cases, the choice of V, constitutes a
compromise between peak broadening and detection limit.

Dynamic behaviour of transducer and electronics. Finally, peak broadening
is caused by the transducer and electronics. In many cases, these effects can
be measured directly by some artificial excitation of this last subchain, e.g.
in light absorption by modulating the intensity of the source with an impulse
and monitoring the output response curve. These effects are, of course, con-
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stant when expressed in time units: o, = C, and oy, = wC,. Also, they are
often predictable from amplifier time constants; every time constant Ty in
the amplifier chain contributes T% to the time variance C2.

The whole detection system then will have a volume standard deviation
determined according to eqn. (3) by adding quadratically the various contri-
butions. Focusing on the dependence on flow rate we get:

o%a=0%s +o¥e to¥e=TRIL/24D w +’VI + CZ W’ (6)

In many cases these three terms are all important, and one or other may pre-
dominate depending on the flow rate (Fig. 3).

NOISE AND DETECTION LIMIT

Once the peak broadening effects have been established, the noise in flow-
through detectors can be considered. Proper characterization of noise in con-
tinuous systems has been widely studied, but the results of these studies have
rarely been incorporated [17, 18] in analytical chemistry. Noise is defined as
all the changes in the output voltage which do not carry information about
the input (concentration). This definition thus includes “drift”, ‘“wander”,
ete.

Under certain conditions [18], noise can be characterized by its power
spectrum, or its autocorrelation function; the resulting mean squared error
in the measuring result, peak area or height, can then be calculated ab initio.
For practical characterization of systems this is too elaborate, but a simpler
procedure should at least take into account some qualitative facts emerging
from the full description. First, noise in a frequency range considerably lower
than 1/0, is observed as a drifting baseline and hardly impairs the precision

T total

feed lines

time effects

cell

W —

Fig. 3. The three main contributions to the peak broadening and the total peak broadening
in a flow-through detector plotted as a function of the flow rate w.
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of the results, as readings are made relative to the baseline in the neighbour-
hood of the peak. Secondly, noise in a frequency range considerably higher
than 1/, can be removed by filtering when peak heights are measured. (When
areas are determined, high-frequency noise is without effect anyhow [18].)
The filtering constitutes a compromise between peak broadening and detection
limit, and the optimal filtering constant depends on the peak width o,. Mostly
Taiter =~ 0.8 0y is a sensible choice. When these results are taken into account,
it becomes possible to determine s,, the standard deviation* of the noise in
the output voltage V. When the signal is low, its influence on s, can be
neglected, and s, characterizes the baseline noise. The concentration detection
limit ¢4 of the detection system is then ¢4 = k,sv/S, where k, is a numerical
factor which depends on the statistical confidence level required (2, = 2—4).
It follows from the above that s, and ¢4 are in principle dependent on the
peak width, but in the following paragraphs this effect, which is usually not
strong, will be neglected.

RELATION BETWEEN DETECTOR CHARACTERISTICS AND PERFORMANCE OF
THE WHOLE SYSTEM

Speed and dilution

Once the detection system has been characterized by the two performance
parameters oy 4 and cq4 the influence of this performance on the performance
of a whole analytical set-up which includes the detection system can be
considered.

For the maximum sample frequency:

fmax = 1/R104 30t = W/R 10y to1 (7)

in which the subscript tot refers to the whole set-up. Combination with eqn.
(3), taking into account peak broadening from injection (i) and detection, gives

frnax = w/kl(B2V12 + a%,‘d + ._')1/2 ®

in which it is asslumed [19—21] that the standard deviation of the injection
ov,; is proportional to the injected volume V;; g is the proportionality factor.
Given a certain detection system and a fixed flow rate w, the ultimate speed
is obtained when the injected volume is small compared to oy 4. However,
this is also the situation where appreciable dilution of the analyte occurs. For
gaussian peak shapes,

¢ = M/(2m)' 0y s = Vico/(2m)2(B* Vi + 0¥ 9)'? (9)
(where M and ¢, are the amount and concentration on injection)

and in this extreme case of maximum speed there is a dilution factor

Co/c = (2”)1/20V‘d/vi (10)
*¢ and s are used here consistently for peak broadening and noise statistics standard

deviations, respectively; confusion with nomenclature where o = population s.d. and
s = estimate of s.d. should be avoided.
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and the concentration detection limit of the system is worse than that of the
detector by this factor. The dilution factor occurring in one stage is not a
characteristic of this stage, but depends on the preceding stages. The variances
(or standard deviations) are characteristics, and are additive; from the result
the dilution can be estimated, as in eqns. (9) and (10).

If dilution is to be avoided, in order to keep the detection limit of the
analysis as low as possible, 82V should be large compared to 0% 4. A loss in
maximum speed is then unavoidable, because the maximum sampling fre-
quency approaches fm.x = w/BV;. This shows, incidentally, the importance of
the injection performance parameter 8, as discussed elsewhere [20, 21].

When both speed and detection limit are critical, a compromise is necessary.
As shown by Huber et al. {19] and Karger et al. [20], when V] is of the
order of oy 4, the losses both in speed (chromatographic resolution in their
case) and detection limit can be kept acceptable, a result which can easily
be derived from the above expressions.

It should be noted that this compromise is significantly more unfavourable
if a third peak-broadening element is present in the system which broadens
the peak more than the detection system does. In that case the ultimate
speed is determined by this third element, even when considerable dilution is
acceptable. Dispersion may be used deliberately as a third element for dilution
of samples in those cases where high concentrations in the original samples
would lead to interference and measuring problems. The inherent loss in
speed can be avoided in two ways: first, the required dilution can be obtained
simply by decreasing the injected volume V;; secondly, if the necessary values
of V; become impractically small, dilution can be achieved by admixing of
the solvent at a T-piece.

Longitudinal dispersion is widely used in f.i.a. to bring about proper mixing
of reagent(s) and analyte [22]. Appreciable dilution of the sample is then
inevitable. If-the reagent is to penetrate by dispersion into the sample zone
so effectively that, e.g., the reagent concentration is at 90% of its original
value in the centre of the zone, the same dispersion process will dilute the
sample to 10% of its original concentration. Unless the injected volume is
small compared to the peak broadening of the detection device oy 4, by the
same reasoning, it can be shown that a loss in speed will result. These draw-
backs again can be mitigated by admixing in a T-piece. The design of the
T-piece should aim at efficient transversal mixing of reagent and sample, while
avoiding longitudinal mixing (dispersion). This approach, commonly used in
post-column reaction detection in liquid chromatography [23], also intro-
duces an additional degree of freedom in the design of the whole system, as
the reagent concentration and the pumping speed of the reagent solution can
be varied independently while their product is kept constant.

It should be noted that some delay elements used as reactors, e.g. capillaries
and packed-bed columns, do not effectively mix reagent and sample trans-
versally. Introduction of a mixture which is not homogeneous over the cross-
section in such reactors may lead to very erratic results. Suitable mixing
devices in front of these reactors are essential.
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Absolute detection limit

The above considerations are relevant if the concentration in the sample is
low but the sample size can still be adjusted to the required optimal com-
promise without problems. However, in certain analytical problems, the
sample size may also be limited, e.g. in forensic and clinical work. For such
cases it is better to derive from eqns. (9) and (10)

M =Fkyca(2m) 0oy 400 = Ca* (BVE + 0% g +.....)12 11)

which, for V; - 0, gives M = k,cq° 0v 4 as the ultimate detection limit (in
mass) which can be realized (when peak broadening contributions from other
elements are negligible) with the detector available.

CONCLUSION

Detection systems and detectors constitute building blocks for analytical
systems. The proper design of an analytical system is greatly facilitated if
separate building blocks, such as sampling devices, reactors, detectors, etc.,
can be characterized by parameters which describe their effect on the per-
formance of the whole analytical system, but do not depend on the particular .
set-up in which the building block is used.

For liquid phase flow-through detection systems, the volume standard de-
viation oy 4 and the concentration detection limit ¢4 constitute the two
parameters which are most relevant if the total analytical system is to be
evaluated in terms of speed of analysis (throughput) and detection limit,
either in concentration or in mass. By simple deductions, which take into
account the additivity of variances and the dilution factors from reagent
addition, etc., the influence of the detection device in determining maximum
speed and detection limit of the whole system can be quantitatively discussed.
Such an approach facilitates the search for optimal combinations and dimin-
ishes the risk of unjustified experimental efforts.
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SUMMARY

Open tubular reactors for flow analysis and post-column reactors for chromatography
are commonly designed as rather tightly coiled helices. It is shown experimentally that
the dynamices of flow and axial dispersion in such coiled tubes can differ substantially
from behaviour in straight tubes. The differences are almost quantitatively accounted for
by the existence of secondary flow phenomena in coiled tubes. On the basis of these
coiling effects, practical parameters such as sampling rate, reagent consumption, tube
dimensions, pressure drop, etc. are estimated, optimized and compared with those in
other systems (segmented-flow and packed-bed reactors).

Peak or zone broadening in flow-through open tubes is a classical problem
encountered in analytical separation techniques as well as in physical and
chemical technology (where it is called residence time distribution or axial
dispersion). In flow injection analysis (f.i.a.), an analytical technique intro-
duced by RGZi¢ka and Hansen [1] and Stewart et al. [2], the transport
phenomena in the flowing medium are analogous to those in the mobile
phase flowing through chromatographic separation columns. However,
instead of chromatographic partitioning, commonly a chemical reaction
occurs in flow analysis. The f.i.a. column may thus be regarded as a (chroma-
tographic) tubular reactor and for a study of axial dispersion the vast amount
of data published in the chromatographic and technological literature should
be consulted. On the basis of this information, RG%i¢ka and Hansen [3]
decided to use descriptive models, such as the tank-in-series model, for repre-
senting their experimental results on axial dispersion and concentration
profiles in f.i.a. systems. Although they certainly succeeded in formulating
practically useful rules with the aid of such a plate model, more sophisticated
models, which account for the underlying physical (and chemical) mech-
anisms, are necessary for making predictions for future optimization work.
RuZi¢ka and co-workers [3—5] were aware of at least one of the physically
more realistic models, which they used in a qualitative sense only, namely
Taylor’s concept of axial dispersion in flow-through (straight) open tubes
[6]. Taylor’s concept also played a decisive role in the development of
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capillary chromatography. His analysis is valid only for times ¢ longer than
(R/3.8)?/Dy [6]. (For explanation see list of symbols, Table 1.) In contrast
to a statement by Betteridge [5], this condition is nearly always met in f.i.a.
practice. Hence, at least in straight tubing, Taylor’s model should apply and
nearly symmetric peaks of a Gaussian shape may be expected. However, in
f.i.a., peaks mostly show a tailing character, even in the absence of T-piece
mixers and chemical reactions [1, 3—5]. This behaviour is just the opposite
of the only slightly assymetric peaks which are predicted by Taylor’s model
and are indeed observed in numerous experiments in capillary chroma-
tography. Chromatographic experience also reveals that asymmetries like
those observed in f.i.a. can be easily generated by extra-column effects such
as nonideal connections between column, injector and detector, poor T-piece
connections, abrupt changes in internal diameter, slowness of injection,
detection and recording, etc. [7]. In chromatography these non-idealities
have been quite successfully overcome by a judicious design of all parts of
the system. This of course increases the cost of instrumentation, which runs
counter to the popular philosophy behind f.i.a., i.e. to keep designs as simple
as possible so as to arrive at inexpensive (though inefficient) apparatus.
Undoubtedly, for optimal f.i.a. work future designs will have to be changed
so as to match those of present-day chromatography. By way of example,
in Fig. 1 a comparison is made between the peak shape obtained by RaZi¢ka

TABLE 1

List of symbols used

d internal tube diameter, d = 2R (c¢m) Ry, helix radius (¢cm)
dp  particle diameter (um or cm) Re Reynolds number, 2uR/v
D plate height H at u = 1 cm/s (eqgn. 14) Re, critical Reynolds number
(cm) S sampling rate (min™')
De Dean number, Re A'/? Se Schmidt number, v/Dy
Dy molecular diffusion coefficient (em?s™') ¢ time (s)
D, radial dispersion coefficient (total) u linear flow velocity (cms™!)
(ecm?s71) . .
Dy radial dispersion coefficient from second- * defined in eqn. (2) .
ary flow (cm? s-*) ¥ surface.ter}smn'(dynes cm™!)
f friction factor n dynax'mc wscgsnty (P)
F volumetric flow rate; flow limit in Figs. x velocity pr ofile factor
(cm®s1) A a§pect rgtxoz R/I?h .
h  peak height in Fig. 1 (arb. units) v kinematic viscosity, n/p (cm®s™)
H  plate height (cm) e demsity(gem=)
L length (cm) n standard deviation in time units (s)
n segmentation rate (eqn. 12) or power ¢ angle
(eqn. 14) Indices
Ap pressure drop (dynes cm™?) cf centrifugal
P pressure limit in Figs. 0 straight tube
Q reagent consumption per peak (cm?) s secondary flow
R internal radius of tube (cm)
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Fig. 1. Comparison of peak shapes of response curves obtained here (a) and by Réi¥icka
and Hansen (b) [3] under comparable conditions. (a) Toluene injected into iso-octane
pumped at a rate of 7.06 ml min~!, Tube: R = 0.0383 em; L = 300 em; A = 0.08. (b) Dye
solution injected into water pumped at a rate of 1.5 ml min~'. Tube: R = 0.025 cm; L
=125 cm [3].

and Hansen [3] and that recorded by using the apparatus to be described in
the Experimental section. The two peaks were generated under comparable
conditions (nearly the same residence times; similar tube dimensions). The
peak of case (b)is typical of published f.i.a. work;its pronounced asymmetry
should be ascribed to large extra-column effects. Even with strongly reduced
tube diameters and with incorporation of a mixing T-piece, no peak asym-
metry was observed in our apparatus, which is a critical test for extra-column
broadening in view of the reduced column volume. In fact, with the experi-
mental set-up used here no significant deviation from Taylor behaviour was
found for nearly straight tubes, which opens up the possibility of optimizing
f.i.a. on the basis of the principle that peak dispersion is determined by the
dynamics of flow and diffusion within the column itself. Complications
which have to be considered and dealt with in future work stem from sample
size and chemical reaction, both of which are well known sources of peak
asymmetry [3, 7, 8].

EXPERIMENTAL

A detailed description of the apparatus and the manner of data interpret-
ation used in this work has been given elsewhere [9, 10]. The essentially
chromatographic apparatus had been designed in such a way that dead
volumes, abrupt changes in internal diameters and the occurrence of large
time constants in detectors, recorders and accompanying electronic circuitry
were reduced to a minimum.

Liquid samples were injected into a liquid mobile phase by means of a
Waters UBK injector. A convenient injection technique, which largely obviates
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the occurrence of asymmetrical tailing peaks, consists in filling the sample
loop of the injector completely with the sample solution and rapidly switching
the handle into the injection mode and immediately back into the standby
mode. The peak trains recorded for flow analysis in this background study
were generated by manual operation of the injector (which explains the dif-
ferences in peak heightin Fig. 2, A and B). In a final version for flow analysis
application this operation should of course be automated, e.g. by pneumatic
means.

The main detector used in this work was a Waters Model 440 u.v. absorb-
ance detector (254 nm) with a flow cell of 12.5-ul dead volume. The total
dead volume of the detector system including a short connecting line
amounted to 25 ul. This relatively large volume in combination with the

20 s

-

(A)

20s

(8)

MLl
t(s) t(s)

Fig. 2(A). F.i.a. in a microcapillary tube (R = 14 um, L = 325 em) for toluene in iso-

octane;residence time per peak, 42 s. (B) F.i.a. in a coiled tube (R =0.01 ¢m, L = 920 cm,

A = 0.02) for toluene in iso-octane; residence time per peak, 13.8 s; sample rate, 15 peaks/

min; expected rate, 18; sample rate in straight tube under same conditions, 5 peaks/min.
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type of electronic circuitry used in the detector resulted in a time constant
of several tenths of a second. Hence, only peaks with a total width corre-
sponding to more than say 0.5 s could be handled without distortion (tailing),
while a minimum flow rate of 0.5—1 ml min~! had to be maintained in order
to avoid additional peak broadening and tailing. This meant that particularly
with microcapillaries, where flow rates can be as low as 1—100 ul min!, the
addition of extra mobile phase via a T-piece construction at the column out-
let was sometimes necessary. A similar T-piece was used as a splitter at the
column inlet in order to avoid peak broadening and tailing caused by the
abrupt change in diameter on going from the sample loop to the column.
Both T-pieces had been constructed with great care in order to minimize
additional peak broadening in this model study. Again, in a final version for
practical flow analysis application, both T-pieces should be avoided by using
effectively miniaturized detectors and injectors instead.

All the columns with internal diameters in excess of 100 um employed in
this study consisted of commercially available metal tubing (stainless steel,
silver). Small-diameter tubing was drawn from soft-glass (AR-type) pipes by
using an adapted Shimadzu (Model GDM-1) glass-drawing machine. Tight
coiling of these columns (minimum coil diameter 8 mm) was accomplished
with home-made apparatus. Glass—metal connections were made by glueing
techniques.

THEORETICAL

For reasons of practical convenience, the tubing in fi.a. (as well as in
chromatography) is coiled into a helical configuration. In view of the centri-
fugal forces active in any curved flow channel, another flow, perpendicular
to the main flow, is generated. As this secondary flow phenomenon stimulates
transfer processes in a radial sense, coiled tubes have been in use for a long
time, e.g. as effective mixing tubes for liquids and as effective heat exchangers.
From earlier work [9—13], it can be concluded that peak dispersion can be
far less pronounced in tightly coiled open tubes for chromatography than in
straight tubes, as a consequence of the coiling effects induced by the secon-
dary flow phenomenon.

The use of tightly coiled tubes for f.i.a. (and post-column reactors for
chromatography) is recommended here as a means of arriving at a higher
sampling rate and a lower reagent consumption than can be obtained with
any other system, including segmented-flow and packed-bed reactors.

Flow phenomena in coiled tubes

As a result of the curved nature of the flow channel in a coiled tube,
centrifugal forces produce a secondary flow in the radial direction; this
. phenomenon is well documented in the literature [9, 10, 14, 15].

At low velocities the centrifugal forces are still weak and the secondary
flow hardly requires any additional pressure compared with straight-tube
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flow; nor does the axial velocity profile differ much from the well-known
parabolic profile after Poiseuille. Secondary flow manifests itself in the for-
mation of two radial circulation patterns, which tend to divide the original
tube into two parallel and equal halves (cf. Fig. 3).

At higher velocities the centrifugal forces increase sharply; particularly the
faster moving central fluid elements are forced against the outer column
wall. This results in a more or less linear velocity profile and a high boundary-
layer flow along the inner column wall (Fig. 3, lower parts). At very high
velocities the boundary layer thickness decreases and the velocity profile
tends to plug flow while turbulence sets in. It is well known, however, that
coiling tends to stabilize laminarity, i.e. the critical Reynolds number, Re,,
at which turbulence occurs, is much higher in coiled tube flow than in straight
tubes, where (Re.)o =~ 2300. In our experience a good estimate can be ob-
tained from [15]:

Re/(Re.)o =1 +12 \12 (1)

where A represents the ratio between column radius R and coil radius Ry,
This so-called aspect ratio is a significant parameter in characterizing flow-
through coiled tubes; the Dean number, De = Re A2, rather than Re is
commonly used as the (dimensionless) velocity parameter. From eqn. (1) it
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Fig. 3. Secondary flow patterns and velocity profiles in coiled tube flow at low and high
velocities.
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is seen that with A = 0.1 turbulence sets in at about Re =~ 11500, which
unambiguously explains why turbulence never has been of any importance
in f.i.a., in contrast to what has been assumed in earlier work on f.i.a. [5].

Although laminar in nature, it remains to be seen how much additional
pressure the secondary flow requires compared with straight tube flow. In
view of this, friction factors (f = (Ap/L)R/pu?) in coiled tubes were measured
and compared with f, = 16/Re for straight tubes under the same flow con-
ditions, nitrogen being used as the mobile phase. The results are shown in
Fig. 4 for a wide range of column radii, aspect ratios and velocities. The
average line through the data points can be described by the function

fIfs=1+a(De) ; a(De) = 0.107 DeV2/{1 + (12/De'2) + (100/De2)}
1/1500 < A < 1/12; 0.0125< R < 0.1 ;1 < De < 10° (2)

As shown in Fig. 4 the present experiments agree well with theoretical pre-
dictions at high and low De numbers and also with experiments on liquid
flow [10, 14—16, 20]. In normal practice De numbers hardly exceed values
of about 100 and so it is concluded that commonly f/f, < 1.3; in other
words, the pressure drop in coiled tube flow nearly equals that in straight
tube flow at the same flow rate. Except for extremely high velocities, where
De> 100, the Poiseuille relation

Ap/L = 8un/R? (3)

for estimating pressure drops will therefore be used in the following discussion.

Dispersion in coiled tube flow

In complete analogy with the Aris—Taylor—Golay [6, 21, 22] treatment of
axial dispersion in open tubular columns it is possible, under certain sim-
plifying conditions [9, 10, 12], to arrive at the general van Deemter-type
relationship between plate height H and linear velocity u

H = (2Dy/u) + (2¢R* u/D,) . (4)

in the absence of chromatographic retention effects. The first term on the
right-hand side of eqn. (4) represents axial molecular diffusion, which can be
often neglected in practice in view of the low values of Dy in liquids (107°—
107% em? s7!) and the relatively high velocities u applied (say 1—100 cm s7!).
The second term represents the combined action of convective spreading by
the velocity differences present in any velocity profile and the counteracting
averaging action of radial mass exchange. Here « is a function of the shape of
the velocity profile and may be called the velocity profile factor. D, is the
radial dispersion coefficient which contains contributions from molecular
diffusion (Dy;) and secondary flow (D). Both x and D, are thus functions
of velocity, as discussed in full detail elsewhere {9, 10]. Equation (4) is

- equally valid for straight tubes, where x = ko, = 1/48 and D, = Dy are both
constant. Thus

H, = R*u/24D,, (5)
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Fig. 4. Relative friction factors in coiled tubes compared with those for straight tubes
under equal flow conditions. (a) Experimental correlation after White [16] for liquids;
(b and c) theoretical after Topakoglu [17] for A =1/175 and 1/10, respectively; (d) best
fit to the present experiments (eqn. 2) with gases; (e) theoretical after Mori and Nakayama
[18]; (f) asymptotic theoretical relation after Adler {19].

which equals the Taylor dispersion equation. Theory predicts [9, 10, 14]
that in liquid flow-through coiled tubes both « and D, are mainly dependent
on the velocity parameter DeSc. Thus it is expected that plotting H vs. De2Sc
will yield a single curve for all possible values of R, )\, and Dy. Figure 5 shows
this to be approximately true for a large number of new experimental data
and recalculated literature data. Part of the spread observed can be attributed
to the fact that in the literature most data were obtained by straightforward
determination of peak position and peak width instead of the much more
correct moments [7, 8]. The remaining deviations from the average line
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Fig. 5. Relative axial dispersion in liquid flow through coiled and straight tubes. This work:
(®) solute KI, Sc = 525; (o) solute dobanol, Sc = 2450; stainless steel column, R = 0.040
cm, L =10 m, A =1/20: mobile phase H,O for KI and dobanol; (@) solute toluene, mobile
phase iso-octane; S¢ = 266; glass column, R = 0.038 cm, L = 9 m, A = 1/103. Literature
data recalculated: cf. ref, [10].
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through the data in Fig. 5 can be explained by extra-column broadening
effects and by the theoretically predicted small influences of changes in A
and D,, [9, 10]. The general tendency of lowering of the plate height (and
hence peak width) with increasing velocity forms the basis of a further dis-
cussion, which considers the conditions under which coiled tubes can
compete with existing f.i.a. systems.

The dependence of plate height on velocity observed in Fig. 5 is well ex-
plained by theory [9, 10] and has, for a restricted range of velocities, also
been found by other authors [23, 24]. At very low velocities (De?Sc < 10)
H equals H,, i.e. the coiled tube behaves like a straight tube, as the centrifugal
forces are too small to affect the flow patterns. At De?Sc > 10, secondary
flow develops gradually and is well established at De?Sc > 10% where H
reaches a kind of plateau value equal to ca. Hy/4. This corresponds to the re-
duction of the diffusion distances by a factor of about 1/2, accompanying
the formation of the two equal parallel column halves (Fig. 3). The more or
less linear drop of H/H, at still higher velocities is a consequence of the
boundary layer flow and the change of velocity profile from parabolic to
almost linear. (H/H,) values of 107 are seen to be reached at De?Sc = 10°,
which implies a substantial improvement in peak width by a factor of ca.
1072 as compared with straight tubes, under still laminar flow conditions.

CONSEQUENCES FOR FLOW INJECTION ANALYSIS

Recently [4, 25] there has been some debate concerning the question
whether or not segmented flow systems are to be preferred over non-segmented
flows, based on a comparison of practical parameters such as sampling rate
and reagent consumption. The discussion was centred on straight column
behaviour; from the foregoing, coiled tubes may be expected to behave
much more favourably.

Straight tubes

The sampling rate S equals the number of peaks of width 60, that can be
placed within a specified time, say 1 min. The factor 6 used in the peakwidth
60, has deliberately been made rather large so as to obtain a pessimistic
estimate of the parameters to be calculated. The peak variance 0,2 then
follows, with H = L(o,/t)?, from Taylor’s equation (eqn. (5)), as:

(0)5 = R*t/24 Dy (6)

which is valid provided that ¢t > R?/(3.8)2D,, [6], i.e. with eqn. (6) t > 1.5
(04)o- Roughly speaking, this implies that the residence time ¢ should be at
least of the same order of magnitude as the peak width, which is always the
case in practice. However, an upper limit in ¢ for the validity of eqn. (6) can
be formulated from the fact that eqn. (6) can be obtained from eqn. (4) only

* for negligible axial molecular diffusion and x =« ,=1/48. Hence, from eqn. (4)
it follows that: u > (D,2/kR?)'? ~ 7 Dy/R or t = Lju < RL[7 Dy, which, in
practice, is of the order of 103 s or more.
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The sampling rate S, for straight tubes then equals 60/6(0.)e = 10/(0,)e
and so with eqn. (6):

S, = 10 (24 Dy /R%t)Y2 = (49/R) (Dp/t)"? (min™?) (7)

S, is seen to depend only on Dy, R and t and is thus independent of tube
length L, flow F, pressure drop Ap, etc. L, F and Ap are important variables,
however, with practical upper limits, which in turn determine limiting values
for R and ¢, as will be seen shortly. Equation (7) suggests that small column
diameters and short reaction (or residence) times favour high sampling rates,
in accordance with earlier conclusions reached by several authors. Small
column diameters are of course also favourable for reagent consumption
(flow F) or reagent consumption per peak @ = F.60,. From eqn. (3) with
u =L/t and from F = unR?, then

L%/t = ApR?*/8q (8)
and so:
Qo = 6mR>L/(24Dy t)"* = (8n/4) R* (Ap/nDy)'"? (cm?) (9)

which reveals a very strong dependence on column radius indeed. Hence, this
supports RZitka’s arguments for miniaturization {4]. For example, the
currently used common tubing of 0.5 mm internal diameter (i.d.) operated
at say 4 bar requires (with nDy = 1077) @, = 5.82 ml/peak, whereas minia-
turized tubing of say 50 um i.d. would require a lower @, value by a factor
of 10°%. As stated before, small column radii also favour high sampling rates
(eqn. 7), and as Re = R?p (Ap/2n3t)"? this is equivalent to RuZi¢ka’s statement
[4] that low Reynolds numbers should be used. In a more recent publication
by RUZi¢ka and Hansen [3] this statement has, however, been somewhat
weakened: ‘“Rule 7: To obtain maximum sampling frequency . . . . . the
linear flow velocity in the flow cell should be kept high”. It is advisable to
replace these kinds of rule of thumb by more absolute estimates such as
those used in the present discussion. Margoshes [ 25] reached the opposite con-
clusion: “. ... the maximum sampling rate falls off with decreasing Re”. In
our opinion, this is not a justified conclusion as it is used on quite dissimilar
experiments, with different tube dimensions (R and L), and on a strong belief
in the necessity of vague notions like “incipient turbulence’’ probably active
at higher velocities only. Margoshes is right, of course, in pointing out that
certain pressure limitations should be kept in mind. The large work load often
claimed in flow analysis work certainly justifies the use of (rather expensive)
chromatographic solvent delivery pumps instead of the now commonly em-
ployed peristaltic pumps. The use of chromatographic pumps allows operation
at a maximum pressure of say 400 bar. Another practical limitation can be
found in the flow which, for most of these pumps, is limited to approximately
30 ml min~!. Both limits are conveniently expressed in terms of the corre-
sponding time limits, ¢, and fy respectively, associated with 400 bar and 30
ml min~': ¢, = 8hL*/4 X 10® R? from eqn. (8), and tp = 27R?L from F = unR?
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= (L/t) nR?. These limits are indicated in all following Figures by the symbols
P and F, respectively.

Figure 6 shows how the sampling rate S, depends on the residence time, in
accordance with eqn. (7), for a wide range of column radii. It is seen that
hardly any limitation in flow occurs for ¢ > 10 s (a kind of minimum reaction
time in practice), R < 0.4 mm and tube lengths up to 10 m. In fact there
seems to be no practical limitation in pressure, either, for £ > 10s, R > 5 um
and L < 1.5 m. Hence, it can be concluded that miniaturization of flow
analysis systems is a desirable future goal as it allows sampling rates up to
10? peaks/min with 10- or 20-um i.d. columns and short reaction times
(t < 20 s). Longer times require wider columns. Figure 6 also contains data
points obtained with an actual miniaturized tube (28-um i.d.) in the appar-
atus described in the Experimental section. It is seen that with careful
avoidance of extra-column broadening effects, miniaturization indeed offers
a means of attaining high sampling rates. The microcapillary under discussion
behaves like a 30-um i.d. tube, being only slightly less efficient than expected.

3 So(min")

160
320

1280
N A)
x L (411 1 l\d L x 11 1640

2 3
2 4GBIOI 2 4 6810 2 4 680
t(s)

Fig. 6. Sampling rate in straight tubings with different radii. Flow limitation (F) and
pressure limitation (P) are indicated for L = 1 and 10 m, respectively (broken lines). T is

" the time corresponding to the Taylor eondition. Points (o) indicate actual experiments in

miniaturized tubing (R = 14 um; L = 325 cm) for toluene injected into iso-octane (Dy
=2,66 X 107° em? 57'). The numbers on the lines correspond to the radii given in um.
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Figure 2(A) gives an example of a peak train generated with thismicrocapillary.
Of course, sampling rates of the order of 100 peaks/min are seldom necessary
in practice but they may eventualiy become of interest for process control
purposes. Sampling rates of this magnitude imply peak widths of say 0.5 s,
which is also a limit for currently available detectors such as the chroma-
tographic u.v. liquid detectors which have typical time constants of say 0.25 s.
Smaller peak widths can possibly be handled by rapid detection systems such
as the diode array spectrometers recently described in the literature [see, e.g.
26].

To conclude this paragraph on straight tubes, it should be noted that the
same arguments can be used to support the present-day tendency towards
miniaturization in liquid chromatography.

Coiled tubes

In view of the fact that, as shown in Fig. 5, the axial dispersion behaviour
in coiled tubes is equal to or better than that in straight tubes, both the
sampling rate and the reagent consumption per peak may — qualitatively
speaking — be expected to be the same or even better in coiled tubes. Only
at very low velocities, corresponding to De?Sc < 10, i.e. for relatively long
times, do coiled tubes behave like straight tubes. At higher velocities a de-
crease in relative peak widths should lead to an increase in sampling rate and
a decrease in reagent consumption. Secondary flow phenomena form a much
better explanation for the influence of velocity than vague notions like
“incipient turbulence” [5, 25]. More quantitatively, from egns. (4) and (5):

(ot/(at)0)2 =H/[H, (10)

This means that the gain in peak width can be found from Fig. 5 as a factor
(H/Hy)Y? which may reach values of about 1/100 at De2Sc = 10°. In other
words, coiled tubes may be said to behave like straight tubes with an effective
radius that is reduced by a factor of (H/H,)!"? when they are operated at the
same velocity (or time) at nearly the same pressure. This may serve as a
compromise in the striving after ever smaller tube diameters, which most cer-
tainly will give rise to practical problems (like blockage by particles in the
sample). A drawback of coiling effects, of course, is that they become ap-
preciable only at higher velocities, i.e. relatively short times. Figure 7 shows
how this works out in practice for columns with lengths of 1 and 10 m, re-
spectively. In long coils, the gain with respect to straight tubes is more easily
reached than in short coils (compare Fig. 7, A and B) for all times ¢t < 10%s
and all column radii R > 5 um. Columns with a radius smaller than 20 um
are seen to be impractical in view of the pressure limit of 400 bar; columns
with a radius larger than 320 um may give rise to flow problems (Fig. 7B).
In wide tubing, say with R > 80 um, coiling effects remain active even for
t > 10 s and hardly any problems arise concerning pressure. The time
variable t in the graphs is related to the velocity parameter De’Sc via

De?Sc = AL2R?\/vDy t* = ApR*\/20%pDy t (11)
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Fig. 7. Sampling rates in coiled tubings with different radii (R) and lengths. (A) 1 m;
(B) 10 m; the numbers on the lines correspond to the radii given in um. Other conditions:
Dy = 2.66 X 107° em? s7', n = 5.1072 P; A = 0.1. Broken lines: limiting cases for straight
tubing (A = 0).

Figure 8 compares the reagent consumption per peak for coils (@) with that
for straight tubing (Q,) with a length of 1 m. Again, just as for the sampling
rate S, coils are more advantageous by a factor of (H/H,)!"2. ThusS/S,=Q,/Q
= (Ho/H)".

It is obvious from the foregoing that f.i.a. analysis in tight coils is more
efficient than in wide coils (i.e., nearly straight tubes) but that rather high
velocities are necessary (say De?Sc > 10%) in order to obtain appreciable gain
factors (say (Ho/H)'?> 2). In view of the pressure and flow limitations men-
tioned, one might ask what the maximum obtainable (= optimum) De2Sc
value is in tubings differing in length and radius. Figure 9 (a—c) shows how.
De*Sc depends on ¢ (after eqn. 11) for L = 1, 10 and 100 m, respectively, .
with column radius R as the parameter. It is clearly seen that only a limited
working area (hatched in Fig. 9)is available and that the maximum obtainable
values for DeSc are of the order of 10® (for ¢t >10 s). The optimum situation
is one in which the maximum flow line and the maximum pressure line cross
at the desired time of reaction. By way of example: for Ap = 400 bar, F= 0.5
em?® s7! and ¢ = 10 s, the optimum values for L and R follow from t = tp = i
(see above) as R,py = 192 um and L,,; = 43.2 m (calculated with n = 1072 P),

- The corresponding De?Sc amounts to 1.96 X 10% while the gain factor
(Ho/H)'? = 40, S = 125 peaks/min and Q = 0.247 cm?/peak. If longer residence
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Fig. 8. Comparison of reagent consumption per peak in straight tubes (Q,, straight lines)
and coiled tubes (Q, curved lines) for a length of 1 m and different radii (in um).

times are required, say ¢ = 100 s, still wider (R,,; = 282 um) and longer
(Lops = 200 m) tubes are necessary [DeSc = 9.07 X 107, H/H, = 25.8, Q
= 1.78 ecm?/peak, S = 17.3 peaks/min]. If, for practical convenience, flow
and pressure limits are lowered to say 6 cm® min™! (= 0.1 cm? s7!) and 80 bar,
tp becomes 10nR*L, t, = 1077 nL*/R? and so for ¢t = 10: R,,, = 147 um,
Loy = 14.7 m [De?Sc = 1.33 X 107, (H/H,)"* = 8.2, S = 33.3 peaks/min,
Q@ = 0.186 cm?/peak].

Although the gain factor is less than under maximum flow and pressure, S
is still appreciable and the value of @ is more attractive than that given above.
Thus, it may be concluded that coiling effects are put to the best possible
use in rather wide tubes (R ~ 150 um) of great length (L = 10—15 m) at
moderate flow rates and pressure drop; Fig. 2(B) shows an example of a
peak train obtained from such a column. Of course, it is possible to achieve
the same sampling rate in the same time with a straight column, but this
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L=I0m L=100m

Fig. 9. Optimum working areas for coiled tubes of different lengths and radii with pressure
limit at 400 bar and flow limit at 0.5 ml s™!. (a) L = 1 m; (b) L = 10 m; (¢) L = 100 m.
Numbers on the lines correspond to different tube radii (in um): (1) 10; (2) 40; (3) 160;
(4) 640; (5) 2560.

would require a column radius as small as 20 um (see Fig. 7B). Although this
can be realized (cf. Figs. 2 and 6), this kind of miniaturization is quite drastic
and will be useful only if a very low reagent consumption is required (as
Q, ~ R* after eqn. 9) and splitless sample introduction methods are available.
The reduction by a factor of 8 in radius saves a factor of 8* (= 4096) in @,
whereas only a factor of 8 is lost in going from @ to Q,; so in terms of
reagent consumption the straight tube of such narrow bore is better by a
factor of 8° = 512 with @, = 3 X 1073 cm?®/peak. It is evident that for a
very low reagent consumption coiling is of some use but that the main benefit
comes from miniaturization (Fig. 8).

In summary, the conclusions are as follows: (1) coiling is useful with res-
pect to sampling rate, particularly with short residence times and relatively
wide tube diameters; (2) a coiled tube behaves like a straight tube with a
greatly reduced internal diameter but requires much more reagent; (3)
tightly coiled tubing is invariably more effective than straight (or widely
coiled) tubing of the same dimensions; (4) the best way of obtaining high
sampling rates together with a low reagent consumption is via miniaturiza-
tion, but for the time being the use of coiled tubes of rather wide radii may
serve as the most convenient practical compromise.

Comparison with other types of reactor

Two other types of reactor, employed not only for flow analysis but also
for chromatographic post-column reactions, should be considered, namely
~ the segmented-flow systems of the AutoAnalyzer type [25, 27—29] and
packed-bed columns [ 23].
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For segmented-flow systems, Snyder et al. [28] estimate a maximum
sampling rate of 600/h (i.e. S = 10), which is seen to be easily surpassed by
that for the unsegmented straight- or coiled-tube systems discussed above. As
becomes clear from the arguments of RuZi¥ka et al. [4], segmented-flow
systems have a reagent consumption that cannot compete with small-sized
unsegmented-flow systems. On the whole there seems to be more scope for
future developments with unsegmented- than with segmented-flow systems.

The thorough study of Deelder et al. [23] indicates that debubbling
systems contribute very significantly to total zone broadening. These systems
behave like ideal mixers (o, = V/F) with a quite substantial dead volume V.
In the case of Deelder’s apparatus, V is ca. 3 cm® and it is to be expected
that a dead volume of less than 100 ul is necessary for the apparatus to be
useful (see later). Peak broadening in the segmented-flow reactor itself can
be found from Snyder’s semi-empirical formula {29}, which for negligible
air flow can be written as:

0%y = 2 (Lnfy)* £ [(1/n) + 5 X 10°d? (Ln/7t)*"] (12)

where n is the important segmentation frequency and v the surface tension
at the air—liquid interface. Under normal conditions (¢ > 10 s), the term 1/n
between the square brackets dominates, since n/y ~ 1072/25 = 4 X 107°,
Hence, approximately:

oy = (Ln/y)'"? ' (13)

Here n = 2 is used as a practically useful segmentation rate [23], although
optimum values for n may amount to 10 or even higher, depending on tube
size [29]. It should be noted that the time dependence of ¢; according to
eqns. (12) and (13) differs appreciably from that proposed by Snyder [29]
and Schwedt [30], in both cases given as o, =~ t!/2. This difference stems from
the fact that we took L as a constant, whereas Snyder assumed F to be a
constant. Snyder’s assumption is somewhat impractical as F = nR2L/t, so for
a constant flow, L must be changed in proportion to t. A good segmented-
flow system (with L = 10 m, 2R = 0.05 cm) is compared with the straight
and coiled unsegmented-flow systems described earlier, in terms of o, vs. ¢
(see Fig. 10). It is seen that for all times ¢t < 10° s homogeneous flow yields
a better result in both straight and coiled tubes than in the segmented
system, particularly when broadening by the debubbling system is taken into
account. For Fig. 10 this was done by using quite an optimistic value of
188 ul for the dead volume. Preferably, however, the debubbler volume
should be say 50 ul or less if the rather horizontal (i.e. time-independent)
dispersion characteristic of the segmented flow system is to be applicable up
to longer times. Maybe electronic ‘“debubbling” will be the ultimate solution
to this problem [23].

The other type of reactor that should be considered is a packed column
of the kind used for post-column reactions in modern liquid chromatography.
Deelder et al. concluded [23] that *. .. even for fast reactions, i.e. t = 30s,
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Fig. 10. Peak width (expressed as standard deviation) as a function of residence time in
several flow systems. (a) Segmented flow after eqn. (12) (n = 2; L'=10 m; R = 0.025 cm)
with (solid curve) and without (broken curve) debubbler; (b) homogeneous flow in
straight tubes (L = 10 m) after eqn. (6); (¢ and d) packed columns (L = 10 cm; d, =20
pm) after Done and Knox [31] and Snyder and Kirkland [32]; (e) homogenous flow in
coiled tubes (L = 10 m, A = 0.1) after egn. (10); (f) same as (b) except R = 40 um; (g)
same as (e) except R = 40 um; (h) same as (b) except R = 10 um,; (i) same as (e) except
R=10pm,

the additional band broadening o, (of coiled tubes) will be about 1 s and
packed reactors should be preferred”. In their comparison these authors
made use of the empirical Hiby correlation for axial dispersion in packed
beds; this is probably too optimistic, especially for the currently used
small particle sizes of 20 um and less. With such small particles packing
structures are known to be less effective than is suggested by extrapolation
from experiences with larger particles, on which Hiby’s correlation is based.
Preferably, use should be made of correlations based on measurements
actually performed with such small particles; pertinent data are available
from the chromatographic literature. For instance, the relation of Snyder
and Kirkland [32]

H=Dur (forn=0.4; D = 1072 d!'%) (14)

with the given values of n and D (d, in um) meets the requirements and is in
- good accordance with the relation of Done and Knox [31]
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Hjd, = (ud,/Dy)'"* + 0.1 ud, /Dy, (15)

which in turn is supported by theoretical considerations as discussed by
Horvath and Lin [33]. Both equations (14) and (15), recalculated as o, vs ¢
for a 10-cm column packed with 20-um particles, are plotted in Fig. 10. It is
seen that packed reactors are indeed better than, or equal to, segmented flow
systems but that homogeneous flow in miniaturized straight tubes (R =
40 um) or in normal coiled tubing (R = 160 um or less) is to be preferred.
This conclusion is in contrast with that of Deelder et al. [ 23], who preferred
packed reactors. In particular, small-diameter coiled tubing of, say, R =
40 um or less is unrivalled in dispersion properties over the whole range of
reaction times.

CONCLUSION

The present study has shown the possibilities and limitations of homo-
geneous flow injection systems (straight and coiled) in comparison with
segmented-flow systems and packed-bed reactors. It has been demonstrated
experimentally that in homogeneous flow systems peak broadening is less
pronounced for all residence times shorter than say 20 min — and hence,
sampling rate and reagent consumption are far better —than in either
segmented-flow or in packed-bed reactors. High sampling rates are obtained
particularly in coiled tube flow, while a very low reagent consumption is
characteristic of miniaturized tubing. Pressure and flow limitations should be
virtually absent if the same apparatus is used as in chromatographic work.

The author wishes to thank J. P. A. Bleumer and N. van den Hoed for
carrying out many of the experiments,
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SUMMARY

Both coiled open tubular reactors and packed-bed reactors can be used in flow analysis.
Band broadening and pressure drop in these reactors are discussed. Theoretical analysis
shows that packed-bed reactors are to be preferred. It is shown that for a given residence
time and equal band-broadening values the pressure drop over a packed-bed reactor is
lower than over a coiled open tubular reactor. Rules for optimal design are given for coiled
tubular reactors and packed-bed reactors. The application of both reactors is shown for
the spectrophotometric determination of phosphate with a vanadomolybdate reagent
yielding a yellow colour.

The introduction of flow analysis [1] marked an important breakthrough
in automatic chemical analysis. In this technique the sample is injected into a
carrier stream. The carrier stream is mixed with reagent and the resulting
stream passes through a reactor and is fed to a suitable detection system
which indicates the presence of the reaction product.

When a sample band passes through the flow system, axial dispersion takes
place. This dispersion should be kept as low as possible, because it adversely
affects the sample integrity and the throughput. Axial dispersion also causes
sample dilution and thus decreases the sensitivity of the method. Axial dis-
persion can be reduced considerably by using gas-segmented liquid flow. The
technique of gas segmentation has been applied in the AutoAnalyzer System,
the first widely applied equipment for automatic chemical analysis. A elabor-
ate theoretical model which describes sample dispersion in gas-segmented
liquid flow has been given by Snyder and Adler [ 2—4].

Flow analysis without gas segmentation has lately been receiving attention
[5—T7]. In previous work [8—11] the use of post-column reaction systems in
liquid chromatography was described. In these systems, the effluent of a
chromatographic column is continuously mixed with a colour reagent that is
specific for the group of compounds to be determined and the absorbance of
the resulting reaction mixture is continuously measured. In the present paper,
the theoretical description of dispersion phenomena in post-column reactors
is applied to flow analysis. Two types of reactors are considered: a tubular
reactor consisting of a narrow stainless-steel coiled tube and a packed-bed
reactor, i.e. a tube packed with inert impervious particles such as glass beads,
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The performance and characteristics of these reactor systems are described
and compared, and rules for optimal design are given. This is illustrated by
the application of both an open tubular reactor and a packed-bed reactor for
the determination of phosphate in phosphate rocks by the vanadomolybdate
method [12, 13].

THEORY

When a fluid flows through an open tubular reactor or a reactor packed
with inert impervious particles the combination of convective mixing and
molecular diffusion brings about a residence time distribution, This distri-
bution can be measured by injection of a sharp concentrated pulse of an inert,
non-reacting tracer material at time ¢ = 0 and measuring its concentration at
the reactor outlet as a function of time, c(t).

The residence time distribution can be described by its statistical moments.
For practical purposes, the most important characteristics are the mean resi-
dence time, t,, or the first moment, given by:

t, = [Of t o(t) dt] /[of e(t) dt] (1)
and the variance, ¢, or second moment about the mean
o= [of (t — t,)% e(t) dt] / Lf e(t) dt] (2)

The simplest mathematical model used to characterize dispersion in flow
reactors is axially dispersed plug flow. For this model:

t,=L/uand o, = 2D L{u®

where L is the length of the reactor tube, u the average linear flow velocity
and D the axial dispersion coefficient. Both equations hold for uL /D > 100.
It can also be shown that the c(t) curve approaches a symmetrical Gaussian
distribution curve around t = t,, for sufficiently high values of uL /D; [14—16].

A flow reactor can, however, be considered as a series of N ideal mixers.
If the number of mixing stages, N, is sufficiently high, the resulting ¢(t) curve
has a Gaussian shape and its variance is given by o,* = t,?/N. For open tubular
reactors as well as for packed bed reactors the axial dispersion coefficient,
Dy, can be estimated from fluid properties and reactor characteristics, e.g.
fluid velocity, molecular diffusivity of the tracer compound, tube diameter,
etc., which in turn permits calculation of residence time distributions. This
approach is applied in chemical engineering [14—16].

In flow analysis both sample throughput and sample dilution are directly
related to dispersion. Sample throughput rate is limited to a maximum value,
T, beyond which a reliable estimation of peak heights is no longer possible
because of excessive carry-over between samples. For this maximum value,
T = 1/4 o, is considered. At this sampling rate the distance in time units
between two successive sample peaks is 40;, and it can be seen from Fig. 1
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PFig. 1. Typical signals for flow analysis. (a) Gaussian peaks separated by a distance of 4o,.
(b) Tailing peaks separated by a distance of 40,.

that for symmetrical as well as for skewed peaks the peak height is not
affected by leading or tailing edges from neighbours. For Gaussian peaks
T = N'/2/4¢t,. Sample dilution is expressed as the quotient of the maximum
concentration of the tracer at the reactor outlet, ¢,,.,, and the uniform
concentration of the sample at injection, ¢,. If the injected volume of the
sample is V,, then

(2”)1/20t(q)c + q)r) cmax = VOCO (3)
where ¢, and ®, are the volumetric flow rates of the carrier and the reagent,
respectively. Combination of eqn. (3) with o2 = t,?/N gives

cmax/co = ‘/0(]\/.)1/2/(2”)1/2 tv(q)c + q)r) (4)

These equations show the importance of using reactors with high plate num-
bers (N) for flow analysis.

Tubular reactors

In their simplest form, flow reactors consist of narrow tubing. In straight
open tubes with laminar flow a residence time distribution originates from
the combination of the parabolic velocity profile and molecular diffusion
[17]. For the dispersion coefficient D;, the following expression can be
derived:

Dy =D, +(d u*/192 D,,) (5)

where D,, is the molecular diffusion coefficient of the tracer compound, d,
the internal diameter of the tube and u the average linear flow velocity. If
this value is substituted into the equation o> = 2 Dy L/u?, then

0" = (2 Dpnt,*/L?) + (d¢’t,/96 Dyy) (6)

Except for extremely low and impractical flow velocities the first term on
the right-hand side of eqn. (6) can be neglected, giving

o2/t, =d,?/96 D, (7
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Equations (5—7) can be used only if ¢, < ¢, Ld,/(¢t,Dy) > 100 and t,D,/d?
> 0.2 [18].
For a non-parabolic flow profile, eqn. (7) can be modified to

02/t = kd,*/96 Dy, (8)

where «k depends on the particular flow profile [19].

When a fluid moves through a helically coiled tube, a secondary flow per-
pendicular to the main direction of flow sets in (Fig. 2). This secondary flow
is due to centrifugal forces acting on the moving liquid. The axial velocity
is greatest near the centre of the tube, and here centrifugal forces will act
most strongly. The fluid near the centre is thrown outwards and is continuously
replaced with fluid recirculating along the tube wall. The first theoretical
study of flow in curved tubes was made by Dean [20], who obtained an ap-
proximate expression for the liquid velocity profile by solving analytically the
equations of motion. He proposed the use of a dimensionless parameter
known as the Dean number, Dn = Re(d,/d.)"? for characterizing flow in
curved tubes, where the Reynolds number Re = 4p®/ndn, p is the density of
the solvent, n is the viscosity, ® the volumetric flow rate, d, the tube diameter
and d. the coil diameter. Owing to simplifications made in the mathematical
procedure, Dean’s solutions are valid only for a very limited range of flow
conditions.

More recently, numerical methods have been presented [21, 22] for solving
the equations of motion over a wide range of Reynolds numbers and curvature
ratios, A = d./d,. The calculated axial flow velocity profiles were found to
deviate strongly from their parabolic straight-tube counterparts; the differ-
ences between the mean axial velocity and the velocity of the various axial
flow lines are greatly reduced when coiled tubes are used. These results were
confirmed experimentally [22]. Secondary flow in coiled tubes causes an
increase in radial mass transfer and therefore reduces axial dispersion in com-
parison with flow through a straight tube.

From the point of view of fluid mechanics, the problem of dispersion in
laminar flow of an incompressible fluid in curved channels consists essentially
in solving the mass-transfer equation, accounting for both molecular and
convective diffusion in a given flow field. Because of the complexity of the

(&

Outer wall Inner wall

Fig. 2. Secondary flow pattern in the cross-section of a coiled tube.
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equations involved, no satisfactory solution for this problem has so far been
found.

Recently, Trivedi and Vasudeva [23] described experimental results for
dispersion in coiled tubes over a wide range of Dean numbers; they plotted
the experimental x values against Dn and obtained a series of curves according
to the Schmidt number, Sc, where Sc = np/D,,. However, as the k values were
derived at leastin part from asymmetrical step response curves, the reliability
of these results is doubtful. A recent theoretical study [24] showed that «
can be calculated as a function of Dn’Sec for d./d, > 20 and Dn < 15, but no
experimental verification was presented.

The « values measured for three solute—solvent pairs in tubes of length
10—20 m (i.d. 0.5—1.0 mm) for various curvature ratios, A [10], are plotted
against DnSc!’? in Fig. 3. The measurements are represented by a single curve,
as predicted by Janssen [24], which can approximately be described by the
equations:

k = 5.6 (DnSc®%)"%¢7 for 12.5 < DnSc®* < 200; k = 1 for DnSc®° < 12.5

The full lines in Fig. 3 correspond to these equations. By using these corre-
lations it is possible to predict band broadening, o, in coiled tubular reactors
for flow analysis. Figure 4 show plots of o, vs. the internal diameter, d,, of
the reactor tube and curvature ratios, A, of 200 and 10, respectively. It can
be seen from Fig. 4 that little band broadening and, therefore, a high sample
throughput rate can be obtained for coiled tubes of narrow bore. Tight coiling
(low X\ values) favourably influences band broadening. It should be noted,
however, that practical problems impede the maximum gain from the possi-
bilities of open tubular reactors. For instance, although attractive from the
theoretical point of view, the combination of narrow bore tubing and tight
coiling will be troublesome. Tight coiling, e.g. a curvature ratio of 10, may
be readily obtained for wide-bore tubing (e.g. 1 mm i.d.), but for 0.2 mm i.d.
tubing, A = 10 means a coil diameter of 2 mm, which would be difficult to
realize,

Furthermore, at a given reaction time, t,, the minimum internal diameter
of the reactor tube, d,, will be limited by pressure drop and tube length. The
pressure drop for laminar flow through straight tubes is calculated from the
Poisseuille equation

Apft, =512 n®*/n?* d,® (9)

Secondary flow in coiled tubes causes an increase in the axial pressure gradient.
Considerable experimental data on pressure drop in coiled tubes are available
{25, 26] and a good theoretical background for the empirical pressure drop
relationship has been given [22]. It turns out that for Dn < 25 the increase
in pressure drop is no more than 10% with respect to straight-tube flow, As
in practice these conditions will always be fulfilled for flow analysis reactors,
eqn. (9) can be used as a good approximation for calculating the pressure
drop in these reactors.
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Fig. 4. Dispersion in a tubular reactor calculated for two coiling ratios A: (a) A = 200; (b)
A = 10. Band broadening, oy, is plotted versus tube diameter, dy, for various reaction times,
ty, assuming a constant total volumetric flow rate (¢ = 1 em? min™") and a constant coiling
ratio (A =2000r 10); D, =2X 10 °ecm?s ;=05 mNsm™2;p = 0.7 g em™3,

A pressure limit of 50 atm was chosen and, for the conditions used in Fig. 4,
the corresponding minimal values of the tube diameter, d,, were calculated
from eqn. (9). The broken lines in the left-hand bottom corners of Fig. 4 (a,
b) correspond to this pressure limit. In contrast, a limiting value for d, was
calculated for a maximal tube length of 50 m from

d, = (4®t,/nL)"? (10)
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This limit is indicated by the broken lines on the right-hand sides of Fig. 4
(a, b). The dotted lines in Fig. 4 correspond to combinations of ¢, and ¢, for
which the pressure limit and/or the maximal reactor length is exceeded. The
pressure limit of 50 atm may appear somewhat conservative, since current
pumping systems for high-performance liquid chromatography allow op-
erations at pressures up to 500 atm. However, it can be seen from egn. (9)
that a ten-fold increase in pressure drop will result in a decrease of the mini-
mal values of the tube diameter by a factor of 10'¢, i.e. only 1.47. Therefore
the benefit of sophisticated pumps for liquid chromatography in flow analysis
with open tubular reactors seems questionable.

Packed-bed reactors

Experience with packed reactors for post-column derivatization in liquid
chromatography indicates that this reactor type is an attractive alternative
to the open tubular reactors currently used in flow analysis [8—10]. Band
broadening in reactors packed with inert, impervious particles such as glass
beads, is due to a combination of axial molecular diffusion and convective
mixing and can be expressed by the following empirical relationship according
to Hiby [27]:

Dy = 7Dy +{Ndpu/2 [1 + Xy(D/udy)?1} (11)
Combination with the equations ¢, = L/u and ¢,> = 2 D L/u? gives:
Lod/t,* = [2yDy/ul +{Adp/[1 + Ay(Dyfudg)'?] (12)

where 7 is the tortuosity factor, u the interstitial fluid velocity, d;, the mean
particle size of the packing material and A; and A, are constants characterizing
the geometry of the packed bed. The contribution of convective mixing, ex-
pressed in the second term on the right-hand side of eqn. (12), can be reduced
considerably by using appropriate column packing techniques. The validity
of these equations was verified for glass-bead packings with d, ranging from
15 to 40 ym [10]. In a recent study, Horvath and Lin [28] proposed a dif-
ferent equation, which is based on an elaborate theoretical model. The same
study, however, shows that the empirical Hiby relation, eqn. (11), matches
the experimental dispersion data equally well.

When columns packed with glass beads are to be used as reactors for flow
analysis, a suitable choice should be made for the reactor length, L, and the
mean particle diameter of the glass beads, d,, for a given combination of
reaction time, ¢,, and band broadening, ;. In practice, limits are set for the
pressure drop over the reactor, Ap, and L. The pressure drop is calculated
from the Darcy equation:

Ap = unL[kod,y? (13)

where &, is the permeability of the reactor.
When o, and t, are fixed, Ap can be calculated from egns. (12) and (13)
for any value of L [8]. The corresponding value of d,, is then calculated from
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eqn. (13). These calculations were carried out for the values listed in the
legend to Fig. 5. The values of the Hiby constants A, and A, and the per-
meability constant k, were determined in separate experiments with glass-bead
columns [10]; the values of the diffusion coefficient and the viscosity corre-
spond to those used in the preceding section. In Fig. 5 Ap and L are plotted
against d,, for a constant value of o, (1 s). In this figure the reaction time ¢, is
varied between reasonable limits (60—180 s). Favourable conditions are
found near the minimum of the Ap vs. d, curves, corresponding to short
reactors and low pressure drops.

The smallest peak broadening obtainable in practice is 0.5 s, because of
the unavailability of glass beads smaller than 10 um and because the use of
very small beads leads to excessively high pressure drops.

In order to facilitate comparison of reactor types, Fig. 6 shows d,, plotted
against ¢, for various reaction times, t,, and for a reactor length of 25 cm. In
practice, limits are set on the pressure drop, Ap, over the reactor and the
broken lines interconnect points of equal pressure. For a given length of the
reactor, the internal diameter, d,, of the reactor should be chosen so as to fit
in with the residence time and the volumetric flow rate ® through the reactor:

d, = [4t,®/mecL ]V (14)

where er is the void fraction of the reactor (ey = 0.4 for non-porous particles).
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Fig. 5. Dispersion in a packed reactor. Reactor length, L, and reactor pressure drop, Ap,
as a function of the particle diameter, dy, for various reaction times, t,, at a constant
residence time distribution in the reactor, o4, of 1.0 s. Numbers plotted near the curves
correspond to ¢, in s. Conditions: vy =0.7;x, =10; A, =18;k,=0.002;n = 0.5 mN s m™?;
Dy =2X107° em?s™'.
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Fig. 6. The particle diameter, dy, as a function of the band broadening, ¢, for various
reaction times, t,, assuming a constant reactor length L = 25 cm. The broken lines inter-
connect points of equal pressure drop.

Selection of reactor type

Where practical applications of reactor systems are concerned, the chemistry
of the reaction involved is of the utmost importance for the choice of the
reactor type. For fast reactions this choice is straightforward. As demonstrated
in the preceding section, the lowest additional band broadening is obtained
for packed reactors, i.e. 0, < 1 s for reaction times up to 5 min.

Helically coiled tubes are attractive as reactors, because of their simple
construction and easily predictable dispersion. However, in spite of the
“coiling effect”’, the dispersion in these reactors is relatively important: even
for fast reactions (¢, = 30 s), the band broadening, o,, will be about 1 s (see
Fig. 4) and packed reactors are to be preferred, when maximal sample through-
put is required.

For slow reactions (reaction times above 5 min), neither glass-bead col-
umns nor helically coiled reactors can be used without accepting large values
for the band broadening, ¢,. Then gas-segmented liquid flow is a useful alter-
native [4, 9]. It should be noted, however, that many reputedly slow reactions
can be considerably accelerated as the closed pressurized reactor allows the
reaction mixture to be heated to temperatures that exceed the boiling point
of the solvent [29]. For some applications, however, this approach is unsuit-
able, e.g., when aggressive reagents such as concentrated acids are used.

EXPERIMENTAL

Phosphate determination
At these laboratories, the phosphate content of raw phosphate is currently
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determined by the vanadomolybdate method [12, 13]. An acidic solution of
ammonium vanadate and ammonium molybdate is mixed with the acidified
sample solution. The absorbance of the yellow reaction mixture is measured
at 420 nm. This method was readily made automatic by using a flow system.

Chemicals

All chemicals were of analytical grade (Merck) and distilled water was
used throughout. The reagent solution was prepared by dissolving 0.75 g
of ammonium vanadate (NH4;VO;) and 13 g of ammonium molybdate
((NH4)6M0,0,4 - 4H,0) in about 900 ml of warm distilled water (90°C). After
cooling, the solution was diluted to 1 1. Before use the reagent solution was
filtered through a 0.2-um filter (Sartorius, SM 11307). In addition,a 1 N
nitric acid solution was prepared.

Instrumentation

Figure 7 gives the scheme of the reaction system for the photometric
determination of phosphate. Two cheap reciprocating pumps (Nikkiso, type
Inic 75-25-3 CAK) delivered the reagent and the carrier stream to the reactor.
The volumetric flow rates were both 0.55 cm?® min™!. Flow pulses were sup-
pressed by a dampening system (Orlita, type MSDO) combined with a capillary
restriction (length 10 m, 0.25 mm i.d. 316 SS tubing). The sample was injected
into the nitric acid carrier stream by means of an injection valve (Rheodyne,
type 7010) equipped with a 30-ul sample loop. Both streams were mixed in
a T-piece and fed into the reactor. All connections were made of 316 SS
tubing (0.25 mm i.d.). The reactor was thermostatted by a circulating water
bath (Lauda, type U3-S15/12) at 30 + 0.1°C.

The absorbance of the reaction mixture was measured at 420 nm in a
spectrophotometer (Zeiss, type PM2DLC) equipped with a 8-ul flowcell.
The detector signal was recorded on a potentiometric recorder (Kipp & Zonen,
type BD 8); peak areas were measured with an integrator (Minigrator, Spectra
Physics).

Both an open tubular and a packed reactor were tested. The open tubular
reactor was constructed of 316 SS tubing (10 m X 0.25 mm i.d.) wound into
a 2.5-cm diameter coil (A = 100). The packed reactor was made of 4.6 mm
i.d. 316 SS tubing (LiChroma) and had a length of 7 cm. The reactor was
packed by means of a balanced density slurry technique [30]. A porous SS
disc for supporting the packed bed and the column and fittings were supplied
by Chrompak. Glass beads were obtained from Sovitec; narrow sieve fractions

PumpD_—D—7
Pneumatic
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Pneumatic | Reactor { Spectra.
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Pump‘j___{:}_o__ {777__.{_
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HNO; 1M valve

Fig. 7. Schematic diagram of the flow system for the determination of phosphate.
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of these beads were prepared by means of an Alpine air class1f1er A fraction
with d, = 40 um was used in this study.

RESULTS AND DISCUSSION

The dimensions of both reactors were chosen so as to give a mean residence
time, t,, of ca. 35 s. The reaction was found to be almost complete after this
time. For the packed reactor, g, = 1.8 s was found at a pressure dropAp =0.4
atm. For the tubular reactor these values were 4.1 s and 4 atm, respectively.
The value for ¢, was determined from the peak obtained on injection of 30 ul
of a sample solution containing phosphate (20 mg 1™!). In Table 1 these values
are compared with the theoretical values estimated from the equations for «
(Fig. 3) and eqn. (12) and for D, = 107° cm? s™'. As stated in the theoretical
part, this estimation will be correct only if tracer substance, compound to be
determined and reaction product all have the same value for D,. Thereis a
satisfactory agreement between the observed band broadening and the theor-
etically predicted values.

The smaller band broadening in the packed reactor leads to a maximal
sample throughput rate of T = 0.14 s7!, corresponding to 500 samples per
hour, while for the tubular reactor T = 0.06 s™!, or 220 samples per hour. The
packed reactor has the higher number of mixing stages. Therefore, the dilution
in this reactor is less than half that in the tubular reactor. Figure 8 shows the
peak trains obtained for phosphate test solutions with the packed and tubular
reactors. A typical calibration graph for the reactor system currently used
was linear over the phosphate range 0.05—0.5 mg cm™ (corresponding to
1 000—12 000 integrator counts). Linear regression confirmed that a straight
line with zero intercept could be fitted through the data points; the coefficient
of regression was 0.999993. Table 2 gives relative standard errors for the
determination of phosphate in standard solutions. The high reproducibility
is mainly due to the excellent flow stability of the pumping system. The
reliability of the analytical method is illustrated by the data in Table 3, which
were obtained by analyzing periodically three standard phosphate rock
samples. A long-term reproducibility of 0.5% (relative) was found and the
differences between “known” and “found” phosphate contents were stat-
istically insignificant.

TABLE 1

Comparison of estimated and measured characteristics of a packed and tubular reactor

Estimated Measured
Packed reactor. oy (8) 1.5 1.8
Ap (atm) 4 4
Tubular reactor. o4 (s) 4.2 4.1

Ap (atm) 0.4 0.4
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Fig. 8. Flow analysis for phosphate in phosphate rock samples with (a) a coiled tubular
reactor and (b) a packed-bed reactor.

TABLE 2

Relative standard deviations for determination of phosphate in aqueous test solutions

Phosphate content (mg em™?) 0.050 0.100 0.375 0.500
No. of detns. 12 11 17 11
R.s.d. (%) 0.08 0.08 0.07 0.07
TABLE 3

Long-term reproducibility of phosphate determination in phosphate rock samples

Sample Phosphate content, No. of R.s.d.
number weight (%)? observations (%)
1 44.4 10 0.5
2 44.8 17 0.4
3 44.4 13 0.5

2Determined by gravimetry.



103
NOTE ADDED IN PROOF

During the conference, we became aware of efforts [31, 32] to describe
dispersion phenomena in reactors for flow analysis that are similar to that
outlined above. It may be time-consuming for readers interested in this sub-
ject to correlate the different conclusions reached from basically similar
experimental and theoretical work, thus some clarification seems in order.

In the present work, limits were set to the pressure drop over the reactor
tube as well as to the length and internal diameter of the tube. The aim was
to keep the dimensions of the reactor used within the practical range of
working conditions. Similar considerations applied to the design of packed-
bed reactors. From this point of view our conclusion that a packed-bed reac-
tor is a good alternative to a tubular reactor is still valid, especially for short
reaction times. Because Tijssen [32] goes down to 10-um i.d. tubing in his
calculations, he can conclude that these capillary tubes are to be preferred
over packed-bed reactors.

On the other hand, in the comparison of gas-segmented reactors and coiled
tubular reactors in Fig. 11 [32], the latter are favoured because in the calcu-
lations the length of the reactor is kept constant and the residence time is
varied. In dealing with gas-segmented flow reactors the residence time is
normally kept constant, while the reactor length and the segmentation fre-
quency are varied, as is done by Snyder [31]. In that case the gas-segmented
flow reactor is favoured.

It should be noted, however, that in applying a gas-segmented liquid flow
reactor a considerable amount of dispersion is contributed by mixing tees
and debubbler [33].
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SUMMARY

The injection and detection methods in flow injection analysis (f.i.a.) are theoretically
described. Theory is developed for a simple flow model based on laminar flow without
diffusion. The results lead to the conclusion that exact specifications for injection and
detection devices in experimental f.i.a. are necessary. The influence of the sample volume
is described in more detail with a systems analysis model of f.i.a. in which the tanks-in-
series model is used for transport of the fluid. The theoretical and experimental results
are in good agreement, thus the theory developed for sample injection in f.i.a. appears to
be valid.

THEORY

Influence of injection and detection methods on f.i.a. response curves

One of the most important parameters of experimental f.i.a. curves is the
peak variance which has a direct influence on sample throughput. It is well
realized that the peak variance can be built up from three contributions:

olzveak = C’iznjection + ogransport + 0(21etection (1)
Just as in chromatography, the contribution of the detection to the overall

variance can be neglected when the standard deviation caused by the detector

is at least five times smaller than the standard deviation caused by the trans-

port. This condition is nearly always met in f.i.a. In that case eqn. (1) can be

simplified to

12)eak = Oiznjection + Otzransport (2)

0
The theoretical discussion of peak variances by RuZi¢ka and Hansen [1] is
based on the concept of residence time distribution (r.t.d.) functions. In
their models these authors assume delta functions for the injection and thus
predict values for o7, ... only. The goal of the present work was to account
for the contribution of the injection to the overall variance as well. Levenspiel
et al. [2, 3] have pointed out that the manner of injection and detection has
an influence on the measured r.t.d., and their notation has been adopted for
the description of this influence in the following discussion of f.i.a. The
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theory of Levenspiel et al. was developed for delta input functions. As these
functions are never realized in practice, a more general injection model will
be introduced here. The curves calculated with this model will contain the
contribution of the injection, so that o2,y is immediately available. (The
symbols used in the subsequent argument are listed in Table 1.)

Although injection of a given amount of sample Q, in a flow system with
volume flow rate f, may appear to lead to an unambiguously defined injection
process, this is not true. Two different cases will be considered here.

(A) Time injection. Here the sample is introduced during a finite time AT,
The amount of sample introduced into each stream line is proportional to the
velocity in that stream line (e.g. an ideal syringe). For this injection model,
use will be made of a dimensionless parameter §(= AT/7), where 7 is the mean
residence time of the flow system.

(B) Slug injection. Here a slice with length AL of the flowing fluid is
instantaneously replaced by the sample fluid (e.g. an ideal sample loop). This
injection model is characterized by the dimensionless parameter a(= AL/L),
where L is the line length of the system. In some cases it will be convenient
to define o based on volumes. Figure 1 shows schematically the two ways
of injecting the sample. It is assumed that in the case of the time injection
the concentration C, of the sample is constant during the injection time AT
and that in the case of the slug-injection the sample loop with volume AL#R?
has been homogeneously filled with the sample of concentration C,,.

For the detection two possibilities will also be considered.

(A') Cup-mixing value detector. In this kind of detector a weighted mean is
determined

Ceup = fR [C(r)v(r)2nrdr/(v)nR?] (3)
0

in which R is the radius of the detector, r is the radial coordinate, (v) is the
mean velocity of the fluid and v(r) is the velocity of the flow stream at a dis-
tance r from the middle of the detector. Examples of this kind of detection
are given by all mass flow-sensitive devices, such as continuous titrators and
coulometric sensors, and also by the method of collecting fractions and deter-
mining the mean concentration in these fractions.

(B') Mean value detector. This detector “looks” through a plane perpen-
dicular to the direction of the flow. The mean concentration is defined by

C..= [ C(r)2nrdr/rR? (4)
0

This type of detector is approximated by an optical detector. The example
of laminar flow neglecting diffusion will be used to illustrate the influence of
the injection and detection methods on the r.t.d. function. In the case of a
time-delta injection with a cup-mixing detection this r.t.d. function is given
[4] by

0<% E=0;6>4% E-=1/(20° (5)
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TABLE 1
List of symbols
c concentration t time
Cmax concentration at peak maximum AT injection time
o concentration of sample without dilution u(r) velocity at radial position r
E E function; exit-age distribution function (v mean velocity
fo volume flow rate x axial coordinate
L line length a AL/JL
AL length of the slug; sample loop length i AT/
n number of imaginary tanks 0 reduced time: 0 = t/7
Q amount of sample gy, =m mean of a distribution
Q, total amount of sample injected K k-th moment about the origin
r radial coordinate a? variance of a distribution
R tube radius T residence time

§

complex variable

Mathematical symbols

C(s) Laplace transform
£,L7! Laplace transformation, back-transformation
P(x?1v) Chi-squared distribution with v degrees of freedom
O notation f(8) = O(g(8)) for 6 — «; there exist positive 56 and M such that If(6)I < Mig(6)
forallo > &
Q Q
a b
0 R r 0 R v

c
0 X

E

-AL O x

Fig. 1. Initial conditions resulting from type A and B injections. The model of laminar
flow without diffusion is used. (a, b) Distribution of the injected amount @ over the radius;
(¢) initial distribution of the sample in type A; (d) initial distribution of the sample in

type B.

where 6 is the reduced time defined by 6 = t/r. The E function is the exit-age
distribution function, i.e. the fraction of the sample fluid in the exit stream

between 6 and 0 + dé (or t and ¢t + dt) is given by E(6)dd (or E(t)dt), thus
FE(©)d0 =1 or [ E(t)dt = 1 since E(6) = 7E(t) (6)
0 0

The relation between the E function and the output concentrations is given
by

E(t) = C(t)/of C(t)dt = £,C(£)/Q, or E(8) = 7£,C(t)/Q0 = C(6) N
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The function that is sought is C(r, x, 8) evaluated at x = L, i.e., C(r, L, 6).
When this function is known, Cg,(8) and Cn(6) can be calculated via
egns. (3) and (4). The derivations are tabulated for clarity. In Table 2, initial
conditions are given. Figure 2 gives a graphical presentation. In Table 3, C
and C,,, are calculated (a) for the front of the peak, and (b) for the tail of
the peak. In Table 4 the elution conditions are established. Finally Table 5
presents the results for C,,(6) and C,,,(8). These functions are not real r.t.d.
functions because they are not yet normalized (zeroth moment is not equal
to 1). However, this normalization only introduces a constant factor depending
on a or f3, so that the shape of the functions is not affected.

Table 6 summarizes the shape of the peak tails for various combinations.,
The results compare well with those of Levenspiel et al. [3]. Their results,
however, are valid only for delta injections and thus take the simpler form

Caa=Cap/0=Cpy'/0 =Cpyp/0? (40)

The relation between the maximum peak height and o (or 26) is shown in
Fig. 3. It can be seen that the cup-mixing readings are always higher than the
mean value readings. For small values of o (small loop volumes) the relative
difference between the two readings becomes larger. For the case of a sample
loop injection with cup-mixing detection, the reduced time 8 needed for the
tail of the concentration function to decrease to 2% of its peak value has
been calculated. In this way an impression of the peak broadening is obtained.
Calculation of the peak variance is impossible in this case because the second
moment for this concentration function is infinite. Figure 4 gives a graph of
the results. It should be noted that the contribution of the injection is in-
cluded in this calculation.

In order to compare the results of Table 5 for the time- and slug-injections,

Fig. 2. Distribution of the sample in the laminar flow model without diffusion for time
and slug injections at times t = 0, AT and 2AT.
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TABLE 6

Tail shapes of peaks

Method Shape of tail?

A—A’ 0(67°)8 -
B—A 0(072) 9 - =
A—B' 0(672) 6 — o
B—B' 0(87') 6 — o

aFor the O notation, see list of symbols.

C/Co
10¢ ]

6(0.02)
501

2 4.5r

05
40

356

L N ) L
5} 10 20 30 o 05 10
a (or 2p) a

Fig. 3. Peak maximum as a function of o for cup-mixing (curve 1) and mean-value (curve
2) detection. Transport model is laminar flow without diffusion.

Fig. 4. Peak broadening in the laminar flow model. ¢ (0.02) is the reduced time at which
the concentration has decreased to 2% of its peak value.

it is necessary to calculate the relation between a and 8. For reasons of equi-
valence it is assumed that equal amounts of sample are injected. For the slug
case,

Qo = TR?%LC, (41)

For the time case the volume I of the paraboloid with a top at x = 2W)AT
and bottom-plane at x = 0 with radius R has to be calculated by integration:

I=nR*L (42)
and Qo = ﬂ'RzﬁLCo (43)

!
Comparison of eqns. (41) and (43) shows that the injections are equivalent
when « = §.

The conclusion from the foregoing results is that care must be taken in the
interpretation of f.i.a. experiments both in the calculation of the residence
time from experimental data and in the calculation of the peak variance.
Although it will in practice be difficult to decide which model for injection
and detection is applicable, an exact specification of the injection and
detection devices is certainly necessary.
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The present authors are well aware of the very simplifying assumptions in
the given model. The theory can perhaps be extended to the Aris—Taylor
model, but this model is hardly applicable in f.i.a. (mainly because the line
lengths used are often too small). A more realistic theory would involve
very complicated mathematics. The advantage of the given model is that it
clearly shows the influence of the different methods of injection and detection.

Influence of the sample loop volume in the tanks-in-series model .

In this section, the influence of the sample volume is treated in a different
way. Instead of a model based on physically meaningful parameters, use will
be made of the tanks-in-series model, which is a descriptive model.

In Fig. ba is shown a typical f.i.a. response curve. For convenience, the
time axis can be transformed to reduced time 6 and the concentrations nor-
malized (Fig. bb). The experimental parameters which describe the curve
adequately are: Cy,, the maximum concentration reading; 6¢__ , the time
when the maximum appears; m, the mean of the concentration distribution;
and o2, the variance of the concentration distribution.

When Fig. 5c, in which the response curve to a delta input function is
shown, is compared to Fig. 5b, it can be seen that all these parameters are
influenced. For a quantitative analysis, the systems analysis model for f.i.a.
presented in Fig. 6 will be used. A good introduction to the application of

concentration

—

T 2T 3r time 1 2 3 [} 1 2 3 [E}

Fig. 5. (a) Typical f.i.a. curve; (b) normalized curve; (c) f.i.a. response curve with delta
input function.

Tyt X Ew S

T-t fx l.i"
Co * E M) - c®
INJECTION TRANSPORT DETECTION
E-FUNCTION FIA CURVE
INPUT FUNCTION TRANSFER FUNCTION OUTPUT FUNCTION

CONVOLUTION

Fig. 6. Systems analysis model for f.i.a. £ is a Laplace transform, £ ™' is the back-transform,
(X) is multiplication and (*) is convolution.
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systems analysis to chemical engineering in flowing systems has been given
by Himmelblau and Bischoff [5]. For the flow model in this section, the
tanks-in-series model is used. For this model, the E function can be calculated
as

E@@)=n""""1exp [-n0]/(n — 1)! (44)
where n is the number of (imaginary) tanks. The Laplace transform of this
function is given [6] by ‘

E(s) =n"/(s +n)" (45)
For the injection model a sample loop with length « = AL/L will be used. In

this case the sample loop injection can be considered as a time injection; thus
for the input function:

0<0<a Co0)=1/aandfd>a Cy8)=0 (46)

This input function is normalized with respect to its area. The corresponding
Laplace transform is

Co(s) = (1 — exp [—as])/as (47)

Referring to Fig. 6, the following relations hold:

C(0)outout = S Co(T)E(0 — 1)d1 = Co(1)*E(7) (48)
o]

where 7 is a dummy time-variable. The convolution integral (48) in the
Laplace domain is replaced by a multiplication:

"C(8)output = Col8)inpus X E(s) (49)

By means of a back-transformation of C(s) it is possible to find C(9)output
[7]. Van der Laan [8] and Aris [9] have pointed out that from the Laplace
transform of the output function, its moments (if they exist) can be calcu-
lated directly, thus avoiding the back-transformation according to the formula:

ur = [ 0*E(0)dg = (—1)* lim [3*C(s)/8s"] (50)
0 s—>0

Thus for the mean: m = p; = —lim,_, [aC(s)/os], and for the variance:
ur = o + ui? = lim, ., [32C(s)/0s?]. Hence, 0® = lim,_,, [3°C(s)/0s*] — u}>.
Some algebra yields for the present system: m = 1 + (a/2) and ¢? = (1/n
+ «?/12). This has to be compared with the results for a delta input function,
for whichm =1 and 62 =n"",

For calculation of the peak maximum it is necessary to perform the back-
transformation. The back-transformation of E(s) for the present system gives

E(0) ={P(2n6l2n) — P(2n(0 — a)I2n)} a™! (51)
which can be written as:
C(9)/Co ={P(2n6l2n) — P(2n(0 — «)I2n)} (52)
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P(xlv) is the chi-squared distribution with » degrees of freedom which is
tabulated in [6].

The peak maximum is plotted as a function of « in Fig. 7 for n = 5 and
n = 10. The time of the maximum can be found by differentiating eqn. (51)
with respect to 6, putting the result equal to zero and solving for 9:

_ _’lg_ - . no -1
Ocmax = O €XP (n — 1)/[1 exp(n———-_ 1)] (53)
which has to be compared with the result for a delta input function:
eCmax =1— 1/” (54)

From eqn. (53) it can be seen that there is a significant difference between
the residence time (# = 1) and the time at which the maximum appears.
Equation (54) shows that this is also true for a delta input and a moderate
number of tanks.

Similar calculations were performed for a linear ramp input and an input
model with one tank. The results for the mean and the variance are analogous
to those for the sample loop input, i.e.

m=1+ kla (55)
ot=1/n+ k,a? (56)
where for the ramp input k;, = 2/3 and &k, = 2/9 and for the input tank
ki=k,=1.

The conclusions from the above results lead to a rule of thumb similar to
that given by RZi¢ka and Hansen [1]: minimal variance in f.i.a. is achieved
by minimizing the sample volume. As the peak height decreases with the
smaller sample volumes, concentrated samples can be injected directly.

EXPERIMENTAL

All experiments were carried out in a manifold consisting of an injection
- valve with a sample loop, a straight length of tube and a home-made con-
. ductivity detector (Fig. 8). This detector was used in conjunction with a
Philips PR 9501 conductivity meter. The carrier stream consisted of deionized
water and the sample solution was 0.01 M potassium chloride. The flow was
kept at 1.5 ml min~! (25 ul s7!) by a Gilson Minipuls II pump. The tube di-
ameter was 0.54 mm, corresponding to a tube volume of 2.3 ul cm™!,
- The influence of the injection method was investigated as follows. The
normal sample loop injection in which the loop is completely emptied by
the carrier stream was compared with an injection in which after a certain
. time the loop was switched back. In this way a time injection is approximated.
Figure 9 gives the experimental curves obtained.
The influence of the sample volume was determined in two series of ex-
_ periments. In the first series the detector was connected to the injection
" valve by a very short connecting tube (0.1 m); in the second series of experi-
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Fig. 7. Peak maximum as a function of « in the tanks-in-series model with sample {oop
injection.

Fig. 8. Home-made conductivity detector. The two screws are used as detector electrodes
and can be adjusted for normalized response.

/e,

25 20 15 10 5 0]
Time (s)

Fig. 9. Results of two different types of injection. Connecting tube, 0.1 m. (a) Injection
with sample loop volume 340 ul; (b) as (a) with 140-ul sample; (¢) injection with back-
switch after 10 s; (d), as (c) after 6 s. The arrow denotes the start of injection.

ments the connecting tube was 2.0 m. In both series of experiments the loop
length (volume) was varied. Figure 10 shows the experimental curves, and
Table 7 summarizes the calculated experimental parameters.

RESULTS AND DISCUSSION

The results in Fig. 9 give qualitative support for the calculations summarized
in Table 6. Indeed, in the time case, the tails of the concentration functions
fall more steeply than in the slug case. Also the peak variance is smaller in
the time case.

Linear regression on the data of Table 7 gave the following results:

for the 0.1-m connecting tube: area=0.070+72a (r=0.9991);m=1+0.58a
(r = 0.9997); 02 = 0.857 + 0.105 o* (r = 0.998).

for the 2.0-m connecting tube: area = —89 + 3517 « (r = 0.9998); m = 1
+0.58 a (r=0.9999); 02 = 0.041 + 0.133 o? (r = 0.996).



117

| |
(a) (b)

o o
S &)
S S
(o} - (o}

25 20 15 10 5 o} 50 40 30 20 10 O
Time (s) Time (s)

Fig. 10. Results of detection after passage through (a) 0.1 m of connecting tube and (b)
2.0 m of connecting tube. Sample loop lengths were 0.1, 0.25, 0.50, 0.70 and 1.85 m
corresponding to sample volumes of ca. 20, 50, 100, 140 and 370 ul.

TABLE 7

Detection after connecting tubes of 0.1 m and 2.0 m

Loop 0.1 m tube 2.0 m tube
i‘::)gth o Cmax Area® p ot @ Cmax Area® g of
T, ) () T, () ()

0.10 1.0 0.58 167 1.48 0.52 0.05 0.06 107 18.76 11.78
0.25 2.5 0.79 361 2.16 1.15 0.13 0.20 345 19.62 14.79
0.50 5.0 0.89 655 3.30 2.60 0.25 0.40 768  20.84 17.51
0.70 7.0 0.93 1055 4.38 490 035 0.66 1169 22.00 20.24
1.85 18.5 0.98 2670 10.31 28.13 0.92 096 3145 27,97 51.12

8The area is measured in arbitrary units.

From the good correlations for the area it can be seen that the detector is
linear in the concentration range used. The correlations for u are in excellent
agreement for both experiments. The value of 0.58 for the coefficient of a is
not equal to the value 0.50 predicted by m =1 + («/2), but it is less than the
0.66 predicted for the linear ramp input, so it can be concluded that the
injection profile is more or less rectangular. The correlation for ¢? is in fair
agreement with the value predicted by eqn. (56). Again the value 1/12 for a
rectangular injection profile is not reached, but the value found is less than
the 0.222 predicted for a linear ramp input.

There are two possible explanations for the experimental scatter in the
correlations. The first is that timing is very critical and preferably the switching
of the sample valve should be automated by means of a pneumatic actuator.
" The second is that the numeric handling of the data gives an increasing error
-in going from the zeroth moment (the area) towards higher moments.
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The conclusion from the present experiments is that the influence of
sample volume is satisfactorily described by the systems analysis model
leading to eagns. (55) and (56). Furthermore, in view of the good agreement.
between theory and experiment, it seems very probable that the tanks-in-series
model provides a more adequate description of the transport under normal
f.i.a. conditions in a straight tube than is given by the laminar flow model
without diffusion.
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SUMMARY

A microprocessor control system is reported for automated multiple ilow injection
analysis. The control system consists of an IMSAI-8048 microprocessor, some associated
electronic interfacing and a control computer command language. The system can be
programmed to control any of three versions of automated multiple flow injection
analysers. This control system is relatively inexpensive and is suitable for use by inexperi-
enced personnel.

The recent independent development of unsegmented continuous flow
analysis in the United States [1—3] and in Denmark [4] provides a unique
alternative to the more classical segmented continuous flow systems first
developed by Skeggs [5]. The two versions of unsegmented continuous flow
process are basically the same. The European version has a low-pressure
reaction system, uses peristaltic pumps and manual or semiautomated sample
insertion system, and is commonly known as flow injection analysis (f.i.a.).
The American version has a low-to-high pressure reaction system, depulsed
positive displacement pumps, an automated sample insertion system and is
commonly known as automated multiple flow injection analysis (a.m.f.i.a.)
[6]. Both systems have successfully operated at sampling rates of over 100
samples per hour with a variety of detectors. Recently, RuZi¢ka et al. [71
demonstrated a means of performing titrations with f.i.a. Subsequently, the
a.m.f.i.a. system was modified to do automated titrations [ 8] . Betteridge [9]
has recently reviewed the field of unsegmented continuous flow analysis.

The a.m.f.i.a. system requires precise control of the operation of the
sample tray, the sample probe, and the sample insertion valve if good pre-
cision is to be attained. Three versions of the system are shown in Fig. 1. The
standard system and the dilution system use the configuration for limited or
medium sample dispersion and the titration system uses the configuration
for large sample dispersion. RuZi¢ka and Hansen [10] have described the
three types of sample dispersion. The three a.m.f.i.a. systems have common

**Present address: Betz Laboratory, Trevose, PA 19047, US.A.
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STANDARD SYSTEM

REAGENT
PUMP
RECOR?TT!_[——INTEGRAKF

SAMPLER
)
WITHDRAWAL T‘_‘l 1
PUMP SAMPLE INSERTION DETECTOR
VALVE E
4
e/
WASTE
HEATING COOLING
BATH BATH
TITRATION SYSTEM
REAGENT
&0 S PUMP
e, 9 BT
e o9 RECORDER
SAMPLER _@ I
WITHORAWAL) SAMPLE INSERTION DETECTOR
PUMP VALVE
|
WASTE
DILUTION SYSTEM
DILUENT
PUMP ,_|
3 :
\ FRACTION
SAMPLER _] ICOLLECTOR
WITHDRAWAL
PUMP SAMPLE INSERTION

VALVE

Fig. 1. A.m.f.i.a. configurations. The standard system with low or medium dispersion is
used for colorimetric, fluorimetric and other standard continuous flow assay systems. The
titration system with large dispersion is used for automated titrations. The dilution
system with low sample dispersion is used for routine dilution of fixed volumes of multiple
samples.

requirements for the control of the sampler probe, the sample tray and the
sample insertion valve. The dilution system also requires fraction collector
control. Data handling is needed for the standard system and the titration
system, but not for the dilution system. In this paper, a simple inexpensive
microprocessor control system is described which fulfills all the control
requirements for the a.m.f.i.a. system as well as simple data collection for
the titration configuration of the system.
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Fig. 2. A block diagram of the a.m.f.i.a. control and data system.

HARDWARE

The detailed a.m.f.i.a. system has been described elsewhere [3]. A block
diagram of the microprocessor-controlled system is shown in Fig. 2. The
control system is based on an IMSAI-8048 control computer with 2K random
access memory, 27 I/O lines including interrupts, 90 control-optimized
instructions, an internal timer/event counter, RS232 interface, and three
440-W three-way relays. A 1K system monitor provides an easy examination
or modification of program memory, loading or dumping of information
to (or from) external devices, or step-mode execution of user programs.
An inexpensive cassette tape recorder was used for program storage.

The IMSAI-8048 was interfaced with a Technicon sampler, a pair of
solenoid gas valves, a fraction collector and the appropriate detector. The
Technicon sampler has two states, rinse and sample, which are activated by a
continuous voltage (110 a.c.) at either of two locations on a microswitch
which is mechanically linked to the motor output. Sample tray advance is
automatic with each load-to-rinse transition. The pair of solenoid valves are
activated individually to switch the sample insertion valve between its load
and inject positions. Since the sampler and the valve each have only two
states, interfacing is easily accomplished by direct connection to the on-board
3-way relays. The valve control circuit uses a full wave bridge, as direct
current solenoid valves are used. The drop-counting feature of the fraction
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collector is used as the control point for the microcomputer. In normal
operation, sample drops increment a counting circuit as they pass between
a light emitting diode and a phototransistor. The fraction-collector counter
- can be preset to advance the sample tray after 1—990 drops. As illustrated
in Fig. 2, a three-way manual switch transfers the counter input to one of
the microprocessor on-board relays, which can simulate the effect of sample
drops by breaking closure at the phototransistor. A low-pass filter in the con-
trol line prevents erroneous triggering by electrical surges.

The critical measurement in a.m.f.i.a. titrations is the width of the sample
peak at a fixed point above the base line. This peak width is usually measured
in units of time. To make this measurement automatic, an electronic inter-
face is inserted between the detector and the IMSAI-8048. This interface
provides a signal to the IMSAI-8048 for the period of time that the detector
output is above a preset level. The data collection system counts and stores
the time that that signal is enabled. The interface first amplifies the detector
signal and then compares it to a reference voltage. A 25-mV detector signal
was found to be above line noise, and this voltage was selected to enable
the signal to the microprocessor. A downward hysteresis of 15 mV was
provided in the circuit to prevent a false retreat from the enabling state.
Hence, detector transitions above 25 mV set the enabling state and cause
an interrupt to occur in the IMSAI-8048. When the detector signal falls
below 10 mV at the end of a titration, the IMSAI-8048 discontinues its
timing operation and returns from interrupt.

Occasional malfunctioning of the computer has occurred; this is thought
to be caused by electro-magnetic interference from the solenoid valves and
from line voltage spikes. Substitution of shielded cable between system
components, use of a regulated line transformer, enclosure of the IMSAI-8048
in a metal cabinet and humidity control are being evaluated in an attempt
to increase the reliability of the system. Detailed electronic diagrams are
available on request.

SOFTWARE

The control computer command language (CCCL) is an interpreter pro-
gram which simplifies programming of the IMSAI-8048 computer. It gives the
user a relatively easy means of controlling relays and I/O lines and some
capacity to acquire and store data. Although the CCCL can control 16 I/O
lines, only 3 of the output lines are used in the a.m.f.i.a. control. In addition,
CCCL can acquire data from 12 input lines directly, and indirectly from a -
thirteenth input line, in a software interrupt mode. CCCL can be programmed
to wait for a specified period of time and to perform branches within the
user program which may or may not depend on input data.

Durations of an input state may be timed and stored in a 16-bit word, or
integrations of a series of 12-bit input states may be stored in a 32-bit word,
The CCCL software clock is programmable to 25 kHz or between 1 X 1072

and 2.55 s per count.
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Instructions are entered into the IMSAI-8048 in the form of hexadecimal
(base 16) codes. Each instruction is 2 bytes long and must reside between
hexadecimal CO0 and CFF of the control computer memory. Each byte is
represented by 2 hexadecimal (hex) digits. Therefore, each instruction imple-
mented in CCCL is 4 hex digits long. The first digit represents the operation
code which defines the type of instruction. The meanings of the second,
third, and fourth digits depend on the instruction. Version IT of CCCL has a
total of 16 instructions at the disposal of the user. Programs may be up to
128 instructions long.

The instruction set for version II is listed in Table 1. A brief functional
description of these commands is given below. The 16 output lines are con-
trolled by the OUT P, RR command. RR represents a 2 hexadecimal digit
code and P specifies port 1 or 2. The first hexadecimal digit of port 2 and
both hexadecimal digits of port 1 control 12 uncommitted lines. The second
hexadecimal digit of port 2 controls the 4 on-board relays and 4 additional
lines. The GOTO LL command is used to cause an unconditional program
branch, forcing the program to execute next the instruction at line LL. LL
must be an even number because each instruction must start on an even
number byte of the control computer memory. If LL is odd it will be
decreased to the next lowest even number.

The WAIT N, CC command is used to program a delay. CC and N are
hexadecimal digits, and their product determines the length of the delay
or continuation of an OUT P, RR instruction. A delay of up to 255 (hexa-
decimal FF) times 15 (hexadecimal F) counts is possible with this command.

It is possible to activate an externally controlled interrupt in CCCL by a

TABLE 1

Instruction set of version II of the control computer command language

Hex code Mnemonic instr. Description

IPRR OUTP, RR Set output lines according to hex digits RR on port P
2XLL GOTO LL Branch to program line LL

3NCC WAIT N, CC Wait N x CC counts

4XVV ENINTVV Enable interrupt, set vector line to VV

5ILL IFI GOTO LL If inputs = I, then go to line LL

0XXX DIS INT Disable interrupt provision of CCCL

6IBB GOTO BB, 1 Go to line (BB + 2 * input value)

7CNN CTRC = NN Initialize counter C to NN counts

8CLL DGNZC,LL Decrement counter C, go to line LL if counter is non-zero
9TMM TAB T, MM Execute table T, MM times

APLL CLR P, LL Clear location LL on page P

BXLL INCD LL Increment 2-byte word at LL

CNLL ADDN, LL Add N to line LL

DILL INTI, LL Integrate input of I lines in 4-byte words starting at LL
EXTT MODTT Modify count rate to TT/100 s/count

FPLL ASM P, LL Go to assembly program at line LL page P
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change in voltage on a special input line. If the change of voltage occurs,
and the interrupt provision of CCCL has been enabled, the program will
immediately suspend execution of the regular user program and branch to
another previously defined program line. The interrupt provision is enabled .
by the EN INT VYV instruction. VV is a 2 hexadecimal digit that represents
the line number where the program will branch should an interrupt occur.
The interrupt provision can be disabled by the DIS INT instruction. If an
interrupt occurs after this instruction has been executed, all voltage transi-
tions on the interrupt input line will be ignored.

A conditional branch instruction is implemented with the IF I GOTO
LL command. In this case, I represents one hexadecimal digit, or 4 bits of
information. When this command is executed, 4 input lines are interrogated
and compared to I. If I matches the inputs exactly, a GOTO command is
issued, where LL again represents a program line number (in hexadecimal). If
I does not equal the input, the normal sequence of program execution is
followed.

Another type of branch is implemented with the GOTO BB, I command.
This command interrogates the inputs, then multiplies the hexadecimal
input value by 2 and adds this number to BB, a 2 digit hexadecimal number
known as the base. This calculated value is used as a line number in a GOTO
instruction. For example, if the instruction GOTO 20, I is executed; where
the inputs have a value of hex 2, the program would calculate a line number
of 24 then branch to line 24,

There are two complementary instructions which can be used to set up
program loops. The CTR C = NN instruction sets the internal counter C to
the hexadecimal value NN. C can equal 0 to F hexadecimal, thus there are 16
counters or 16 levels of nesting possible. The DGNZ C LL instruction decre-
ments counter C and line LL is executed if counter C is not zero. If the
counter equals zero, program execution proceeds to the next sequential
instruction.

The TAB T, NN is an instruction that combines the elements of several of
the preceding instructions. Often it is necessary to execute a fixed sequence
of OUT instructions followed by WAITs. The TAB T, NN instruction allows
the user to execute a sequence of events of this sort that have been placed in
‘tables’. A table is a list of output states and delay times. For example, it
may be desired to have relays 1 and 2 open for 10 s followed by closing relay
2 and opening relay 3 and then have the system remain in this state for
another 5 s. Each of 16 available tables has the capability of defining 8
output states with 8 associated delays. The command TAB T, MM means
execute table T MM times. T is a one hexadecimal digit value and MM is a 2
digit hexadecimal value.

The memory locations AOO-AFF (page A, data memory) and COO-CFF
(page C, user program memory) may be selectively cleared by the CLR P, LL
instruction. P specifies the page memory, and LL is the line number to be
cleared. The duration of an input state is measured and stored with the
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INCD LL command. These values are limited to between 0 and 65535
counts. Each time this instruction is encountered, the value of a 16-bit word
starting on page A at LL is incremented by one. The ADD N, LL command
increases the value of line LL on page C by N. This command is used to
change, by either CLR P, LL or CNT LL instructions, data storage locations
or to alter the arguments of any CCCL instruction.,

Integration of a sequence of input values is accomplished with the INT I,
LL statement. The hexadecimal digit I specifies the number of input lines
up to twelve to be integrated, and LL is the location on page A of the most
significant byte of the sum. This statement uses four bytes of data memory
per integration (0—4 billion).

MOD TT changes the count rate to TT (hexadecimal)/100 s per count.
For example, if TT = C8, then the clock operates at 208/100 (C8 hexa-
decimal = 208 decimal) seconds per count. A value of zero in the MOD TT
command sets the clock rate at 25 kHz.

Additional assembly language subroutines may be developed and executed
in vacant regions of microprocessor memory by using the ASM P, LL instruc-
tion. Many useful monitor subroutines are also accessible. Page and line are
specified respectively by P and LL.

All CCCL user programs are limited to 128 total instructions. The user
program must start at location COO of the control computer memory space.
All instructions must start at even numbered bytes. Tables use two separate
areas of memory. Delay or state times begin at location D00 and output
states start at location E0Q. Copies of the complete language are available on
request.

Control of the solenoid valves which operate the pneumatic sample inser-
tion valve is described below to illustrate the use of this control system.
Since the IMS AT uses 3-way relays and both solenoids are activated alternately,
only one control bit is needed for the operation. If control line 1 performs
the task, and all other lines are to remain inactive, then the output from the
CPU to Port 1 with lines 1—8 will be either (§Q) or (1) in hexadecimal, or
(00000000) and (00000001) in binary.

DISCUSSION

Operation of this system is straightforward and can be easily taught to
persons with little experience in microprocessors or programming. Most
programs are short and straightforward. The flow chart for a standard
program and the associated commands for the standard a.m.f.i.a. operation
are shown in Fig. 3. Canned programs for routine analyses are easily developed
and stored on magnetic tape cassettes. Thus, for a given analysis the operator
need only turn on the system, load the cassette, enter the number of samples,
start the run, and let the control system take over.

The usefulness of any continuous flow system is increased with automated
system control and data acquisition. Precise control of the the timing is of
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flow Chart CCCL Cude Jescription®

START

(Hexadecimal)

SET NUMBER
OF SAMPLES

114 Initialize counter number 1 to 20

SET E064 Set count rate to 1s per count
CLOCK RATE

LOAD 1009 Port number 0 output = 9. Continue previous state 1 times 10 counts
SAMPLE 310A
INJECT SAMPLE 100F Port number O output = 15, Continue previous state 1
WASH PROBE 3164 times 100 counts
INCREMENT
SAMPLE TRAY
DECREMENT 8102 Decrement counter number;if zero, go to next statement; if
SAMPLE C#0 not zero go to program line 3

COUNTER

C=0

( sSTOP )

911 numbers in decimal

Fig. 3. A typical CCCL — a.m.f.i.a. program. This program is designed to control the
analysis of twenty samples with the standard a.m.f.i.a. configuration.

particular concern in the f.i.a. and a.m.f.i.a. systems where the reaction times
are usually less than 60 s and are often about 10 s. The newly introduced
programmable control microprocessors are well suited for this type of con-
trol operation. They provide excellent control, are easy to use, inexpensive,
small and can be built into the system. Inclusion of the cassette tape recorder
in the system increases the utility of the system. The parameters for each
assay can be developed and then stored on tape. Thus, the control system
itself becomes modular, an important step to making the entire system
modular. The development of such modular systems is an important step to
the eventual acceptance of these techniques.

Data acquisition and calculation are important parts of automatic chemistry.
To date, chromatographic integrators have been used here to measure peak
areas in colorimetric and fluorescence assays. This approach has been suc-
cessful, but it proved inadequate for the automation of the f.i.a. titration
system [8]. The hardware—software system to measure and store the peak
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width with the IMSAI-8048, the CCCL, and the hardware interface described
above has worked well. Alternative approaches for data handling are being
evaluated.

The CCCL—IMSAI-8048 combination provides a powerful tool for the
control of the a.m.f.i.a. system. The IMSAI-8048 can provide all the control
functions needed and the CCCL provides a convenient tool for the control
of the IMSAI-8048 system by noncomputer-oriented personnel. Although
such workers may find the commands cryptic, they easily master their use
with a little practice. Operators now routinely program the control systems
for various assay systems with ease using the 16 commands of CCCL. This
system should be useful as a general programmable control system for
many other laboratory operations.
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EXTRACTION BASED ON THE FLOW-INJECTION PRINCIPLE
Part 3. Fluorimetric Determination of Vitamin B, (Thiamine) by the
Thiochrome Method
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SUMMARY

The thiochrome method for determination of vitamin B, in pharmaceutical prepa-
rations has been adapted to a continuous flow system based on the flow-injection prin-
ciple. The sample volume required for an analysis is about 150 ul. For routine purposes
a concentration range of 3 X 10-*—6 X 10-* mg ml-! is used. Results obtained with the
system agree well with results obtained manually. The consumption of organic phase is
2—3 ml/sample and the sampling rate is 30/h. A sampling rate of 70/h is easily attained if
necessary. The relative standard deviation is about 1%.

The classical thiochrome method for determination of vitamin B, involves
the reaction between the vitamin and hexacyanoferrate(IIl) in alkaline
solution and the extraction of thiochrome from the aqueous phase to an
organic phase [1]. Thiochrome is a fluorescent oxidation product of vitamin
B, and the amount formed in the alkaline solution has been shown to be
dependent on, for instance, the pH, the hexacyanoferrate(III) concentration,
and the reaction time [2]. While constant pH, concentrations, and volumes
of the different reagents can easily be established (even though non-optimum
conditions apply) the problem of exact timing for each step in the analytical
scheme still has to be coped with. Even experienced analysts very often fail
to obtain reproducible results manually. The adaptation of such a method
to a continuous flow system seems therefore justified, since both the
reaction time and the extraction time then can be kept perfectly constant.
Consequently, AutoAnalyzer methods have been proposed [2—4] and have
gained acceptance in some laboratories.

Extraction based on the flow-injection principle [5—8] combines a low
reagent consumption and small sample volumes with a high sample through-
put and should therefore be an attractive alternative for routine purposes.
The sample is introduced after the pump and not through the pump as in
most AutoAnalyzer methods. The aqueous phase is segmented by the
organic phase by the aid of a specially constructed segmentor [5]. The
aqueous segments acquire an ellipsoid shape in the teflon extraction coil.
The wall drag causes turbulence within the segments and this explains the

3Present address: Bifok AB, S8-194 05 Upplands-Viasby, Sweden.
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fast extraction process. The residence time of the sample in the system is
short, typically 20—60 s,

This work shows how a relatively complex analytical method such as the
thiochrome method containing both a reaction and an extraction step can be
adapted to f.i.a.

EXPERIMENTAL

Reagents

Thiamine hydrochloride (aneurine hydrochloride) and polyvidone (poly-
vinylpyrrolidone) were of pharmacopeial quality; all other chemicals were of
analytical-grade quality. Standard solutions of vitamin B, were prepared in
the range 3 X 107*—6 X 10™* mg ml™! which corresponds to 8.4 X 107 —
1.7 X 107° M. Double-distilled water was used both for standard and sample
solutions; deionized water was found to contain impurities causing degra-
dation of the thiamine. Chloroform was used without any particular pre-
treatment. All aqueous solutions were degassed before they were pumped
through the system.

Apparatus

The system comprised the following components: an eight-channel peri-
staltic pump (Bifok, Upplands-Visby, Sweden), an injection valve (Rheo-
dyne, Berkley, U.S.A.) with a volume of 103 ul, a filter fluorimeter (Aminco,
Silver Spring, U.S.A.) with a flow cell of 70 ul, segmentor and separator
constructed as previously described [5]. For experiments requiring inde-
pendent variation of the flow rates an additional peristaltic pump was
connected to the system (Ismatec, Ziirich, Switzerland).

According to Khoury and Cali [2], the excitation maximum for thio-
chrome appears at 370 nm and the emission maximum at 465 nm. Thus,
a primary filter, 370 nm, was used together with a secondary Wratten
gelatin filter designed for wavelengths above 420 nm.

The analytical manifold is shown in Fig. 1. The aqueous sample is mixed
with hexacyanoferrate(III) by means of dispersion so that oxidation takes
place in the reaction coil (0.6 m). The segmentor is adjusted so that organic
segments of a length of about 5 mm are formed in the extraction coil. The
oxidation and extraction processes can now occur simultaneously in the
‘extraction coil up to the separation site. Part of the organic phase is taken to
the flow cell of the filter fluorimeter. All tubes are of teflon except the tube
connecting the valve and the segmentor which is of polypropylene. The
restricting coil (1.8 m, i.d. = 0.5 mm) prevents evaporation of the organic
phase, making use of an ice bath prior to the segmentor unnecessary. The
Acidflex pump tubings were found to be of varying quality; the lifetime
varied from a couple of hours up to several days. The adjustment of the
pressure on the tubing is especially important for the Acidflex tubings in
order to achieve optimal stability of the flow. The starting-up and



131

mi/min
Aqueous: 103
NaOH Tygon
K3lFe(CN)gl | 1.4
To waste

Acidflex

Chloroform | 1.2
Segmentor Separator
Acidflex
04
: % To waste
From flow cell

Fig. 1. Flow diagram for determination of vitamin B, in pharmaceutical preparations.
Coil A, 0.6 m long, 0.7 mm i.d.; coil B, 2 m long, 0.8 mm i.d.; coil C, 1.3 m long, 0.5 mm
i.d. Line from separator to flow cell, 0.3 m long, 0.5 mm i.d.

closing-down procedures were the same as described earlier [6]. All experi-
ments were performed at 22 + 1°C.

RESULTS AND DISCUSSION

Routine analysis
A set of standard solutions was injected in duplicate to test the linearity
of the calibration curve; the results are shown in Fig. 2. Conditions for the

10 min

SCAN

c Fluorescence
70

60

A 50

40

10 20 30 40 50 60 70 80 90 100
Fraction of org. phase through FC, %

Fig. 2. Results of duplicate injections of vitamin B,. Standard solutions: (A) 2 X 10-* mg
ml-';(B)3xX 10-*mgml-!..... (G)8 X 10-* mg ml-!,

Fig. 3. Peak height plotted vs. fraction of the organic phase led through the flow cell.
Injected standard solution, 5 X 10"* mg ml-'. Flow rate (=) 1.62 ml min~'; () 0.69 ml
min-?!,
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test are given in Fig. 1. The normal range used routinely, 8 X 10-*—6 X 10-*
mg ml™!, is covered by this set of standards, The sampling rate is about 30/h
with this system design. For the specific needs of vitamin B, analyses at this .
laboratory such a sampling rate is quite sufficient. However, the number of
analyses per time unit can easily be increased by increasing the flow rates. The
repeatability of the method is good; a standard solution, 5 X 10™* mg mI™!,
was injected 10 times (7 injections are included in Fig. 2, solution D) and a
relative standard deviation of about 1% was found.

Table 1 contains results from routine analysis of several different vitamin
preparations. The agreement between the f.i.a. method and the manual
method is good. None of the preparations contain polyvidone; problems
arising when this constituent is present are discussed in detail later.

During several hours of continuous operation of the system, the flow rates
of the organic streams change because of mechanical deterioration of the
Acidflex tubings. For this reason three standard solutions were introduced
after each set of not more than six sample solutions. There is no doubt that
the most welcome improvement of the system would be a pump able to
deliver a constant flow of the organic solvent, Though very ingenious, the
displacement bottle technique was found to be too laborious to apply in this
connection. However, work is in progress with a new type of pump and the
results so far are promising.

Reaction coil length

The reaction coil connects the valve and the segmentor (see Fig. 1). A
large number of experiments were done in which this coil length was varied.
Table 2 contains some condensed results. The interpretation of these results
is complex because at least three different aspects should be considered from
a theoretical point of view. First, the dispersion should increase with increasing
coil length, and this would lead to a decrease in peak height because the peak
area will be distributed over a longer distance. As a consequence the sample
throughput should go down. (Dispersion in single-phase f.i.a. systems is

TABLE 1

Comparison between the manual and the f.i.a. thiochrome methods for determination
of vitamin B, in some pharmaceutical preparations

Preparation Label (thiamine Label (thiamine Manual F.ia.
hydrochloride) mononitrate) method method
(mg ml™) (mg/tablet)

Vitamin solution 1 0.132 — 0.124 0.125

Vitamin solution 2 0.80 — 0.72 0.73

Tablet 1 — 2.75 2.66 2.70

Tablet 2 — 2.75 2.44 2.53

Tablet 3 — 5.50 4.95 5.14

Tablet 4 - 6.25 5.70 6.10
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TABLE 2

Peak height and sample throughput as a function of reaction coil length (injected standard
solution, 3 X 10-* mg ml-'.)

Coil length (cm) Peak height (cm) Samples/h
(i.d. 0.7 mm)
50 6.2 40
65 6.2 38
95 6.1 35
135 5.8 31
185 5.1 28

defined as the ratio between the peak height of the original sample and the
peak height of the dispersed sample [9]. Dispersion in two-phase systems
can be defined analogously [6].) Secondly, a prolonged residence time of
the sample within the reaction coil should give rise to an increased amount
of oxidation products in the aqueous phase and should consequently be
reflected in an increase in the total amount of extracted substance. This
latter aspect favours increased sensitivity. Thirdly, one might argue that a
longer residence time is disadvantageous with regard to the extraction yield
because some degradation of the oxidation products may occur before
extraction takes place. This, once again, should lead to lower peaks and
lower sensitivity.

As can be seen in Table 2 the peak height decreases when the coil length
is increased which means that the influence of the larger dispersion predomi-
nates. The possibility of formation of a larger amount of oxidation products
when the residence time is prolonged cannot compensate for the effect of
the increased dispersion.

The total flow rate

The peristaltic pump permits convenient variation of the total flow
because the speed of the rollers can be changed in a stepless mode. Table 3
summarizes the results of such a variation over a ten-fold flow range. The
same standard solution (6 X 10~* mg ml~!) was injected in quadruplicate for
each pump speed and all individual flows were measured by direct reading on
graduated flasks from which or into which all solvents were pumped.

The same pump tubings were utilized and the pressure on the tubings was
not adjusted during the course of this study, hence the fraction of the
organic phase going through the cuvette should be constant. However,
because of the previously mentioned problem with the Acidflex tubings,
some variation was obtained. Thus, for a flow rate of 2.17 ml min! a
slightly larger fraction of the organic phase was involuntarily pumped
through the flow cell, but this explains only to some extent the increase in
peak height. By comparing the results for almost identical fraction values for
flows larger than 2.17 ml min™!, e.g. 2.61vs. 3.04,and 3.43vs. 3.90 ml min™!,
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TABLE 3

Peak height and sample throughput as a function of the total flow (Injected standard
solution, 6 X 10~ mg ml-1.)

Total flow Percentage organic phase Peak height Samples/h
(ml min~*) Totally Through f.c. (cm)

0.43 48.8 25.6 12.8 12
0.81 48.1 27.2 14.0 20
1.23 47.2 27.6 149 30
1.69 47.3 28.4 15.6 37
2.17 47.0 29.5 15.6 40
2.61 47.1 28.4 15.1 45
3.04 47.0 28.6 14.1 50
3.43 47.5 271 13.5 55
3.90 474 26.9 12.7 60
440 47.3 25.0 12,5 70

the conclusion is quite obvious: the larger the flow, the shorter the reaction
and extraction times, and the lower the peaks. The major cause of the lower
peaks in this flow range is certainly the fact that the total dispersion increases
when the flow rate increases [9].

It is difficult to make any prediction of the dispersion in the separator
itself. However, visual inspection of the separation process inside this unit
indicates an optimum mode of operation within the total flow range of
1.2—3.0 ml min~!. Above this range the conditions within the separator seem
to be ‘‘stressed”, and below this range the separator intuitively acts as a
mixing chamber whereby the dispersion should increase significantly. This
latter assumption seems to be justified, for a decrease in peak height really
was observed, cf. the values for the flow rates 1.23 and 0.81 ml min.

It is interesting to note that the sample throughput may be raised up to
at least 70/h without any apparent loss in precision and with only a minor
loss in sensitivity.

Fraction of organic phase through the flow cell

By using a separate pump to suck organic phase through the flow cell, this
particular flow rate could be varied keeping all other flow rates constant
(cf. Fig. 1). The combined outflow of the aqueous plus the remaining part
of the organic phase to waste will of course vary correspondingly. Figure 3
shows how the peak height changes when the fraction of organic phase
through the flow cell varies. The same standard solution, (5 X 10™* mg ml1™!)
was injected for each fraction value. Different total flow rates of the organic
phase were selected for this study. In both cases the organic phase amounted
to about 50% of the total volume in the extraction coil resulting in the
aqueous and organic flow rates being almost equal.

As expected, the peak heights increase when a larger part of the organic
phase is taken to the flow cell even though a maximum seems to be attained
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for the lower of the two flow rates (see Fig. 3). For analytical purposes the
results obtained for the flow rate of 1.62 ml min~! are especially important.
In the region 25—50% the curve is rather steep which means that a small
variation of the flow through the fluorimeter will influence the peak height
significantly while in the region 50—80% this effect should be less pro-
nounced. Hence, a larger standard deviation of the peak heights is to be
expected in the region 25—50%. Fractions larger than 95% should be avoided
because the risk of contaminating the flow cell with agqueous phase then
becomes apparent.

Influence of-polyvidone (polyvinylpyrrolidone)

Polyvidone is frequently used as a constituent in pharmaceutical prep-
arations, especially tablet preparations. It is added as a binding agent to
facilitate tablet compression. The solubility properties of drugs are very
often changed in the presence of polyvidone [10] so it is reasonable to
assume that the conditions for the extraction and the reaction in the thio-
chrome method may also be changed. Thiamine samples containing poly-
vidone were consequently found to give up to 9—10% lower values in assays
when solutions not containing polyvidone were used for calibration. Since
different vitamin preparations contain different amounts of polyvidone,
several sets of calibration solutions would then be required to obtain valid
analytical results. A more convenient means of cancelling out the effect of
polyvidone is to add this compound to the agqueous reagent phase. When so
added in an amount of 7.6 X 107® mg ml~!, a loss in sensitivity of about 20%
was observed for samples containing no polyvidone at all. For samples con-
taining polyvidone, the loss in sensitivity was self-evidently much smaller.

With polyvidone present in the aqueous phase, adjustment of the seg-
mentation pattern in the extraction coil becomes trickier. Furthermore, the
size of the segments becomes more irregular, The most reliable results were
obtained with rather large segments (10—15 mm).

Yet another approach to eliminating the undesirable effect of polyvidone
has also been tested. Non-fluorescent compounds with a simpler but
analogous chemical structure to thiochrome are added to the agqueous
reagent phase to bind polyvidone and thus suppress the interaction between
thiochrome and polyvidone. A considerable reduction of the influence of
polyvidone is then observed for some of the compounds tested so far. This
investigation is still at an early stage but the approach seems to be promising.
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SUMMARY

Several basic parameters of a photochemical reactor coupled to a high-performance
liquid chromatographic system are discussed. The non-fluorescent clobazam and
desmethylclobazam and three phenothiazines, which exhibit native fluorescence, are used
as model compounds. On irradiation with ultra-violet light, the reaction products formed
display fluorescence (clobazam, desmethylclobazam) or improved fluorescence charac-
teristics (phenothiazines). The effects of carrier stream (mobile-phase) composition, time
of irradiation and band broadening in the reactor on the fluorescence signal are described.
The polarity of the organic solvents used (methanol, ethanol, acetonitrile) appears to have
an important effect on the fluorescence intensity. For clobazam and desmethylclobazam,
detection limits of 70 and 120 pg, respectively, were calculated after an irradiation time
of 28 s with methanol—0.01 M (pH 5) acetate buffer (1 : 1) as mobile phase. The method
is applied to the determination of both compounds in serum and urine samples.

The principle of adapting photochemical processes to detection in
dynamic flow systems, particularly in on-line connection with liquid chroma-
tography, has recently been gaining attention |1]. Photochemical reactions
share the advantage that the resulting products often have improved detection
properties because of an enhancement in fluorophore [2] or chromophore
[3] activity and/or a shift in absorption or emission maximum. A photo-
chemical reactor can be used to induce reactions with or without reagent
addition, as was recently shown by Twitchett et al. [2] for the photochemi-
cal conversion of cannabinol to a fluorescent product. Inducing hydrolysis
or oxidation reactions through a photochemical process is another possibility.
An example of a photochemically catalysed hydrolysis is the conversion of
nitrosamines to nitrite ions [3], while the use of an oxidative process is
reported in the present paper. The potential of the (selective) decrease of
fluorescence signals on u.v. irradiation has been demonstrated for LSD [2]
and ergot alkaloids [4]. In the latter case, it has been suggested that the
lowering of the signals after irradiation is due to hydrolysis or cleavage of
the indole ring system.

In the present study, five model compounds were tested, namely cloba-
zam, N-desmethylclobazam and three phenothiazines. Clobazam, a 1,5-
benzodiazepine, is a new tranquilizer [5, 6]; desmethylclobazam is its
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major plasma metabolite [7], which possesses psychosedative and anti-
convulsant activity itself. The phenothiazines used were thioridazine,
mesoridazine and sulphoridazine, a group of well-known psychopharma-
ceuticals [8, 9]. It was the aim of this investigation to study some basic par-
ameters of a photochemical reaction detector coupled on-line to a high-
performance liquid chromatographic (h.p.l.c.) system and to demonstrate
the potential of photochemical detection by developing a sensitive and
selective analytical method for the determination of some of these
compounds.

EXPERIMENTAL

Materials

The structures and main characteristics of the model compounds are
presented in Table 1. Clobazam was obtained from Hoechst-Roussel Pharma-
ceuticals Inc. (Somerville, N.J.); desmethylclobazam was a gift from Dr. I. L.
Honigberg (University of Georgia, Athens, Ga., U.S.A.); the phenothiazines
were gifts from Sandoz Ltd. (Basle, Switzerland). All the other chemicals
were of analytical grade (Merck).

The stock solutions of clobazam and N-desmethylclobazam (20 ug mI™!
in methanol) and the phenothiazines (10 ug ml™' in methanol—0.01 M pH 5
acetate buffer, 1:1 v/v) were stored in the dark. Throughout this paper,
the compositions of the mobile phases are given as volume ratios.

All solvents were degassed before use in an ultrasonic bath.

Apparatus

The chromatographic system consisted of an Altex-100 pump (Altex,
Berkeley, Calif.), a Valco injection valve (Valco, Houston, Texas) with a
20-ul sample loop, a 10 cm X 4.6 cm i.d. stainless steel column, home-
packed with 10-um LiChrosorb RP-18, a photochemical reactor (see below)
with a LPS 251 (Schoeffel; Nema Electronics, Amsterdam) power supply
and a vacuum cleaner as a cooling device. A Perkin-Elmer Model 204A
fluorescence spectrophotometer was used as detector; the signal was recorded
on a Kipp BD-8 recorder (Kipp, Delft). Several series of experiments were
carried out without inserting the analytical column, plug injection being
used to study the influence of the various parameters.

Photochemical reactor. The design of the reactor (Fig. 1) was slightly
different from that used earlier [4]. The main improvements were the
use of a 200-W Xe/Hg lamp as the light source, a vacuum cleaner which sucks
air through the reactor and thus effects better and more reproducible
cooling, and an aluminium reflector shield which encloses the lamp and

capillary.
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TABLE 1

Structure and fluorescence characteristics of clobazam, desmethylclobazam and the
phenothiazines

(Measurement conditions: methanol—0.01 M acetate buffer, pH 5 (1:1 v/v) for pheno-
thiazines; methanol—water (1 : 1 v/v) for other compounds. All wavelengths in nm.)

Name Before irradiation After irradiation

Aex (Mm)  Agm (nm) Aex (AmM)  Agpy (nm)

N
(A) @ :2 Clobazam —~ — 3586 395
N

N
(8) /@[ Desmethylelobazam — — — 356 395

QL
N@\S Thioridazine 325 455 340 378

(c) S

S
r O
O 0L
N S Mesoridazine 325 495 345 385

(D) Clez. s
V HC—N
S
@[ I@\ //o Sulphoridazine 340 505 355 405
N //S\CH
CoH, © 3
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Fig. 1. Photochemical reactor. (1) Hanovia 200-W Xe/Hg high-pressure lamp; (2) quartz
capillary, 0.5 mm i.d.; (3) inlet for air cooling; (4) outlet for air cooling; (5) aluminium
reflector shield;(6) clip; (7) glass insulator (dimensions in mm).

RESULTS AND DISCUSSION

Fluorescence characteristics

Ultraviolet irradiation of clobazam and desmethylclobazam resulted in
the formation of highly fluorescent compounds within minutes (for exci-
tation and _mission maxima, see Table 1). This has been used by Stewart
et al. [10] to develop a batch technique for the determination of clobazam.
Clobazam and desmethylclobazam themselves did not exhibit fluorescence,
as was checked in h.p.l.c. experiments. Fluorescence signals observed in
batch experiments, both by others [10] and by the present authors, were
probably due to contamination or the presence of by-products.

The phenothiazines studied exhibit native fluorescence. Irradiation caused
a photochemical oxidation process, which resulted [11, 12] in a shift of
the emission maxima to shorter wavelengths (Table 1) and an increase of
the fluorescence yield (Table 2). Table 2 also shows that the native fluoresc-
ence intensity increases from thioridazine to sulphoridazine, i.e. with
increasing oxidation state. As is to be expected, irradiation produced the
largest gain in fluorescence in the case of thioridazine; however, even with
sulphoridazine a distinctly higher signal was obtained, which suggests that
the sulphur atom in the ring system can be oxidized relatively easily.

Influence of mobile-phase composition
The influence of the carrier stream on the fluorescence signal was studied
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TABLE 2

Comparison of fluorescence intensity of phenothiazines before and after u.v, irradiation
(Conditions: mobile phase, methanol—0.01 M pH 5 acetate buffer (1: 1, v/v); flow rate,
0.5 ml min™'; reaction time, 50 s; solute conc., 10 ug ml™!; plug-injection volume, 20 ul;
detection at optimal wavelengths.)

Compound Fluorescence intensity Gain
R R . factor
Non-irradiated Irradiated
Thioridazine 17.5 204 11.5
Mesoridazine 70 160 2.3
Sulphoridazine 102 327 3.2
A B C D

350 s

300+ B

250 r -
T 200 r -
3
=

150 r

100 -

50 r + 3

1 5 i 1 | L i i ) L ¢

030507 09 0.3 05 07 09 03 05 07 08 0.3 05 07 0.9

¢(mlmin")
L. L
86 50 35 28 86 50 35 28 » 86 50 35 28 86 50 35 28
'reuction (s)

Fig. 2. Influence of mobile phase and reaction time on the fluorescence signal of

- clobazam (A, C) and desmethylclobazam (B, D). A, B at 20 ugml™;C, D at 0.4 pg mI™".

(#) Methanol; (x) ethanol; (=) acetonitrile; (v) water; (¢) 1 : 1 ethanol—water; (o) 1 : 1
methanol—water; (2) 1 : 1 acetonitrile—water.
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with a view to establishing preferred mobile-phase systems for h.p.l.c.; three
organic solvents, namely methanol, ethanol and acetonitrile, and their
mixtures with water, were tested. Clobazam and desmethylclobazam served
as model compounds in this investigation.

The results for two drug concentrations and for flow rates of 0.3—0.9 ml
min~!, which correspond to residence, i.e. irradiation, times of 86—28 s, are
shown in Fig. 2. The general trend observed for clobazam is an increase in
fluorescence yield from acetonitrile to methanol, i.e., with increasing
polarity of the solvent; as is to be expected, the effect is less pronounced at
lower concentrations because of the lower absorbance of the irradiated
solution. On the basis of these observations, it would be expected that even
higher signals will occur with water as mobile phase. However, as can be seen
in Fig. 2, the experimental data do not agree with this hypothesis: especially
at low flow rates, the fluorescence signals measured for pure water lag
distinctly behind. Admittedly, at low flow rates, the peaks recorded with
water as carrier stream were 20—30% broader than were those recorded with
any of the other solvents or solvent mixtures tested, and therefore plotting
peak areas instead of peak heights resulted in a steeper slope of the pertinent
curves. However, the expected solvent sequence still was not observed.

Desmethylclobazam shows a behaviour opposite to that of clobazam, as
far as polarity is concerned. Moreover, changing the organic solvent or the
flow rate of the carrier stream (see below) results in much smaller changes in
fluorescence yield than with clobazam.

In order to study the influence of water in a h.p.l.c. system, the above
experiments were repeated after the photochemical detector had been
coupled to the outlet of the chromatographic column. Since the carrier
stream now also acts as mobile phase, suitable mixtures of water and an
organic solvent had to be selected in order to achieve appropriate retention
behaviour of clobazam and desmethylclobazam. The results are shown in
Fig. 3; the concentrations in the peak maximum have been corrected for the
different degree of dilution in the column caused by differences in retention
times observed with the different solvent mixtures, and for differences in
plate number [4]. Obviously, over the range of mobile-phase compositions
studied, varying the water content has only a relatively minor effect; small
water contents are preferable on account of the slightly higher fluorescence
signals. For the rest, the trend observed with regard to changes in organic
solvent and the effect of carrier flow rate is the same as shown in Fig. 2.

Summarizing the above results it can be stated that with the present
photochemical reactions, solvent polarity has an effect. A similar conclusion
had earlier been reached in studies on benzophenone derivatives [13] and
nitrogen-containing aromatics [14]. The contrasting behaviour of clobazam
and desmethylclobazam cannot be explained as yet, since information is
lacking on the photochemical reaction mechanism(s). Preliminary results
of batch experiments suggest that, with clobazam, product formation is
via an excited n-r* singlet state, which may be expected to show higher
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Fig. 3. Influence of water content in the mobile phase. For clobazam: (2) 1:1
methanol—0.01 M sodium acetate (NaAc); (4) 6:4 methancl—0.01 M NaAe; (o) 4:6
acetonitrile—0.01 M NaAc; (®) 1:1 acetonitrile—0.01 M NaAc. For desmethylclobazam:
(v) 1:1 methanol—0.01 M NaAc; (v) 6 : 4 methanol—0.01 M NaAc; (o) 4 : 6 acetonitrile
—0.01 M NaAc; (») 1:1 acetonitrile—0.01 M NaAc. Conditions: gain 3, sensitivity
range 10, recorder 2 mV, concentration 70 ng ml™', 20-u1 injections.

Fig. 4. Influence of reaction time on thioridazine (e) and sulphoridazine (o). Mobile
phase, methanol—0.01 M acetate buffer pH 5 (1:1). Ah difference in peak height before
and after irradiation.

stability with increasing solvent polarity. The different nature of water
compared to the organic solvents used with respect to viscosity (diffusion
coefficients), heat capacity and/or temperature gradients in the flowing
stream, should be considered in more detail when trying to explain the
divergent behaviour of water (Fig. 2). This problem is currently being
investigated.

Influence of the irradiation time

The time of irradiation was varied by varying the flow rate of the carrier
stream (Fig. 2) or mobile phase (Fig. 3). For clobazam, increasing the
residence time from 28 to 86 s resulted in a 2—3-fold increase in peak
height. For desmethylclobazam, the effect was much smaller; this suggests
a distinctly slower reaction rate for the fluorophore formation with the
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metabolite. It should be added that with both clobazam and desmethyl-
clobazam an irradiation time of 86 s was not nearly sufficient to reach
plateau conditions, so that the use of longer residence times could well
be beneficial.

For two phenothiazines, the dependence of fluorescence intensity on
residence time is shown in Fig. 4. The general trend is similar to that
observed for clobazam and its metabolite. It is noteworthy that results of
batch experiments suggest that a more rapid oxidation can be obtained by
adding an oxidizing agent such as ammonium peroxodisulphate to the carrier
stream. The influence of dissolved oxygen is being investigated, but prelimin-
ary data suggest that it has only a minor effect.

Band broadening in the reactor

The dependence of band broadening in the photochemical reactor on
residence time was studied with the phenothiazines as model compounds,
since these exhibit native fluorescence and therefore can easily be detected
without prior irradiation. Experiments were carried out with and without
the photochemical reactor inserted in the line. In the former case, one
series of data was collected under normal operating conditions, i.e. with
irradiation, while a second series was obtained with the reactor shut off. The
results are summarized in Table 3; typical peak shapes are shown in Fig. 5.
From these results the band broadening caused by the reactor, ¢, ,, was
calculated to be 10.4 s (at ¢ = 0.5 ml min™!). Furthermore, the data indicate
that the peak shape for the irradiated solutes is more symmetrical and
narrower than the shape recorded with the reactor shut off. This is largely
due to the higher diffusion rates prevailing under irradiation (high-tempera-
ture) conditions, as was demonstrated in a final series of experiments carried
out at high temperature, but with the reactor shut off; these brought about
a similar decrease in peak width and asymmetry.

TABLE 3

Dependence of band broadening on reactor conditions

(Conditions for h.p.l.c.: mobile phase, methanol—0.01 M pH 5 acetate buffer (1:1);
flow rate, 0.5 ml min™!; reaction time, 50 s; model compounds, sulphoridazine and
mesoridazine.)

Conditions Band broadening (s) Asymmetry
2 b factore
ot Wt,10%
Without reactor 6 29 2.2
With reactor: non-irradiated 12 68 2.5
non-irradiated, 60°C 11.5 55 1.5
irradiated 12.5 57 1.5

aMeasured at front of peak. PWidth measured at 10% peak height. cSee Fig. 5; asymmetry
factor = b/a.
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Fig. 5. Influence of reactor conditions on peak shape. (1) Without reactor; (2) with
reactor, not irradiated; (3) with reactor, irradiated. b/a = asymmetry factor; cf. Table 3.

Fig. 6. Chromatogram of human serum sample spiked with 0.7 ppm of clobazam and
desmethylclobazam, before and after irradiation. Conditions for h.p.l.c. mobile phase,
methanol—0.01 M sodium acetate solution (1:1); flow rate, 0.9 ml min~’. Detector
conditions: gain, 3; sensitivity range, 10; slit widths, 10 nm; response, slow; recorder at
5 mV. C = clobazam and D = desmethylclobazam,

H.p.l.c. analysis

The photochemical reactor was coupled to a reversed-phase h.p.l.c. system
and tested with clobazam and its major metabolite as model compounds.
Some of the mobile phases which permitted a satisfactory separation of this
pair on a LiChrosorb RP-18 column, are given in the legend to Fig. 3. A1:1
mixture of methanol and aqueous 0.01 M sodium acetate solution proved
to offer the best compromise between resolution and fluorescence yield.
Under these conditions, the detection limits for clobazam and desmethyl-
clobazam, calculated for a 2:1 signal peak-to-peak noise ratio, were 70 and
120 pg, respectively, after an irradiation time of 28 s (¢, 0.9 ml min™!). For
a residence time of 50 s (¢, 0.5 ml min™!) and with methanol—aqueous
0.01 M acetate (6 :4) as mobile phase, lower detection limits of 30—50 pg
were calculated. With both compounds, linear calibration curves were
obtained (r, 0.9988 and 0.9993) in the 0.01—4 ug ml™ range. The relative
standard deviation was better than 1.0% (n = 8).

As an application, 1 ml of human serum was spiked with 50 ul of
methanol containing 0.7 ug each of clobazam and desmethylclobazam. After
the addition of 1 ml of methanol and shaking, the sample was centrifuged
for 3 min at 7 G, and 20-ul aliquots were injected onto the top of the analyt-
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ical h.pl.c. column. The chromatogram obtained is shown in Fig. 6. 'I'he
recovery for clobazam was 95% and for desmethylclobazam 70%.

Analysis of spiked samples of human urine also was successful, Here, it is
interesting to note that Sticht and Kaeferstein [15] have reported that
clobazam is poorly excreted in urine. These authors, however, calculated a
detection limit for (hydrolyzed) clobazam of 50 ng, i.e. some three orders
of magnitude greater than that found in the present study.

CONCLUSION

The potential of the photochemical reactor, which can be constructed at
moderate cost, for the sensitive and selective detection of suitable groups of
compounds in continuous-flow systems has successfully been demonstrated.
In contrast with many other detection techniques, post-column addition of
reagent generally is not necessary. This implies that the design of the
reaction detector can be rather simple and that no additional band
broadening is introduced by reagent addition.

The relatively fast kinetics of reactions such as those studied so far have
permitted the use of reasonably short irradiation times. This in its turn has
enabled work to be carried out with non-segmented flow without undue
band broadening. Thus, in practice a high throughput of samples will be
obtainable when no separation is necessary. Still, although this mode of
detection can be valuable in automatic analysis systems, one of the more
interesting aspects is the coupling of the photochemical reaction detector
to h.pl.c. systems. In the present paper, this has been demonstrated by
means of the trace determination of clobazam and its major metabolite in
serum and urine samples.

In the future, work will be carried out to study the reaction mechanisms
of these model systems. This should permit the design and use of the photo-
chemical reaction detector to be optimized. Moreover, screening tests will
be carried out with various other groups of compounds in order to define
more closely the scope and limitations of the present technique.
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SUMMARY

Solvent segmentation is valuable for reactions with up to 23-min residence times.
Dansylation of pharmaceutically important secondary and primary amines is used as a
model system. Plugs of organic solvent minimize band broadening, and act as reagent
carrier as well as product carrier. Continuous-flow dansylation provides a sensitive fluori-
metric detection system suitable for AutoAnalyzer systems and h.p.l.c.

The use of dynamic micro-extraction principles has long been known in
AutoAnalyzer technology; three-phase systems (air bubble, segmented
solvent stream, and immiscible solvent plug) have usually been applied.
Continuous extraction without air segmentation has recently been intro-
duced by Karlberg and Thelander [1] for the micro-extraction of caffeine
in a continuous-flow system. Minimizing band broadening of sample zones
is desirable in such flow-injection systems in order to improve sample
throughput and to reduce dilution [2]. Also when micro-extraction
principles are applied to design post-column reaction detectors [3] for
column liquid chromatography (h.pl.c.), usually to isolate a reaction
product from an excess of interfering reagent, the band-broadening aspect
becomes very critical. The first applications of the extraction detector
principle to h.pl.c. were developed by Gfeller et al. [4] and Frei et al. [5]
for the detection of tertiary amines of pharmaceutical and agricultural
importance by using on-line fluorescent ion-pair formation. The fluorescent
ion partner was dimethoxyanthracene sulphonate (DAS) proposed by
Westerlund and Borg [6] and used in AutoAnalyzer systems for the control
of drugs in pharmaceutical formulations [7]. Initially, a three-phase system
was used. Later, the air bubble was eliminated and the plug of the immiscible
solvent was used to reduce band broadening [8]. Considering the flow
phenomena in such a segmented system the term “solvent segmentation”
was introduced [8]. The band-broadening and mixing phenomena are
probably closer to those characteristic of air-segmentation systems such as
described by Snyder and Adler [9] and by Lawrence et al. [10] than to
. the flow-injection characteristics [2].

In an effort to assess the usefulness of these micro-extraction detectors for
actual chemical reactions and long residence times, the fluorescence labelling
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of amines with dansyl chloride (Dans-Cl) [11] was chosen as a model
system. The reagent, dissolved in a water-immiscible solvent plug, was
added to an aqueous stream containing the sample zones; the reaction then
took place, probably at the organic solvent—water interface, and the less
polar reaction product was extracted into the organic plug.

EXPERIMENTAL

Materials
The compounds tested are listed in Table 1. The structures of g-histine (1),
clovoxamine (II; clovax) and fluvoxamine (III; fluvox), are depicted below:

cl FsC
&
~ _CHy _(CH,),~0 =CH, _ACH,), —O—CH,
N7 CH, - CHy - N c c
SH

N x>
SN-0—(CH,),~ NH, SN—O=(CH,), ~NH,

(1) () ()
Stock solutions of the model compounds were prepared in distilled deminer-
alized water and stored at 4°C. Dansyl chloride (98% purity; Merck) was
dissolved in dichloroethane and stored at 4°C. Dichloroethane and acetoni-
trile were of analytical-grade quality (Baker).

Methods

Figure 1 shows the Technicon (Tarrytown, N. Y.) AutoAnalyzer system
as set up for solvent segmentation. Dichloroethane was invariably used as
the organic solvent. An Aminco (Silver Springs, Md.) fluoromonitor was
employed to detect the dansylated amines (excitation filter, 365 nm;
emission cut-off filter, >450 nm). The T-piece was a Technicon part (No.
116B034-01A10); the all-glass phase separator was home-made and had a
PTFE insert [10]. A Perkin-Elmer (Norwalk, Conn.) Series 2 liquid chro-
matograph was employed to pump the carrier stream, which consisted
of an aqueous 0.05—0.1 M sodium hydrogencarbonate solution, containing

TABLE 1

Detection limit of amines (as their dansylamides) in a two-phase flow system

Compound Reaction Reaction Detection
time temperature limit
(min) (°C) (ng)
g-Histine 5 ambient 1
Fluvoxamine 16 56 3
Clovoxamine 16 55 0.5
Ergotamine 6.5 54 8
Cephaeline 16 56 30
- Emetine 16 56 30
Ephedrine 16 56 60
Histamine 6.5 54 600

Di-n-butylamine 10.5 54 18
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Fig. 1. AutoAnalyzer arrangement for post-column dansylation/extraction system.
(1) 0.1 M sodium hydrogencarbonate solution (0.32 ml min™; black); (2) dansyl chloride
dissolved in dichloroethane (1.20 ml min™; yellow); (8) organic solvent through fluor-
escence detector (0.80 ml min™'; red). The colours indicate the coding for the tubing.

0—30% (v/v) of acetonitrile; the flow-rate was 0.8—1.0 ml min™!. A Rheodyne
injection valve with 175-ul loop was used for plug injections. In band-
broadening studies a variable-wavelength u.v.-detector (LC 55, Perkin-Elmer)
was inserted between the injection valve and the reactor.

RESULTS AND DISCUSSION

The dansylation reaction has been widely used in batch experiments to
form fluorescent derivatives of primary and secondary amines of phe-
nolic compounds prior to their liquid-chromatographic separation [11, 12].
The feasibility of using dansyl chloride in a two-phase system has also been
demonstrated [13]. During the dansylation, two competing reactions occur.
One is the actual labelling reaction, the other is the hydrolysis of the reagent
to form the unreactive but highly fluorescent sulphonic acid (Dans-OH):

CH CH CH CH

3N -3 3N T3
N N
S0,Cl 20
N
R g

$-50,0) + H,0 —= - SO,H + HCI
(DNS-Ct)
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The dansylated amines have their excitation and emission maxima in
dichloroethane at 348 and 500 nm, respectively.

In a two-phase system, with the reagent in the organic phase, formation.
of the dansylamides will proceed much faster than does the hydrolysis.
Hence background fluorescence arising from extraction of Dans-OH (which
will be co-extracted by acetonitrile or another such solvent in the mobile
phase used for h.pl.c.) will remain low; accordingly, in principle, such a
two-phase medium seems well suited for a dynamic derivatization system.

For the solvent-segmented system, the experiments described below were
carried out with plug injection. Di-n-butylamine was selected as a model
compound. The parameters investigated were reagent concentration, tem-
perature and time of reaction and carrier-stream composition.

In experiments on reagent-concentration effects the reactor was main-
tained at room temperature, while the time of reaction was invariably
8 min. The amount of amine injected was kept constant at 200 ng. It was
found that the fluorescence produced increased substantially as the Dans-Cl
concentration increased from 0 to 350 ug ml™!, but relatively little there-
after. A concentration of 350 ug ml™! was thus chosen for all further work.
Varying the temperature of the reaction had a considerable effect on the
height of the fluorescence signal. As expected, the dansylation reaction
proceeds faster at higher temperatures: the relative fluorescence intensities
generated at 20°C, 30°C and 60°C were 1.0, 1.25 and 1.85, respectively.
However, there are two limiting factors, viz. the boiling point of the organic
solvent (dichloroethane) and the fact [11, 12] that the dansylated amines
decompose above ca. 60°C. Hence, 55°C was selected as the optimal reaction
temperature.

Increasing the acetonitrile content of the carrier stream from 0 to 30%
(v/v) did not noticeably affect the peak heights; it did, however, result in
distinctly increased noise levels which, at 30% acetonitrile, were about twice
as high as with a purely aqueous solution. Varying the pH over the range
8.5—11.5 did not significantly change either the peak height of the dansyl-
amide or the fluorescence background.

Under the optimal conditions (i.e., 55°C, a reagent stream containing
350 ug Dans-Cl ml™ of dichloroethane and 0.1 M sodium hydrogencarbon-
ate as carrier stream) the dependence of peak height on time of reaction
was studied. The pertinent curves are shown in Fig. 2. After a 23-min
reaction time plateau conditions were reached only for g-histine and di-n-
butylamine. The rate of reaction in the two-phase system, where the reaction
probably proceeds at the organic—aqueous interface, is evidently much
slower than that observed in homogeneous systems where dansylation was
complete within 2 min for g-histine and in less than 1 h (at room temper-
ature) for the three alkaloids. This agrees with earlier data [14], which
showed that at ca. 50°C, maximal reaction times of 10 min were needed for
quantitative derivatization of cephaeline, emetine and ephedrine. Fortu-
nately, one of the advantages of post-column derivatization is that there is
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Fig. 2. Dependence of peak height of fluorescence signal on reaction time, at (A) 53°C
and (B) 23°C. Equimolar amounts of the various amines were used. The peak heights
are in arbitrary units, which are different for the two sets of plots. For A: (4) fluvoxa-
mine; (o) cephaeline; (2) emetine; (o) ephedrine; (») di-n-butylamine; (o) histamine. For
B: (o) g-histine; (o) clovoxamine; (2) fluvoxamine; (---) emetine.

no need to reach plateau conditions in order to make the technique analyti-
cally useful, provided that it is reproducible [15]. The widely diverging
slopes of the curves shown in Fig. 2 probably reflect the important role
played by structural and other related effects. The differences are not due to
highly different extractabilities of the various dansylated amines: in batch
experiments, with a solution of Dans-Cl in dichloroethane as extractant, the
percentage extraction of all the dansylated compounds tested was between
76 and 99%.

Band-broadening aspects

The ultimate goal of this work is to couple the reaction detector to a
h.p.l.c. system. Knowledge of the contribution of the various parts of the
post-column system to band broadening is therefore of special interest. Pre-
vious work [5, 8, 10] had proved that post-column band broadening is chiefly
due to the phase separator and, possibly, the mixing T-tubes. Even with the
residencetimes below 1 min (i.e., where essentially no reaction coils are needed)
band broadening, calculated as the standard deviation, (¢,) was 4—7 s. In the
present study, similar results were obtained. It was also observed that relatively
‘minor changes in T-piece and phase-separator design or in the connecting parts
caused substantial differences in dead volume and, consequently, band
broadening. For example, on decreasing the inner volume of a glass phase



152

separator by inserting PTFE tubing, thereby effecting a smoother phase sep--

aration [10], the total band broadening of the system decreased from 11.1to
9.4 s; that is the additional broadening arising from the unmodified glass
phase separator was 6 s. In another experiment, replacing the glass T-piece

by a PTFE version which had a reagent inlet with a somewhat wider internal -
diameter, caused a reduction of ¢, from 11.6 to 9.3 s; this corresponds to an :

additional contribution of the PTFE T-piece of about 7 s.

The dependence of band broadening on reaction-coil design (i.e. the:
length, diameter and construction material of the coils) was studied for .
relatively long reaction times, such as are required for the dansylation
reaction. The results are presented in Table 2. The main conclusion to be
drawn from these data is that varying the residence time from 2 to ca. 20 min
does not noticeably increase the band broadening, nor does increasing the in-
ternal diameter of the capillary tubing from 1 to 2 mm. Further, the results’

are similar for glass, stainless-steel and PTFE coils. However, the use of PTFE
as the construction material is not recommended: a large number of the
experiments carried out with PTFE coils failed, probably because of wetting
phenomena [10]. In such cases phase separation was rather poor; this had
the fatal result that part of the aqueous phase was drawn through the flow-
cell of the fluorimeter.

TABLE 2

Dependence of total band broadening on reaction-coil design for the dansylation of
fluvoxamine

Coil Internal Coil Residence 9, total®

material diameter diameter time (s)
(mm) (cm) (min)

Glass 2.0 2 2.5 9
10.5 9
12 9
15 9
Stainless 1.1 25 2 9
steel 7 9
16 9
23 9
2.0 11 5 10
PTFE 0.9 0.7 4 13
12,5 4 9
12,5 9 9
1.1 6 4 9
2.0 6 5 9

aRelative standard deviation was * 5%; the flow-rate was 0.8 ml min™ through the
detector cell.

e R 5 S s SR i
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Lastly, it is noteworthy that working with tightly wound PTFE coils
having a small internal diameter led to an increase in band broadening (cf.
Table 2). This is due to secondary mixing effects which cause partial
merging of successive organic segments, as could be observed visually.

Analytical aspects. The detection limits for the compounds examined
were calculated for a signal to peak-to-peak noise ratio of 3 : 1; the results
are shown in Table 1. Calibration graphs were linear over concentration
ranges up to 3 orders of magnitude. Regression coefficients for clovoxamine
and S-histine were 0.9957 and 0.9997, respectively. The relative standard
deviation was <2% (n = 6).

Conclusions

The present study demonstrates the feasibility of the solvent-segmentation
approach for chemical reactions with relatively slow kinetics. The solvent
segments, besides acting as the reagent carrier and extractant, also effectively
suppress band broadening, hence rendering the approach suitable for
detection in h.p.l.c. The principle should also be of interest in AutoAnalyzer
work where relatively long reactions are involved, since dilution is suppressed
and sensitivity will thus be high; also, sample throughput can be increased
when no separation is necessary. The large contribution of mixing T-tubes
and phase separators to band broadening will necessitate improvement and
possible miniaturization of their design. Electronic desegmentation principles
might be feasible. The post-column dansylation reaction offers an interesting
alternative to pre-column techniques, the major advantage being the absence
of artefact formation [16, 17].

Continuous-flow dansylation appears to have a high potential in trace
analysis for §-histine, clovoxamine and fluvoxamine.

Thanks are due to Philips-Duphar (Weesp, The Netherlands) for gifts
of g-histine, fluvoxamine and clovoxamine.
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RAPID DETERMINATION OF CORTICOSTEROIDS IN
PHARMACEUTICALS BY FLOW INJECTION ANALYSIS
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SUMMARY

The proposed method is based on the reduction of blue tetrazolium by the steroid in
an alkaline medium to form a highly colored formazan. The effects of reagent concentra-
tion, temperature, flow rate, and manifold design on the reaction are discussed for a
typical steroid, methylprednisolone acetate. Analytical readout is obtained within 30 s
after sample introduction and up to 100 samples/h can be processed with baseline
resolution between peaks. Typical relative standard deviations of 0.5% are obtained with
10-u11 injection volumes. Results obtained by flow injection analysis are similar to those
obtained with the AutoAnalyzer technique.

Corticosteroids are an important class of compounds widely used
therapeutically for their anti-inflammatory action. They are administered
as suspensions, creams, ointments, tablets, solutions, and suppositories.
Numerous methods have been described for their determination in pharma-
ceutical preparations, including ultraviolet [1], colorimetric [2], fluori-
metric [3], h.pl.c. [4], and polarography [5]. Colorimetric methods are
widely used by the pharmaceutical industry for the determination of the
content uniformity of corticosteroid products because they are rapid and
can be readily automated by AutoAnalyzer technology. The most widely
used colorimetric reaction is the blue tetrazolium (BTZ) reaction. The USP
XIX [6] and NF XIV [7] contain slight modifications of the original
procedure of Mader and Buck [8] and almost all major pharmacopoeias con-
tain some version of this method.

Blue tetrazolium [3,3'-(3,3'-dimethoxy-4,4"-biphenylene)bis(2,5-diphenyl-
2H-tetrazolium chloride)] quantitatively oxidizes the a-keto moiety of the
C-17 side-chain of corticosteroids in strongly alkaline solution to form a
20-hydroxy-21-aldehyde carboxylic acid derivative of the steroid and a
highly colored formazan whose concentration is measured spectrophoto-
metrically at 525 nm
R — CO— CH,0H + BTZ "%°R— CO— CO—H +BTZ

(yellow) (red)
where R is the steroid backbone. The reaction has been studied extensively,
both kinetically and mechanistically [9—14]. The reaction is not specific
for the corticosteroid side-chain. Numerous non-steroidal reducing agents as
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well as A*-3-ketones also give the reaction, which is therefore suitable
only for applications where the matrix is well controlled and when reducing
agents other than the steroid of interest are absent.

Recently, numerous papers have described the application of flow
injection analysis (f.i.a.) for the automation of wet chemistry procedures
[15—17]. The reported f.i.a. features which make it attractive for pharma-
ceutical analysis are the short start-up time, simplicity of instrumentation,
the high sample throughput, and rapid manifold changeover, making it well
suited to batch-type analysis where a few to hundreds of samples are to be
analysed. The purpose of this investigation was to explore the feasibility of
applying the f.i.a. technique to the determination of corticosteroids in pharma-
ceutical preparations. The effect of reagent concentration, temperature, flow
rate, and manifold design was studied for a typical corticosteroid, methyl-
prednisolone acetate. The procedure was also extended to 12 additional
steroids.

EXPERIMENTAL

Reagents and samples

All chemicals and solvents were of analytical-reagent grade when available.

Blue tetrazolium reagent (BTZ). A stock solution (10 g I"!) of blue
tetrazolium (Dajac Laboratories) was prepared by dissolving the compound
in 95% ethanol. Working solutions were prepared by suitable dilution. The
stock solution is stable for at least 6 months.

Tetramethylammonium hydroxide reagent (TMAH). A stock solution
containing 5% (w/v) TMAH was prepared by diluting an aqueous 10% (w/v)
stock (MCB) with 95% ethanol. Working solutions were prepared by suitable
dilution. The solution was stable for at least 6 months.

Steroid standards and samples

The steroids used were: methylprednisolone acetate, methylprednisolone,
hydrocortisone acetate, hydrocortisone, prednisolone acetate, prednisolone,
cortisone acetate, cortisone, prednisone acetate, prednisone, 9-a-fluoro-
cortisone acetate, isofluoropredone acetate, and desoxycorticosterone
acetate (Upjohn, Kalamazoo, Michigan). Stock solutions of steroid (1 mg
ml~!) were prepared by dissolving the compound in 95% ethanol. Working
standards were prepared weekly by suitable dilution.

Steroid suspension samples. These samples were prepared by shaking the
sample to obtain a uniform suspension, sampling, diluting with 95% ethanol
to obtain a final concentration of 0.2 mg ml™! or 0.32 mg ml™', and shaking
to dissolve.

Apparatus

A diagram of the flow injection system is shown in Fig. 1. It consisted
of an eight-channel peristaltic pump (Gilson, Minipuls II), a Valco six-
port rotary injection valve fitted with a 10-ul or 25-ul sample loop (Valco
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Fig. 1. Manifold for the determination of corticosteroids with blue tetrazolium: (P)
eight-channel peristaltic pump; (WB) water bath; (S) sample injection valve; (W) waste.
All manifold tubing was 1.5/0.5 o.d./i.d. teflon tubing.

Instrument Company, Model 9080), a Schoeffel variable-wavelength h.p.l.c.
detector with a 10-mm pathlength 8-ul volume cell (Model SF-770), a
Sargent-Welch recorder, and a Lauda water bath (Model K-2/R).

All manifolds were made from thick-walled teflon tubing (1.5 mm
0.d./0.5 mm id.; Durrum Flarefit). Pump manifold tubing was Auto-
Analyzer Solvaflex (0.030 in. i.d.; Technicon 116-0533P07). Teflon tubing
connections were made with polypropylene gland nuts and couplings
(Durrum).

Peak heights were manually collected from the strip-chart recorder or
collected and processed automatically with a PDP 11/40 computer and a
series of programs developed in-house for collecting and processing h.p.l.c.
data [18].

In all experiments, samples and standards were injected in duplicate or
triplicate.

For some experiments, a commercial f.i.a. unit was used (Bifok, FIA-05).
The instrument consists of a two-channel rotary valve with a high-resistance
bypass so that flow is never interrupted during the filling and injection cycles
[19], a water bath, and perspex blocks for constructing manifolds.

RESULTS AND DISCUSSION

Manifold design

Except where otherwise specified, the parameters used in the experiments
described below were as follows: [TMAH] 1% (w/v), [BTZ] 1 g 1"}, flow
rate (TMAH, BTZ) 1.0 ml min™', temperature 55°C, reaction coil tube
length 3.75 m, pump speed 600. These were the parameters finally selected
for use with the f.i.a. manifold shown in Fig. 1.

Several manifolds were tested before the configuration shown in Fig. 1
was achieved. In one design, the TMAH and BTZ streams were mixed prior
to sample introduction. The sample was injected into this stream and then
entered the reaction coil. In the second design, the manifold was identical
to Fig. 1 except that the sample was injected into the BTZ stream. These two
designs resulted in small negative peaks preceding the analytical peak. This
phenomenon is caused by a refractive index change resulting from injecting
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the sample into a colored stream (BTZ) which absorbs significantly at the
~wavelength being monitored [20]. These negative peaks were eliminated
when the sample was injected into the colorless TMAH stream and then
mixed with the BTZ stream. The temperature equilibration coils for the
reagent were added to bring the reagents to the reaction temperature and
to act as pulse dampeners to reduce fluctuations in the baseline caused by
pumping.

Reaction coil length. The dependence of the peak absorbance on the
reaction coil length for three concentrations of methylprednisolone acetate
is given in Fig. 2. The reaction coil is defined as the total length of tubing
from the point of sample introduction to the detector. In all cases, only
a portion of the coil was placed in the water bath. The remainder of the
tubing was required to make connections. The reaction coil length was
varied between 1.5 to 4.75 m with 0.95 m used for connections and the
remainder placed in the water bath in a coil of approximately 2-cm diameter.
Examination of Fig. 2 shows that the peak absorbance increased with
reaction coil length up to an optimum at 3.75 m and then decreased. The
rise in absorbance is due to the increased extent of reaction caused by a
longer residence time of the sample in the reaction coil and by the increased
residence time of the sample in the temperature bath which increases the
reaction rate. At the shorter reaction coil lengths, increased sample through-
put resulted but small negative peaks occurred because of incomplete mixing
of the sample and reagent streams. At lengths greater than 2.0 m this was

1.3 4

ABSORBANCE
ABSORBANCE

1 2 3 4 5 35 5 5 o5 73
REACTION COIL LENGTH (m) TEMPERATURE (°C)
Fig. 2. Influence of the reaction coil length for three concentrations of methylpred-

nisolone acetate on the peak absorbance. Steroid concentration: (1) 0.365 mg ml™"; (2)
0.183 mg m1™*;(3) 0.073 mg ml™.

Fig. 3. Influence of temperature for three concentrations of methylprednisolone acetate
on the peak absorbance. Curves 1—3 relate to the concentrations given in Fig. 2.
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no longer observed. The decrease in sensitivity at lengths greater than 3.75 m
is caused by the increased dispersion of the sample in the reaction coil
which dilutes the sample. Therefore, an optimum reaction coil length is
reached when reaction-rate considerations are balanced against disper-
sion of the sample in the carrier.

BTZ concentration. The influence of the blue tetrazolium concentration
on the peak absorbance was studied for the three concentrations of methyl-
prednisilone acetate previously mentioned. Increasing the BTZ concentration
from 1 to 8 mg ml™! resulted in a slight increase in sensitivity, but further
increases up to 8 mg ml™! did not improve the sensitivity. However, as the
BTZ concentration increased, the background absorbance of the carrier
stream increased at 525 nm and slight negative peaks preceded the analytical
peak at the higher BTZ concentration because of the refractive index effect
discussed earlier. At the highest BTZ concentration tested, baseline noise
increased, owing to the generation of schlieren patterns.

TMAH concentration. The dependence of the absorbance on the TMAH
concentration in the range 0.1—3% (w/v) was then examined for the same
three concentrations of methylprednisolone acetate. Increasing the TMAH
concentration from 0.1% to 1.0% resulted in a dramatic increase in sensi-
tivity which began to level off at TMAH concentrations greater than 1%. The
marked dependence of the reaction on the alkali concentration is due to two
factors. First, increasing the TMAH concentration increases the rate of ester
hydrolysis to give the free alcohol. Secondly, as the alkali concentration in-
creases, the 20-hydroxy group ionizes to give the highly reactive enolate
species.

Temperature. The influence of temperature in the range 25—75°C on the
peak absorbances is shown in Fig. 3. It was not possible to extend measure-
ments above 75°C since the boiling point of the carrier was being approached
and bubbles rapidly evolved. As can be seen, the sensitivity rapidly
increased between 25 and 70°C and then leveled off. Clearly, the reaction is
far from equilibrium below 75°C, but this is not critical, as long as the
carrier flow is maintained constant. Micro-bubble evolution caused noisy
baselines at temperatures above 65°C.

Flow rates. The effect of the flow rates of the BTZ and TMAH streams on
the peak absorbance is shown in Fig. 4. As the flow rate increased, there was
a slight decrease in the peak absorbance, which was caused by the corre-
sponding decrease in the residence time of the sample in the reaction coil
so that equilibrium was not achieved. At the lower pump speeds the baseline
noise increased owing to pulsations in the stream. At higher pump speeds
the pulsations tend to average out, giving a smoother baseline. Therefore,
within certain limits, it is easier to vary residence time, i.e. the extent of
reaction, not by changing the reaction coil length but by simply varying the
flow rate.

Parameter selection. Consideration of all these features led to the choice
of parameters listed at the start of this section. The BTZ and TMAH concen-
trations were chosen to optimize sensitivity and to minimize baseline noise.
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Fig. 4. Influence of flow rate for three concentrations of methylprednisolone acetate
on the peak absorbance. Curves 1—3 relate to the concentrations given in Fig. 2.

Fig. 5. Recorder tracing for a series of standard methylprednisolone acetate solution run
in triplicate (0.073—0.914 mg ml™?),

The flow rate and the pump speed were chosen to give a sampling rate of
90 samples/h with baseline resolution between samples. The reaction coil
length was chosen to optimize sensitivity and reduce baseline noise. The
reaction temperature was selected to minimize baseline noise and give
absorbances between 0.2 and 0.6 for the suspension samples. Under these
conditions, it was possible to assay the steroid suspensions after one dilution
and obtain absorbance values which minimized photometric error. The final
concentration of steroids assayed in this manner was approximately 0.2 mg
ml~'. If greater sensitivity is needed, a higher reaction temperature should be
used. If a higher sample throughput is desired, the flow rate speed can be
increased to 1.4 ml min™! resulting in sampling rate of 120/h.

Applications

Figure 5 shows the recorder tracing for a series of methylprednisolone ace-
tate standards run in triplicate at 90 samples/h. The corresponding Beer’s law
plot was linear over this range with an insignificant intercept and a 0.9992
correlation coefficient. The peak shape was gaussian with a total residence
time of 32 s; peak width at 60% peak height was 9 s, which is a measure of
the total sample dispersion in the system [22]. The peak width at baseline
was 35 s which defines the maximum sampling rate if <0.1% carryover is
expected. In this case, the maximum sampling rate was 100 samples/h.

Figure 6 shows a typical recorder tracing for a series of methylpred-
nisolone acetate suspensions (40 mg ml™!). All standards and samples were
run in duplicate. Two standards were run after every five samples.
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Fig. 6. Typical f.i.a. results of methylprednisolone acetate suspension sample run in
duplicate, Standard solutions: S1, 0.183 mg ml™!; $2, 0.365 mg ml™!. Sample rate is
approximately 90 samples/h.

The relative standard deviation for the standards after several hours of run-
ning was usually less than 0.5%. Results of the f.i.a. procedure were
compared with the AutoAnalyzer procedure [23] for 20, 40, and 80 mg
ml~! suspensions of methylprednisolone acetate. One hundred samples were
assayed in duplicate by both procedures. The same sample preparation was
used for both methods, with the exception of one more dilution required
for the AutoAnalyzer procedure, to minimize errors from sample prepar-
ation. Table 1 lists the results for 15 randomly selected samples. The overall
means of the two procedures differed by 0.5% which was within the RSD
of the assay. There was excellent agreement between the procedures and no
evidence of positive or negative bias.

Other steroids

This procedure can be applied to a variety of other steroids with no
change in the manifold or parameters. Table 2 gives a list of steroids assayed
by f.i.a. All absorbances were recorded for 0.2 mg ml™! solutions of the
steroid and all are relative to methylprednisolone acetate. In all cases, the
sensitivity was greater for the parent steroid than for the ester. This indicates
the rate of ester hydrolysis is significant with respect to the rate of blue
tetrazolium reduction in the f.i.a. system so that optimization of the system
must take this into account.

Conclusions
Corticosteroids can be successfully assayed by the BTZ reaction with
. fi.a. The most important characteristics of f.i.a. for this study were the
instrumental simplicity and the rapid instrument “start-up” time. This
made it ideally suitable for running a few or hundreds of samples in a batch
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TABLE 1

Comparison of procedures for the determination of methylprednisolone acetate in a suspen-
sion formulation

(All values are given in mg ml™'.)

Sample Flow injection AutoAnalyzer Theory Sample Flow injection AutoAnalyzer Theor

No. method method \ No. method method

1 20.0 19.9 20 9 40.9 40.6 40
2 19.6 20.2 20 10 40.2 40.3 40
3 19.9 20.3 20 11 80.9 80,7 80
4 20.2 20.7 20 12 80.1 80.7 80
5 19.5 19.9 20 13 80.0 81.1 80
6 39.9 41.0 40 14 81.0 80.6 80
7 40.1 40.7 40 15 80.0 80.6 80
8 40.9 40,7 40

TABLE 2

Relative absorbance values for some corticosteroids (0.2 mg ml™') reacted with blue
tetrazolium

Steroid Absorbance® Relative Steroid Absorbance?  Relative
absorbance? absorbancs
Methylprednisolone 0.345 1.00 Cortisone acetate 0.436 126P
acetate Cortisone 0.510 1.36 s
Methylprednisolone 0.431 1.25 Prednisone acetate 0.447 1.20 :
Hydrocortisone 0.370 1.07 Prednisone 0.512 1.49
acetate 9-a-Fluorocortisone 0.389 1.04
Hydrocortisone 0.382 1.11 acetate
Prednisolone acetate 0.392 1.14 Isofluoropredone 0.393 1.14
Prednisolone 0.450 1.33 acetate
Desoxycorticosterone 0.448 1.20
acetate

8All values are relative to methylprednisolone acetate.

mode. The instrument was ready for analyses 5—10 min after it had been
switched on. This warm-up time was necessary to establish a constant flow
which is essential in all f.i.a. applications. Baseline integrity is maintained
between samples and existing software developed for h.p.l.c. can be used
with minor modification to collect and process the data.

Of secondary importance was the high sampling rate. The data
obtained by f.i.a. at a sampling rate twice that with the AutoAnalyzer
were similar to those obtained with the AutoAnalyzer.

The author expresses his gratitude to Dr. Bo Karlberg (Astra Pharma-
ceuticals, Sodertalje, Sweden) for performing the initial experiments and
advice in setting up an f.i.a. system, and to Rune Lundin (Bifok, Sollentuna,
Sweden) for providing the commercial instrument used for some experiments.
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SUMMARY

The design of a mixed indicator—buffer system which yields a linear change of
absorbance versus pH over a wide pH range is described. Its use for enzymatic analysis in
continuous and stopped flow f.i.a. systems is demonstrated for the determination of urea
via degradation by urease, A microcomputer (PET) was connected to the f.i.a. systems,
and the programs used for retrieving peak-height values and computing buffering capacities
are described.

The glass electrode is often viewed as a well-nigh universal detector [1—3]
because there are so many analytical reactions which, as a result of proton
exchange, cause a pH change in the reaction medium. The most notable
examples of this approach are the gas-sensing electrodes for CO,, NH; and
S0, measurements in which a glass electrode senses the pH change in a thin
layer of an electrolyte, separated from the sample solution by a gas-permeable
membrane. Equally elegant, but less practical, are enzyme electrodes [4]
where the glass electrode is used to sense a pH change in a thin layer of an
electrolyte gel containing an enzyme capable of catalyzing a reaction which
involves proton exchange. Many other reactions involving proton exchange
are available such as the now historical way of utilizing compleximetric ti-
trations [5], before metallochromic indicators were introduced. Yet, the
common denominator of the above-mentioned systems, i.e., selectivity based
on gas diffusion or enzyme catalysis, must be kept in mind as otherwise any
measurement based on proton exchange would be prone to many interferences.

Enzymatic reactions are very selective and frequently involve direct proton
exchange
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and this is why pH measurement with a glass electrode has been so frequently
used for their monitoring [1—3, 6]. This potentiometric pH measurement
has, however, a number of distinctive drawbacks. The glass electrode, having
a dynamic response range well over 10 decades of proton activities, yields,
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according to the Nernst law, a 59-mV change of potential per decade or an
18-mV change when the analyte concentration is doubled. Because of this
logarithmic response, the range of clinically significant substrate concen-
trations, as converted enzymatically and measured via one proton exchange
reaction, would maximally be reflected by a change of up to 40 mV, and a
reproducibility of +1 mV would correspond to an error of +4%.

To avoid the difficulties connected with the logarithmic response of the
glass electrode, the concept of constant buffering capacity has been applied
either by (a) keeping the pH constant and measuring the amount of acid (or
base) used in the course of a measurement [7] or (b) keeping the buffering
capacity (8) constant and measuring the pH change which thus becomes a
linear function of the amount of protons consumed or released [3, 6]. The
first approach is awkward and time-consuming, whereas the second method
relies on a high reproducibility of the electrode measurements in a rather
narrow potential range.

Last, but not least, a significant drawback of electrode measurements arises
from the fact that the ion to be sensed has to reach the ion-sensitive surface
of the electrode and therefore the speed of the electrode response depends on
the intensity of mixing of the measured solution. In contrast to this, spectro-
photometric measurements yield instant response to the changes within the
bulk of the solution through which the light beam passes, while the diffusion
layers situated at the walls of the vessel (where the change of composition
occurs last) yield a negligible contribution to the overall signal.

The above reasons, of which the last was the decisive one because the
slowness of response actually hinders a fast enzymatic rate measurement, led
to the concept of using acid—base indicators for monitoring of proton-
exchange reactions in f.i.a. systems. There are two ways in which an enzymatic
f.i.a. analysis can be performed: by continuous flow or by stopped flow
measurement (Fig. 1). The continuous flow measurement is simpler as it is
based on injecting a sample into a continuously moving carrier stream of
reagent (enzyme + buffer + indicator), which, after passing through a suitable
length of a coil (@), is measured spectrophotometrically and recorded in the
form of a peak, the height of which (h or A) is proportional to the sample
concentration. The residence time of the sample zone (T) in the f.i.a. system
depends on the pumping rate and coil length (a) and is chosen to yield an
easily measurable peak height. The drawback of this approach is that the
determination is affected by a variable blank which will arise if varying
amounts of an interfering buffer are present in samples and standards (unless
two separate injections are made of each sample, one in the presence and one
in the absence of enzyme [3]).

The stopped flow approach avoids this interference by measuring the in-
crease of absorbance (A2 or AA) caused by the enzymatic reaction during
the interval At that the sample zone is retained within the cell for monitoring.
Thus any colour present (or formed) prior to entering the flow cell can be
disregarded. (Obviously, to keep 2 small in relation to Ah, and 7T in relation
to At, coil a must be kept as short as possible.)
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Fig. 1. Simple f.i.a. system for spectrophotometric continuous and stopped flow analysis
and corresponding response curves, shown as absorbance (A4) vs. time. In the continuous
flow mode, the timer (T;) is not active and the colour formed within the injected sample
zone, after passage through coil g, is measured in a flow-through cell (FC) and recorded as
a peak (of height k). In the stopped flow mode the timer, after a delay time (T'), stops the
zone in the flow cell from which, after a stop period A¢, the zone is flushed into waste (W).

THEORY

As mentioned above, a linear response can be obtained by keeping the
buffering capacity g of the system constant: § = dCyx/dpH. The observed pH
change will then become a linear function of the amount of protons consumed
or produced by the monitored reaction: dpH = dCg/g.

By using an acid—base indicator HIn for which

PH = pKy, +log [In"]/[HIn] (1

the linear change of pH can be converted to a linear change of absorbance A,
provided that dpH lies within a range 0.5 pH of pK,,. In such a case, dpH
= k,[In"], and if the indicator and its concentration are properly chosen so
that the Lambert—Beer law applies, then dpH = k,k, A, i.e.

A =dCy/k B, (2)

where £ comprises the “‘indicator constants k, and k, and 8 is the buffering
capacity of the predominant buffer(s) in the system.
For an enzymatic reaction the Michaelis—Menten equation applies:

dP/dt = Vo S/(K, +S) (3)

where P is the product concentration, t is the reaction time, K,,, is the Michaelis
constant and S is the substrate concentration, while V,, is the maximum
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velocity of the catalyzed reaction. When an excess of enzyme is used (K, > S)
and dP is related to dCy (dP = (1/9)dCpy), eqns. (2) and (3) yield

A =(SdtVu/BKwn)(q/k) (4)

where dt is the residence time T of the sample plug in a continuous flow
system (or At in a stopped flow system), while ¢ and & involve indicator and
stoichiometric constants.

Equation (4) predicts a linear relationship between absorbance and sub-
strate concentration(s) provided that the constancy of 8 and k is maintained,
Theoretically, 2 and § could involve properties of one and the same com-
pound if an acid—base indicator of sufficiently high buffering capacity were
available. In practice, however, the buffering capacity of an indicator has to
be supplemented by a colourless buffer with a pK value as close as possible
to pKy,. Furthermore, if linearity over a wider range than about one pH unit
is required, a mixture of several buffers and indicators must be prepared. Yet
another reason why several buffer and indicator systems should be studied is
that this knowledge would make it possible to choose a suitable indicator—
buffer pair, the pK/pKj, value of which would be situated at that pH value
where the enzyme used has its maximum catalytic activity and where the
influence of any interfering buffer system(s) (see below) is minimal. Equally
important is the flexibility with which the buffering capacity can be adjusted.
While low values of the carrier stream buffer allow higher sensitivity of
measurement (see eqn. 4), higher values assist in suppressing the influence of
interfering buffers.

EXPERIMENTAL

Apparatus

The flow-injection systems used were essentially the same as those described
previously [3, 8]. Reagents and buffers were pumped by a four-channel
peristaltic pump, Ismatec Model Mini-S-840. The spectrophotometer, Corning
Model 256, was furnished with a Hellma flow cell (type OS 178.12, 10-mm
optical path, 18-ul volume). The coils and the injection valve (30 ul) were
assembled from the modular block system described previously [9]. Coils as
well as flow cell were thermostated by means of a Heto circulation bath (type
01 T 623 K). The recorder used in this work was an xy—yt recorder (Briiel &
Kjeer type 2308).

The pH measurements were done with a digital pH meter (Radiometer, PHM
64 Research pH meter), a saturated calomel reference electrode (Radiometer
K 401), a pH glass electrode (Radiometer G 202 B) and a magnetic stirrer
(Cenco, No. 34532). To establish the wavelengths of maximum absorbance
of the indicators in the blue region, spectra were recorded with a Beckman
DB-GT spectrophotometer.
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Determination of pK values of the indicators

For the determination of the pK values of the indicators, a pH meter was
used in connection with an autoburette (Radiometer, ABU 12) and a scanning
titrator (home-made), which generated a linear pH gradient as a function of
time (5 min/pH) in the gradient vessel (G) by adding 0.1 M HCI (NaOH) from
the autoburette (Fig. 2). The gradient vessel was filled initially with 2.5 ml
of indicator stock solution and 250 ml of 0.14 M NaCl, whereupon the pH in
the mixture was adjusted to approximately 2 pH units higher (lower) than
the expected pK value. From the gradient vessel the solution was pumped at
10.7 ml min! through the flow cell in the spectrophotometer (where the
colour of the indicator was measured at the wavelength of maximum absorb-
ance) and then returned to the gradient vessel, so that the volume of circulating
liguid was kept constant. As the pH gradient changed linearly with time, it
was easy to correct for the pH difference between the vessel and the flow
cell caused by the time delay between these two containers. The pH measured
by the glass electrode and the absorbance measured by the spectrophotometer
were simultaneously fed to the x—y recorder as shown in Fig. 2.

Determination of the buffering capacity (8) and the pK values for the buffers

The arrangement shown in Fig. 3 was used for simultaneous determination
of the pK values and the buffering capacity of the buffers. The acidity of each
buffer was adjusted to approximately 2 pH units higher than the expected pK
value and then titrated with 0.5 M HCI in vessel G by constant addition of ti-
trant (i.e., dCy constant). The pH change was monitored on the y—t recorder
as a function of time (and therefore as a function of dCp). Simultaneously,
the signal from the pH meter was fed into a microcomputer (Commodore PET
2001 series — 16 N Professional Computer) through an interface (Hewlett-
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Fig. 2. Automated system for measuring the transition regions of acid—base indicators. A
spectrophotometric flow cell (FC, volume 18 ul) monitors absorbance in a closed loop
through which a stream is pumped at a rate of 10.7 ml min™!, The pH in the gradient
vessel (G) is changed at a fixed rate by means of an autoburette (ABU) controlled by a
pH-stat. The change in colour of the indicator in the circulating solution is recorded by an
x—y recorder,
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1 2 ml HCI
ABU

Fig. 3. Automated system for measuring pX values and buffering capacities where the test
compounds are titrated by means of an autoburette (ABU) run at constant speed. The
resulting change of pH is recorded, and also fed into a computer (PET) via an interface
(HP 3438 A), for computing of buffering capacities (Table 1).

Packard digital multimeter HP 3438 A, 33 digit), at regular time intervals, so
that dpH was monitored. As dCy was kept constant with time and dpH was
measured at a fixed frequency, g values could be calculated with the algorithm
shown in Table 1. After the measurement cycle was completed, the data and
the calculated g values as a function of pH were printed out (Commodore
Tractor Printer 3022 series).

Reagents

Carrier buffer solution. This contained 1 X 107> M TRIS (tris-(hydroxy-
methyl)aminomethane) and 10~ M phosphate buffer in 0.14 M NaCl and
was adjusted to pH 6.8—7.0 at 32°C in experiments where no sodium hydro-
gencarbonate was present in the samples (carrier buffer A). When sodium
hydrogencarbonate was present in the standards (20 mmol 17'), the solution
contained 1 X 107 M TRIS and 5 X 10™* M phosphate buffer in 0.14 M NaCl
and the pH was again adjusted to 6.8—7.0 at 32°C (carrier buffer B).

Mixed indicator solution. This contained 0.02% cresol red, 0.04% bromo-
thymol blue and 0.08% bromocresol purple (all w/v) in 0.14 M NaCl. The
indicators were dissolvedin 7 ml of 0.1 M NaOH and the solution was diluted
to a final volume of 250 ml which was 0.14 M in NaCl; 2-ml portions of this
solution were added to 98 ml of carrier buffer solutions A and B, respectively.

Urea standards. Reagent-grade urea (Merck) was dissolved in 0.14 M NaCl
to obtain a 100 mmol 17! stock solution. This was diluted to obtain standards
in the range 1—10 mmol 1!, With special reference to the possible analysis of
serum samples, a series of urea standard solutions containing sodium hydrogen-
carbonate (20 mmol 17!) was also prepared.

Prior to injection, the standards were diluted 1 + 1 (continuous flow) and
1 + 3 (stopped flow) with carrier solution. To the 2% indicator-containing
carrier solution used for dilution of the standards was also added 2% (for the
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continuous flow method) or 0.66% (for the stopped flow method) of the
mixed indicator solution. This was done to compensate for the decrease in
the absorbance which would otherwise arise when the colourless standards
were mixed with the coloured carrier solution.

Urease. Urease (114 units mg™!; Worthington Biochemical Corporation,
New Jersey) was dissolved in the carrier solution in an amount of 30 mg per
100 m] (continuous flow) or 80 mg per 100 ml (stopped flow).

All solutions were made in 0.14 M NaCl to keep the ionic strength constant
and distilled water was used throughout. All chemicals were of analytical-
reagent grade.

Microcomputer

The computer used (Commodore PET 2001 Model 16 N) is an all-purpose
cheap hobby computer with moderately priced accessories: a printer
(Commodore Tractor Printer Model 3022) and a floppy disk (Commodore
CBM Model 2040 Dual Drive Floppy Disk). As it uses BASIC, it is easy to
program. One of the reasons for using this instrument, rather than other
possibilities (e.g. Apple) was that it can be attached, by means of a standard
connector via a low-priced HP analog/digital interface, directly to the analog
output of a spectrophotometer or a pH meter.

The programs are self-explanatory (with a little knowledge of BASIC).
Another program, based on the algorithm given in Table 2, is used to capture
the data and display peak heights. It is interesting to note that the standard
deviations of the digital peak-height values as read out by the PET are smaller
than the standard deviations of the peak-height values recorded by the x—y
recorder. This happens because the microcomputer is measuring point by
point while the recorder may also register occasional high-frequency noise.

INDICATOR AND BUFFER SYSTEMS

Indicator systems

Though a single indicator can well be used, a mixture of several indicators
gives a choice of measurement conditions. In order to obtain an indicator
mixture with a linear response of A vs. pH (constancy of %, eqn. 2) the fol-
lowing two conditions must be fulfilled: (a) there should be maximally 1 pH
unit difference between the pK;, values of the individual indicators; and (b)
their protolytic forms, preferably the basic ones, should have molar absorp-
tivities as close as possible at approximately the same wavelength. In addition,
the indicators should be water-soluble and should preferably have a blue basic
form so as to make them easily distinguishable from the yellow or red back-
ground of biological fluids.

Following the guidelines of tabulated data [10], a number of indicators
was considered, yet the final choice was made from pH—absorbance scans by
the procedure (Fig. 2) described above. The mixed indicator solution finally
selected, containing 0.02% cresol red, 0.04% bromothymol blue and 0.08%



173
TABLE 2

The peak height algorithm used when the PET is interfaced via the multimeter to the
analog output (recorder output) of the measuring instrument. By comparing (lines 600—
1200) the point-by-point measured data (lines 8000—8200), the algorithm stores (lines
1300—1400) the maximum value for each peak (for possible statistical treatment). When
the peak height has decreased to a given percentage of the recorder full scale (lines 50, 51,
2100—2200), the next sample can be injected. The algorithm has a peak detection limit
to avoid baseline noise being detected as peaks; this limit is chosen as a percentage of the
recorder full scale (lines 30, 40)
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bromocresol purple, consists of indicators which fulfil all the above conditions
(Fig. 4). The mixture thus yields a linear response vs. pH over more than 2 pH
units (Fig. 5). In order to compensate for differences in the molar absorptivities
and in the shapes of the individual spectra different concentrations of these
indicators are used in the final mixture.

Buffer systems
Though mixtures of buffers with constant buffering capacity have been
used for many years, and the pK values of many buffering substances are
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Fig. 4. Transition regions of bromocresol purple (BcP), bromothymol blue (BtB) and
cresol red (CR) measured by the system shown in Fig. 2.

Fig. 5. Response curve (absorbance vs. pH) of the mixed indicator solution, measured at
580 nm,

amply tabulated, it was nevertheless found necessary to titrate the buffer
systems to be used as carrier stream, not only to control their correct com-
position, but also because the ionic strength and temperature of the carrier
stream would influence the § value. Typically, the position of the maximum
g value vs. pH for a TRIS buffer is strongly temperature-dependent (Fig. 6),
while that of phosphate buffer is not (pK = 6.76 + 0.02 in the range 20—45°%C).
Consequently, by increasing the temperature the pK values of these two buffer
systems will become sufficiently close that their mixture at 30°C will yield
a carrier stream having a wide range of constant buffering capacity (Fig. 7).

- Interfering buffers and optimum pH range

In continuous flow analysis the samples and standards should ideally have
the same matrix composition. Thus, in the present case their buffering ca-
pacities should be as close as possible. Moreover, if the samples do not con-
tain any buffering substance, standards may be prepared in distilled water, as
the same degree of mixing in the f.i.a. system will provide the same reaction
medium. However, in the presence of a weak buffer, the samples and standards
have to be prediluted with carrier stream (e.g., in the ratio 1 + 1) in order to
make the differences in the buffering capacities between the samples and
standards negligible. The obvious limitation of the present system is that the
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Fig. 6. The buffering capacity of TRIS buffer vs. pH and its dependence on temperature:
(A) 20°C; (B) 30°C; (C) 40°C; (D) 50°C. All curves measured and computed by means of
the system shown in Fig. 3.
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Fig. 7. The buffering capacity of an equimolar mixture of TRis and phosphate buffers vs.
pH at two different temperatures, as measured and computed by means of the system
shown in Fig. 3. (—) 30°C; (----) 21°C.

g value of the carrier stream buffer must be at least ten times higher than
that of the interfering buffer to even out the differences between individual
samples. At the same time, however, the overall 8 value should be as low as
possible, otherwise the pH change caused by the enzymatic reaction would
be “buffered out” (cf. eqn. 4).
As a means of eliminating the influence of an interfering buffer one can
- either (a) measure in a pH range where its influence is minimal, or (b) if the
- interfering buffer is present in all samples at a relatively constant level, as is
" the case for most biological fluids, simply use this buffer to maintain the
constancy of the overall § value. Thus, as a typical serum sample contains
© 20 mmol 1"! of hydrogencarbonate, this system will always constitute the
principal interfering buffer in clinical analysis. Therefore, at pH 6.3 and 10.3,
* the buffering capacity of this system will be 0.576 X 20 mmol, (Fig. 8), which
. is obviously too high to be tolerated; the ten-fold buffering capacity of the
. carrier stream needed to eliminate the influence of the interfering buffer at
these pH values would obliterate the pH change caused by any enzymatic
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Fig. 8. The buffering capacities of phosphate (—) and hydrogencarbonate (----) buffers,
measured at 25°C and computed using the system shown in Fig. 3. The buffering capacity—
pH curve for hydrogencarbonate shows a maximum at pH 6.3 and a minimum at pH 7.8.
(The “abnormal” increase of § at high pH values is due to the contribution from water;
the concentrations of the buffers were 10~ mol17,)

reaction. Yet, at pH 7.8, approximately half way between the two pK values
of hydrogencarbonate (Fig. 8), the 8 value of hydrogencarbonate would be
ten times lower than g, ,«, and if a TRIS buffer is used in the carrier stream
at 40°C (Fig. 6, curve C) its buffering capacity would be maximal. Thus by
diluting the serum samples with 4 mmol 1™' TRIS buffer in the ratio 1:5, the
buffering capacity of the carrier stream buffer at pH7.8 would be ten times
higher than that of interfering hydrogencarbonate. As pointed out earlier
[3], in order to obtain the widest possible range of linear response, the pH of
the carrier stream buffer should be adjusted to be 0.2 pH unit from the TRIS
pK value in the direction opposite to the expected pH change. In this way,
the buffering capacity will be 94.8% of §,,., at the baseline, around 100%
Bmax for a medium range sample, and would decrease only to 94.8% of 8., .«
if the pH change from the baseline for the highest sample were 0.4 pH unit,
By using a mixture of buffers and the mixed indicator solution, the linearity
can be extended over a wide range of concentrations of substrate or pH
(Figs. 5 and 7).

As mentioned above, there is, however, another way of suppressing the in-
fluence of an interfering buffer, provided that it is present at a relatively
constant level, i.e., to exploit its presence to adjust the overall § value. In
order to illustrate this procedure, the determination of urea was chosen as a
model system. One inherent advantage of the method is that because of the
large range of constant § values (see Fig. 7) the pH of the carrier solution can
be lowered to 6.8, where the enzyme (urease) has higher activity than at the
pH value (7.8) used previously [3].

DETERMINATION OF UREA

The enzymatic determination of urea
CO(NH,), + H,0 + H,0" ®4¢ 2NH,* + HCO;~

was examined in manifolds designed for continuous flow and for stopped
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flow. Carrier solution A was used in the analysis of urea standards without
any interfering buffer (NaHCO;), while carrier solution B was employed for
the NaHCO;-spiked standards. These were all made to contain NaHCO; at
the level 20 mmol 1! (to simulate biological samples). As the total dilution
of the samples (predilution and dispersion) in the f.i.a. system is ca. 18, the
contribution of the hydrogencarbonate system to § will be approximately
equivalent to 5 X 107 phosphate buffer, i.e., the phosphate buffer content
in carrier B is half that of carrier solution A.

For continuous flow measurements, the manifold shown in Fig. 9 was used
with the above-mentioned carrier streams, containing 35 units of urease per
ml. The injected sample volume was 30 ul and the sampling frequency was
90—100 samples/hour. A recording obtained by injecting a series of standards
is shown in Fig. 10; this gave a linear calibration curve over the whole range

S

Carrier
+ Enzyme

Fig. 9. Manifold for continuous flow analysis of urea. The sample (30 nl) is injected (S)
into a carrier stream (carrier buffer A in absence of hydrogencarbonate, or carrier buffer
B in its presence) containing 30 units urease/ml and 2% of mixed indicator solution (pH
adjusted to 6.8 at 30°C). All tubes 0.5 mm i.d.; total dispersion D, = 8.6.

3min

A 3min. A =0

I | I

—_— —_
Scan Scan

Fig. 10. Calibration run for urea in absence of hydrogencarbonate, at a rate of 90 samples/
hour in the manifold depicted in Fig. 9. The urea samples contained 0, 1, 2, 4, 6, 8 and
10 mmol 17!, Absorbance (A) recorded at 580 nm. Residence time T, 20 s;total dispersion
Dy, 8.6.

. Fig. 11. Calibration run for urea in presence of hydrogencarbonate (20 mmol 17?) at a rate
of 100 samples/hour in the manifold depicted in Fig. 9. Samples and conditions were
otherwise exactly as for Fig. 10.
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of urea samples (0—10 mmol I"!) with a regression coefficient of 0.995; the
blank was equivalent to 0.4 mmol urea/l. In the presence of 20 mmol of
hydrogencarbonate (Fig. 11), the blank increased to 7.5 mmol urea/l and the
slope of the calibration curve decreased, but the linearity of response was still
preserved. The reproducibility of the determinations was satisfactory in both
cases. This can be judged from Figs. 10 and 11, where all samples were in-
jected in quadruplicate, or from Table 3 where peak-height values obtained
with the aid of the algorithm listed in Table 2 are listed together with theil
standard deviations.

Stopped flow measurements were used when hydrogencarbonate was pre.
sent in order to eliminate the blank values. The manifold, shown in Fig. 12 is
in principle the same as that outlined in Fig. 1, but contains two pumping
lines, one of which delivers carrier solution alone, while the second pumpse
carrier stream to which urease has been added at a concentration of 90 units
ml™!. The reason was that when moderate pumping rates were used, the resi
dence time T of the sample zone in a single-line system was so long that 2

TABLE 3

Summarized data from the peak-height algorithm for the determination of urea in the
absence of hydrogencarbonate. The input data for the PET were baseline (in V) 0.00
recorder f.s.d. (in V) 0.040; peak detection limit (in %) 10; limit for next injection (in %
10; sign of the signal 1. An example of the actual data output for each peak is as follows
THE PEAK HEIGHT FOR PEAK NO. 1 1S 10.9

Urea standard (mmol 17") 2 4 6 8
Mean peak height (mV)? 10.95 21.13 30.85 39.40
R.s.d. (%) 0.5 0.5 0.6 0.4

2Four injections for each concentration.

Carrier 0.88

Carrier + 088

Enzyme

Fig. 12. Manifold for the stopped flow determination of urea. Samples (30 1) are injectec
(S) into a carrier stream containing 0.001 M TRIS buffer and 5 X 107" M phosphate buffe
in 0.14 M NaCl containing 2% mixed indicator solution. The second channel delivers the
same solution to which 90 units urease/ml has been added. Both carrier streams are adjustec
to pH 7.00 at 32°C. All tubes 0.5 mm i.d. The length between the point of injection (8
and the confluence point is 8 cm; that between the confluence point and flow cell (FC)i
10 em. Total dispersion D;, 5.2. Residence time, 6.7 s. Contact time between sample anc
enzyme before measurement, 3.5 s. Absorbance measured at 580 nm,
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large proportion of the urea was converted to the reaction products before the
sample zone reached the flow cell, Consequently, h (or A) was unfavourably
large compared to Ah (or AA), and this ratio was even worse in the presence
of a hydrogencarbonate blank. Therefore it was decided to inject urea into a
carrier stream without enzyme and to add the enzyme close to the flow cell
so that T became shorter (and & or A lower).

An interesting feature of the stopped flow f.i.a. system is that various sec-
tions of the sample zone can be stopped and held within the optical path for
recording of reaction rate. Because of the formation of concentration gradients
at the interface between the carrier and sample solutions, various mixing
ratios are observed in various sections of the sample zone and this allows a
continuous choice of reaction conditions to be made. Thus, while the total
dispersion can be manipulated by an appropriate choice of tube length and
sample volume, a fine adjustment can be achieved by choosing an appropriate
delay time from the moment of injection until the sample zone is stopped in
the flow cell. This flexibility is demonstrated in Fig. 13, where urea samples
(10 mmol 1"!) were injected into the stopped flow system (Fig. 12); the delay
time was increased from 6.5 s to 17.5 s while the stop time (during which
the increase in absorbance was recorded) was kept constant at 15 s. As the
- delay time increases, the sample solution along the zone length becomes
more dispersed (diluted) and therefore the slope of the reaction rate line de-
creases. Simultaneously, there is an increase in the ratio between the enzyme

A 3min,

Scan

Fig. 13. Repeated injections of urea standard (10 mmol 17!') into the stopped flow f.i.a.
system (Fig. 12) recorded from the same point of injection (S) at fast paper speed (5 mm
s7’). Stop period At constant at 15 s; delay period increased from 6.5 to 17.5 s in steps
of 1 s (the last curve was run continuously). For details see text.

Fig. 14, Calibration run for stopped flow determination of urea in the presence of hydro-
gencarbonate. Samples containing 20 mmol HCO, 17! and 0, 1, 2, 4, 6, 8 and 10 mmol
urea/l were injected in quadruplicate. Delay time 7.6, stop time (A t) 15 s. Total measuring
cycle (including wash period) 36 s. Sampling rate 100 samples/h. The start of the stop
period can be readily observed on the original recording, but is emphasized by the hori-
zontal lines in this photographic reproduction.



180

dissolved in the carrier stream and the substrate contained in the sample, and
so the reaction rate lines become progressively more linear with increase in
the delay time. In actual serum analyses, the choice of delay time can also be
used to optimize the sample dispersion in order to eliminate any differences
in viscosities between serum and aqueous standards.

Because not only the delay time, but also the stop time At is exactly fixed
by an electronic timer, measurements of the slope of the rate curve are
equivalent to measurements of Ak which are simpler to evaluate. Such a cali-
bration run (obtained at a much slower paper speed than that in Fig. 13) is
shown in Fig. 14, where samples encompassing the range 0—10 mmol urea/l
were injected. When the Ah values obtained were plotted versus the urea
content in the individual samples, a straight line was obtained (regression
coefficient 0.996) with a blank value corresponding to 2.1 mmol urea/l.

CONCLUSION

Compared with the previously developed method for determination of
urea in serum, which used a glass electrode as a pH sensor [3], the present
method allows twice as high a sampling rate, including the blanking of indi-
vidual samples. Another advantage of the present approach is that it uses a
spectrophotometric detector which is more robust and easier to operate than
a capillary glass electrode. The enzyme consumption is moderate: for the
continuous flow method 14 units of urease was used per determination, and
for the stopped flow method 30 units of urease per determination. Work is in
progress to reduce the enzyme consumption even further, by applying the
merging-zones approach [8, 11]. While the decomposition of urea by urease
leads to an increase of pH of the monitored carrier stream, the determination
of glucose based on the use of glucose dehydrogenase [11] would cause a de-
crease in the pH of the reaction medium. Preliminary experiments with an
f.i.a. system using the mixed indicator—carrier buffer solution, based on the
same principles as described above, confirm that also glucose can be deter-
mined in this way.

Besides enzymatic analyses, the buffer indicator mixture is suitable for
assays of gases which would, after diffusion or isothermal distillation from a
donor stream [12], change the pH of an acceptor stream. As the acceptor
stream would not contain any interfering buffers, the mixed indicator alone,
or together with a very dilute mixture of several buffers, would be suitable
for fast, selective and sensitive measurement of small amounts of gases.

The authors express their appreciation to the Danish Natural Science
Research Council and to the Danish Council for Scientific and Industrial
Research for partial financial support.
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SUMMARY

A homogeneous fluorescence energy-transfer immunoassay for serum albumin has
been automated by using flow-injection analysis. Application of the merging-zone and
stopped-flow principles permits low consumption of labelled reagents and samples, and
sub-micromolar concentrations of albumin can be rapidly and precisely determined.
Studies on individual serum samples show good agreement with other techniques,
including a fluorimetric dye-binding assay that has also been automated by using merging-
zone flow-injection analysis.

Since its introduction by Ru%itka and Hansen [1] and by Stewart et al.
[2], flow-injection analysis has been applied to the automation of a number
of determinations [3]. These analyses have mostly been done by injecting
precisely measured sample zones into a reagent-containing carrier stream;
by varying the design of the flow system, a wide range of interfacial
gradients can be exploited. This approach is less well suited to analyses in
which the reagent is a biological macromolecule such as an antibody or
enzyme, because such reagents may be costly and are often available only in
small quantities: published applications include the use of readily-available
enzymes in analyses for glucose [4] and urea [5] in serum. Two additional
principles recently applied to flow-injection’analysis have, however, opened
up new potential applications of the technique. It has been shown [6] that
stopped-flow analyses are feasible, i.e. that the dispersion of a sample zone in
" the carrier stream will remain constant if the flow rate of the stream is

reduced to zero. This principle is of great value in kinetic assays [6, 7] and
" in analyses where an incubation period is required before the sample zone
- reaches the detector. In addition, economies of sample and of reagent can

be achieved by using the merging-zone approach, in which small volumes of
- sample and reagent are injected into inert carrier streams and merge before
. reacting and being carried to the detector. The merging-zone principle has
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been applied to a number of analyses [8, 9] including, in conjunction with
the stopped-flow principle, the enzymatic assay of serum glucose [7].

The present paper describes for the first time the application of flow-
injection analysis in the field of immunoassay. The stopped-flow and
merging-zone principles are applied to the homogeneous energy-transfer
immunoassay method originally described by Ullman et al. [10]. In this
type of assay, the antigen (serum albumin in the present work) and the
appropriate antibody are labelled with different fluorescent groups. The
labels are chosen so that the emission spectrum of one (the donor, normally
attached to the antigen) overlaps the excitation spectrum of the other (the
acceptor, normally attached to the antibody). Only when the labels are very
close to each other, i.e. when labelled antigen and labelled antibody specifi-
cally combine, can energy transfer from the donor to the acceptor occur,
resulting in quenching of the donor fluorescence and (possibly) enhancement
of the acceptor fluorescence. In the presence of unlabelled (i.e. sample),
antigen these effects are reversed and the consequent enhancement of the
donor label fluorescence, for example, can be used to determine the antigen.
Since the analysis depends on a change in label properties on antigen—
antibody binding, it is homogeneous (i.e. no separation step is required) and
very suitable for automation. The present study follows Ullman et al. [10]
in using fluorescein and rhodamine as donor and acceptor fluorescent labels,
respectively, though these groups are far from ideal [11] and other donor—
acceptor pairs are under development. Previous studies have shown that a
fluorimetric detector can be combined successfully with flow-injection
analysis in the determination of albumin by a dye-binding procedure with
anilinonaphthalene [12]. The present paper also describes a modification of
that assay by using the merging-zone principle.

EXPERIMENTAL

Equipment
Flow-injection analysis was done with the arrangement shown in Fig. 1.

Fig. 1. Flow-injection analysis arrangement. (B) Bypass; (D) fluorimetric detector; (I) :
injection valve; (L) reaction coil; (Q) pump; (R) reagent; (S) sample; (T) 3-way valve;
(W) waste.
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Fig. 2. Manifold arrangement; lettering as in Fig. 1.

60s

Fig. 3. Examples of recorder responses obtained during the energy-transfer immunoassay
of serum albumin in diluted standard serum. The albumin concentrations were: (A)
11X 107°M;(B)5.5x 10°M;(C) 1.1 x 107° M.

A Gilson Minipuls HP-4 8-channel pump and a double-injection valve [ 7]

(Bifok, Sweden) were used. Polyethylene tubing was used throughout and was
" connected by using the manifold system shown in Fig. 2. The lengths and
diameters of the tubing used were as follows: a = b = 250 mm long, 0.5 mm
id.; c=d =150 mm long, 0.5 mm i.d.; e = 100 mm long, 0.7 mm i.d.; by-
pass (B) = 320 mm long, 0.7 mm i.d. The reaction coil, L, was made of
0.7mm i.d. tubing and was 650 mm long for the dye-binding assay and
950 mm long for the immunoassay. The detector was a Perkin-Elmer model
1000 M filter fluorimeter, with a flow cell specially adapted with silica
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tubing (1 mm i.d.). The illuminated volume of the cell was ca. 16 ul. Exci-
tation and emission wavelengths were 364 and 470 nm, respectively, for the
dye-binding assay, and 470 and 541 nm, respectively, for the immunoassay.
The fluorimeter was connected to an Omniscribe 10-mV recorder (Houston
Instruments).

Reagents

The carrier stream was a phosphate buffer (0.067 M, pH 7.0 for the
dye-binding assay; 0.01 M, pH 7.2, containing 0.145 M NaCl for the
immunoassay). The 8-anilino-1-naphthalene sulphonic acid (ANS; Sigma)
was used at a concentration of 15 mg 1"!. Pure serum albumin and standard
human serum were obtained from Hoechst (London, U.K.), and purified
rabbit anti-albumin antibodies from Dakopatts (Mercia Brocades Ltd.,
West Byfleet, Surrey). Albumin and antibodies were labelled with fluore-
scein isothiocyanate and rhodamine isothiocyanate, respectively, by standard
methods [11]. Electroimmunoassay was done on Cellogel cellulose acetate
membranes [13]. Individual serum samples were obtained from healthy
laboratory workers.

RESULTS

ANS binding procedure

This assay, previously done by conventional flow-injection procedures
[12], was successfully adapted to the merging-zone approach. A flow rate
of 1.03 ml min~' was used. The volumes of sample and reagent injected
(determined by injecting an air bubble into the carrier stream) were 10.4 ul.
This represents a substantial saving in reagent compared with the previous
method. The merging time, sampling time, and residual time (without
stopped flow) were 9.8 5, 3 s and 23.6 s, respectively. A linear relationship
was obtained between the fluorimeter response (fluorescence of protein-
bound ANS) and albumin concentration in the range 0—200 mg d1~*. When
diluted standard serum was used, the coefficients of variation were 2.3%
at 18 mg dI™! and 2.1% at 180 mg dlI"!. The coefficients of variation for
diluted test sera were somewhat higher, averaging 4.5%. The albumin concen-
trations of four test sera were determined with the results given in Table 1.

Energy-transfer immunoassay

Initial attempts to automate this assay by using conventional flow-
injection procedures gave unsatisfactory results. Not only was the consump-
tion of labelled albumin and labelled antibody unacceptably high, but the
high background fluorescence of the carrier stream (a mixture of the labelled
species) severely restricted the precision and sensitivity of the assay. These
objections were overcome by using the stopped-flow, merging-zone method.
The injected reagent was a solution containing 2.4 X 10~7 M fluorescein-
labelled albumin (fluorescein: albumin ratio 1.4:1) and 4 X 10 M



TABLE 1

Determination of albumin in serum samples?
(All concentrations in mg dlI™')

187

Sample ANS-binding Energy-transfer Electroimmunoassay
f.i.a. method immunoassay—f.i.a. method
method
1 3700 + 180 (100) [10] 3860 + 200 (100) (8] 3800 = 140 (150) [5]
2 3600 + 170 (100) [10] 3320 + 170 (500) [8] 3680 + 80 (150) [8]
3 4380 = 150 ( 40) [10] 4810 + 150 (500) [8] 4500 + 140 (150) [7]
4 3675 + 200 ( 75) [ 8] 3460 + 220 (100) [4] 3080 + 80 (150) [5]

8Numbers in parentheses are the factors by which serum samples were diluted before
study; numbers in square brackets are the numbers of measurements used in calculating
standard deviations.

rhodamine-labelled antibody (rhodamine:albumin ratio 16.5:1). Previous
studies [11] had demonstrated that this combination of lightly-labelled
antigen and heavily-labelled antibody, with a large excess of the latter,
produced optimum results when the assay was performed without auto-
mation. Diluted serum samples were injected at S (Fig. 1.) The flow-rate
used was 8.8 ml min~!, giving a merging time of 3.2 s and a residual time of
16 s (continuous flow); the sample and reagent volumes were 36 ul. A
stopped-flow incubation time of 6 min was used: during this period, the
three-way valve, T, was turned to divert the carrier stream through the by-
pass, and the recorder chart was switched off. The recorder was restarted
as T was turned to restart the flow of the sample.

In the analysis of unlabelled (sample) albumin concentrations, the fluores-
cence of the fluorescein label was determined (the fluorescence of the rhoda-
mine label was too feeble in practice to provide a sensitive assay [11]).
Fluorescence intensities were related to the emission from a 2.4 X 107" M
labelled albumin solution, arbitrarily assigned a value of 100. The results
obtained in this way were satisfactory. Readily-measureable fluorescence
peaks were obtained (Fig. 3): the coefficient of variation of the results for
diluted standard sera was 2.5% at an albumin concentration of 5 X 1075 M,
and 2.3% at a concentration of 1077 M. The standard curve obtained (Fig. 4)
showed that albumin concentrations of 10”7 M and below could be deter-
mined. The values obtained from four test sera are shown in Table 1, along
with the results of the ANS binding and electroimmunoassay techniques:
agreement between the three methods was generally good.

DISCUSSION

The results demonstrate clearly the suitability of stopped-flow, merging-
zone flow-injection analysis for the automation of homogeneous immuno-
assays: they also confirm the usefulness and sensitivity of a fluorimeter as a
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Fig. 4. Standard curve for the energy-transfer immunoassay of serum albumin. Error
bars represent standard deviations.

detector for flow-injection methods. In the present assay, the flow-injection
approach had several substantial advantages over the static analysis
previously described [11]. These included smaller samples, a considerable
economy in labelled reagents and a shorter incubation period. The incu-
bation period of 6 min was perfectly adequate in the albumin assay, but
there would be no technical objections to the use of longer periods if
required in other assays. The use of a flow cell of narrow bore precluded
any interference by inner filter effects, and the background fluorescence of
the diluted serum was negligible compared with the fluorescein emission.
The detection limit of the assay was more than adequate for the determin-
ation of albumin in diluted serum samples and in urine (cf. [14]). Improved
detection limits could almost certainly have been achieved by the use of
a spectrofluorimeter, rather than a filter fluorimeter, as the detector.
Detailed studies of the fluorescein rhodamine energy-transfer pair have
shown that larger quenching and enhancement effects occur at narrower
spectral bandwidths [11].

The relatively low sampling rate available in this stopped-flow assay can
be improved by modifications to the manifolds [6], but in any event
provides a faster throughput of samples than the manual method. Two
further small problems were noted, the first being the need to carry out
frequent checks (by injecting air bubbles) to ensure synchronous merging
of the sample and reagent: very fine adjustments in the flow rate could be
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achieved by means of a screw clip attached to a short length of thin-walled
tubing inserted in one of the channels (e.g. in tube a in Fig. 1). The second
problem was the tendency of air bubbles to form in the carrier streams: this
effect could be avoided by equilibrating the samples and the reagents at
37°C before beginning an analysis.

A wide variety of other homogeneous immunoassays should be suitable
for automation by using flow-injection analysis, including fluorescence
quenching, enhancement and polarisation assays. The present energy-transfer
approach can also be applied in analyses for many other macromolecules and
low-molecular-weight species such as drugs and hormones. Flow-injection
techniques will thus be increasingly used in this branch of clinical and
biochemical analysis.

We are grateful to the Medical Research Council for a Project Grant in
support of this research. We also thank A. Stevens and J. Swithenbank
for excellent technical assistance.
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SUMMARY

An automatic method for the simultaneous determination of nitrate and nitrite by
flow injection analysis is described. Nitrate isreduced to nitrite with a copperized cadmium
column, Nitrite is diazotized and coupled with N-(1-naphthyl)ethylenediammonium
dichloride. The merging zones approach is used to minimize reagent consumption. The
injector system is arranged so that two peaks are obtained, one corresponding to nitrite
and the other to nitrite plus nitrate. A sampling rate of about 90 samples per hour is
possible; the precision is better than 0.5% for nitrite in the range 0.1--0.5 mg 1-! and
1.5% for nitrate in the range 1.0—5.0 mgl-*.

Since its inception in 1975 [1], flow injection analysis has undergone fast
development. Devices such as special injection valves [1—4], dampeners [5],
solvent extraction chambers [3], distillation units [6], etc., have been
designed with a view to automation of many different types of analysis. The
concept of merging zones in flow injection analysis was introduced in 1978
[7]. The injector port had then the function of introducing simultaneously
both sample and reagent into the analytical system. This led to a drastic
reduction of the reagent consumed [7, 8], allowed the analysis of acidic
samples without pre-neutralization [9], and, in connection with a stopped-
flow procedure, was employed in enzymatic assays based on slow reactions
[10]. The use of this technique to perform standard addition, and also to
improve sensitivity in turbidimetry, is a common practice in this laboratory.

Another function which can be performed by the injector port is the
commutation of parts of the manifold during sample and reagent injection.
Development of flow injection analysers based on this idea have opened up
new possibilities for carrying out simultaneous determinations without
splitting, blank corrections, assays of very variable samples, etc.

The main purpose of this paper is to describe a method for the simul-
taneous determination of nitrate and nitrite in soil and water samples, by
using a spectrophotometric method for nitrite and reduction of nitrate to
nitrite with a copperized cadmium column {11, 12]. A special injector-
commutator which operates in two positions is described. In one position,
the sample is injected and the column is placed in the analytical line, the
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resulting signal corresponding to nitrate plus nitrite. In the other position,
the sample is injected again but the column is bypassed, so that the signal
corresponds to nitrite alone. The merging zones approach is used to mini-
mize reagent consumption.

EXPERIMENTAL

Flow system

The flow injection system without sample splitting is outlined in Fig. 1.
The sample and reagent are injected into corresponding carrier streams. At
point X, the sample zone meets the reagent R,, which acts as reduction
catalyst, masking agent [16] and buffer. After coil C,, the sample zone enters
the reduction column, nitrate being reduced to nitrite. At point Y, the sample
zone meets the colour-forming reagent, R,, starting the diazotization and
coupling reactions. After the reaction coil, C,, the absorbance corresponding
to nitrite (original plus reduced nitrate) is measured at 540 nm. In the
alternative mode (dotted lines in the flow diagram), the column is replaced
by simple tubing, and only the nitrite originally present in the sample is
measured.

The flow rates indicated in Fig. 1 were fixed to permit the analysis of
90 samples per hour with adequate sample dilution by the confluent streams.
The optimum pumping rate of the colour reagent R, was established by
using a 0.2 ppm N (as nitrite) solution in an infinite volume situation [6]
and increasing the flow rate from 0.23 to 1.6 ml min~!; maximum absor-
bance was found for the range 0.9—1.1 ml min~!.

The peristaltic pump, tubing, connectors, flow cell, spectrophotometer
and recorder were the same as used in earlier work [6]. The reduction
column was made from a glass tube (3 mm i.d.) filled with copperized
cadmium filings, held in position by glass wool plugs.

The injector-commutator (Fig. 2) was made from perspex and had charac-

LI
cs —50 > ci Cc2
R2 06) 7S
\Rl
cri 10
(1
Ri

Fig. 1. Flow diagram of the system. Cg (water) and CR] (8% phosphoric acid) are the
carrier streams corresponding to the sample (S) and reagent (R,). R, is the masking,
buffering and catalytic reagent, PP is the peristaltic pump; flow rates are given in mi
min~'. C,, C, and C, are coils with lengths of 15, 150 and 15 cm, respectively. The
column is placed between coils C, and C,. D is the detection unit and W denotes waste.
For details, see text.
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Fig. 2. Schematic diagram of the injector commutator in the position for nitrate plus
nitrite analysis. @ and b are the sample loops, ¢ is the reduction column, d and e are
connectors, and f and g are the reagent loops. M represents the manifold. The other
symbols are explained in the text.

teristics similar to those of the multiple proportional injector [8]. In the
position shown in Fig. 2, the sample (S) is aspirated to fill the sample loop
(b), the colour-forming reagent (R,) is pumped to fill the reagent loop (g),
and these loops define exactly the sample and reagent volumes. The excess
of sample goes to waste (W), while the excess of reagent, slightly diluted by
the reagent carrier stream, is directed to the reagent recovery vessel (V). In
this position, the reduction column (c) is placed in the analytical line. The
previously injected sample and reagent aliquots (a, f) are transported for
analysis by the corresponding carrier streams (Cg and Cg ). In the other
position, the sample and reagent are aspirated again and the entire process
is similar, except that the reduction column is replaced by tube (d).

Reagents

All reagents were of analytical grade and distilled-deionized water was
used in all experiments. Copperized cadmium filings were prepared daily
by treating cadmium filings (20—40 mesh) as described elsewhere [12].

The colour reagent R, was prepared by dissolving 20 g of sulphanilamide
and 1 g of N-(1-naphthyl)-ethylenediammonium dichloride in 100 ml of
80% phosphoric acid and diluting to 1 1 with water. This solution was
stored in a refrigerator. Reagent R, was prepared by dissolving 100 g of
ammonium chloride, 20 g of sodium tetraborate and 1 g of Na,EDTAin 11
of water; this solution is stable.

Samples and standards

Water samples from the Piracicaba region were collected in polyethylene
vessels and analyzed immediately. Soil extracts were obtained as described
by Bremner [13].

The aqueous 1000 ppm NO;-N stock solution (6.07 g NaNO, 17!) and
1000 ppm NO3-N stock solution (4.92 g NaNO, 17!) were treated with a few
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drops of chloroform and kept in a refrigerator. The nitrite solution was
standardized against a 0.1 N permanganate solution.

Working standards containing both nitrate and nitrite were prepared by
appropriate dilutions and covered the ranges 0.0—0.5 ppm NOzN and 0.0—
5.0 ppm NO3#N. For soil analysis, the standards were diluted with the corres-
ponding extractant. Only one standard containing 0.50 ppm NO;-N is
necessary for calculation purposes; a 0.50 ppm NOj3-N standard is useful for
checking the reduction conditions.

Optimization of the flow system

The infinite volume situation [6] was employed to define the optimum
reaction coil length, With the system indicated in Fig. 1, the column was
bypassed and a 0.2 ppm NO;3-N solution replaced the sample carrier stream.
Coil lengths of 20, 44, 94, 148, 200 and 250 cm were tested for coil C;. For
each situation, the percentage reaction was determined by stopping the
pump after achievement of the plateau, allowing full development of the
reaction in the flow cell (Fig. 3). A 150-cm coil permitted 80% of the com-
plete reaction. Longer coils provided better sensitivity but required larger
sample volumes [14], causing a significant decrease in the sampling rate.

The optimum length of the reduction column was established similarly
by using a 0.2 ppm NO3-N solution, the reaction coil being 150 ¢cm. Reduction
column lengths of 2.0, 3.5 and 10.7 cm were tested (Fig. 4). The injector-
commutator allowed the columns to be replaced easily without disturbing
the system. For each situation, the percentage reduction was determined by
comparison of the plateau achieved with that corresponding to a 0.2 ppm
NO;-N solution processed in the same way. A column length of 5.2 cm was
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Fig. 3. The influence of the reaction coil length. Curves a—f correspond to coil lengths
of 20, 44, 94, 148, 200 and 250 cm, respectively, The parallel lines on the right indicate
the steady-state. The break points correspond to pump stoppage, and the lines to the left
show the reaction development in a static situation. Paper speed, 0.5 cm min-'.

Fig. 4. The influence of the reduction column length. From left to right,.the peaks (in
triplicate) correspond to column lengths of 10.7, 3.5 and 2.0 cm, respectively.
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chosen, because the reduction was almost complete and reproducibility was
good.

With these dimensions of the system, the sample injection volumes were
fixed as 75 ul and 15ul in order to give suitable measuring conditions. The
synchronization coil C; (15 cm) and injected volume of reagent (50 ul) were
adjusted to incorporate the merging zones approach in the proposed method.

The dispersion factors were estimated with a 0.2 ppm NO;-N standard, as
described earlier [14].

RESULTS AND DISCUSSION

Some analytical characteristics of the proposed method are apparent from
the calibration data given in Fig. 5. As each position of the commutator
defines a different system, two baselines are observed. For pure nitrate
standards, no signal was recorded when the system was in the nitrite analysis
position, but of course when pure nitrite standards were used, signals were
obtained in both positions (Fig. 5d). This must be taken into account in
calculating nitrate concentrations. The net peak height for nitrate is calcu-
lated from the expression: H (nitrate) = H (total) — a H (nitrite), where H
represents peak height; o is defined as the ratio between the two peak
heights corresponding to nitrite alone with and without the reductor column
and must be determined before any routine run (Fig. 6). From the cali-
bration runs in Fig. 5, this ratio was calculated as 0.131, with a coefficient of
variation of 4.3%.

The difference in the peak heights of the same standard (Fig. 5d) reflects
the different dispersion in each analytical position; this is mainly due to the
different injected volumes and not to the presence of the column. The

[ ] b [ d
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Fig. 5. Characteristics of the proposed system. (a) Nitrate standards (5.0, 4.0, 3.0, 2.0,
1.0, 0.0 ppm NO3-N). (b) Mixed standards containing nitrate (5.0, 4.0, 3.0, 2.0, 1.0 ppm
NO;-N) plus 0.5 ppm NO3-N; the four small peaks to the right correspond to a standard
~ containing 1 ppm NO;-N without nitrite and to a blank injection. (¢) Mixed standards
containing nitrite (1.0, 0.8, 0.6, 0.4, 0.2, 0.0 ppm NO3-N) plus 2.5 ppm NO;-N. (d)
Nitrite standards (1.0—0.0 ppm NOZ-N). Paper speed, 0.5 cm min™.
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Fig. 6. Routine run of seven water samples with standard addition. From left to right:
a 0.5 ppm NO;-N standard followed by a 0.5 ppm NO;-N standard; a calibration run with
mixed standards (5.0—1.0 ppm NO;-N plus 0.5—0.1 ppm NO;-N); seven samples with
standard addition; seven original samples; and the calibration graph again. Paper speed,
0.5 cm min-1.

column appears to have very little effect on sample dispersion. The measured
dispersion factors were 0.35 and 0.05, allowing an increase in sensitivity by
injecting larger sample volumes,

On a routine basis, 75 samples per hour were analyzed for both anions
(Fig. 6), with a relative standard deviation of 1.5% and 0.5% for nitrate and
nitrite, respectively. A sampling rate of about 90 samples per hour is possible
with a carryover less than 1%.

The results of the recovery tests made with water samples and soil extracts
are shown in Table 1. The sample showing low nitrite recovery was abnor-
mally coloured; the effect is not apparent in the nitrate recovery because of
the higher sample dispersion.

TABLE 1

Recovery data related to water and soil samples

Water Soil extracts®

[NO;-N] Recovery? [NO;N] Recovery? [NO;-N] Recovery®
(ppm) (%) (ppm) (%) (ppm) (%)

0.11 102.6 0.84 98.3 4.39 98.8
0.10 101.8 0.88 97.9 3.82 95.2
0.07 99.8 0.17 100.4 1.97 98.0
0.07 88.0 0.17 98.6 3.80 102.1
0.25 99.7 0.55 97.3 2.22 100.4
0.17 100.0 0.46 99.8 4.02 98.9
0.40 100.5 0.57 98.3 5.43 95.1

2The NO;-N contents of the soil extracts were below 0.05 ppm. P After addition of 5 ml
of a 10.0 ppm NO;-N plus 1.0 ppm NO;-N solution to 45 ml of sample. ¢ After addition
of 5 ml of a 30.0 ppm NO;-N to 45 ml of sample.
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The utilization of the two alternative systems allows the simultaneous
determination of two species present in different concentration ranges in the
sample with only one detector. There is no loss of reproducibility or
reduction in the sampling rate, such as occur when sample splitting is used.
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SUMMARY

A method for the determination of water in organic solvents by flow-injection analysis
(f.i.a.) is described. The method, which is based on the reaction between water and the
Karl Fischer reagent, is capable of 120 determinations per hour. The concentration range
0.01—5% (v/v) of water can be covered by using a single Karl Fischer reagent solution.
The results obtained with a specially constructed potentiometric detector showed a
relative standard deviation of less than 0.5% (v/v). This value was about 3 times less than
that obtained with a spectrophotometric detector. The f.i.a. technique is shown to offer
some unique possibilities in minimizing interferences associated with the standard Karl
Fischer batch titration method.

Measurement of the water content in a wide variety of materials is a
problem of universal interest and the determination of water has conse-
quently become one of the commonest procedures in chemical laboratories.
A comprehensive review of chemical and physical methods for the determin-
ation of water has recently been published [1]. Among the various tech-
niques used, e.g., gas-chromatographic, gravimetric, spectroscopic (n.m.r.,
wv., ir.), titrimetric (Karl Fischer), the last is probably the most generally
used. It has been applied to the determination of water in numerous organic
and inorganic matrices including saturated or unsaturated hydrocarbons,
alcohols, halides, acids, acid anhydrides, esters, ethers, amines, amides,
nitroso- and nitro compounds, sulphides, hydroperoxides and dialkyl
peroxides.

However, many interferences are associated with the Karl Fischer method.
Active carbonyl compounds, for example, cause the formation of water
through reaction with methanol which is the main constituent of the
ordinary Karl Fischer reagent. Other interfering substances which cause a
different type of error include mercaptans and certain amines which react
with the jodine present in the Karl Fischer reagent. Negative errors will
thus arise in determinations of water in solvents like peroxy acids, diacyl
peroxide, and quinones because of the formation of iodine. In some cases
. the Karl Fischer reagent has been modified successfully in order to minimize
or eliminate these interferences.
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There are two additional main drawbacks associated with the standard
Karl Fischer method. First, it is time-consuming because of the rather slow
rate of reaction between water and the Karl Fischer reagent near the end-
point of the titration. Secondly, the analyst has to handle rather large
volumes of toxic reagent which is potentially dangerous.

In order to overcome some of these drawbacks, the possibilities of using
flow-injection analysis (f.i.a.) were considered. This technique was originally
described by Rii%itka and co-workers [2—11] and involves the introduction
of the sample into an unsegmented carrier stream with subsequent transpor-
tation to the detector. The degree of dispersion of the sample zone can be
controlled by varying parameters such as the coil length and the flow-rate.
The f.i.a. technique has been shown to be a very flexible and powerful
analytical tool, and has been applied to procedures such as extraction, acid—
base titrations, dialysis, dilution and multiple determinations. For the
determination of water by the Karl Fischer method, it should be possible
to develop a completely closed system by exploiting this technique. It
should also be possible to take full advantage of one of the other main
properties of the f.i.a. method, namely the rapidity of determination.

It has recently been shown [12, 13] that the reaction rate in the Karl
Fischer determination can be speeded up by more than 100 times either by
lowering the concentration of iodide in the reaction mixture [12] or by
using a reagent based on a formamide—pyridine mixture [13] rather than
the conventional mixture of methanol and pyridine. The rapid rate of the
main reaction obtained by using such reagents can be used to minimize
effects from side reactions in a flow-injection system by keeping the reaction
time at a minimum. This constitutes an important advantage of the f.i.a.
technique compared with ordinary batch titrations. In addition, the f.i.a.
technique may offer other unique possibilities for the elimination of
interferences.

This paper describes a f.i.a. system for the determination of water with
a methanolic Karl Fischer (K.F.) reagent, and includes the characterization
of two different types of detectors, one based on zero-current potentiometry
and the other on spectrophotometry.

EXPERIMENTAL

Instrumentation

The reagent was driven by a four-channel peristaltic pump, a Minipuls
2 (Gilson, France). Silicone rubber tubing was chosen in order to withstand
the very reactive K.F. reagent. Several other tubings were investigated but
none was found to be sufficiently inert.

Spectrophotometric detector. The spectrophotometer, built in this
department, consisted of a small grating monochromator, (Model GM 100,
Schoeffel Instrument GmbH, Germany), a lens lamp, a u.v.-enhanced photo-
diode and a flow-through cuvette (Helma Model 178, 31-QS, volume 8 ul,
light path 10 mm).
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Fig. 1. The potentiometric flow cell. (a) Teflon blocks; (b) O-rings; (c) glass cylinder.

Fig. 2. Flow injection manifold for spectrophotometric or potentiometric determination
of water in organic solvents with Karl Fischer reagent. (S) Point of injection (sample
loop); (D) detector; (W) waste.

Potentiometric detector. The configuration of the potentiometric detector
is shown in Fig. 1. The carrier solution was pumped through a 0.5-mm hole
in the lower teflon block, into which a 0.1-mm platinum wire indicator
electrode was inserted. The solution then passed down a groove of the
declining part of the teflon block to the exit.

The indicator electrode was inserted 3 cm into the hole. If the electrode
just reached the exit of the bore there was an increase in the sensitivity but
the stability and reproducibility were very poor. These drawbacks arise from
the fact that the electrode must be very precisely and reproducibly located
in the flowing stream. By inserting to a distance of 3 cm, these disadvantages
can be almost eliminated. By filling the cell just to a point at which there
was only a small liquid film between the exit solution and the residual cell
solution, mixing in the cell was kept to a minimum. The other platinum
electrode was insulated except for the terminating spiral; since it is exposed
to an almost unchanging environment it can function as a pseudo-reference
system. The small change in the reagent in the cell compartment does not
significantly affect the measurement. No serious error should result from
a systematic drift because the peak height is always related to the base-line.

The platinum pseudo-reference electrode was chosen partly because of the
inertness of platinum and partly to achieve an air-tight cell with exclusion
of water.

Potentiometer and recorder. The signals from the two detectors were
monitored either by a lin-log amplifier or by a follower connected to a HP
Moseley 680 recorder. Additionally, an interface was inserted between the
amplifiers and the recorder, which allowed the peak maximum to be locked
automatically on a meter while the recorder continuously displayed the
actual potential output [14].
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Reagents and standards

All organic liquids were of analytical grade. Solvents were dried before
use with molecular sieves (3 or 4 A). The mixtures of water and the organic
solvents were standardized coulometrically [15]. All solutions were cali-
brated except for the acetone mixtures. Owing to the formation of water by
the ketal reaction, a graphical estimation of the concentration of water in
dried acetone was done amperometrically; it was found to be below 0.01%.
This was possible by performing the determination at a high concentration
ofiodine, so that the rate of the main reaction was sufficiently high to permit
a differentiation.

The Karl Fischer reagent contained 25.4 g of iodine, 38.4 g of sulphur
dioxide and 80 ml of pyridine, diluted to 1 1 with methanol [16, 17].

Manifold and measurement technique

The manifold used in the flow-injection system is outlined in Fig. 2. The
tubings were made from teflon (0.5 mm i.d.) and the end-connectors were
ordinary chromatographic connectors (Altex). Samples (2 ul) were injected
with a standard liquid chromatography inlet slide valve for low pressure
(Cheminert) at point S into the carrier and reagent stream of Karl Fischer
solution which was pumped at a flow rate of 1 ml min™'. After the injection,
a 200-cm reaction coil sufficed to achieve the desired reaction. The change in
concentration of the reagent was then measured either spectrophotometri-
cally at 625 nm or potentiometrically with the platinum electrode system.

RESULTS AND DISCUSSION
Kinetics

The main Karl Fischer reaction, according to Mitchell [18], is
CsHsN'1, + C;HiN-SO, + C;H N + H,0 » 2C;H,NH*I" + C;H;N- SO, 1)
which, in the presence of methanol, proceeds further
CsH;N-SO; + CH,0H - C;H;NH'SO,CH;~ (2)

This reaction scheme has been criticized by several investigators. Verhoeff
and Barendrecht [12] proposed the existence of a methyl-sulphite complex
instead of the pyridine-sulphur dioxide complex. The kinetics of reaction (1)
have been studied in two independent reports and it has been shown that the
reaction is first order with respect to the concentration of iodine, sulphur
dioxide and water [12, 17]. The value of the rate constant in 0.20 M
solution of iodide has been estimated to be about 1 X 10% 12 mol™ s™! [12,
13, 17]. This value increases with decreasing concentration of iodide. For
example, the value of the rate constant is enhanced by a factor of two when
the concentration of iodide is lowered from 0.20 M to 0.15 M as estimated
from the diagram given by Verhoeff [19].



203

In order to estimate the time needed for a complete reaction to take
place under conditions appropriate to flow-injection analysis, the following
calculation was performed. The iodine concentration of the Karl Fischer
reagent used was assumed to be 0.04 M and the concentration of sulphur
dioxide to be 0.54 M. Further it was assumed that 2 ul of a sample con-
taining 3% of water was introduced and mixed instantaneously with 100 ul
of the reagent and that no further dilution occurred during transport to the
detector. The time required for 99.9% reaction should then be about 2 s.
The value of the rate constant used in these calculations, 1 X 10° 1?’mol™%s™1,
should have been somewhat higher because the concentration of iodide in
this example never exceeds 0.18 M.

These calculations were complemented by f.i.a. experiments performed
under conditions corresponding to the discussed example. In these experi-
ments, which are summarized in Fig. 3, the signal from the spectrophoto-
metric detector was measured as a function of the reaction coil length. It
can be seen that the peak height increases with increasing residence time,
passes through a maximum, and then decreases again. The rising part of the
curve corresponds to a situation where the dispersion is not sufficiently

200

150

100
60 -
” = 50
~ E
E4 —
[} w
[
a 40 - (o}
-
d
-50
20 -
-100 |
L . L. . 1 1 1 J
100 300 0 0025 0050 0075 0I00
L {cm) GENERATED CONCENTRATION OF [ODINE (M)

Fig. 3. Dependence of the peak height on the reaction coil length (L). Samples (2 u1)
containing 3% water in ethanol were injected into a flow (1 ml min™') of 0.04 M
Karl Fischer reagent.

Fig. 4. The potential of the platinum electrode as a function of iodine concentration
generated in a coulometric cell. The starting concentration of iodide was 0.2 M.



204

large to allow iodine to be in excess of water. Consequently, it is difficult to
estimate the shortest time needed for completion of the main reaction.
Nevertheless, the shape of the curve to the right of the maximum value in
Fig. 3 indicates that the main reaction has been completed. The extent of
dispersion will thus determine the shape of the latter part of the curve.

The potentiometric detector

As noted previously [16], stable redox potential values are obtained with a
platinum electrode in Karl Fischer titrations. A platinum electrode was used
in a recent investigation of redox potentials of the Ce(III)/Ce(IV) couple
[20] by the f.i.a. technique. In order to characterize the redox properties of
a platinum electrode in the configuration used here, values of the electrode
potential were determined as a function of the concentration of iodine, which
was generated by constant-current coulometry; the results are shown in
Fig. 4. The shape of the potentiometric curve indicates the existence of the
strong triiodide complex between iodine and iodide. Thus, for low iodine
concentrations the potential-determining factor is probably the logarithm of
[I,7]1/[T7]® while for high concentrations of iodine the logarithm of
[1;13/[1,"]1% will predominate. The points marked A, B, C and D in Fig. 4
denote the various strengths of the Karl Fischer reagent used in the study
represented in Fig. 5. This figure shows the response of the potentiometric
detector for the various strengths of Karl Fischer reagent as a function of the
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Fig. 5. Peak height values obtained with the potentiometric detector as a function of the
percent water in ethanol for various strengths of the Karl Fischer reagent. The total
concentration of iodide was 0.2 M in each of the reagents.

Fig. 6. Recorder output from the potentiometric detector for the determination of water
in acetonitrile. The signals from left to right correspond to 0.10, 0.49, 0.99 and 2.77% of
water, respectively.
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concentration of water in the sample. As can be seen, there are large
differences in the shapes of the curves. However, comparison of the curves
obtained in the flow-injection experiments with the results shown in Fig. 4
indicates that the shapes of approximately the first 3/4 of each curve fit very
well. The disagreement between the last quarters of the curves can be
explained by either incomplete main reaction or by slow response of the
indicator electrode for low iodine concentrations. As indicated in Fig. 4, the
working concentration range as well as the sensitivity can be further
increased if higher iodine concentrations than 0.05 M are used provided that
the total concentration of iodine is the same. In practice, it is difficult to
prepare such a strong reagent because of side reactions and moisture in the
chemicals used. One simple way, illustrated in Fig. 4, involves electrical
preparation of the reagent. The kinetics of the main reaction should be
extremely rapid for very high concentrations of iodine mainly because of the
low concentration of iodide present in such a reagent.

The precision of the potentiometric measurement is given in Table 1 for
a 0.058 M Karl Fischer reagent; the relative standard deviation is less than
0.5% over the whole concentration range. This implies that the stability of
the detector is very good; this is also demonstrated in Fig. 6 which shows a
recorded scan of some samples in the concentration range 0.1—3% of water.

The spectrophotometric detector

Figure 7 shows the response of the spectrophotometric detector as a
function of the concentration of water in the sample for three different
strengths of the Karl Fischer reagent. These results were obtained at 625 nm;
at this wavelength no significant absorbance is obtained for a spent reagent.
It can be seen that the linear range of the calibration curve can be extended
but at the expense of decreased sensitivity. The fact that linear curves are
obtained over a large concentration range of water indicates that the reaction
is almost complete and that Beer’s law is followed. Although it is not clearly
seen in Fig. 7, there is a slight deviation from linearity in the first part of
the curves. This cannot be explained at present but is currently being investi-
gated. The precision of the measurements is given in Table 1 for a 0.033 M
Karl Fischer reagent. The percent standard deviation varies between 0.5 and
1.5% which is about three times that obtained with the potentiometric
detector. The stability is illustrated in Fig. 8 which shows a recorded scan of
some samples in the concentration range 0.1—3% water.

Effects of solvents

Figure 9 shows the influence of various solvents on the potentiometric
and spectophotometric determinations of water, respectively. The shapes
of the curves are in good agreement with those shown in Figs. 5 and 7.
Owing to the formation of water through the reaction between acetone and
methanol, the acetone curve lies above all other curves in both diagrams. The
slight deviations between the remaining curves may be due to several factors,



206
TABLE 1

Determination of water in ethanol with the potentiometric and spectrophotometric
detectors. Reagents: ordinary 0.058 M Karl Fischer reagent for the potentiometric |
method and ordinary 0.033 M Karl Fischer reagent (wavelength 625 nm) for the spectro-
photometric method.

Potentiometric detector Spectrophotometric detector
H,0 Peak height R.sd. H,0 Peak height R.s.d.
(%) (mV) (%) (%) (abs.) (%)
0.110 3.36 0.47 0.110 0.014 1.0
0.550 13.1 0.54 0.615 0.065 1.5
1.06 21.0 0.41 1.06 0.106 1.2
2.97 46.1 0.19 2.97 0.306 0.23
4.83 63.2 <0.1 4.83 0.497 0.50
6 min
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Fig. 7. Peak height values obtained with the spectrophotometric detector as a function
of the percent water in ethanol for various strengths of the Karl Fischer reagent. The
total concentration of iodide was 0.2 M in each of the reagents.

Fig. 8. Recorder output from the spectrophotometric determination of water in acetoni-

trile. The signals from left to right correspond to 0.10, 0.49, 0.99 and 2.77% of water,
respectively.

but they are surprisingly small in view of the very different properties of the
solvents chosen for these experiments. The viscosity, for example, varies be-
tween 0.32 and 2.3 centipoise. Further, various contributions from the sol-
vent polarity to the dispersion might be considered as a consequence of the
variation in the dielectric constants. The values for acetic acid and acetonitrile
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Fig. 9. Potentiometric (A) and spectrophotometric (B) calibration curves for the determi-
nation of water in different organic solvents. (¢) acetonitrile; (o) propanol; (o) acetone;
(v) ethanol; (2) methanol; (e) acetic acid. The strength of the Karl Fischer reagent was
0.06 M for potentiometric measurements and 0.03 M for spectrophotometric measure-
ments (at 625 nm).

are 6 and 37, respectively. In addition, adsorption effects between the solvents
and the teflon tube may occur, and this might also influence the extent of
dispersion. A closer examination of the shapes of the peaks showed that
their form is not exactly the same for different solvents. These effects are
under study at present.

As demonstrated in Fig. 9 the determination of water in acetone is easily
performed with the f.i.a. technique. Such determinations are troublesome
when the conventional Karl Fischer batch titration procedure is used. Similar
advantages with the f.i.a. technique were obtained for acetic acid, because
there was no noticeable contribution from the water produced in the esterifi-
cation reaction between this acid and methanol.

CONCLUSIONS

This proposed method yields results which are comparable in precision
and accuracy with those obtained by using the conventional Karl Fischer
procedure. The advantages and disadvantages, which are concerned with
the present state of the method, can be summarized as follows.

One advantage is the rapidity of the determination: the f.i.a. method is
at least ten times faster than the conventional Karl Fischer method. Safety
is improved, because the closed system prevents the analyst from coming
in contact with the toxic reagent except during reagent loading. There is
less influence from interfering side-reactions compared with the conventional
batch titration. Another great advantage is the low cost per determination;
about 2000 determinations can be made per litre of reagent.

Among the disadvantages, the sensitivity is not as good as that obtained
with the conventional Karl Fischer method. However, the method described
has not been optimized with respect to sensitivity. Simply by increasing the
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sample volume, the working range of the method might be extended to
0.001—5% of water. Another disadvantage is the variation in results caused
by solvent effects. The origin of this variation is under study and, on the
basis of increased knowledge, it should be possible to design an f.i.a. system
which can compensate for this.
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SUMMARY

Various coiled flow cells are tested for monitoring the chemiluminescence produced
by the cobalt-catalysed oxidation of luminol by hydrogen peroxide and the fluoresc-
ein-sensitized oxidation of sulphide by sodium hypochlorite. When a 6-coil cell is used,
1073—100 ng of Co** and 1—1000 ng of S*~ can be determined in 10- and 100-ul samples,
respectively.

Chemiluminescent reactions usually produce transient emissions. Thus, in
order to measure such emissions generated in a flow system, the emitting
species must be within the path of the detector whilst the emission is
occurring, In the first example of flow injection analysis based on chemi-
luminescent detection, in which copper was used to catalyse the luminol—
hydrogen peroxide reaction, this was achieved by passing the solutions
through a coil of tubing placed in front of a photomultiplier [1]. Burguera
and Townshend [2] investigated the effects of various mixing chamber
designs and flow rates for achieving maximum light output whilst the
mixed solutions were in view of the detector. They used the chemilumine-
scence produced by benzoyl peroxide oxidation of amines [3], and
showed that a 2-ml cell, with solvent and amine pumped in at 0.08 ml
s™! and oxidant at 0.04 ml s™' gave the greatest light intensity. Such a
procedure gave improved detection limits, precision and linear ranges
for the determination of amines, and of cobalt by its catalysis of the
luminol—hydrogen peroxide reaction {2], compared to direct injection into
a stationary solution in a cell. Additional advantages are the introduction of
the sample into the flow system remote from the mixing chamber, thus
avoiding the problems that can occur with stray light when a syringe is
introduced directly into the mixing chamber, and the continuous use of the
same mixing cell, thus avoiding problems with replacement of cells after
each measurement and of discrete dosing of reagents.
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This paper reports some further improvements in the use of flow injection
analysis for monitoring chemiluminescent reactions, in which the mixing
chamber is replaced by various coils placed in front of the detector. The
cobalt(Il)-catalysed oxidation of luminol [2] by hydrogen peroxide and
the oxidation of sulphide by sodium hypochlorite in the presence of fluor-
escein [4, 5] are studied as typical chemiluminescent reactions of analytical
utility.

EXPERIMENTAL

Apparatus

The chemiluminescence measurements were carried out in the flow system
shown in Fig. 1. The sample was injected by means of a 10-ul glass syringe
through a self-sealing rubber septum into a premixed reagent stream. The
solutions passed through the coiled flow cell shown in Fig. 2, which was
positioned in the cell compartment in front of the circular (ca. 1.6-cm
diameter) lens focused on the detector of a Cecil CE202 spectrophotometer.
The coil tubing was of 2-mm i.d.

Reagents

All reagents were laboratory-reagent grade, unless otherwise stated, and
all water was double-distilled.

Q

Reagent 1 * S To 2";“5‘9
4 Detectorf-{ Amplitier[-{Recorder
) 1 T
Reagent 2I—4 slit’ Filter

Fig. 1. Flow injection apparatus used for chemiluminescence measurements. @, = 0.08,
@, = 0.04 ml s7'; 100 mm of teflon tube, 3.5 mm i.d., from sample injection point (s)
to cell entrance (1). Point 2 is the cell exit.

Outlet Intet 2

= oOphical filter

»30-4 }-20-,4140¢
30 eibly
out-Q |-~ gl | Hostector

Slit
1
\ A
X 10
. IS
[ ] A -
Inlet

Front view Cross view

Fig. 2. The 4-coil glass flow cell and its position with respect to the detector (dimensions
in mm).
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Stock luminol solution (1072 M) was prepared by dissolving 0.0307 g of
luminol (B.D.H.) in 250 ml of 0.1 M sodium carbonate buffer, pH 10.0.

Stock cobalt(II) solution (100 ug ml™') was prepared by dissolving
0.0403 g of CoCl,-6H,0 in 100 m! of double-distilled water. Working
solutions were prepared daily by appropriate dilution with water.

Stock sulphide solution (100 ug ml™') was prepared by dissolving 0.075 g
of Na,S-9H,0 (B.D.H.) in 0.1 M sodium carbonate buffer, pH 11.5, and
diluting to 100 ml with this buffer solution. Working solutions were
prepared daily by appropriate dilution with the buffer solution.

Sodium hypochlorite (0.1 M) and hydrogen peroxide (0.01 M) were
prepared from a sodium hypochlorite solution (12% w/v available chlorine;
Hopkin and Williams) and 100-volume hydrogen peroxide solution (Fisons),
respectively.

Fluorescein solution (1073 M) was prepared by dissolving 0.0322 g of
fluorescein (B.D.H.) in 100 ml of the carbonate buffer solution, pH 11.5.

Basic procedure for chemiluminescence measurements with the coiled cell

The reagent streams (see Fig. 1) were of hydrogen peroxide (Q,) and
luminol (Q,;) or sodium hypochlorite (@,) and fluorescein (Q,) for the
determination of cobalt(II) or sulphide, respectively. The reaction was
started by rapidly injecting (in < 0.5 s) 10 ul or 100 ul of cobalt(Il) or
sulphide solution, respectively, into the mixed reagent stream. The emission
intensity was recorded as a function of time over 5 s at 425 nm and 520 nm
for the cobalt and sulphide systems, respectively. For calibration purposes
the experiment was repeated with each standard solution of cobalt(II) or
sulphide. Calibration graphs were constructed of maximum emission intensity
vs. cobalt(II) or sulphide concentration.

The same procedure was used to determine ‘unknown’ samples.

The procedures based on the mixing cell and pulse techniques were as
described previously [2, 3].

RESULTS

Injection of a cobalt(II) solution into a hydrogen peroxide—luminol
stream produced a chemiluminescence emission which reached maximum
intensity after 3 s and then decayed rapidly. Similarly, injection of sulphide
into the hypochlorite—fluorescein solution produced maximum intensity
after 4 s. Typical emission—time responses are shown in Figs. 3 and 4.

The effect of the number of coils in the flow cell is shown in Fig. 5 for
the cobalt system. The increase in the number of coils was achieved by
adding to the outermost coil, thus the overall diameter of the cell increased
with the number of coils. Under the flow conditions used, greatest emission
intensity was obtained in the 6-coil cell (0.6-ml capacity). Under these
conditions the time taken from injection to entering the cell (point 1 in
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Fig. 3. Responses obtained in a 6-coil cell by injecting 10 ul of cobalt(II) solutions;
0.01 M H,0, (0.08 ml s!), 107> M luminol—pH 10.0 carbonate buffer (0.04 ml s™*).
Numbers are ng of cobalt in the injected solution.

Fig. 4. Responses obtained in a 6-coil cell by injecting 100 u] of sulphide solutions; 0.1 M
NaOCl (0.08 ml s7'), 107* M fluorescein, pH 11.5 (0.04 ml s7'). Numbers are ug of
sulphide in the injected solution.

Fig. 1) in all systems was 0.8 s; the time taken for the solution to flow
through the 6-coil cell was 5.0 s. This gave adequate time for maximum
emission to occur whilst the emitting solution was within view of the
detector. The 2-coil cell, which required only 1.6 s for the solution to flow
through it, did not allow maximum intensity to be achieved before the
solution left the cell (at point 2 in Fig. 1). The 4-coil cell had an inter-
mediate behaviour, the flow-through time being 2.4 s. Obviously, the times,
etc., will change with the flow rates used.

The effect of the sample volume injected was studied for both reactions.
Figure 6 shows the effect of volume for the cobalt-catalysed reaction with
4- and 6-coil cells. Greater emission is achieved with a smaller volume in the
smaller cell; 10 ul was found to give the greatest intensity for cobalt and
100 ul for sulphide in a 6-coil cell.

Calibration graphs were obtained for each of the systems investigated. In
Figs. 7 and 8, the log—log graphs are compared with those obtained by
using the mixing cell flow system [2] and a pulse injection system, in which
the sample is injected into a stationary mixture of reagents in front of a
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Fig. 5. Responses obtained in cells with (1) 6 coils, (2) 4 coils and (3) 2 coils by injecting
10 u1 of 1 ppm cobalt(II) solution. Other conditions as in Fig. 3.

Fig. 6. Effect of sample volume for (1) a 6-coil cell, and (2) a 4-coil cell; 0.01 ug of
cobalt(Il); other conditions as in Fig, 3.

detector [3]. The increase in sensitivity over the pulse technique, and the
rather lesser increase over the previous flow system, are readily apparent.
The detection limits (20) obtained by the present technique were 0.1 and
0.6 pg of cobalt in sample volumes of 10 and 100 ul, respectively. The
coefficients of variation for 1 ng of cobalt were 1.5, 2.2 and 6.0%
(5 measurements each) for the 6-coil cell, mixing cell and pulse techniques,
respectively. For sulphide, the detection limit was 0.4 ng in a sample volume
of 1 ml. The coefficient of variation was 4.4% for 100 ng of sulphide
(6 measurements).

DISCUSSION

The flow system involving the coiled cell provides an extremely sensitive
and simple means of monitoring chemiluminescent reactions. The results
achieved are precise and can be obtained in a few seconds. The systems
used in the present investigation allow determinations of 1073—100 ng of
cobalt and 1—1000 ng of sulphide. The particular sulphide system was
chosen for its relative insensitivity; other systems in which hydrogen
peroxide catalysed by peroxidase or osmium tetroxide is used are at least
100 times as sensitive [5]. A further advantage of the present system is the
very small blank emission. Chemiluminescence stimulated by trace metals
or other impurities in the reagents will be generated soon after reagent
mixing, and may have decayed before entering the measuring cell. Thus
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Fig. 7. Calibration graphs for cobalt(II) obtained with three different mixing systems:
(1) 6-coil cell, 10-u1 sample, 0.01 M H,O, (0.08 ml s™'), 107* M luminol—pH 10.0 carbo-
nate buffer (0.04 ml s7'); (2) flow system with a 2.0-ml mixing cell, 300-u1 sample,
luminol and H,O, stream (0.04 ml s™'), double-distilled water stream (0.08 ml s™);
(3) pulse technique, 600-u1 sample, other concentrations as in (1).

Fig. 8. Calibration graphs for sulphide obtained with two different mixing systems:
(1) 6-coil cell, 100-u]1 sample, 0.1 M NaOCl (0.08 ml s7!), 107> M fluorescein, pH 11.5
(0.04 ml s7*); (2) pulse technique, 1-ml sample, other concentrations as in (1).

only impurities introduced with the sample are likely to contribute to the
blank emission.

The system described is an attempt to evaluate some characteristics of a
flow system for monitoring chemiluminescent signals. The requirements are
somewhat different from those systems in which non-transient signals are
measured, In particular, the maximum intensity of the transient signal is
very much dependent on the rate of mixing of sample and reagent. Thus
devising means of achieving rapid mixing whilst retaining as much as possible
of the simplicity of the flow injection technique are likely to be a priority
in the continuing investigations on this topic.

J. L. Burguera thanks FONINVES, Venezuela, for financial support.
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Part 4. Determination of Extraction Constants
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SUMMARY

A new approach to the determination of extraction constants is described. The aqueous
and organic phases, the former containing the counter ion, are pumped continuously as
small segments through an extraction coil. The sample ion is introduced into the aqueous
phase before it enters the coil, where the ion-pair extraction takes place (during 20 s).
After leaving the extraction coil, a certain fraction of the organic phase is pumped through
the flow-cell of the spectrophotometer. The extraction constants are calculated by slope
analysis from the experimental data (absorbance and counter ion concentration). The con-
stants usually agreed within +0.1 (log units) with values obtained from batch experiments.

In Part 2 of this series [1] a flow-injection method for the determination
of codeine by ion-pair extraction was described. Suitable extraction condi-
tions were calculated by use of the acid dissociation and distribution con-
stants for codeine and picric acid and the extraction constant for the ion
pair between codeine and picrate.

Extraction constants are mostly determined by batch extraction which is
a relatively time-consuming procedure. The aqueous and organic phases are
usually shaken for at least 20 min. After centrifugation, the organic phase
is syphoned off and the equilibrium concentration ot the ion pair is measured
(usually spectrophotometrically) [2]. Recently, mechanization of the batch
extraction procedure has been described, either by use of an AKUFVE
apparatus [3] or related spectrophotometric titration equipment [4]. Other
rapid methods have also been developed, but these have been based on dif-
ferent principles such as t.l.c. [6] and potentiometric two-phase titration
6, 71.

, Continuous extraction systems both with [8—11] and without [1,12—14]
- air segmentation have been devised for ion-pair extractions, but so far there
* has been no report of the use of such a system for the determination of
extraction constants. In the present paper, therefore, the design of a flow-
injection system for this purpose is discussed. The possibilities and limitations
of flow injection for the determination of extraction constants are also
- considered.

**Present address: Bifok AB, S-194 05 Upplands-Vasby, Sweden.
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Fig. 1. Manifold for the determination of extraction constants.

EXPERIMENTAL

Apparatus

The flow-injection system is shown in Fig. 1. The aqueous and organic
phases were pumped by a four-channel peristaltic pump (Gilson Medical
Electronics, France) fitted with Tygon and Acidflex pump tubes (Tech-
nicon, Tarrytown, U.S.A.). All other tubing was of teflon, the lengths and
inner diameters being given in Fig. 1. The diameters of the coils were 4 cm,
except for the coil in the aqueous phase (the mixing coil) which had a
diameter of 1.5 cm.

The sample was introduced into the agueous phase via a rotary valve witha
volume of 40 ul (Rheodyne, Berkeley, U.S.A.) or 25 ul (Bifok AB, Upplands-
Visby, Sweden). Segments of aqueous and organic phase of length 2—3 mm
were obtained by the segmentor as described previously [1]. The separator
was also the same as used previously [15]. The absorbance of the organic
phase was measured at 355 nm in a spectrophotometer with a 10-ul flow cell
(Spectromonitor II, LDC, Riviera Beach, U.S.A.) and a recorder (Kontron,
Zurich).

The aqueous and organic phases as well as the extraction coil were thermo-
statted in a water bath at 20°C or 25°C (Fig. 1). The pH of the aqueous
phase was measured before equilibration with the organic phase.

Chemicals and reagents

Amantadine hydrochloride (Hassle—Ciba—Geigy AB, Mdélndal, Sweden),
brompheniramine maleate, codeine phosphate and metoprolol tartrate were
of pharmacopoeial grade. Tetraethylammonium bromide, tetrapropylam-
monium bromide and sodium octyl sulphate (Eastman Kodak, N.Y., U.S.A)
were used as obtained. Chloroform (p.a.) was shaken several times with
water to remove ethanol.

Phosphate buffers of pH 6.49 (unless otherwise stated) and ionic strength
0.1 were prepared by dissolving known amounts of sodium dihydrogen-
phosphate and disodium hydrogenphosphate in water.
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Buffered picrate solutions were prepared by neutralizing picric acid with
sodium hydroxide and adding hydrogenphosphates and water as above.
These solutions were degassed before use. All other chemicals and reagents
were of analytical grade.

Procedure

The aqueous and organic phases are pumped through the system before
each run during at least 30 min in order to obtain stable flow rates. The
sample (amine salt or quaternary ammonium compound) is dissolved in
phosphate buffer and this solution is injected into the aqueous stream of
the same pH and ionic strength but also contains (1—10) X 1073 M picrate.
The concentration of the sample is chosen so that an absorbance of 0.7—0.9
is obtained at peak maximum when the sample is injected into the 1072 M
picrate solution. When changing to a new aqueous phase in a run, this solu-
tion is pumped through the system for 2 min before the sample is injected.
The injections are carried out at least in duplicate; the absorbances at the
peak maxima should agree to within a factor of 0.98—1.02. The flow rates
of the aqueous and organic phases are measured immediately before and
after each run. Finally the extraction constant is calculated by slope analysis.

RESULTS AND DISCUSSIGN

The determination of an extraction constant, i.e. the equilibrium constant
for the process HB* + P~ = HBP,,,,, can be carried out by the flow-injection
technique in several ways. The symbols used are defined in Table 1. The
aqueous and organic phases are pumped continuously through narrow tubes.
An aqueous sample is introduced into the aqueous stream and an organic one
into the organic stream. After segmentation, equilibrium is attained in a
helical coiled tube of sufficient length. Then a fraction of the organic or
aqueous phase is pumped through a detector, by which HBP,, or, for
instance, HB" is measured (see Table 2).

In the present paper, a flow-injection system in which the ion pair is
measured spectrophotometrically in the organic phase is discussed. The
samples are injected into the aqueous phase (Table 2, mode 1).

Dispersion of the sample

The total dispersion, D,;, in the flow-injection system is defined [16] by
Dy, = Ci([HBP] .e11)”!. For an extraction system it may be convenient to
divide the system into two parts and consider the dispersion before and after
the extraction coil. The dispersion within the extraction coil is assumed to be
negligible {1, 15]. The following relations will then be valid: D,,.
= CI(-)IB(CHBmix)_I; Dpost = [HBP]org([HBP] cell)"1 and CHBmix = CHB = [HB+]
+ r[HBP] .. Combination of these equations with the extraction constant
gives:

Dt‘ot = Dprerost(r + (Kex(HBP)[P_] )_1) (1)
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TABLE 1

Symbols used

HB* = organic ammonium ion; B = unprotonated amine

P~ = extractable, light-absorbing anion, e.g. picrate

Y~ = extractable anion (not light-absorbing)

[B] and [B]o, = highest molar concentration of B in the aqueous and organic phase,
respectively, in the sample zone at equilibrium (in the extraction coil
immediately before the separator)

ayt = hydrogen ion activity

Kyp = ag*[B][HB*]™! = acid dissociation constant of HB*

Kpm) = [Blorg[B]™! = distribution constant of B

Kexupp) = [HBP ], yg( [HB*]{P~ 1)~ = extraction constant of HBP

r = volume of organic to aqueous phase (phase ratio), i.e. the ratio between the flow rates

of the two liquid phases

Cig = initial total concentration of HB' (the injected sample)

Chxpmix = highest total concentration of HB* in the sample zone immediately before

segmentation

Cyp = highest total concentration of HB* in the sample zone at equilibrium (immediately

before separation)

[HBP] .11 = highest concentration of the ion pair HBP in the sample zone in the flow-cell

of the spectrophotometer

A = absorbance at peak maximum

¢ = molar absorptivity of the ion pair HBP in the organic phase

1 = length of cuvette; D, = total dispersion of sample

Dy;e and Dy 4 = dispersion of the sample before and after the extraction coil

Amax and Ap i, = absorbance at peak maximum with the highest (C°)and lowest (0.1 C°)
counter ion concentration

TABLE 2

Different experimental modes for determination of extraction constants by flow injection

Mode Species Species Species Mode Species Species Species
injected varied detected injected varied detected
1 HB* P- HBP,,g 5 HBP,q HBPg g HBP,yq
2 HB* 6 P~
3 P HB* HBP,,q 7 HB'
4 P~ 8 Borg P- HBP,,
9 +

which demonstrates that the total dispersion depends not only on D,,, and
Dy, but also on the phase ratio r and K, wugp) [P ], i.e. the distribution '
ratio for the sample HB". !
It may be pointed out that eqn. (1) is also applicable to the extraction of .
non-ionized species. K.,gpp)[P~] should then be replaced by the distribu- -
tion ratio for an acid or a base [2], and the technique may thus be used to-
determine distribution constants (partition coefficients). :
The dispersion of the sample before and after the extraction coil was :
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determined in separate runs. D,,, was estimated from theabsorbances measured
when an aqueous picrate solution was fed into the flow-cell instead of the
segmentor and then when the same picrate solution was injected into an
identical aqueous phase free from picrate. D4, Was then calculated from the
product D,,.Dps Which was obtained in connection with the evaluation of
the extraction constant (see below). For the extraction system shown in
Fig. 1 D,,. was about 13 (Dp,. = 23 with the 25-ul rotary valve) and Dy,
about 1.3.

Concentration of the counter ion

The introduction of the sample ion, HB*, into the aqueous stream of the
counter ion, P~, will decrease C% if the dispersion is small. This can be
illustrated by the expression Cppix = C3(Dpre — 1)(Dpre)”’, Where Cpmix is
the lowest concentration of P~ in the sample zone immediately before seg-
mentation. In systems having D, > 10 the decrease in counter-ion concen-
tration can be neglected and the above equation can be written Cpm;, = C3
= [P"] + r[HBP],y. If C8 > Cys, this equation simplifies to Cg = [P7].
In the present work the experimental conditions were chosen so that the
simplified equation was valid.

Calculation of the extraction constants
By combining Beer’s law, i.e. A = ¢/[HBP] 3 with eqn. (1) and the initial
definition of D,,,, the following equation can be derived:

l/A = (erterost/elCI(-)IB) + (Dprerost/elCI(-’IBKex(HBP))[P_]—l (2)

A plot of 1/A vs. 1/[P"] should give a straight line with an intercept,
I = rDyreDpos(€lChp) ™", and a slope, S = Dy, e Dposi(€lCHpKexupr) ' Plots
according to egn. (2) are shown in Figs. 2 and 3. Straight lines were obtained
in all cases and S increased with decreasing K, (uppy (cf. Table 3 and Fig. 2)
as predicted. A further test of the validity of this equation is demonstrated
in Fig. 3 which shows that both I and S decrease with increasing sample con-
centration, Cg. The residence time of the sample in the extraction coil was
about 20 s.

The extraction constants of the quaternary ammonium ions were calculated
by use of the relation I/S = rK.,ugp), and are presented in Table 4. The
Kexuppy value of the tetrapropylammonium ion agreed rather well with the
batch value, while that of the tetraethylammonium ion was much higher.
The poor agreement in the latter case can be explained by the method of
calculation because the intercept, I, becomes more uncertain when S is high.
A better agreement between the K..upr) values was obtained when the
extraction constant of the tetraethylammonium ion was calculated from the
equation for the slope (see above). This procedure takes a little more time,
however, since Dy Dpost and € must be determined in separate runs.

It should be mentioned that an equation analogous to egn. (2) has pre-
viously been used to calculate extraction constants from batch extraction
data [21].
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Fig. 2. Extraction of quaternary ammonium ions as ion pairs with picrate: (e) tetraethyl-
ammonium ions; (=) tetrapropylammonium ions.

Fig. 3. Extraction of codeine as an ion pair with picrate. Sample concentrations (x 10*M):
(w) 2.5;(v) 4.9; (4) 9.9; (o) 14.8.

TABLE 3
Acid dissociation constants, distribution constants, extraction constants and molar

absorptivities of the picrate ion pairs with chloroform as the organic phase
(P~ = picrate, Y™ = octyl sulphate)

Compound, HB* Temp. pKHR —log €355 (X 10%) log log
¢o (KHBKD(B)) (mol ' em™) Key(HBP) Kéx(HBY)

Amantadine 25 — 7.932 — 1.62% —
Brompheniramine 25 9.31 [7] 4.58 7] - 5.89 [18] —
Codeine 25 8.21 [17] 5.85([19] 1.55 3.63P 2.822
Metoprolol 25 9.68 [6] 6.85% 1.52 3.02P —
Tetraethylammonium 20 — —_ 1.27¢ 1.32 [20] —
Tetrapropylammonium 20 — - 1.27 3.64 [20] —

8Determined by two-phase titration [6, 17]. P Determined by batch extraction {20].
CEstimated [20].

Magnitude of the extraction constants

It is evident from Fig. 2 and Table 4 that only K.,upp values within a
relatively narrow range can be determined. If the concentration of the
counter ion is varied within one power of ten, the following expressions
will be valid: S = (Amax — Amin) 08(9 AmaxAmin)—1 and I = (104 4in — Amax)
(9 AmaxAmin)_l'

Combination of these equations with the equation for I/S gives
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TABLE 4

Extraction of quaternary ammonium ions as ion pairs with picrate
(Total dispersion 20—680; sample volume 40 ul; mixing coil 1 m; extraction coil 2 m;
ayp = 1.00.)

HB' Chp X 10* Flow rate? A max/Amin Dprerost log Kex(HBP)
(m! min™") - @
CHCl, H,O This Other
work method
Tetraethyl- 75.9 1.53 1.33 7.04 16.9 1.68 1.32
ammonium 1.41b
Tetrapropyl- 15.2 1.53 1.33 1.16 16.9 3.69 3.64
ammonium 3.690

ap =1.15, PCalculated from the slope S (see text).

TABLE 5

Range of applicability of the method at different counter ion concentrations and phase
ratios

Cp r log Kex(HBP) Cg r log Kex(usp)
(x 10*) (x 10%)
1—10 0.5 1.40—4.25 2.5—25 0.5 1.00—-3.85
1.0 1.10—3.95 1.0 0.70—3.55
2.0 0.80—3.65 2.0 0.40—3.25
Koxcuppy = (1/rCP[(10 — Amax/Amin) (Amax/Amin — 1)1 (3)

According to eqn. (3), the ratio A_ . /Anm should lie within the limits
1 < Apax/Amin < 10. Equation (3) also shows that the higher the value of
r or Cp, the smaller the K,ugp values that can be determined. It may be
pointed out that with the present separator it is possible to vary r only to a
limited extent [15].

An illustration to the effect of the r and Cg values on the magnitude of
Kexupp) is given in Table 5, which also gives the range of applicability of
the method assuming that 1.1 < A, /Anmin < 9.0. For example, by use of
CP=(1—10) X 107 M and r = 1, it should be possible to determine K, xpp)
values within the range 13—8900,

Screening of the extraction constant and experimental conditions

The sample, e.g. an organic ammonium ion, HB*, is injected into the
aqueous stream which contains the counter ion, P~. Two runs are made,
the first at Cg and the second at 0.1 C§. If the ratio between the corre-
sponding absorbances, Apy.x and Ay, lies outside the interval 1.1 < A,/
Apin < 9.0, then K. uppy cannot be determined without changing the
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experimental conditions. A higher value of Cgshould be tested if A ,,5/Amin
> 9.0 and a lower value if A, /A in < 1.1.In the latter case, which indicates

a high extraction constant, it may also be possible to increase A.y/Amm =
by the addition of an extractable anion or change of pH, as will be discussed
below.

High extraction constants

Extraction constants higher than those indicated in Table 5 can be deter-
mined if HB" takes part in side reactions such as protolysis or extraction
with another counter ion [2]. This may be expressed by the conditional
extraction constant:

K& musp) = ex(HBP)(aHB)_l (4)

and K.xwugp) in eqn. (2) should be replaced by K& pp). Accordingly, there
are two ways in which the extraction constant can be determined, viz. from
a plot of 1/A vs. 1/[P"] at constant ayg or from a plot of 1/A vs. ayg at
constant [P7].

If protolysis of HB* occurs and an extractable anion, Y™, is also present,
then ayxg will assume the form:

agp =1+ Kup (1 + rKpy))(aw) ™' + rKexany)[ Y] (5)

An illustration of the use of eqns. (2), (4) and (5) for the determination of high
extraction constants is given in Figs. 4 and 5. The extraction constants are

1
A

& 1
A

25

20

1
. ———— 10
200 400 600 860 | 1000 [P7] 20 ' 40 80 | 80

Fyp

Fig. 4. Determination of high extraction constants. Distribution as base with constant
apgg fora 7.55 X 107* M brompheniramine sample. (8) agg =609,pH 7.29;(®) ayg= 1058,
pH 7.53.

Fig. 5. Determination of high extraction constants. Distribution as ion pair with constant
[P7] fora 6.4 X 107* M codeine sample. Anion Y~ is octyl sulphate (5—125) x 1073 M.
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presented in Table 6, which also gives the ayg values. The latter were cal-
culated by use of the constants in Table 3.

With the exception of metoprolol, the agreement between the K, gp)
values determined by the flow-injection and other methods was good. It can
also be seen that an extraction time of about 5 s (0.5-m coil) only gave a
slight change in the K.,ugpp) values of codeine and metoprolol compared
with the values obtained with the 2-m coil.

The extraction constant of metoprolol was 0.1—0.2 (log units) higher
than the batch value and decreased with the sample concentration. Since no
side reaction was observed in the batch extraction experiments in the same
concentration range, it is possible that the extraction time was insufficient.

Side reactions

Concentration-dependent side reactions such as dissociation or dimeriza-
tion of the ion pair in the organic phase are often encountered in work on
the determination of extraction constants [2]. If these kinds of reactlons
occur, plots of 1/A vs. 1/{P7] will not give straight lines since Kex(HBP)
changes with A, i.e. the total concentration of the ion pair in the organic
phase. The evaluation of K xmusp) can then be made in the usual way [2]
from plots of, e.g., Kiyusp vs. ([HB*][P~])"/? (dissociation), provided
that Dpye, Dpost and e are known.

Stability of flow rates

An illustration of the effects of change in flow rate is given in Fig. 4; if
the flow rates had been stable, then the intercepts should have been the
same. Usually, the flow rates did not change more than 1%. Only in two runs
were larger changes observed and in both cases it was the flow rate of the
organic phase that increased by 4% and 6%. Although changes of this magni-
tude can be accepted for screening purposes, a better flow rate stability is
needed for more accurate work.

The reason is that a change of the flow rates will also change r and the
extraction constant will consequently either be higher or lower than the
true value (eqn. 2). Besides, changes of the flow rates of the aqueous and
organic phases through the flow cell will change D,,. D, and hence also
the intercept and slope of eqn. (2). Changes of the flow rate of the organic
phase through the extraction coil also influence D, D, (Table 7). This
effect, however, seems to be negligible for the changes of flow rate encoun-
tered in this work.

Stability constants in unstable systems

In the batch procedure for the determination of extraction constants
shaking times ranging from 2 min to 16 h have been reported [20, 22]. In
the present work, however, the aqueous and organic phases are in contact
with each other for a much shorter time (about 20 s when an extraction coil
of 2 m is used). The good agreement between the extraction constants
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TABLE 7

Influence of the flow rate of the organic phase on the dispersion
(The extraction system was as used previously [1];Cp =4 x 107> M, Clg =5 x 107* M)

Flow rate (ml min™') r DpyeDpost®
CHCI1, H,O

0.84 1.76 0.48 9.9
1.20 1.77 0.68 9.2
1.69 1.72 0.98 8.6
2.50 1.75 1.43 8.4
3.565 1.74 2.05 9.1

2Calculated by use of eqgns. (2), (4) and (5) and the constants in Table 3.

obtained with the continuous extraction system and batch methods in most
cases suggests that equilibrium can be attained rather rapidly in ion-pair
extractions. In such cases it might be possible to determine extraction con-
stants in systems where either the ion-pair components or the organic phase
deteriorates with time, e.g. by hydrolysis, provided that these reactions are
slower than the ion-pair extraction. Distribution studies on unstable drugs
by use of the AKUFVE apparatus have already been described [3], but the
flow-injection technique would probably be a very useful alternative.

Conclusions

Extraction constants can be determined in a continuous extraction
system with the flow-injection technique, using extraction times of about
20 s. The method is rapid and could therefore be particularly attractive
for the screening of partition properties. Since extraction, phase separation
and measurement can be carried out in a few seconds, the technique might
be useful for studying ion-pair equilibria in reactive systems. Peristaltic
pumps are less suitable when reproducible and/or very stable flow rates
are needed.
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SUMMARY

Simultaneous determinations of strontium and magnesium or calcium ions in solution
can be done by differential kinetic analysis in continuous flow systems. Two different
approaches are described; both are based on the differences between the dissociation rates
of the cryptand (2.2.2) complexes of the metal ions, in the presence of potassium ions as
scavenger and phthalein complexone as the chromogenic reagent for the released metal
ions. Analyses were carried out at 40 h™!, injected sample volumes were 25—150 ul.

In Part 2 [1] of this series, differential kinetic determination of magnesium
and calcium was achieved in a flow injection system, based on the dissociation
of their complexes with a (2.2.1) cryptand. Cryptand (2.2.2) displays very
high Ca?*/Sr?* and Mg?*/Sr?* selectivity compared to other similar ligands [2].
Thus, substitution reactions can be used for the simultaneous determination
of strontium and calcium or magnesium for which the rate-determining step
is the characteristic rate of dissociation for each metal complex. Two ap-
proaches to the analysis of the alkaline earth ions in question (methods A
and B) have been investigated based on this principle.

EXPERIMENTAL

Reagents

All chemicals used were of analytical-reagent grade and redistilled degassed
water was used throughout.

The cryptand (2.2.2) was used as received (E. Merck). Standard aqueous
solutions of the ligand (107 M), which were stored in brown glass bottles,
were checked by potentiometric titration with 0.1 M hydrochloric acid. The
solutions were found to be stable for at least 2 months. The metal salts used
were all nitrates and solutions were standardized by titration with EDTA.

Different reagent solutions were used for the two methods (A and B). Re-
agent A consisted of 1.5 M KNO,, 1.05 X 107! M triethanolamine and 1.5
X 107 M phthalein complexone, to which was added 2% (v/v) glycerine, pH
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9.40. Reagent B comprised 0.5 M KNO,, 1.35 X 107! M triethanolamine and
5.0 X 107* M phthalein complexone to which was added 2% (v/v) glycerine
before adjustment to pH 9.00 with nitric acid. Both reagent solutions were
stable for more than 2 months.

The carrier solution was 2% (v/v) glycerine in water for both methods.

Magnesium and strontium standards were 4.00 X 10™4—2.00 X 1073 M,
calcium standards were 2.00 X 107*—1.00 X 107* M. The various concentrations
of mixed solutions are shown in Tables 1—3.

Apparatus

The spectrophotometers, flow-through cuvettes (80 ul), recorders, peristal-
tic pump, thermostats and injection port (150-ul sample) used for method A
were as described earlier [1]. For method B slight changes were made, in that
a Hellma flow-through cuvette (0S-178.13), volume 8 ul, and an Ismatec
Model MP-13 GJ 4 pump (Ismatec, Switzerland), operated at speed “10”,

TABLE 1

Simultaneous determination of magnesium and strontium ions by method A

Sample Mg(NO,), Relative Sr(NO,), Relative
found error found error

Mg(NO,), Sr(NO,), —a —a

(x 10~ M) (X104 M) (X10™*M) (%) (x10™*M) (%)
4.00 16.00 4.28 +7.0 16.50 +3.1
8.00 12.00 8.03 +0.4 12.34 +2.8
4.00 12.00 4.22 +5.5 12.21 +1.8
8.00 8.00 8.10 +1.3 8.31 +3.9
4.00 8.00 4.22 +5.5 7.83 —2.1

16.00 4.00 16.54 +3.4 4.16 +4.0
8.00 4.00 8.09 +1.1 4.38 +9.5
4.00 4.00 4.21 +5.3 4.24 +6.0

TABLE 2

Simultaneous determination of magnesium and strontium ions by method B

Sample Mg(NO,), Relative Sr(NO,), Relative
found error found error

Mg(NO,), Sr(NO,), —~a —a

(X 107 M) (X10-°M) (Xx10™*M) (%) (x107*M) (%)
4.00 16.00 4.33 +8.3 15.46 —3.4
8.00 12.00 : 7.79 —2.6 11.71 —2.4
4.00 12.00 4.08 +2.0 11.80 -—1.7
8.00 8.00 8.04 +0.5 7.85 —1.9
4.00 8.00 4.02 +0.5 8.12 +1.5

16.00 4.00 16.08 +0.5 4.06 +1.5
8.00 4.00 7.92 —1.0 4.10 +2.5

4.00 4.00 4.21 +5.3 4.14 +3.5
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TABLE 3

Simultaneous determination of calcium and strontium ions by method B

Sample Ca(NO,), Relative Sr(NO,), Relative
found error found error
oy Gy oMy (%) (x10~*M) (%)
2.00 16.00 2.19 +9.5 16.10 +0.6
6.00 12.00 6.27 +4.5 11.92 -—0.7
2.00 12.00 2.16 +8.0 11.92 —0.7
8.00 8.00 8.15 +1.9 6.89 —13.9
4.00 8.00 3.86 —3.5 8.96 +12.0
8.00 4.00 7.98 —0.3 3.52 —12.0
6.00 4.00 5.98 —0.3 4.48 +12.0
2.00 4.00 2.04 +2.0 3.94 —1.5

were used. The injection device used in method B was a double injector of
the “sandwich” type [3]; in order to obtain a high degree of choice for the
optimal sample volumes for injection, changeable loops, instead of bores
alone, were used for the introduction of the samples into the flow system [4].

The manifolds used are shown in Fig. 1 (method A) and Fig. 2 (method B),
together with the appropriate experimental parameters. A mixture (1 + 1) of
metal ion solution and 3.00 X 1073 M cryptand (2.2.2) solution was injected
at S, whereas undiluted metal ion solution was injected at Sg; and, simul-
taneously, a mixture (1 + 1) of metal ion solution and 3.00 X 103 M cryptand
(2.2.2) solution at Sg,. In all cases these mixtures were prepared by means of
automatic pipettes just prior to injection; cryptand (2.2.2) was always in
excess in the resulting mixture.

The manifold building units and connections used were as described pre-
viously [5], except for the mixing chamber (Fig. 3), which constitutes part
of the manifold for method B.

Measuring procedures

Method A. This was carried out according to the principles described for
the Mg—Ca—cryptand (2.2.1) system [1] with strontium as the slower reacting
ion. In order to obtain both a high sampling rate and a reasonable fraction of
the Sr(cryptand (2.2.2))%* complex dissociated before measurement at D,,
it was necessary to increase the rate of dissociation by thermostating coil 2 at
80°C. The pH in the sample zone is about 1 unit lower at 80°C than at room
temperature, mainly because the pK, of triethanolamine decreases with in-
creasing temperature (dpK,/dT = —0.020 at 25°C [6]). As the colour intensity
of the metal—phthalein complexone complexes decreases with decreasing
pH (cf. the acid—base properties of phthalein complexone), acceptable
absorbance readings were obtained by cooling the flowing stream in coil 3
before measurement,

Method B. In this method, sample injection took place simultaneously at
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Fig. 1. Manifold for method A for the determination of magnesium (or calcium) and
strontium ions. (C) Carrier stream; (R) reagent stream; (S,) point of injection (150-ul
sample); (D,) detector 1 (flow cell, volume 80 ul); (D,) detector 2 (flow cell, volume
80 ul); (W) waste.

1
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Fig. 2. Manifold for method B for the determination of magnesium (or calcium) and
strontium ions. (C,) Carrier stream; (C,) carrier stream; (R) reagent stream; (Sg,) and
(Sg.) points of injection (25-ul and 50-ul samples, respectively); (I) double injector for
simultaneous injection of samples 1 and 2; (Con,) confluence point 1, T-connector;
(Con,) confluence point 2, mixing chamber, volume 3 ul; (D) detector (flow cell, volume
8 ul); W, waste. (D, =17.0, T, =9s;D,, =104, T, = 36s.)

(a) (b) T
204 (@05
R 2
2 e 204 (@05
]

Fig. 3. Perspex mixing chamber. (a) Top view; (b) side view. Dimensions in mm; chamber
volume 3 pl.

Sp: and Sg,. The zone from Sg, met the reagent solution at Con, and dis-
sociation of the metal cryptates took place while passing through coils 1 and
2; in coil 2 the sample zone was further diluted with the carrier solution
merging at Con,. The short time of reaction, i.e. the residence time from
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Con; to D, allows only a negligible fraction of the strontium cryptate present
to be dissociated, and the absorbance obtained at D (peak 2) can be directly
related to the concentration of magnesium (or calcium) ions.

While the sample injected at Sy, was in coil 1, the sample from Sy, travelled
from the point of injection to the detector (D). As the metal ions present
were not complexed with cryptand (2.2.2), they all reacted with the indicator
when mixed with the reagent solution at Con, and in the subsequent coil 2
(the reagent solution had previously been diluted at Con,). The absorbance
at D (peak 1), therefore, represents the total concentration of strontium and
magnesium (or calcium) ions. Combination of the results obtained for peaks
1 and 2 gives the concentration of strontium ion and magnesium (or calcium)
ion, respectively, in the original sample. Coils 1 and 2 were chosen so as to
give a short increase in residence time for the sample injected at Sg, but no
carryover between peaks 1 and 2, i.e. between the two sample zones.

Samples and standards were injected in triplicate. Linear calibration graphs
were calculated by the least-squares method from the absorbances. All corre-
lation coefficients were >0.998.

RESULTS AND DISCUSSION

Method A

Figure 4 shows the recorded absorbance readings obtained at each detector
for a set of magnesium standards. Good base-line stability at both detection
points and good reproducibility are observed. The responses obtained for a
series of strontium standards were similar to those shown in Fig. 4b, except
for lower sensitivity. The attainment of a stable base-line at D,, however,
often proved to be a serious problem because the chemical system was very

4 min (a) 4 min (b)
A A
1500} 0750
1000} 0.500t+
0.500¢F 0.250} /AMJ\M
_SCAN 0000 SCAN

Fig. 4. Responses for magnesium by method A with detection (a) at D, for (right to left)
4.00, 8.00, 12.00, 16.00 and 20.00 X 10~* M magnesium; (b) at D,, solutions as in (a).
Sampling frequency, 40 h™!.
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sensitive to small temperature changes, which occurred over a moderate
period of time, because of the high reaction temperature and the large tem-
perature gradients necessary for the analytical procedure. Another problem
associated with the high reaction temperature was that the polyethylene
tubing started to deteriorate when exposed to the reagent solution at 80°C
for several hours. As the simultaneous determination of calcium and strontium
ions by this method yielded poor results (not presented here), mainly because
of a pronounced tailing effect observed for samples containing calcium ions,
a different approach was introduced (method B). The fact that the tailing
was observed only for calcium-containing samples might be due to the much
higher absorptivity of the phthalein complexone complex of calcium ions
than those of magnesium and strontium ions in the medium where the de-
tection takes place. Efforts to remove the tailing effect by increasing the time
intervals between sample injections improved the results somewhat, but led
to a sampling frequency which was unsuitable for practical use.

Results for the determination of magnesium and strontium ions in various
mixed solutions are given in Table 1. The general trend towards slightly pos-
itive deviations from the correct values is due to the fact that the stability
constant of the cryptand (2.2.2) complex of strontium is not as large as was
assumed when the analytical procedure was designed.

Method B

Figure 5 shows the absorbance readings obtained for sets of standard sol-
utions of strontium and magnesium ions, respectively, determined by method
B. The responses obtained for calcium ions were similar to those shown for
magnesium except that the absorbances were about 12% greater. Again, good
base-line stability and reproducibility are observed. The dispersions of the
samples injected at points Sg; and Sy, were D, = 7.0 and D, , = 10.4, respect-
ively, and the associated residence times were t; = 9 s and £, = 36 s. When
the corresponding dispersion coefficients are measured without regard to the
dilution occurring at the confluence points and theoretical dispersion values
are calculated from f.i.a. theory [7] and known flow rates, the results ob-
tained are 6.6 and 10.1, respectively, which agree well with the experimental
values.

Mixing chamber

In order to obtain a reasonably high sampling frequency, it is important to
minimize the dispersion (sample zone width) of the two simultaneously in-
jected samples. Given a set of system parameters (flow rates, volumes of
injection etc.), the only means of controlling the dispersion is by varying the
coil length. As the minimum length of coil 1 is determined by the require-
ment that no carryover between samples 1 and 2 should occur, minimization
of the overall dispersion can be accomplished by reducing the length of coil
2 only. Depending on the shape of confluence point 2, there is a certain
minimum length of coil 2 for sufficient mixing of the confluent streams;
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Fig. 5. Responses obtained by method B for (a) strontium standards containing (right to
left) 4.00, 8.00, 12.00,16.00 and 20.00 X 107* M; (b) magnesium standards, concentrations
as in (a). Sampling frequency, 40 h™!,
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Fig. 6. Effect of mixing chamber. Experimental set-up as in Fig. 2 with (a) mixing
chamber at confluence point 2, and (b) T-connector at confluence point 2. S, sample in-
jection., Same metal standard injected in (a) and (b).

0.000

shorter coil lengths will result in systematic noise because of inefficient
mixing, as shown in Fig. 6(b) where a T-connector is used as confluence
point 2. On the introduction of a mixing chamber with the design and
dimensions shown in Fig. 3 as the confluence point, more efficient mixing is
obtained (Fig. 6a) without any notable increase in dispersion. The necessary
minimum length of coil 1 permits efficient mixing of reagent and carrier (C,)
streams with an ordinary T-connector as confluence point 1.
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Determinations were done at a sampling rate of 40 h™!; if a 1% carryover
between peak 2 in one determination and peak 1 in the succeeding deter-
mination were accepted, a sampling rate of about 55 h™! could be obtained.

Results for the determination of magnesium and strontium ions in various
mixed solutions are given in Table 2, and for calcium—strontium mixtures in
Table 3. No general trend in deviations from the correct values is observed,
but the accuracy, of course, decreases as the ratio between the absorbance
signals from each metal ion in a particular mixture becomes more extreme.

From these results it is concluded that the combined use of f.i.a. and the
differential kinetic principle can be applied for the simultaneous determination
of strontium and magnesium or calcium ions in solutions when cryptand
(2.2.2) is used as the complexing agent and method B is employed. Reagent
and cryptand consumptions were low for both methods. Reduction of the
cryptand consumption can, however, be accomplished if the initial complexing
of the metal ions is done within the flow system by applying the merging
zones principle [4, 8]; this, combined with the simultaneous determination
of magnesium and calcium in environmental samples, will be the subject of
the next paper in this series.

The authors express their thanks to Dr. P, Specht of Merck, Denmark, for
donating a sample of cryptand (2.2.2).
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SUMMARY

A flow-through titrimeter with optical detection and the flow-through titration of sul-
phate have been studied by using control engineering methods. Qualitative chemical
descriptions and systems analysis yield a model covering different precipitation rates of
barium sulphate. The validity of the model is proved by comparing simulated and real
experiments. Possible uses of the model are indicated. The signal of the titrimeter is shown
to be independent of dilution and turbidity, because of the special detection arrangement.

Many analytical systems can be described in control engineering terms
{1—3]. Computer simulation on a mathematical model of such a system re-
duces the number of experiments required to develop the optimal analytical
system. Moreover, the mathematical model itself is a help in understanding
the processes involved in the analysis.

Recently a flow-through titration of sulphate was described [4, 5]. To
study this titration system in greater detail, it was decided to establish a
mathematical model which in turn could help to find the optimal settings of
several parameters involved. The titrimeter has been described elsewhere [6,
7]. Figure 1 presents its main parts; the sample from a turntable is mixed with
a setpoint solution [consisting of a barium sulphate suspension, barium ions
and dimethylsulphonazo-III (DMSA)] and fed to a titration cell (8 ml). The
excess of solution is pumped to waste. The reaction involved is: Ba(DMSA)
+ 80,7 = BaSO, + DMSA?". The bulb L emits white light which passes alter-
nately through two interference filters f, and f, (yielding wavelengths \; and
A,, respectively) mounted on a spinning wheel. From the data shown in Fig. 2
one of the wavelengths A, is chosen at the isosbestic point in which the trans-
mittance is not affected by the chemical reaction; the transmittance at the
other wavelength A, depends on the concentrations of Ba(DMSA) and
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Fig. 1. Scheme of the flow-through titrimeter.
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Fig. 2. Absorption spectra of DMSA (1) and Ba(DMSA) (2).

DMSA?. The transmittances at both wavelengths are detected by a single
photo-transistor. The resulting signals are subtracted, yielding a signal U after
amplification.

In the following paragraphs, it is proved that this procedure makes the
signal itself independent of the turbidity in the solution and also of dilution
by any other solution. However, dilution of a system in chemical equilibrium
may cause a shift in this equilibrium which influences the signal. The influence
of this shift on the system may be calculated.

The first part of this paper describes a mathematical treatment of the
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system and a calculation of the influence of a shift in the Ba(DMSA)—
sulphate ratio. The second part deals with the mathematical model of the
complete flow-through titration of sulphate.

MODELLING OF THE TITRIMETER

The model to be defined will describe the way in which a number of factors
influences the signal U of the titrimeter. A functional block scheme (Fig. 3)
of the device is first set up in which those factors are taken into account
which relate to the physical and chemical processes involved between the
initial radiation I, and the final signal U. The value of the signal U depends
on several factors: the turbidity, the concentrations of the species involved,
the radiation intensity, the sensitivity of the photodetector, etc. By a proper
setting of amplifications and a correct selection of wavelengths, the signal U
equals zero in the setpoint situation. In this way a number of influences are
eliminated.

In a first approach each effect is described separately in terms of the trans-
fer functions of the several blocks. A transfer function is defined here as the
mathematical expression of the relation between input and output of a block.
Sometimes the transfer function can be measured for each block, but mostly
it can be measured only for a larger part of aloop, comprising several individual
transfer functions. Therefore transfer functions cannot be established solely
by measurement, but also must be derived from chemical and physical
reasoning. A list of symbols that will be used is given in Table 1.

The transfer function H; of the filters is defined as: H; = I;/I,. As previously
described [7] the turbidity causes a transfer function H, of the form:

Hy = I/I; = exp (—nur’@, ) (1)

The transfer function H, for the transmittance of the coloured species is
given by the Lambert—Beer law:

H,=1I/I, = exp (—ecl) (2)

The transfer functions of the detector and amplifier are, respectively,

I 1 .

t t I V. V.
—| 1y 11 exp(—nvrzoj\,l,rl) 4 expl-E1¢q4 1) ) d 1 s 94 =
FILTER TURB. CONC/DIL DETECTOR AMP

+ U

LIGHT
SOURCE

Iy Iy 1 v;
L] 1, 5 exp(-nmr2Qy, 1y pl-Eacal) 2 d, A g,

FILTER TURB CONC/DIL DETECTOR AMP

V2

Fig. 3. Functional block scheme of the titrimeter with transfer functions for each block.
For simplicity the symbol H is omitted from the blocks.
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TABLE 1

List of symbols used

Symbol Meaning Symbol Meaning
H H(p): transfer function in the 1 Intensity of the transmitted light
Laplace domain A Wavelength
P Laplace operator 1 Optical pathlength of the titration
c Total concentration of indicator cell
Cso, Sulphate concentration in the m Amount of indicator
titration cell n Number of solid particles per
€so, Sulphate concentration in the volume
sample Qnr Scattering-efficiency factor
€ Molar absorptivity r Radius of solid particle
I, Intensity of incident light U Output signal of the titrimeter
Is Intensity of the transmitted \'2 Signal at the end of a pathway of
light from an interference filter the titrimeter
I, Intensity of transmitted light \4 Signal from the phototransistor

from a turbid solution containing v
light-absorbing species

Volume of solution in the titration
cell

Hy = V'[I =d and H, = V/V' = g. The transfer functions for each block are
indicated in Fig. 3. The preceding equations yield for the signal V in each
of the pathways: V = I H,,, in which H,, = H{H H . HyH,.

The device is set in such a way that in the setpoint situation the resulting
signal U equals zero, the signals in each pathway (V, and V,, respectively)
being equal: H;y, = Hisi.

The influences on the resulting signal U of the subtraction photometric
device of this kind [6] caused by small variations in the parameters of the
several transfer functions are considered below. Some of the known prop-
erties ['7] of subtraction photometry are simply mentioned; others are con-
sidered in more detail.

Light intensity

Small voltage fluctuations of the bulb, causing small fluctuations in the
relative spectral intensities, are of little importance in this system because
only one bulb is involved and the wavelengths are selected close to each other.
Thus spectral bias in I, is negligible and fluctuations are eliminated by sub-
traction of V, and V,.

Turbidity
As already shown [7] the number of particles per volume affects the value
of V. Thus from the equation V = I H,,:

dVvjdn = I, dHo/dn = Iy (dHot/dH,) = (dH,/dn) = IoHyo, (I/H,) (dH,/dn)
where dH,/dn = —nr?Q, ! exp (—nnr*Q, ,I) = K H; (3)
If K, is a constant defined as K; = —nr?Q, ./, then dV = —K,I H,.dn.
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The change dU in the final signal at point U caused by a change of turbidity
is expressed as:

dU/dn = IoHyo(—Ky; + Ky2) (4)

It can reasonably be assumed that the scattering of light by solid particles in
the case of the two close wavelengths 1 and 2 does not differ measurably,
thus K;, = K;,. Equation (4) shows that under the assumption made above
turbidity does not affect the final signal at point U.

Dilution

Dilution, for example, by addition of a volume dv of titrant, causes a
change in signal V. Dilution affects not only the concentrations of the coloured
species (H.) but also the number of scattering particles per volume (H,).
From the equation V =I,H,,

dv _ , dH _IodHdH H, _ dH H, _ (d.Ht dH, )
-l ST am ga e g gy el grag Y Ed) O
The effect of the turbidity dH,/dv can be rewritten by using eqn. (3): dH,/dv
= (dHy/dn)- (dn/dv) = —K H, n/v. This leads to the same conclusion that was
reached for turbidity; thus eqn. (5) can be simplified to:

aV/dv = I,H,,dH ,/H dv (6)

If there is no shift in the chemical equilibrium involved, ¢ is independent of
the concentration of the species to be detected. Thus

dH,/dv = (dH/dc) - (dc/dv) (7

where ¢ = m/v. From eqns. (5—7) in conjunction with the setpoint situation
H,ot1 = Hyopa, it is possible to derive the equations:
dV/dv =I4H,, €lc/v and AU/dv = [ H,,((K.1 — K.,) in which K, = elc/v.
If the setpoint is properly chosen, K, = K, and dU is independent of dilution.
In the system involved, dilution actually causes a shift in the chemical
equilibrium and so the absorbance depends on the experimental conditions.
It was shown, however, that the effect of dilution is negligible in comparison
to the effect of sulphate addition. The experimental data proved that the
dilution effect was less than 0.5% of the signal change caused by the corre-
sponding sulphate addition.
On account of the above considerations, the block scheme of Fig. 3 was
simplified to that presented in Fig. 4(a), which gives the non-linear function
between U and Cgo, shown in Fig. 4(b).

MODEL OF THE FLOW-THROUGH TITRATION SYSTEM
To establish a realistic model of a complete flow-through titration system,

several processes must be considered; these are presented as functional blocks
in Fig. 5. The first block is self-explanatory. The detection block involves
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Fig. 4. (a) Simplified block scheme of the titrimeter. (b) Non-linear function representing
the detector response on addition of sulphate to 8 ml of setpoint solution in the titration
cell.
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504 m 4 detection
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Fig. 5. Functional block scheme of the flow-through titrimeter (for explanation see text).

the non-linear function of Fig. 4(b) representing the extended model of Fig. 3
and the titrant addition. The process in the titration cell, within the dashed
lines in the block scheme, is more difficult to describe. The transfer function
is affected by the mixing efficiency and the rate of the chemical reaction.
Block I accounts for the flow-through behaviour and the precipitation process.
Block I accounts for the effects which determine the rate of the precipitation
process. These transfer functions cannot be measured independently because
the transfer function of the detector is always present. It is assumed that in
the transfer functions of detection and electronic amplification, the dynamic
part may be neglected because of relatively fast response.

Several factors are involved in the reaction rate of the titration process,e.g.
the apparent pH, the water content of the setpoint solution and the active
surface of the precipitated barium sulphate which assists further nucleation.
In the first attempt at modelling, the influence of the nature and amount of
barium sulphate in the titration cell was studied, because the other factors
can be kept constant whereas the barium sulphate precipitate varies.
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Qualitative description of the precipitation process

From several measurements of the dynamic behaviour of the system on
addition of sulphate, it was found that the presence of freshly prepared barium
sulphate accelerated the rate of further precipitation of barium sulphate.
Relatively large amounts of aged barium sulphate had the same effect. These
findings are in agreement with generally accepted theories. Because the set-
point solution is saturated with barium sulphate and the excess of barium
ions is high, the reaction rate is not primarily dependent on the sulphate
concentration. However, as the reaction is not homogeneous, the number of
active sites on which the precipitate is formed governs the reaction rate. This
number of active sites decreases with time. The use of an average value
of the time constant is not permissible in modelling because the number of
active sites available during the titration is variable.

A qualitative description of the processes observed is given in Fig. 6. When
a sulphate-containing sample enters the cell, the reaction rate is low, depending
on the amount of barium sulphate. The period before t; describes the aging
of the precipitate present. If this precipitate is relatively fresh (some minutes
old) the number of active sites is such that upon sulphate addition (at ¢,)
precipitation starts. As the titration proceeds, with formation of the first
precipitate, the number of active sites increases (t,). Cluster formation retards
this process and when the addition of sulphate is stopped, cluster formation
causes a drop in the number of active sites (¢;—t,). Finally the rate of decrease
of the number of active sites is about the same as before t,. The process is
thus essentially non-linear.

Qualitative modelling

The final model tested is presented in Fig. 7. In the introduction model,
the sample reaches the cell after a lapse of time which may be calculated
from the system dimensions and flow rates. The duration of introduction is
given by T4. Since the introduction time is rather long, the sample introduction
can be assumed to be block-shaped; the height of the block at the output of
the introduction system depends on the flow of the sample line and the sul-
phate concentration of the sample. After T, seconds, this height becomes
zero because of the transfer function H = exp (—pTy).

Number of active sites

Time {s)

Fig. 6. Visualization of the number of active sites during the titration process.
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Fig. 7. (a) Block scheme of the model of the titration process. (b) Block scheme of the
model of the process of formation of active sites. (¢) Block scheme of the model of the
detection system.

The process in the titration cell is represented in Fig. 7(a). The titration
cell acts as an integrator (H = 1/p) on introduction of sulphate. The amount
of free sulphate ions inside the cell will decrease because of two effects: (i)
the sulphate reacts with the barium ions present or added (K,) and (ii) the
effluent from the cell will contain unreacted sulphate (K,). The amount of
sulphate removed is proportional to the quotient of flow rate through the cell
and the cell content. The replacement factor K, is determined by system
dimensions and is independent of the reaction rate process. The replacement
may cause a systematic error, which should be low so that the ratio between
K, and the reaction rate K, must be low (K, > K,).

The model in Fig. 7(b) accounts for the formation of active sites which
influences the precipitation process of barium sulphate. The output of this
model determines the value of K. Based on the chemical reasoning outlined
above, this model includes the effects caused by old and fresh barium sul-
phate. The total amount of barium sulphate determines the number of active
sites (N,). However, the contribution of fresh barium sulphate to the number |
of active sites is larger than that of old barium sulphate. K, is the ratio be- !
tween these contributions. The relation (NLg,) between K, and the number -
of active sites (IV,) is given by }

Ko =1/(Ky + Kn/N,) 8 -
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where Ky represents the maximum reaction rate and the factor Ky defines
the influence of N, on K. In Fig. 7(b), K 4 accounts for the effect of aging.
Naturally, the amount of fresh barium sulphate decreases with time. Finally
it is assumed that all barium sulphate formed on introduction of sulphate
into the titration cell is fresh barium sulphate.

The model of the detection system is given in Fig. 7(c). The non-linear
element NL4 has been indicated in Fig. 4(b). As this function was determined
under static conditions, the input Cso, can be replaced by Cpg,. The part of
Fig. 7(c) boxed in dashed lines accounts for the flow-through aspect by which
the cell content, including unreacted barium ions are continuously pumped
off. The output signal of the burette is fed back via K, (K}, = burette con-
stant) to the input of the cell.

Quantitative modelling

The models indicated above were used in establishing the final model in
Fig. 8. Most of the constants of the model could be calculated from the system
dimensions or the results of static measurements. The values given in the
blocks are based on the dimensions used (ul, mV, nmol and s), In order to
introduce the dynamic behaviour of the precipitation process in the presence
of barium sulphate into the model, K4, K, and Ky had to be estimated.
This was done by fitting simulated [8] responses with two responses of the

BLOCKI

L~ -

0.2 mol/s SO4

t/p NL4

.

=

0003 0024
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N
\\
\ -
.
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| \
|
|
| DETECTION
|

Fig. 8. Block scheme of the model of the flow-through titration.
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flow-through titrimeter obtained on continuous addition of 0.2 nmol SO,* 5™
during 60 s using the model of Fig. 8 and adjusting K 4, K, and Ky. The set-
point solution contained 20 nmol of barium sulphate. Curve 2 of Fig. 9(a)
presents the measured response. Then after 200 s, the sulphate was titrated,
the burette disconnected and the same sulphate addition repeated; this gave
curve 1. The steeper part at the beginning of curve 1 is explained by the pres
ence of freshly precipitated barium sulphate and an extra amount of ol¢
barium sulphate. The fitted responses simulated by the computer are presented
as dotted lines.

DISCUSSION AND RESULTS OF SIMULATION

It was found that K, depends on the method of preparation of the setpoint
solution. Although the solutions were prepared as reproducibly as possible,
variation in K, may be introduced. The values of K,4, K, and Ky found by
curve fitting lead to the following conclusions: (i) the time constant of the
aging process is about 100 s; (ii) fresh barium sulphate provides 10 times
more active sites than the old precipitate; (iii) the change of reaction rate on
the change of the number of active sites is in the region of 4 X 10* mol s™".

The model was first used to predict the response of the flow-through ti-
trimeter upon two successive titrations of 25 nmol of sulphate in the pres-
ence of 20 nmol of barium sulphate in the titration cell originating from the
setpoint solution. For the second titration, which was carried out 300 s after
the first one, the remaining barium sulphate formed during the first titration
is added to the 20 nmol of barium sulphate from the setpoint solution. To
simulate the second titration the initial amounts of fresh and old barium sul-
phate are corrected for the remaining amounts of these species formed during
the first titration. In Fig. 9(b) the simulated curves are indicated by dotted
lines: curve 1 represents the first titration and curve 2 the second one. The

N
o
T

(b)

Titrimeter output signal (mV)

t 1
60 120

1
120

o
3

Time (s) Time (s}

Fig. 9. Comparison of simulated (dotted lines) and experimental responses. (a) For con-
tinuous introduction of 0.2 nmol SO,> s™' in the presence of 20 nmol of BaSO,: (1) 200s
after the first titration was carried out; (2) before any titration. (b) For titration of 25
nmol of sulphate in the presence of 20 nmol of BaSO,: (1) the first titration; (2) 300 s
after the first titration.
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recoveries, defined as the ratio between sulphate found by titration and given
sulphate, obtained by simulation of the titrations were 82% and 84.5%, re-
spectively. Real experiments carried out under the same circumstances as used
for simulation gave recoveries of 86% and 92%, respectively.

The same model was used to simulate the response on introduction of 0.2
nmol SO,* s7! during 70 s in the presence of 100 nmol of barium sulphate.
The only adaptation in the model was the adjustment of the value of the
setpoint (Fig. 7b). Figure 10(a) shows the simulated (dotted line) and real
response. The model was also used to simulate a titration of 25 nmol of sul-
phate in the presence of 100 nmol of barium sulphate; the simulated and real
curves are shown in Fig. 10(b). The recovery found by simulation was 90%;
real measurements gave a recovery of 96%.

Although on titration of 25 nmol of sulphate in the presence of 20 nmol
of barium sulphate the agreement between real and predicted curves is not
complete, the simulated response predicts the relation between the slopes
and the maximum values sufficiently. The behaviour of the response obtained
with the real system at the beginning may be caused by a slight deviation from
the setpoint. The other simulated and real responses show good conformity.

Figure 11 presents the reaction rate curves corresponding to the simulated
titration curves of Figs. 9(b) and 10(b). The simulation indicates that the
improvement of the recovery is caused mainly by the higher initial value of
the reaction rate (K,). Another way of achieving a higher value of K, is to
form fresh barium sulphate continuously in the titration cell. This may be
accomplished by a continuous inflow of sulphate solution into the cell. The
simulation of such a system on continuous introduction of sulphate at a rate
of 0.2 nmol s™! to the titration cell indicated a recovery of 98%. This has
not yet been verified in practice because the equipment required is not
available.

= (a)
z
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o] 30 60 0 60 120
Time (s) Time (s)

~ Fig. 10. Comparison of simulated (dotted line) and experimental responses. (a) For con-
tinuous introduction of 0.2 nmol SO,*>"s™" in the presence of 100 nmol of BaSO,; (b) for
titration of 25 nmol of sulphate in the presence of 100 nmol of BaSO,.
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Fig. 11. Reaction rate curves on titration of 25 nmol of sulphate in the presence of (1) 20
nmol of BaSO, and (2) 100 nmol of BaSO,. ‘

Conclusion

The effects of the various physical parameters on the signal of the titrimeter
have been calculated. Dilution effects are negligible compared with the effect
of sulphate addition. These calculations were confirmed by experiment.

The model developed predicts the behaviour of the tested system well,
The simulations indicate that the reaction rate of the precipitation of barium
sulphate is about 5 times higher with fresh barium sulphate than with old
precipitate. It is concluded from the simulations that the recovery is improved
by increasing the amount of barium sulphate in the setpoint solution. This
conclusion was confirmed by experiment.

This paper shows the basic ideas necessary for describing flow-through
titrimetric systems, which will ease the modelling of other flow-through
systems. The models obtained may be used to optimize flow-through systems
with respect to accuracy, recovery and titration rate.
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SUMMARY

The controlled dynamic titrator described operates with constant titrant flow and
time-proportional sample flow; sample and titrant are mixed in a microcell and the
equivalence point is reached when the products of the normalities and flow rates of the
titrant and the sample are equal. Titration times are measured and printed out. The
concentration of the sample is inversely proportional to the titration time. The automatic
titrator is discontinuous and suitable for on-line and off-line use. The cycle time of the
motor-driven programmer is 2 min. Flow-through detectors for potentiometric, photo-
metric or voltammetric indication can be used for a selection of acid—base and redox
titrations. With this equipment, titration of large series of liquid samples with similar
contents is simple.

With the development of new automatic equipment, titrimetric analysis
has become increasingly important, for it is one of the most accurate and
most selective wet chemical methods. Most of the commercially available
automatic titrators work in a batch mode; sample and titrant are mixed in
a single vessel until the end-point is reached. Precise end-points are usually
calculated from the titration curve by appropriate mathematical approxi-
mation techniques [1—4]. The most important drawback of the automatic
batch-mode titrators is the relatively complicated and costly mechanics
necessary for sample exchange and for rinsing the indication unit.

During the last 15 years, different types of continuous flow titrators have
been described. Their common characteristic is that the equivalence point
is reached when the products of the normalities (N) and the flow rates (v,
ml min™') are equal. Thus the conventional equivalence equation is replaced
by Nw; = Nw,, where subscripts t and s refer to the titrant and sample,
respectively. To establish N, one of the four parameters is usually varied,
while the other three are kept constant. The end-point signal can be obtained
either after a certain time, or at a particular pump speed, or after a defined
tube length, etc. In the classical continuous titration mode, introduced by
Blaedel and Laessig [5], vs, N; and N, are constant, and the reagent stream

*Present address: Baeretstr. 6, CH-3930 Visp. Switzerland.
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v, is varied until the end-point is reached. A change in the sample concentra-
tion is followed by a corresponding change in the titrant flow, so that the
titrant flow is directly proportional to the sample concentration. Equipment
of this type is used in the control loop of continuous processes in chemical
industry. The rate of revolution of the titrant pump can easily be measured
in the control loop [6].

Pauschmann [7] developed an automatic continuous titrator, where the
sample is pumped at constant speed, together with a colour indicator, through
a channel to which the titrant is added through holes bored along the length
of this channel. The end-point is indicated by a colour change which occurs
in one of the segments and depends only on the sample concentration, when
v, and N, are constant, and v, is increased. In this case, the sample concen-
tration is directly related to the length of the channel. This concept formed
the basis of an instrument with a choice of detection modes such as poten-
tiometry, amperometry, thermometry, conductivity, etc. [8].

The gradient titration technique of Fleet and Ho [9] is based on the
principle of varying the concentration of the titrant, while the other par-
ameters are kept constant. Here, the sample concentration is directly pro-
portional to the titrant concentration. The titrant gradient is produced
by premixing titrant and solvent in the manner conventional for liquid
chromatography. This device makes it possible to titrate discrete samples in
continuous flow systems. Titrant gradients also form the basis of the triangle-
programmed titration technique of Nagy et al. [10, 11]. The titrant is
generated coulometrically in a triangular manner by a controlled current
source; after mixing with the constantly flowing sample two end-points are
obtained, whose time difference is directly proportional to the sample
concentration.

RiZi¢ka et al. {12] combined the new concept of flow injection analysis
with titration. The concentration and flow rate of the titrant are constant.
After the sample injection the sample is mixed with the constantly flowing
titrant in a small mixer and then passes to a flow-through detector. The time
of passage of the reacted sample zone through the detector is proportional to
the sample concentration. Calcium was titrated with EDTA with potentio-
metric indication and strong bases with acid and photometric indication. The
sampling frequency was between 20 and 60 titrations per hour. Astrom [13]
demonstrated that even single-point titrations [14] can be performed by
flow-injection analysis with good precision and reproducibility. The sampling
rate can be increased up to 700 per hour, because the peak value is used to
calculate the sample concentration, even when the baseline has not been
reached.

Ashworth et al. [15] introduced a new principle for an automatic con-
tinuous titrator with conductimetric indication: the concentrations of
titrant and sample as well as the titrant flow are kept constant, while the
sample flow is increased with time. Based on this principle, the continuous
titrator described here is more highly automated and different detection
units are used. The system is called a controlled dynamic titrator [16].
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PRINCIPLE OF THE CONTROLLED DYNAMIC TITRATOR

Titrant and sample are continuously mixed in a microcell (Fig. 1). The
titrant flow is constant, whereas the sample flow follows a straight-line
function, v, = kt, for a titration time ¢ (min) with the proportionality con-
stant £ (ml min~?). The time-dependent flow makes it possible to start with a
new sample at constant intervals, i.e. to work discontinuously. All operational
steps, i.e. start of titrant and sample flow, switching of valves, etc., are con-
trolled by a motor-driven programmer with a cycle of 2 min (Fig. 2). The
titrations are performed in a continuous flow system. For a sample flow
v = kt, the sample concentration is calculated from N, = N.v/kt, i.e. the
concentration of the sample is inversely proportional to the titration time
t and all other parameters are constant.

Figure 2 shows all the important parts of the dynamic titrator. Prepared
liquid samples are placed in the automatic sampler. Every 2 min the sample
burette takes a new sample and gets the order to start the titration by
delivering the liquid into the mixing cell. The titrant flow is started at
exactly the same time as the sample burette. A second pump delivers a con-
stant solvent flow into the mixing cell, where it is homogenized with the
titrant and the sample. After a short reaction tube, the mixture enters a
flow-through detector, and then flows to waste. Titration times are measured
and printed out together with the sample number.

EXPERIMENTAL
Apparatus

Burette. The sample volume needed is only 2 ml, most of which is necessary
to rinse the old sample from the system. The motor generator (Birotax/Brion,

Fig. 1. Basic system of dynamic titration.
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Fig. 2. Schematic diagram of the titrator.

Leroux & Cie, Paris, type I) is driven by a voltage source which produces an
exactly linear time-dependent voltage. The motor drives the pointer axis of a
Strohlein measuring mechanism, which itself drives the piston of a 0.6-ml
Strohlein burette. A specially constructed valve with a short switching time
connects the burette to the mixing chamber and to the sampler. The total
available titration time is limited by the burette volume (V) and the pro-
portionality constant k: V = f} kt = 0.5 kt?; thus t = 1.2 min for V = 0.6 ml,
k = 0.85 ml min~ 2

Sampler. A Technicon Autosampler III model containing 40 glass vessels
was used. The autosampler is switched on and off by a pulse from the
programmer.

Solvent and titrant pump. Two identical constant-flow pumps (Labotron,
Gelting, Germany; model LDP 13 A) were used. The valves were specially
constructed. The maximum flow rate of each pump was 5.3 ml min™’.

Mixing cell. Mixing cells with very small diameters were constructed. The
liquids are delivered through holes (0.2 mm i.d.) which meet tangentially in
the mixing chamber (Fig. 3). The mixing cells have volumes of 10—70 ul,
Connections to the valves and to the detection cell are made from poly-
ethylene tubes (0.03 in. i.d.). Some mixing cells were constructed with an
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Fig. 3. Mixing cell (longitudinal section) made of plexiglas or Kel-F, with tubules of
stainless steel. Dimensions in mm.

internal tube in the mixing chamber, to extend the reaction time without
excessive zone broadening. The linear flow velocity is much higher than in
conventional batch mixing, being more than 3000 mm s™.

In a special version, a mixing cell was developed where the titrant is
generated coulometrically (Fig. 4). A constant-current source was built for
the mA range (5—20 mA). With this combination, iodine or bromine titrants
were generated.

Indication systems

To start a dynamic titration, the burette and titrant pump or current
source are activated. Almost instantly (dead time is short), the excess of
titrant reaches the detector which produces an increase of signal. At the end-
point, the signal decreases again and the time difference between them is
measured and printed out; Fig. 5 shows such titration curves. For time
measuring, a counter was constructed and built into a printer (Practical
Automation Inc., model 7). The accuracy of the time printout was +0.01 s.

Four different flow-through detectors were used: conductimetric [15],
photometric and potentiometric at zero current and constant current.

Photometric indication. A flow-through cell (Fig. 6) with a total volume
of 100 ul was constructed [17] and used for acid—base titrations with acid—
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Fig. 4. Coulometric flow-through cell. Titrant and sample are mixed in the anode chamber,
where simultaneously the coulometric reagent is generated. The cathode compartment
is separated by a teflon diaphragm (0.25-mm diameter holes in a sheet of teflon) from
the anode chamber. Part of the mixture leaves the cell at the top, loaded with generated
hydrogen; the other part leaves the cell into the titration system through an outlet in
the anode chamber (not shown in the figure). The speeds of the 2 flows are controlled
by the lengths of attached capillaries. All dimensions in mm.

base indicators and redox titrations with redox indicators. The light source
was a micro-lamp (Mikrogliihlampengesellschaft, Hamburg, type 1041-1,
12V, 25 mA). Interchangeable Schott interference filters were used.

Potentiometric indication. A combined pH electrode (Schott; Mikro-pH-
Einstabmesskette) was used with a special flow-through cell. The potential
was measured by a Knick digital pH meter (type 650).

Voltammetric indication. Different flow-through voltammetric detectors
were developed, one of which is shown in Fig. 7. The total volume is less
than 5 ul. The two platinum sheets are used as electrodes and the titration
mixture is forced between them. The potential is measured and amplified in
a special Titravit device [18], which also acts as the current source for the
polarization current. The 6-V exit of the Titravit triggers the counter for the
time measurement. The Titravit was also used to automate the potentiometric
and photometric measurements.
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Fig. 5. Typical dynamic recorder chart for potentiometric detection. One titration begins
with the arrival of excess of titrant at ¢ = 4 min. The titration time is measured and
printed out. A second cycle (beginning at ¢ = 6 min) with a shorter titration time corre-
sponds to a higher sample concentration. The potential jump between the 2 titrations
results from the end of the sample burette, before the titrant pump stops.

i
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1 interference
fight source fitter

flow through cell

Fig. 6. Flow-through cell for photometric indication (longitudinal section).

Programmer

A motor-driven programmer with a time cycle of 2 min and with eight
independent switches was used (Mauell, PS 355). Figure 8 shows the pro-
gram of one cycle. At zero time, the motor burette starts and reaches its
maximum speed at ¢t = 73 s (switch 3). Sample change is triggered at t =67 s
(switch 8). At t = 79 s the sample valve opens (switch 4) and from t = 81 s
to t = 95 s the valve of a special rinsing pump is opened (switch 6), so that
the burette can be rinsed with the new sample. After rinsing, the burette
refills with new sample (from ¢ = 98 s to t = 118 s, switch 1) and the burette
valve closes at ¢ = 118 s. The system is then ready for the next titration. In
the cycle between two titrations the valve of the titrant pump changes
direction (switch 2) to avoid any disturbing change during titration. From
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Fig. 7. Flow-through cell for constant-current potentiometric indication (longitudinal
section). The entry cannot be seen in the plane of this section.
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Fig. 8. Completion of a 2-min program in the dynamic titrator. One or more functions
can be activated by one switch. The switches are adjusted easily by hand for special
titration problems.

t="T1s tot =117 s the printer is blocked to prevent the printout of results
which do not correspond to a titration (cf. Fig. 5).

Reagents
All reagents were of commercially available analytical quality. In some
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cases Brij (Merck) was added to prevent gas bubbles sticking in the photo-
metric cell.

RESULTS AND DISCUSSION

Titrations of weak and of strong acids with sodium hydroxide were
carried out with photometric or with potentiometric detection: hydrochloric
acid, potassium hydrogenphthalate, acetic acid, citric acid, oxalic acid, tar-
taric acid, succinic acid and malic acid were titrated in the concentration
range 1072—1072 mol I"!. With the photometric detector, both constant-rate
pumps delivered sodium hydroxide, an acid—base indicator being added to
one flow to produce the initial signal in the detector. With potentiometric
detection, the initial signal was generated by switching on the titrant pump
with sodium hydroxide, whereas the solvent flow was very dilute acid.

Ascorbic acid and hydroquinone were titrated with cerium(IV); the
barium salt of diphenylamine sulphonic acid was used for photometric
indication. Other successful titrations were: ascorbic acid with bromine
(from bromide and bromate in strong acid) or with coulometrically generated
iodine; thiosulphate with iodine; elaidic acid with coulometrically generated
bromine in methanol; and primary aromatic amines with sodium nitrite. All
these titrations were detected with constant-current potentiometry.

Attempts were also made to use air-segmented reaction tubes, but reason-
able results could be obtained only by empirical calibration. The other
results obtained corresponded to results obtained by batch-mode titrations,
within a relative error of 1%. The repeatability was also better than 1%.

The accuracy of the dynamic titration method was limited mainly by the
mechanical part of the sample burette which produces a theoretical, but not
in detail a practical, function v = kt. The resulting error becomes small for
t > 10 s. The total available concentration range then corresponds to 1:10,
which can be exceeded by switching to another constant titrant flow. Although
the sample concentration is inversely proportional to the titration time, so
that a shorter titration time corresponds to a higher sample concentration,
the precision is not limited seriously over a wide range.

The equipment offers possibilities for other modes of detection such as
potentiometry with ion-selective electrodes [19], and thermometry [20],
or for further automation. The titration times in seconds could be auto-
matically converted to sample concentrations with an on-line desk calculator
or a programmable pocket calculator with printer. The programmer could
also be integrated in the calculator.

This system is suitable for on-line or off-line process control as well as
for serial titrations. There are few problems in changing the detection unit
or in adapting the system for special titration purposes.
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SUMMARY

The amperometric detector flow cell based on a rotating disk electrode can be used in
conjunction with continuous flow analysis as well as with h.p.l.c. The response surface of
the detector as a function of flow rate, electrode rotation speed and concentration of
electroactive species (hexacyanoferrate(II)) is measured in combination with continuous
flow analysis. When the electrode is stationary, the detector behaves as a wall-jet detector.
Rotating the electrode results in a completely different hydrodynamic flow pattern in
the flow cell. The response becomes independent of the flow rate and is linearly related
to the electrode rotation speed. The influence of nozzle height in the flow cell on the
detector response in combination with h.p.l.c. is described. With certain combinations of
nozzle height and rotation speeds, a favourable flow pattern appears to be created in the
cell and the sensitivity is increased considerably.

Several electrochemical techniques have been applied in detectors for
high-performance liquid chromatography (h.p.l.c.) [1]. The almost classic
cells are the thin-layer cell [2] and the wall-jet cell [3], both of which are
commercially available. Recently an entirely new design of amperometric
detector flow cell, based on a rotating disk electrode (RDE), was introduced
[4]. The response of an amperometric detector depends on the mass trans-
port of the electroactive species from the bulk solution in the flow cell to
the electrode surface, assuming that the reaction rate at the electrode surface
is infinitely fast compared with the mass transfer rate through the diffusion
layer at the electrode. The thickness of this layer depends mainly on the
flow cell geometry and on the fluid velocity in the detector flow cell. The
effect of rotating the electrode in the flow cell is two-fold. First, rotating the
electrode decreases the thickness of the diffusion layer at the electrode
surface, so that the concentration gradient from the bulk solution to the
electrode surface increases. According to Fick’s law, the mass transport of
the electroactive species through the diffusion layer also has to be faster.
This results in a higher sensitivity than in a flow cell with a stationary elec-
trode. Secondly, the thickness of the diffusion layer at the electrode surface
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is almost entirely determined by the rotation speed of the electrode, and the
detector response becomes independent of the fluid velocity in the flow cell.
The response of other amperometric flow cells is flow-rate dependent [5, 6].
This paper describes the influence of flow rate, rotation speed and sample
concentration on the detector response. The response surface as a function
of these parameters is measured by using the detector in combination with
continuous flow analysis. In combination with h.p.l.c. the influence of the
height of the RDE in the flow cell on the detector response is discussed.

EXPERIMENTAL

Flow cell design

The design and operation of the prototype flow cell have been described
[4]. The detector flow cell is essentially a wall-jet detector constructed with
a RDE. The sample solution, entering through a narrow inlet, impinges
normally on the RDE, and streams upwards between the RDE and the cell
wall through a connecting channel to a compartment in which the reference
and auxiliary electrode are located, and then to waste. In contrast to the
prototype [4] the cone at the bottom of the flow cell was replaced by a flat
bottom; it was therefore necessary to take care not to damage the surface of
the electrode on the bottom of the cell when mounting the RDE. The
rotation speeds of the RDE were measured with a stroboscope (Philips RR
9107).

Different electrode materials were used. For the continuous flow analysis
experiments the RDE material consisted of home-made carbon paste (35%
Dow Corning high-vacuum silicone grease and 65% w/w of graphite powder,
UCP-1-M, Ultra Carbon, Bay City, Michigan). In the h.p.l.c. experiments the
RDE was a wax-impregnated graphite electrode (PAR 9319).

Other apparatus

In the continuous flow analysis system a LKB Vario Perspex Pump was
used with plastic tubing (Technicon). The flow rate of the pump was
adjustable between 0.2 and 2.0 ml min~?.

The liquid chromatograph was constructed from a Spectra Physics pump,
model 740, a Rheodyne sample injection valve, model 70-10, with a 20-ul
sample loop, and a reversed-phase column (Lichrosorb RP-8, 10 um), 30 cm
long and 4.6 mm internal diameter.

A Princeton Applied Research polarograph model 174A was used as a
potentiostat in the normal d.c. mode. The reference electrode was an SCE;
the auxiliary electrode was a platinum wire. In the continuous flow analysis
experiments the potential of the working electrode was +550 mV vs. SCE
whereas during the h.p.l.c. experiments the potential of the working elec-
trode was +800 mV vs. SCE. The impedance in the detector flow cell was
measured with a Radiometer conductivity meter type CDM 2.
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Chemicals ,

The chemicals (analytical-reagent grade) were used as received. The buffer
solution for continuous flow analysis consisted of 0.1 M acetic acid adjusted
to pH 4.5 with pellets of sodium hydroxide. For h.p.l.c., a solution of 0.1 M
acetic acid containing tetramethylammonium bromide (0.15 g17!), adjusted
to pH 5.0 as above, was used as a mobile phase at a flow rate of 1.0 ml
min~'. As a test compound, potassium hexacyanoferrate(II) was used as a
solution in the pH 4.5 buffer for the continuous flow analysis and in the
mobile phase for the h.p.l.c. experiments.

RESULTS AND DISCUSSION
All symbols used are defined in Table 1.

Continuous flow analysis

The limiting current of the oxidation of hexacyanoferrate(II) in the
detector was measured at different electrode rotation speeds (0,17, 21, 26,
29, 31, 41 rps), flow rates (0.42, 0.64, 0.88, 1.08, 1.28, 1.62, 2.01 ml min™!)
and hexacyanoferrate(II) concentrations (1.16, 2.35, 4.69, 7.04, 9.38,
14.1 uM). The response surface obtained is a four dimensional graph in a
space defined by the dimensions detector response (in nA), concentration
(in M), flow rate (ml min™') and electrode rotation speed (in rps). Parts of
this response surface are shown in Figs. 1 and 2 in three-dimensional graphs,
fixing the fourth dimension at a constant value. Figure 1 shows the response

TABLE 1

Symbols used in the discussion

i detector response in nA d nozzle diameter
k, K constants r radius of the disk electrode
C concentration of electroactive h nozzle height
component
\%4 volume flow rate z axial coordinate
(V) function of V x radial coordinate
N rotation speed of RDE in rps Z=z/d dimensionless axial
coordinate
g(N) function of N R=x/d dimensionless radial
coordinate
ig limiting diffusion current H=h/d dimensionless nozzle height
n number of electrons involved in w =27N angular velocity of RDE
the electrode reaction
F Faraday constant oRe = wrifv rotational Reynolds
number
D diffusion coefficient Ty total disk radius (sum of

the working and non-
working area).
v kinematic viscosity
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Fig. 1. The response surface of the detector flow cell as a function of the concentration
of hexacyanoferrate(Il) and the flow rate at the stationary electrode (N = 0 rps).
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Fig. 2. The response surface of the detector flow cell as a function of (a) the concentra-
tion of hexacyanoferrate(Il) and the flow rate at a constant electrode rotation speed of
17 rps; (b) the flow rate and the electrode rotation speed at a constant hexacyano-
ferrate(Il) concentration (2.35 uM).

surface at the stationary electrode; in this case the detector is used as an
ordinary wall-jet detector. Figure 2 represents the response surface of the
rotating electrode under different conditions.

As is well known, the response of an amperometric detector depends only
on the mass transfer rate of the electroactive species through the diffusion
layer to the electrode surface. In the present flow cell the thickness of this
diffusion layer is a summation of the effects of the flow rate in the cell and
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the electrode rotation speed. Therefore the detector response is also a similar
function of the flow rate and rotation speed: i = k& C [f(V) + g(N)]. Figure 1
represents the simplest response surface, the detector being used as a wall-jet
detector. Because there is no rotation, this equation can be simplified to
i = RCf(V). The hydrodynamics of fluid flow from a jet of fluid which
spreads out radially over a plane surface, the fluid outside the jet being at
rest, has been described by Glauert [7]. This pure hydrodynamic flow des-
cription was transformed in terms of hydrodynamic voltammetry by Yamada
and Matsuda [6]. They derived an expression, eqn. (1), for the limiting
diffusion current at a wall-jet electrode in hydrodynamic voltammetric
terms, assuming that the cell diameter is large enough to neglect the cell wall
effects on the flow boundary layer at the electrode surface.

id = (1.60 K) nFCD2/3 V—5/12 V3/4 d-l/2 r3/4 (1)

Notably, this equation does not contain any function of the distance between
the nozzle exit and the electrode surface, the so-called nozzle height.

A later study by Chin and Tsang [8] concerning mass transfer to a circular
disk electrode in a wall-jet configuration in an infinitely large solution showed
that different flow patterns exist in the cell as well as at the electrode surface.
The character of the flow depends, inter alia, on the dimensionless axial
position Z and the dimensionless radial position R with respect to the centre
of the disk electrode (stagnation point). It also appears that the mass transfer
rate is independent of the dimensionless nozzle height if 0.2 < H < 6. At
H > 6 the mass transfer rate diminishes.

By means of a curve-fitting program [9], the response surface of the
detector flow cell used as a wall-jet detector (Fig. 1) was fitted to the equa-
tion i = k C f(V), taking for f(V) a power function analogous to eqn. (1).
The high impedance in the flow cell between the electrodes (+60 k2) caused
a large voltage drop which will result in deviations from the linear relation-
ship between the detector response and the concentration [10]. In con-
sequence, only measurements in which the detector response current did
not exceed 600 nA were taken into account for the curve-fitting program [9].
The fitting resulted in the relationship:

i=585C V**?+ 158 (2)

with a squared multiple correlation coefficient of 0.9975. The calculated
intercept of 15.8 nA was caused by the background current in the detector
flow cell (Table 2). The linear relationship between the detector response
and the hexacyanoferrate(II) concentration at constant volume flow rates
was very good, as can be seen in Table 3. At high concentrations of hexa-
cyanoferrate(II) and at high flow rates, deviations from eqn. (2) occurred,
caused by the above-mentioned voltage drop caused by the ohmic resistance
in the flow cell (Fig. 1).

The detector response was increased considerably by rotating the elec-
trode as can be seen in Fig. 2b and by comparing Fig. 1 and Fig. 2a. It is
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TABLE 2

Background detector current as a function of the flow rate V (ml min™') and the rotation
speed N (rps) of the RDE

N Background current (nA) N Background current (nA)
V=042 V=1.08 V=201 V=042 V=108 V=201
0 15 15 15 29 22 21 21
17 20 19 19 31 22 21 21
21 21 20 20 41 23 23 22
26 21 20 20
TABLE 3

Calibration curves and squared correlation coefficients (R*) obtained with the wall-jet
detector at different flow rates V (ml min~') for potassium hexacyanoferrate(II)

1% Calibration curve R? \4 Calibration curve R?
i=aC + b2 i=aC+ b2

0.42 i=46.6C + 6.2P 0.9992 1.28 i =62.8C + 17.4°¢ 0.9996

0.64 i=51.6C + 14.70 0.9998 1.62 i=66.2C + 18.4° 0.9996

0.88 i=57.7C + 13.7¢ 0.9994 2.01 i=68.2C + 19.4° 0.9993

1.08 i=59.5C + 16.9¢ 0.9999

aCalculated by linear fitting: a = sensitivity in nA 1 umol™, b = intercept in nA. PLinear
range 1.1—14.1 ymol 17!, ®Linear range 1.1—9.4 umol 17,

remarkable that the influence of the flow rate is negligible compared to the
influence of the rotation speed (Fig. 2b). Also striking is the linear relation-
ship between the detector response and the rotation speed of the RDE.

In the mass transport equation, eqn. (3) derived by Levich [11] for a
reversible electrode reaction at a rotating disk electrode, the limiting current
is proportional to the square root of the rotation speed:

iq = 1.95 nFD*® y™ 6 /2 1> C (3)

A boundary condition for the validity of eqn. (3) is that the flow regime has
to be laminar. In the Levich theory of turbulent flow at an RDE [11],
there are several differences from eqgn. (3). Only an approximate equation
could be derived. The linear relationship between iy and C is not affected but
the proportionality between iy and w!/? is changed in an almost linear rela-
tionship between iy and w.

The onset of turbulence with an RDE is quite clearly a critical function of
the centering and the smoothness of the disk electrode, shaft wobble, ete.
The limits of a laminar flow regime for a very smooth and well centered
RDE are up to rotational Reynolds numbers ¢ Re of 10°*—10°. However, with
most practical RDE’s, the ¢Re limit of the laminar flow regime is lowered
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by a factor of 10, because of the non-ideal construction of the electrode [12].
Probably account must also be taken that the RDE in the detector flow cell
is situated in a very small volume and not in a so-called infinitely large solu-
tion. Therefore even at low rotation speeds the flow pattern in the cell will
change from laminar to turbulent. In consequence the flow pattern in the
detector flow cell with the RDE differs fundamentally from the flow pattern
in the wall-jet detector.

Figure 2b shows that at high rotation speeds and low flow rates the detec-
tor response is no longer proportional to w and that the flow rate has some
influence. At high rotation speeds the diffusion layer at the electrode surface
is very thin, resulting in a high concentration gradient and fast mass trans-
port to the electrode. At low flow rates the mass transport of the electro-
active species through the diffusion layer is faster than the rate of supply of
the electroactive species to the detector cell. Depletion occurs at the elec-
trode, the concentration gradient decreases and consequently the mass
transport rate to the electrode surface decreases, which results in a lower
detector response. At high flow rates there is no question of depletion
effects in the detector cell and the detector response is limited by the dif-
fusion current, as predicted by Levich’s theory of turbulent flow at an RDE.
Figure 3 illustrates clearly the depletion effect. At low flow rates the linear
relationship between the rotation speed and the percentage of electroactive
species which reacts at the electrode disappears. Although the percentage of
oxidized electroactive species at low flow rates is considerably higher than
the percentage at high flow rates, the absolute rate of oxidation is less than at
high flow rates, which results in the observed decreased detector response.

20 4 042 mi min”!
15 4

c

K]

o

©

'g 10

2 1.08 mimin”’
54 201 mimie!

T T T —_
5 15 25 35 rps

Fig. 3. Percentage of electroactive species oxidized at the electrode in the flow cell as a
function of the flow rate and rotation speed. Sample concentration 4,69 uM.
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By means of a curve-fitting program the response surface of the detector
flow cell was fitted to the equation i =k C [f(V) + g(N)]. The measurements
at the stationary electrode were not taken into account because, as argued
above the flow in the detector cell with the RDE differs fundamentally from
the flow in a wall-jet detector. Only measurements in which the detector
response current did not exceed 600 nA were used for the fitting procedure
in order to eliminate the voltage drop effect; the measurements at low flow
rates (0.42 and 0.64 ml min~!) were also ignored in order to eliminate the
influence of the depletion effect in the cell. As an analogy to the theory of
the wall-jet electrode and of Levich’s theory of an RDE, power functions
were chosen for f(V) and g(N). The fitting procedure resulted in

i=15.2 CV°% + 2.1 CN*® + 35.5 (4)

with a squared multiple correlation coefficient of 0.9987. As in eqn. (2), the
intercept of 35.5 nA is mainly caused by the detector background current
(Table 2). The calculation shows that the detector response is independent
of the flow rate (V% ~ 1) and is linearly proportional to the rotation speed
of the electrode. These results are in good agreement with the theory of
turbulent flow at an RDE.

High-performance liquid chromatography

A fundamental difference exists in the use of a detector in combination
with h.p.l.c. or in combination with continuous flow analysis. In continuous
flow analysis the detector response is measured when the concentration of
the compound of interest has reached a constant level in the flow cell, while
in combination with h.p.l.c. the detector has to monitor a continuously
changing concentration level in the flow cell. Therefore a detector for h.p.l.c.
has to fulfil more stringent criteria, as has been discussed in detail by Scott
[13].

There is a linear relationship between the amount of electroactive species
in the introduced sample and the detector response at different rotation
speeds of the RDE (Fig. 4). The detection limit has not been determined
exactly, but was less than 1 ng of iron(II) per sample. It was not possible to
use an anion-exchange column instead of a reversed-phase column. Because
of its high negative charge, the hexacyanoferrate(II) ion was absorbed
strongly on the former. However, it was eluted with the solvent front from
the reversed-phase column. The samples had been dissolved in the mobile
phase before they were introduced onto the column. No signal from the
solvent front was observed by injecting blank samples. An advantage of
elution of the sample with the solvent front is that it results in a very narrow
chromatographic peak. Hence, it is easy to verify to what extent the detector
parameters contribute to peak broadening.

According to Yamada and Matsuda [6] and Chin and Tsang [8], the res-
ponse of a wall-jet electrode is independent of the nozzle heightif 0.2 < H< 6.
Transformed to the dimensions of the present flow cell with a nozzle diameter
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Fig. 4. Graphs of peak height (nA) of the detector response vs. the amount of iron(II)
(ng) in 20-ul samples of potassium hexacyanoferrate(Il) at different rotation speeds
(rps) of the RDE, Nozzle height 0.3 mm.

Fig. 5. Influence of the nozzle height on the detector performance with a stationary (o)
and a rotating (e, 21 rps) electrode at a constant sample concentration of 105 ng of
iron(Il) in 20-ul samples. (a) Peak width as a function of nozzle height; (b) sensitivity
of detector response as a function of nozzle height.

d ~ 1 mm, it is obvious that the detector response must be independent of
the nozzle height if 2 is in the range 0.2—6 mm. In the range 1.5—5 mm
(detector flow cell volume 95—320 ul) the response of the wall-jet detector
was in fact independent of the nozzle height. Neither the peak height (nA)
nor the peak width (in s at 10% of the peak height) changed (Fig. 5, O rps).
The detector response increased considerably at # < 1.5 mm but the peak
width remained more or less constant.

Rotating the electrode in the flow cell resulted in a completely different
behaviour of the detector response as a function of the nozzle height. It
appeared that some favourable and some unfavourable cell configurations
existed. With a favourable configuration the sensitivity was increased con-
siderably compared with the wall-jet detector, although the chromatographic
peak showed some tailing. The peak width at 50% peak height for a rotating
electrode was smaller than for the wall-jet detector, but the peak width at
10% of the peak height was larger in the case of rotation (Fig. 5).
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Howeveyr, in contrast with current opinion concerning the volume of
h.p.l.c. detector flow cells, it appears that for the present flow cell, a flow
cell volume of 152 ul (h = 2.4 mm) provides better sensitivity than a volume
of 32 ul (h = 0.5 mm) and is comparable with a flow cell volume of 6 ul
(h = 0.1 mm), under the reported experimental conditions. This unusual
behaviour of the detector validates the conclusion that completely different
flow patterns exist in the wall-jet detector flow cell and in the cell with an
RDE. The explanation of the increased sensitivity of the detector response as
a function of the cell configuration has probably much to do with the hydro-
dynamic flow pattern of the fluid in the flow cell with the RDE and is the
subject of current investigations.

The authors thank Mr. J. F. C. Nienhuis for constructing the electro-
chemical flow cell. We are also indebted to Drs. J. W. Weyland for doing the
non-linear model fitting, and for the statistical calculations (TT WESP
Program, Computer Centre, State University, Groningen, November 1977).
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SUMMARY

Flow injection analysis can be used for the determination of both iron(II) and
iron(III) with an amperometric detector. The flow-through cell contains a glassy carbon
electrode. Selection of the appropriate voltammetric technique, choice of the indication
potentials, sample size, composition of the carrier stream, etc., are discussed. The limit
of determination is about 107¢ M; the calibration curves are linear in the concentration
ranges 107°—107° M for iron(III) and 5 x 107*—107° M for iron(II). To illustrate the
potentialities of the proposed method, standard rocks have been analysed.

For many iron determinations, it is important to know not only the total
concentration, but also the relative contribution of its valence states, Fe(II)
and Fe(IIl). Beyer et al. [1] have investigated the determination of iron(II),
iron(IIl) and total iron at a dropping mercury electrode (DME) by means of
d.c. and a.c. polarography. Moore [2], used d.c. voltammetry at a platinum
electrode for the same purpose. A preliminary study of the continuous
analysis of iron(II) and iron(III) in process streams has been published by
Parry and Anderson [3], using pulse polarography at a DME.

The purpose of the work described here was to investigate the possibilities
of determining iron(II) and iron(III) by means of flow injection. An electro-
chemical flow-through cell provided with a glassy carbon electrode was used
for the amperometric detection by d.c. voltammetry. The two valance states
were differentiated by an appropriate choice of the indication potentials.
Calibration, reproducibility, interferences and other aspects are discussed
below.

EXPERIMENTAL

Equipment and chemicals

The detector used was the same as described before [4]. An SCE with a
teflon capillary was used as the reference electrode. In some experiments
when the carrier stream contained a fixed concentration of chloride, a silver/
silver chloride wire reference electrode was used.
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A PAR 174 polarographic analyser in the d.c. mode was employed for all
experiments. Current—time relations were recorded with a Servogor RE 541.
To determine the appropriate applied potentials for indication, current—
potential curves were recorded for injections of equal amounts of samples.
The applied potentials selected were +0.8 V for iron(II) and +0.2 V for
iron(III). All potentials are referred to the SCE if not stated otherwise,

The peristaltic pump was a Gilson minipuls 2 model. The teflon tubes
(0.8 mm i.d.) were connected with zero dead-volume connectors (Pierce
Chromatoflo). The samples were injected in the carrier stream by means of
a sample loop (sample injections slide valve, Pierce Chromatoflo). A straight
tube (837 cm long) was used to connect the sample loop and the electro-
chemical flow-through cell. The tube of the sample loop (490 ul) was coiled
with a diameter of about 3 cm. The carrier stream was a 0.1 M perchloric
acid—0.001 M potassium chloride solution, if not stated otherwise. The
temperature of the carrier solution was controlled (25°C) by a thermo-
statted water-bath (Haake NB 22).

All chemicals used were analytical grade. Iron(II) ammonium sulphate
and iron(III) nitrate were used for preparation of the standard solutions
of iron(II) and iron(III), respectively. In all experiments distilled water was
used.

Procedure for the determination of iron(II) and iron(Ill) in standard rocks

About 250 mg of a dried sample was accurately weighed in a platinum
crucible, and 5 ml of (1 + 1) sulphuric acid and 2.5 ml of hydrofluoric
acid (40%) were added. The lidded crucible was placed on a sand-bath for
18 min. The sand-bath was maintained at 240 + 10°C by means of a contact
thermometer and a hot plate (Pyro-mag Stir, Cenco). During the decompo-
sition, nitrogen was passed over the crucible. The crucible content was poured
into about 150 ml of a solution containing 0.25 M boric acid and 1073 M
potassium chloride. This solution was transferred quantitatively to a 250-ml
volumetric flask and diluted to volume with the boric acid—potassium
chloride solution. Solutions were measured as soon as possible. In this case,
the carrier stream was a 0.25 M boric acid—0.1 M perchloric acid—0.001 M
potassium chloride solution.

RESULTS AND DISCUSSION

Selection of the voltammetric procedure

In a previous paper [4] the results of a comparative study on d.c., pulse
and differential pulse techniques applied to amperometric detection at a
glassy carbon electrode in an electrochemical flow-through cell were
presented. It was shown that the d.c. mode is the most favourable, as long as
adsorption of the reaction products does not occur; if adsorption occurs, the
pulse method is recommended, although the limit of detection is somewhat
poorer, because of electrochemical reactions of the electrode material [5].



269

To establish which mode should be preferred for the detection of iron(II)
and iron(III), information about the adsorption is required. Stulik and Hora
[6] have studied the influence of adsorption for the reduction of iron(III)
at a rotating platinum electrode. To eliminate adsorption these authors
applied potential pulses for cleaning the electrode. A constant signal was
obtained with this method, whereas a decrease in the signal was observed
with d.c. voltammetry. However, these experiments were carried out in a
quiescent solution, hence the results are not necessarily relevant to flow
conditions.

To obtain information about the adsorption of iron(II) and iron(III) at
a glassy carbon electrode under f.i.a. conditions, several large volume
injections (490 ul) of both 107* M iron(Il) and 10" M iron(III) solutions
were made. The d.c. mode was used and the applied potentials were + 0.8 V
and + 0.2 V, respectively. The relative standard deviation of the peak
currents obtained within a period of 4 h was 2% (n = 22) for iron(II) and
2.9% (n = 28) for iron(III). These results indicate that under f.i.a. conditions
no noticeable adsorption takes place and therefore the d.c. mode can be used.

Calibration

The linearity of the response of the electrochemical cell was tested by in-
jection of large sample volumes (490 ul) of iron(II) and iron(IIT) solutions. For
iron(II), a linear relationship was obtained in the concentration range 10™5—
5 X 107* M. For iron(III), the relationship was linear over the range 10™°—
1073 M. At lower concentrations, small deviations were observed for both
iron(II) and iron(III). The limit of determination was about 5 X 10™"—107¢
M. Both the drift in the baseline and the noise were about the same as
described previously [4].

Sample size in relation to the reproducibility of the signal

In the following discussion, a stepwise response experiment is considered
in which a concentration profile is applied to the electrochemical detector.
The transfer function obtained depends on the construction of the electro-
chemical cell, the mode in which the instrument is used, and the electrode
reaction of the compound to be considered. If the electrode reaction is
irreversible, like the reaction of iron at glassy carbon, the transfer function
will comprise an additional factor because of the kinetics of the electrode
reaction. When iron(II) or iron(III) reacted at the electrode, variations in the
transfer function were found experimentally. Although this had little
influence on the steady-state signal, relatively large variations were observed
in the steep part of the response curve. Corresponding variations in the peak
heights were found in the flow injection procedure depending on the sample
volume. A sample loop of 160 ul (yielding a maximum signal corresponding
to 40% of the steady-state signal) showed much larger variations than a
sample loop of 490 ul (maximum signal corresponding to 90% of the steady-
state signal). In the latter case, the reproducibility of the peak currents was
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found to be satisfactory during a prolonged period of time for both iron(II)
and iron(III) and about 40 samples/hour could be analysed at a flow rate of
1 ml min™'.

The peak current was influenced by fluctuations in the temperature of the
carrier stream and the sample. A change of 5°C in temperature gave a change

of about 10% in the peak height.

Composition of the carrier stream

For many determinations of iron, it is necessary to carry out a dissolution
procedure with strong acids, e.g., in the case of standard rocks. Hydrochloric
acid, perchloric acid and sulphuric acid were therefore examined as carrier
solutions at concentration levels of 0.1 and 0.01 M. In the case of hydro-
chloric acid, spikes on the peak currents and baseline were observed. The
reproducibility of the peak currents was found to be satisfactory at both
concentration levels for perchloric acid and sulphuric acid, even when the
iron sample also contained 0.1 M hydrochloric acid. Thus it can be con-
cluded that iron can be determined in solutions containing perchloric acid,
sulphuric acid and hydrochloric acid. The i, vs. E curves for the oxidation
of iron(II) both in perchloric acid and sulphuric acid in the presence and the
absence of 1073 M chloride at pH 1 as well as pH 2 were found to be close
together. The same was true for the i, vs. E curves for the reduction of
iron(III). Higher pH values were not studied because of the interaction of
iron(III) with hydroxyl ions. Although hydrolysis would be avoided by
addition of complexing agents, the reduction wave would then shift to more
negative potentials resulting in a less favourable indication potential. At the
low pH values used, the conditional constants of most iron complexes are so
small that apart from fluoride ions for instance, complexing agents would
have little effect on the indication potential.

Interferences

Interferences can be electrochemical or chemical in nature. Compounds
that can be reduced at a glass carbon electrode at +0.2 V vs. SCE will
interfere in the determination of iron(IIl) whereas compounds which can be
oxidized at +0.8 V vs. SCE are interferents in the determination of iron(II).
Interferences might be expected from copper(ll) and mercury(II). The
reduction of copper(II) at pyrolytic graphite electrodes occurs at potentials
more positive than that predicted by the Nernst equation [7]. This can be
attributed [8] to the difference in bonding energy between the atomic
copper layer and the electrode surface, and the bonding energy between
copper—copper layers. Several investigators [9, 10] have made similar
observations for other metals at solid electrodes. Stulikova and Vydra [11]
have studied the interaction between copper and glassy carbon. They con-
cluded that copper(Il) is not reduced to elemental copper at the more
positive potentials, but to copper(I) which tends to adsorb at the electrode
surface. This effect is less important in chloride medium. For the present
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purpose, it was important to know to what extent this effect occurs at the
indication potential used for the determination of iron(I1I). Therefore, i, vs. E
curves were recorded for solutions containing Fe(II), Fe(III), Cu(II) or Hg(II),
in the absence (Fig. 1a) and presence (Fig. 1b) of 10 M chloride. The
following effects in chloride medium are apparent: (i) the reduction of
copper(Il) or the adsorption of copper(l) is indeed not significant; (ii) the
Fe(II)/Fe(IlI) system becomes more reversible; (iii) the mercury wave is
shifted to more negative potentials because of complex formation between
mercury(II) and chloride ions. The shape of the f.i.a. peaks of copper(Il) in
the steep part of the wave is somewhat deformed. The interferences of these
and other ions in the determinations of iron(II) and iron(III) at pH 1 are
indicated in Table 1. Obviously, strong oxidants, e.g. oxygen and reductants
will interfere.

Analysis of standard rocks

It was important to carry out the decomposition at about 240°C at
which temperature gentle boiling was obtained. The heating should be
stopped when most of the hydrofluoric acid and water has been evaporated.
Although the fluoride ion concentration after the dissolution procedure will
be low, particularly at low pH values, complex formation of iron(III) with

06 (a)

04

3+

2t Fe'

Fe'

0.2

i{uA)

08 E vs.SCE

-02

-04

-06+
081 (b)
04
Fel e p3+

02f

i(pA)

o8 E vs. SCE

-02f

=04t ¢y

-06 F

Fig. 1. iy vs. E curves of solutions containing 107* M Fe(II), Fe(IlI), Cu(Il) or Hg(II) at
pH 1: (a) in the absence and (b) in the presence of 107 M chloride.
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TABLE 1

Interferences on the determination of iron(III) and iron(Il) at pH 1 with an applied
potential of 0.2 V for iron(III) and 0.8 V for iron(II) for 490-ul samples

Sample ip (sample) Corr.2 S.d. (%)P
ip(Fe)
Interferences on iron(III)
10™* M Fe?* 1
107* M Fe3*, 107 M Cu?** 1.05 1.04 0.6 (4)
107™* M Cu?** 0.005 17.0 (3)
10™* M Fe?*, 107* M Cu?* 0.99 0.98 0.8 (4)
1073 M Cu?* 0.012 12.5 (3)
107*M Fe®*, 107* M VO ** 0.95 0.95 2.2 (6)
107 M VO?* —€
10™*M Fe**, 107 M Hg?** 0.99 0.98 0.3 4)
107 M Hg?** 0.006 15.7 (3)
107¢M Fe®*, Hg?*, Cu?*, VO?*, Mn?* 0.93 0.95 1.2 (4)
Same mixture without Fe?* —0.024 2.9 (3)
1074 M Fe**, MoO} ~, Mn?*, WO2~ 1.02 0.99 2.4 (6)
Same mixture without Fe?* 0.035 4.8 (3)
Interferences on iron(II)
107 M Fe?** 1
107*M Fe**, 107 M Cu?* 1.01 1.01 0.8 (4)
107 M Cu?** —
107 M Fe?*, 107° M Cu?** 1.06 1.06 2.1 4)
107 M Cu?** — — -
107 M Fe**, 1074 M Hg** 1.00 0.98 0.2 (4)
107 M Hg** 0.02 12.8 (4)
10™* M Fe?*, 107*M VO ?* 1.01 0.94 2.8 (7)
107* M VO?+ 0.07 3.2 (4)
107*M Fe?**, VO?* Hg?*, Cu?*, Mn?* 1.00 1.00 1.8 (4)
Same mixture without Fe?* — - -
107™* M Fe?**, MoO3™, WOZ™, Mn?** 1.01 0.99 0.4 (4)
Same mixture without Fe?* 0.015 14.0 (5)

2]p (Sample)/iy(Fe) corrected for reference solution. PStandard deviation on ij, with
number of determinations in parentheses. ®Injection of the vanadyl solution alone gives a
positive peak and a negative peak of the same height.

fluoride can occur. This complex formation will influence the indication
potential for the determination of iron(IIl). According to the literature
[12—14], boric acid can be used to minimize the effect of the excess of
hydrofluoric acid by the formation of fluoroboric acid. The presence of
boric acid will lead to a decrease of the value of the conditional stability con-
stant of the iron(III) fluoride complex resulting in a less negative shift of the
reduction wave as can be seen from the i, vs. E curve of iron(II) and iron(III)
shown in Fig. 2. From Fig. 2, suitable indication potentials for iron(II) and
iron(IIT) are + 0.7 V and —0.3 V (vs. Ag/AgCl) respectively.
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Fig. 2. iy vs. E curves of a solution containing 10™* M Fe(II) and Fe(III) at pH 1 in 0.05 M
hydrofluoric acid: (e) in the presence of 0.25 M boric acid; (2) in the absence of boric
acid; (») in the absence of both hydrofluoric and boric acids.

TABLE 2

Weight percentages of iron(II) and iron(III) in U.S. Geological Survey Standard Rocks by
f.i.a.

U.S.G.S. standard F.i.a,
(split/position) results? (%) Published averages (and rangesb)

Fe(ll) Fe(ll) Fe(1I) Fe(III)
AGV 1 (97/22) 1675 (4) 3.21 +5 (4) 1.59 (1.38—1.96) 3.15 (2.88—3.47)
G2 (7/24) 1.06 £5 (5) 0.83 +7 (5) 1.13 (0.91—1.40) 0.76 (0.50—1.05)
BCR 1 (65/20) 6.49 55 (6) 2.65 + 3 (6) 6.84 (6.47—17.35) 2.57 (2.22—3.15)

With relative standard deviation and number of determinations in parentheses.
bCalculated from reference [1].

For the analysis of rocks, the standard addition method was used. The
results obtained (corrected for the blank) for some U.S. Geological Survey
Standard Rocks are presented in Table 2. The standard deviation of the
results is determined mainly by the decomposition process and not by the
flow injection analysis itself.

The authors express their gratitude to Mr. P. J. de Goede and Mr. E. van
Zalen for their experimental help and to Prof. Dr. G. den Boef for his advice
during the preparation of the manuscript.
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SUMMARY

A continuous system for the determination of free and complex cyanides has been
developed. Hydrogen cyanide is released in an acidic solution in a counter-current system
operated by a peristaltic pump, absorbed in dilute sodium hydroxide and then fed into
the amperometric detector with a cylindrical silver flow-through electrode. The para-
meters affecting the release and absorption of cyanide, as well as the electrode response
and sensitivity, are described. Differentiation between total cyanide and strongly bound
metal cyanide complexes is achieved by u.v. decomposition of the complexes.

Flow analysis has recently found a wide variety of analytical applications.
The renaissance of interest in this methodology is connected with flow
injection analysis introduced by Ri%itka and Hansen [1] who contributed
to better understanding of its principles [2] and extended this approach to a
number of analytical methods [3]. Progress in this field has been supported
by the development of flow-through detectors among which electrochemical
sensors have a significant place {3—9].

In monitoring toxic pollutants for environmental control, automated
systems are desirable; flow-injection or continuous flow analysis appear
promising in this respect. An analytical system based on this principle, with
an amperometric flow-through electrode, has been dealt with in another
paper [10]. The alkaline sample was injected into the system, either directly
or after distillation in Conway cells, depending on its complexity. The
presence of certain electroactive interfering compounds and strict require-
ments regarding pH, however, caused difficulties in the continuous mode
of operation. The present investigation concentrates on the development
of a continuous distillation unit which could solve the above problems
and extend the applicability of the system to a wide range of samples
including heavily contaminated waste waters and effluents.

EXPERIMENTAL

Apparatus
The manifold arrangement for continuous determination of cyanide
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Fig. 1. Manifold for automated determination of cyanide.

is shown in Fig. 1. Its main components are the distillation unit with
absorber, the electrode with potentiostat, a peristaltic pump (Technicon
Proportioning Pump II) and connecting tubing. The acidified sample is
pumped into the distillation unit and the released hydrogen cyanide is
carried by a stream of nitrogen into the absorption column containing
sodium hydroxide. All connecting tubes are 0.5 mm i.d. except the mixing
coil (0.5-m of polyethylene tubing, 0.75 mm i.d.). The amperometric flow-
through detector is as described previously [10]. The potential of the
silver working electrode is kept at —0.5 V vs. mercury(I) sulphate (Radio-
meter K 6112) by means of a potentiostat; the anodic current, recorded on
a Varian A-25 strip-chart recorder, results from the reaction Ag + 2CN™ -
Ag(Cn),” t+e.

The distillation unit and absorber are shown in greater detail in Fig. 2.
The former is constructed of borosilicate glass, half-packed with glass helices
and wrapped with a heating wire (50 ohms to which 70 V a.c. are applied
from a variable transformer); a 100-W heating tape could also be used. The
nitrogen stream enters at the bottom of the distillation column and carries
hydrogen cyanide through the condenser into the absorption unit. Sodium
hydroxide (0.1 M) is pumped to the top of the absorption column. The large
contact area between the thin film of base and the gas ensures quantitative
absorption of the cyanide. The solution then passes through a gas—liquid
separator (with a holdup volume of 1 ml) to the electrode. The reflux from
the condenser (1.5 ml) and the solution are cooled and pumped to waste.
All components are mounted vertically on a perspex board.

The decomposition of strongly bound metal cyanide complexes is
achieved by irradiating samples (10 ml) acidified with 0.1 ml of phosphoric
acid (1 + 1) in a 10-ml cylindrical silica cell. A 100-W u.v. source (Applied
Photophysics mercury lamp 100 LQ) is used. As shown in Fig. 3 the cell is
connected by means of a screw thread to a bent borosilicate glass tube
containing 1 ml of 2.5 M sodium hydroxide. The lamp is positioned on the
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axis of the cylindrical irradiator and the solution is exposed for 3—4 min.
Subsequently the sample is neutralized with sodium hydroxide by mixing
solutions from the two compartments whereupon total cyanide is determined.

Reagents

Cyanide stock solution containing 1 mg CN™ ml™! in 0.1 M sodium
hydroxide was standardized titrimetrically. Standards of lower concen-
trations were prepared by serial dilution with 0.1 M sodium hydroxide.
Samples containing chlorine were treated with sodium arsenite or ascorbic
acid using starch-iodide paper as indicator. Sulphide was removed by preci-
pitation with lead carbonate, but according to Goulden et al. [11] it could
also be eliminated with sodium hydrogensulphite.

RESULTS AND DISCUSSION

Reported results for cyanide in real samples such as surface and waste
waters, effluents from galvanic plants etc. are frequently of poor accuracy
because of lack of selectivity and limited sensitivity of the techniques applied.
These could be improved to some extent by preliminary separation of gaseous
hydrogen cyanide [11—15]. In our earlier work distillation in Conway
dishes combined with flow injection proved satisfactory [10]. The cyanide
flow-through electrode operated at the stated hydrodynamic conditions
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ensured reliable determinations from several g 1"! to <1 ug I"! with a linear
response over the whole operating range. Its sensitivity increased with the
2/3 power of the electrode length and the 1/3 power of volume flow rate.
The newly developed distillation unit provides for continuous monitoring
as well as for automated analysis of discrete samples and eliminates inter-
ferences occurring in complex industrial and municipal wastes. An optimi-
zation procedure was used for factors such as the temperature in the distilla-
tion column (with determination of the fraction of volatilized sample),
carrier gas flow, absorber-to-sample flow ratio, kind and strength of the acid
used and the configuration of absorption and distillation units, so that the
recoveries of the distillation/the absorption steps could be adjusted to
exploit fully the operating range of the electrode. The apparatus shown in
Fig. 2 was found to satisfy all the stated requirements.

As shown in Table 1, cyanide is quantitatively recovered except in the
highest concentration range where overloading of the distillation and/or
absorption units occurs. However, these losses can easily be eliminated by
adjusting the ratio of sample to absorber flow. Furthermore, for the lowest
range the same modification can be used to improve the sensitivity and
detection limit by an order of magnitude. In Fig. 4 typical steady-state
calibration responses are reproduced for 0.2—1 mg CN~ 17! for both direct
passage of standards through the electrode and distillation of the same
solutions. It can be seen that in this range losses of cyanide are negligible.

Unknown cyanide concentration can be determined either from a cali-
bration graph or by the standard addition technique. The latter is preferred
when the viscosity of the sample differs markedly from that of the standards,
especially when transient measurements are made.

Figure 5 shows the effect of different sampling times, obtained by intro-
ducing a solution containing 100 ug CN~ I"!. Note that a sampling time of
30 s gives 75% of the steady-state reading, whereas in 1 min over 90% of the
plateau value is obtained. From the logarithmic dependence of concentration
against time it was found that for the selected conditions the lag phase was
1 min and the half-wash time 20 s. These parameters could not be improved
by air segmentation because dynamic equilibrium in the distillation column
was the main factor determining the response of the whole system. Alter-
nating samples and washing solution every 30 s enabled 60 samples per

TABLE 1

Distillation recoveries of cyanide

CN~ conc. 0.001  0.01 0.1 1 10 100 1000
(mgl1™)

Recovery(%)2 100+2 101:1 100:1 991 97 £ 0.8 95+05 90 + 05

2Based on three steady-state measurements.
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Fig. 4. Steady-state curves obtained by (a) direct introduction of cyanide standards into
0.1 M NaOH, and (b) by distillation of the same solutions. The numbers on the curves
refer to mg CN™ 171,

Fig. 5. Introduction of 100 ug CN™ 1! solution into distillation apparatus for: (a) 30 s
(sampling-to-wash ratio 1:1); (b) 60 s; (c) to obtain steady-state value.

hour to be determined. For samples differing markedly with respect to
cyanide concentration the sampling rate must be decreased to ensure better
sample discrimination.

Differentiation between free and complex cyanides

The concentration of free cyanide ions in an aqueous medium depends on
the pH of the solution [12] and on the content on heavy metal ions forming
cyanide complexes of different stabilities. Both ion-selective electrodes [12]
and amperometric detectors [10] measure only free cyanide ions; however,
for accurate determination of the total amount of cyanide, the kinds of
metal ions present as well as the relevant stability constants must be known.
The most stable complexes usually found in waste waters are those of
iron(II), iron(III) and cobalt(IlI). According to Royer et al. [14] they can
be decomposed by the modified Serfass distillation or by u.v. irradiation
{11]. Samples containing a large amount of suspended matter are not
completely decomposed by using the silica coil as proposed by Goulden
et al. [11]. The u.v. irradiator shown in Fig. 3 proved to be more efficient
owing to its favourable geometry which allows full exploitation of the
radiation source in addition to flexibility with respect to the duration of
exposure. An irradiation time of 3—4 min was found to be sufficient for
normal transparent samples. In the presence of organic matter, prolonged
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irradiation and additional air cooling were required to avoid boiling of the
solution (in the present experimental conditions boiling occurred after
6 min). To prevent oxidation of cyanide in the gas phase the silica cell must
be completely filled with the solution. Therefore the side-arm of the cell was
shielded with rubber tubing and the absorption vessel was made from boro-
silicate glass. The required pH of the solution during irradiation (<3) and for
final measurement (>>11) was obtained by appropriate addition of phos-
phoric acid or sodium hydroxide. When the above requirements were met,
iron complexes corresponding to a total cyanide content of 100 mg 1! were
quantitatively decomposed.

Table 2 shows the results for three samples of tap water and for a pond
suspected of contaminating the local water supply line. A larger concen-
tration of iron in all samples except sample 1 confirmed the correlation
between metal and cyanide content. Even substantial amounts of heavy
metals such as zinc, copper and cadmium did not affect the measurement
since their complexes readily yield hydrogen cyanide on acidification.

Sample pretreatment with u.v. radiation is not recommended in the
presence of compounds capable of releasing cyanide ions, e.g. thiocyanates
or nitriles.

Interfering substances and/or strong complexes accumulate and thermally
dissociate in the distillation unit, causing oscillation of the plateau of the
signal. Volatile oxidizing agents such as chlorine must be destroyed with
sodium arsenite. At the trace level, filtration of the alkaline samples on
cellulose papers is not recommended because of the possible interference;
centrifugation or filtration through synthetic membrane filters must be used
instead.

The methodology and apparatus described has been in use for a year and
tested on a great number of samples of different types. The results have
demonstrated that the distillation technique combined with the ampero-
metric flow-through detector is a reliable approach to the determination
of cyanide in complex samples down to the ug 17! level. The system can be
applied to automated discrete sample analysis as well as to continuous
monitoring and speciation studies.

TABLE 2

Determination of free and total cyanide in drinking waters and in a polluted pond

Sample Free cyanide Total cyanide Total iron
(ug1™) (ug1™) (ng 1)

Tap water 1 1.1 4.3 5

Tap water 2 0.3 19.5 12

Tap water 3 0.2 17.0 10

Polluted pond 35.0 105 45
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SUMMARY

A flow-through voltammetric cell is described and the d.c. and pulse working modes
are studied in on-line situations. On-line analysis of different compounds has been done
by (a) direct oxidation at a glassy carbon electrode, (b) direct reduction or (c) direct
oxidation at a mercury-coated solid electrode, and (d) cathodic stripping by first depos-
iting the compound on a mercury film and then employing a cathodic d.c. voltage scan.
The linear range and the detection limit of the on-line method are better than those
in quiescent solutions.

Different electrochemical flow-through cells based on voltammetric or
coulometric principles have frequently been reported [1, 2]. These cells can
be used either to monitor electrochemically active species in flowing streams
or as detectors in high-performance liquid chromatography (h.p.l.c.). In
most studies the indicator electrode is a solid electrode of platinum, carbon
paste or glassy carbon principally because solid electrodes have distinct
advantages in flowing streams over the dropping mercury electrode (DME).
The large positive potential range of solid electrodes allows analyses for
compounds which are oxidized at more positive potentials than that corre-
sponding to the dissolution of mercury. High flow rates can also be used to
increase either the sampling rate or the sensitivity by increased mass trans-
port to the electrode. With the DME, high flow rates cause problems because
drop formation is influenced by the flow and may not be uniform. With
time-dependent modes like pulse and differential pulse, the response to a
prematurely dislodged drop is rapid with a slow recovery resulting in extra
noise. The most serious disadvantage with solid electrodes is the non-renewal
of their surface; this has led to some recent designs of flow-through cells
with the DME as the working electrode [3, 4].

In the present paper applications of a voltammetric flow-through cell to
the determination of selected organic compounds are discussed. Particular
attention is given to the utilization of different working principles in the
operation of the cell for various depolarizers.
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EXPERIMENTAL

Instrumentation

The electrochemical cell used, of the wall-jet type [5], is a slight modifi-
cation of a previous design [6]. A schematic diagram is given in Fig. 1. The
incoming solution impinges on the surface of the working glassy carbon
electrode (3-mm Tokai glassy carbon rod) and then passes the tip of the
saturated calomel reference electrode (SCE). The platinum auxiliary elec-
trode is placed near the working electrode. All potentials mentioned are
referred to the SCE. The cell body is made of plexiglas; the volume is adjust-
able; about 80 ul was used throughout this study. A PAR 174A polarograph
was used for the voltammetric measurements. Solutions were pumped with
a three-bar peristaltic pump with variable rotation speed; flow rates of 2—5
ml min~! were used. The currents were recorded with a strip chart recorder.
The temperature was maintained at ca. 22°C.

Reagents

All chemicals used were of analytical-reagent grade. An acetate buffer of
pH 4 (0.1 M) was used in the oxidation studies of p-nitroso-N, N-diethylani-
line. Solutions contained 10% (v/v) methanol to keep the organic
compounds in solution and to aid dissolution of the reactants and products
of the electrode reactions. Nitrazepam was studied in 0.1 M sulphuric acid—
10% methanol. The oxidation and cathodic stripping of 1,3-dimethyl-5-
ethyl-5'(p-chlorophenyl)-2-thiobarbituric acid were studied in Britton—
Robinson buffer of pH 8.

Procedures

In the direct oxidation and reduction studies, the supporting electrolyte
was first pumped through the electrochemical cell. After a steady back-
ground current had been obtained, the analyte solution was pumped and the
current change recorded. When high current ranges were used in the d.c.
working mode, a steady background current was obtained immediately

ww gf

Fig. 1. The flow-through cell with a glassy carbon working electrode (w.e.), a reference
electrode (ref) and a platinum wire auxiliary electrode (aux).
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whereas for low ranges (e.g. 0.02—0.2 uA) a period of 2—15 min was
required to achieve steady values. The pulse mode generally required more
time for attainment of a steady background current; at the lowest current
range used (1 uA) the time required was 5—10 min. The mercury-coated
glassy carbon electrode in the d.c. mode behaved similarly in this respect to
the glassy carbon electrode. When a new mercury surface was plated it took
5—15 min before a steady background current was achieved. When the
current range was kept constant for a series of different concentrations of
the same electroactive compound, the background current reached its
steady-state value in the d.c. mode about 20 s after the changeover from
analyte to supporting electrolyte when the glassy carbon electrode was used
with or without the mercury film; 1—2 min was needed for the pulse mode.

The mercury film on the glassy carbon electrode was plated by electro-
lyzing mercury at —1.0 V for 4 min from a flow of 1072 M mercury(II)
nitrate solution in 0.01 M nitric acid pumped at a rate of ca. 2 ml min™!,
After the plating, the electrode was held at + 0.1 V for 2 min, to remove
any co-plated metallic impurities. The film was mechanically removed daily
and replated as above on the following morning. Occasional anomalous results
were traced to defects in the film; these disappeared when a new film was
plated.

In on-line cathodic stripping, plating was effected in 4 min from a slowly
flowing stream of the sample at +0.15 V. After plating, the electrode poten-
tial was switched off and the flow was changed to the buffer. After the cell
had filled with buffer, the flow was stopped and a d.c. scan from —0.2 V to
—0.8 V was employed.

RESULTS AND DISCUSSION

Direct current (d.c.) voltammetry

The electrochemical cell described was used in on-line analysis for p-
nitroso-N,N-diethylaniline [7] based on oxidation of the compound at the
glassy carbon electrode at +1.0 V in 0.1 M acetate buffer of pH 4. A linear
relationship between current and concentration was found over the range
8 X 1075—107% M (see below). The detection limit for the hydrodynamic d.c.
method was much lower than that for the d.c. mode in quiescent solutions.
Even with differential pulse polarography at the DME in a quiescent solution,
the detection limit for p-nitroso-N,N-diethylaniline is 8 X 1078 M, i.e., almost
one order of magnitude poorer than that of the proposed on-line method.

The main reasons for the increased sensitivity of the d.c. voltammetric
detector in flowing streams are: (i) the current is increased because of in-
creased mass transport to the electrode, the diffusion layer being thinner in
flowing streams; (ii) the background current is descreased because at
constant potential no current is needed to charge the double layer and the
oxidation states of the functional groups on the carbon electrode surface are
in equilibrium.
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Pulse voltammetry

In the pulse mode, potential pulses are applied to the electrode for short
times; with the PAR 174A used the pulse duration was 56.7 ms and the
current was sampled for the final 16.7 ms of the pulse. The potential pulses
are stepped up from an initial potential to a pulse potential which, in on-line
analysis, is selected so that the compound under study reacts at the elec-
trode. The initial or rest potential is chosen so that the compound does not
undergo any significant electrochemical reaction. The current measured in
the pulse mode depends on both these potentials because of the electro-
chemical reactions at the pulse or working potential and because of the
different background currents at the two potentials. The dependence of the
current on the initial potential was studied under hydrodynamic conditions
for the oxidation of an 8 X 10 M solution of p-nitroso-N,N-diethylaniline at
+1.0 V. The results (Fig. 2) show that a definite change in the current is
obtained at less than + 0.8 V when the initial potential becomes less positive
than the half-wave potential. The continuous increase in the current with
decreasing initial potential is due to the change in the high background
current of the glassy carbon electrode [8].

When the potential pulse is applied both the capacitive and the faradaic
current start to decrease. With mercury electrodes, the capacitive current
decreases to zero within 10—20 ms, whereas with glassy carbon electrodes
the decrease may take up to 200 ms {8]. This time also depends on the
amplitude of the potential pulse and the initial potential. Solid electrodes
generally have a higher double-layer capacitance possibly because of the
build-up of point charges on the uneven surface.
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Fig. 2. Dependence of the current on the initial potential (Ejp;;,) in the oxidation of
p-nitroso-N,N-diethylaniline at + 1.0 V.,

Fig. 3. Calibration plots for p-nitroso-N,N-diethylaniline obtained by the hydrodynamic
d.c. method and pulse method with variable initial potential. The working potential,
E,,is+1.0V.
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The high capacitance of the glassy carbon electrode is its main restriction
for use with time-dependent techniques like cyclic voltammetry and pulse
voltammetry. When low concentrations are determined by the pulse mode,
the capacitive current cannot be neglected compared with the faradaic
current. The initial potential should not be too far from the working poten-
tial so as to allow the capacitive current to decrease to zero during the pulse
time. In this study, 1 uA was the lowest current range which could be used
with the pulse mode; in lower ranges the capacitive current at the end of
the pulse was still higher than the current range used, resulting in overloading
of the instrument.

The pulse mode was also used in on-line analysis for p-nitroso-N,N-
diethylaniline. The calibration curves over the studied concentration range
8 X 107"—8 X 107> M are shown in Fig. 3 with different initial potentials.
The detection limit was found to be about 8 X 10”7 M. It can be seen that
the calibration curves with the pulse mode begin to curve when the initial
potential is less than +0.7 V. Deviation from linearity is greater, the further
the initial potential is from the working potential. This is a result of the
high capacitive current which has not decreased to zero at the end of the
pulse and so adds to the current measured. The detection limit for this nitroso
compound is poorer with the pulse mode than with the d.c. mode because
the high capacitive current limits the sensitivity of the faradaic current
measurement.

The high and variable background current in the pulse mode arises not
only from the capacitive current but also from the charge involved in
changing the several oxide forms (e.g., hydroxyl, carbonyl, carboxyl, ether
and quinoidal structures) on the glassy carbon electrode to a new state of
equilibrium when the potential varies. Because these surface reactions are
slow, the oxidation states of the groups are not the same in every pulse,
giving a variable addition to the measured current.

Effect of the flow rate

The mass transport to the electrode surface, on which the response
depends, varies greatly with the hydrodynamic conditions in the cell. The
dependence of the current on the flow rate in the cell used here was studied
in the d.c. mode with an 8 X 1077 M solution of p-nitroso-N, N-diethylaniline
and in the pulse mode with an 8 X 10™® M solution. The working potential
was +1.0 V and in the pulse mode the initial potential was +0.7 V. The
general relationship between the limiting current i;, the bulk concentration
of the electroactive species ¢, and flow rate v is given [9] by i, = knFcyu8,
where n is the number of electrons involved, F is the Faraday constant, and
k is a constant depending on the viscosity of the fluid, the diffusion coef-
ficient of the species and geometrical parameters of the cell and the
electrode. Under laminar flow conditions the exponent g should be 0.5.

In the d.c. mode, the current was found to increase with increasing flow
rate in the range 2—12 ml min~!. When the logarithm of the current was
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plotted against the logarithm of the flow rate a linear plot was obtained with
a slope of 0.43. This indicates that the flow conditions are almost laminar in
the cell.

In the pulse mode the current was almost independent of the flow rate
over the range studied; the relative standard deviation was about 4%. This is
in accordance with the results found by others in convective mass transport
systems [10, 11]. It has been reported that with a solid electrode the current
obtained in the differential pulse mode is rather independent of flow rate
[11, 12]. However, when the DME is used, the current has been stated to
depend on the flow rate [3]. In the d.c. mode at the DME, after the flow rate
had reached a certain level, the signal was independent of the flow rate [4].

Response time

The response time referred to here is the time from the instant when
the sample solution enters the cell to the time when the current reaches
99% of its steady-state value. In the d.c. mode the response time was 20 s
and was found to be quite independent of the concentration and flow rate.
The response time in the pulse mode was also independent of flow rate and
concentration, but depended on the difference between the initial and
working potentials. When p-nitroso-N,N-diethylamine was studied at +1.0 V,
the response times for initial potentials of +0.7 V and —0.2 V were 1 min
and 4 min, respectively.

Comparison between d.c. and pulse modes in on-line analysis

The advantages of the d.c. mode are that it is very sensitive, exhibits a
large linear calibration range, and has a short response time and low noise
level. In the pulse mode, the noise level is higher, as indicated above, so that
the relative standard deviation is greater than in the d.c. mode at every
concentration level. When the test compounds or their electrolysis products
are strongly adsorbed on the surface, the pulse mode has the advantage over
the d.c. mode that at correctly chosen initial potentials the adsorbed species
can be stripped off or desorbed from the electrode surface. Because the
working potential is applied only for a short time and for most of the
experimental time the electrode is at a potential where no electrochemical
reactions occur, fouling of the electrode is effectively prevented and long-
term stability is achieved [11, 13]. Moreover, when samples with concen-
tration levels of 107> M and even higher are used, the pulse mode is more
advantageous than the d.c. mode because small variations in the background
current do not affect the measurement of the relatively high faradaic current
and the electrode surface is kept clean electrically. The pulse mode is also
independent of flow-rate variations and should be used when a constant
flow rate cannot be maintained. The fouling of the electrode surface in the
d.c. mode can be diminished by having, e.g., methanol in the sample and by
using a washing period between different samples [7].
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Applications of the flow-through cell

The cell described has been used in several different applications of on-line
methods of analysis. Direct oxidation of the compound at the glassy carbon
electrode is described above. Direct reduction of the compound at a thin
mercury film plated on the glassy carbon electrode is also possible. The
mercury film enlarges the useful negative potential range of the solid carbon
electrode and thus its applicability. The 1,4-benzodiazepine drug, nitraze-
pam, was studied in a 0.1 M sulphuric acid—10% methanol mixture by the
d.c. voltammetric on-line method by using the reduction of the nitro group
in the molecule. The voltammogram obtained is given in Fig. 4. Because the
current fluctuations caused by the pressure pulses from the peristaltic pump
become larger the more negative the potential, a highly acidic medium was
used to shift the half-wave potential of the reduction of the nitro group to
less negative potentials; in the medium used it was around —0.2 V so the
working potential was chosen as —0.3 V. The current versus concentration
plot was linear over the range 5 X 107%*—5 X 107 M and the detection limit
was 107 M. At this latter level the background noise became about half the
reduction current. The relative standard deviation varied somewhat with the
concentration; the average value for the whole concentration studied was
3%. The results are summarized in Table 1.

Some sulphur-containing organic compounds are oxidized at positive
potentials on the mercury film electrode and form mercury salts. This
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Fig. 4. Hydrodynamic d.c. voltammograms for (1) 5 X 10™* M nitrazepam in a 0.1 M
H,50,—10% methanol mixture, and 107* M (2) for a solution of the 2-thiobarbituric acid
derivative in Britton—Robinson buffer of pH 8. The background currents (b.c.) in these
solutions are also shown. The working electrode is a glassy carbon electrode coated with a
thin film of mercury.

Fig. 5. A cathodic voltage scan with the stripping peak after plating of a 10™¢ M solution
of the 2-thiobarbituric acid derivative on a mercury film electrode.



290

TABLE 1

Applications of the voltammetric flow-through cell

Method of Compound Voltammetric Linear Detection R
on-line analysis mode range limit (S
M) (M)

Oxidation on p-Nitroso- d.c. 8 X 1075—107* 1078 1

glassy carbon N,N-diethyl- n.p. 8 X 107—-8 X 107 8x 1077 3
aniline

Reduction on Nitrazepam d.c. 5x 1075 x 107¢ 107¢ 3

Hg film

Oxidation on 2-Thiobarbituric d.c. 5Xx 107" —5x 107¢ 2x 107 6

Hg film acid

Cathodic stripping 2-Thiobarbituric d.c. 2% 1075—5 x 1077 1077 9
acid

reaction can be used in on-line analysis. The hydrodynamic d.c. voltammo-
gram of the 1,3-dimethyl-5-ethyl-5'(p-chlorophenyl)-2-thiobarbituric acid is
also shown in Fig. 4. This 2-thiobarbituric acid is oxidized at potentials more
positive than 0.0 V in pH 8 Britton—Robinson buffer, which is the most
suitable pH value based on studies in quiescent solutions with the DME
[14]. A working potential of +0.1 V was used in the on-line studies. The
linear range was 5 X 107°—5 X 10°¢ M and the detection limit 2 X 1075 M.
The standard deviation is around 6% at the higher concentrations and
approximately 30% at the detection limit.

Cathodic stripping can also be used. The same 2-thiobarbituric acid
derivative as above was also examined by an on-line method involving
cathodic stripping. The compound was first deposited on the mercury
film at +0.15 V from pH 8 solution. During the deposition period of 4 min,
the sulphur in the molecule reacts with mercury to form mercury(II) sulphide
[14]. After the plating, a cathodic d.c. voltage scan was employed from —0.2
to —0.8 V. The stripping peak appears at —0.63 V; a typical voltage scan is
shown in Fig. 5. The linear range of this method was 2 X 1075—5 X 1077 M
and the detection limit was 1077 M; this is an order of magnitude better than
that obtained by using cathodic stripping at the hanging mercury drop elec-
trode with differential pulse polarography in quiescent solution [14]. The
relative standard deviation varied from 9% to 20% at concentrations from
107°* M to 5 X 107" M (Table 1),

Conclusions
The voltammetric flow-through technique provides a flexible method of
analysis and should be applicable to many kinds of compounds. The method
is fast and could easily be fully automated as indicated by Pungor et al. [15].
The d.c. voltammetric on-line method exhibits a large linear response
range with a low detection limit. These parameters are better than those
obtained with ordinary static polarographic techniques.
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The noise from the peristaltic pump in the form of pressure pulses is a
serious limitation of the method and is especially pronounced at negative
potentials. The fluctuating flow changes the diffusion layer resulting in
changes in the measured current. The more pronounced effect at negative
potentials is due to the presence of small amounts of dissolved oxygen
despite purging with nitrogen. More stable flow control would decrease the
noise level considerably because the diffusion layer would be less affected.
Even with the d.c. mode, the flow-rate fluctuations caused by the peristaltic
pump caused additional errors which are reflected in the high relative standard
deviations obtained in some cases.
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SUMMARY

Continuous monitoring of sulphate in a differential flow system equipped with two
lead ion-selective electrodes is described. All solutions contained 75% methanol and
were adjusted to pH 4. In the flow cell, a standard solution of lead(II) is pumped past
the first sensing electrode and is mixed with the sample stream containing sulphate in
a small mixing chamber; the mixture containing excess of lead(II) and lead sulphate
precipitate then flows through the second sensing electrode chamber. The potential
difference depends on the sulphate content in the sample. The effects of lead electrode
passivation and the interferences of calcium and chloride are discussed. The system is
useful for routine sulphate determination in the range 30—400 mg 17! with an accuracy
of +5%.

Although several sulphate-sensitive membrane electrodes have been
reported [1—6], potentiometric methods for the determination of sulphate
with ion-selective electrodes usually involve precipitation titrations with
lead(II) solution and a lead-selective electrode [7]. Such titrationsin aqueous
organic solvents allow sulphate to be determined in samples containing
above 5 mg SO, 17!,

A frequently emphasized advantage of ion-selective electrodes is the
possibility of their application as sensors in continuous measurements in
flow systems. Quite a number of continuous determinations with direct
methods based on calibration curves, standard addition methods, gradient
titrations and injection techniques have been reported. Although indirect
measurements with membrane electrodes are commonly used, there are
few examples of differential continuous determinations of components.
Such possibilities, in the case of sulphate determinations, were suggested
very early [8]. The aim of this work was to examine the possibilities of
sulphate determination in a differential flow system with two lead-selective
electrodes.

EXPERIMENTAL

Apparatus and procedure
Lead(Il) ion activity measurements were done with home-made all-solid-



294

state lead electrodes, in which the membrane contained a mixture of lead
selenide and silver sulphate. The membrane pellets were mounted in epoxy
resin. The saturated calomel reference electrode was a Radiometer type
K401.

Potential measurements under static or flowing conditions were done with
a digital Orion Ionalyzer (model 801A) interfaced to a digital Orion printer
(model 751). For continuous measurements, a VEB MLW peristaltic pump
(type DP2-2) was used with tygon tubing (Ismatec, Switzerland).

The cell for continuous measurements (Fig. 1) was made of perspex and
equipped with a miniature magnetic stirrer. The internal diameter of the
channels was 2 mm. The capacity of the mixing chamber up to the outlet
level was 0.6 cm®. The working surface area of the electrode in the flow
cell was 15 mm?. The manifold used is outlined in Fig. 2. The glass parts
(mixing coil, debubbler, etc.) were from Technicon.

The electrical circuit (Fig. 3) for the measurement of the potential dif-
ference between the two sensing electrodes comprised a controlled voltage
source for the base-line correction as well as stabilized voltage sources for
the independent polarization of both electrodes. The millivoltmeter enabled
the potential of each lead electrode to be controlled against a reference
electrode placed in the mixing chamber.

Reagents

The standard lead(II) solutions were 2.0 X 107* M and 1 X 107> M lead
perchlorate solution in 75% (v/v) methanol which was 0.05 M in sodium
perchlorate and adjusted to pH 4.0 with acetic acid.

Sodium perchlorate solution (0.066 M) in methanol adjusted as above to
pH 4.0 was mixed with distilled water (for slope estimation) or with the
sulphate-containing sample.

1
)

R

Fig. 1. Flow cell for differential determination of sulphate. (1, 2) Lead electrodes; (3)
reference electrode; (4) inlet for standard lead(II) solution to the Pb-1 electrode chamber;
(5) outlet for lead(II) solution after Pb-2 electrode; (6) inlet for solution containing
sulphate; (7) outlet for excess of solution in mixing chamber; (8) spacer; (9) mixing
chamber.
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Fig. 2. Flow diagram for differential determination of sulphate.

s feom} 20M
T © Q T

3 5 14
—»
—»> ===
Base - line
adjustment
pH meter ———,
1]
Printer

Fig. 3. Measuring arrangement in differential flow system. (1, 2) Stabilized voltage source;
(3, 4) lead(II)-sensitive electrodes; (5) reference or Pt electrode.

All solutions were prepared from analytical-grade reagents and triply-
distilled water from quartz apparatus.

PRINCIPLE OF MEASUREMENT
In the flow cell (Fig. 1), standard lead(II) solution passes through the con-

tact chamber of the first lead electrode (Pb-1), is mixed with the solution
containing sulphate and, after a fraction of the lead ions has precipitated
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as the sparingly soluble lead sulphate, flows through the second lead electrode
(Pb-2) chamber. The potential of the Pb-1 electrode is given by

E'=EL + Slog cpy D

where E} is a constant, S is the potential response slope, and cp, is the con-
centration of the standard lead(II) solution. Because of unavoidable dif-
ferences in the E, values of the two electrodes, a small additional potential
difference is applied from an external source; in this way, it is possible to
make EY = EY if the potential response slopes of the two electrodes are in
satisfactory agreement. In the flow cell, when the standard lead(II) solution
is mixed with an equal volume of aqueous methanolic sodium perchlorate
solution containing neither sulphate nor lead(II), the solution flowing
through the Pb-2 electrode chamber is diluted by half, so that

EY = E{f + Slog(cpy/2) "

The potential difference AE;, between the two lead electrodes allows the
response slope to be estimated:

AE, = EY— E'= S log (¢p,/2¢p,) = —0.3 S (3)
When the solution entering the mixing chamber contains sulphate, the
potential of the Pb-2 electrode is expressed by

EY = EQ + Slog [(ce, Ve, — €s0,Vs0,)/(Vey + Vso,)] (4)

where cgq, is the sulphate concentration, and Vg, and Vso, are the volumes
of the solutions entering the mixing chamber per time unit (i.e., the flow
rate). If AE, = E}'— E'1, then from eqns. (2) and (4):

10458 = [2Vp, /(Ve, + Vso,)] — [2¢50,Vs0,/con( Ve + Vso,)] (5)
Because the flow rates of the standard lead(II) solution and the sulphate-
containing solution are equal (Vp, = Vgo,), eqn. (5) can be simplified to

104548 —1 = —Cso0,/Cm (6)

For a set of measurements with the same standard lead(II) solution and con-
stant flow rates, the value R = —cp, can be expressed by

R = cso, [102ExS — 1] (7)

In the above equations, cgo, indicates the concentration of the sulphate
solution entering the mixing chamber. This solution is diluted in comparison
to the sulphate-containing solution entering the flow system by a factor b:
Cso, = c204 /b, where cg04 is the concentration of the initial sample or sul-
phate standard solution (in this system & = 4). Equation (7) then becomes

R =R b =cdo, [104E:/5 — 1] (8)

When Vo, # Vm,, because of a difference in tubing diameter for example,
the factor a can be introduced: Vso, = @ Vep. Then from eqn. (5):
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10452 = [2/(1 + a)] — [2¢20, a/b cpy (1 + a)] (9)
Value a can be found from experimental data by using the equation

a = [—10AE/S + 2]/[104E:/S + 2c80, /b Cpp] (10)
From eqn. (9),

R" = c§o, [104E:/5 —2/(1 + a)]™ (11)

where R" = —0.5 ¢cpy(1 + a)b/a.

The system is calibrated by determining the potential response slope
from the measured AE, values and calculating the constants a and R” from
the measured AFE, values for one or more standard sulphate solutions. The
sulphate content in unknown samples can be determined by measuring the
AFE, values for given samples and calculating from eqn. (11).

RESULTS AND DISCUSSION

Choice of experimental conditions

Because of the relatively high solubility of lead sulphate in water, precipi-
tation titrations of sulphate are usually done in various binary aqueous—
organic mixtures containing, for example, dioxane, methanol, isopropanol
or acetone. In order to determine their characteristics, the lead-selective
electrodes were calibrated under the experimental conditions recommended
recently for titrations [9, 10]. Calibration curves (Fig. 4) for the electrodes
in the pPb range 2—4.7 were obtained in aqueous solution containing acetate
buffer, in isopropanol (as recommended by Scheide and Durst [10]) and in
75% methanolic solution containing 0.05 M sodium perchlorate and pH
4.0 [9]. The best results were obtained in the methanolic solution; good
agreement was observed for the potential response slopes of the two lead
electrodes used. The calibration curves for the two electrodes were parallel
but displaced from each other by a few millivolts. Steady electrode potential
values (i.e., changes below 0.1 mV min™! in the pPb range considered) were
found for times less than 2 min after changes of solution concentration.

A commonly known inconvenience in the application of lead(II)-sensitive
membrane electrodes is the instability of the E, value, which is attributed
to surface oxidation of the membrane material [11, 12]. This process is
accelerated in the presence of oxidants in solution, e.g. peroxides present
in dioxane, which eliminated such solvents as suitable titration media. The
changes of E, value with time were different for the two electrodes used,
which made it impossible to obtain satisfactorily precise results. In order
to stop this oxidation, formaldehyde and ascorbic acid were introduced
with the standard lead(II) solution but this procedure was not successful.
The lead-selective electrodes were therefore cathodically polarized against
a platinum or saturated calomel electrode as anodes immersed in the solu-
tion in the mixing chamber. The use of a saturated calomel electrode was
preferred because it allowed simultaneous checks on the stability of the
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Fig. 4. Calibration curves for lead(II)sensitive electrode in different media: (1) 0.001 M
acetate buffer in water, pH 4.7; (2) 75% isopropanol; (3) 75% methanol—0.05 M NaClO,,
pH 4.

Fig. 5. Effect of cathodic polarization on stability of potential of lead(II)=sensitive elec-
trode at pPb 3.0 in 75% methanol at pH 4: (1) without polarization; (2) polarization with
0.015 uA; (3) polarization with 0.100 uA.

potential of the sensing electrode. When a 0.015-uA polarizing current
was applied, the increase of potential at pPb 3.0 was stopped (Fig. 5).
If the polarization current was too large, the opposite result was observed,
i.e. the potential decreased. It was also found that the optimum intensity
of the polarizing current depended, to some extent, on the level of the
lead(II) activity in the solution. Changes of the lead electrode potentials
during long-term measurements in solutions of pPb 4.00—4.70 are listed
in Table 1. These three standard lead(II) solutions (in 75% methanol—
0.05 M NaClO,, pH 4) were changed every 10 min. Obviously, the data
obtained when a polarizing current of 0.025 1 A was applied show satisfactory
stability.

For proper functioning, it is important to maintain a constant methanol
content in the solution in the Pb-1 electrode chamber, as well as in the
solution entering the Pb-2 electrode chamber. Kakabadse et al. [13] have
indicated a relationship between membrane electrode potentials and the
content of methanol in binary solvents. This phenomenon was observed
also for lead(Il)-sensitive electrodes (Table 2). Accordingly, in the system
used here, the aqueous solution containing sulphate was diluted (1 + 3)
with 0.066 M sodium perchlorate in methanol; both the standard lead(II)
and sulphate-containing solutions thus entered the mixing chamber with
the same methanol content and sodium perchlorate concentration.
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TABLE 1

Potentials of a lead(II)-sensitive electrode vs, SCE, measured in flow conditions with
cathodic electrode polarization at 0.025 uA. The values listed were measured 10 min
after the standard lead(II) solutions had been changed.

Successive Potentials for lead(II) standards of pPb  Experimental
sets of slope
measurements 4.70 4.30 4.00 mV/pPb

1 —39.1 —30.0 —20.5 26.6

2 —39.7 —29.0 —20.7 27.1

3 —40.2 —29.3 —21.5 26.7

4 —40.7 —29.8 —21.0 28.1

5 —40.7 —30.0 —22.0 26.7

TABLE 2

The effect of methanol content on the potential of the lead(1I)-sensitive electrode. All
solutions were 0.05 M in NaClO, at pH 4.0.

Methanol Electrode potential (mV)
content

(% v/v) pPb 4.30 pPb 4.00
60 —92.0 —85.4

75 —83.9 —175.9

90 —63.2 —55.6
TABLE 3

Results of calibration of the differential flow system for seven sulphate standards in two
ranges (see text)

Lead Mean Mean Standard
standard value value deviation
M) a R of R"

2X 10 0.907 —8.40x 10™* 0.24 x 10~
1x 107 0.904 —4,19 x 1073 0.17 X 103

Calibration of the flow system, interference tests and application

The reproducibility of the R" value for two different concentrations of
standard lead(II) solutions is shown in Table 3. When a 2 X 107* M lead(II)
standard solution is used, sulphate can be determined in the concentration
range 30—90 mg I™!; with a 1073 M lead(II) standard solution, the viable
range is 100—400 mg 1"!. The standard deviations are satisfactory (Table 3).
Determination of sulphate at higher concentrations becomes more difficult
because larger amounts of lead(II) sulphate accumulate in the tubes. At
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TABLE 4

Results of sulphate determination in the presence of calcium and chloride. Each sample
contained sulphate at the 48.0 mg 17! level (e = 1.02, R" = —8.37 X 107%)

Interfering Conen. taken Sulphate Deviation
ion (mg ") found (%)
(mg1™')
— - 46.4 —3.3
Cl~ 35 48.4 +0.8
70 48.8 +1.7
175 51.7 +7.7
Ca? 20 46.0 —4.2
40 46.4 —3.3
80 46.4 —3.3
400 41.2 —14
TABLE 5

Results of sulphate determination in tap water

Successive R a Sample  Sulphate conen. (mg1™') Error
sets of no. Titration Flow system (%)
measurements
1 —8.30x 10 093 1 80.7 77.6 —3.8
79.2 —1.9
I —8.30x 107* 093 1 80.7 80.7 0
80.7 0
2 71.6 76.9 +7.4
76.5 +6.8
11 —8.37x 10* 102 1 80.7 78.0 —3.3
3 76.2 76.0 —0.3
4 79.3 77.2 _ —2.6
5 70.4 75.2 +6.8

sulphate contents below 100 mg 17!, the system works for at least one week
without the necessity of cleaning. With the flow rates used, stable AE, values
were noted 3 min after changes of the sample solutions. Despite the elec-
trode polarization during measurements, it is necessary to polish the electrode
surface once daily.

In precipitation titrations of sulphate, interfering effects of chloride and
calcium ions have been noted [9]. To estimate this effect in the flow system,
some measurements were done in samples containing sulphate and an excess
of chloride or calcium. The results (Table 4) indicate that 5-fold and higher
molar amounts of those ions can cause errors.

The results of sulphate determination in tap water by using the differential
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system and the titration method [9] are given in Table 5. The difference
between the results of the two methods rarely exceeds +5% at the 80 mg 17!
level.

The most important sources of error in the method developed are: limited
reproducibility of the peristaltic pump (ca. £5%), limited precision of reading
of AE, value because of potential oscillations of +0.3 mV, and changes of
temperature in the unthermostated system.

Conclusions

The assembly of the differential continuous flow system with two lead
electrodes seemed to be attractive because of the possibility of eliminating
drifts of electrode potential with time. However, even for two apparently
identical electrodes, the potential drifts were not equal, and simultaneously
the potential response slope also decreased. Therefore it was necessary to
apply cathodic polarization of the electrodes. In this situation, the potential
of the sensing Pb-2 electrode can be measured and checked against a reference
electrode of constant potential value under given conditions. Because a
methanolic solution of lead(II) perchlorate was used as standard solution,
it was suitable to use a lead(II)-sensitive electrode as reference. This elim-
inated the liquid junction and the electrolyte leakage from classical reference
electrodes. A similar role could be played by a sodium-sensitive electrode, as
the standard solution also contains a constant sodium concentration.

The author thanks Prof. Adam Hulanicki for stimulating this work and
valuable discussions.
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SUMMARY

A relatively simple instrument is described for the continuous screening of groups of
heavy metal ions in sewage and waters. The method is based on coulometric principles
after concentration by preelectrolysis. The following metals can be detected: Ag, Hg, Pb,
Cu, Co, Fe, Cd, Zn and Ni. An automatic laboratory model of the heavy metal ion
detector has been tested successfully for eight months at the inlet of a municipal sewage
plant and for nine months at the outlet of a neutralization plant of a galvanic shop.

Heavy metal ions are poisons which in a dissolved form or as hydroxide
sludge can cause total breakdown of a sewage plant by inhibiting the bio-
logical degradation process. The organisms present in the waters may be
severely damaged by such metal ions even at concentrations well below
1 mg 1I"!. These heavy metals can be transferred to man by the nutritional
chain [1]. This has caused many national authorities to fix limiting values
for the input of sewage to public sewage plants [2] as well as for purified
waste water which is to be added to surface waters [3]. These limiting
values are normally monitored only discontinuously by analyzing random
samples in the laboratory. The reasons for this are the lack of maintenance-
free devices for continuous sampling and the unwieldiness of present labora-
tory equipments for field work.

The aim of the work discussed here was to develop a simpler method for
the continuous detection of heavy metals in sewage and waters. The primary
object was to screen for heavy metal groups rather than to determine the
individual metals as exactly as possible. The apparatus developed serves
mainly as a monitor which sets off an alarm when the given limiting value
is exceeded. The operator of sewage plants or galvanic shops should then be
in a position to take countermeasures immediately so as to prevent major
disturbances. This method is not intended to replace exact methods of
water analysis for determining heavy metals but to limit the number of such
analyses to cases where critical values have already been reached or exceeded.
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Principles of the measuring system

The determination of heavy metal ions is based on the principle of coulo-
metry after the metals have been concentrated by electrolysis [4, 5]. The
measuring cell contains two platinum electrodes and a stirrer. The stirrer
creates a well defined thin diffusion layer at the electrode surface. This
leads to large response signals and consequently to better sensitivity; the
reproducibility of readings is also improved. The sequence of events is as
follows. First, the measuring cell is filled with the waste-water sample (pH
3.5), the metals are deposited on the cathode at a constant d.c. voltage, and
the cell is emptied. Secondly, the cell is filled with pure electrolyte (buffer
solution pH 3.5), and the metals are brought into solution by reversing the
d.c. voltage; the electrical charge expended is a measure of the metal ion con-
centration of the waste water. The oxidation process is done in pure solution
to prevent false response signals which might otherwise result from the pres-
ence of other oxidizable substances, especially organic compounds, in the
original sample solution. The polarity of the electrodes is interchanged after
each measurement; thorough cleaning of the electrodes is thus assured before
every response signal.

The heavy metals Ag, Hg, Pb, Cu, Co, Fe, Cd, Zn and Ni are detected
under the following conditions: pH 3.5 (citrate—sulphuric acid solution);
specific electrical conductivity k > 1000 uS cm™!; reduction voltage E,.q,
—b5.5 V; reduction time t,.4, 3 min; oxidation voltage E ., +0.7 V; integra-
tion time t,,, 10 s. The voltage signs refer to the polarity of working elec-
trode versus the counter electrode. The detection limit ranges between 0.1
mg 1"! and 10 mg 1"!. A response signal is obtained if one or several of the
above-mentioned metals are present. The signal for a single metal can be
evaluated quantitatively; only semi-quantitative results are possible when
several metals are present. The number of detectable heavy metal ions can
obviously be varied by the choice of deposition voltage. The detection limit
can be altered by varying the deposition time.

EQUIPMENT

The heavy metal ion detector is represented schematically in Fig. 1; Fig. 2
is a block diagram of the electronic circuits. Two variations of the apparatus
are available: in one, atmospheric oxygen has free access to the water sample;
in the other, access of air is prevented by nitrogen. A nitrogen atmosphere
is sufficient and saturation of the solution is unnecessary. The use of nitro-
gen is necessary only when oxidation reactions with formation of precipi-
tates, or bacterial growth, would occur in the presence of air. This normally
happens only with heavily polluted water samples (e.g. in sewage plants);
otherwise, the analysis does not require additional protective measures. To
prevent accumulation of bacterial growth, it is advantageous to prepare all
connections and tanks from opaque materials.

The water samples, previously prepared for measurement (see below), are
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Fig. 1. Schematic diagram of the heavy metal ion detector.
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Fig. 2. Block diagram of the electronic circuitry.

passed continuously to the sample collector. The sample is delivered from
this collector to the measuring cell by means of pump e3. After deposition
of heavy metals on the cathode at the voltage preset at el, the measuring
cell is emptied by opening the solenoid valves e4. The cell is then filled with
pure electrolyte via pump eb. After the metals have been redissolved at the
preset oxidation voltage, the electrolyte is passed to waste and the cell is
ready for the next sample.

The 0.05 M sodium citrate—0.025 M sulphuric acid solution which is used
for pH adjustment is also applicable as electrolyte. In order to achieve
reasonably well defined conditions, the volume of pure electrolyte should
always be greater than that of the sample. This helps to clean the cell; when
nitrogen is used, the solutions are forced from the cell under pressure.

The complete unit is quite compact and can be placed on a trolley along
with two 20-1 containers for the necessary reagents.
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RESULTS

In a normal municipal sewage plant, the sewage is purified mechanically
and biologically, and the sludge accumulating in the plant is also subjected to
biological treatment. Thus it is necessary to install detectors for dissolved
heavy metal ions at the inlet prior to the sand filter and aeration units
(detector 1), and in the sludge tank which contains metals as hydroxides or
adsorbed on solid particles (detector 2). Most of the heavy metals in wastes
come from galvanic plants; thus a third detector is required in the outflow
from the galvanic plant before it joins ordinary domestic and industrial
waste waters (detector 3) for passage through a coarse filter bed preceding
detector 1. By tracking the responses of the three detectors, the sources of
problems are readily identified.

Preparation of samples in a municipal sewage plant

The preparation of samples from municipal sewage was one of the most
difficult tasks in testing the heavy metal ion detector. The process adopted
for waste waters is shown in Fig. 3. The sample is taken continuously from
the waste-water channel by a plate filter (1) and adjusted to pH 3.5 with the
buffer solution. During this acidification, a precipitate is again formed in the
sample so that water must be filtered for a second time. The sample can be
passed to the analyzer after the second filtration (3).

Figure 4 shows the scheme for preparing samples from the sewage sludge.
The sludge is heated in a tank (2) with sulphuric acid. The sample is then
filtered (3) and adjusted to pH 3.5 with the buffer solution. The analysis

can then be carried out.
buffer
' I__Il

——e—®

=

LS A I JaPar)

— = oL T Wsludée tank

Fig. 3. Preparation of samples from waste-water channel. (1) Plate filter; (2) adjustment
to pH 3.5; (3) vibration filter; (4) outlet to analyzer.

Fig. 4. Preparation of samples from sludge tank. (1) Sampling; (2) dissolution; (3) plate
filter; (4) adjustment to pH 3.5; (5) outlet to analyzer; (6) purification.
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The anaerobic digesters are charged discontinuously. Thus, ample time
ranging from 1 to 24 h is always available for preparing the samples. Not
all metal hydroxides are brought into solution during this procedure since
the process depends very largely on the age of the precipitates. However,
the sparingly soluble or insoluble precipitates are not critical in the anaerobic
digester because only dissolved metal ions affect the anaerobic treatment
of the sludge.

The filters employed are self-purifying. The pore diameter of the filter is
smaller than that of the anticipated impurities, which are therefore deposited
only on the surface of filter whence they can be removed either by water
streaming past or by vibrating the filter. Filter vibration is employed only
when small quantities of fluids are available. A copolymer of PVC and
acrylonitrile supported on a nylon screen was used as the filter. The filter
was 0.1-mm thick and the pore diameter was 0.2 um. With such a filter and
at a water velocity of 1 m s™ in the channel a sample can be taken from the
sewage for a period of 2—4 weeks without maintenance. The same operating
periods are also attainable with the vibration filter with 100-Hz oscillation.

Bacterial growth in the tubes and in the storage tanks created great dif-
ficulties at the beginning of the experiments. It is known from polarography
that gelatine solutions susceptible to bacterial attack can be rendered stable
by adding a few drops of toluene per litre of the solution [6]. Experiments
showed that during the reduction phase the heavy metal ion determination is
affected by coverage of the electrode at toluene concentrations above 50
mg "' (Fig. 5). The electrode poisoning is reversible, and the initial values
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Fig. 5. Charge dependence on the toluene concentration at the detection of 1 mg Cu?* 17,
PH = 3.5, Eyeq =8 V, treq =5 min, Egx = +0.75 V, {5« = 2 5. Qcy2* = charge to be
applied for the anodic dissolution of copper.
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Fig. 6. Long-term test with the heavy metal ion detector in a municipal sewage plant.
Conditions: pH = 3.5, Eyeq =—3 V, tyeq =5 min, Eqy =+0.75 V, t,, =25, @ = electrical
charge.

Fig. 7. Calibration curves for copper: (1) before long-term test; (2) check points in sewage;
(3)after the long-term test. Conditions: pH=3.5;E,eq =—3 V;tyeq =10min; E,, =+0.7 V;
tox =6s.

are obtained again after a few measuring cycles. During the oxidation phase,
however, toluene does not interfere even at a concentration of 500 mg 17! in
the electrolyte solution. The results of laboratory experiments which were
subsequently confirmed in field tests showed that the growth of the anaerobic
bacterial strains were largely inhibited by the addition of toluene. The mini-
mum concentration of toluene added was 25 mg 1I"!, which lies below the
electrochemical critical level of 50 mg 17,

Long-term test in a municipal sewage plant

The charge behaviour during 8 months of continuous testing at the inlet
of the sewage plant is shown in Fig. 6. In addition to the uniform rise of the
base charge, a few peaks, some very high ones, were observed during the
initial testing phase. The detector was coupled with a sampler which ensured
a water sample automatically when a preset charge was exceeded. The analysis
of the water samples which corresponded to these peaks yielded in no case
a concentration of heavy metal ions. An explanation for the peaks could be
found only in inadequate removal of waste water from the analyzer before
oxidation. As a result, oxidizable substances present in the solution were
measured, which simulated a metal ion concentration. Reconstruction of
the unit as described under Experimental ensured a better replacement of
waste water by the pure electrolyte solution, so that interfering oxidizable
substances, especially organic compounds, were no longer present in the
solution.

In the second phase of the tests, peaks were no longer observed, but
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merely a gradual rise of the base charge; this increase was caused by roughening
of the electrode surface. Scanning electron microscope pictures of a platinum
electrode before and after this 8-month continuous testing show that the
original bright surface has been strongly tarnished and roughened during
the long-term operation. Should the increase in the base charge interfere, the
electrodes have to be polished at intervals of about 8 weeks.

The stability of the response signal was examined by recording calibration
curves at different times. Figure 7 shows three calibration curves for copper
ions in the range 0.1—5 mg 1"!. Curve (1) was recorded in the laboratory
with clean aqueous standard solutions before the long-term operation started.
Curve (2) was recorded during the long-term test in the sewage plant by
adding copper(Il) ions to the sewage. Curve (3) was plotted, like curve (1)
with clean solutions in the laboratory after the end of the long-term test.

For a screening technique the agreement of the curves can be described as
very good, especially when it is considered that the test set-up was altered
during the test. The deviations from the first calibration curve at 1 mg Cu®* 1!
is approximately +30%.

Test of heavy metal ion detector in a galvanic shop

After the continuous test of the detector in a municipal sewage plant, its
applicability for monitoring the galvanic waste waters was also checked. The
preparation of samples from galvanic waste waters was much easier than that
from sewage. As a rule, water need not be filtered so that only the pH
adjustment with the buffer is necessary.

Figure 8 shows the charge behaviour during the monitoring of the galvanic
waste waters by the detector. The increase of the base charge in this test
was considerably less than it was in the case of the sewage plant operation.
The resulting peaks could be clearly assigned to the heavy metal ions by
carrying out parallel analyses with atomic absorption spectrometry. The
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Fig. 8. Long-term test with the heavy metal ion detector in a galvanic shop. Conditions:
PH=38.5;Eeq =—3 V;treq =5min; Egy = +0.7 Vit 4 = 6s.
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metals found were Cu, Ni and Zn at concentrations up to 50 mg I"!. Control
analyses without detector signals always yielded metal ion concentrations
below 0.1 mg 17!. Typical recorder charts showed peaks corresponding to
700 pA s, which were caused by a mean heavy metal ion concentration of
2 mg Cu?" 1! and 1 mg Ni** 1'%,

During the operation of the detector, chemicals are required only for
the preparation of the electrolyte and for the buffer solution. The chemicals
cost 0.35 DM/day, when successive measurements were taken at 7-min
intervals.

DISCUSSION

The long-term tests described show that the heavy metal ion detector can
be employed successfully for monitoring sewage plants and galvanic waste
waters. The instrument itself requires little maintenance. The cost of the
chemicals for the analysis is low. The preparation of samples when the
detector is used in sewage plants requires maintenance. The sampling must
be thoroughly checked every 2—4 weeks. The preparation of samples in
monitoring galvanic waste waters is without problems and, like the instru-
ment itself, requires little maintenance.

During the operation of the detector, it is of particular importance that
the oxidation of the deposited heavy metals takes place in a clean and
defined electrolyte solution. If oxidizable substances are present in this
solution, their conversion will lead to response signals which simulate those
of heavy metals.
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FAST ANALYSIS RATES IN CONTINUOUS FLOW METHODS BY USING
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SUMMARY

Curve regeneration accelerates sample throughput in continuous flow techniques, but
earlier procedures have been limited by the requirement for relatively noise-free instru-
mental performance. In the proposed instrumental method of curve regeneration, the
differential is expressed as a form of the Savitzky—Golay equation. This reduces sensitivity
to fast noise, provides excellent performance monitoring, forms plateaux and returns to
baseline at analysis speeds in excess of 120 samples/hour even when dialysis is involved.

Continuous flow techniques have dominated automatic chemical analyses
for almost two decades. The success of the technique lies in its mechanical
simplicity and hence its mechanical reliability and flexibility. Obviously,
therefore, investigators have devised various methods for increasing the rate
of analysis, which is commonly 40—60 samples/hour, for large workloads.
One solution has involved miniaturisation, method-to-method optimisation
and electronic assistance for data reading and output. This solution has been
employed in the Technicon 20-channel SMAC system operating at 150 samples/
hour and in the single-channel instruments described by Neeley et al. [1, 2]
operating at similar speeds.

Various workers have described techniques for faster analysis rates by
eliminating the air bubble and injecting measured aliquots of sample directly
into a high-velocity reagent stream. For example, White and Fitzgerald
[3, 4] described methods based on photochemical reactors with spectro-
photometric or pH measurements, whereas RuZi¢ka et al. [5, 6] have reported
numerous methods based on dispersion effects. However, when such ana-
lytically complicated steps as dialysis are involved, the analysis rate drops to
below that achieved by bubble-segmented continuous flow. For example, in
determining phosphate in serum standards, Hansen and RiZi¢ka [7] reported
analysis rates of 50/hour whereas the standard AutoAnalyzer method
operates at 60/hour. Since somewhat less than one-third of all reported
continuous flow systems are hydraulically ‘“simple”, the mere absence of
air-segmentation is of limited value for increased analysis rates.

Walker et al. [8] first provided evidence that the heights of AutoAnalyzer
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peaks could be instrumentally predicted from the first few seconds of their
rise. Thus waiting for a peak to come to its maximum and then fall wasted
considerable time, time which could be used to accelerate the analytical rate.
They called this process “curve regeneration”. The method of Walker et al.
has however restricted this technique to ‘“high quality traces”. For the
determination of urea, which employs both a 95°C heating bath and dialysis,
an analysis rate of 200 samples/hour was reported [8]. Jacklyn and co-
workers [9, 10] have outlined a computer programme which uses curve
regeneration to determine chloride, carbon dioxide, sodium and potassium at
150 samples/hour, using AutoAnalyzer II technology.

Following the theoretical work of Thiers et al. [11], Walker et al. [12]
showed that the exponential portions of an AutoAnalyzer curve obeyed the
equation

E=y,+ bdy/dt (1)

where E is the plateau or maximum height of the peak, y, is the height at
peak time ¢, b is a constant (in seconds), and ¢ is the time (s). Since y, was
continuously measured by the colorimeter and recorder, ¢ was known and a
constant b could be experimentally determined for each assay, only the term
dy/dt had to be calculated in order to solve for E at any point y,. As the
curve was rising (or falling), Walker et al. employed simple differentiating
amplifiers for the circuitry of their curve-regeneration apparatus. Unfortu-
nately, fast noise, however small, can have virtually infinite slope, i.e. dy/dt
can approach infinity, hence this technique could be used only on relatively
noise-free systems. This is a very difficult condition to maintain in routine
use, and has probably prevented the wide acceptance which the technique
deserves.

The elegant equation derived by Savitzky and Golay [13], which combines
both smoothing and differentiation, can be used to overcome the limitations
of the original instrumental designs of Walker and co-workers [8, 9], i.e. the
use of differentiating amplifiers to solve their equation. The Savitzky and
Golay equation covers a very wide range of curve forms. For the present pur-
pose, it was assumed that any 4.5-s interval of an AutoAnalyzer curve could
be expressed accurately enough as a simple quadratic: y, = a + bt + ct?, where
a, b, ¢ are constants, and ¢t is time. Within this 4.5-s interval, it was further
assumed that 9 readings of the curve as it was being generated, were sufficient
for smoothing, as this interval spanned the oscillating noise interval generated
by the peristaltic pump (2-s intervals). These points are designated as

Y-a,Y-3..0.. Yos Yet oeenn Y-
According to the Savitzky—Golay equation, therefore,

dyo/dt=—4y_, —3y_,—2y_, —y_, + ¥, + 2y, + 3y,; + 4y,, (2)

Electronically timed, the curve regenerator used here takes a new set of
readings every 0.5 s from the colorimeter, solves eqn. (2) and, having deter-
mined dy/dt, solves eqn. (1) and passes the computed value of E to the
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recorder. The generation of the peak or plateau is thereby greatly accelerated.
Equally important, the return to baseline is also greatly accelerated. Hence,
with analytical rates of 120 and more samples per hour, it is possible to
achieve, for the first time in AutoAnalyzer technology, a steady-state plateau
and a baseline control, both of which are extremely important factors in
obtaining higher analytical precision. Baseline drift accounts for a high
proportion of the uncertainty of instrumental readings.

EXPERIMENTAL

The electronic circuitry to solve the above equation is simple (Fig. 1). H,,
to H_, are analogue shift registers; C are capacitors for storing voltages Y, , to
Y_,. Switches S,, to S_, are closed and opened by electrical impulses
through D, to Dy from a clock circuit C,. The outputs of registers H,, to
H,, are fed to a summating network SJ,, and those of registers H_, to H_,
to network SJ,. Each network contains resistors R,—R, in the ratio 1:2:3:4.
Output from SJ, goes to the inverting input of a differential amplifier
while that from SJ; goes to the non-inverting input of a differential amplifier.

The output from the differentiating amplifier which is the smoothed
differential dy/dt of the Savitzky—Golay formula, passes to a multiplier
circuit M into which is dialled from the potentiometer P, the voltage value

Sa Hgl Sz | Ha| Sz | Hz| S1 | Hi | So| Hol| S-1| H-i} S-2| H-z| S-3| H-3] S-4| Ha
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Fig. 1. Electronic circuitry. For explanation, see text.
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b. From M the output, bdy/dt is then fed to the summing amplifier SA with
the voltage Y, from the shift register H,. At the completion of the cycle
from clock C,, an impulse Dy closes switch S’ and transfers the voltage
values Y + bdy/dt (= E) to the holding amplifier H where it is read by a
recorder for analogue presentation or by a DVM for computer calculation.

Readings are taken every 0.5 s and as there are 9 points for each calcu-
lation, the curve is smoothed over 4.5 s (see above). The sequence of events
is as follows: at 0.05.... s intervals, switches S_, to S,, are in turn closed
and opened by sequential impulses through D, to Dg from the clock circuit
C,. Thus the voltages are shifted from left to right once every 0.5 s.
Immediately, on the completion of this shift, switch 8’ is closed and opened
by an impulse D, and the calculated E, value is passed to H. The cycle then
recommences. The interval can obviously be altered at will simply by
changing the clock frequency.

In continuous flow technology, however, spurious sharp discontinuities in
a curve can occur which would seriously distort any curve fitting. If such a
spurious reading persisted for 4.5 s in the region of a peak, it would lead to
incorrect values. For this reason, some form of filter circuit must also be
built into the electronic system to reject spurious readings. Figure 2 shows
the circuit employed here: the entry switch S, remains open if the input
signal has a sharp discontinuity, i.e., if the differential of the signal with
respect to time is very large. The input signal is monitored by the differen-
tiating amplifier 18. The output from 18 is the input of gate circuit 19,
which will only pass signals which lie between the upper and lower threshold
voltages applied through 23 and 24. The output from 19 activates the NAND
gate 20 to pass the impulse Dg which closes switch S,, thus accepting the
input signal for the curve-regenerating circuit.

RESULTS AND DISCUSSION

The value and significance of b is exactly as defined by Walker et al. [8]
and b is determined experimentally in the same way, i.e. the value of b is set
to bring each curve to the baseline. If b is too large (Fig. 3, a and b), the
curve drops below the baseline; if it is too small, the curve does not return to
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Fig. 2. Filter circuit.
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the baseline owing to the long wash-out time (Fig. 3, d). However, once
determined, a change in the value of the b multiplier generally indicates a
deteriorating hydraulic system. The b value itself is therefore a good
diagnostic measure of instrument performance or a quantitative function
monitor.

In this laboratory, the operators (more than 50) are obliged to maintain
a performance log for each instrument. The b value which can be read
directly off the instrument must be entered. The stability and use of the b
value is obvious from Table 1 which has been taken directly from the
laboratory log-books. The ready acceptance of this technique shows it to be
totally practicable, i.e., sufficiently simple for routine use.

To demonstrate the effectiveness of curve regeneration in a normally slow
hydraulic system run at high speed, Fig. 4 shows typical curves obtained in
a conventional determination of creatinine with dialysis [14]}. Dialysis is
generally assumed to be the major factor restricting analytical speed. The
curves obtained showed a good plateau when the recorder chart speed was
sufficiently accelerated. Unlike other fast analytical techniques, samples

TABLE 1

Values of b for separate instruments over 1 week

Test Date and b value

11th 12th 13th 14th 15th 17th
Potassium 5.80 5.60 5.98 5.10 5.80 —
Sodium 5.80 5.60 5.98 5.10 5.80 -
Bun 5.65 5.60 5.90 5.80 5.80 5.80
Creatinine 10.2 10.2 10.2 10.2 10.3 10.3
Glucose hexokinase 10.4 10.3 10.3 10.3 10.3 10.3
Total bilirubin 7.25 8.00 8.00 8.00 8.02 8.02
Direct bilirubin 7.50 7.50 7.50 7.32 7.32 6.86
Alk. phos. 9.71 9.71 9.70 10.12 10.12 10.12
Total protein 7.80 7.80 7.80 7.80 7.97 7.80
Albumin 9.40 9.40 9.39 9.40 9.40 9.40
Cholesterol enzymatic 10.5 10.5 10.5 10.5 10.5 10.5

Triglycerides 15.95 15.95 15.95 15.95 15.90 15.95
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Fig. 4. Recorder output for the determination of creatinine with dialysis (f.s.d. 0.16
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Fig. 5. Recorder outputs for serum chloride and potassium assay [14] at 120 samples/
hour. The numbers on the peaks correspond to meq 1-'.
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are analysed singly. The standard deviation of 22 serum samples run sequen-
tially at a concentration of 2.60 mg% (234.1 umol 1-!) was 0.034. Both base-
line drift and carryover are negligible.

To emphasize further that curve regeneration can be employed routinely
even in complicated systems, some results are given for a double dialysis
system developed for the determination of chloride [14]. The double
dialysis was needed to dilute the chloride concentration sufficiently for
simple application of the sensitive reagent TPTZ. Figure 5 shows the traces
obtained for chloride at 120 samples/hour. The coefficient of variation was
0.61% at the 100 meq CI™ 17! level (n = 10).

The applicability of the curve regeneration technique to instruments other
than colorimeters was also demonstrated. Figure 5 shows the curves obtained
from the flame photometric determination of potassium also at 120 samples/
hour [14]. Similar curves were obtained for sodium.

One of the successes of continuous flow analysis for both the operator
and the laboratory manager has been the simplicity of monitoring instru-
mental performance. Poorly shaped or noisy curves mean unreliable results.
Any technique which increases speed but decreases performance monitoring
is essentially a retrograde step. With curve regeneration, speed is increased,
but more important performance monitoring and hence the reliability of
results have also been improved. The method developed as described above,
has been in routine use on 12 AutoAnalyzer channels for five years.

We thank Dr. H. W. Holy (Technicon International Division S.A., Geneva,
Switzerland) for his assistance in the preparation of the manuscript.
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Short Communication

THE DETERMINATION OF SULPHATE BY FLOW-INJECTION
ANALYSIS WITH EXPLOITATION OF pH GRADIENTS AND EDTA

S. BABAN, D. BEETLESTONE, D. BETTERIDGE* and P. SWEET
Chemistry Department, University College, Swansea SA2 8PP (Gt. Britain)
(Received 18th July 1979)

Summary. A modified method for the turbidimetric determination of sulphate as barium
sulphate is proposed. The carrier stream is an alkaline barium—EDTA solution; the sample
zone is sufficiently acidic to allow precipitation of barium sulphate. The excess of EDTA
in the carrier stream ensures that residual precipitate is redissolved and the system kept
clean.

Flow-injection analysis (f.i.a.) is simple, accurate and rapid, typical
sampling rates being 120—150 per hour [1]. The method is based on rapid
injection of an aqueous sample into a carrier stream of reagent, without air
segmentation. In this communication the usefulness of f.i.a. is demonstrated
for the turbidimetric determination of sulphate by exploiting the masking
properties of EDTA and the pH gradients which develop across the sample—
carrier interface.

Krug et al. [2] described a method for the determination of sulphate,
using the turbidity of barium sulphate. In some applications there is build-up
of precipitate, which leads to low precision and ultimately blocks the tubing.
One way of overcoming this is to use alkaline EDTA solution to redissolve
the precipitate. Thus the carrier solution contains barium(II) with an excess
of EDTA at pH 10, whereas the sample is acidic. During the mixing, precipi-
tation occurs under the acidic conditions of the sample zone, but the pre-
cipitate is redissolved outside this zone, by the self-cleansing action of the
carrier. The EDTA also serves to reduce interference from metal ions.

Experimental

Carrier solutions. For the method of Krug et al., a barium chloride solution
(0.05 M) containing 0.005% polyvinyl alcohol was mixed (1 + 1) with
0.01 M hydrochloric acid. For the modified method, a mixture (1 + 1) of
barium chloride solution (0.04 M) and EDTA solution (0.05 M) was adjusted
to pH 10 with ammonia solution.

Standards. A solution (1000 ppm sulphate) of sodium sulphate was
standardised gravimetrically, and diluted to give solutions of sulphate in the
20—200 ppm range. For the method of Krug et al. [2], the diluent was water;
for the modified method it was 0.2 M hydrochloric acid, the final pH being 1.5.
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Fig. 1. Block diagram of the f.i.a. system for the determination of sulphate.

pH adjustment. Below pH 2 the pH was controlled by addition of hydro-
chloric acid. For pH 2—4, standard phthalate buffers [3] were used.

Apparatus: Figure 1 is a block diagram of the apparatus used. The constant
head device provided a constant flow rate of 2 ml min~'. Samples were
injected from a disposable plastic syringe (1 ml) through a septum valve into
the reagent stream. The connecting polyethylene tubing, also used for coils,
had an internal diameter of 0.86 mm. The reaction coil was 95 cm long and
the pressure-buffer coil was 150 cm long.

The detector used was that developed by Betteridge et al. [4]; the cell has
a 2-cm path length and a central bore of 1 mm, which is slightly larger than
the internal diameter of the polyethylene tubing. The light source is an LED
driven from a constant 15-V source with a current-limiting resistor; the
detector is a phototransistor biassed at a constant voltage.

Recommended procedure. After adjustment of the carrier flow rate to
2 ml min™!, aliquots (200 ul) of sample solution acidified to pH 1.5 were
injected, and the resultant turbidity was measured.

Results and discussion

Effect of pH. It is well known that barium sulphate dissolves in an excess
of alkaline EDTA. The relative importance of pH and concentrations of
EDTA, barium and sulphate ions on the precipitation of barium sulphate
may be deduced from plots of the conditional solubility constant of barium
sulphate and pSO, as a function of pH (Fig. 2). The calculations were made
by standard procedures and took into account the protonation of sulphate
[5]. Although the analyses are not done under non-equilibrium conditions,
these calculations serve as a useful guide. The curves in Fig. 2 indicate that
the concentrations of barium and EDTA should be maximal, and the values
recommended in the Experimental correspond to the practical limits imposed
by the solubilities of barium chloride and EDTA. It is also evident that the
minimum pH of the sample plug after reaction with EDTA should be in the
region pH 1—4.

Experiments were done with acid—base indicators in the sample solution
in order to establish the pH of the sample at the point of detection. These
led to the establishment of the optimum conditions given above. Finally, the
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Fig. 3. Effect of pH of the solution injected on precipitation of sulphate.

effect of pH of the sample was measured (Fig. 3); the method is, as predicted,
quite pH-dependent. The pH also affects the structure of the barium sul-
phate. A precipitate obtained from a solution with a pH in the range 0—1.5
consists of large well shaped crystals. At pH 1.5—3 uneven crystals of medium
particle size are obtained, whereas at pH 3—7, the precipitate is amorphous.
EDTA also affects the crystal growth [6]. Hence it is possible that the
increased sensitivity obtained here is a consequence of a different crystal
size compared with that found in the method of Krug et al. [2].

Sensitivity and precision. Calibration curves for the two methods are
shown in Fig. 4; when due allowance is made for the different recorder scales,
it can be seen that the modified method is more sensitive than the original.
(The sensitivity of the earlier method is improved by using a tube length of
95 cm rather than the 200 cm originally proposed.) The useful working range
of the method is extended from 30—80 to 40—160 ppm of sulphate. The
precision was generally of the order 1—2%.

Scavenging effect of EDTA. One of the attractive features of f.i.a. is the
way in which the carrier can act as a wash solution. This aspect is emphasised
in the modified method by having excess of alkaline EDTA in the carrier
stream. The practical effect was to reduce greatly the clogging of the system
by precipitated barium sulphate. It was virtually impossible to measure
reliably the rate of precipitate build-up, but qualitatively the modified
system was far superior to the earlier one in this respect.

Interferences. The effects of some interferences are shown in Fig. 5. The
interferences were chosen on the basis that they might be masked by EDTA
(cations), or they would be worse in alkaline solution (phosphate) or they
have proven difficult in this system (dextran, nitrate). The results show that
the modified method is marginally better, but that nitrate at high concentra-
tion is a serious interference in both methods.
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mended method with EDTA; (4) by the method of Krug et al. without EDTA.

Applications. The recommended procedure was applied to the analysis of
river and sea water and compared with a gravimetric procedure. For a river
water, the f.i.a. method gave a result of 72 ppm (67 ppm by conventional
gravimetry) and a result of 1600 ppm (1643 ppm by gravimetry) for a sea-
water sample diluted 10 times. Satisfactory agreement was also obtained
with an effluent from a local industry, which had been analysed independ-
ently in the industrial laboratory.

Conclusion. This work demonstrates the value of using pH gradients in
f.i.a. The use of alkaline EDTA is more effective than polyvinyl alcohol in
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minimising build-up of barium sulphate in the determination of sulphate in
flowing systems.
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Short Communication

SELECTIVE DETERMINATION OF GALLIUM BY FLOW INJECTION
FLUORIMETRY

NOBUHIKO ISHIBASHI*, KENYU KINA** and YOSHIHIDE GOTO***
Faculty of Engineering, Kyushu University, Hakozaki, Fukuoka, 812 (Japan)
{(Received 6th August 1979)

Summary. Gallium can be determined fluorimetrically, with linear response in the range
2.2 X 107* M—1.08 x 107* M, by means of chelate formation with lumogallion; fluores-
cence is enhanced by mixing with a polyethylene glycol monolauryl ether solution. Up
to 10-fold molar amounts of aluminum can be tolerated, because of the slow formation
rate of the aluminum—lumogallion chelate.

Lumogallion [4-chloro-6-(2,4-dihydroxyphenylazo)-1-hydroxybenzene-2-
sulfonic acid] is a very sensitive ligand for the fluorimetric determination of
gallium and aluminum [1, 2]. When it is used for gallium, removal or masking
of aluminum is usually necessary to avoid interference. In previous papers
[3, 4] it was shown that the aluminum interference can be reduced consider-
ably by selective extraction of the gallium chelates with lumogallion analogs
into methyl isobutyl ketone. This communication describes the selective
determination of gallium by utilization of the difference in reaction rates for
chelation of gallium and aluminum with lumogallion. Aluminum ions are
relatively inert in chelate formation or ligand-exchange reactions. Complete
chelation of aluminum with lumogallion requires heating [2], whereas
chelation of gallium does not. The exchange rate of water molecule between
bound water and bulk water is about 10* times faster in the hydrated gallium
ion than in the aluminum ion [5]. Accordingly, the flow-injection method
was expected to be useful for avoiding the aluminum interference, as it
should be possible to detect the fluorescence of the gallium—lumogallion
chelate before that of the aluminum chelate becomes measurable,

Experimental

Equipment. A schematic diagram of the flow-injection system is shown in
Fig. 1. Teflon tubing was used (i.d. 0.5 mm). A 10-ul sample aliquot was
injected manually by means of a syringe through the silicone rubber septum
of the sample injector A, through which a carrier stream of lumogallion

**Present address: Dojindo Laboratories, Kengun-machi, Kumamoto, Japan.
***Present address: Shimonoseki-shi Shiyakusho, Kankyo-bu, Shimonoseki, Japan.
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Fig. 1. Flow injection system.

solution (2 X 107* M) was pumped at 1.12 ml min™' (9.5 cm s™'). The tube
from A to B constituted the reaction tube, in which the gallium—lIumogallion
chelate was formed. At B, the stream of lumogallion solution was mixed with a
stream of the nonionic surfactant polyethylene glycol monolauryl ether
(PGME) flowing at the same rate. After passing through the 210-cm mixing
coil, the fluorescence intensity was measured by a spectrofluorimeter
(Hitachi 204, 150 W Xenon arc lamp) equipped with a 100-ul flow-through
cell. The concentration of the gallium—lumogallion chelate was obtained
from the fluorescence peak height on a recorder. The excitation and
emission wavelengths used were 490 and 553 nm, respectively [6].

Reagents. A gallium stock solution (0.01 M) was prepared by dissolving
1 g of gallium oxide (purity 99.99%) in 11 of 1 M HCL. The aluminum stock
solution (0.1 M) was prepared from aluminum potassium sulfate in 0.01 M
HCl. The stock solution of lumogallion (1 X 1073 M) was diluted with a
pH 3.4 acetate buffer. PGME was dissolved in water (see below). All other
chemicals were of analytical reagent grade, and water was redistilled.

Results and discussion

The relationship between the tube length and the fluorescence peak
height was investigated. With a constant length of mixing tube (117 cm),
the peak height remained almost constant for reaction tube lengths between
39 and 100 cm but it tended to become lower with longer reaction tubes
(200 cm), perhaps because of axial dispersion of the sample zone. The effect
of the mixing tube length on peak height was also examined; the fluorescence
was unchanged for variations in length between 117 and 210 cm.

The fluorescence of the gallium—lumogallion chelate is known to be
greatly enhanced by the addition of surfactants especially the nonionic
PGME [6]. However, preliminary tests showed that injection of a gallium
sample into a lumogallion stream containing PGME gave a lower fluorescence
signal than that in an absence of PGME. The reason may be that lumogallion
molecules are absorbed by PGME micelles before they can react fully with
gallium. Accordingly, the manifold system shown in Fig. 1, in which PGME
was added after completion of the chelation, was adopted. PGME concen-
trations of 2.5% and above gave a fluorescence enhancement of about 4-fold (at
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Fig. 3. Formation rate of the gallium—lumogallion chelate. Gallium concentration,
1 X 107° M; carrier solutions, 1 X 107° M lumogallion and 2.5% PGME; reaction tube,

39 c¢m; mixing tube, 210 cm.

the excitation and emission wavelengths recommended) compared to the
results obtained in the absence of PGME. Figure 2 shows the fluorescence
peaks obtained for samples containing 2.2 X 107°—1.08 X 10™% M gallium;
each sample was injected in triplicate and the mean values of the peak
heights were directly proportional to the concentration of gallium. Judging
from the investigation of reaction rates (see below), the injected gallium was
completely converted to the lumogallion chelate in the 100-cm reaction tube.

Removal of aluminum interference. The formation rates of gallium and
aluminum with lumogallion were compared in order to estimate the possi-
bility of selective determination of gallium. The formation rates were
measured in the flow injection system with a 39-cm reaction tube and a 210-
cm mixing tube. Immediately after 10 ul of the gallium solution had been
injected into the lumogallion stream, the stream was stopped, so that chelate
formation proceeded in the reaction tube. After a predetermined reaction time,
the flow was restarted and merged with the PGME stream, and the fluorescence
was measured. The sample was apparently diluted at least 10-fold after
injection, judging from the width of the fluorescence peak. The variation in
peak height with reaction time for 107° M gallium solution is illustrated in
Fig. 3. Similar results were obtained for 2 X 107 M and 5 X 10"¢ M gallium
solutions. When aluminum solutions were tested, a reaction was observed
only after reaction times exceeding 1 h.

Rate constants were obtained by assuming that the reaction between
gallium and lumogallion is first order with respect to gallium in the presence
of a large excess of lumogallion, and the following equation was derived:
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In [G]o/[G] = k [L] t = k' t, where [G] is the free gallium concentration
at time t, [G], is its initial concentration, [L] is the lumogallion concen-
tration, and & (1 mol™! s™!) and k' (s™!) are apparent rate constants. [G] was
calculated from the relation [G] = [G],— [GL], as the gallium—lumogallion
chelate concentration, [GL], was obtained from the fluorescence peak
height. From the observed values of [G] against £, & was calculated to be
about 4 X 10% 1 mol s™! for gallium. A similar calculation for the aluminum
chelate formation yielded a k value of 1.7 1 mol s™!. The formation rate of
the aluminum—lumogallion chelate is thus more than 1000 times slower
than that of the gallium chelate, which indicates that up to 10-fold amounts
of aluminum should not interfere with the determination of gallium,
although 100-fold amounts would interfere. In order to verify this prediction,
10™% M gallium solutions containing aluminum in excess were analyzed. The
results agreed with the theoretical expectations; aluminum in 100-fold
molar excess gave positive errors of about 10%.

Effect of diverse ions. The effects of Mg(Il), Fe(ll, III), Co(II), Ni(II),
Cu(Il), Zn(II) were examined by measuring the fluorescence peak heights
for mixed solutions of gallium and the diverse ion. The results are listed
in Table 1. The presence of 100-fold amounts of iron(III) and copper(Il)
gave large negative errors.

The authors thank the Ministry of Education of Japan for financial
support (Project No. 485191).

TABLE 1

Effects of diverse ions on the determination of 1.0 X 10™* M gallium (10-u1 injections)?

Metal Ga recovery (%) Metal Ga recovery (%)
::ir(lie d Molar ratio [M]: [Ga] :;rclled Molar ratio [M]: [Ga]

1 10 100 1 10 100
Mg(I1) 104 102 102 Co(Il) 98 98 100
Al(III) 100 102 109 Ni(1I) 101 99 102
Fe(II) 97 95 83 Cu(1l) 95 71 4
Fe(III) 96 87 17 Zn(1I) 100 98 98

8Carrier solutions and tube lengths are the same as those in Fig. 1.
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AMMONIA SENSOR
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Summary. A flow system is described for the cleavage of proteins with immobilized

protease enzyme to L-amino acids which are then converted to ammonia with glass-

immobilized L-amino acid oxidase. An ammonia gas electrode is used as detector. Immo-
bilization techniques are discussed, as are optimum conditions for L-phenylalanine.

Bovine serum albumin was determined in the range 0.1—100 ug mi™!. Human blood sera

required dilution for analysis.

The impact of selective electrodes in clinical laboratory measurements has
been considerable [1]. Proteins have been successfully determined with a
silver sulfide membrane electrode [2—4]. In the work reported here the
behaviour of an ammonia sensor [5, 6] in the determination of amino acids
was studied. A flow-through ammonia sensor was used in combination with
immobilized protease and L-amino acid oxidase reactors. The enzymatic
reactions were allowed to proceed for a fixed time so that the release of
ammonia was not quantitative but amino acid concentrations in the range
0.1—100 ug ml™! could be determined at a rate of 8 samples/hour with good
reproducibility.

Experimental

Ammonia sensor. The probe was assembled with an antimony pH elec-
trode [5] in a mode suitable for flow analysis (Fig. 1). The dead volume of
the chamber was 40 ul, and the flow rates were regulated to ca. 0.3 ml min™,
Rapid washing of the line was therefore possible.

Manifold. The flow system is shown in Fig. 2. The lines were thermo-
statted at 25.0 + 0.1°C. Potentiometric measurements were made with an
AMEL Model 331 pH meter in conjunction with an Omniscribe Recorder.
In preliminary work, soluble enzyme was used and an additional line with a
thermostat coil was included. The enzymatic reaction time was 2—3 min.

Reagents and samples. Bovine serum albumin was obtained from Sigma
Fraction V powder. Serum was obtained from the University Hospital. The
enzymes used were L-amino acid oxidase from Adamanteus crotalus (Sigma,
crude, type 1, 0.4 IU mg™') and protease (Sigma, protease pancreatic crude,
type 1, 9 IU mg™). The controlled-pore glass was Sigma PG-75-120 (70 nm).
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Fig. 1. Ammonia flow-through sensor. (A) Sb pellet; (B) Ag/AgCl reference electrode;
(C) internal reference solution; (D) permeable teflon membrane; (E) polyethylene tube;
(F) metal contact; (G) external PVC tube.

Fig. 2. Flow-through electrode manifold. (PP) Peristaltic pump; (A) reactor with immobi-
lized protease; (B) reactor with immobilized L-amino acid oxidase; (D) debubbler; (E)
ammonia sensor; (PR) potentiometer with recorder.

v-Aminopropyltriethoxysilane (EGA Chemie AG) and glutaraldehyde (25%,
Merck) were used. Other reagents were of analytical grade (Merck).

Silanization of porous glass with vy-aminopropyltriethoxysilane. Con-
trolled pore glass (10 g) was washed for 15 min in 100 ml of boiling 5%
nitric acid. After decantation, the glass was washed several times with
distilled water, dried at 95°C, and then immersed in 50 ml of an aqueous
10% (v/v) solution of y-aminopropyltriethoxysilane adjusted to pH 5 with
glacial acetic acid. The mixture was heated, with stirring, at 80°C for 1 h.
After cooling, the solution was decanted, and the glass was washed
thoroughly with water and dried for 2 h at 120°C.

Coupling of enzymes to alkylamine glass. For the glutaraldehyde proce-
dure, 2 g of the alkylamine glass was added to 10 ml of a 2.5% (v/v) glutar-
aldehyde solution in phosphate buffer pH 6.9. The mixture was kept at
room temperature for 1 h under moderate vacuum (water pump). The
activated glass was then washed several times with water. To 1 g of glass,
5 ml of enzyme solution (1 mg ml™') was added and the reaction was
allowed to proceed for 2 h at 4°C under moderate vacuum. The product was
washed with phosphate buffer and stored in a refrigerator. For the diazo-
tization procedure, 1 g of the alkylamine glass was refluxed for 1 h with 10
ml of chloroform containing 0.1 g of p-nitrobenzoyl chloride.
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After cooling, the glass was decanted, washed several times with chloro-
form, and dried at 70°C for 30 min. The arylnitro glass (1 g) was reduced
with 10 ml of aqueous 1% (w/v) sodium dithionite (Na,S,04) solution at
pH 8.5 by refluxing for 1 h. The arylamine glass obtained was decanted and
washed with water; 1 g of this glass was diazotized by mixing with 10 ml of
2 M hydrochloric acid and 0.25 g of sodium nitrate for 30 min in ice water.
The glass was then washed with water and cold 1% (w/v) sulfamic acid
solution. The diazotized product (1 g) was added to 10 ml of enzyme
solution (1 mg ml™!) in hydrogencarbonate buffer (0.05 M); after reaction
for 1 h in ice water, the glass was decanted, washed with distilled water and
stored in a refrigerator. The glutaraldehyde procedure was used for both
L-amino acid oxidase and protease whereas the diazo procedure was used
only for the former.

Preparation of reactor with immobilized enzyme. The glass (1 g) with
enzyme immobilized was placed in a polyethylene tube (4 mm i.d., 40 cm
long) and held in position with glass wool.

Results and discussion

Linear calibration plots with Nernstian slope were obtained for the flow-
through ammonia electrode (Fig. 1) in pure ammonium chloride solutions in
the range 100> M—5 X 10°% M when the internal solution was 107> M
ammonium ion—10~! M chloride. The range of linear behaviour was reduced
to 107>—5 X 10™* M when the internal solution was 10~! M ammonium ion—
10™! M chloride. The more dilute solution was therefore preferred. Standard
solutions of ammonia were prepared by adding 1 M potassium hydroxide
to standard solutions of ammonium chloride.

To establish the optimum conditions, L-phenylalanine was selected as
model compound for tests with soluble L-amino acid oxidase (0.1 mg ml™')
in phosphate buffer at pH 6.9. The calibration plot was linear for the range
1075—10"®* M L-phenylalanine but the difference between the ammonia and
L-amino acid calibration curves showed that the enzymatic reaction was
incomplete. A study of parameters influencing the reaction, i.e., tempera-
ture, time, pH and enzyme concentration, essentially confirmed earlier
results [7, 8]. Thus the optimum temperature was 37°C, the reaction time
giving maximum values of AE was 10 min, and the optimum pH of the
enzyme reaction was around pH 7. This pH is a compromise between the
optimum pH of the enzyme and the optimum for the reaction. The pK,
value of phenylalanine is 5.9, hence the anionic form of the amino acid,
which is responsible for the reaction, predominates at the recommended pH.
The best concentration of enzyme giving maximum linear range was 0.1 mg
ml™!, These conditions were used for guidance in the application of the
immobilized enzymes.

Immobilized enzymes. The L-amino acid oxidase was immobilized for
convenient use by procedures A and B. The calibration curves obtained
(Fig. 3) demonstrate the superiority of the diazo procedure; between 2 and 30
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Fig. 3. Calibration curves for L-phenylalanine with immobilized enzyme in phosphate
buffer pH 6.9 at 37°C. (A) Glutaraldehyde procedure; (B) diazotization procedure. (a)
After immobilization, (b) after 48 h, (¢) after 30 days.

days there was only a slight decrease of activity. The calibration curves for
several other substrates with the immobilized enzyme are shown in Fig. 4.
The phosphate buffer at pH 6.9 is optimal for the enzyme activity but it
is evident that lysine (pK, = 9.5) reacts very slowly. This can be ascribed to
the predominance of the cationic form of lysine at pH 6.9. However, it is
impossible to achieve a single optimum pH for all amino acids, and so all
further experiments were carried out at pH 6.9. The output for a set of
consecutive samples of phenylalanine used to obtain a calibration curve is
shown in Fig. 5. The run shows that around 8 samples per hour can be
analyzed.

Analysis of standard sera. Some results of clinical interest obtained with
the manifold shown in Fig. 2 are illustrated in Fig. 6. The calibration curve
for bovine serum albumin is compared with that for a standard serum
obtained from the University Hospital; the serum was diluted to obtain the
four concentrations measured. The proteins in the serum are clearly less
reactive than bovine serum albumin (Sigma). Calibration curve (b) of Fig. 6

TABLE 1

Analysis of human sera

Sample? 1 2 3 4 5 6
Potentiometric result 3.4 6.9 6.7 5.9 6.7 6.9
(/100 ml)

Colorimetric resultP 2.3 6.6 6.7 6.1 6.1 6.7
(g/100 ml)

2All samples were prediluted 1:10 with phosphate buffer pH 7.9, except sample 1 which
was prediluted 1:30.
bStandard method used in the University Hospital.
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Fig. 4. Calibration curves for some L-amino acids with immobilized enzyme (procedure
B) at pH 6.9: (a) leucine, (b) phenylalanine, (c) cysteine, (d) lysine.

Fig. 5. Response times for L-phenylalanine at concentrations of (2) 10™ M, (3) 10 M,
(4) 107 M.

was used in analyzing a series of patient sera; the results (Table 1) show
good correlation, except perhaps for sample 1.

The protease enzyme was immobilized because it degrades rapidly in solu-
tion, hydrolyzing in a few days even at 5°C. At 37°C, hydrolysis is faster and
the blank gives a potential value which corresponds to significant autodeg-
radation of enzyme to L-amino acids.

The high nitrogen content of proteins allows this simple technique to be
applied to quite low concentrations. The ammonia sensor has advantages
over the sulfide-selective electrode [2, 3] in that it is more accurate and
easier to standardize. The immobilizing techniques for the enzymes require
further development so that greater sensitivity, and so shorter analysis
times, can be achieved for an automatic system.

60

AE (mvV)

20+

00l 0.l i 0 100
Sample (g L")

Fig. 6. Calibration curves for (a) bovine serum albumin and (b) human blood serum at
pH 6.9. L-amino acid oxidase immobilized by procedure B and protease by procedure A,
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