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SUMMARY

A novel approach for constructing continuous flow systems for analysis is described
and its versatility is demonstrated for a number of flow-injection systems with integrated
potentiometric or optical detectors and with integrated gas-diffusion or ion-exchange
units, Optimization of the miniaturized designs was achieved by means of scaling factors
based on the theory of similarity.

The present work describes a departure from the traditional way of con-
structing flow-through systems for continuous flow analyses. Flow injection
analysis (f.i.a.) [1] is used as an example to illustrate this novel approach
and its versatility is demonstrated by means of several designs, which allow
one to evaluate the new technology and its impact on the future construc-
tion of continuous flow systems. The idea, inspired by the concepts of inte-
grated electronic circuitry, by discussions at the Gordon Conference in 1982,
and by designs of gas chromatographs on silicone chips as originated at
Stanford University [2], is based on miniaturization and integration of all
components of a flow-through manifold into one unit, approximately of the
size of a credit card. This means that instead of the individual manifold
components (injection unit, mixing coils, dialysis or diffusion units and
detectors) being joined by means of flexible tubing and connectors, the
whole system of channels is fabricated into a planar surface of a plate, the
plate being sufficiently thick to be mechanically stable and to accommodate
optical flow cells, electrodes of electrochemical sensors, packed reactors,
microcolumns, as well as inlets and outlets by means of which the integrated
microconduits can be connected with external sources of liquids. The
channels, imprinted or engraved in the planar surface, are sealed by another
(thinner) plate, so that the cross-section of the channels is either semicircular
or square. The thick and thin plates are bonded together and the resulting
microconduits can even be stacked on top of each other to form a multi-
layered structure. Another attractive feature of this concept is that one or
several detectors may be placed in the flow path exactly where desired,
whereas in all previous constructions of flow-injection manifolds a com-
promise between the ideal and what was possible in practice was dictated by
the physical size and geometry of the available flow-through detector.
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The development and construction of integrated microconduits was, how-
ever, a more complex task than might appear from the straightforward idea
outlined above. Two groups of problems, conceptual and technological, were
revealed as the work progressed, and although their solution is described
separately below, it should be emphasized that it was the interplay of these
two groups of problems which was the most difficult to solve, as material
properties often imposed constraints on the intended design.

THEORY

Concepts of similarity

Any flow-injection system is built around a flow channel of certain dimen-
sions and geometrical form (usually coiled tubing) and it would therefore
seem to be an easy matter to miniaturize it by simply scaling down existing
manifolds. The difficulty is that such an approach will not yield micro-
channels which would behave exactly like macrochannels, because a simple
reduction of all dimensions does not produce channels which are physically
similar. This may be better understood by briefly reviewing the concept of
similarity as applied to fluid mechanics (e.g., [3]). The use of this concept
for scaling and modelling of the behaviour of fluids is based on three types
of similarities. The simplest, geometric similarity, is similarity of shape, and
operates with a scaling factor which is the ratio of any length in one system
to the corresponding length in the other system. Yet, when the channel for
f.i.a. is miniaturized, perfect geometrical similarity will be impossible to
obtain, because the roughness of the walls and other imperfections of the
channels cannot be reduced proportionately when the overall dimensions
are scaled down. Furthermore, an excessive reduction of the cross-sectional
area of the channels is undesirable, because solid particles present in some
sample materials (blood, fermentation liquids, etc.) could block a very nar-
row channel. Finally, since the idea was to imprint or to engrave a channel
into a planar surface, rather than to wind a miniaturized coil, the concept
of geometric similarity cannot be applied.

Kinematic similarity is similarity of motion and implies geometric simi-
larity together with similar time intervals. Its scaling factors are velocities
and accelerations. This would be a useful tool, if flow-injection systems of
geometric similarity were available, because kinematic similarity would allow
pumping rates to be adjusted. Dynamic similarity is a similarity of forces,
which could also comprise a scaling factor; this type of similarity includes
geometric and kinematic similarities, thus being a valuable tool for compari-
son of scaled models (e.g., for aircraft and ships). Outside the field of fluid
mechanics, but still involving fluid properties, are thermal similarity which
operates through differences in temperatures between model and prototype,
and chemical similarity where the fixed ratios of reactants at corresponding
points in the flowing streams serve as a scaling factor. Thus, in order for two
systems to behave similarly, certain ratios of like magnitudes must be fixed.
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Whatever quantities are chosen, the ratio of their magnitudes (i.e., the scaling
factor) is dimensionless. Several scaling factors may be needed to describe a
complex system like f.i.a., but once identified, they will allow a rational
design and comparison of two flow-injection channels regardless of their
geometric dissimilarity. To conclude, suitable scaling factors have to be iden-
tified and computed, as they will facilitate the design of miniaturized flow-
injection systems which will behave similarly to the macrosystems (by
yielding the same analytical readout) and yet will be more economical in
terms of sample, reagents and space requirements.

Scaling factors

It is now widely recognized that flow injection analysis is based on the
combination of three principles: sample injection of solution into an unseg-
mented carrier stream, controlled dispersion of the sample zone thus formed,
and reproducible timing of the movement of the produced concentration
gradient through the flow channel and detector.

A simple and practical method for designing a flow-injection system is
based on the use of the dispersion coefficient D = C°C, where C° is the
original sample concentration prior to injection and C is the concentration
of the sample material in that element of fluid of the dispersed sample zone
from which the analytical readout is to be obtained. As most f.i.a. methods
are based on peak-height measurements, C is normally taken as the concen-
tration of the dispersed sample solution in that element of fluid which
corresponds to the peak maximum (C™2*), The dispersion of sample solu-
tion is controllable by choice of sample volume and by geometry of flow
and can be classified as limited dispersion (D = 1—3) if the system is to be
used merely to transport samples reproducibly into the detector (e.g., for
pH measurement); or as medium dispersion (D = 3—10), to provide a suitable
mixing ratio between sample and reagent contained in the carrier stream
(e.g., for spectrophotometry and chemiluminescence); or as large dispersion
(D > 10), to be used when sample material has to be extensively diluted
prior to measurement.

A response curve in f.i.a. is a result of two processes, the physical disper-
sion of the sample material in the carrier stream and the chemical reaction(s)
forming the species to be measured, thus the dispersion coefficient D is a
suitable scaling factor because it describes the ratio of reactants in that ele-
ment of fluid which is chosen to yield the analytical readout. Because the
physical dispersion and the chemical reaction are both kinetic in nature, and
because they take place simultaneously, commencing at the same time (the
moment of injection, S), they jointly yield a response curve, the time scale
of which is the next scaling factor. As most methods in f.i.a. are based on
peak-height measurements, the residence time, T, measured from the point
of injection S to the peak maximum (Fig. 1), in conjunction with C™*
allows (via D) the fixed ratios of reactants at corresponding times to be
compared in geometrically dissimilar streams, thus yielding a basis for
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Fig. 1. The F curve and C curve obtained in a one-line flow-injection system (basic u-con-
duit unit, cf. Fig. 3) by imposing a step and a pulse input, respectively, of a dye solution
of concentration C° into an inert carrier stream, the signal being recorded as absorbance
(A): 8, point of injection; S,,, (t,,,), sample volume (time) necessary to reach 50% of
steady state; V,, reactor volume; T, mean residence time; D, dispersion coefficient; n,
sample volume expressed as number of S,,, values.

comparison of chemical similarity of otherwise dissimilar flow-injection
systems. In other words, if a flow-injection procedure has been developed,
optimized and tested in a macrochannel, it can be accommodated in a
microchannel, provided that both systems yield similar D .and T values.
Going one step further, if D and T are identical for the micro- and macro-
system, then both systems will yield identical readouts, which means that
the same, say, spectrophotometric procedure will yield the same peak height
(in terms of absorbance) provided that identical concentrations of sample
and reagent materials are used in both systems, and that the flow cells have
identical optical pathlengths and that the wavelength of the radiation to be
absorbed is the same.

The last scaling factor to be identified must permit comparisons of
economy of sample, reagent and time consumption in geometrically dis-
similar flow-injection channels, as mere miniaturization of a system does
not necessarily mean its optimization in terms of sampling frequency and
consumption of liquid materials. In principle, one can use the D and T values
for this purpose as well, for it has been shown [4] that

D= CO/cmax = 2773/272D§/2T1/2S‘-,1 (1)

where r is the tube radius, and S, is the injected sample volume. If D, (the
axial dispersion coefficient) can be isolated, its value can be computed for a
macrochannel and compared with the value computed for a microchannel.
The system with lower D; value would be more economical, as lower axial
dispersion means less zone spreading. Because it has not been much appreci-
ated (see, e.g., [5]) that the D value is related to the sampling frequency via
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D¢ (Eqn. 1), it may be more practical to use a more explicit term describing
system performance. Such a term should allow estimation of: (a) the dura-
tion of the measuring cycle t.,. (as t.,. allows computation of sampling
frequency); (b) peak width at the baseline At;, (as suggested by Vanderslice
et al. [6]); and (c) sample and reagent consumption per measuring cycle.
Such a term could also be useful as a more easily understood scaling factor
than the axial dispersion coefficient D;. To find it, Eqn. 1 can be rewritten as

D = C°/C™** = 2V, (n5)"S;! (2)

where V, is the volume of the flow-injection channel from the point of in-
jection to the point of detection. Equation 2 assumes a Gaussian form of the
peak because D; is replaced by the dispersion number § = ¢%/2, ¢ being half
of the peak width at 0.61 peak height, and C™** = (478)™"2, It has been
established [1] that

1/D = 1 —exp(—*S,) = 1 —exp(—0.693n) = 1 — 2™ (3)

where n = 8,/S,,,, S,,, being the injected sample volume necessary to reach
50% of steady state; thus for D = 2, Eqn. 2 can be rewritten as

812/ Ve = (n8)'? (4)

The dispersion factor, S,,/V, can be obtained by a simple dispersion
experiment simultaneously with the other two scaling factors D and T (see
Fig. 1 and below). Because this factor is proportional to D; and §, the lower
is its value, the less will be the axial spreading of the sample zone. Thus a
flow channel with lower dispersion factor will operate with higher frequency
and better economy of reagent and time than a system with a higher S,,/V,
value.

The length of the measuring cycle (¢.y.), the peak width at the baseline
(Aty), the carrier stream consumption (r,.), and the sampling frequency (Sy)
are all functions of §,,, and V.. For 8, < §,,,, the values are given by

tcyc = (Vr + 481/2)/Q (5)
At, =48,,/Q (or more conservatively 6S,;,/Q) (6)
rcyc = Vr + 4S’1/2 (7)

while S; = 60/t.,. samples per hour for pumping rate @ expressed in volume
units per minute. The maximum attainable sample frequency, S, Will thus
be given by S, = 60/t, = 15Q/8S,,, samples/h.

The dispersion factor also allows all the above values to be predicted for
longer or shorter sections of a flow channel of certain geometry. Because
S,, (Eqn. 4) is proportional to 6! which in turn is proportional to the square
root of the variance 02, and because the overall peak variance o, is the sum
of the variances contributed by the individual sections 1, 2, 3 .. .i of the
flow path, i.e.,
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Otot""01+02+0'3....0i (8)

and if the flow system is considered as a sum of N sections, each contributing
the same S;,,, then

S,, =N'?8{, (9)

The dispersion factor is then obtained by dividing Eqn. 9 by the volume of
the whole system, V,

NVIAZ =Nl/zsli/2/Vr (10)

If all sections are geometrically identical (i.e., each section contributes S;,,),
then V, =NV}, and

812/ Ve =81nIN 2 V; (11)

Thus for a channel of uniform geometry, once S,, has been established,
it is possible to estimate the performance of a shorter or longer channel
consisting of any number (V) of sections.

Straight channels or coiled tubing, or an imprinted channel of, say,
sinusoidal form, or any channel of repeated geometry, may be viewed as
consisting of a number of geometrically identical sections N. Because any
deviation of geometry from a circular straight pipe will disturb the laminar
pattern of the liquid flowing through the tube, the axial dispersion per
reactor volume V, will decrease from a straight pipe to a coiled pipe to a
semicircular imprinted sinusoidal channel and will be smallest in a tube
either packed with single beads (the SBSR reactor of Reijn et al. [7]) or
three-dimensionally coiled (3-D coiled) [8] (cf. Table 1). The dispersion
factor S,,/V, will decrease as the increased radial dispersion changes the
character of the flow from mixed towards plug flow. Thus, once the scaling
factors have been established for several types of channel, then the overall
S,,, may be estimated for a system consisting of their combinations, by using
Eqn. 10.

TABLE 1

Comparison of dispersion factors for five types of reactors of different geometry

Type of reactor Cross-sectional Ve S Dispersion
reactor area (meas.) (meas.) factor
(mm?) (u1) () S,/ Vy
Microline?
straight 0.2 172.9 70.6 0.41
coiled 0.2 193.7 66.4 0.34
3-D coiled 0.2 184.0 41.5 0.23
SBSRP (0.6) 243.5 69.2 0.28
Basic u-conduit unit 0.8 135.6 46.0 0.34

375 cm, 0.5 mm i.d. PSingle bead string reactor (40 em, 0.86 i.d.) filled with 0.5 mm glass
beads; the effective cross-sectional area is different from the nominal one.



To summarize, the three scaling factors used here are the dispersion co-
efficient D, the residence time T and the dispersion factor S,,,/V,. The latter
two can be obtained from a simple measurement, by injecting a large volume
of a dye into a colourless stream and by recording the absorbance of the
carrier stream with a flow-through colorimeter (Fig. 1). The step input, or
F curve [1], thus obtained yields V,,S,,, and C° (absorbance at steady state).
Next, a sample volume of the size intended for use with the given flow-
injection procedure is injected. This peak (C curve [1]) yields a D value,
and a T value, and via Eqn. (3) reconfirms the S, ,, value already obtained by
the step input experiment. This in turn allows computation of ¢, 7cy., €tc.
The D and T values are then compared with those of the macromethod and
finally adjusted to match.

While the dispersion factor is determined mainly by the geometry of flow
and to a lesser extent by the flow rate, D and T may be further manipulated
by changing the injected sample volume (D), changing the flow rate (up to
stopped flow) (T'), and choosing the point of readout within the concentra-
tion gradient (D and T').

It is unnecessary here to reiterate the previously described gradient tech-
niques [9], yet it is useful to illustrate how the D and T values can further
be manipulated by a proper choice of the point of readout. So far, only the D
and T values connected to the peak maximum have been discussed because
most methods of f.i.a. are based on peak-height measurements at peak maxi-
mum. One may, however, choose any other element of the dispersed sample
zone as a point of readout, if a finer adjustment of the D and T values is re-
quired. Thus two geometrically dissimilar flow-injection systems A and B may
yield identical D and T values, as shown in Fig. 2. By injecting identical con-
centrations C° of a dye into these two channels, two response curves can be
recorded from the same starting point (S). The peak-height measurement for
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Fig. 2. Signal output for two dissimilar flow-injection systems where identical sample
concentrations of a dye were injected, the responses being recorded from the same starting
point (S). The two peak maxima, C"®* and C§'®*, are related to the two residence times
Tp and Tg, while times ¢,, ¢, and t, correspond to fluid elements (1, 2, 3) with identical
dispersion coefficients situated along the gradients of the dispersed sample zones.
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channel A in this example has D, = C°/C** = 2.4 and T, = 7.0 s, whereas
channel B has Dy = C°/C§*** = 3.4 and T = 12.8 s. These are the minimum D
values obtainable in the given channel geometries, for the given sample
volume injected. Higher D values can be obtained by fixing the readout at
times other than those corresponding to the peak maximum. For illustration,
points 1, 2 and 3 all have identical values (D, =D, = D; = 5.2), i.e., the same
mixing ratio between sample and reagent (contained in the carrier stream).
Point 2 also represents identical reaction times (t, = 10.3 s) for the two
systems A and B, thus the readouts obtained at point 2 will be identical for
both the A and B channels, regardless of how much these channels may
differ geometrically. This observation has been exploited for evaluation of
the selectivity of flow-injection methods [10] and will also be useful when
the chemical scaling factor has to be adjusted for merging zones and instru-
mental pumping methods in macro- or micro-channels.

EXPERIMENTAL

Apparatus

All experiments were done with a Bifok-Tecator FIA-5020 Flow Injection
Analyzer equipped with an injection valve of variable volume (Bifok, model
L-100-1). For delivery and aspiration of liquids, both peristaltic pumps of the
analyzer were used. The automated sequential operation of the pumps, and
the timing of the valve functions, were controlled by the microprocessor
of the FIA-5020. Optical measurements were made by means of a Bausch
and Lomb Mini-20 spectrophotometer from which the light source (the
tungsten lamp) was removed. The light from an external light source (20 W),
powered by a variable power supply (4—8 V), was piped by an acrylic optical
fibre (1.6 mm o.d.; Optronics, Cambridge, England) into the microconduit
with integrated flow cell (see Figs. 6, 8 and 10) and from there by means
of a second piece of optical fibre, the other end of which was placed where the
tungsten lamp had originally been situated in the photometer. Both fibres
were protected from ambient illumination by black PVC sleeving, and the
cell compartment of the spectrophotometer was made light-tight. The trans-
mittance signal from the spectrophotometer was fed to a logarithmic con-
verter and then to the recorder (Radiometer Servograph REC-61, furnished
with a REA-112 high-sensitivity interface), and from there to the FIA-5020.
Results were displayed digitally on the FIA-5020 and also recorded on an
attached printer (Alphacom, Sprinter 40). For potentiometric measurements,
a digital pH meter (Radiometer PHM 64 Research pH meter) was used, the
recorder being equipped with a REA-100 pH-meter interface (Radiometer).

Microconduits

All the microconduits for f.i.a. (Figs. 3, 4, 6, 8, 10, 12 and 13) were made
from 70 X 45 X 10 mm transparent PVC blocks into which appropriate
channel patterns were impressed or engraved. When closed by a transparent



Fig. 3. Basic microconduit unit for f.i.a., designed to accommodate a carrier stream (C)
to which a side stream (R) can be added in confluence, and to be attached to an externally
placed injection valve (S) and detector (D). For the dispersion experiments shown in
Fig. 1, the side stream R was not used. The channel length from the confluence point
with R to the detector D is 15.6 cm.

plate with the aid of pressure-sensitive polymeric glue, the channels formed
conduits of semicircular cross-section, typically with an area of 0.8 mm?.
Introduction of liquids into the channels and their withdrawal were effected
through small perpendicular holes drilled at appropriate positions and
furnished at the top with sleeving in order to facilitate connection to exterior
tubing. Electrodes were implanted into the flow channels and milled flat
so as not to protrude from the walls of the channel. In those microconduits
where an optical flow cell was integrated, a 10-mm circular section of the
transparent PVC block was replaced by a plug of black PVC of identical
dimensions into which a hole serving as the flow cell (1.6 mm i.d., 10 mm
optical path) was drilled perpendicularly to the conduit pattern. Covered on
both sides with transparent plates, this construction ensured that only the
light passing through the flow cell was transmitted to the acceptor light
fibre (see Figs. 6, 8 and 10).
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Fig. 4. Manifold and microconduit unit for potentiometric determination of pH, the
components within the boxed area of the manifold being those contained in the micro-
conduit. Pumps P, ahd P, are operated sequentially, controlled by timer T, so that sample
(Sy = 30 ul) is first aspirated by P, into the injection valve (during which period P, is
stopped) and subsequently propelled forward by carrier stream C (diluted buffer, c.f.
Fig. 5) towards indicator electrode i, (or i,), the construction details of which are shown
in the inset (m is the pH-sensitive membrane). The reference electrode (ref) is placed in a
side channel fed by stream R, and the combined streams are ultimately led to waste, W.
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Electrodes

Silver wire (0.7 mm diameter) was implanted into the PVC block, and its
surface, milled flush with the channel wall, was plated with silver chloride;
this served as a reference electrode (cf. Fig. 4). The pH electrode was prepared
as follows. First, a reference layer of NaH,PO,/Na,HPO,/KCl was applied to
the Ag/AgCl surface and then a pH-sensitive PVC-based membrane contain-
ing tri-n-dodecylamine [11] was cast over its surface. The casting procedure
was repeated three times, and the membrane was then allowed to dry over-
night. After the channel had been closed, the structure obtained was as
shown in the inset of Fig. 4.

Reagents

All reagents were of analytical-reagent grade. Distilled and degassed water
was used throughout.

For the dispersion experiments, the carrier stream used was 1 X 102 M
sodium tetraborate to which was added 0.05% Brij. The bromothymol blue
dye stock solution used for preparation of samples was made as described
earlier [12]; a 1:200 dilution of this solution had an absorbance of 1.044
at 600 nm in a cell of 10-mm path length.

The carrier solution for the pH measurements consisted of 102 M sodium
dihydrogenphosphate adjusted to pH 7.6 or 8.0, to which sodium chloride
was added to give a final concentration of 0.10 M. This solution also served
as reference solution for the Ag/AgCl reference electrode. Buffer standards
in the pH range 2—12 were prepared as described in Tables 10.25, 10.37,
10.43,10.45 and 10.5 in the monograph by Perrin and Dempsey [13].

The reagent carrier stream for the spectrophotometric determination of
calcium was identical to that described previously [12], except that the
alkaline solutions of diethylamine and o-cresolphthalein complexone, which
in the earlier version were pumped separately into the flow-injection mani-
fold, were here premixed in a container before being pumped. Calcium stan-
dards in the range 2.5—15 mg I* were prepared by dilutions of a 100 mg 1™
calcium stock solution [12].

RESULTS

Comparison of channels of different geometry, and design of basic micro-
conduit unit

In order to verify the concept of the dispersion factor and use it for
optimizing the geometry of the imprinted microconduit channels, S,,/V;
values of various channel geometries were measured and compared by
dispersion experiments. A step pulse of bromothymol blue in a colourless
carrier stream of sodium tetraborate with ensuing colorimetric detection
(F curve, Fig. 1) was used for this purpose. According to Eqn. 8, o}, = 0};
+ 0%eactor T 0%cty Where 02eacior = 03 + 03 + 03 + .... Obviously, the disper-
sion factor will reflect the contributions from all these variables. Therefore,
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the same injection and detector units were used in all experiments so that
the contributions of these two components to the overall variance were kept
constant. Furthermore, by keeping their volume minimal, o, and o3, were
minimized. It should be realized, however, that because the total volume of
the system, V., is given by Vie; = Viyj + Vieactor + Vaet these non-reactor
contributions, although constant, will become dominant when the reactor
volume is very small. (Further, it should be noted that when the F curves are
measured, i.e., the leading edge dispersion is recorded, ¢%; is independent of the
injected volume, S,, but reflects the volume, Vj,;, of the connector between
the valve rotor and the start of the investigated channel). Except for the
SBSR reactor (which had an internal diameter of 0.86 mm and was packed
with glass beads of 0.5 mm diameter) and the microconduits (imprinted into
flat plates), all reactors were made of Microline tubing (70 em, 0.5 mm i.d.)
which was straight, coiled (coil diameter 10 mm) or 3-D coiled (by tying
tight knots irregularly [8]). For coiled and 3-D coiled reactors, F' curves were
recorded as a function of reactor lengths L, starting with 100-cm long reac-
tors, from which 25-cm sections were cut after each dispersion experiment
(this was preferred to connecting shorter pieces of tubing, which could intro-
duce changes in the flow pattern at the connecting points). The results of
these experiments, summarized in Tables 1 and 2, show that the 3-D coiled
reactor has the lowest dispersion factor (i.e., the lowest axial dispersion) and
that this reactor (and the SBSR reactor) conform with Eqns. 8—11, because
the radial dispersion promoted by secondary flow is sufficient, even in the
shortest reactor length, to convert the flow-injection peak (C curve) to a
near-Gaussian shape. In the coiled reactor, however, the secondary flow
requires a longer length of line (L) to develop, and as ¢, and ¢}, become
significant compared to 02qq. for 25 cm < L < 100 cm, the development of
the Gaussian shape of the C curves requires line lengths exceeding about
75cm [1].

TABLE 2

Comparison of dispersion factors for Microline reactors (0.5 mm i.d.) coiled or three-
dimensionally coiled, as a function of reactor lengths

Reactor Length Vi S, Dispersion (8,,,/ Ve (S, Vidioo
type (cm) (meas.) (meas.) factor a
(ul) (ul) S,/ Vi Measured Theor.
Coiled 25.5 85.7 31.8 0.37 1.08 1.98
50 138.3 47.0 0.34 1.00 1.41
74 192.0 66.2 0.34 1.00 1.16
100 238.5 81.6 0.34 1.00 1.00
3-D coiled 25 85.7 27.7 0.32 1.79 2.00
48 130.0 34.6 0.27 1.47 1.44
71 179.0 38.7 0.22 1.20 1.19
100 229.9 41.5 0.18 1.00 1.00

28 According to Eqn. 11.
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The microconduit (of 135-ul volume) has a dispersion factor of 0.34
which is similar to that of a 70-cm coiled tube (0.5-mm i.d.; 140-ul volume).
Taking into account that the cross-sectional area of the coiled tubing is
0.2 mm? and that the microconduit channel is 0.8 mm?, the geometry of the
imprinted channel yields a lower axial dispersion than that of the coiled tube
(cf. Egn. 1). The basic microconduit unit (Fig. 3, where the basic unit is
shown furnished with a second inlet, allowing addition of a side-stream R)
is thus identical with a 70-cm coil of 0.5-mm i.d. tubing, in terms of sample,
reagent consumption and time, provided that the same pumping rate @ is
used. Conventional flow-injection systems are made of such coils (longer or
shorter, as required), thus the basic unit may serve as a building block for
those applications of f.i.a., which were designed originally for conventional
systems with coiled tubing, because an appropriate choice of S, and @ will
yield identical or similar D and T values in microconduits and coils. For
limited dispersion applications (such as pH measurements), a shorter channel
has to be imprinted; for medium dispersion (e.g., methods for spectrophoto-
metry or luminescence), one or two basic blocks are used, whereas for flow-
injection titrations, the basic channel must be supplemented by a gradient
tube.

Microconduit for pH measurement

As pH measurements require a system with low D value (1—3) and no
chemical reaction is needed in the flow channel (thus allowing a short
residence time T'), a single line system with the lowest possible dispersion
factor offers optimum economy of sample and carrier stream consumption
per measuring cycle. Accordingly, the channel volume (between the point
of injection and the indicator electrode i, in Fig. 4) was reduced to 20 ul,
corresponding to S;, = 7 ul, thus requiring S, = 30 ul to reach D = 1.05.
With @ = 0.9 ml min™, this yields theoretically S; = 60/t.,,, ~ 60
Q/(V,. + 10 8,,;) or a sample throughput of 600 h™ (provided that the speed
of response of the electrode is not the limiting factor).

The microconduit (Fig. 4) comprised the indicator electrode, i (two such
electrodes, i, and i,, are shown in Fig. 4 to indicate multisensor capability)
and the Ag/AgCl wire reference electrode situated in a side channel and
connected to the main channel downstream from the indicator electrodes.
The manifold construction is such that the reference solution and thus
the liquid junction are renewed during each sampling cycle when carrier
stream is pumped (by pump P,) through both channels. The construction
of the pH electrode is described under Experimental. A typical pH readout,
obtained by injecting buffers in the pH range 2.0—12.0 into a carrier stream
consisting of phosphate buffer at pH 7.6 is shown in Fig. 5A; a recording ob-
tained for the narrow pH range 7.0—7.8 (Fig. 5B, pH 8.0), corresponding to
clinical applications, confirms the high reproducibility of this type of mea-
surement (RSD 0.003 pH).

Because of the anion-exchange properties of the electroactive material



13

pH A B

10 min

l

20mv

l

| Wl L
1

m“‘"hllmu

Scan ——

M054

Fig. 5. pH-Response curves obtained with the microconduit system of Fig. 4. (A) A series
of pH standards in the range 2.0—12.0; the carrier solution was a 0.01 M phosphate buffer
containing 0.1 M NaCl, at pH 7.6. (B) Performance of the system in the physiologically
important pH range; the carrier solution was at pH 8.0.

which is, like many other tertiary amines, capable of extracting anions into
an organic phase (see, e.g., [14]), the electrode does not respond to pH
changes below pH 3 in the presence of 0.1 M NaCl. The extraction of anions
by tri-n-dodecylamine increases in the order SO} < PO} < CI' < Br < I'<
ClO;, and it can be expected that the electrode selectivity will follow the
same pattern, so that pH measurements would be unreliable even in neutral
solutions in the presence of high concentrations of perchlorate. Above pH 10,
interference is caused by alkali metal cations. In its present configuration,
the sensitivity of the sensor towards chloride and alkali metal ions may give
rise to a fine trough atop the peak if the dispersion is low and the pH is
<3 or >9 in buffers without chloride, because the transition from the
chloride-containing carrier stream to the chloride-free centre of the sample-
buffer zone will affect the loading of the exchange sites on the electrode
surface. Therefore, for more precise measurements, buffers should be used,
containing chloride (and sodium ion) activities similar to those of the carrier
stream. Despite these shortcomings, the electrode is very well suited to
applications in f.i.a., as it has a fast response and low impedance, even when
miniaturized. It is a useful device not only for direct pH measurement but
also for indirect applications like pCO,, ammonia and enzymatic measure-
ments where the pH, generated on the other side of a gas-permeable mem-
brane, reflects the concentration of analyte in the carrier stream (cf. Fig. 12).
Its usefulness for blood gas measurements has already been confirmed
[17].

In addition to the pH electrode, potassium-, calcium- and nitrate-selective
PVC-based membranes have been applied in microconduits with success.
Platinum and silver electrodes have also been tested for voltammetric and
potentiometric applications.
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Microconduit for spectrophotometry

Spectrophotometric measurements require medium dispersion of the
sample zone within the carrier stream containing a colour-forming reagent.
The basic unit, which has a volume of 135 ul and a dispersion factor of 0.34,
yielded D ~ 7 with a sample volume of 10 ul. The determination of calcium,
based on formation of the red-violet complex with o-cresolphthalein complex-
one, was used to test the performance of the microconduit with an integrated
optical flow cell (Fig. 6). The reagents and sample concentrations were the
same as described previously [12] and the manifold used was also similar
(Fig. 6), except that the alkaline reagents of diethylamine and o-cresolph-
thalein complexone were premixed before use to avoid refractive effects
(caused by the relatively high viscosity of the diethylamine reagent). To
ensure sufficient supply of the reagents along the whole dispersed zone,
a two-line system with a confluence point was used. The pumping rate @
was decreased to 0.75 ml min™ in each line in order to achieve a residence
time T of 6.5 s. Also, the sample volume was decreased to 10 ul in order to
obtain a D value similar to the one used in the conventional flow-injection
system for spectrophotometry of calcium. The resulting calibration curve
(Fig. 7) is similar to that obtained with the macrosystem, but the sample
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Fig. 6. Manifold and microconduit with integrated optical flow cell (FC), details of which
are shown in the inset. Light is piped via optical fibres (see Fig. 10). The pumping rates
indicated are for the determination of calcium (cf. Fig. 7) with this manifold.

Fig. 7. Response curves for the determination of calcium obtained with the microconduit
system shown in Fig. 6 (S, = 10 ul), where the reagent stream of alkaline o-cresolphthalein
complexone was pumped to both inlets C and R, the stream being monitored at 580 nm.
To the left is shown a series of standards in the range 2.5—15.0 mg 1* Ca; to the right,
standards containing 7.5 and 15.0 mg 1" Ca are recorded at high chart speed.
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and reagent consumption were reduced by about 50%. The dispersion factor
for this flow channel is 0.34, thus the computed sampling frequency is
S¢ = 250 h™. The actual sampling frequency was lower because in automated
operation additional time (in this case 11 s per cycle) is needed to fill the
sample loop prior to injection, and this time interval must be added to
each cycle. As there was no pressing need to operate at very high sampling
rates, the cycle length was electronically selected in the Bifok/Tecator
system to be 35 s, yielding a sampling rate of 103 h™ (Fig. 7). As seen from
the peaks recorded at high chart speed (Fig. 7), the sampling frequency
could readily have been increased to the computed one (S;) without carry-
over. The flow cell functioned very well, though its windows became cloudy
with use if any polymeric glue was left on the inside surfaces when the
transparent plates were mounted. Thus, either both plates were replaced
every two weeks, or the glue was carefully removed from the plates at the
window areas before mounting. For u.v. measurements, thin quartz plates
can be used instead of the thin plastic to cover the windows; the optical
fibres connecting the light source to the flow cell and from the cell to the
spectrophotometer must then also be made of quartz.

The experments with the integrated optical flow cell have implications
for fluorescence and chemiluminescence applications of f.i.a. The integration
of potentiometric (pH) detectors and optical detectors on the same flow
path will find many interesting applications.

Microconduit for high-speed titrations

Flow-injection titrations [4, 15} require medium to high dispersion,
because it is not the peak height but the peak width which is the basis for
the analytical readout. The theory of these titrations has been discussed
[4, 15]. Essentially, the concentration C° of an analyte to be titrated is a
function of the time span At between the two equivalence points situated
on the rising and falling edges of the peak

At = (Vi/Q) In 10 log [(8,C°)/(Vin Cist)]

where V,,, is the volume of the mixing chamber, @ is the pumping rate, Cy,
is the concentration of titrant pumped and n is the equivalent ratio of
reacting species. Thus if phosphoric acid is injected into a carrier stream of
sodium hydroxide, two equivalence points will be obtained (for n = 1 at
pH 4.7, and for n = 2 at pH 9.6). It was shown previously [15] that a
chamber with a mechanical stirrer can be replaced by a gradient tube (G)
and the present design of the microconduit for fast flow-injection titrations
reflects this feature (Fig. 8). For detection of the two equivalence points,
by means of a spectrophotometer, a flow cell was integrated into the micro-
conduit, and a mixture of the acid-base indicators, bromocresol green and
thymol blue, which are both blue in the alkaline form and yellow in the
acidic form, were added to the carrier stream of sodium hydroxide. Bromo-
cresol green has its colour change in the pH range 3.8—5.4 and thymol blue
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Fig. 8. Manifold and microconduit titration unit with integrated optical flow cell. After
injection into carrier stream C (water) the sample is passed into the gradient chamber G
and subsequently merged with the reagent stream R (NaOH + indicators), the combined
streams being mixed in the coil before the flow cell.

Fig. 9. Titration of phosphoric acid with sodium hydroxide (1 X 10~ M), using the micro-
conduit system (and the pumping rates) described in Fig. 8 and an injected sample
volume of 42 ul. See text for details. The titration curves are for CY-[apo4 =2X 107,
4 x 103, 1 x 10? and 2 X 107 M, respectively. The equivalence points are indicated
by 1 and 2.

in the pH range 8.0—9.4, thus an abrupt change in the intensity of the blue
indicators takes place when phosphoric acid is converted to H,PO; and
another change occurs on conversion to HPO3 . The colour changes are
detected by monitoring the absorbance of the carrier stream at 600 nm.
The titration curves (Fig. 9) show the two equivalence points and the plateaux
of least indicator change and maximum buffering capacities are visible on the
leading and falling edges of the peaks, in analogy with classical titrations
done batchwise.

Because the peak widths provide the analytical data for these titrations,
the flow channel has to be designed to yield a large dispersion of the injected
sample zone. This was achieved in the present design by incorporating a
gradient chamber (G), 40 mm long, 2.1 mm wide and 1.8 mm deep (volume
138 ul); the D values at the two equivalence points 1 and 2 (Fig. 9) were
then 7 and 21, respectively. Ideally, the volume of the gradient chamber
should dominate the system because the concentration gradient would be
purely exponential if the chamber were well stirred. But, for slower chemical
reactions, sufficient reaction time would not then be allowed between the
confluence point and the detector. This is why an additional length of
channel was imprinted between the confluence point and flow cell; because
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of radial dispersion within that section of the manifold, the exponential con-
centration gradient formed in G was partly transformed to a Gaussian shape.
Consequently, At versus log C° did not yield a straight line over a very wide
concentration range. A solution to this problem, together with results of
flow-injection titrations based on redox, precipitation and compleximetric
reactions, monitored by optical and electrochemical detectors, will be des-
cribed separately [16].

Integrated microconduits

In all the above examples, the sample zone was injected into the micro-
conduit channel from an external sampling valve, yet ultimately this func-
tion should also be integrated into the microconduit. Miniaturization of a
rotary valve is one possibility, while another is the use of the hydrodynamic
injection principle [9], which involves a combination of hydrodynamic and
hydrostatic forces to aspirate, meter and inject the sample solution in the
form of a well defined plug into the carrier stream.

To test this approach for sample injection and to demonstrate its flexibility,
a manifold operated by two peristaltic pumps, controlled by timer T (Fig.
10), was constructed; two microconduits were used, the basic unit furnished
with a flow cell, and the injection unit with an imprinted volumetric channel
and two sample cups S, and S;. The volumetric channel (17 ul) is shown in
the manifold as the coil situated between points a and b, and is served by
pump P,. This channel forms part of two circuits; an open circuit starting in
S; and leading through P, to S, and a closed circuit in which the inlets (R and
C) and the outlet (to W) are hydrodynamically balanced so that the combined
volumetric delivery of liquids to R and C equals the outflow to W. Thus
when pump P, operates and P, does not, there is no movement of liquid
between b and S; in either direction. The sampling cycle starts with P; in
the stop position while P, is operating, as indicated by the solid lines in the
upper corner of Fig. 11. During that delay period (DE1) the sample loop is
washed and filled by sample solution from cup S,. Next, pump P; is stopped
and P, is activated, thus injecting the sample zone, located between a and b,

Fig. 10, Manifold and microconduit incorporating hydrodynamic injection and integrated
optical flow cell. For details, see text.
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Fig. 11. Hydrodynamic injection of increasing sample volumes of a dye solution (bromo-
thymol blue) into a carrier stream (1 X 10" M sodium tetraborate), using the manifold
depicted in Fig. 10, monitoring the colour at 600 nm. To the left is shown a series of
curves with increasing overlap times (P20) of the two pumps (0, 1, 2, 3,4, 5, 10 and 15 s).
Thus the smallest peak corresponds to an injected volume equal to the volume of conduit
a—b in Fig. 10 (17 pl); for increasing overlap times, and so increasing S, values, progres-
sively higher peaks are recorded until the steady-state plateau is reached. To the right is

shown the reproducibility of measurement for signals corresponding to P20 values of
Oand 3 s.

into the coil and through the analytical channel. By using a colourless carrier
stream (1 X 10?2 M sodium tetraborate) and bromothymol blue as “sample”
solution, the smallest peak shown in Fig. 11 was recorded. (The reproduci-
bility of injection is demonstrated on the right-hand side of the figure, which
shows the traces from repeated (7) injections of the same concentration of
dye). In this mode of operation, the injected sample volume S, corresponds
exactly to the physical volume of the imprinted channel between a and b
and therefore this approach may be termed as hydrostatic injection.

If the timing cycles of pumps P, and P, are allowed to overlap, the injected
volume of sample can be increased at will. This can be understood by refer-
ring to Fig. 10 (left) and Fig. 11 (top right). In this mode, the cycle starts
with a period during which P, is stopped (DE1) and P, is activated, filling
the sample loop, but instead of the stop/go pattern being reversed after
the DE1 period, both pumps are operated simultaneously for an overlap
period (marked P20), during which pure sample solution is directed at
point b towards the detector at a volumetric rate corresponding to that
of the carrier stream C, while stream C itself is directed at point a towards
S (along with an amount of sample corresponding to the volumetric pumping
rate of pump 2 minus that corresponding to C). When pump 2 is stopped,
carrier stream C is redirected through the sample loop and carries its content
of sample towards the detector. Thus the amount of sample introduced is
that aspirated directly during the overlap period, P20, plus the volume of
the sample loop a to b; by increasing the overlap time, increasingly larger
sample volumes can be injected, until the steady-state plateau is reached
(Fig. 11). This is a true hydrodynamic injection as the sample zone is formed
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by a combination of hydrostatic and hydrodynamic forces exerted on the
columns of liquids by the two peristaltic pumps.

The reproducibility of the hydrodynamic injection (for an overlap time
P20 of 3 s, corresponding to a total injected volume of 55 ul) is as good as
that of the hydrostatic injection, as demonstrated by the second series of
seven injections on the right-hand side of Fig. 11. In this connection, it is of
interest that with the aid of hydrodynamic injection it is easy to measure all
the experimental parameters discussed in connection with Fig. 1. Also, the
curves recorded in Fig. 11 conform exactly with Egn. 3, the only difference
being that the steady state shown in Fig. 11 is now at D =2, This is, of course,
a natural consequence of adding a colourless stream R via the merging point
to the injected sample zone in an exact proportion of 1:1 (0.75 ml min™ +
0.75 ml min™); the original concentration of sample solution C° is halved
and D = 2 is the minimum dispersion achievable.

It should be noted that the hydrostatically injected volume (S, = 17 ul)
and the sequentially increasing hydrodynamically injected volumes would
not have conformed with Eqn. 3, if points a and b of the volumetric channel
had been connected in the opposite manner, i.e., point a to the sample cup
and point b to S, because sample material would then have been diluted
by the carrier stream during the overlap interval P20 within the conduit a—b.
This observation may serve as a warning as well as a hint to how various
concentration gradients may be formed by means of the hydrodynamic
injection principle. Finally, a drawback of both the hydrostatic and hydro-
dynamic injection methods should be mentioned: if the incoming and out-
going streams of the closed circuits are not perfectly balanced, then the
sample solution in the cups S, will either be continuously aspirated (resulting
in an increased and irregular baseline), or diluted by the carrier stream (thus
yielding irreproducible result in repetitive sampling from the same cup S,).
Satisfactory balancing of the streams can be achieved by adjusting individually
the tension of the pump tubes in the peristaltic pumps, because narrower,
i.e., more elongated pump tubes, deliver liquids at lower rates.

Microconduit with diffusion unit

It is possible to laminate several layers of materials on top of each other
and thus form channels which can be separated from each other within a
selected section by a semipermeable membrane. Detail of such a structure is
shown in the inset of Fig. 12: the flat channel for carrier stream C is separated
by a gas diffusion membrane (d) from the acceptor channel (A) which is
monitored by the above-described pH-sensitive electrode (i) with the treated
PVC membrane (m), the Ag/AgCl reference electrode (r) being placed slightly
downstream. Thus changes of pH caused by gas diffusing from the donor
stream are easily monitored. The diffusion membrane has a very small area,
usually 10 mm?, and the diffusion time is very short because the dispersed
sample zone passes through the diffusion unit in a matter of seconds. Thus
the pH change in the acceptor stream would be too small if the acceptor



Fig. 12. Manifold and microconduit with integrated gas diffusion unit and potentiometric
detection. The membrane (dashed line) separates two channels, containing the donor and
acceptor streams, respectively. Any change in the composition of the acceptor stream is
monitored by the electrode couple. The pumps are operated sequentially, controlled by
timer T, and thus the acceptor solution is renewed after each measuring cycle. For details,
see text.

solution were to move continuously during the measuring cycle. For this
reason, carrier stream C and acceptor stream A are propelled by two different
pumps (Fig. 12) so that when the carrier stream is in motion (P1), the ac-
ceptor stream stands still (P2). Thus, the diffusing gas material is concentrated
in the vicinity of the electrodes, while the sample zone passes along the
membrane. When the signal resulting from the pH change has been recorded,
pump 2 is activated so that new sample solution is aspirated from the sample
cup into the valve and fresh acceptor stream replaces the old solution around
the electrodes.

This approach has been used successfully for measurements of CO, in
blood [17] and, by analogy with conventional flow-injection systems [1],
should be applicable to any diffusible species (e.g., CO,, SO,, NH;). The use
of an optical detector rather than electrodes may, however, require a more
sophisticated flow cell of a smaller volume than the optical cell described
above, should only a low concentration of a diffusible material be available.
The reason is that a small volume behind a diffusion membrane of small
area results in sufficiently high concentrations to be sensed by an electrode,
but optical detection requires a certain optical path length, which can be
obtained only by having a larger volume of a liquid than that surrounding
the electrodes in the present construction.

Microconduit with an ion-exchange column

Previous work on preseparation of traces of heavy metals from sea water
prior to atomic absorption spectrometry [18] demonstrated that a micro-
column filled with Chelex 100 (50—100 mesh) can be used to preconcentrate
lead, cadmium and copper 20 times within a sampling cycle lasting 60—100 s,
In this flow-injection system (Fig. 13), the column is first loaded by injecting
2 ml of sample by means of the valve and pump P1, and in the next cycle the
metals are eluted with strong acid (E) by means of pump P2 which propels
a zone of acid through the column and into the detector. Balancing of the
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Fig. 13. Manifold and microconduit incorporating an ion-exchange column as used for
preconcentration of metal ions [18]. The sample, injected into the carrier stream C, is
mixed with buffer B to adjust the pH before entering the column. Metal ions are retained
on the column and are eluted countercurrently by a small zone of eluent (E, acid)
pumped by P,. As the two pumps are operated sequentially, the eluted sample is carried
to detector D (atomic absorption spectrometer).

streams and timing of the pumping cycles are in principle similar to those
explained above for hydrodynamic injection; the nebulizer is supplied with
wash solution (water) during the preconcentration cycle and the column is
converted from the H*-form to the NH;-form after each elution sequence by
means of buffer (B) which was also used to maintain and adjust the pH of
the injected sample zone during the preconcentration cycle. Details of the
procedure have been given [18]. The purpose of describing this approach
here is to indicate the versatility of the microconduit concept, which allows
incorporation of ion exchanging material into the flow channel. The groove
filled with the ion exchanger (Fig. 13, inset), situated on the thicker plate
on the opposite side of the channel system, allows renewal of the exchanger
independently from the rest of the channel system.

Not only ion-exchanger columns of this type, but also columns filled with
glass beads with enzyme attached to the surface are now being incorporated
into microconduits. It is clear that many different combinations of detectors,
diffusion units and enzyme reactors can be integrated into a unit of the size
of a credit card. Such miniaturized flow systems can be manufactured repro-
ducibly and, because of their small holdup volume, will serve well in econ-
omical serial analyses of discrete samples, or will become central components
of continuous flow monitors for clinical and biotechnical applications.

DISCUSSION AND CONCLUSIONS

From a strict theoretical viewpoint, it might be objected that the assump-
tion made in the derivation of Eqn. 11 is not justified because typical
responses in f.i.a. are skewed and not Gaussian curves. This is why S,, was
assumed to be proportional (not equal) to ¢, because increasing skewness
of peaks obtained for short channels will cause increasing difference between
o and S,,. This can be seen from the results presented in the last two
columns of Table 2 where nearly Gaussian peak shapes are obtained for the
3-D coiled reactors, whereas increasing skewness for decreasing coiled tube
lengths causes increasing discrepancy between the measured and theoretical



22

values. A more detailed treatment of the limitations of Egn. 1 has been
presented [4]. However, the scaling factors suggested above are based on
experimental values, accessible to direct measurements (V,, S,,, Q, T, C°, C),
and can therefore be used for rapid and reliable estimation of characteristic
properties and for mutual comparison of any flow-injection systems (S ax,
teyes Sy, N, n and D) without any reservations. Thus, existing methods of
fi.a. may be accommodated in channels of different dimensions and geo-
metrical form by comparing the scaling factors, D, T and S,,/V,, and by
adjusting S, and @ (and possibly the point of readout for gradient techniques)
accordingly.

The dispersion factor, used here to optimize microconduit design, also
allows macrochannels of different geometries to be compared, as illustrated
by the results summarized in Table 1. Since Tijssen [19] suggested the use
of tightly coiled tubes of narrow diameter (down to 10 um), van den Berg
et al. [20] proposed reactors packed with small particles and Reijn et al.
[7] recommended the single bead string reactor (SBSR), it has become
realized that each of these ingenious suggestions represents a compromise
between what is ultimately desirable and what is practical, because high
flow resistance, entrapment of air bubbles and danger of clogging the
channels must be avoided. Given these practical limitations, and given the
surprisingly low dispersion factor of the tightly knitted 3-D coiled flow
channel suggested by Neue [8], the latter seems to be the best choice and
therefore its features will be reflected in future designs of macro- as well as
micro-conduits for f.i.a.

The concept of similarity has led to identification of scaling factors,
which serve as practical guidelines for designing flow-injection systems.
Similarly to D and T, 8,,/V, describes all components of the particular
system under investigation (i.e., the injection system, the flow channel,
including sidestreams merging into it, and the detector). This is the strength,
and weakness, of the present approach: it describes exactly the concentra-
tion ratios, residence times, sampling frequency and reagent consumption,
but it is not precisely related to the variables strictly defined by the theory
of flowing liquids (i.e., dispersion number &, variance o2, and axial dispersion
coefficient D¢). Several significant papers on flow theory have recently been
published which use more rigorous approaches to the description of flow-
injection systems. Thus the work of Reijn et al. [21] on optimization offers
a valuable viewpoint, as does the work of van der Linden [22] on the
theory of gas diffusion. The work of Pardue and Fields [23] also clarifies
the interdependence of peak height and peak width relevant to the under-
standing of the dispersion process. A treatment of transport phenomena in
f.i.a. without chemical reactions has been presented by Reijn et al. [24].
Recently, an instructive computer simulation, based upon the random walk
model, was developed by Betteridge [25], describing the interplay of the dis-
persion process and the chemical reactions as they simultaneously occur in a
f.i.a. system.
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There is more than one way to describe the dispersion phenomena which
occur during the movement of the sample zone towards the detector. They
are all valuable, yet the choice of a general model describing the system
satisfactorily is difficult because of the large variety of analytical problems
to which f.i.a. is being applied. The theory describing a simple one-line
system with a straight tubular channel designed for measurement of diffu-
sion coefficients is straightforward, more complex flow-injection systems
intended to handle sequential chemical reactions and separations have to
be designed and optimized largely on empirical basis. The present approach,
based on the use of D, T and S,,,/V;, is useful as a guideline for an initial
design of a flow-injection system, and further optimization may be achieved
by the conventional univariate optimization procedure or by computer-
assisted modified simplex methods [26].

The examples of microconduit designs described above [27] amply
illustrate the versatility of this new approach, which allows a wide range of
combinations of basic components to be integrated into a compact unit.
It is obvious that individual components, such as electrodes, optical flow
cells, microcolumns with ion exchangers or immobilized enzymes, or gas-
diffusion and dialysis units, may be combined and connected by channels
of chosen geometry and length. These components can be placed exactly
where required and not in a less favourable geometry as in conventional
systems where the physical size and length of the connectors of the individual
units dictate their minimum possible distance. By integration of all units,
any connectors in the flow path through which the sample zones move are
eliminated and so is the possibility of leaks and misconnections. Though
certain skills and know-how are needed, it is relatively easy to make uniform
microconduits. In the present version, a pressure-sensitive polymeric glue is
used to bond the plates and to make laminated structures of layered channels,
comprising all the required components including membranes. With this
bonding technique, it is easy to reopen channels, remove individual layers,
replace them, renew membranes, ion exchangers or immobilized enzymes,
clean or renew electrode surfaces, replace optical windows in flow cells
(should they have become translucent) or even to reroute those channels
which have been cut within the sandwich of the bonded baseplates. This
can be done quite quickly, if necessary under a microscope, with only a
few tools; it is a matter of minutes to remove old layers and to replace them
with new ones furnished with a fresh layer of glue. The price paid for this
versatility is the low resistance of the materials used towards certain organic
solvents, and swelling of the polymeric glue which causes blocking of
channels if more concentrated acids (above 2 M) or alkalies are handled. So
far, a wide variety of aqueous reagent solutions with additions of methanol,
ethanol or diethylamine, has been used routinely for prolonged periods
without any leak or blockage of the channels. Generally, it has been our
experience that the microconduits are compatible with any solutions that
PVC pump tubing can handle. The more aggressive solvents, such as chloro-
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form, carbon tetrachloride, cyclohexanone, concentrated acids and alkalies,
as well as higher temperatures (above 60°C), or pressures above the normal
range for f.i.a. (>1 atm.), will require use of other materials and technology
of bonding, such as photosensitive etching and bonding of glasses.

Further miniaturization of the microchannels by reducing the channel
cross-section area (e.g., 4—10 times from the present area of 0.8 mm?)
would be easy even with the present technology and materials. However,
the peripheral devices (pumps, injection valves, sample changers) are still
relatively large so that there is not much point in making the integrated
microconduits and their internal volumes smaller. The only commercially
available instrument suitable for incorporation of microconduits (Bifok/
Tecator FIA 5020) is about the size of an office typewriter, a size which,
if further reduced, would motivate further reduction of the flow channels.
Recent work on f.i.a. in the nanolitre range [28], with a flow channel built
around a quartz capillary of 0.3 mm i.d., shows that further miniaturization
is possible, provided that the channel geometry used allows operation at
low pressure and reliable handling of liquids with particulate matter (such as
blood). Future miniaturized flow-injection systems may operate with total
volumes in the range of 10—100 ul per measuring cycle and sample volumes
in the nanolitre range. The degree of scaling down will always be a matter
of compromise between economy of sample and reagent and what is mech-
anically possible. If sample material is scarce and reagents are expensive (or
toxic), or if multisensor units are required, the advantages of the miniaturized
systems are obvious.

The authors express their appreciation to Jiri Janata, University of Utah,
Salt Lake City, who, as an early participant in the construction of micro-
conduits, has played a vital role in this project.
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