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Aspects of the current status of and research in analytical chemistry are briefly discussed
and the need for cost effective analytical procedures is emphasized. The present and future
of a number of aspects of flow-injection analysis are considered. These include the basic
theory, the kinetic features, the control features, time-based methodology, and the coupling
of sample pretreatment with instrumentation. Several aspects of this latter topic are con-
sidered with particular reference to the flow-injection atomic spectrometry combination.
Problems of kinetic mismatch between chemistry, manifold residence, and instrument op-
eration are discussed and some possible solutions proposed including the use of closed loop
manifolds.

ANALYTICAL CHEMISTRY

There are many aspects of science and technology whose existence and prog-
ress are underpinned by the provision of reliable information about chemical
composition. Regardless of the field of activity, a common basis for the practice
of analytical chemistry can be discerned. At one end of this general scheme is the
material about which information is required and at the other is the decision
process. Analytical chemistry provides the information, together with an assess-
ment of the quality of the information, so that a decision may be taken. The detail
of how the information is to be obtained and evaluated is a matter for the analyt-
ical chemist to decide and calls for the exercise of considerable professional skills
and judgment. A number of factors need to be taken into account including the
context of the problem. In general, the scheme shown in Fig. 1 will form the basis
for the method developed.

It is clear from this view of analytical chemistry that chemistry still occupies a
central position and thus the prophesy of H. A. Liebhafsky, *‘. . . the chemistry
is going out of analytical chemistry’’ (I) has proved to be largely unfulfilled.
Chemistry embraces the interaction of matter with electrons and photons and, as
well as measuring the extent of this interaction as the basis of quantitative mea-
surement, the use of ‘‘chemical shifts’’ as the basis of interpretation of experi-
ments of this type is an important role for chemistry. The chemistry may well be
taking place at locations other than reaction vessels on the laboratory bench and
thus for those sample materials for which no preparation is required, chemistry
still plays an important role in the overall procedure to obtain information about
the material. For those samples for which some preparation or pretreatment is
required, there is no doubt about the role of reaction chemistry.

ANALYTICAL CHEMISTRY RESEARCH AND DEVELOPMENT
One of the major driving forces in research and development (R and D) in
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Fi1G. 1. The major stages in the overall analytical method, which is designed to provide information

about the chemical composition of a bulk material and an assessment of the quality of the information
so that a decision within the context of the problem may be taken.

analytical chemistry is the need to make analyses more cost effective. In the
United States alone, the chemical industry sells something in excess of $80 billion
worth of its various products, earning something just under $8 billion. When other
activities requiring chemical measurements are taken into account, it has been
estimated that 250 million chemical measurements are made each day in the
United States (2) at total annual cost of some $50 billion. Even if only the existing
methodologies were considered, there is clearly a role for the development of
greater automation of chemical analyses. As the automation of procedures tends
to bring other benefits such as reduced errors of the gross blunder type there is
scope for even further savings in costs, as it has been estimated that about 10% of
the chemical measurements made must be repeated because of some unsatisfac-
tory feature of the analysis (2).

There are, of course, additional driving forces for analytical chemistry R and D,
such as (a) the requirement to measure reliably at lower concentrations, (b) the
requirement to measure more components in complex mixtures, and (c) the re-
quirement to analyze materials at locations other than the laboratory bench. In
this latter regard, although interplanetary exploration may sound more glamorous,
the needs of chemical and biotechnological processes for on-line real time mon-
itoring are much more pressing, and there is a growth of interest in the develop-
ment of analytical technologies in support of such processes (3). A fundamental
feature of process analytical procedures is that they are automated.

Thus in both the laboratory and the chemical plant, there is considerable inter-
est in the development of automated chemical analysis procedures. In the United
States, activities at the National Institute of Standards and Technology (4) and at
the Center for Process Analysis at the University of Washington, Seattle (5),



indicate that with regard to the availability of suitable instrumentation to imple-
ment such automated procedures, demand is running ahead of what can be sup-
plied.

At least two approaches to the automation of chemical procedures can be
discerned (6). In the first of these, samples are handled as discrete entities and are
moved in containers from one work station to another at which an appropriate
chemical or physical manipulation is made, such as reagent addition, shaking, etc.
The mechanism by which this type of automated analytical chemistry was per-
formed was originally of the conveyor belt type but, more recently, a variety of
devices have been used, such as spinning disks or robots. The second approach to
the automation of chemical analysis has involved the use of fluid flow in closed
conduits. Initially this approach was based on the use of glass tubing with air
bubbles to (a) divide sample zones into a number of segments and (b) to prevent
carryover from one sample to the next. The system was designed to achieve
complete mixing in each liquid segment so that when the reaction product was
measured, the detector displayed a steady state signal with time. This type of
system was highly successful and has become widely used in a great variety of
analytical laboratories including those concerned with the analysis of clinical and
water samples.

A more recent variant of the continuous analysis principle exploits the repro-
ducible hydrodynamics of fluid flow in nonwettable tubing of diameters around
0.5 mm to achieve mixing between samples and reagents by a variety of processes
originating from the predominantly laminar flow characteristics which develop.
As the majority of procedures exploiting this type of mixing also use the injection
of a discrete volume into the system as a means of sample introduction, the
technique has become known as flow-injection analysis (FIA).

FLOW-INJECTION ANALYSIS

The first papers describing experiments which are now recognized as the be-
ginning of that group of analytical methodologies embraced by the term ‘‘flow-
injection analysis’’ appeared in the mid-1970s. Essentially two research groups,
one in Denmark whose first paper was coauthored by Ruzicka and Hansen (7) and
the other in the United States, whose first paper was coauthored by Stewart,
Beecher, and Hare (8), were conducting experiments along similar conceptual
lines. The enthusiasm of the former authors for the possibilities of the technique
and their continued research innovation in the field has clearly identified Ruzicka
(now at the University of Washington, Seattle) and Hansen as leading workers in
the area of flow-injection analysis.

The development of FI may be traced through the pages of at least three books
of a general nature (9—/1) and one text dealing particularly with atomic spectrom-
etry applications (/2). It is clear from the contents of these books that flow
injection has proved to be an extraordinarily versatile concept which has gone far
beyond the original ideas of mixing by fluid flow as a means of automating ana-
lytical procedures in which a spectrophotometric measurement of the reaction
product was made. It is also clear that, as in many areas of analytical chemistry



which have direct utility to the practice of the discipline, the development of a
theory lags somewhat behind the development of applications.

AN INTRODUCTION TO THE THEORY OF FLOW-INJECTION ANALYSIS
The Present

Fluid hydrodynamics is a large subject and exact mathematical descriptions of
flow, under even the relatively limited regimes in a typical flow-injection system,
are complicated to say the least and it is unlikely that a complete mathematical
expression for the mixing produced by a real system which has useful predictive
power will ever be formulated.

There are a number of reasons for this. First, most FI practitioners are not
primarily interested in the dispersion processes suffered by the injected solutes (as
might be of concern to a chromatographer), but are concerned about the magni-
tude of the analytical signal (or some closely related function such as the signal to
noise ratio). The relationship between the dispersion of the injected solute and the
analytical signal involves (a) the kinetic and thermodynamic characteristics of the
reaction chemistry involved and (b) characteristics of the detector such as the
geometry of the flow cell and the transducer response function.

Second, a real FI system has features which influence the dispersion but which
cannot be quantified, such as the nonuniformity of the tube internal diameter, the
extent to which the tube is kinked, the number of connectors which are imperfect,
the pulsations of the pump, the geometry of the confluence points, and the surging
which occurs when the injection valve is switched.

Third, mathematical descriptions of fluid flow systems produce equations
which describe the variation of concentration with parameters such as distance
and time. Such concentrations will be at points or infinitely thin slices across the
tube. These mathematical concentrations have no meaning in reality as concen-
tration is only defined for a finite volume. To obtain useful information from
equations of this sort it is necessary to be able to integrate over the volume of fluid
which the detector will interrogate. It is often difficult in practice to obtain accu-
rate information about the dimensions of this volume for the particular detector
used.

Fourth, the dimensions of the tubing and values of flow rates used in typical
flow-injection experiments fall into a region of the factor space for which it is not
possible to provide a solution to the basic laminar flow equations governing con-
vection and diffusion except by the application of numerical techniques.

For flow manifolds which consist predominantly of open tubular reactors, lam-
inar flow is the dominant hydrodynamic regime. This flow is characterized by flow
in which molecules of fluid tend to move in stream lines parallel to the tube walls
and the development of a parabolic velocity gradient between the center stream
line and the tube wall. The center stream line moves at twice the average linear
velocity.

As the tubes typically used for FI analyses are of the order of 0.5 mm internal
diameter (i.d.), it is difficult to draw to scale an accurate representation of the
effects of such a flow pattern on an injected sample bolus. Illustrations which



accompany introductory articles on FI are often misleading. Some simple calcu-
lations are instructive in this respect.

Two useful equations concerned with the theory of FI are (a) distance equals
speed times time (/ = st) and (b) the volume of a cylinder is the product of =, the
square of the radius, and the length (V = «r?l). Thus a sample volume of 100 pl
in tubing of internal diameter 0.5 mm occupies a length of 509 mm and the diffi-
culties of scale drawing become immediately apparent. At a flow rate of 2 ml
min !, the average linear velocity is 170 mm s-1 and thus the center stream line
is moving at 340 mm s-1 or just over 1.2 km h™'. At this rate, the rear of the center
stream line takes 1.5 s to reach the position originally occupied by the front
boundary. The situation typically shown in basic illustrations of a rounded, hollow
bullet-type of shape represents only the first few milliseconds of flow (13, 14).

For a manifold length of 100 cm and a detector (such as a conductivity detector
or simple photometer) which sensed a narrow slice across the tube, it would be
expected, on the basis of the flow pattern just described, that the center stream
line from the leading boundary would appear after 2.94 s and from the trailing
boundary would appear at 4.44 s. It would be expected that the peak maximum
would be observed within this time interval.

Two further equations may be used for calculations which give an approximate
indication of the relative magnitude of some of the relevant processes. When
semi-infinite linear diffusion in a liquid is interrogated by absorption spectrometry
normal to the boundary (15) it appears as though the bulk concentration is moving
such that after time ¢, the distance moved is 2(D,t/7)°>, where D,, is the diffusion
coefficient. Although it is often stated that diffusion in liquids is slow, an approx-
imate calculation based on semi-infinite linear diffusion shows that a residence
time of 4 s would produce a movement of 0.07 mm, in an initially sharp boundary,
for a diffusion coefficient of 1073 cm? s~'. As the laminar flow pattern is sym-
metrical about the tube center line, a distance of 0.07 mm represents 28% of the
maximum radial distance.

Under conditions of laminar flow, the ratio of the velocity of any stream line, u,
to the maximum velocity (that of the center stream line), «,,,,, is given by 1 —
4(rld)?, where r is the distance from the tube center and d is the tube internal
diameter. A molecule which moved from the center stream line by 0.07 mm would
thus suffer a reduction in velocity from 340 to 313 mm s~ ' (for the conditions
outlined above), but a molecule which moved from the wall by this distance would
experience an increase in velocity from 0 to 164 mm s~ '. The effect of diffusion,
even in this short time, is to slow down the leading edge slightly and increase the
speed of the trailing edge considerably.

The Future

Flow injection thus shares a characteristic common to many analytical meth-
odologies which find use in providing solutions to real analytical problems, in that
the practice runs well ahead of the theory. However, if the best possible perfor-
mance is to be obtained from any analytical methodology it is necessary that the
fundamental underlying theory be fully developed. This not only allows the tech-



nique to be exploited to its full potential but also allows ways in which the tech-
nique could be used for improved performance to be.predicted. If Koltoff’s maxim
of ‘‘Let theory guide, experiment decide’’ is to be implemented, a better and more
widespread understanding of the nature of flow processes in flow-injection man-
ifolds is needed.

The production of equations which relate various FI peak parameters such as
height, basewidth, precision, etc., to fundamental manifold properties such as
tube length, internal diameter, nature of coiling, extent of packing of solid phases,
and so on presents a considerable challenge. And, for the reasons outlined above,
may be impossible to achieve. Several approaches to obtaining improved quan-
titative relationships may be discerned. Empirical equations may be obtained by
fitting coefficients and exponents to terms in an equation by the use of an appro-
priate regression procedure (16).

The role of individual components may be studied by deconvolution of peak
shapes obtained with manifolds incorporating and without the selected component
(17). Flow processes may be modeled. Several models based on various combi-
nations of well-stirred tanks have been proposed (/8) as well as on random walk
processes (19), axially dispersed plug flow (20), and mass transfer based on lam-
inar flow and diffusion (21, 22). Although these research efforts represent only a
small fraction of the total research effort in FI, they are to be encouraged.

KINETIC FEATURES
The Present

Many of the unique features of FI arise from the control over the kinetic fea-
tures of the processes occuring within the manifold. At the most basic level, the
precise injection and pumping processes mean that the resulting controlled hy-
drodynamics give rise to reproducible concentration profiles which in turn give
rise to reproducible analytical signals. These signals may be produced by moni-
toring the concentration time profile of an injected component, a component of
the carrier stream, or a reaction product. Reactions monitored under such con-
ditions do not need to exhibit the stability of reactions which form the basis for
determinations based on the production of a time-invariant reaction product. Most
spectrophotometric determinations in common use have been selected for this
feature and the associated conditions (pH, ionic strength, concentrations, tem-
perature, etc.) have been optimized to produce a reaction product whose absor-
bance (or luminescence) does not change during the time needed to perform the
analysis. All of these conditions can be relaxed when the FI mode is used.

Kinetic discrimination or masking is also possible with FI systems. The most
widely exploited are reactions in which biological catalysts (enzymes) are used to
speed up the desired reaction with the target species (23). A further feature of FI
systems may be exploited here, namely the good contact which may be obtained
between an immobilized reagent and an analyte species in solution in a reactor of
typical FI dimensions (24). Thus an expensive reagent may be conserved by the
use of a solid-phase reactor.



The kinetic control features may also be exploited in the combination of FI with
certain instrumental measurement techniques. In particular the techniques of
chemiluminescence (25), potentiometry (26), and voltammetry (27) have bene-
fitted from the kinetic control of a FI sample presentation system. The analytical
utility of chemiluminescence depends on the reproducible mixing of sample and
reagent as the resulting emission of photons is controlled by the kinetics of the
processes by which analyte and reagent molecules are brought together in solu-
tion.

Many potentiometric sensors have slow responses and only reach a steady state
response on exposure to a new analyte activity after some minutes. Presentation
of samples in a FI format ensures (a) a reproducible contact time, (b) a limited
contact time, which can be of benefit if other sample components are potential
interferents, and (c) the continuous presence of carrier solution to establish an
appropriate baseline. The currents which flow during electrolysis at electrodes
depend, among a number of factors, on the characteristics of the mass transfer
processes by which electroactive material is presented to the electrode surface. In
many ways flow procedures are the ideal way of performing such electrochemical
experiments. Two stage procedures, such as stripping voltammetry, may also be
readily implemented (28).

The Future

As reaction product stability is not a requirement, a FI procedure may be
optimized with respect to a more appropriate parameter such as signal to noise
ratio (SNR) or a more complex response function involving SNR and sample
throughput. There is thus considerable scope for the application of optimization
strategies to flow-injection systems, which together with an improved understand-
ing of the fundamental flow processes should result in the production of methods
with considerably improved performance characteristics in comparison with those
of the conventional procedures, many of which are currently incorporated into
standard methods. Freedom from kinetic restrictions means that new chemistries
can be considered as candidates for particular determinations. Interest in kinetic
methods, especially those based on enzyme-catalyzed reactions will increase.

Interest in the development of chemiluminescent methods and others which
exploit the precise flow characteristics (particularly electrochemical techniques)
will undoubtedly be sustained. There are a number of instrumental techniques
which, as yet, have seen little development in terms of flow analytical applications
which could be more widely used. These include mass spectrometry and the
magnetic resonance spectrometries. There are also some simple benefits in the
presentation of appropriate samples to instruments such as infrared spectrometers
for quantitative purposes, as the baseline is unambiguously established (29).

It is possible that techniques which are currently little used for quantitative
analytical purposes such as those involving the measurement of enthalpy (30) or
magnetic susceptibility changes (3/) could be exploited though coupling with FI
sample handling and presentation procedures.



TIME-BASED METHODS
The Present

Many kinetic methods of analysis have been proposed (32), but few have found
their way into routine laboratory use. Most likely this is due to the difficulties
associated with obtaining the controlled mixing and timing required over the
reagent addition and measurement stages, respectively. As the basic features of
FI ensure reproducible mixing and presentation to the detector, FI is an ideal way
to perform kinetic methods. To monitor the change in the concentration of reac-
tion product with time it is only required that the flow be stopped at a controlled
interval after the injection at which the required portion of the product profile is
in the detector (33). By varying this interval different reagent to determinand
concentration ratios can be selected. The analytical procedure is then based on
the change of detector response as a function of time, which in suitable cases can
be reduced to measuring the time required for a fixed change to occur. This
procedure has the advantage that any background signal is automatically sub-
tracted and thus samples which contain material giving a high and variable blank
signals can be analyzed (34).

It is also possible to obtain quantitative information from the width of a FI peak.
The time interval between two points on the profile represents the time between
points of equal dispersion in the system. It has been shown by several research
groups that for exponential peak shapes (which are produced by well-stirred
tanks) the width of the peak is a logarithmic function of concentration (35-37).
This has the advantage that (a) the quantitative parameter is no longer dependent
on a particular detector response—concentration relationship and thus restrictions,
such as adherence to Beer’s law, may be relaxed and (b) the working range is
considerably increased at the high concentration end. Many spectrophotometric
procedures in common use have been designed for trace analytical applications
and cannot be used for the determination of minor or major components without
considerable prior dilution of the sample. A number of FI dilution procedures
have been devised (38), but for analyses which do not require the best precision
they may not be necessary in view of the characteristics of the peak width mea-
surement. Peak width methods have the disadvantage of poorer precision, as the
uncertainty in the measurement parameter is related to uncertainty in the con-
centration of the analyte species by a loarithmic function.

The Future

With the relaxation of the requirement for Beer’s law to be obeyed, spectro-
photometric detectors of much simpler construction could be used for methods
based on peak width. Devices which made use of photodiodes and light emitting
diodes (39) or laser diodes would be considerably smaller and more robust than the
conventional laboratory spectrophotometer and could be located in much more
aggressive environments such as those encountered for the monitoring of chem-
ical plant processes or effluent stream or surface waters.

Analytical techniques with a limited working range for which the best precision
was required could use a preliminary peak width measurement as an indication of



the dilution factor necessary to bring the concentration of an off-range sample to
that near the minimum in the precision vs concentration curve (40).

If the physical dispersion of the flow system are well characterized then it
should be possible to interpret the shape of the reaction product profile in terms
of the fundamental kinetic (47) and thermodynamic (42) properties of the reaction
being studied. The simplest system is one in which the flow-injection peaks are
formed from the overlap of only a single boundary between injected and carrier
streams. Two such overlapping zones may be produced by the injection of a
sufficiently large volume into a single line of reagent (43). If the injection was
produced by timed switching of a valve, then two identical dispersion patterns
should be obtained on the leading and trailing boundaries. If the more normal slug
injection is used in which the trailingboundary traverses the length of the injection
loop, then this boundary has both a different dispersion character and a longer
residence time.

The recently introduced technique of sequential injection (SI) analysis (44), in
which the reagent zone and sample zone are aspirated sequentially into an inert
carrier stream before transport to the detector by flow reversal, has only one
boundary at which reaction product is formed rather than the two of the conven-
tional flow-injection experiment. Once the physical dispersion characteristics of
the system have been established, it should be possible to interpret peak shapes
in terms of properties of the chemical reactions observed.

One feature of both FI and SI procedures that has yet to be exploited fully is
that the time window within which a peak is expected is known. This knowledge
should allow the implementation of a number of signal to noise enhancement
procedures including the use of gated integrating (45), ensemble averaging (46),
and correlation procedures (47, 48).

COUPLING REACTION CHEMISTRY WITH INSTRUMENTATION
The Present

The one characteristic which distinguishes FI from other automated analytical
chemistry procedures is that all aspects of the method performed in the flow-
injection system are under control. Both the extent of mixing and the residence
times are controlled by the nature of the fluid flow. The variables involved, flow
rate, tube length, and volume injected, are readily changed and a wide range of
possible combinations is available for optimization. Additional features such as
the use of stopped flow and/or other reactor types (such as the single-bead string
reactors or a three-dimensionally disorientated reactor) are also relatively easy to
incorporate.

It is also possible to consider the flow-injection valve as an interface between
flow systems, allowing independent optimization of each. This may be illustrated
by considering the position of a flow-injection valve in a manifold for the pre-
treatment of a sample solution by liquid-liquid extraction (LLE) which is con-
nected directly to a flame atomic absorption spectrometer. The basic FI-LLE
manifold is shown in Fig. 2. In this the sample is injected into a carrier stream,
merged with reagent and extractant and after segmentation, extraction, and phase
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FiG. 2. A flow-injection liquid-liquid extraction manifold. The sample is injected at I into a carrier
stream C, merged with reagent R and after reaction with extraction E. Segmentation occurs in the
extraction coil and phase separation, PS, is effected with the phase of interest directed to the detector.

separation the extracted components are presented to the detector. If a flame
atomic absorption detector is used, the required flow rate is one at which the
instrument gives a maximum signal to noise ratio, typically 5 ml min-1. This value
is too fast to obtain efficient mass transfer in the LLE manifold and causes
problems if the LLE is to be used for preconcentration as the flow rate of the
sample phase must be greater than that of the extractant phase if a concentration
enhancement is to be obtained. Thus the total flow rate required becomes large
and impractical.

In Fig. 3, a manifold is shown in which the FI valve is located after the phase
separation and serves to inject a discrete volume of extractant into an aqueous
carrier stream for direct transport to the instrument. In this manifold, the flow
rates for LLE and transport to the instrument may be independently optimized. If
the extractant phase has only limited miscibility with water, further dispersion in
the carrier stream connected to the spectrometer is avoided. This system was first
described by Nord and Karlberg (49).

A similar design of manifold may be used for liquid-solid extraction in which
the solid phase reagent is located in the loop of a rotary six-port injection valve
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F1G. 3. Relocation of the flow-injection valve in the liquid extraction manifold allows independent
optimization of flow rates of extraction and transport to the detector, D. This design imposes a
limitation on the volume of sample available, which must be sufficient to produce a steady state
concentration flowing through the loop of the injection valve, I.



(50). After a controlled volume of sample has been loaded onto the column, the
valve is switched to insert the column into an eluent stream. The basic concept is
illustrated in Fig. 4 from which it can be seen that the flow rates for loading and
elution can be independently optimized. It is also possible to select whether the
column is eluted in the original direction of flow or whether it is backflushed.

The Future

It seems unlikely that flow analytical procedures have reached their limit as far
the number of processes that can be incorporated into a single flow system for a
particular analytical purpose. As it takes only the insertion of a suitable valve at
an appropriate point in the system to link one part to the next, it is likely that
flow-based processes will be built into an increasing number of automated ana-
lytical methodologies for performing an increasing number of stages in the overall
analytical method. The area most likely to see the valve interface involved in all
the procedures from sampling through pretreatment to measurement is that of
process analysis (5/) where an analytical unit is installed at strategic locations
throughout the production plant. There is no reason why flow analytical method-
ologies have to be restricted to the pressures and temperatures typically encoun-
tered in open-vessel laboratory procedures and thus developments in ‘‘high per-
formance’’ (HP) FI are to be expected. Liquid and gas chromatographic equip-
ment is already available for such experiments and the use of on-line heating with
thermal ovens (52, 53) and microwave ovens (54) is already attracting some at-
tention. The potential of ultrasound (55) as a means of coupling energy into chem-
ical systems is yet to be fully exploited (this comment also applies to microwave
energy) and there are many possibilities in this area. There is clearly some way to
go before fire assay may be performed in a flow-injection system.

It has also become clear that the use of flow injection procedures can enhance
the performance of an analytical method simply by the exploitation of some basic
features such as the contamination-free handling environment, the use of small
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Fi1G. 4. A flow-injection solid phase extracton manifold with the extractant located in a column, C,
in the loop of the injection valve. The sample is merged with buffer, B, and the desired components
loaded onto the column. Actuation of the injection valve is equivalent to the rotation of the column into
the eluent stream E. The sample, S, is loaded at constant speed for a controlled time. Unretained
sample components are delivered to waste, W.




amounts of sample and reagent and the precise nature of the sample delivery. This
is particularly true for methods in which atomic spectrometry techniques are used
as the quantitative measurement stage (12).

FLOW-INJECTION ATOMIC SPECTROMETRY
The Present

Much has been written about the benefits of the combination of FI sample
handling and introduction methods for use in combination with the various ana-
lytical atomic spectrometries. A summary of the various review articles is pro-
vided in Table 1. This combination is clearly one which has resulted in many
significant improvements in atomic spectrometry methods. It is also an area in
which there are developments in the availability of commercially produced equip-
ment with several manufacturers introducing FI ‘‘accessories’’ for atomic spec-
trometry.

Much of the current interest in flow-injection atomic spectrometry centers
around the development of procedures for the removal of interference effects. As
most interference effects arise from the presence of other components in the
sample, these FI procedures are typically ones in which separation of analyte and
matrix species occurs. The 1990 FIAS literature is briefly summarized in Table 2,
from which it can be seen that the majority of recently published papers are
concerned with the coupling of sample pretreatment procedures directly with the
instrumentation.

As far as FIAS is concerned it appears as though liquid-liquid extraction is not
a procedure of choice compared with liquid-solid extraction. Both of these have
the potential for preconcentration as well as matrix removal, but the use of a solid
phase extractant is considerably easier to implement. There is also considerable
interest in the implementation of chemical vapor generation processes in the FI
manifold. The first publication in this area (121) clearly showed the potential for
decreasing the extent of interference effects due to metallic matrix components
and this aspect of the procedure has proved attractive to several research groups.
Many of the advantages accrue from the controlled kinetic features of the FI
procedure and this area provides good examples of the benefits of kinetic dis-
crimination, a strategy which cannot be implemented in the ‘‘conventional’’ batch
method of generation of the volatile derivatives.

Recently it has been demonstrated that the ‘‘valve interface’’ design could be
used to combine a matrix removal procedure (retention of copper or nickel on a
strong cation-exchange resin) with a hydride generation manifold for the deter-
mination of selenium (/22) or arsenic (/23). In the case of the arsenic there is a
further problem in that the use of an oxidative sample dissolution produces arse-
nic in the + 5 oxidation state, which is determined at about 20% of the sensitivity
at which As(III) is determined. For some analyses it is necessary to implement an
on-line reduction step. The most commonly used reducing agent, potassium io-
dide, is effective but slow when compared to typical residence times in an flow-
injection system. One solution has been to develop a stopped flow method, in
which the sample is first passed through the resin to remove the potentially in-
terfering matrix cations and then merged with a stream of potassium iodide solu-



TABLE 1
Review Articles Concerned with Flow-Injection Atomic Spectrometry

Date Title Comments Ref.

1985  Flow injection analysis techniques for First comprehensive review. Section on (56)
atomic absorption spectrometry ICP-ES included.

1985  Flow injection techniques for flame Brief survey. 47
atomic absorption spectrophotometry

1986  Flow injection analysis—A survey of Survey of both AAS and ICP. 58)
its potential for spectroscopy

1986  Combination of flow injection Covers FAAS, chemical vapor 59
techniques with atomic spectrometry generation and ICP.
in agricultural and environmental
analysis

1986  Sample preparation and presentation in Discussion of limitations of ICP (60)
inductively coupled plasma techniques and advantages of FI.
spectrometry

1987  Flow injection analysis: A novel tool Basic principles and all aspects of 61)
for plasma spectroscopy sample pretreatment.

1987  Flow injection techniques in inductively  All aspects of sample introduction 62)
coupled plasma spectrometry ICP-MS as well as ICP-OES.

1988  Flow injection calibration techniques Examples taken mainly from atomic 38)

spectrometry.

1988  Atomic spectrometry and flow-injection  Survey with emphasis on reduced 63)
analysis: A synergic combination uptake rate, air compensation, peak

area measurement.
1989  Flow injection atomic spectrometry Book with chapters contributed by 12)
leading workers including Stewart,
van der Linden, van Staden, Fang,
Valcarcel and Gallego, Zagatto,
Krug, Bergamin and Jorgensen,
Sherwood and Rocks, J. Burguera,
M. Burguera, and Pacey.

1990  Flow injection analysis and General survey with some examples of (64)
chromatography: Twins or siblings? sample pretreatment for AAS.

1990  Atomic spectrometric detectors for Survey of all atomic spectrometry (65)
flow injection analysis techniques.

1990  Flow injection analysis Chapter in book; emphasis on coupled (66)

continuous separation methods.

1991 Flow injection on-line column Discussion of quantitative performance 67)
preconcentration in atomic parameters and practical aspects.
spectrometry

1991 Inductively coupled plasma mass Survey includes both flow injection and 68)
spectrometry in hyphenation: A chromatography.
multielemental analysis technique
with almost unlimited potential

1991 Flow injection atomic spectrometry Comprehensive review of all aspects, (69)

including real sample analyses.

tion (124). After a suitable short time to allow for mixing, the flow is stopped for
about 20 s with the sample solutionlocated in the loop of the valve. Activating the
valve after the desired stop time injects the now reduced arsenic into the hydride
generation manifold.



TABLE 2
A Survey of the 1990 Flow-Injection Atomic Spectrometry Literature

Title of publication

Solid phase extraction

Flow injection on-line sorbent extraction pre-concentration for graphite furnace AAS

Characterisation and optimization of HPIC for on-line preconcentration of trace metals
with detection by ICP-MS

On-line preconcentration of trace copper for flame AAS using spherical cellulose sorbent
with chemically bound quinolin-8-ol

Use of masking agents in the determination of lead in tap water by flame AAS with FI
preconcentration

On-line preconcentration of silver on activated alumina and determination in borehole
water by FI-AAS

Prekoncentrace na chelatacnich sorbentech v prutokove injekcni analyze detekci
plamenovou atomovou absorpcni spektrometrii

Determination of chromium by on-line preconcentration on a poly(hydroxamic acid) resin
in FI-AAS

FI-ICP-MS for the determination of platinum in airborne particulate matter

On-line aluminium preconcentration and its application to the determination of the metal in
dialysis concentrates by atomic spectrometric methods

Determination of trace amounts of cadmium, lead, copper and zinc in natural waters by
ICP-AES with thermospray nebulization after enrichment on Chelex-100

Preconcentration of refractory elements for ICP atomic fluorescence spectrometry

On-line preconcentration of refractory elements for atomiser, source, inductively coupled
plasmas in atomic fluorescence spectrometry (ASIA)

Minimization of interferences in ICP-MS using on-line preconcentration

Chemical vapor generation

Atomic absorption spectroscopy instrumentation FIAS-200 (Perkin—-Elmer)

Determination of the hydride forming elements with the FIAS-200 flow injection-
mercury/hydride system

Design and optimisation of a FI hydride generator and its use for automated standard
additions

Use of FI for in-line elimination of interferences in hydride generation AAS

Bismuth(III) hydride generation, its separation and the determination of bismuth(III) by
AAS using FI

Determination of selenium in blood plasma by FI hydride generation AAS

Trace determination of nickel by microwave-induced plasma atomic emission spectrometry
after preconcentration of nickel tetracarbonyl on chromosorb

Use of FI techniques for the analysis of hydride-forming elements with the Perkin—-Elmer
Sciex ELAN 500 ICP-mass spectrometer

Sample introduction

A computer-assisted metal analyser using FI coupled with direct current plasma optical
emission spectrometry

FI-ICP-AES with a multielement photodiode-array spectrometer

Determination of potassium in gasoline and lubricating oil by a FI technique with flame
atomic emission spectrometric detection

Determination of magnesium by flame AAS detection with FI analysis

Determination of gold at femtomolar levels in natural waters by FI-ICP quadrupole MS

On-line microwave oven digestion flame atomic absorption analysis of solid samples

Slurries introduction in FI atomic absorption spectroscopic analysis of sewage sludges

Rapid determination of zinc and iron in foods by FI analysis with flame AAS and slurry
nebulization

Ref.

on
(92)

©93)
94)
(95)
(96)
97)

98)




TABLE 2—Continued

Title of publication Ref.
Calibration

Determination of magnesium by FIA-FAAS using single standard solution continuous

dilution calibration technique (99)
On-line isotope dilution and sample dilution by FI and ICP-MS (100)
Intelligent FI-ICP system for matrix matching 101)
On-line dilution, steady-state concentrations by tandem injection and merging stream.

Applications to ICP-AES sequential multi-element soil analysis (102)

Speciation

Speciation of tetraalkyl lead compounds by FI-AAS (103)
Rapid differential FI of phosphorus compounds in wastewater by sequential

spectrophotometry and ICP-AES using a vacuum ultraviolet emission line 104)
Thermospray enhanced ICP-AES detection for liquid chromatography (105)
Simultaneous determination of total and free calcium in milk by FI (106)
Three component FIA with on-line dialysis. Simultaneous determination of free calcium,

total calcium and total chloride in milk by FIA and on-line dialysis 107)

Indirect methods

Determination of chlordiazepoxide by zinc or cadmium reduction in a continuous system

followed by AA spectrometric detection (108)
Indirect FI determination of methadone by AAS (109)
Determination of chloramphenicol by coupling a continuous reduction system to an AA

spectrometer (110)
Indirect determination of chloride and carbonate by reversed FIA coupled with AAS and

in-line preconcentration by precipitation uin
Indirect AA spectrometric determination of ammonia, thiosulfate and cyanide in an

unsegmented flow system (112)
Indirect ICP-AES determination of fluoride in water samples by FI solvent extraction 113)
Indirect determination of diethyldithiocarbamate by AAS with continuous extraction:

application to the determination of the fungicide ziram (114)

Matrix removal

Design of a continuous flow two-step extraction sample work-up system for graphite

furnace AAS (115)
Prutokova injekcni extrakce (FIE) v plamenove atomove absorpcni spektrometrii (116)
Tandem on-line continuous separation and determination of arsenic by ICP-AES 117)
FI manifolds with membrane filters for preconcentration and interference removal by

precipitation FI FAAS (118)
Electrolytic microcell for on-line preconcentration of trace metals in flow systems 119)
Minimisation of sample matrix effects and signal enhancement for trace analytes using

anodic stripping voltammetry with detection by ICP-AS and ICP-MS (120)

The Future

There are a number of FIAS themes that will be studied further. There are
several sample pretreatment procedures whose kinetics are too slow for the direct
coupling of a continuous flow manifold directly with the spectrometer detector,
which would be desirable to implement in an automated FI or continuous flow
mode. The reduction of one oxidation state of a hydride forming element to a
lower more sensitive state has already been discussed as an illustration of one
method in which the kinetic mismatch may be accommodated, namely by the use
of stopped flow. This procedure has also been used in a high pressure digestion



system in which the sample as a slurry is merged with a nitric acid stream and the
flow stopped with the sample zone inside a resistively heated oven. Pressures of
up to several hundred psi may be produced by the evolving gases which are
released in a two-stage depressurization system before the digest is subsampled
by a second flow-injection valve and transported to the spectrometer (53). Other
on-line digestion systems are currently under development (125, 126) and this is an
area where there is likely to be considerable developments in the near future. This
may be regarded as sample pretreatment involving matrix removal by the con-
version of the matrix to suitable volatile derivatives followed by gas-liquid sep-
aration.

There are sample pretreatment requirements which involve digestion and not
dissolution. For example the determination of total mercury in a sample of bio-
logical or environmental origin requires that any organic forms of mercury be
oxidized to mercury(Il), prior to the generation of the mercury ‘‘cold vapor’’ by
the addition of a suitable reducing agent. It is possible that such digestions could
be carried out in FI manifolds (127).

The concept of the generation of a volatile derivative as the basis for analyte
and matrix separation is attractive as it has the additional benefit of bypassing the
nebulizer-spray chamber of the conventional solution introduction system with
consequent increases in the atomization efficiency. It should be possible to extend
this general concept of chemical vapor generation to other volatile metal deriva-
tives (89, 128). The most likely candidates (carbonyls and chelates such as the
trifluoroacetylacetonates) differ from hydrides and mercury vapor in one impor-
tant respect, namely that they are less volatile than the solvent in which they are
generated. This presents a challenge for the separation and delivery of such de-
rivatives to the spectrometer. One possible approach is to transfer the derivatives
to a carrier of supercritical carbon dioxide and use the thermospray generated at
a heated restrictor as the interface between the sample delivery system and the
spectrometer (/29). High atomization efficiencies should be obtained.

So far there have been few reports of the interfacing of FI sample handling
directly with electrothermal atomization atomic absorption spectrometry
(ETAAS). One of the difficulties is again kinetic in nature. Spectrometers for
ETAAS are intermittent in operation, typically requiring only 50 pl of sample
every 2 min or so. Manifolds which contain two-stage matrix removal and/or
preconcentration procedures, such as liquid-solid extraction (130, 131), are better
able to interface with the intermittent operation of ETAAS spectrometers than are
manifolds which deliver carrier solution continuously.

The technique of ETAAS, despite the substantial improvements in the perfor-
mance of commercially available instrumentation in recent years, still presents a
severe challenge to the analyst wishing to devise a method for the determination
of analyte species present at ppb concentrations in samples in the presence of
intractable matrix components present in vast concentration excesses. The strat-
egy of recent years has been to devise matrix modification procedures for imple-
mentation in the graphite furnace and to couple these with accurate background
correction and greater temporal and spatial isothermality of the furnace during the
atomization stage with delayed atomization of the analyte.



An alternative approach is to perform the matrix isolation chemistry outside the
furnace (in a FI manifold) and present the sample in some simple matrix, such as
dilute nitric acid, to the instrument. Problems of contamination from air-borne
particulate material are nontrivial for this technique and FI may have some ad-
vantages in terms of providing a contamination-free handling system. It is, how-
ever, unlikely that the requirement for clean laboratory facilities for this technique
will be completely avoided.

One way in which the requirement for accurate synchronization of the spec-
trometer sampling system and the operation of the flow manifold may be avoided
is to use a closed loop as part of the interface (132). Closed loops also allow
procedures which are typically slower than the operation of the spectrometer and
slower than the typical reagent residence time in a conventional manifold to be
implemented. Such procedures include leaching of analyte species from a solid
sample (/32) and filtration of a large amount of precipitated matrix (/32). The
general principle is illustrated in Fig. 5. The loop may be opened and closed by
four-way valves and solutions can be inserted and removed by incorporating the
loops of injection valves as part of the circulating loop. Such a loop system has
some potential as a means of diluting off-range samples and the preparation of a
series of calibration standards by serial dilution from a single concentrated stan-
dard (132).

CONCLUSIONS

There would seem to be no end to the ways in which sample preparation and
pretreatment procedures can be implemented in flow systems. The performance
of a number of instrumental analytical techniques has been significantly enhanced
by the coupling with FI pretreatment procedures. Foremost among such tech-
niques have been the atomic spectrometries, for which a considerable amount of
commercial hardware is available. As some of this hardware uses procedures
which require high pressure pumps and fittings and as some of the procedures
involve separation by the relative affinities for sample components for a solid
stationary phase material, the differences between flow injection and liquid chro-

c_r[ 1*@)

‘Il () v y

R

Fi1G. 5. A recirculating closed loop manifold. By switching the four-way valve, V the loop can be
filled with reagent R. Switching back closes the loop. Sample may be injected into the loop at I1 and
allowed to circulate until the desired processes have reached an appropriate state. A subsample of the
loop contents may be injected into a carrier C for transport to the detector, D, by the valve 2. When
this valve is returned to the initial position, carrier is introduced into the loop. This may be exploited
for the sequential dilution of a concentration standard for calibration purposes or of an off-range
sample.



matography are difficult to discern in some circumstances. It is to be hoped that
the problems of analytical chemistry taxonomy do not get in the way of further
developments of what is surely a most versatile concept: analytical chemistry in
flowing streams.

With the benefit of hindsight, it may be argued that it is doubtful whether the
chemistry was ever really ‘‘going out of analytical chemistry’’ (2), it was just on
the move.
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