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Mathematical Modeling of Flow Injection Analysis Systems

Mathematical modeling in Flow Injection Analysis (FIA) plays a crucial role in
understanding the principles of this powerful analytical technique. Model simulations provide
a better understanding of the physicochemical processes involved in the generation of the
analytical signal. The results obtained allow the optimization of the design and operational
parameters of FIA systems in terms of sensitivity, sampling rate and selectivity. In this way
the amount of experimental work required to achieve these goals can be carried out more
efficiently.

Numerous mathematical models of FIA systems employing ideas from different
scientific areas (e.g. statistics, chemical engineering, artificial intelligence, chromatography)
have been developed so far [1-16]. Depending on the availability of information regarding the
relationships between the parameters of the modeled systems, two different modeling
approaches have been employed.

In one of these approaches the FIA system is described only on the basis of its
input-output relationships without taking into consideration the real processes responsible for
the transformation of the input into output. The associated models are often referred to as
“black box” models and they are generally applicable within the region of experimental data
used for their development [1,16]. The simplest “black-box” models, from a mathematical
point of view, are the so-called regression models. They are based on the use of equations (e.g.
polynomials, power or exponential functions) relating a response variable (e.g. peak height,
travel time, dispersion volume) and several predictor variables (e.g. flow rate; sample
volume) [1]. The use of artificial neural networks [17] or impulse-response functions [18]
allows the construction of more sophisticated “black-box” models which have higher
predictive power and can take into account the influence of the individual components of the
modeled systems.

The other approach in the mathematical modeling of FIA systems is based on the
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comprehensive theoretical understanding of the physicochemical processes taking place, and
the ability to describe these processes mathematically. Such models are often referred to as
analytical-experimental models [1,16]. In the case of simple flow configurations, this involves
the use of fundamental physicochemical constants (e.g. diffusion coefficients, kinetic rate
constants) and directly measurable parameters (e.g. flow rates, geometrical dimensions) only.
However, in most cases, due to the complexity of the systems of interest, the corresponding
models include empirical parameters that can only be determined experimentally.
Analytical-experimental models can be further subdivided into probabilistic and deterministic
models [1,16]. The former models view processes at the molecular level, where movements of
particles are stochastic in nature. Most probabilistic models employ the “random walk”
approach [19,20]. The great majority of the deterministic models applied to FIA systems have
been borrowed from chemical engineering and are in most cases either distributed-parameter
models or lumped-parameter models [21,22].

The distributed-parameter models take into account detailed variations in behaviour of
the system from point to point and are represented by the so-called dispersion models (e.g.
convective-diffusion equation [23-25], axially-dispersed plug flow model [26-27]), which are
based on the analogy between mixing in actual flow and a diffusional process; as a result of
this they use diffusion equations with modified diffusion coefficients.

Lumped-parameter models are suitable for the mathematical description of systems
where variations in behaviour from point to point throughout the modeled flow system are
relatively small and therefore can be ignored. The system can be viewed as homogeneous
with respect to its properties and dependent variables. The tanks-in-series models are typical
representatives of the lumped-parameter models and they view the flow system as composed
of a finite number of ideally mixed tanks connected in series [21,22]. These models have been
used frequently for the description of FIA systems [28,29].

A critical comparison of the mathematical models outlined above with respect to their
predictive power, the complexity of their mathematical treatment, and the requirements for
computation time when applied to FIA systems of different complexity, has revealed that the
axially-dispersed plug flow model offers an acceptable compromise between the conflicting
requirements for mathematical simplicity and predictive power. It can therefore be used as the
basis for a unified approach to the modeling of FIA systems [16].
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Development and application of flow-based techmiques to
food and environmental analysis

Food and environmental samples present a high level of
complexity and variability, which make them quite a challenge
for the analytical chemist. These samples have to undergo a
number of physical and chemical manipulations before the
instrumental measurement. The research activity has been
focused in making a contribution to devise flow-based
techniques to handle the abovementioned analytical treatments
in foods (wine, beer, dairy, vegetables) and environmental
(natural waters, effluents, soils, plants) samples. Special
emphasis has been devoted to present robust and simple
manifolds that could preferentially be able to perform the whole
analytical process, avoiding the need for sample treatments
(dilution, pre-concentration, separation) before its introduction
into the manifold. Additionally, these methods aimed to require
reduced amounts of reagents and produce low amounts of
effluents.

Concerning flow-based methods for food analysis, a number of
major outputs could be cited: a) sequential injection/lab-on-valve
biochemical kinetic assays [1,2]; b) flow techniques to study
dynamic bioprocesses like cod-desalting [3], sugar fermentation,
with enzymatic monitoring of glycerol production [4], and study
of phosphate leakage from lactic acid bacteria induced by
phenolic acids [S]; ¢) spectrophotometric methods for assessing
anti-oxidant properties in different foods [6-8]; d) automation of
the determination of several parameters in wine like ethanol,
using the enzyme either in solution [9-11] or immobilized [12],
glycerol [10,11] sugars [13], organic acids [14-16], sulphur
dioxide [17-20] and carbon dioxide [20] with in-line gas-
diffusion, titratable acidity [15], metals [16, 21-23], the
turbidimetric determination of sulphate [24], and also flow-based
methods for monitoring dairy products [25-27] and vegetables
[28], mainly using flow injection and sequential injection
analysis, with spectrophotometric and potentiometric detection;
e) multi-commuted system for the atomic absorption
determination of mercury, using cold vapour atomization [29];
f) implementation of in-line digestion of foods aided by UV
radiation [30-32] and in-line separation methods, either gas-
diffusion for the determination of sulphur dioxide [17-19, 33], or
with an in-line immobilized reducing agent [34].

Regarding flow-based techniques for environmental analysis, the
main issues involved: a) development of flow-based techniques
for the determination of trace levels of iron and phosphate in
waters, using long pathlength liquid waveguide capillary cells
[35-37] or solid phase extraction with a luminescence phosphate
optosensor [38]; b) sequential injection and multi-commuted
methods for the determination of routine parameters like
phosphorus [39], also involving a standard addition method in
SIA [40], nitrogen species [41], alkalinity [42], chlorine,
employing an alternative reagent with lower toxicity

(tetramethylbenzidine) [43] or with gas-diffusion separation [44],
hardness [42], metals [45-48], sulphate [49,50], and chloride in
waters (river, estuaries and sea water) displaying different
working ranges with the same manifold [51]; ¢) in-line treatment
for separation of the analytes from the matrix [48, 52], digestion
aided by microwave radiation [53], direct introduction of plants
resorting to slurry sampling [54], and in-line extraction of the
analyte from soils [55].

A parallel line of research was devoted to monitoring
phytoremediation studies of soils [56] and the use of constructed
wetlands to treat industrial liquid effluents [57].

Some reviews could also be mentioned involving sequential
injection analysis of waters [58] and wines [59], multi-
commuted flow techniques for the determination of iron [60],
turbidimetric and nephelometric flow analysis [61], flow
analysis in general [62], chemiluminescence phosphorous
analysis [63], and elemental soil analysis [64]. A book chapter
on food, beverages and agricultural applications was also
published [65].

As final comments, I would emphasize the merits of the
sequential injection approach to provide robust manifolds for
multi-determinations, for achieving different dynamic ranges
with the same manifold and for manipulating samples in a way
similar to batch systems (particularly useful for complex
treatments like digestions). Flow injection systems are quite
simple and useful in many circumstances and do not require
computer control. Multi-commuted, multi-pumping systems, and
microSIA/lab-on-valve, together with miniaturised
spectrophotometers, electrochemical, and other detector devices,
are quite valuable tools for increasing the portability of the
apparatus. Anyway, I think the choice for one or a combination
of flow-based approaches must be made according to each
particular analytical challenge.

I would also like to thank all my co-workers and colleagues who
made this work possible, as well the funding institutions.
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