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Abstract This work describes how the Flow Injection Analysis techniques can be used as a platform for developing
graduation projects with several levels of complexity and directed toward undergraduate, master degrees or Ph.D students of
diverse degrees (mechanical, electrical or computing engineering, chemistry, pharmaceutical and biomedical technology, etc).
Also, they provide the opportunity to coordinate a number of projects into an interdisciplinary large project, which brings the
students closer to the true work environment that, more and more frequently, they can find in their working life. Efforts to
reduce the economical investment for such projects can be made by assuming the open-science methodology and creating

technology with reused parts.
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1. Introduction

Flow Injection Analysis (FIA) methods are rapid and
versatile analytical tools published for first time by Ruzika
& Hansen in 1975 [1] decade. They can perform automatic
chemical analysis by consuming small amounts of reagents
and sample, so they are used in clinical, quality control and
production laboratories and there are even a number of
official analytical methods based on this technology [2-5].

The FIA equipment is based on the arrangement of a
series of modules mounted, in the simplest sequential
configuration, so that a flow channel goes from a carrier
solution reservoir to the detector, where an analytical signal
is registered over time (see Figure 1). In an intermediate
point some quantity of sample and/or reagent is inserted on
the flow channel with an injection valve, and such volume

diffuse, mix and reacts as they progress towards the detector.

The property measured by the detector varies when this
segment passes through in an amount proportional to the
sample concentration.

As can be seen, a modular system of this type, which can
be configured according to the needs of each analytical
problem, allows to approach its study from different areas:
i) improve or adapt the technical characteristics of each
module according to the desired degree of improvement; ii)
select the most suitable chemical conditions to achieve the
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best sensitivity and selectivity of the method,; iii) record the
data of the detector and obtain the information they contain,
and finally iv) automate the method and synchronize
properly the actions necessary to make a measurement with
the highest possible repeatability and reliability.

The aim of this work is to show that a FIA system can
serve as a good platform to configure a set of graduation
projects addressed to students of different degrees and
academic levels that, overall, can lead to the improvement
of quality analytical systems.

Sample —»

Figure 1. The simplest single-channel FIA setup. PS: pumping system; S:
sensor; T: transducer

2. Hardware Equipment

The basic configuration showed in Figure 1 can be
implemented with many other modules and also several
flow channels can be used and mixed to achieve the
desirable results. In any case, the quality of the analytical
performance of FIA systems strongly depends on the
reproducibility and stability of flow rate, and also on the
reproducibility and precision of the injected volume. It is
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evident that the quality of a FIA system will depend on the
characteristics of the modules that compose it. An
engineering student would have the opportunity to explore
and improve this instrumentation.

The necessary investment in equipment for these projects
depends on the availability of each laboratory, but can be
minimized if reusing, recycling and recovering criteria are
followed. On the other hand, the philosophy of open source
production facilitates the development times to be adequate
for this type of projects while the quality of results is
maintained. A revision of characteristics, minimum
requirements and versions of each type of modules that
commonly includes a FIA system will be presented below.

2.1. Pumping Systems

The mission of the pumping system is to drive the carrier
solution through the flow channel until reaching the
detector. The flow rate must be precise and stable over time;
it’s desirable that it would be adjustable in the widest range
possible including the most used values in FIA techniques
(0.01-10 mL min™). There are several types of pumps that
can be used in FIA, from the most expensive to the cheapest
ones, being the peristaltic pumps, the syringe pumps and the
gravity drip the most used devices.

The peristaltic pumps used in chemical laboratories have
a drum, with six or more rollers, which rotates to drive the
liquid through a flexible tube pressed by the rollers. This
configuration produces a pulsed flow that can be minimized
by putting some extension of tubing or a column with a big
diameter after the pump acting as pulsation damper [6]. The
cheapest version of such type of pump is the one used in
domestic fish tanks, but they could be conditioned including
more rollers and changing the flow rate.

The syringe pumps are extensively used to dispense
medical treatments in hospitals and can work with
extremely low flow rates, so they are also used in
microfluidic technologies. There are infusion and withdraw
types but, if automation is required, both modes should be
supported. Their main lack is the volume that the syringe
used can hold, but a pulsation-free flow is achieved. An
automatic burette can also be used as syringe pump.

In a gravity drip system, the flow rate is regulated by
placing the liquid reservoir higher or lower from the rest of
elements of FIA system. A pneumatic impulsion can also be
used by blowing some gas with controlled pressure into a
sealed bottle. The output flow rate can be regulated in
addition with a manual valve.

If a multi-channel FIA system is implemented, either a
multi-channel pump or several single channel pumps can be
used depending on wether the desired performance of the
system is coordinated or independent for each channel. A
variation of FIA systems is the multi-syringe FIA (MSFIA)
[7] whose basic schema is showed in Figure 2. This
approach substitutes the injection valve by a solenoid valve
and uses several syringe pumps to impel both the carrier
and the sample.
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Figure 2.  Schematic diagram of a MSFIA system [8]. MSP,
multi-syringe pump; SV, solenoid valve; S, sample; D, detector; W, waste;
HC, sample coil; RC, reaction coil

2.2. Injection Valves

The function of an injection valve is to insert a precise
and reproducible amount of sample in the carrier stream.
Usually a two-positions six-ways rotary valve is used to
inject, equipped with a loop of tubing that ever contains the
same volume. In one position, the valve lets flow the carrier
while the injection loop can be externally filled. In the other
position, the carrier input is connected to the loop and the
volume contained within is pushed along with the carrier.

These valves can be manually operated, but also
automated with an electrical motor, a solenoid or a
pneumatic actuator. The FIA response is proportional to the
amount of sample moles injected, so if sample volume is
exactly reproducible, the FIA response will be proportional
to the sample concentration. To avoid glitches in the FIA
response every time that valve is actuated, the valve change
should be as fast as possible.

Configurations other than two-position six-ways valves
can also be wused, and even two coupled valves
configurations could be used for more complex FIA
systems.

2.3. Detectors

The sensor can be very varied, but it’s always based on
measuring a  physico-chemical  property  (colour,
temperature, voltage, etc.) that, in some way, Iis
proportionally related to a chemical process suffered by the
chemical species to be quantified. The most commonly used
detectors are based on optical or electrical properties, that is,
spectroscopic or electrochemical detectors

Desktop UV-Visible-IR spectrophotometers equipped
with a flow cell can be used for spectroscopic detection and
they can follow absorbance or reflectance in a fixed or in a
range of wavelength. Also a LED colorimeter can be used
for a cheap instrumentation, even the optical detector can be
a LED [9] or a photocell and the optical elements (lenses,
collimators, etc.) can be replaced by optical fiber.

Among the electrochemical detectors, there are
potentiometric and amperometric devices. The former are
used with those known as selective electrodes and measure
the potential of a cell in equilibrium with a high input
impedance voltmeter. The latter set a potential and measure
the current flowing through the electrode using a
potentiostat. Both approaches can use advanced
instrumentation but also devoted cheaper instrumentation
have been published [10-12].
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3. Chemical Optimization

All factors affecting to the chemical process that
develops in the flow channel and/or the physical property
measured in the detector will also affect to the sensor
performance. That would be investigated and optimized by
a chemistry student to achieve the best sensitivity, limit of
detection and reproducibility. These factors mainly include
carrier parameters such as solvent, pH, concentrations and
components, flow rate and others. Also a wide variety of
sensor characteristics such as surface morphology, chemical
composition, applied potential or wavelength can be
investigated if they can be applied to a given sensor type.

To optimize a set of experimental operative parameters, a
series of experiments can be performed to optimize one
parameter at a time, but if there are many parameters
and, especially, if synergies affecting the final performance
arise between these parameters, advanced techniques of
experimental design should be used [13, 14].

Some representative cases of parameter optimization are
explained below in detail to illustrate the decision-making
process and what are the previous considerations that are
usually made.
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Figure 3. Reaction coil length effect on absorbance at 595 nm in

colorimetric determination of Cu(ll) in aqueous solutions [15].

Experimental conditions: carrier flow rate, 0.5 mL/min; injected volume,
25 pL; pH = 8.5; Cu(ll) concentration, 2 pg/mL

When a colorimetric detection is used, for example by the
synthesis of a coloured complex with a metallic ion and an
organic chelating agent, is common to consider the
stoichiometry of reaction and put the favourable conditions
to obtain the biggest amount of colour, i.e. the biggest
concentration of complex. Such conditions can be the pH of
solution, the solvent polarity, the ligand excess, namely the
concentration and volume of injected solution, among
others. Such chelation reactions should have a slow kinetic
behaviour, so some time should be waited to obtain a totally
developed colour. In FIA methods this means that some
additional tubing should be included from the injection
valve to the detector. This tubing section is known as the
“reaction coil” and its function is to delay the arrival of
sample to the detector, giving the time enough to complete
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the reaction as possible, though it is not necessary to have
chemical equilibrium for analytical readout. An example of
optimizing the length of reaction coil is shown in Figure 3
for the FIA detection of Cu(ll) by complexing it with
Cuprizone [15]. Obviously, the flow rate will also
determine the time required to reach the detector if a
reaction coil length is chosen. Thus, both parameters should
be considered together, but the last will also affects other
characteristics as the carrier consumption or the analytical
throughput. It is a common practice to reach a commitment
to the best overall features of method.
E
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Figure 4. Potential-time diagram used for the Nifuroxazide analysis by
FIA-AdSV on CNF-SPCE [17]. Here the analytical technique is LSV. E,
preconcentration potential; t;, injection time; t,, preconcentration time; t,,
analysis time

For electrochemical detection the nature of the used
electrode is determinant. There are active researches to find
the most sensitive and selective electrode for any of the ion,
molecule or structure we want to detect. Several metals,
alloys, conducting ceramics and polymers are tested as they
are and also with their surfaces modified with atomic level
structures, molecular bridges, electron-transfer promoters,
etc., but the most promising material currently being
investigated is any allotropic form of carbon: fullerenes,
nanotubes (CNT), nanofibres (CNF), nanosheets (CNS),
graphene (G), etc. They are cheap and accessible materials
and also have excellent mechanical, electrical and chemical
properties. Due to their high surface/volume ratios, their
adsorption capacities are high enough towards molecules
with delocalized w-electron systems. This behaviour allows
the preconcentration of such molecules under the
appropriate conditions, and then analysing them by
reduction or oxidation. As the adsorption capability depends
on the molecular oxidation state, the electrode may be free
and available for further determinations. This is the basis of
an electroanalytical technique named Adsorptive Stripping
Voltammetry (AdSV) that has been applied to several
compounds in batch [16] and FIA [17-20] experiments.
If Screen Printed Carbon Electrodes (SPCE) are used,
modified or not, the cost of electrode material is notably
reduced. For FIA experiments, a flow detector should
preferably be used, and also a critical sequencing of
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injection, preconcentration and analysis steps should be
made (Figure 4). Each step having its optimum conditions
of solution, concentrations, electrode potential, etc. and
should be investigated separately with batch experiments,
prior to the design of the FIA chronogram.
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Figure 5. Spectroscopic absorbance response at 420 nm of a FIA system
with spectroelectrochemical detector to 1 mL injections of 2x107° M
ferrocyanide and 0.1 M NaCl solutions for different polarization potentials
of stainless steel electrode [26]. Flow rate 3 mL min*

Multiparametric detectors can be used to obtain much
more information about the species in a sample. An example
are the spectroelectrochemical detectors, combining an
electrochemical and a spectroscopic cell in an unique device
including electrodes and optical windows in an adequate
geometrical configuration [21-25]. These devices enable us
to obtain  spectroscopic  information about the
electrode/solution interface while the electrode polarization
is controlled in potentiostatic or galvanostatic mode. Such
information can be termodynamic or Kinetic information, but
also analytical information, because the spectroscopic
signals are concentration dependant. As two variables can be
independently tuned in such experiments, the influence of
both variables in the detector response should be investigated
to obtain the optimal setting and get the largest response for a
given analyte concentration. Commonly, the spectroscopic
setting (wavelength, chemical shift, etc.) is chosen on the
basis of prior knowledge about the reagent that generates the
response (UV-Vis, IR, NMR or EPR spectra obtained from a
pure standard sample). Although sometimes this specie is an
unstable reaction intermediate, with very short life time, and
some spectroelectrochemical experiments should be
conducted to obtain its characteristic spectroscopic response.
In any case, once the spectrocopic setting has been chosen,
the electrochemical should be selected. It is a common
practice to plot the results in a 3D graph as it’s shown in
Figure 5, where several FIAgrams are registered, each one
for a different potential setting, depicted the visible
absorption of electrogenerated [Fe"'(CN)s]* by in-situ
oxidizing the [Fe'"(CN)s]* injected in the FIA system [26]. It
can be observed that the optical response increases with the
potential because the concentration of absorbent species also
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increases, but if potential is too high all the reactant is
consummed and parallel reactions appear, consuming more
current without thereby increasing the response of detector.

The use of such multiparametric detectors has evident
advantages. Only species whose spectroscopic properties
changes with a redox reaction will be detected, whereby the
selectivity is greatly enhanced.

4. Data Recording and Processing

The typical response in a FIA system, no matter what
detector is used is shown in Figure 1. For each sample
injection a transient is obtained over a base line signal. The
peak value of such transient is proportional to the
concentration of sample, although the area is also valuable
information. How the sensor response is transformed in
electrical signals, digitalized and transferred to a computer
could be investigated by an electronic engineering student.
Noise depletion, gain stages and impedance adapters should
be commonly included in that electronic signal processor,
the named as transducer. A sampling frequency range from
1 to 30 Hz is habitual since the flow rate, and hence the
transient registered, is broader enough. How such data are
processed in the computer would be investigated by a
computer engineering student. The data processing software
usually includes routines for baseline correction, automatic
peak search, random noise numerical filtering, signal
integration or deconvolution, among other possibilities.
Such software can also integrate routines for the control of
the transducer hardware, allowing to change the gain factor
or the electronic filter used. Thus, electronic and computer
engineers must work together.

5. Automation

If automation is required, every pump and valve used
must allow their remote control. If commercial
instrumentation is used, such procedures of remote control
should be analyzed and implemented, allowing starting and
stopping the pumps, and maybe changing the flow rate, and
also opening and closing the valves to control the flow
pathway. If instrumentation was designed from scratch, the
new modules must include mechanical actuation (by
motors, solenoids or any other system) and some type of
communication with a remote computer. The easiest way to
implement this feature is to include a microprocessor.
Nowadays, it’s possible to find several platforms of
open-source microprocessors that greatly facilitate the
design of intelligent and flexible equipment [27], [28].
The automatic operation of FIA system involves the
synchronized operation of pumps, injectors, valves,
detectors and data handling. How all the process is
synchronized and governed by a computer or one or several
microcontrollers would be also investigated by electronics,
control and also robotics engineering students.
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6. Conclusions

The FIA experimental setup can have a wide range of
parameters that must be optimized, and is complex enough
to provide opportunities of study and improvement from
many different fields. Virtually a FIA system can be
designed for the analytical determination of any chemical
species, so the field of application is almost infinite and
only depends on the researcher’s inventiveness and
imagination.

If the same FIA system is analyzed from several
perspectives, the possibility arises that each study group,
made up of students specialized in a specific field, interact
with others, forming an interdisciplinary team in which the
different needs, views and even terminologies used will be
shared.
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