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ABSTRACT: A comprehensive, critical, and an updated review of the applications of flow-injection analysis
(FIA) techniques for the analysis of inorganic cations and anions in several types of water samples except marine
waters is presented. The preconcentration of metals in water samples and automaton of FIA systems for monitoring
water quality are also discussed. The review is documented with 280 references.

Key Words: flow-injection analysis, water analysis, analysis of inorganic cations and anions, preconcentration of
metals.

* Author to whom correspondence should be addressed by E-mail: enein@kfshrc.edu.sa

I. INTRODUCTION

The designation of flow-injection analysis
(FIA) was proposed in 1975 by Ruzicka and
Hansen.1,2 The inclusion of the term “injection” in
the name of this technique is due to the fact that
at the beginning of the former technique a syringe
was used to inject a sample through a septum into
a reagent flow. Nowadays rotation valves are
mainly used for this purpose. “Versatile” is the
word that best describes flow-injection analysis.
FIA may be defined as the sequential insertion of
discrete sample solution into an unsegmented
continuously flowing stream with subsequent
detection of the analyte. The simplest flow ana-
lyzer consists of a pump, which is used to propel
the carrier stream through a narrow tube, an injec-
tion valve, a microreactor in which the sample
zone disperses and reacts with the components of
the carrier stream, forming a species that is sensed
by a flow-through detector and recorded. In the
case of the FIA technique the physical equilib-
rium (flow homogenization) is never reached at
the moment of detection. Moreover, it is not nec-
essary for the chemical equilibrium to be ob-

tained at the moment of detection. The concept of
FIA depends on a combination of three factors:
reproducible sample injection volumes, control-
lable sample dispersion, and reproducible timing
of the injected sample through the flow system.
Except for detector warm-up, the system is ready
for instant operation as soon as the sample is
introduced. To date, FIA offers several advan-
tages in terms of: considerable decrease in sample
(normally using 10 to 50 µL) and reagent con-
sumption, high sample throughput (50 to 300
samples per hour) reduced residence times (read-
out time is about 3 to 40 s), shorter reaction times
(3 to 60 s), easy switching from one analysis to
another (manifolds are easily assembled and/or
exchanged), reproducibility (usually less than 2%
RSD), reliability, low carry over, high degree of
flexibility, and ease of automation.

Perhaps the major advantage of the FIA tech-
nique is the great reproducibility in the results
obtained by this technique that can be set up
without excessive difficulties and at a very low
cost of investment and maintenance. These ad-
vantages have led to an extraordinary develop-
ment of FIA, not comparable to that of any other
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technique. However, although several methods
that allow the simultaneous determination of dif-
ferent parameters have been developed, the FIA
technique is basically monoparametric. In any
case, FIA is one of the most preferred techniques
in the determination of a parameter in a set of a
large number of samples.

Industrial, clinical, research-oriented, envi-
ronmental, and biotechnological applications of
FIA have been described in over 10,000 papers
and numerous books.1-9 Furthermore, two data-
bases are available on the Internet10-11 and the
topic is discussed at numerous meetings, where
“Flow Analysis” is the most recognized interna-
tional venue.

Sequential injection analysis (SIA) has been
proposed by Ruzicka and Marshall.12 It consists
in a conceptually simple technique and was ini-
tially proposed as an alternative to FIA. The only
bibliographical review on SIA of which we are
aware has been published recently.13 Among the
advantages of SIA is the fact that the manifold is
more simple and universal than that of FIA. More-
over, the consumption of samples and reagents is
much smaller in SIA compared with FIA. SIA
presents a series of disadvantages against FIA,
the analysis frequency (which is slower) being
the most important. Another disadvantage of SIA
is the almost compulsory control of the whole
system by a computer that imposes the perfor-
mance of the instruction sequence in a well-de-
fined period of time. However, SIA possesses the
great advantage of the capacity to operate in a
multiparametric way, which is of special interest
when considering the design of environmental
monitors.

Multicommutation flow analysis is a novel
approach.14-18 It can be implemented by using
discrete commutation devices, such as three-way
solenoid valves. The approach has been used to
perform binary sampling,14,15 making feasible the
reduction of reagent consumption, sequential de-
termination,15,16 and the sequential management
of incompatible reagents in a single line mani-
fold. This technique has been proposed to also
significantly widen the determination ranges.17-18

FIA methods of analysis could be very useful
for water analysis. The collection of water samples
from a stream, river, lake, or effluent provides the

largest potential source of error in the chemical
analysis of water. Continuous sampling would be
required to obtain really representative measure-
ments. In most cases, the cost of equipment and
the amount of labor involved make this impos-
sible. Ideally, the chemical composition of water
should be measured in situ, thereby being subject
to fewer external influences. Although there are
electrochemical methods that can be used for cer-
tain parameters, for example, pH, conductivity,
oxygen, selective ion electrode do not cover at all
the range of analysis required. One possibility is
the use of field application of flow-injection analy-
sis that are now available. Very good results are
also obtained by using the flow-injection analysis
applications developed for use inside a labora-
tory. The application of FIA to water analysis has
been reviewed by several authors.19-28

Valcarcel and co-workers present27 the results
of an interesting method for assessment of analyti-
cal quality in water analysis by flow-injection analy-
sis. They evaluated a number of 225 papers regard-
ing accuracy, applicability, precision, selectivity,
sensitivity, determination range, and sample
throughput. These parameters that define analyti-
cal quality were used to construct graduated qual-
ity scales that were employed to evaluate the use-
fulness of the applications. They concluded that:

• In literature a large number of papers regarding
FIA for water analysis were published, con-
firming the potential of this technique for per-
forming routine analysis in an automated and
simple way;

• The overall quality of the application was quite
acceptable, yet ca. 40% of them had a “percent
quality” below 50%;

• Many of the surveyed applications were con-
cerned with inorganic analysis and photomet-
ric detection;

• It is expected that there would be a much greater
implementation of these procedures in control
laboratories in the near future;

• Trends in the field should be focused on or-
ganic analysis especially for monitoring one or
two compounds in water analysis.

This article selectively reviews the FIA appli-
cations for the determination of inorganic species
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(cations and anions) in water samples of all kinds
except marine waters. In a second article we in-
tend to present a review regarding FIA methods
for the determination of organic species in the
same type of waters.

We will also present some of the recent pa-
pers regarding the preconcentration of metals from
waters for FIA and also some papers regarding
automatic FIA equipment for water analysis. Fur-
thermore, the most important flow-injection meth-
ods of analysis for cations and anions in waters
will be presented to render the review compre-
hensive (see Tables 1 and 2).

II. PRECONCENTRATION METHODS
FOR THE DETERMINATION OF METALS
IN WATERS BY USING FIA

Hashemi and Olin investigated the equilib-
rium and kinetic properties of an iminodiacetic-
based chelating ion exchanger with a cross-linked
agarose as support.29 The adsorbent capacity of
the medium showed fast adsorption and desorbtion
of Cu(II), Cd(II), Ni(II), and Ca(II) ions, both in
the batch and column mode. It was found to be
about 50 times faster than Chelex-100 in the ac-
cumulation of these metal ions. Preconcentration
by an FIA system connected to a ICP-AES instru-
ment makes simultaneous measurement of
ultratrace concentrations of a number of metal
ions. Signal enhancement factors up to 1300 were
obtained. The studied method of analysis was
applied for tap water analysis.

A comparison of chelating resins for the
preconcentration of Cu(II), Zn(II), Cd(II), Mn(II)
and Ni(II) for flow-injection analysis flame pho-
tometry was presented.30 An evaluation of con-
trolled-pore glass immobilized iminodiacetate as
a reagent for automated on-line matrix separation
for inductively coupled plasma mass spectrom-
etry is described.31 The range of elements found
to be retained by the column included transition
metal cations, uranium, and lead. These could be
eluted using nitric acid 0.5 mol L–1. The method
gave acceptable reproducibility with precision at
the 5 ng mL–1 level of < 5%.

The work of Kenaway and Hafez32 described a
method for preconcentration and multielement deter-

mination in different water samples using cellulose-
sodium sulfide and/or a thiourea system with atomic
absorption spectrometry. The method is simple and
easily applicable for the microdetermination of nine
heavy metals, namely, Cd(II), Cr(III), Cu(II), Fe(III),
Ni(II), Pb(II), Zn(II), Sn(IV), and VO(II).

Mentasti33 reported an on-line flow injection
analysis system for the determination of metal
traces based on the utilization of a macrocolumn
packed with XAD-2 resin that retains the analytes
in the form of metal complexes. Very low detec-
tion limits can be reached.

A method for the determination of Cu, As, Se,
Cd, In, Hg, Tl, Pb, and Bi in waters and biological
materials by inductively coupled plasma mass spec-
trometry, after on-line separation is described.34

The analyte preconcentration is accomplished by
retention of the analytes complexed with the am-
monium salt of o,o-diethyldithiophosphoric acid in
a nitric acid solution on C-18 immobilized on silica
in a minicolumn. Methanol is used as eluent. The
an enrichment factors were in the range from 5 to
61, depending on the analyte.

III. AUTOMATIC FIA SYSTEMS FOR
WATER QUALITY MONITORING

An automatic device for on-line residual wa-
ter quality monitoring is described by Dressler et
al.34 It monitored sulfate, phosphate, and iron. A
central control station links to the monitoring in-
struments via a mobile radio set for control of the
instrument operation and data acquisition and
evaluation.

FIA was also applied for monitoring river
quality.35,36 The parameters that can be determined
are nitrite, nitrate, ammonia, phosphate, silica,
arsenic, and mercury.

The development of an automated on-line
analysis system using flow injection ultrasound
filtration and charge-coupled device (CCD) de-
tection was reported for environmental, bioprecess
control, and clinical analysis.37

A continuous in situ cyanide monitoring us-
ing a highly sensitive and selective FIA system
was also reported.38 This system is based on the
use of a gas-diffusion membrane. The detection
limit is very low (0.4 ng mL–1 CN–).
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Elsholz et al.39 reported on-line determination of
mercury in river water at a German monitoring sta-
tion. The monitor provides on-line mercury determi-
nation at concentration of 20 to 1000 ng Hg mL–1. It
used sequential injection analysis (SIA). A 5-day
stand-alone operation was performed successfully.

A similar method for monitoring of total
mercury in the River Elbe, including a FIA-de-
vice for on-line digestion, was also reported.40

Li and Wang41 described automatic analytical
methods for monitoring water quality at power
plants with reversed flow-injection analyses. The
methods are as follows: several and simultaneous
determinations were used for 0.2 to 30 ppm phos-
phate and 0.02 to 5 ppm silicate in boiler water
and ppm sulfate in feed water and natural water.
The advantage and deficiencies of applying re-
verse FIA to on-line monitoring and water-qual-
ity analysis in power plants were also discussed.

IV. CONCLUSIONS

Flow-injection methods of analysis have been
used widely in the analysis of environmental param-
eters, and especially in water analysis, to which they
are particularly adapted. In the Hansen database,11

which may be accessed through the Internet, more
than 850 citations related to water analysis are found,
most of which are based on the use of FIA. The
potential and great capability of different FIA systems
in water laboratories for cations and anions determi-
nation are demonstrated in this review. It appears that
flow-injection analysis has taken a prominent place in
routine water laboratories where a widespread appli-
cation of FIA methodologies is possible.
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