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TRENDS

J. RUZICKA* and ELO H. HANSEN

Chemistry Department A, The Technical University of Denmark, DK-2800 Lyngby
(Denmark)

(Received 5th July 1979)

SUMMARY

The basic principles of Flow Injection Analysis are outlined. The parameters governing
the dispersion of the injected sample zone in the system are discussed, and it is demon
strated how these parameters can be manipulated in order to suit the requirements of an
individual analytical procedure. A number of examples illustrating the practical applica
tion of f.La. are described, comprising the use of automated, stopped-flow, merging-zones,
extraction techniques as well as f.i.a. scanning and methods based on intermittent pump
ing. Updated lists on f.La. procedures published and species that can be determined by
f.La. are included.

There are many examples of how progress of sciencE: or technical develop
ment has been hindered by a well established concept or technology. Thus,
it took ten years for A. G. Bell to convince the telecommunication experts
of his era that it is at least as useful to transmit the human voice by wire as
it is to transmit the Morse code (without the aid of the Brazilian Emperor
Pedro the 2nd, who took a fancy to the telephone, it would certainly have
taken even longer). It is hard to believe now that World War II was fought
almost entirely with piston engine propelled aircraft although Whittle
designed the jet engine in 1930 and made the first test run in 1937. Yet, the
established British aircraft engine manufacturers were not interested in this
crackpot idea because they "knew" from experience that it would not work.
Thus it comes as no surprise that the areas of lesser technical importance,
such as automation of chemical analysis, are also not immune to this kind
of technological and scientific orthodoxy. The initial scepticism towards
Flow Injection Analysis (f.La.) [1-79], which is based on the use of non
segmented streams, emanated from the fact that the new method ostensibly
contradicted the basic principles of continuous flow analysis. It was Skeggs'
concept of continuous, air-segmented flow [80] which, being truly ingenious,
had resulted in the widespread use of continuous flow systems for perform
ing discrete chemical analyses. Thus, it became generally assumed that air
segmentation and the attainment of the "steady-state" signal were essential
prerequisites for performing continuous flow analysis. Yet, although the
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Fig. 2. (A) F.i.a. response curves as a function of injected sample volume. The peak height
increases with the volume of the sample injected until the "steady-state" signal is reached.
All curves recorded from the same starting point S with sample volumes of 60, 110, 200,
400 and 800 Ill. Note that D t = 1 for the "steady state", and that the peak width in
creases dramatically with increasing sampling volume. (B) Dispersion of an injected sample
zone as a function of tube length travelled.

fore a waste of sample and reagent solutions and of time to try to reach the
plateau of the response curve. In order to obtain reproducible results, how
ever, the carrier stream must not pulsate and the injection has to be per
formed so that always exactly the same volume of the sample solution is
introduced into the carrier stream in a reproducible way. This is best achieved
by a rotary valve furnished with a bypass (Fig. 3).

When a sample zone moves through an open tube in a laminar flow
fashion, the original square-wave concentration profile, which the zone had
when residing in the injection valve, disperses and the degree of dispersion
increases with the length of the tube through which the sample zone· has
travelled (Fig. 2B). Thus one can manipulate the dispersion of the sample
zone by choosing the injected volume and the length of tube through which
the sample zone will travel. In order to obtain maximum sampling frequency
it is necessary to prevent peak spreading as otherwise the sample solution
would occupy an undue length of the carrier stream and would intermix
with the next oncoming sample zone. An excessively small dispersed sample
zone, on the other hand, would not be sufficiently mixed with the carrier
stream of reagent and thus the chemical reactions would not take place.
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large proportion of the urea was converted to the reaction products before the
sample zone reached the flow cell, Consequently, h (or A) was unfavourably
large compared to t.h (or t.A), and this ratio was even worse in the presence
of a hydrogencarbonate blank. Therefore it was decided to inject urea into a
carrier stream without enzyme and to add the enzyme close to the flow cell
so that T became shorter (and h or A lower).

An interesting feature of the stopped flow f.La. system is that various sec
tions of the sample zone can be stopped and held within the optical path for
recording of reaction rate. Because of the formation of concentration gradients
at the interface between the carrier and sample solutions, various mixing
ratios are observed in various sections of the sample zone and this allows a
continuous choice of reaction conditions to be made. Thus, while the total
dispersion can be manipulated by an appropriate choice of tube length and
sample volume, a fine adjustment can be achieved by choosing an appropriate
delay time from the moment of injection until the sample zone is stopped in
the flow cell. This flexibility is demonstrated in Fig. 13, where urea samples
(10 mmoll-1 ) were injected into the stopped flow system (Fig. 12); the delay
time was increased from 6.5 s to 17.5 s while the stop time (during which
the increase in absorbance was recorded) was kept constant at 15 s. As the
delay time increases, the sample solution along the zone length becomes
more dispersed (diluted) and therefore the slope of the reaction rate line de
creases. Simultaneously, there is an increase in the ratio between the enzyme

Scan Scan

Fig. 13. Repeated injections of urea standard (10 mmoll- 1
) into the stopped flow f.i.a.

system (Fig. 12) recorded from the same point of injection (S) at fast paper speed (5 mm
8-'). Stop period At constant at 15 s; delay period increased from 6.5 to 17.5 s in steps
of 1 s (the last curve was run continuously). For details see text.

Fig. 14. Calibration run for stopped flow determination of urea in the presence of hydro
gencarbonate. Samples containing 20 mmol HCO,-l-l and 0, 1, 2, 4,6,8 and 10 mmol
urea/I were injected in quadruplicate. Delay time 7.6 s, stop time (A t) 15 s. Total measuring
cycle (including wash period) 36 s. Sampling rate 100 samples/h. The start of the stop
period can be readily observed on the original recording, but is emphasized by the hori
zontallines in this photographic reproduction.
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TABLE 7

Influence of the flow rate of the organic phase on the dispersion
(The extraction system was as used previously [1]; Ci> = 4 X 10-3 M, qIB = 5 X 10-4 M)

Flow rate (ml min-I) r DpreDposta

CHCl3 H2O

0.84 1.76 0.48 9.9
1.20 1.77 0.68 9.2
1.69 1.72 0.98 8.6
2.50 1.75 1.43 8.4
3.55 1.74 2.05 9.1

aCalculated by use of eqns. (2), (4) and (5) and the constants in Table 3.

obtained with the continuous extraction system and batch methods in most
cases suggests that equilibrium can be attained rather rapidly in ion-pair
extractions. In such cases it might be possible to determine extraction con
stants in systems where either the ion-pair components or the organic phase
deteriorates with time, e.g. by hydrolysis, provided that these reactions are
slower than the ion-pair extraction. Distribution studies on unstable drugs
by use of the AKUFVE apparatus have already been described [3], but the
flow-injection technique would probably be a very useful alternative.

Conclusions
Extraction constants can be determined in a continuous extraction

system with the flow-injection technique, using extraction times of about
20 s. The method is rapid and could therefore be particularly attractive
for the screening of partition properties. Since extraction, phase separation
and measurement can be carried out in a few seconds, the technique might
be useful for studying ion-pair equilibria in reactive systems. Peristaltic
pumps are less suitable when reproducible and/or very stable flow rates
are needed.
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SUMMARY

A relatively simple instrument is described for the continuous screening of groups of
heavy metal ions in sewage and waters. The method is based on coulometric principles
after concentration by preelectrolysis. The following metals can be detected: Ag, Hg, Pb,
Cu, Co, Fe, Cd, Zn and Ni. An automatic laboratory model of the heavy metal ion
detector has been tested successfully for eight months at the inlet of a municipal sewage
plant and for nine months at the outlet of a neutralization plant of a galvanic shop.

Heavy metal ions are poisons which in a dissolved form or as hydroxide
sludge can cause total breakdown of a sewage plant by inhibiting the bio
logical degradation process. The organisms present in the waters may be
severely damaged by such metal ions even at concentrations well below
1 mg I-I. These heavy metals can be transferred to man by the nutritional
chain [1]. This has caused many national authorities to fix limiting values
for the input of sewage to public sewage plants [2] as well as for purified
waste water which is to be added to surface waters [3]. These limiting
values are normally monitored only discontinuously by analyzing random
samples in the laboratory. The reasons for this are the lack of maintenance
free devices for continuous sampling and the unwieldiness of present labora
tory equipments for field work.

The aim of the work discussed here was to develop a simpler method for
the continuous detection of heavy metals in sewage and waters. The primary
object was to screen for heavy metal groups rather than to determine the
individual metals as exactly as possible. The apparatus developed serves
mainly as a monitor which sets off an alarm when the given limiting value
is exceeded. The operator of sewage plants or galvanic shops should then be
in a position to take countermeasures immediately so as to prevent major
disturbances. This method is not intended to replace exact methods of
water analysis for determining heavy metals but to limit the number of such
analyses to cases where critical values have already been reached or exceeded.
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