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Abstract

A monosegmented flow system has been developed to perform liquid-liquid extraction. Monosegmented samples are
introduced in a glass tube between two air bubbles. The volume of organic phase, containing an extracting reagent, is added
after the second bubble by switching on a solenoid valve using an optical sensor and a timer circuit. It was observed that the
transference of the analyte from the aqueous to the organic phase is achieved by adsorption on the surface of the tube
followed by desorption into the organic phase. The system was evaluated for Cd(I) extraction at pH 9.9, employing
chloroform—1-(2"-pyridylazo)naphthol as organic phase. The extraction efficiency is 75% and can be improved to be near
100% if the direction of the carrier flow is changed for a number of cycles in the same injection. Spectrophotometric
detection was made without phase isolation at the end of the extraction tube. The detection limit (signal-to-blank = 3) for
Cd(11) is 85 ng 1" and a linear calibration graph was obtained for concentrations of the metal up to 2.0 mg 1~ !, Samples can
be introduced in the system at 30 h™'. Other metals such as Cu(II) and Zn(II) can be also extracted employing the proposed

methodology.
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1. Introduction

Since its first appearance in the literature [1] the
monosegmented continuous flow system (MSFS) has
been applied to a number of determinations taking
advantage of its low sample dispersion, high sample
throughput and high residence time [1-5]. Simple
equipment, similar to that employed in flow-injection
analysis (FIA), and easy operation are achieved by
the technique. Most of the procedures described for
MSFS are all adaptations of well known spectropho-
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tometric methodologies performed in homogeneous
solutions. It was only recently that the MSFS has
proved to be useful for determinations requiring the
presence of two non-miscible phases in the system
[6]. The single-phase liquid—liquid extraction proce-
dure recently reported demonstrates the use of a
three-component homogeneous mixture that allows
full contact between the analyte and the extracting
reagent [6]. Rapid reaction is accomplished and the
ternary mixture is thereafter split in two phases. The
organic phase retains the analyte in a suitable form
for detection.

Although presenting some advantages, the lack of
data on single-phase extraction procedures in the
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literature will certainly increase the time necessary to
spread the use of this automatic methodology. On the
other hand, data on two-phase liquid—liquid extrac-
tion are abundant and the conventional methodology
is one of the most employed for various routine
determinations. The literature reports attempts to per-
form automatic liquid—liquid extraction mainly em-
ploying FIA and the relevant information on this
technique has been recently reviewed [7]. Some of
the recent advances are related to the analyser design
aimed at replacement of the segmenter and the phase
isolation devices previously employed [7-10].

An investigation on the use of the monoseg-
mented technique to perform two-phase extraction,
therefore, would be of interest. The motivation for
such an investigation comes from two characteristics
of MSFS. MSFS works with low dispersion of the
sample, and its use in liquid—liquid extraction would
result in higher sensitivity. Furthermore, the
monosegmented technique eases the construction of
the flow analyser allowing the detection to be made
without phase separation [6]. This last feature results
from the use of air bubbles that permit precise
localisation of the sample in monosegmented sys-
tems. The MSFS proposed was evaluated, in detail,
for Cd(II) extraction from aqueous solution into a
chloroform 1-(2'-pyridylazo)naphthol (PAN) organic
phase, followed by spectrophotometric determina-
tion. The use of the technique to extract other species
was also investigated.

2. Experimental
2.1. Monosegmented flow manifold

The monosegmented analyser proposed to per-
form liquid-liquid extraction is depicted in Fig. 1.
The analyser is manually operated and the extraction
process starts when the user introduces, at point I, a
monosegment of aqueous sample between two 50-u1
air bubbles employing a sample introducing device
arranged as previously described [1]. The monoseg-
ment of aqueous sample is carried by a suitable
aqueous solution towards a Pyrex straight glass ex-
traction tube (C). This tube has an inner diameter of
2.0 mm and is 50 cm long. The glass tube is rinsed,
before use, with detergent, water and nitric acid

organic
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Fig. 1. Schematic diagram of the monosegmented continuous flow
system to perform two-phase liquid-liquid extraction. See text for
details.

(10%, v/v) in order to remove any contamination
capable of retaining organic solvents. Suitable wash-
ing leads to highly reproducible signals and de-
creases the carry-over between samples.

Attached to the tube is the detector assembly
composed by a green (560 nm) light emitting diode
(LED) and a light dependent resistor (LDR) whose
resistance is evaluated by a simple Wheatstone bridge
circuit as previously described [11]. The optical path
for analyte detection is only supplied by the inner
diameter of the glass tube (ca. 2 mm). The imbalance
potential of the bridge circuit is presented directly to
a potentiometric recorder where the analytical sig-
nals are registered. Most of the experiments (ex-
cepted when stated) were made with the detector
placed 45 cm from the point where the glass tube is
connected to the sample introduction device.

2.2. Organic phase introduction

After the sample leaves the injection port, the
passage of the bubbles through the initial portion of
the glass tube is detected by using two optical
switches (O) placed on the glass tube. The circuitry
necessary to convert refractive index changes into
logical level transitions has been described elsewhere
[12]. When both bubbles are sensed by the optical
device, valves V1 and V2 are simultaneously
switched on for a time interval previously selected
by the user. During this time interval the carrier fluid
is sent back to its reservoir and the organic phase,
containing the extracting reagent, is pumped just at
the end of the second bubble. The phases are ar-
ranged following the pattern shown in Fig. 2. A
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typical flow rate employed for the buffer and organic
solutions was 1.2 ml min~'. After introducing the
organic segment the valves are switched off and the
aqueous—organic system is transported, by the car-
rier fluid, through the glass tube, towards the detec-
tor.

2.3. Analytical signal

The output from the photometric detector is a
signal that resembles the one shown in Fig. 3. The
profile is similar to the one previously reported for a
single-phase extraction [6]. The base line (a) is estab-
lished while the buffer solution is passing through
the detector. The portions labelled (b) are very strong
signals (always exceeding the 100 mV full scale
employed in the potentiometric recorder) obtained
after bubbles pass the detector. (c) is obtained during
the passage of the aqueous phase and (d) is the
analytical signal obtained by monitoring the organic
phase. (e) is caused by the passage of the organic—
aqueous(buffer) interface. It was observed that the
peak signal obtained at this stage does also contain
information on the analyte concentration in the or-
ganic phase. For some highly concentrated samples it
was found that the region at the end of the organic
segment presented a more intense colour suggesting
that the analyte could be more concentrated in its
final portion.

Observation of Fig. 3 shows that it is not neces-
sary to separate the phases in order to obtain a useful
and reproducible analytical signal.

2.4. Reagents and solutions
The carrier buffer solution was prepared by dis-

solving €.0 ml of aqueous 28-30% ammonia solu-
tion and 1.00 g of NH,Cl in 1 | of deionized water.
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Fig. 2. Phase arrangement pattern achieved after the introduction
of the aqueous sample monosegment and the organic phase in the
analyser.
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Fig. 3. Typical analytical signal obtained on the potentiometric
recorder chart. The labelled portions refer to: (a) baseline signal;
(b) bubbles; (c) aqueous phase signal; (d) analytical signal (organic
phase passage) and (e) organic—aqueous interface.

The pH was determined to be 9.9. Standards of
Cd(II), Cu(ID) and Zn(II) were prepared by suitable
dilution of stock solutions containing 100 mg 17" of
the metal ion. All standards (in the concentration
range 0.5 to 10.0 mg 1~') were prepared in the same
buffer as described above. PAN reagent (Carlo Erba)
was employed without any previous treatment. Ex-
tracting solutions where prepared in analytical grade
chloroform by dilution of a 0.25% PAN (w /v) stock
solution.

3. Results and discussion
3.1. Analyte transference mechanism

Initially it was supposed that the transference of
the analyte from the aqueous monosegment to the
organic phase segment would be achieved only
through the aqueous sample film wetting the wall of
the glass tube. However, introduction of 200 ul of a
dye solution (phenolphthalein in the same buffer
employed for Cd(ID) extraction) at pH 9.9 or KMnO,
solution in water, revealed that only a fraction
(around 20%) of the analyte was transferred to the
wetting film. Furthermore, preliminary evaluation of
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the extraction efficiency made for a 200 ul portion
of a solution containing 1 mg 1~ Cd(II) showed that
about 75% of the analyte had been transferred to the
same volume of organic phase at the detection point
in a 45 cm long glass tube. Also, calibration graphs
obtained in the range of Cd(Il) concentration from
0.5 to 10 mg 17! showed an abrupt decrease of
sensitivity for concentrations > 6.0 mg 17! even
when high PAN concentrations (up to 0.25%, w/v)
were employed. Therefore the most probable mecha-
nism of analyte transfer in the present system should
be attributed to the adsorption of Cd(II), probably as
complexes, at the active sites on the glass wall
(available under the alkaline pH employed) followed
by analyte desorption due to the passage of the
organic phase and consequent metal complexation.
Such an adsorption /desorption mechanism has pre-
viously been reported but only for the case of non-
polar reactors and non-polar analytes [9]. Tt is very
interesting that glass reactors present the same effect
and that it can be exploited to perform liquid—liquid
extraction in continuous-flow analysis.

Under this assumption a closer look at the system
reveals that it really employs three phases in the
extraction process. First the analyte, present in the
aqueous phase in a suitable complexed form, is
adsorbed onto the solid glass phase. The organic
phase, containing the complexing agent, removes the
analyte from the solid phase and, simultaneously,
promotes the reaction for its spectrophotometric
quantification. It is obvious that the equilibrium reac-
tions occurring in each phase are important to define
figures of merit such as extraction efficiency. As an
example, if Cl™ is added to a solution containing
Cd(ID) in the buffer employed in this work, the
analytical signal in the organic phase is decreased.
Probably it is a consequence of Cd** complexation
by Cl- forming a negatively charged complex un-
suitable for adsorption on the glass surface.

3.2. Effect of the extraction pathlength

The extraction pathlength was changed from 20 to
100 cm by placing the detector along a linear glass
tube. 200 w1 of Cd(Il) solutions containing 1 or 2
mg 17" were introduced into the system and an
aqueous—organic volume ratio of 1.00 was em-
ployed.

The results show that the extraction efficiency can
rise from 54% for a 20 cm long reactor to 90% for
100 cm. However, the washing process is less effec-
tive and sample intercontamination is more accentu-
ated (see discussion below) as the tube length is
increased. Therefore the 45 cm long reactor has been
used as the best choice concerning the sample pro-
cessing rate (lower carry-over) and sensitivity (75%
extraction efficiency).

3.3. Effect of the sample pH

The pH of the samples containing 2 mg 17’
Cd(II) was adjusted with HNQ, and ammonia from
4 to 12. The samples were introduced in the mani-
fold and the carrier was always the buffer solution
described in the Experimental session. When both
carrier and sample solutions were at pH 4 no analyti-
cal signal was obtained; pH 9.9 gave the best signal,
and was used subsequently. The effect at this pH is
in agreement with previous conventional methodolo-
gies that employ the same extracting reagent and the
same organic phase [13]. However, it should be
emphasised that the effect of pH on metal adsorption
on the glass wall plays an important role in the
present system and would be a parameter to be
carefully investigated when other analytes that form
complexes at lower pH values are to be used.

Buffer composition is important to make the
methodology more efficient and selective. For exam-
ple, it was observed that Cu(II) and Cd(II) are both
extracted from NH;—NH,Cl buffer at pH 9.9. How-
ever, only Cd(ID) is extracted when a borate buffer
(at pH 10.0) is employed instead. Apparently when
initially present in the borate buffer only the Cd(II)
remains in a form capable of being extracted in the
monosegmented system.

3.4. Effect of the carrier flow rate

The carrier flow rate was varied from 0.25 to 2.0
ml min~' and the height of the analytical signal
obtained for the injection of 200 ul of a solution
containing 1 mg 1! Cd(I) extracted with the same
volume of organic phase containing PAN 0.05%
(w /v) was evaluated. The analytical signal decreases
slightly with increase of the carrier flow rate. Sup-
posing the adsorption /desorption mechanism to be
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Fig. 4. Effect of changing the aqueous-organic volume ratio in
the analytical signal for a 1 mg 1~" Cd(II) solution extracted in a
45 cm long glass tube. (#) Data obtained by fixing the organic
volume (100 ul) and increasing the aqueous volume up to 500
wl; (M) obtained by fixing the aqueous volume (200 ul) and
decreasing the organic volume down to approximately 50 ul.

valid, these results point to a very rapid rate of
adsorption and desorption of the Cd(ID).

3.5. Effect of aqueous / organic volume ratio

The effect of changing the aqueous /organic vol-
ume ratio was investigated in two forms. In the first,
a fixed volume of 200 ul of a 1 mg I~' Cd(I)
solution was introduced in the system and the time
interval of the valves actuation was changed in order
to deliver different volumes of organic phase. In the
second, the organic phase volume was fixed at 100
pl and the aqueous volume was modified. Both
methods change the aqueous—organic ratio in the
automatic extraction procedure. The results obtained
are summarised in Fig. 4. It can be observed that
both procedures lead to the same behaviour of the
analytical signal. The signal increases if the aque-
ous—organic ratio increases. However there is a limit,
probably imposed by the number of active adsorbing
sites present in the limited length of the glass tube.
Also, if the organic phase volume is decreased sig-
nificantly it could be insufficient to remove the
adsorbed Cd(I). The observed behaviour of the ana-
lytical signal for the higher metal concentration has
also a contribution from the fact that the simple
detector presently employed has a limited linear
response [11].

3.6. Carry-over and sample introduction rate

Carry-over was observed, for example, when the
first blank is introduced after a 1 or 2 mg 1~! Cd(ID)
solution in the extraction system. Also, it was ob-
served that after the second blank introduction, the
signal is unchanged, reaching a steady value. If a 1
mg 17! Cd(ID) solution is sequentially introduced its
first signal is about 10% lower than the second
which, in time, reaches a steady value. The same
behaviour was noticed for Cu(Il) and Zn(II) although
it was more severe for Zn(I), requiring about three
blanks to restore its minimum value.

The sources for such intercontamination could
originate in the retention of the metal adsorbed in the
glass that could not be removed by the organic phase
segment or retention of the metal at points where
some organic solution has been retained (as hy-
drophobic points on the glass surface). The best
solution to reduce sample intercontamination is to
wash the system with a suitable solution that is
injected as a monosegment between samples. The
washing solution can be injected just after the or-
ganic phase addition in order to cause no decrease in
the sampling rate. A solution of 0.1 M HNO; and
the ammonium buffer containing 1 X 10™* M EDTA
were evaluated as washing solutions. The results
show that the EDTA solution is more effective,
eliminating the memory effect between a 2 mg 17!
metal sample and a blank when they were alternately
introduced into the system. Furthermore, the use of
the EDTA washing solution leads to more repro-
ducible signals.

If points are found to retain the organic phase and
the complexed metal, the washing process can be
improved by introduced a blank with a segment of
organic phase and EDTA solution in the place of the
sample. The sample processing rate with the carrier
buffer flowing at 1.2 ml min~! is about 30 h™'.

3.7. Calibration, improvement of the extraction effi-
ciency and detection limits

Fig. 5 shows three calibration graphs obtained for
Cd(ID) and Zn(II) at an aqueous—organic ratio of
1.00 and for Cu(ID) with a ratio of 2.00, employing
the NH;—NH,Cl buffer at pH 9.9. The graphs are
linear for Cd(II), Cu(II) for concentrations of the
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Fig. 5. Calibration graphs obtained for Cd(II) ( #), Zn(1l) (W) and
Cu(ID) (&) in the NH,—NH,Cl buffer at pH 9.9. Aqueous—organic

volume ratio equal to 2.00 for Cu(Il) and 1.00 for the other

metals. Aqueous volume, 200 ul. Carrier buffer flow rate, 1.2 ml

min~ 1.

metals up to 2.0 mg 1. The graph for Zn(Il) shows
a sigmoid format with sensitivity decreasing at low
concentrations.

It was also observed that the extraction efficiency
for Cd(II) (ca. 75% for a 45 cm long glass tube) can
be improved without changing the analyser manifold
by reversing, for a number of cycles, the carrier flow
direction in a similar way to that previously reported
[14]. It was found that for a number of cycles greater
than 3, 100% efficiency was achieved for Cd(II)
solutions in the concentration range 0~2.5 mg 17!

Signals obtained for 1 and 2 mg 17! Cd(II),
extracted at an aqueous—organic volume ratio of
1.00, show relative standard deviations of 3.0% and
2.1%, respectively, for 6 measurements at each con-
centration.

The detection limit, estimated as three times the
signal-to-noise ratio, was equal to 85 and 60 ng
ml ™', respectively, for Cd(II) and Cu(II) when 200
ul of the metal ion solution was introduced and
extracted into the same volume of organic phase
containing 0.05% PAN. The detection limit for Zn(II)
was not estimated because of the observed non-lin-
earity of the calibration at lower concentrations.

When a higher aqueous—organic ratio is em-
ployed, despite the increase in the sensitivity, no
significant gain was observed in the detection limit
as the standard deviation of the blank signals, in the

simple spectrophotometric detector employed, also
increase.

4. Conclusions

This work demonstrates the use of the monoseg-
mented continuous flow system to perform liquid—
liquid extraction in a two-liquid phase system.
Among its advantages should be emphasised the ease
of construction and signal acquisition achieved. Phase
isolation is not necessary for detection in either of
the phases. Non-polar parts of the analyser are never
in contact with the organic phase. In consequence,
the retention of organic phase is minimised thus
decreasing sample carry-over and improving the
sample processing rate. The sample introduction de-
vice can be the one normally employed in aqueous
chemistry because the organic solvent never contacts
the device.

The air bubbles allow the sample to be located
precisely after its introduction into the system and
the optical triggered timer device employed delivers
the organic phase in a reproducible way with respect
to its volume and localisation in relation to the
aqueous sample. Furthermore, the bubbles ease the
location of the analytical signal among the photomet-
ric signals output obtained when the heterogeneous
pattern crosses the optical path of the detector. The
sample and extracting solution volume usage is kept
low in the monosegmented system, with a typical
value of 200 wl. This characteristic, allied to the
higher sample processing rate, is advantageous for
routine work not only from the cost point of view
but mainly from the aspect of decreasing the produc-
tion of chemical waste by the analytical laboratory.

Additional investigation on the adsorption/de-
sorption process on glass would be of interest be-
cause it could improve the continuous extraction
efficiency and /or be managed to achieve better se-
lectivity when interferents are present, as shown for
Cd(ID and Cu(ID), in a preliminary way. Also, the
presence of the two immiscible segments in the
system points to the development of coupled systems
that can transport the organic phase to an atomic
absorption or emission detector for final quantifica-
tion, after extraction has been processed.
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