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The experimental capabilities of transport extraction were investigated by the help of a complex 
of molecular iodine with ionic surfactants. The extraction efficiency up to 95 % was obtained with a 
400-fold preconcentration of iodide into benzene, using N-cetylpyridinium chloride. Moreover, a new 
method of sorbent-supported transport extraction by means of a resilient open-cell polyurethane 
foam has also been elaborated. The method was demonstrated in the separation of radioiodine 
from 4 dm 3 of deionized, drinking or surface waters with N2 carrier gas in about 60—90 min. 
The intercomparison showed that the nonequilibrium transport extraction gives some distinctive 
advantages over equilibrium solvent extraction. The kinetics of the transport extraction has also 
been established, from which the mass-transfer rate constant of the process can be evaluated, and 
the separation efficiency can be predicted in dependence on time. 

Separation and preconcentration of solutes from 
aqueous solutions by solvent extraction is one of 
the most intensively used techniques in analytical 
practice. Nevertheless, the extraction procedures in 
liquid—liquid systems have a common drawback that 
the separation efficiency decreases with increasing ra
tio of aqueous phase to organic phase volume, as it 
follows from Nernst distribution law. This fact seri
ously detracts from the preconcentration performance 
of this technique. In normal solvent extraction the pas
sage of the solutes into the organic phase is a result 
of a spontaneous distribution process during a more 
or less intensive mixing of phases. Under these physi
cal conditions, it is impossible to overcome the above-
mentioned drawback neither practically, nor theoreti
cally [1, 2]. 

Preconcentration techniques based on the use of 
absorptive bubble (adsubble) separation processes have 
received increasing attention in inorganic trace anal
ysis. Different adsubble (flotation) techniques were 
used, including solvent sublation [3—13]. Sublation 
is a collection process opposite to precipitation [11], 
where the complex formed between a surface-active 
agent and an oppositely charged species, called the 
sublate, is lifted up by gas bubbles [13]. The solvent 

sublation technique is an option to ion flotation where 
the solute (colligend) alone, which is surface-active 
itself or is made surface-active with a surface-active 
agent (collector), is adsorbed on the bubble surfaces 
of an ascending gas stream in water as a sublate and 
then collected in an immiscible liquid layer (usually 
an organic solvent lighter than water) placed on top 
of the water column [4, 10—16]. At least, a stoichio
metric amount of colligend is required theoretically. In 
fact, this technique can be recognized as an alterna
tive to solvent extraction and viewed as a process of 
nonequilibrium transport extraction. 

The main difference between transport extraction 
and normal solvent extraction is in the role of ther
modynamic parameters controlling the extent of the 
separation and the state of equilibrium of the process 
[3, 10—14]. The separation yield in normal solvent 
extraction is determined both by equilibrium distri
bution ratio of the solute between two immiscible liq
uid phases and their volume ratio. The mass transfer 
of solutes between phases is realized through immea
surably large contact surface area of phases during 
mixing. In transport extraction, the passage, or mass 
transfer of the hydrophobized solutes from stationary 
bulk aqueous phase into the organic layer is forced by 
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the stream of bubbles of a carrier gas and the contact 
of the phases takes place at their interface only. Thus, 
thermodynamic equilibrium cannot be established in 
the bulk aqueous and organic phases. Therefore, the 
quantity of trace solute collected in the organic solvent 
is independent of the extraction equilibrium distribu
tion ratio and the volume ratio of the phases as well 
[11-14]. 

Each phase separation in extraction processes is 
subject to loss of material, which decreases the effi
ciency of separation. In this paper a new technique 
of solvent sublation is also suggested, the so-called 
sorbent-supported transport extraction, which may 
facilitate easy manipulation of the organic phase and 
minimize losses. This is based on the use of an open-
cell type resilient polyurethane (PU) foam sorbent and 
is motivated by the already successful application of 
PU foams in separation chemistry as quasi-solid sepa
rating media with unique geometrical and membrane 
properties [17, 18]. 

The separation of iodine from aqueous solution by 
solvent sublation, i.e. transport extraction, has been 
reported rather scarcely, e.g. by Liu and Yue, who 
used cetyltrimethylammonium bromide (CTMAB) 
[15]. The separation of iodine by ion flotation in the 
form of I" [15, 19], or I2 [16], has also been re
ported. The cationic surfactants used in ion flota
tion can apparently also be used in transport extrac
tion. Among these, mainly JV-cetylpyridinium chlo
ride (CPC) proved to be the most effective, especially 
for molecular I2 in the aqueous phase [16, 20, 21]. 
The high efficiency of the separation of iodine in this 
case has indicated the suitability of this surfactant for 
the effective preconcentration of iodine from relatively 
large-volume samples. Polyurethane foam-supported 
solvent extraction has been used previously in the sep
aration of radioiodine from various water samples [17, 
18]. The different radioiodines still evoke considerable 
interest in radiochemical analysis; not only 131I, as 
a well-known important radionuclide (e.g. from nu
clear reactor accidents [22, 23]), but also 129I, a long-
lived environmental radioactive contaminant [22, 24] is 
important. Recently, an increased attention has been 
paid to the determination of 125I in aqueous or gaseous 
effluents, in connection with its medical use [22—26]. 

The aim of this paper was to investigate the ex
perimental possibilities of this procedure and its in-
tercomparison with conventional batch liquid—liquid 
extraction, with regard both to the separation and 
preconcentration efficiency, in order to verify the 
above-mentioned assumptions. A molecular iodine 
(colligend)—cationic surfactant (collector) complex 
pair in aqueous phase was chosen as a model system 
with benzene as nonmiscible solvent. The transport 
extraction has been carried out under static condi
tions with a stationary organic phase. The separation 
processes and this application were studied by using 
a radioindicator technique with 131I as tracer. 

T H E O R E T I C A L 

There are many theoretical models available to ex
plain the mechanism of bubble separation techniques 
and to predict the separation efficiency of the pro
cesses with different degree of simplifying assumptions 
[3, 10, 13, 14, 27]. A useful equation has been derived 
by Vallebona et al. [8] to find a relation between the 
separation yield and the adsorption constant and the 
column volume in the bubble extraction process. Es
sentially, the same equation can also be derived, sup
posing a linear adsorption distribution of trace colli
gend concentration (c) between liquid phase (aq) and 
gas bubble surface (gas). Then a respective equilib
rium distribution constant (ks), independent of the 
colligend and/or collector concentration, can be de
fined as 

^s — Cgas/Caq V-U 

The other simplifying assumptions are the constant 
size of gas bubbles independent of the constant gas 
flow-rate, independence of the gas volume in the col
umn from the gas flow-rate, the homogeneous gas dis
tribution in the aqueous phase, and a sufficient excess 
of the surface-active agent to ensure the independence 
of collector—colligend pair formation from its concen
tration. 

Considering a material balance 

TOaq(o)=Cgas Vgas (*) + Caq Vaq (2) 

where VgAS(t) denotes the volume of the gas phase 
passed through the column in gas bubbling time í, 
raaq(o) is the initial amount of the solute in the aque
ous phase (t = 0) and cgas VgSLS(t) = ms(t) is the 
amount of the solute adsorbed on the surface of the 
gas bubbles and transport extracted into the water-
immiscible liquid in bubbling time £, a simple equation 
of the theoretical nonequilibrium transport extraction 
efficiency under static (batch) condition with stagnant 
organic phase can be derived in terms of transport ex
traction (solvent sublation) coefficient (Ä"s) 

Es(t) = 77is(i)/maq(o) = KS/(KS + yaq) (3) 

where 

Ks = ks VgAS(t) = ks-vg3iS-t (4) 

If ms(£) is expressed as the mass fraction, then maq(o) 
= 1. Prom eqn (4) it is obvious that Es(t) is indepen
dent of the volume of the organic phase (Vorg). 

By comparison of eqn (3) with the well-known 
equation for the separation efficiency of conventional 
equilibrium solvent extraction under static (batch) 
conditions [1, 2] (Ee) 
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Ee = me/maq(o) = Kd/[Kd + (Vaq/Vorg)} (5) 

where rae is the extracted and maq(o) is the initial 
amount of a solute and Kd is the equilibrium distri
bution ratio of a solute between phases of respective 
volumes, it is possible to evaluate the theoretical sepa
ration and/or preconcentration potentials of these two 
techniques. 

During the process of transport extraction an en
richment of the sublate at the upper end and its deple
tion at the lower end of the column takes place [12— 
14, 27]. This results in accumulation of the colligend 
at the organic phase—aqueous phase interface, where 
true equilibrium distribution of the solute is only es
tablished between phases. The value of KSi which con
trary to the dimensionless Kd, has the dimension of 
volume (eqn (4)), is increasing during transport ex
traction and reaches its maximum value at the end of 
the process. Combining eqn (3) and eqn (4) it follows 
that for a given time of bubbling t 

Es(t) = (Ks/V^/UKs/V^) + 1] - const (6) 

From eqn (6) it is evident that the transport extrac
tion efficiency is independent of the volume of the 
aqueous phase (Vaq). Contrary to the transport ex
traction efficiency (Es(t)), the solvent extraction effi
ciency (Ee), as it follows from eqn (5) 

£e = (Ká-Vorg)/[(Ká-VOTg) + Vaq\ = [l + tKq/cOnst)]-1 

(7) 

is dependent on the Vaq (at constant Vorg) and it de
creases with increasing value of Vaq. These findings re
veal the theoretical principles of transport extraction 
separation and explain the basic difference between 
transport extraction and conventional extraction from 
the theoretical point of view. It is assumed that these 
observations are valid for ideal liquid—liquid systems, 
and where the capacity of the organic phase for the 
separated compound will not be exhausted. In real 
analytical separations some decrease in the efficiency 
may be expected in handling larger volumes of water 
due to possible deviations from the ideality and losses. 

Literature data show that the transport extraction 
based on precipitate flotation does not follow any of 
the usual rate laws [28, 29]. In the ion-flotation the 
kinetics of the removal of a solute can be approximated 
mostly by a direct or reversible first- or second-order 
chemical reaction [9, 10, 28—31]. One of the possible 
solutions could also be made by the application of eqn 
(3), which can be rewritten using eqn (4) as 

ms(r)/ms(co) = l / [ l + (Va q /V%is t)} (8) 

where m^r) and 77 (̂00) are the amounts of a solute 
sublated into the organic phase in time £, and t = 
00, respectively and vgdLS = Vgas(t)/t is the carrier 

gas flow-rate. Since Es(t) is directly proportional to 
ms(t) and Es(oo) is directly proportional to ms(oo) = 
maq(o) (where maq(o) = caq(o) V&q at t = 0), 

Es(t) = Es(oo) [l + (fcr t)-1)'1 (9) 

where Es(t) and Es(oo) are the theoretical transport 
extraction efficiencies at time t and t = 00, respec
tively, and 

kr = ks -VgasAaq (Ю) 

is the transport extraction (mass-transfer) rate con
stant. (It is obvious that Es(oo) theoretically is equal 
to 1 (or 100 %) and the possible deviations can be 
caused by the insufficiency of idealized approach to 
the real transport extraction system, when 77 (̂00) ф 
raaq(o).) The final equation used for theoretical cal
culations was derived from eqn (9) in the following 
linearized form 

t/Es(t) = (t/Es(oo)) + (l/krr Es(oc)) (11) 

Obviously, the t/Es(t) = f(t) function can be used 
for fitting the obtained experimental values of the 
transport extraction efficiency (ES}exp) and in either 
of its forms (eqn (9) or (11)) also for the calculation 
of both the theoretical transport extraction efficiency 
(-£s,theor) and kr for each particular case. On the other 
hand, eqn (10) can also be used for the calculation of 
the actual values of fe and Ks as well as using eqn (4). 

E X P E R I M E N T A L 

Reagents and solvents were of anal, grade. As 
cationic surfactants, cetyltrimethylammonium bro
mide (CTMAB) and TV-cetylpyridinium chloride (CPC) 
were used of DAB purity (Merck, Darmstadt, BRD). 
Sodium laurylsulfate (NaLS) (Reanal, Budapest, Hun
gary) was used as anionic surfactant. The nitrogen gas 
was of technical purity and was neither purified nor 
wetted before use. 

Deionized, tap (drinking) and Danube river waters 
were used. The deionized water was prepared from 
common distilled water passing through a column of 
specially treated cellulose according to the method de
scribed in [32]. The river water samples were filtered 
through a laboratory filter paper to remove coarse me
chanical impurities. 

As a sorbent support, polyether-type open-cell 
Polyurethane (PU) foam, Type A-32, of 32 kg m"3 

specific mass (Chemical Works, Sajóbábony, Hun
gary) was used and cut into plugs of 5 cm in diam
eter and of 4 cm thickness and cleaned by the method 
described, e.g. in [18, 33]. 

Two different simple laboratory transport extrac
tion equipments were used. The smaller consisted of 
a glass column (inner diameter 4.4 cm and height 80 
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\ 

Fig. 1. Schematic representation of the transport extraction 
equipment: 1. gas cylinder with regulator, 2. fine nee
dle valve, 3. flow meter, 4. sparger, 5. column filled with 
water sample and benzene layer, 6. separatory funnel, 
7. three-way stopcock, 8. separatory funnel. 

cm), equipped with a sintered glass sparger frit (G3 
porosity and 4 cm in outer diameter) at the bottom 
and a three-way glass stopcock for aqueous sample in
let, connected to a separatory funnel, and outlet. On 
the top of the column a 25 cm3 glass funnel was at
tached, fitted with a ground joint and a stopcock for 
sampling the organic phase (Fig. 1). The larger flota
tion set-up consisted of a 4.5 dm3 glass column (6.2 
cm in inner diameter and 150 cm height), equipped 
with a sintered glass sparger frit G3 (6 cm in outer di
ameter) and a two-way glass stopcock for sample out
let at the bottom. No separatory funnel was attached 
to the larger column. Both the sparger and the ver
tical tube of the stopcock were fitted to the columns 
through a suitable bored rubber stopper. The sparger 
of each column was connected to a pressurized N2 gas 
cylinder, equipped with a pressure regulator, through 
a fine pressure needle valve for controlling the gas flow. 
For measuring the gas flow-rate through the column, 
a soap-bubble flow meter was inserted between the 
pressure valve and the column. 

Static (batch) solvent extraction was made in a 
conventional 2 dm3 glass separatory funnel. 

The activity of 1311 in the aliquots of the aqueous 
and organic phase was measured with suitable well-
type Nal(Tl) scintillation detector coupled to a single 
channel amplitude analyzer. The counting conditions 
were chosen in such a way that they can approximately 
be made with the same counting statistics. The uncer
tainties of these measurements never exceeded 1 % of 

relative standard deviation (RSD) and were included 
into the overall uncertainties of the analysis. 

Transport extraction: Water samples up to 1 dm3 

were analyzed in the smaller column and treated in 
the attached separatory funnel. The procedure is de
scribed for 1 dm3, containing a required amount (0.5— 
10 cm3) of freshly prepared 0.01 mol d m - 3 Nal solu
tion. A sufficient amount of 131I tracer (as Nal) was 
added and the pH was adjusted to about 1 by 2.5 cm3 

of concentrated H2SO4. After mixing for about 2 min, 
the iodide in the sample was oxidized to I? with 0.5 
cm3 of 1 mol d m - 3 NaNCb solution. After shaking for 
about 1 min, a required amount of an aqueous solution 
of a given surfactant in 0.01 mol d m - 3 concentration 
was added (in the case of CPC, 7.5 cm3 was found 
to be the optimum). Following the addition of 10 cm3 

of ethanol (to control the size and ensure uniform N2 

bubble generation and to prevent micelle formation) 
and careful mixing, the sample was transferred onto 
the column. Finally, 10 cm3 of benzene was poured 
onto the top of the aqueous sample from the upper 
funnel and the stopcock was left in the open position 
to allow the gas to leave the column. When sample 
solutions of different volumes were taken into the ex
periment, the volumes of the used reagents were pro
portionally adjusted to keep their volume ratios con
stant, except that of the organic phase. After filling 
the column, nitrogen was passed through the column 
at a constant flow-rate of 15 cm3 min - 1 If the trans
port extraction lasted more than 60 min, some losses 
of organic phase have occurred by evaporation. There
fore, during the bubbling, several cm3 of benzene were 
added to maintain the volume at exactly 10 cm3 

Samples of higher volumes than 1 dm3 were ana
lyzed in the larger column, treated as described above, 
in a 2 dm3 separatory funnel or in a 5 dm3 beaker. 
The sample solution was carefully mixed by swirling 
for about 3 min to avoid froth formation. The content 
of the separatory funnel or beaker was poured into 
the column by its upper end. After filling the column 
with the sample 10 cm3 of benzene was placed onto 
the top of the aqueous phase. Then a stream of N2 was 
introduced into the column through the frit at a con
stant flow-rate between 15—60 cm3 min - 1 It has to 
be noted that higher flow-rates than 30 cm3 min - 1 led 
to increasing formation of bubbles in the column, fol
lowed by a very rich froth formation over the organic 
layer escaping from the column. If necessary, this froth 
can be destroyed, e.g. with ethanol sprayed on the top 
of the column. 

In the course of each run, 20 cm3 aliquots of the 
aqueous sample were taken from the lower part of the 
smaller column through the sample outlet for activity 
counting. After counting, the aliquots were returned 
to the column in 3 min. The separation efficiency was 
determined by difference from the respective count
ings before and after the transport extraction. Com
pleting the separation, the organic solution was ele-
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vated into the upper funnel of the smaller column lift
ing the aqueous solution in the separation funnel filled 
with a sufficient amount of added deionized water, and 
prepared for further analysis. In the larger column, 
completing the separation and destroying the froth by 
standing for several minutes, the benzene layer was 
pipetted off from the column and adjusted to 10 cm3 

Finally, 1 cm3 of this transparent orange yellow solu
tion was diluted to 20 cm3 with benzene and counted. 
The colour of this solution was found to be stable over 
several weeks. 

S orb ent-supported transport extraction: After fill
ing the larger column with the 4 dm3 sample treated 
as above, 10 cm3 of benzene was pipetted onto the sur
face of the aqueous phase. Then the P U foam cylinder 
was placed on the top of the column so that the cylin
der was fully soaked with the benzene layer. In this 
operation, swelling of the foam support takes place, 
which causes a tight contact between the foam plug 
and the wall of the column. Finally, the foam plug 
was fixed by means of an inverted glass beaker placed 
on the column. Nitrogen carrier gas was then intro
duced into the lower end of the column, maintaining a 
flow-rate of about 55—60 cm3 m i n - 1 (In the case of 
intensive froth formation see the procedure as above.) 
The separation efficiency for each observed time in
terval was determined as above. After completing the 
separation in 1—1.5 h and stopping the gas stream, 
the foam plug was removed from the column. Follow
ing air drying on a sheet of filter paper, the foam disc 
was prepared for direct 1 3 1 I activity counting [18, 25, 
33], or for indirect activity measurement of radioio-

dine after its elution with acetone from the P U foam 
sorbent [18]. In the direct activity counting, the foam 
plug can be measured either in released, or compressed 
geometry when the best counting efficiency is attained 
[33]. If the elution technique is applied (e.g. for the 
determination of stable iodine) the iodine—surfactant 
associate is back-extracted from the PU foam plug by 
causing 3 to 4 pulsations with several (ca. 5) 25 cm3 

aliquots of acetone while the tip of a syringe is kept 
in the solvent. This extract can be used for further 
analysis. 

Solvent extraction: In these experiments the same 
reagents were used under identical conditions. The 
phases were shaken for 2 min, then left to stand for 
phase separation as required. After standing, 20 cm3 

aliquots were taken from the aqueous phase. The sep
aration efficiency was determined from the activities 
of 1 3 1 I of the respective aliquots of the aqueous phase 
before and after separation, respectively. 

RESULTS A N D D I S C U S S I O N 

Preliminary experiments were made with smaller 
transport extraction column at constant N2 flow-rate 
of 15 cm3 m i n - 1 Favourable results were obtained 
by modifying a method of Liu and Yue [15], using an 
aliphatic CTMAB cationic surfactant. These indicate 
a marked dependence of the separation efficiency on 
the I2 concentration. The decrease of the extraction 
efficiency for concentrations of iodide lower or higher 
than the optimum concentration range is caused by 
the inherent nature of the ion flotation as it is ex-

100 

^ 60 -

ŕ/min 

Fig. 2. Transport extraction efficiency 100 E of I 2 from 200 cm 3 of its 2.5 x Ю - 5 mol d m - 3 solution at pH 1 and surfactant to 

I2 mole ratio of 3:1 as a function of bubbling time at 15 cm 3 m i n - 1 gas flow-rate: О with CTMAB, CD with CPC, ©with 

NaLS and • without surfactants into benzene, and 0 with CPC into xylene; average of 3 runs. 

Chem. Papers 52 (5) 671—681 (1998) 675 



S. PALAGYI 

Table 1. Experimental Transport Extraction and Solvent Extraction Efficiency of 2.5 x 10 5 mol dm 3 1-2 (V'org = 10 cm 3 , 

Average of 3 Runs, RSD = 0.5—3 %) 

Vaq t 100 x Separation efficiency/% 

min 

15 
30 
60 
15 
30 
60 

120 

15 
30 
60 

120 
180 

Transport 
extraction 
with CPC 

86 
96 

83 
93 
96 

59 
86 

95 
96 

with CPC 

90 
93 
97 

89 
91 

93 

82 

87 
87 

Solvent extraction 

without CPC 

91 
90 

80 
80 

-

66 
66 

200 

500 

1000 

Note: Time of solvent extraction includes phase separation. 

plained in detail, e.g. in [13, 14, 19]. Prom this ex
planation it follows that the optimum concentration 
of the colligend is in the range of 10~5 to 10~3 mol 
d m - 3 . It was also found that the efficiency of transport 
extraction does not differ considerably when changing 
the pH from 1 to 6 and that the collector to colligend 
mole ratio between 1:1 and 5:1 has a moderate ef
fect on the separation efficiency. Nevertheless, it seems 
that the ratio of the surfactant to I2 of about 3 gives 
optimum results. 

Further experiments were done with another, aro
matic CPC cationic surfactant, as recommended pre
viously by Koizumi [16]. These experiments, under the 
same conditions led to better results. The effect of the 
bubbling time on the transport extraction efficiency 
is presented in Fig. 2. It can be seen that it is possi
ble to obtain an almost quantitative transport extrac
tion of iodine in about 60 min. The organic solvent 
showed no effect on the separation efficiency, when 
instead of benzene other immiscible solvent, e.g. 0-
xylene was used. Prom the figure it is also evident 
that I2 itself has certain surface-active properties and 
it can be transport-extracted not only with NaLS, a 
typical anionic surfactant, but also alone, with a mod
erate separation efficiency. Similarly, as in the case of 
CTMAB, iodide cannot be extracted effectively even 
with CPC and under identical conditions only ca. 10 
% separation efficiency was obtained. 

In the case of I2, the interaction with CPC cationic 
surfactant is quite different from that of I~ Some au
thors assume a formation of a molecular complex be
tween CPC and I 2 [16, 34], resulting in a precipitate 
[35, 36]. This interaction proceeds through three steps, 
involving the oxidation of iodide to iodine (A), forma
tion of a complex anion (5), and precipitation of the 
formed ionic associate (C) 

2 Г + 2N0 2 + 4H+ -> I 2 + 2H 2 0 + 2NO (A) 

I2 + CI- ->1 2 СГ (B) 

R-py+ + I 2 C r -> {R-py + I 2 Cr} (C) 

where py + denotes the pyridinium cation and R the 
cetyl group. The above described complex formation 
may also occur in the CTMAB and I 2 interaction, but 
apparently not with subsequent precipitate formation. 
A higher separation efficiency of iodine obtained with 
CPC can be attributed to higher hydrophobicity of 
the CP + I 2 C1~ ionic precipitate in comparison with 
less hydrophobic CTMAB: I 2 molecular associate. 

The results in Table 1 show that the separation 
efficiency of the transport extraction is independent of 
the volume of the aqueous phase in the studied range 
from 200 to 1000 cm3 The time of bubbling to reach 
maximum separation efficiency is dependent on the 
volume of the aqueous phase and for volumes higher 
than 200 cm3 it takes more than 60 min. 

In parallel with the transport extraction, solvent 
extraction experiments were carried out under the 
same experimental conditions shaking the respective 
phases in a separatory funnel. The data given in Table 
1 show that the separation efficiency in conventional 
solvent extraction is dependent on the volume of the 
aqueous phase, i.e. on the volume ratio of the aque
ous phase to the organic phase and decreases with its 
increasing values, especially in the case when no sur
factant is used. In shaking the phases, when CPC was 
also added, a copious froth formed, which makes nec
essary to wait 60—120 min for the froth settling down 
before radioactivity counting. In fact, some froth for
mation over the organic phase was also observed dur
ing transport extraction, but its amount was far less 
than in the solvent extraction and it can easily be 
destroyed by adding several drops of ethanol on the 
froth. The use of this froth destroying method in the 
case of solvent extraction is less effective and it can 
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Table 2. Calculated Values of Ks and K^, Using Eqns (5) and (5), under Conditions Given in Table 1 

Kaq 

cm3 

200 
500 

1000 

100 £ s ,exp/% 

with CPC 

96 
96 
96 

100 Ee 

with CPC 

97 
93 
87 

e x p / % 

without CPC 

90 
80 
66 

Ks 

cm3 

4800 
12000 
24000 

with CPC 

647 
664 
669 

Kd 

without CPC 

180 
200 
194 

Table 3 . Effect of I2 Concentration on the Transport Extraction Efficiency of I2 at 15 cm3 min x N2 Flow-Rate (Vaq = 1 dm3 , 
3 Runs, RSD < 3 %) 

Concentration 

of I2 

mol d m - 3 

n(CPC):n(I 2 ) 

mol mol 

100 x Transport extraction efficiency/% 

60 

69 
88 
92 
79 

Bubbling time/min 
120 

71 
90 
94 
92 

180 

73 
93 
95 
94 

2.5 x 10" 6 

1.0 x 10" 5 

2.5 x Ю - 5 

5.0 x Ю - 5 

30.0 
7.5 
3.0 
1.5 

Fig. 3. Transport extraction efficiency 100 E of I2 as a function of bubbling time for various volumes of aqueous phase: О 1 d m 3 , 
0 2 d m 3 , and CD 4 d m 3 at constant gas flow-rate of 15 cm 3 m i n - 1 and for various gas flow-rates: CD 15 cm 3 m i n - 1 , 6 30 cm 3 

m i n - 1 , and Ф 60 cm 3 m i n - 1 at constant aqueous phase volume of 4 d m 3 ; average of 3 runs, RSD < 3 %; respective solid 
curves: theoretical values. 

also cause dissolution of a thin benzene layer in the 
bulk aqueous phase. The results presented in Table 
1 fully confirm the assumptions given in the intro
ductory and theoretical parts of this paper in respect 
to the unlimited independence of the separation ef
ficiency from the aqueous phase volume in transport 
extraction. 

From Table 2 it can be seen that the value of K& 
in the solvent extraction of I 2 with CPC, is more than 
600. Without CPC it is around 200. Kd is practically 

constant and independent of the aqueous phase vol
ume. In agreement with eqn (3), Ks increases propor
tionally with increasing volume of the aqueous phase; 
however the ratio of Ks to Vm remains constant, as 
follows from eqn (6). Under given conditions K&j F a q 

is around 24. The value of 100 Es is close to its max
imum value and practically independent of the vol
ume of the aqueous phase. This fact makes possible 
to obtain relatively high values of preconcentration 
also at unchanging high value of the separation eŕB-
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Table 4. Dependence of Mass-Transfer Rate Constant (A:r), Maximum Theoretical Transport Extraction Efficiency (Es{oo)), and 
Colligend Equilibrium Distribution Constant (ks) on the Volume of Aqueous Phase and on the Carrier-Gas Flow-Rate 
(Correlation Coefficient, r 2 = 0.9982—0.9999) 

Sample 
volume 

d m 3 

Carrier-gas 
flow-rat e 

100 Es{oo) 
calculated 

mm 

15 

15 

15 

30 

60 

0.2460 

0.0263 

0.0126 

0.0482 

0.1993 

97.94 

114.82 

119.34 

106.07 

100.23 

16.4 
3.5 
3.4 
6.4 

13.3 

100 

UJ 60 
о 
о 

11 min 

Fig . 4. Transport extraction efficiency 100 E of 1 3 1 I from various water samples as a function of bubbling time at 60 cm 3 m i n - 1 

gas flow-rate: О deionized, (D tap and в river water; average values of 3 runs, RSD 3 %; solid curves: theoretical values for 
о deionized, b tap, and с river water. 

ciency. Further results and discussion are based on the 
experimental study carried out with larger transport 
extraction column. Table 3 shows that for a I " con
centration of about 1—10 mg d m - 3 , the efficiency is 
practically independent of the iodine concentration if 
sufficiently long bubbling time is applied. It was con
firmed that the optimum surfactant to iodine ratio is 
around 3 (mol/mol). The activity measurement of the 
benzene solutions showed that the separation efficien
cies calculated from the organic phases and from the 
aqueous phases are within the experimental error. 

The results presented in Fig. 3 again confirm the 
theoretical assumptions that the volume of the aque
ous phase has no influence on the separation efficiency 
in the studied range of volumes, but for a higher vol
ume longer bubbling time is needed. Since the required 
bubbling time for the analysis of samples of higher vol
umes than 1 dm3 has been proved to be rather long, 
in the next experiments the effect of the N2-gas flow-

rate on the transport extraction efficiency was inves
tigated in order to accelerate the separation process. 
From Fig. 3 it is evident that the increase of the gas 
flow-rate considerably reduces the duration of the sep
aration, which can be accomplished even from a 4 dm3 

sample with 60 min bubbling time at a transport ex
traction efficiency of about 0.95 and a 400-fold precon-
centration. A good agreement has been found between 
experimentally observed and theoretically calculated 
values of the transport extraction efficiency using eqn 

Table 4 shows, according to eqn (JO), that the 
value of кг decreases as the volume increases, but it 
increases with increasing the gas flow-rate. It is seen 
that with increasing volumes of the aqueous phase the 
t/Es(t) = f(t) function, calculated according to eqn 
{11), begins to deviate from the reality (Es(oo) has to 
be 1), whereas it becomes more realistic with increas
ing flow-rate. Throughout the experiments, the size of 
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Table 5. Transport Extraction Efficiency (.Es,exp) of 1 3 1I after 60 min Gas Bubbling at 60 cm3 min x Flow-Rate with Values of 
kr and Es(oo) for Various Water Samples (3 Runs, RSD < 1 %, r 2 = 0.996—0.999) 

Water sample 

4 dm3 

kr 

aqueous or organic 
phase 

% 

100 Es{oo) 
calculated 

Deionized 
Tap a 

River6 

95 
94 
93 

95 
94 
92 

0.1799 
0.1434 
0.0925 

100.85 
101.35 
104.73 

12.0 
9.6 
6.2 

a) Composition (mg d m - 3 ) : chlorides (10.1), phosphates (0.1), nitrates (13.4), nitrites (0), sulfates (66.8), ammonia (0), Fe (0), 
Mn (0), organic substances (0.9), total hardness 15.7 and permanent hardness 4.2 German degrees, pH 7.6. b) Composition (mg 
d m - 3 ) : chlorides (11.5), phosphates (0.01), nitrates (12.6), nitrites (0.2), ammonia (0.1), Fe (0), Mn (0), 0 2 (9.8), total hardness 
11.4 German degrees, pH 7.8. 

the gas bubbles was kept constant and apparently did 
not change in the range of the gas flow-rate of 15 to 
60 cm3 min - 1 

Experiments with sorbent-supported transport ex
traction have shown that the used P U foam effectively 
absorbed the solution of C P + L Ž C I - ionic associate in 
benzene and that the sorbed associate could also be 
back-extracted from the foam into acetone [37]. This 
enabled the PU foam sorbent to be used as a solid 
support in transport extraction of iodine. The results 
and discussion presented here are based on the exper
imental study made with larger transport extraction 
column at 55—60 cm3 min - 1 carrier gas flow-rate. 
In the experiments described here only the effect of 
bubbling time and/or carrier gas flow-rate on the PU 
foam-supported transport extraction efficiency was in
vestigated. As expected from previous results, 60 to 90 
min bubbling time was sufficient for maximum separa
tion efficiency amounting to 0.95 for all water samples 
(Fig. 4). Table 5 shows some slight differences in the 
values of separation efficiencies of 131I between deion
ized and environmental water samples. Such but slight 
variation in the efficiency may be explained by a de
crease in the mass-transfer rate constant (kr) of iodine 
from environmental waters in comparison with deion
ized water. A higher salt content and ionic strength 
in tap water and also other impurities in river water 
should increase the content of interfering substances 
decreasing the kr of CP+I2C1~ from aqueous phase to 
bubble surface ascending into the organic phase. The 
values of kr and Es(oo) were calculated according to 
eqn (11). 

In Tables 4 and 5 the values of fe calculated from 
eqn (JO) are also presented. A statistical investigation 
of the data shows a good correlation between kg and 
kr for the calculated average values of 100 Es(oo)/% 
= 100.1 ± 1.5, the ratio of k to k being 67.0 ± 0.5, 
independently from the sample volume and carrier gas 
flow-rate. Under these conditions the average value of 
ks is 12.8 ± 2.8. Table 5 also shows that almost no 
differences were observed between measurement in or
ganic and aqueous phase provided that the 131I activ

ity counting was made under identical geometry. The 
best counting efficiency was obtained, when the PU 
foam plug was compressed into the smallest possible 
volume of about 12—15 cm3, e.g. in a suitable plastic 
syringe [18, 33]. A preconcentration of about 300-fold 
can be obtained by this direct method. 

The possibility of the indirect counting of 131I af
ter its back-extraction from the PU foam plug was 
also investigated. This method is particularly useful 
in the determination of stable iodine separated from 
water samples, e.g. by spectrophotometry [15]. The 
C P + b C l - ionic associate can easily be back-extracted 
by successive extractions with several portions of ace
tone. Using a pulsating syringe technique, the average 
back-extraction efficiency after 6 extractions with 25 
cm3 aliquots of acetone was 0.94, with a RSD of less 
than 2 %. This value indicates that the overall separa
tion efficiency of 131I (transport extraction and back-
extraction) from the water samples used lies between 
86—89 %. The colour of the slightly turbid solution 
was lemon yellow. After standing for several minutes, 
the solution became transparent and some white pre
cipitate, most probably K2SO4, settled out. This pre
cipitate did not carry any 131I radioactivity, so it does 
not interfere in the radioiodine or iodine determina
tion. In the indirect method even higher preconcentra
tion can be obtained than in the direct method after 
suitable evaporation of the acetone extract. 

C O N C L U S I O N 

Transport extraction can be advantageously used 
in the effective preconcentration of trace amounts of 
solutes in liquid—liquid systems, where the normal 
equilibrium solvent extraction fails owing to the low 
distribution ratio of the solutes and the strong depen
dence of its separation efficiency on the volume ratio 
of the aqueous to organic phase. In the nonequilib-
rium transport extraction technique, the aqueous and 
organic phases are in contact only at the measurably 
small surface area, which is negligible in comparison 
with the surface area formed in conventional static or 
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dynamic solvent extraction techniques. Therefore, the 
t ransport extraction is not governed by the Nernst dis
tribution law and its theoretically high constant sepa
ration efficiency, even at low distribution ratios, is not 
dependent on the volume of the aqueous phase or on 
the ratio of the phases. 

Transport extraction proved to be convenient in 
the separation of iodine and appears to be competi
tive to conventional solvent extraction or precipitation 
techniques also from the kinetic point of view. Its fur
ther advantages over normal solvent extraction are the 
easy handling of both large-volume samples and small-
volume extracts. The main limitation of t ransport ex
traction in this particular case could be the relatively 
high and narrow concentration range of iodine, which 
may restrict the use of this method to, e.g. mineral or 
wastewater. However, the preconcentration of radioio-
dine from water with properly adjusted iodine carrier 
concentration, is very effective. Since iodine is in an 
oxidizing medium, it may be possible to use air as the 
bubbling gas in place of nitrogen. This would simplify 
the gas system for the extraction equipment, using a 
commercially available cheap peristaltic air pump. 

Polyurethane foam sorbent-supported t ransport 
extraction has proved to be effective in the separation 
and preconcentration of both radioiodine and stable 
iodide also from environmental water samples. The 
proposed new technique avoids the escape of the or
ganic solvent and minimizes the losses of the separated 
solute. The selectivity of the iodine separation has not 
been investigated, however, possible coextractions of 
anions and cations (commonly present, e.g. in envi
ronmental waters), which may decrease the separation 
efficiency of iodine, are not to be expected. Further, 
it is unlikely tha t the other important cationic ura
nium fission products, in the case of 1 3 1 I and 1 2 9 I , or 
some medically important radionuclides, in the case 
of 1 2 5 I , would interfere seriously under the conditions 
described. 
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