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a b s t r a c t

The reviews cover important critical parameters that are often optimized in a supported liquid mem-
brane extraction technique in both flat sheet and hollow fibre designs for ionizable organic molecules.
Understanding of these parameters can enable one to predict the behavior of the compound before hand
and thus reduce the number of optimization experiments. Moreover, less number of experiments can be
echnique
ritical parameters

onizable organic compounds

also generated using statistical techniques which are now becoming more commonly used. Supported
liquid membrane extraction optimal parameters such as the conditions of the pH of the acceptor and
donor phases should easily be fixed from the pKa values of the compounds. Other parameters, including
the polarity of the compound can help to predict the partitioning into the membrane and the behavior
of the compound. The influence of parameters such as temperature on the mass transfer in supported
liquid membrane depends on the design of the module, experimental design and type of mass transfer

controlling the extraction process.

© 2010 Elsevier B.V. All rights reserved.
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. Principles of supported liquid membrane extraction
echnique

Supported liquid membrane extraction technique is now a well
nown sample preparation tool. This has been reviewed by several
uthors [1–4]. Most of these reviews have focused on the principles

proper understanding of these critical parameters. The review also
includes attempts to use statistical techniques to help in optimiza-
tion of the critical parameters [9–12]. Both flat sheet and hollow
fibre membranes are discussed.

Some of the critical parameters can be seen from the princi-
ples of SLM extraction technique. The extraction process in a SLM
f the SLM extraction technique [1,2,5,6] and/or its applications
3,7,8]. This review focuses mainly on critical parameters that
ffect the extraction process. This is very important because often
LM extraction is optimized for certain chemical species without

∗ Corresponding author. Tel.: +27 11 7176703; fax: +27 11 7176749.
E-mail address: luke.chimuka@wits.ac.za (L. Chimuka).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.01.004
technique involve partitioning of the analyte from the sample into
the organic liquid impregnated in the membrane, diffusion through
the membrane into the acceptor side, ionization and diffusion into
the bulk of the acceptor solution. The process of ionization and

diffusion into the bulk of the acceptor side is also called back-
extraction. Therefore, for these desired extraction sequences to
occur, critical parameters such as the pH of the sample (donor
solution) and of the acceptor solution must carefully be chosen

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:luke.chimuka@wits.ac.za
dx.doi.org/10.1016/j.chroma.2010.01.004
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5,13]. The pKa of the compound is another critical parameter that
ust be known [5,9,13]. The polarity and size of the compound

s also important because it affects the dissolution and diffusion
nto the membrane to the bulk acceptor side [14,15]. Other impor-
ant parameters include extraction temperature [16–18], stirring
ate [19,20] or sample flow rate [21,22], thickness of the porous
embrane [19,22], extraction time [13,19,21] design of the extrac-

ion module [17,18,23], influence of humic substances [19,22] and
alting out effect [13,22].

During optimization of the SLM performance, the extraction
fficiency (E) and the concentration enrichment (Ee) in the accep-
or side are measured [2,13]. The extraction efficiency is defined
s a ratio of the amount of analyte extracted to that in the origi-
al sample. The concentration enrichment factor is a ratio of the
oncentration of analyte extracted to that in the original sample.
he extraction efficiency and concentration enrichment factor are
elated by Eq. (1). Extraction efficiency and to some extent con-
entration enrichment factor (Eq. (1)) is the measure of the rate of
ass transfer through the membrane. The extraction efficiency and

nrichment factor are constant only at infinite trapping with spec-
fied extraction time, flow rate, phase composition, temperature,
nd ionic strength.

= nA

nI
= Ee

(
VA

VI

)
(1)

here nA and nI are the total amounts of analyte found in the accep-
or and present in the incoming (extracted) sample, respectively;
A is the volume of the stagnant acceptor phase and VI is the volume
f the extracted sample.

. Critical parameters affecting mass transfer

.1. Choice of the pH of the aqueous phases

Detailed mass transfer kinetics including the influence of pH
n the two aqueous phases has been reported by Jönsson et al.
5]. In this study, it has been shown that theoretically for nearly
omplete trapping of the analytes, the pH of the acceptor solution
hould be at least 3.3 pH units higher than the pKa of the analyte
f interest for the extraction of acidic compound. For the extrac-
ion of basic compounds, pH of the acceptor phase has to be 3.3
nits lower than the pKa of the analyte. In cases where a group of
imilar compounds need to be extracted with different pKa values,
nalyte with highest and lowest pKa values determines the pH of
he acceptor solution for acidic and basic compounds, respectively.
epending on the sample, it has been shown that matrix compo-
ents that are co-extracted can decrease the pH of the acceptor
olution leading to an incomplete trapping [24]. For this case, it is
dvisable to use a high buffer capacity of the acceptor solution to
ompensate for change in pH due to matrix components that are
o-extracted.

Chimuka et al. [13] is also reported to have carried out a detailed
tudy on the influence of pH of the acceptor solution on the mass
ransfer in a supported liquid membrane technique. In this study,
he theoretically predicted maximum enrichment factors for a
roup of basic compounds were compared with experimental val-
es and good agreements were obtained. From the pKa of the
ompound and pH of the acceptor solution, it is possible to calcu-
ate the fraction of the analyte that is not ionized (˛A). This allows
redicting the maximum enrichment factor that can be obtained
13]. ˛A is given by [5,13]:
A = Ka

[H+] + Ka
= 1

1 + 10s(pHA−pKa) (2)

here Ka is the ionization constant and [H+] is the concentration of
ydrogen ions. s = 1 for acids and s = −1 for bases. pKa is the ioniza-
A 1217 (2010) 2318–2325 2319

tion constant of the compound and pHA is the pH of the acceptor
solution.

˛A is related to the maximum concentration enrichment factor
by Eq. (3) [5,13]:

Ee(max) = cA

cI(max)
=

(
˛DKD

˛AKA

)
= DD

DA
= D (3)

where cA and cI are the concentration of analyte found in the accep-
tor and present in the extracted sample, respectively; ˛D is the
fraction of uncharged compound in the sample. KA is the parti-
tion coefficient for the analyte between the membrane phase and
acceptor phase. KD is the partition coefficient for analyte between
the donor and membrane phases. D is the distribution factor of the
analyte between the donor and acceptor phases. DD and DA are
the distribution constants of analytes between the organic liquid
and donor solution and between the organic liquid and acceptor
solution, respectively.

If KA is assumed to be equal to KD, then [5]

Ee(max) = ˛D

˛A
(4)

All the analyte in the sample solution (donor) is usually kept
uncharged so that it can dissolve in the membrane so ˛D is kept
at 1. The maximum enrichment factor then is 1/˛A provided the
volume ratio of the donor and the acceptor allows it. Therefore, in
any supported liquid membrane extraction technique, it is possible
to predict the theoretical Ee(max).

Where KA and KD are not equal (for example, due to different
ionic strengths in the acceptor and donor phases) these can be cal-
culated from the following equations as in a study by Chimuka et
al. [13]:

KA = DA

˛A
(5)

KD = DD

˛D
(6)

DA can be calculated from Eq. (7) [13]

DA = [A]M

[A]A + [AH+]A
= [A]M

[A]A
(7)

[A]m is the equilibrium concentration of the analyte in the organic
liquid. [AH+]A and [A]A are the equilibrium concentrations of the
analyte in the ionized and nonionized forms in the aqueous accep-
tor solution, respectively.

KD = [A]M

[A]D
(8)

Both DA and KD can be experimentally determined by
liquid–liquid extraction if needed.

Table 1 shows the pKa of weak bases and values of ˛A
at different pH [13]. The table shows strong dependence of
˛A on pKa and pH of the acceptor solution. In this study, a
comparison of the maximum concentration enrichment factors
experimentally obtained from SLM extraction and from theoretical
calculations [13] was performed. The obtained good agreement of
the two maximum concentration enrichment factors allows pre-
dicting beforehand this value once the acceptor pH is decided
upon. This also allows reducing the number of experiments
needed to optimize the acceptor pH since this can be predicted
theoretically.
Fig. 1 shows the concentration enrichment factors obtained for
some analytes in Table 1. The maximum concentration enrichment
factor was attained easily with simazine and atrazine, which are
more weakly basic and therefore not easily trapped in 1 M sul-
phuric acid used as acceptor solution [13]. These results agree well
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Table 1
pKa’s of the studied weak bases and ˛A values at different pH values with permission from American Chemical Society [13].

Compound pKa ˛A values at pH calculated by Eq. (2)

∼1.0 ∼0.7 ∼0.0

Atrazine 1.68 9.13 × 10−2 2.04 × 10−2

Simazine 1.65 9.52 × 10−2 2.13 × 10−2

Terbuthylazine 2.0 4.57 × 10−2 9.8 × 10−3

Ametryn 4.1 6.82 × 10−4

Desmetryn 4.0 9.22 × 10−4

Dimethametryn 4.0 6.82 × 10−4

Terbutryn 4.3 4.62 × 10−4
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Aniline 4.61
3-Methyl-5-nitroaniline 2.34
3-Chloro-4-methylaniline 3.97
3,5-Dichloroaniline 2.48

ith Table 1. The concentration of uncharged analytes in the accep-
or phase increases as the extraction continues until a plateau is
eached which decreases the flux across the membrane. At the
lateau, the flux ceases because the concentration of uncharged
nalyte in the acceptor solution and membrane equals that in
he solution reaching equilibrium. In a recent study on the mass
ransfer in an incomplete trapping extraction of triazole fungicides
sing a single hollow fibre supported liquid membrane as module,
heoretical maximum concentration enrichment factor (assuming
D = KA) was much higher than observed [17]. This was due to dif-

erences in the two partition coefficients. KA was found to be much
arger than KD (see Eqs. (3) and (4)). Stripping of the analytes from
he membrane into the acceptor solution was the rate limiting
tep.

In order for the analyte to dissolve into the membrane, it has to
e uncharged. It is therefore important that the pH of the sample

s adjusted as such. A safe pH of the sample is where ˛D is >0.99
hich leads to maximum 1% loss of efficiency [5]. Mathematically,

his corresponds to pH of the sample greater than 2 units the pKa
f the basic compound [5]. For acidic compound, pH of the sam-
le should be at least 2 units less than the pKa value. Once the

Ka value of the compound is known, it is possible to predict the
ppropriate pH of the sample solution. This therefore can reduce
he number of optimisation experiments for the best pH of the
ample.

ig. 1. Variation of concentration enrichment factor (Ee) with extracted sample vol-
me for chloro-s-triazines (0.40 ppm each). The acceptor solution contained 1.0 M
pH ∼0.0) sulphuric acid: (�) simazine, (�) atrazine, (�) terbuthylazine with per-

ission from American Chemical Society [13].
26 × 10 2.42 × 10
21 × 10−2 4.51 × 10−3

86 × 10−4 1.06 × 10−4

96 × 10−2 3.27 × 10−3

2.2. Choice of the impregnated liquid, polarity of the compound,
type of membrane support and module

Selection of the membrane solvent for immobilization in the
support material is one of the most critical steps in SLM extraction.
For optimum extraction efficiency, it is desired that the partition
coefficient of the analyte should be as large as possible and it should
have very low water solubility [2,12].

Two common organic solvents that have been frequently used
are undecane and dihexylether [13,15,16,21]. A detailed study on
the role of the polarity of the compound on the mass transfer
with dihexylether and undecane as membrane liquids was stud-
ied [15]. In this case, KD in the two solvents was first measured for
a group of phenolic and triazine compounds. This was then cor-
related with log P values (Fig. 2). The good correlations obtained
indicate that log P value of a compound can be used as a measure of
its dissolution in a supported liquid membrane technique. Another
interesting observation (Fig. 2) is that as the compound becomes
more non-polar, the difference in KD in the two solvents reduces.
This means that for non-polar compounds with log P values close
to 4 and above, KD contribution to the differences in the extraction
efficiency in the two solvents becomes small (Fig. 2).

In this same study [15], a plot of log P values against the extrac-

tion efficiency resulted into a bell shaped pattern (Fig. 3). The first
region between log P 0 to ∼2 had the lowest extraction efficiency.
This is followed by middle region with log P ∼2.4 to ∼3.3 which
gives an optimum window with highest extraction efficiency. The

Fig. 2. Collander plots of the s-triazines in the two solvents used as membrane
liquids: (�) di-n-hexyl ether and (�) n-undecane, with permission from Elsevier
[15].
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Fig. 4. Extraction efficiency vs log P plots for various dinitrophenols in a HF-
SLM extraction technique impregnated with various organic solvents. log P
ig. 3. Extraction efficiency vs log P plots for various triazines. Extraction efficiencies
ere obtained with SLM impregnated with (�) di-n-hexyl ether and (�) n-undecane,
ith permission from Elsevier [15].

hird region beyond log P 3.3 showed signs of decreasing extraction
fficiency. The first section is due to poor dissolution of the analytes
nto the membrane liquids because of small log P values. The last
ection is due to too high dissolution into the membrane liquids
hich results into slow mass transfer of the analytes between the
embrane and acceptor solution. In this case, KA is expected to be

oo large compared to KD (see Eq. (3)). This observation can also be
xplained from Eq. (9) below [15]:

= nI − nW − nM

nI
≈ EW − KDVm

2VI
(9)

here nW is the total amount that remains in the sample after
xtraction, nM is the total amounts in the membrane, EW is the
xtraction efficiency measured from the donor side of the mem-
rane and can be calculated from Eq. (10). VM is the volume of the
embrane phase.

W = 1 − nW

nI
(10)

Eq. (9) indicates that if KD is too high, a considerable amount of
nalytes will remain in the membrane. Poor trapping in the accep-
or phase for compounds with high KD values will also promote
nalytes remaining in the membrane. Also if the membrane vol-
me is too high, considerable amount of the analytes will remain
he membrane especially for high non-polar analytes. This is why
hinner membranes as opposed to thicker ones are recommended
n supported liquid membrane extraction technique. For flat sheet

odule, the porous PTFE membrane (pore size 0.2 �m, total thick-
ess of 175 �m with 115 �m polyethylene supports and porosity
f 0.70) from Millipore FG (Millipore, Bedford, MA) has been com-
only used. Already, this thickness has been reported to generate

low mass transfer of more hydrophobic compounds from the
embrane to the acceptor phase [14,15].
The current common module is the hollow fibre membrane

hat has replaced the traditional flat sheet module. The hollow
bre module has gained much attention because it is cheap and
imple to perform. Various simple extraction designs are easily
enerated [7]. The Q3/2 Accurel 200/600 Accurel® PP polypropy-

ene hollow fibre tubing (200 �m wall thickness, 600 �m inner
iameter and 0.2 �m pore size) supplied by Membrana GmbH
Wuppertal, Germany) is commonly used [7]. High concentration
nrichment factors are obtained because of the small nature of the
cceptor volumes compared to the sample and the mass transfer
1.74 = 2,4-dinitrophenol, log P 2.63 = dinitro-ortho-cresol, log P 3.42 = 2-tert-butyl-
4,6-dinitrophenol, log P 3.61 = 2-(1-methylpropyl)-4,6-dinitrophenol, with permis-
sion from Elsevier [12]. log P values obtained from http://www.chemspider.com
[27].

into the hollow fibre is much more efficient than in a flat sheet
design [23]. Fig. 4 shows a plot of the obtained extraction effi-
ciency against the log P values for dinitrophenol compounds in a
hollow fibre supported liquid membrane [12]. Results from three
organic solvents are included in the figure from others such as
toluene, hexylbenzene because they are similar from what has been
used in flat sheet module in Fig. 3. The results suggest that in a
hollow fibre supported liquid membrane extraction; slow mass
transfer of the analytes from the membrane into the acceptor solu-
tion is not a major problem even for hydrophobic compounds.
This could be attributed to smaller thickness of the membranes.
This allows removal of the acceptor solution by passing air into
the lumen of the hollow fibre [12,20]. Others studies using hol-
low fibre supported liquid membrane (HF-SLM) extraction does
not indicate any decrease in extraction efficiency for compounds
with much higher log P values [20]. Applications of the supported
liquid membrane extraction in the form of a hollow fibre-liquid
phase microextraction (LPME) does not suggest any decrease in
extraction efficiency for high log P value compounds [25,26]. This
is not surprising since in both LPME and HF-SLM extraction, the
same type of HF is used and the principles of extraction are the
same.

2.3. Donor flow rate/stirring rate, polarity of the compound and
extraction time

The extent to which the mass transfer process is influenced by
flow/stirring rate is dependent on the configuration of the extrac-
tion module, on the polarity of the compound and trapping in the
acceptor phase. The influence of donor flow rate in a flat sheet
module where the sample is pumped through in the donor phase
results into two scenarios (Fig. 5). For the relatively hydrophobic
compounds, an increase in donor flow rate is accompanied by an
increase in the enrichment factor (Fig. 5). For most polar com-

pounds, however, not much gain in enrichment factor results from
an increase in donor flow rate. The variation of the enrichment
factor with donor flow rate for compounds with varying polarity
where the sample is pumped through has been discussed also by

http://www.chemspider.com/


2322 L. Chimuka et al. / J. Chromatogr. A 1217 (2010) 2318–2325

Fig. 5. Concentration enrichment factor dependence on the donor flow rate and
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Fig. 6. The influence of magnetic stirring speed using 3,4-dinitrophenol (log P = 2.17
[26]) as an example in a hollow fibre-liquid phase microextraction technique. Con-
ctanol–water partition coefficients (log P) of the compounds: (�) deisopropyla-
razine (log P = 1.2), (×) hydroxyatrazine (log P = 1.4), (♦) atrazine (log P = 2.7), (�)
rometryn (log P = 3.34), (�) terbutryn (log P = 3.74) with permission from Wiley-
CH GmbH [22].

önsson et al. [5] in the theoretical treatment of SLM technique.
or extraction which is limited by the diffusion of the analyte
rom the bulk of the donor solution to the membrane surface
donor-controlled extraction), much better concentration enrich-

ent factors are obtained at higher donor flow rates. This is the case
or the more hydrophobic compounds with log P greater than 2, i.e.

oderately polar to non-polar compounds. On the other hand, for
he polar compounds with log P less than 2, low dissolution into the

embrane limits the mass transfer (membrane controlled extrac-
ion). In that case a high donor flow rate does not result in much gain
n enrichment factor since the extraction efficiency falls drastically
see Eq. (11))[5].

e = EVI

VA
= E FDt

VA
(11)

here FD is the sample flow rate and t is the extraction time.
From Eq. (11), it is seen that where a sample is pumped through,

n increase in donor flow rate increases Ee but E reduces. For
ydrophobic compounds, E does not reduce as much as for more
olar compounds whose mass transfer is controlled by dissolution

nto the membrane (Fig. 5).
The results in Fig. 5 further mean that donor flow rate can be

sed to fine tune selectivity too in a SLM extraction where the
ample is pumped through. If moderately polar to non-polar com-
ounds are extracted from surface water which typically has very
olar to polar matrix compounds, it is best to use high donor flow
ate. This way the enrichment factor favours the moderately polar
nalytes, therefore enhancing the selectivity.

In a situation where the sample is stirred as in most applications
f HF-SLM extraction technique, amount extracted increases with
tirring speed both for compounds with low and high log P values.
his is because in both cases, the contact time between the sam-
le analytes and the membrane increases. However, at too high a
tirring speed, the mass transfer is expected to be limited by the
issolution into the membrane. Increase in the amount extracted
herefore deviates from linearity and curve moves towards a
lateau as in a case where sample is pumped through (Fig. 5). This

s supposed to be more pronounced for compounds with low log P

alues. Liu et al. [19] compared the effect of agitation in a HF-SLM
xtraction of phenoxy acid herbicides. Static extraction was com-
ared with 100 rpm shaking rate. 90% extraction efficiency was
eached in 8 h under static while this was reduced to 4 h at 100 rpm
haking rate [19]. The phenoxy acid herbicides studied have log P
ditions: 1-octanol as the impregnation solvent, 0.1 M HCl in the donor phase and
0.1 M NaOH in the acceptor phase, extraction time of 50 min, with permission from
Elsevier [25].

values ranging between 2.5 and 2.95 [15]. Zhu et al. [25] is reported
to have varied the stirring speed in the extraction of nitrophenols
in a HF-LPME technique. For 3,4-dinitrophenol as a typical exam-
ple, the extraction efficiency increased with stirring speed until
after 1200 rpm where a plateau was reached (Fig. 6) [25]. The log P
value of 3,4-dinitrophenol is about 2.17 which is a moderately polar
compound.

Therefore, in both where the sample is pumped through and
where it is stirred, linear regions (Figs. 5 and 6) denotes where the
mass transfer is limited by diffusion of the analytes from the solu-
tion to the membrane surface especially where complete trapping
of analytes occurs. In this region increase in either sample flow rate
or stirring rate is accompanied by increase in extraction efficiency
and enrichment factor. The non-linear region leading towards a
plateau is a region where the mass transfer is limited by dissolution
into the membrane or the mass transfer approaches zero reaching
equilibrium. This plateau region can also be obtained where all the
analytes are almost transferred into the acceptor phase, but in a
stirred sample. These two regions are supposed to be more eas-
ily attained for compounds with low log P values and where the
sample is pumped through (Fig. 5).

In studying the influence of stirring rate in HF-LPME, some stud-
ies [28,29] have observed that too high a stirring rate causes air
bubbles to attach to the fibre surface resulting in lower extrac-
tion efficiency and high relative standard deviations. Too high
a stirring rate can also lead to loss of organic liquid impreg-
nated in the membrane. This is also true where the sample is
pumped.

The influence of extraction time on the mass transfer whether
in flat sheet or hollow fibre design is commonly understood.
Where the extraction efficiency is constant as in many applica-
tions, the amount extracted increases with time. If the trapping
is nearly complete in the acceptor phase and where the sample
is stirred, all the analytes will eventually be extracted. However,
in most cases, because of incomplete trapping in the acceptor
phase, longer extraction time results in an equilibrium reaching a
plateau [13,28,29]. Too long extraction time could results into loss
of organic liquid impregnated in the membrane too especially for
volatile and not very non-polar solvent.
2.4. Extraction temperature

Very few publications have been reported on the study of the
influence of temperature on mass transfer in a SLM extraction
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ig. 7. Plot of the calculated diffusion coefficients against extraction temperature
n a hollow fibre SLM technique with permission from Elsevier [17].

rocess [16–18]. Theoretically, the influence temperature can be
ummarized by Eq. (12).

= K�T

6�a�
(12)

here D is the diffusion coefficient of the analyte, � is the viscos-
ty of solvent, K� is the Boltzmann distribution coefficient, T is the
emperature in Kelvins, a is the radius of the molecule.

Since diffusion coefficient (D) is directly proportional to tem-
erature, the latter influence on mass transfer is supposed to be
bvious. However, in really application of the supported liquid
embrane extraction, the influence of temperature on the mass

ransfer is not as straight forward as Eq. (12) suggests. Other fac-
ors such as the configuration of the module [17,18], type of mass
ransfer controlling the extraction process [18], whether the sam-
le is stirred or not have been observed to play a role too [17].

n a study of the influence of temperature on mass transfer in a
at sheet module with triazole fungicides as model compounds
18], it was observed that the diffusion coefficient was increas-
ng with increasing temperature but with both donor and acceptor
hases flowing. However, when the experiments were performed
nder same different temperatures and with a stagnant accep-
or phase, no noticeable increase was measured in the extraction
fficiency. This is important because in really applications of the
LM extraction, it is the extraction efficiency that is measured
nd under stagnant acceptor phase. In this case increase in diffu-
ion coefficient was not high enough to give noticeable change in
xtraction efficiency. The extraction process was also controlled
y stripping of the analytes from the membrane into the bulk
f the acceptor solution [18]. The design of the flat sheet mod-
le used could also have limited the temperature effect since
he PTFE blocks housing the membrane may have generated a
emperature gradient. The same study was then performed but
sing a hollow fibre module [17]. The results obtained in this case

ndicated that diffusion coefficient increased with temperature
Fig. 7) and that the amount accumulated in the acceptor phase did
lso increase with temperature (Fig. 8). These two studies clearly

xplain the influence of the module and experimental design on
ow temperature affects the mass transfer in a SLM extraction
rocess.
Fig. 8. Plot of the determined concentration in the acceptor solution against extrac-
tion temperature in a hollow fibre SLM technique with permission from Elsevier
[17].

2.5. Influence of humic substances and salting out effect

The influence of humic substances in a supported liquid mem-
brane extraction technique depends on the amount present in
the extracted sample and the extraction conditions especially
the donor and acceptor pHs. Humic substances consists of polar
functional groups mostly hydroxyl and carboxylic acid groups.
Depending on the pHs of the sample and acceptor solutions, these
can be co-extracted and enriched along with the target analytes.

However, in applications of the supported liquid membrane
extraction technique, very little influence of humic substances on
the extraction efficiency has been encountered [19,22]. Megersa et
al. [22] developed an automated liquid membrane extraction and
trace enrichment of triazine herbicides and their metabolites in
environmental samples and the influence of humic substances was
tested by spiking 25 mg L−1 of humic acids in the deionized water
sample. The results showed that there was no influence of humic
acids on the corresponding enrichment factor. In this case, 1 M HCl
was used as acceptor solution with sample solution buffered at pH
7.0. In another study by Liu et al. [19], the effects of humic acids in
passive extraction and clean-up of phenoxy acid herbicides using
hollow fibre supported liquid membrane was studied. The effects
of humic acids in the range 0–25 mg L−1 (DOC) were studied in the
sample solution. The extraction efficiency obtained were not influ-
enced by humic acids and ranged from 98 to 112%. In the application
of SLM extraction to chlorophenols in natural waters, a decrease in
pH of the acceptor solution was noticed because of possible matrix
components that were co-extracted [24]. This reduces the mass
transfer across the membrane to the acceptor solution because the
target analytes are incompletely trapped. The problem was solved
by using a high buffer capacity of the acceptor solution.

Chimuka et al. [13] carried a detailed study on the salting out
effect in SLM extraction of triazine herbicides. In this study, the
ionic strength of the sample solution was varied from 0.1 to 3.1 for
simazine, atrazine and terbuthylazine. The effects of ionic strength
on the partition coefficient and maximum enrichment factor were
both measured. The partition coefficients of the compounds into

the organic liquid increased with increasing ionic strength as in
the practice of liquid–liquid extraction. The corresponding maxi-
mum enrichment factors also increased for all the analytes. This is
in agreement with Eq. (3) where the enrichment factor is directly
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roportional to the partition coefficient of the analyte from the
onor solution to the membrane liquid. Interesting in this study

s the observation that in the initial extraction periods, insignifi-
ant differences in enrichment factors for all analytes at various
onic strength was observed [13]. However, as uncharged analytes
uild up in the acceptor, the differences become more evident [13].
herefore, the effect of increasing ionic strength on the enrichment
actor is more beneficial for longer extractions where the concen-
ration of uncharged analytes in the acceptor solution becomes
redominant. The increase in mass transfer with increasing ionic
trength for polar to moderately non-polar compounds has been
bserved by other researchers, e.g. Megersa et al. [22] in the SLM
xtraction of triazine herbicides and their metabolites in environ-
ental samples.

. Use of statistical techniques in the optimisation of
ritical parameters

Supported liquid membrane technique can be used for multi-
le extractions of compounds especially those in the same family
nd therefore the application of experimental design using sta-
istical approaches, as well as the utilization of the desirability
unctions may be used to select the best extraction conditions, with
minimum number of experiments. The classical approach in the
ptimization of SLM extraction technique has been to optimize
ne factor at a time. This approach cannot solve the dependence
f multivariables which are critical parameters. Therefore, a fac-
orial design is attractive as levels of a given factor are combined
ith all levels of every other factor in the experiment. This gives a

ombination of variables near the maximum in searching for max-
mum extraction efficiency. The chances of missing maximum are
lso reduced. Multivariable approach overcomes the limitations of
lassical approach and increases the probability of finding the max-
mum. Further as the number of variables increases so does the
umber of experiments. Factorial design can be used to reduce the
umber of these experiments.

A number of researchers have tried to use statistical techniques
o study the extraction process in membrane based extractions.
omero et al. [10] used multivariate optimization of supported

iquid membrane extraction of biogenic amines from wine sam-
les prior to liquid chromatography in the determination of dansyl
erivatives. Simultaneous optimisation of the membrane compo-
ition for all amines was achieved by a desirability function using
oehlert’s and full factorial designs. Good agreement was obtained
etween predicted and experimental results using selected carrier
ompositions. Transfer prediction by linear discriminate analy-
is and soft independent modelling of class analogy was used in
he extraction of pesticides by Carabias-Martinez et al. [9]. Phys-
cal properties of the analytes such as molecular weight, boiling
oint, vapours pressure, octanol–water partition coefficients log P,

cid dissociation constant pKa, solubility and density of the com-
ounds were investigated on how they influence the extraction
rocess. The modelling and discriminant power of each variable
btained are shown in Table 2. The log P values and water solubil-
ty of the analyte were seen as variables with greatest discriminant

able 2
odelling and discriminant power from classification with Soft Independent Mod-

lling of Class Analogy (SIMCA) with permission from Wiley-VCH GmbH [9].

Variable Modelling power Discriminant

Category 1 Category 2

log P 0.9684 0.7356 353.7
Water solubility 0.7448 0.7571 245.2
Molecular weight 0.8428 0.8826 213.2
pKa 0.6298 0.9902 10.5
Fig. 9. Comparison of the experimental and predicted extraction from an ANN
model with permission from Elsevier [11].

power [9]. The properties of the compounds with greatest mod-
elling power were found to be log P, water solubility, molecular
weights, and pKa [9]. This way, it was possible to predict the ability
of the compounds to cross the membrane. Others such as density
and vapour pressure were found not to be critical.

While artificial neural network have been applied in a number of
sample preparation techniques such as matrix solid phase disper-
sion [30] and liquid–liquid extraction column [22], very little study
has been performed on SLM extraction technique. Chakraborty et
al. [11] is reported to have studied the applicability of artificial
neural network (ANN) in emulsion liquid membranes. The devel-
oped model gave good agreement between the predicted extraction
efficiency and the experimentally obtained (Fig. 9). The ability to
predict the extraction efficiency in a SLM extraction technique is
generally a very attractive idea as it can reduce the optimisation
experiments.

4. Conclusion and future perspective

Understanding the factors influencing the extraction process
in a SLM extraction in method development has the potential to
reduce the number of optimisation experiments. This is because a
number of critical parameters can be known beforehand. Future
optimisation experiments will therefore merely verify the pre-
dicted parameters. The use of statistical techniques is likely to
increase as this minimises the number of optimisation experi-
ments. Artificial neural network in particular is likely to be more
often used to predict the extraction efficiency.
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