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Modeling of lead ions transport through a bulk liquid membrane
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ABSTRACT

The transport of lead ions (Pb*) through an organic liquid membrane (kerosene) containing
(2.5%-12.5% v/v) Tri-n-butyl phosphate (TBP) as a carrier, under various operating conditions were
experimentally investigated and modeled. The effect of the strip to feed volume ratio (V:V), variable
membrane volume, and wide range of feed and strip pH on the transport of lead ions d’bz*) were
modeled using a simple kinetic model and experimentally validated. The diffusion boundary layer
and steady-state conditions were assumed for the solution of the transport model. The Pb* ions
time-dependent concentrations within feed, membrane, and strip phases were found to be fairly
comparable to experimental results. Probable leakage (bleeding between feed and strip phases) and
non-leakage conditions were considered in the model. Results have shown that the transport rate is
a strong function of pH and partition coefficient. It was also concluded that working at higher V:V,

favors the transport of Pb* and higher removal efficiencies were obtained.
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1. Introduction

Lead has been reported to be a cumulative poisonous
heavy metal and widely found in the environment [1].
Mining, smelting, fuel additive, and battery manufacturing
industries are considered as a major source of lead pollu-
tion [2,3]. The removal of lead from industrial wastewaters
becomes a challenge to researchers, and many attempts to
extract lead from aqueous solutions were reported [4-9].

Liquid membranes technique has emerged as a compet-
itive separation process for the extraction of heavy metals
from industrial wastewaters [10,11]. Liquid membrane pro-
cess usually utilizes an extracting reagent solution, immis-
cible with water, stagnant between two aqueous solutions,
the source or (feed) and receiving or (strip) phases [12].

Mathematical modeling of liquid membrane processes
has been considered by many researchers [13-15] to describe

* Corresponding author.

the transport of solutes through liquid membranes and to
predict the performance of the separation (pertraction) pro-
cesses. Models based on consecutive reversible or irrevers-
ible first-order reactions were frequently reported [16,17]
showing fluctuations between poor to fair agreement with
experimental data. However, Koter et. al. [18] succeeded in
model cadmium transport through a bulk liquid membrane
containing D2EHPA as a carrier using Nernst-Plank equation
and demonstrated a satisfactory agreement between model
and experimental results. Unfortunately, to the knowledge of
the authors, the modeling of the transport of the lead ions
through the liquid membrane has not yet received consider-
able attention. Mohammadi et al. [20] attempted the modeling
of metal ions transport through supported liquid membrane
using the dimensionless model for the determination of the
mass transfer coefficient. Sadyrbaeva [21] reported that using
electrodialysis through bulk liquid membrane enhances the
extraction and deposition of lead(Il) from aqueous acidic
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solutions. Durmaz et al. [22] demonstrated the successful
use of a multi-dropped liquid membrane system to trans-
port lead ions under a diffusion-controlled process. El-Said
et al. [23] suggested a simple pertraction permeable model
using the transport of lead(II) controlled by a membrane dif-
fusion mechanism. Arous et al. [24] used cellulose triacetate
as a membrane to efficiently solve the enduring problem of
membrane stability and concluded that transport through a
polymer inclusion membrane was increased. Pei and Wang
[25] used a disphase supplying supported liquid membrane
(DSSLM) for the recovery of lead(Il) from solutions, and a
model of new kinetic equations was developed to describe the
reaction and transport of lead ions in the DSSLM. However, it
was found that most of the reported approaches to model the
lead(Il) transport were limited and specific to metal recovery.

In this work, a diffusive layers mechanism was adopted
to model the permeation of lead from lead acetate aqueous
solution (feed phase) to a basic solution (stripping phase)
through two diffusion layers (feed-liquid membrane inter-
face, and liquid membrane-stripping interface) and a bulk
liquid membrane (kerosene) stagnant between the feed and
stripping phases. The model satisfactorily described the
experimental data.

2. Theory

The scheme of the modeled system is shown in Fig. 1.
As shown, the bulk liquid membrane (kerosene and tri-n-
butyl phosphate (TBP) as a carrier) separates feed-side and
stripping-side diffusion layers. The Pb* ions slowly diffuse
through the feed-side diffusion layer. Hence, it is considered
the rate control step of the transport phenomena.

2.1. Feed phase (Pb(CH,COO), solution + HCI)

Burns and Hume [19] demonstrated that lead acetate
solution dissociates into Pb*, PbA*, PbA,, PbA;, where A
denotes CH,COO". The formation constants of the three ace-
tate complexes (PbA*, PbA,, PbA;) were reported by Burns
and Hume [19]; K, =145, K, = 810, K, = 2,950 respectively.
The dissociation of Pb(CH CfOO)2 is expressed in Eq. (1).

Feed-side
diffusion layers

Feed solution

Pb{CH,C00),, HCI

stirring

izl
D —

Liquid Membrane
(Kerosene, TEP)

stirring

PbA?
f,:i[bz i3 @)
© [PbT]ATT
Couy =| Pb* | +[ PbA™ [+ PbA, ]+ PbA, | )
C, =[A ]+[PbA"|+2[PbA, |+3[ PbA, |+[HA] 3)
For the initial solution; the equality 2CPb(II) =C, holds, and
Egs. (1) and (2) result in Eq. (4).
 ChnlATTK,,
[PbA>"]= mal TR 01,3 )
1+ [ATK,
j=1
where for i =0, K = 1. Substituting [HA] from Eq. (3) into

the formula for dlssoaatlon constant of HA:

_[HAT]

Eq. (5) can be solved with respect to [A7] for a given pH.
Then [CI] can be determined from the electroneutrality
condition for that solution:

2[Pb* |+[PbA" |+[H" |=[ A ]+[PbA; |+[CI] 6)

Since pH is less than 7, [OH"] is neglected.
Therefore, only Pb* ions practically exist in the feed;
[Pb*]/C,,, . >0.99999.

Pb(Il)
2.2. Strip phase (distilled water + 0.2 N NaOH solution +
ethylenediaminetetraacetic acid as stripping agent)

Pb(Il) and ethylenediaminetetraacetic acid (EDTA) form
a strong complex:

Pb*>* + EDTA™ < PbEDTA @)

Strip-side Strip solution

diffusion layers
EDTA, NaOH

stirring

Fig. 1. Schematic representation of lead transport through the bulk liquid membrane.
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The formation constant was reported to be 2 x 10 [25],
and because practically CEDTA >> C,, only PbEDTA?
exists in the strip phase. Also, Pb(OH), is expected not to
precipitate as (K =1.42 x10™) [26].

2.3. Transport model

Following the procedure in [19], the following assump-
tions hold (1) steady-state for diffusion layers and (2) fast
equilibrium on both membrane boundaries (feed-membrane
and membrane-strip).

For the feed-liquid membrane boundary layer, the fol-
lowing equations hold:

D D
]l’b,f:J(Cf_cf,m):ﬁ(cm,f_Cm) (8)
8]’ m,f
K, :gff ©)

where Jous 18 the Pb flux at the feed-membrane boundary,
D is the resultant diffusion coefficient of Pb, 5, & .is the
thickness of diffusion layers for feed and memgrane sides
respectively, K _is the partition (distribution) coefficient
of Pb in the feed phase, C C,, is the Pb concentration in
the feed and membrane phases respectively, C o C, ; are
the Pb concentration at the membrane surface of feed and
membrane sides respectively. Eliminating C_ and C , from

Egs. (8) and (9), the following expression for ]i,b fIS obtamed

Joo,r = (Kn =G ) (10)
where:
[l)lr]( Dm,f ]
S S
P = ANNAPANNLT (11)
& + Kr’ fDm f
5, 5, s
Regarding the strip solution; the condition C., > C,,
holds and only [Pb(EDTA)™] exists. Therefore:
Dl’” S D
]I’b,s = 6 (C Cm s) = s,m (12)
Cm/s
K= (13)
where |, is the Pb flux at the strip-membrane boundary,

D is the resultant diffusion coefficient of Pb, 5, 5 _ are

the thickness of diffusion layers for strip and membrane
sides respectively, K _is the partition (distribution) coeffi-
cient of Pb in the strip phase, C, C are the Pb concentra-
tion in the strip and membrane phases respectively, C_, C,

are the Pb concentration at the membrane surface of strip
and membrane sides respectively. Eliminating C, and C

s,m

from Egs. (12) and (13), the following expression for J, _is
obtained:

][’b,s = Pscm (14)
where:
P, D JK = ] (15)
eT s

m,s

The mass balance can be represented by the following
differential equations:

dc, A,

d—tf ]m,f— —k,,C; +k,C,, (16a)
f

dc, A,

dt ]I’b~: 2 m (16b)

where V, V_are volumes of feed and strip solutions respec-
tively, A, A, are contact areas of feed-membrane and
strip-membrane respectively. k,, k,, k, are related to the
model parameters by the following equations:

Af
ki, :VjK”’ /P, (17a)

Af
k=3P (17b)

f

A

k,=—P 17¢
2 Vv s ( )

It can be concluded that the resulted diffusion model
is equivalent to the kinetic model of the consecutive reac-
tions (f <> m — s). The only difference is C, which is simply
obtained from the mass balance:

C,,—C, |V
mt "m0 ( — Y4 f,[) f+ Y4

m m

(CS,O - Cs,,)Vs as)

For cases, where leakage between feed and strip com-
partments is probable, Egs. (16a) and (16b) were modified by
taking into account the diffusion and convection mechanism
of Pb transport due to leakage:

Jiwe = e (C, =C. )+ (cf+cs)fv,leak (19)

In equation (19), ] . is the volume flow due to leakage.
Then the time derivative of the feed and strip concentrations

become:

(dcfj — Aleak]]eak =—k C. +k (Zoa)
leak

v leak, = f leak,bcs
f
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dCS Aea ]ea Vf Vf
[E]Mk - 1‘1;1 k _ k}eak,f ch —kleakbeSCS (20b)

s s

where k,_, .and k_, , are defined as:
eak,f leak,b

Pea + ]71 eal

kleak,f = Aleak( = 2 . k] (213)
Pea B ]Z) ea

kleak,b = Aleak[ = 2 = kj (21b)

From Egs. (16a), (16b), (18), (20a), and (20b) we get:

dc,

T a,Cro+a,C,+al, (22a)

dc,

I bCy o +b,C, +bC, (22b)

The meaning of the parameters a, b, (i = 0, f, 5) and the
solution of Egs. (22a) and (22b) for the condition C, ;= C =0
is as follows:

AP
a, = ‘ﬁ ! (23a)
A.PK . +k
a,= ( f pr,f leak/l) (23b)
+a,
k —aV
{Zs =( leak,2 {10 5) (23C)
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EAS
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) Vm VS
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2h, +[h—2 hl]exp[—( s +0) J
C. 1 r 2
r—a,—
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where

d=ab -ab, (26a)

8 =a,(2ab, +b7)+a,a (b, ~b, )+ (26b)
b,(a,(b,+0,)+a,(a, ~a,-1,))

gzzaf(b0+bf)+a0bs—afbs (26¢)

hy=ab,+ab, (26d)

h,=a,(by(a, ~b,)+ab, ~2b,b ) +b,(2a,(b, +b,)+ap,) (26e)

r= (aj +4ab, —2ab + b:) (26f)

There are five model parameters (P, K, P, kleak,j’ K eaicn)
to be fitted. For simplicity and to reduce this number, it was
assumed that P = P_and the model parameters were obtained
by minimizing the sum of squared errors of prediction, sum
of squared estimate (SSE):

SSE = z ((Cf,mod,i - Cf,exp,ic)zz + (Cs,mod,i - CS,exp,i )2)

i f,exp,0

i

27)

3. Experimental work

Fig. 2 demonstrates the setup used to carry out exper-
iments for model validation. It consists of a rectangular
glass vessel (80 mm height x 180 mm length x 60 mm width)
divided into two compartments by a 60 mm-height glass
plate of 2 mm thickness. One compartment was filled with
an aqueous feed (F) phase and the other with an aqueous
strip (S) phase. The two aqueous phases were layered with
a liquid membrane (LM) phase above them. The glass plate

F: Feed phase, S: Strip Phase, LM: Liquid Membrane

Fig. 2. Schematic diagram of bulk liquid membrane setup.
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was placed at specific positions so that it gives (V:V)) volume
ratios of 1:1, 1:2, and 2:1. For those ratios the contact area
feed-LM and strip-LM were; A)r 54, 72,36 cm?, A =54, 36,
and 72 cm?, respectively. The volumes of feed and strip were
Vf = 300, 410, and 205 cm® and V_ = 300, 205, and 410 cm’,
respectively; the LM volume was V, =108 cm’.

All experiments were carried out at room temperature
of 23°C + 2°C. Mechanical mixers were used to continu-
ously stir feed and strip phases to reduce both boundary
layers (feed-side and strip-side boundary layers). The mix-
ing speed was set at 200 + 10 rpm. Aqueous feed phase was
prepared in a beaker of 500 mL, by dissolving Pb(CH,COO),
in distilled water and adjusted by adding drops of 1 M
hydrochloric acid until the required pH is attained. Also, the
aqueous strip phase was simply prepared as distilled water
adjusted with 0.2 N NaOH, and then EDTA was added as a
stripping agent. The membrane phase was simply prepared
by taking 250 mL kerosene and adding (2.5%-12.5% v/v)
TBP as a carrier. Samples of each phase were collected at
regular time intervals of 1 h each, while each experiment
lasted for 5 h. Then, a flame atomic absorption spectropho-
tometer was used to measure the Pb(II) concentration for
each sample. The experimental conditions of each run are
shown in Table 1.

4. Results and discussions

The model was tested under two conditions; non-leak-
age and probable leakage conditions. Leakage may happen
through the partitioning plate. Fig. 3 compares both non-leak-
age and probable leakage model results with experimental
results under runl conditions. The comparison clearly shows
that a probable leakage exists as experimental (dispersed
points) and model (solid lines) results are comparable. To
precisely predict the model parameters, the equality of per-
meability coefficients on both sides of the liquid membrane
(P,=P_ =P)was assumed; thus the number of experimental
pomts exceeded the number of model parameters. The opti-
mal model parameters are shown in Table 2. For the volume
ratio (V:V, = 1:2), the model fittings of experimental results
are shown in Figs. 3 and 4. The fitting of experimental points
for (V: V.=21) failed. It yielded too low values of partition
coeff1c1ents coefficient, K , and high values of permeabil-
ity coefficient, P. Therefore, these experimental data were
excluded from the further discussions.

Regarding V: V 1:1 and 1:2, the values of P are within the
range 0.8-3, Wthh seems to be a reasonable range. Assuming
that the diffusion coefficient is of the order 10~ cm?/s, the
thickness of the diffusion boundary layers is 10 cm and
Kp = 1, and the value of P is around 2 cm/h. The difference
between P for VS:Vf= 1:1 (ca. 3 cm/h) and for 1:2 (ca. 0.8 cm/h)
is probably caused by different stirring. The discrepancy of
the values of partition coefficient, K , from run to run is 0.5-
1.6 and the average value of K ,may l’;e considered equal to 1.

In Figs. 5 and 6, the time dependence of (C/C o) for both
experimental results and model fitting is compared Itis seen
that for V:V, = 1:2 (Fig. 5), a good agreement was obtained,
while V: V 2:1 (Fig. 6) a considerable discrepancy between
experlmental and model results is observed.

In Fig. 7, the experimental feed, strip, and membrane
concentration profiles at two solute feed concentrations
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Table 1
Experimental conditions
Run V:V, Initial Pb(Il) Feed Strip Carrier EDTA
conc. (ppm) pH pH  (v/v)% conc. (M)
1 1:1 50 5 2 12.5 0.1
2 1:1 50 5 2 125 0.01
3 1:1 50 5 12 12.5 0.1
4 1:2 50 4 8 12.5 0.1
5 1:2 50 4 9 12.5 0.01
6 1:2 50 4 8 12.5 0.1
7 2:1 100 5 11 12.5 0.1
8 2:1 100 6.5 11 12.5 0.01
9 2:1 100 6.5 11 12.5 0.1
1
- cf,exp
0.8 - N - cs,exp
------------ no leak
.... leak

0.6 .— —

0.4 - =T T

0.2 P g

0 4= i .
o 1 2 3 4 5

t [h]

Fig. 3. Comparison of model variants: without leakage (dash
line) and with leakage (solid line); run 1.

Table 2
Model parameters under leakage conditions (k,_, ,and

leak,f leak,h)

V:V, Run SSE  P(em/h) K _ Ky (1) K, (1/h)
1 0011 325 084 031 0.54
11 2 00029 3.25 049 059 0.72
3 00068 1.81 164  36x10° 0.08
12 0018 322 0.65 045 0.62
4 00052 0.84 148 042 0.51
12 5 00076 0.83 125 034 0.37
6 00043 070 047 027 0.26
46 0047 0.80 105 033 0.37
7 0076 135 2x107 0.96 0.85
21 8 0086 304 9x 101 0.82 0.72
9 015 1x10° 3x107 059 0.50
79 032 49 5x107 0.77 0.66

(25 and 200 ppm) are shown. When higher solute concen-
tration (200 ppm) was investigated, accumulated solute
concentration within the membrane phase was realized and
the interpretation of that could be due to higher transport
rate and saturation limits of membrane phase. This has led to
the conclusion of less extraction efficiency may be obtained.
A comparison between theoretical and experimental trends
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Fig. 4. Dependence of C/C,, on time — comparison of the exper-
imental data and their model fitting for runs 1-3 (V:V, = 1:1);

is mainly dependent on feed, strip, and membrane volumes,
which are indirectly reflected as solute concentration.

Although the effect of the pH of feed and strip phases on
the transport kinetics was considered indirectly represented
through the variation of the transport rate constants (k, and
k,), experimental investigations of the effect of pH on both
extraction and stripping efficiencies were conducted and
demonstrated in Figs. 8 and 9.

Fig. 8 shows that the pH of the feed phase has a direct
impact on feed concentration profiles at pH values; 2, 3, 4,
and 5. The extraction efficiency was found to increase as the
feed pH increase from the value 2 to 5. The initial transport
rate of the solute from the feed phase is also directly propor-
tional to the value of the pH. Similarly, Fig. 9 shows that high
acidity of the strip phase solution results in higher extraction
and stripping efficiencies. However, the alkalinity of the strip
phase solution was also investigated and shown in Fig. 10. It
was found that high alkalinity also exhibits high extraction
and stripping efficiencies.

f: feed, s: strip, solid line: fit of runs 1 and 2 (pH,, = £), dash
line: fit of run 3 (pH,,,, = 12).
1
0.8 -
. " - g 2
- 0.6 - * r 3 4
5 . s :
e f 4
0.4 7 > s,4
A f, 5
a s,5
0.2 1 = f 6
o s,6
fit 4-6
(o] T T T T
o 1 2 3 4 5

t [h]

Fig. 5. Dependence of C/C,, on time — comparison of the exper-
imental data and their model fitting for runs 4-6 (V:V, = 1:2);
f: feed, s: strip.

1
e f 4
<o s,4
0.8 A f, 5
A s, 5
- m f 6
o s,6
0.6 - fit 7-9
<
o o =Y
s 5 g g a
0.4 - a ﬁ
<
0.2 A
(0] T T T T T
o 1 2 3 4 5

t [h]

Fig. 6. Dependence of C/C,, on time — comparison of the exper-
imental data and their model fitting for runs 7-9 (VS:Vf = 2:1);
f: feed, s: strip.

of concentration profiles shows a significant difference in the
effect of initial feed concentration on the extraction efficiency
of Pb* ions between theoretical and experimental results.
The theoretical results tend to be insensitive to the effect of
initial feed concentration, and the reason behind that is the
non-inclusion of initial concentration in the model. The model

Reduced Conc profiles d. dence on initial solute concentration
12
1
08
§
‘E ——CF25ppm
H ——C525ppm
5 »e ——Cm25ppm
=
g ——CF 200ppm
<
2 ——C5200ppm
04 Cm200ppm
/
0.2
0
0 05 1 15 2 25 3 35 4 a5
Time (hrs)

Fig. 7. Feed, strip, membrane experimental reduced concentra-
tion (C/C,) profiles at two solute concentrations (25 and 200 ppm)
and S:F =2:1.

Effect of strip pH on Feed Reduced
concentration profiles
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T
S 0.4 \ e CF-SPH10
-
b —o— CF-SpH11
0.2 |
0

0 1 2 3 4 5
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Fig. 8. Effect of feed pH on feed reduced concentration (C/C,)
profiles at ViV=11 and initial solute concentration (50 ppm).
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Effect of strip pH on Strip Reduced
concentration profiles
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Fig. 9. Effect of strip pH on strip reduced concentration (C/C,)
profiles at VS:Vf= 1:1 and initial solute concentration (50 ppm).
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Fig. 10. Effect of strip pH on membrane reduced concentra-
tion (C/C,) profiles at ViV =11 and initial solute concentration

(50 ppm).

Fig. 10 shows considerable extraction and stripping effi-
ciencies at (pH = 11), and both concentration profiles tend
to maximum trend and slope. It was found that the high
alkalinity of the strip phase results in better performance
of liquid membrane performance to extract Pb* ions. This
leads to operating liquid membrane systems at a high pH
gradient between feed and strip phases. The high pH gra-
dient is considered a major driving force for the transport
of metal ions across the membrane phase. It was found
that feed pH of 5 and strip pH of 11 contributed to high
selectivity of Pb* jons extraction and transport.

5. Conclusions

A comparison between theoretical and experimental
results of Pb? removal from aqueous solutions using lig-
uid membrane processes was carried out and revealed that
manipulating the operating conditions of the process will

significantly affect the removal efficiency. The prediction
of Pb* removal and concentration profiles were attempted
using simple diffusive transport models. The comparison of
the theoretical and experimental results has shown that fair
agreement was accomplished. It was shown that both experi-
mental and theoretical results have the same trend of profile.
The inclusion of the effect of carriers added to the membrane
phase on the model accuracy was found to be important.
Higher partition coefficients resulted in higher accumulation
of lead ions within the membrane phase and consequently
imposes a higher driving force to accelerate the transport of
lead ions towards the stripping phase.

TBP was found to be an effective carrier to facilitate
the lead ions transport and increase removal efficiency. Up
to 95% removal efficiency was obtained under certain con-
ditions. When a blank experiment (no carrier) was carried
out, no Pb* ions transport was detected, suggesting that
the transport of Pb* through membranes depends on the
complexation and de-complexation mechanism of TBP-Pb*".
Various TBP concentrations (2.5%, 5%, 7.5%, 10%, and 12.5%
(v/v)) in kerosene membrane were studied to investigate its
effect on the transport efficiency of lead at ambient tempera-
ture (23°C + 2°C) and mixing speed of 200 + 10 rpm.
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