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ABSTRACT

In the present work the separation of chromium(III), cobalt(II), barium(II) and strontium(II) from chlo-
ride solution using polymer inclusion membranes (PIMs) was investigated. PIMs doped with amide
derivatives of 2-aminobenzoic acid [2-dodecanamidobenzoic acid (DABA), 2-tetradecanamidobenzoic
acid (TABA), 2-palmitamidobenzoic acid (PABA) and 2-stearamidobenzoic acid (SABA)] as fixed carri-
ers, cellulose triacetate (CTA) as base polymer and dioctyl phthalate (DOP) as a plasticizer have been
prepared. The amide derivatives were prepared by reaction of 2-aminobenzoic acid with fatty acids
(lauric, myristic, palmitic and stearic acid) in the presence of N,N -dicyclohexylcarbodiimide (DCC)
as dehydrating agent. The chemical structure of the prepared carriers was confirmed by Fourier trans-
form infra-red (FTIR) and nuclear magnetic resonance (‘HNMR), while the prepared membranes
were characterized using different techniques such as FTIR, X-ray diffraction and scanning electron
microscopy (SEM). The competitive transport of Cr(IlI), Co(II), Ba(Il) and Sr(II) ions through PIM
was investigated and optimized as a function in transport time, pH, membrane composition, type of
receiving phase and its concentration. Results showed that the initial flux of chromium(III) transport
increased with different carriers in the order DABA < TABA < PABA < SABA through the cellulose tri-
acetate membranes. The chromium(IIl) ions were transported with a highest rate, and the selectivity
order was as follows: Cr(IIl) > Co(II) > Ba(Il) > Sr(II). The best results of normalized initial flux and
recovery were obtained for membranes containing 40% of each carrier. The obtained results showed
that around 96.3% of Cr(III) was transported from the source phase containing equimolar mixture of
all metals at pH 4.1 through PIM after 10 h into 3.0 M HCl using carrier SABA.

Keywords: Polymer inclusion membrane (PIM); Dioctyl phthalate (DOP); Cellulose triacetate (CTA);
N;N"-dicyclohexylcarboimide (DCC)

1. Introduction

Cr(IIT) is considered to be an essential trace element for
proper functioning of living organisms, whereas Cr(VI)
is toxic and causes cancer in humans. During wastewater
treatment the less toxic Cr(IIl) often changes its oxidation
state and becomes more toxic Cr(VI). Therefore, removal of
both existing forms of chromium is very important for pro-
tection of the natural environment and human health [1,2].

In higher concentrations, cobalt is toxic to humans
and to terrestrial and aquatic animals and plants [3].

*Corresponding author.

Barium and strontium ions are the most toxic radio-nu-
clides present in radioactive liquid wastes arising out
of different activities including: inadequate practices
for the management and disposal of radioactive waste,
accidental discharge of radioactive material to the envi-
ronment, nuclear activities, testing of nuclear weapons,
nuclear fuel cycle processes, etc. Both these ions are
bone seeking elements and hence have carcinogenic
effects [4-6].

General techniques for removal liquid radioactive waste
are precipitation, solvent extraction and ion exchange but
each process has some limitations in application [7]. In the
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last decades new technologies have been proposed. These
include techniques which are becoming commercially
available or utilized at least to some extent in full scale
applications, such as membrane separation, electro dialysis
and emerging technologies such as extractive metallurgy
and selective adsorption [8].

Transport of metal ions across liquid membranes (LMs)
is a strong tool, which combines extraction and stripping in
one step of process. LMs play important role in science and
technology, and many efforts were made for development
of these kinds of membranes [9]. Liquid membrane systems
include bulk liquid (BLMs), emulsion liquid (ELMs) and
supported liquid membranes (SLMs) [10]. Polymer inclu-
sion membranes (PIMs) were developed as an alternative
of SLMs.

Separation methods based on polymeric inclusion mem-
branes (PIMs) have received considerable attention due to
the high stability of such membranes compared to that of
supported liquid membranes [11]. These membranes are
easy to prepare and have excellent mechanical properties
[12]. It is envisaged that the development of metal selective
PIMs will bring in a quantum jump in the field of separation
science and technology [13]. These processes are important
because of the use of selective carrier species which would
increase the mass transfer and improve the selectivity of the
process [14].

Konczyk et al. [15] studied facilitated transport of chro-
mium(IIl) through polymer inclusion membrane (PIM)
containing 2-ethylhexylphosphonic acid (DEHPA) as an
ion carrier and tricaprylylmethyl ammonium chloride
(Aliquat 336) as a plasticizer. Tor et al. [16] reported trans-
port of Cr(Ill) through polymer inclusion membrane (PIM)
with di(2-ethylhexyl)phosphoric acid (DEHPA) as carrier.
According to the competitive transport of Cr(III), Cu(Il) and
Ni(II) through the PIM, the transport selectivity order was
found as Cr(III) ~ Cu(I) > Ni(II).

The competitive transport of cobalt-60, strontium-90
and cesium-137 radioisotopes across polymer inclusion
membranes with 3,7-dinonyl-naphtalene-1-sulfonic acid
(DNNS) was studied. The selectivity order of metal ions
transported was found to be: Co(Il) < Cs(I) < Sr(II) [17].
Lee et al. [18] studied the selective transport of Cs(I) and
Ba(II) by a novel self-assembled isoguanosine ionophore
through polymer inclusion and bulk liquid membranes.
They reported that excellent Cs* flux and selectivity over
the other alkali metal cations was observed in PIMs and
bulk liquid membranes (BLMs). In the absence of Cs*, this
ionophore exhibits good Ba** selectivity in BLMs. Com-
petitive transport of alkaline earth metal cations, i.e. Mg*,
Ca*, Sr**, and Ba?', across plasticized cellulose triacetate
PIMs by acyclic di-ionizablepolyethers were investigated
by Eliasi [19]. For all studied acyclic polyethers, with
increasing of the bridge length, the total flux of alkaline
earth metal cations decreases. The best transported metal
cation was barium, the values of molar Ba*/total ratio
was very high and equal to 0.96.

Competitive transport of trace radionuclide ions,
ie., "Cs, *Sr, and “Co from NaNO, aqueous solutions
across polymer inclusion membranes containing a mix-
ture of dinonylnaphtalenesulfonic acid, and dibenzo-21-
crown-7 as the carrier provide the selectivity order Cs(I) >
Sr(IT) > Co(IT) [20]. Alamine 336 as an ion carrier used for

separation of copper (II), cobalt (II), nickel (IT) and cadmium
(I) from aqueous solutions with polymer inclusion mem-
branes [21].

The objective of the present work is to prepare a novel
PIMs based on CTA as base polymer, DOP as plasticizer and
some new amide derivatives of 2-amino benzoic acid as a
new fixed carrier and use them for the selective extraction of
chromium, cobalt, barium and strontium ions. We studied
the behavior of the prepared carriers towards competitive
transport of Cr(IIl), Co(Il), Ba(Il) and Sr(Il) ions through a
prepared membranes at different operating conditions such
as, type of carrier and its wt%, contact time, pH of source
and receiving phases.

2. Experimental and characterization techniques
2.1. Materials

Analytical-grade inorganic chemical chromium(IIl),
cobalt(Il), barium(Il), and strontium(II) chlorides were
obtained from Fluka. Organic reagents: cellulose triac-
etate (CTA), dioctyl phthalate (DOP), fatty acids (stearic,
palmitic, myristic and lauric acid) and N,N -dicyclohex-
ylcarbodiimide (DCC) were purchased from Fluka and
used without further purification. 2-amino benzoic acid,
dichloromethane (CH,Cl)) was purchased from Sigma-
Aldrich. Deionized water was used for preparing all
aqueous solutions.

2.2. Synthesis
2.2.1. Synthesis of carriers

0.02 mole fatty acid (stearic, palmitic, myristic or lau-
ric acid) was dissolved in 25 ml of dichloromethane. Solu-
tion of 0.01 mole N,N-dicyclohexylcarbodiimide (DCC)
(2.06 g) in 25 ml of dichloromethane was added to above
solution with stirring for 15 min. The mixture was filtered
off to remove dicyclohexyl urea. 0.01 mole of 2-aminoben-
zoic acid (1.37 g) dissolved in 50 ml dichloromethane was
added to the above filtrate solution and stirred for 2 h. The
product was obtained by evaporating dichloromethane and
the solid product washed with petroleum ether to remove
liberated acid. Crystallization with petroleum ether, m.p.
115, 103, 91 and 83°C for DABA, TABA, PABA and SABA,
respectively and the yield ranging from 84 to 88%. Purity
and structure of synthesized carries were confirmed by
FT-IR and "HNMR spectra.

2.2.2. Membranes preparation

The membranes were prepared according to the proce-
dure reported in the previous paper [22]. 10 ml of cellulose
triacetate solution in dichloromethane (10 g/1) as the base
polymer, 10 ml of (mixture of DOP and carrier) solution
in dichloromethane (9.85 g/1 of DOP as plasticizer and 30
g/1 of carrier) was mixed and stirred to obtain a transpar-
ent solution. This solution was poured into a Petri dish of
a 6.0 cm diameter. After slow solvent evaporation over-
night the resulting membrane was peeled off from the Petri
dish by immersion in cold water. Then, the membrane was
soaked for 12 h in distilled water to achieve their homoge-
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neity. The average thickness of the membranes was deter-
mined as 45 + 3,49 + 2,52 + 4 and 56 + 3 pm with DABA,
TABA, PABA and SABA carriers, respectively using a digi-
tal micrometer (Salu Tron Combi-D3).

2.3. Characterization techniques
2.3.1. FT-IR measurements

The IR spectra for prepared carriers and membranes
were measured using FI/IR-BRUKER, Vector 22 (Ger-
many) spectrophotometer.

2.3.2. Nuclear magnetic resonance spectra 'HNMR)

The proton magnetic resonance spectra (in CDCl, as a
solvent) for prepared carriers were recorded on Bruker 400
MHZ spectrophotometer. The chemical shift (3) is given
downfield relative to tetramethylesilan (TMS) as internal
standard.

2.3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy was used to show the
cross section morphology of the prepared membranes.
Micrographs were obtained using (QUANTA 250 SEG,
HOLANDA) microanalyzer microscope.

2.3.4. X-Ray diffraction (XRD)

The X-ray diffraction of the prepared membranes were
obtained from Dianoo X-ray diffractometer using Cu Ka
radiation (A = 1.5418 A).

2.3.5. Determination of the metal ions concentration

Metal ions concentration was determined by using
Hitachi atomic absorption Z-6100 polarized Zeeman spec-
trometer.

2.4. Transport studies

Transport studies were carried out in a permeation cell
in which the membrane film (at the surface area of 7.06
cm?) was tightly clamped between two cells as shown in
Fig. 1. Both the source and receiving aqueous phases (160
mL each) were stirred at 800 rpm. The source phase was
solution containing chlorides of Cr(III), Co(II), Ba(II) and
Sr(II) ions at the concentration of 0.01 M for each metals.
The receiving phase was 1.0 M aqueous solution of hydro-
chloric acid. The PIM transport studies were carried out at
room temperature 25°C. Small samples (1 ml each) of the
source and receiving phase were taken periodically using
a sampling port with a syringe and analyzed to determine
metal ions concentrations by atomic absorption spectros-
copy method. The pH of source phase was adjusted using
few drops of diluted NaOH solution and controlled by
pH-meter.
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Fig. 1. A typical PIM experimental set up (1) Mechanical stirrer,
(2) Source phase, (3) Receiving phase and (4) PIM.

The kinetic of the PIM transport was described by a
first order transport rate equation in metal ion concen-
tration:

h{ﬂ =kt (1)

i

where ¢ is the concentration (M) of metal ion in the source
phase at given time, c, is initial metal ion concentration (M)
in the source phase, k is rate constant (s™), and f is time of
metal transport (s).

To calculate the k values, plots of In(c/c,) with time were
drawn. The rate constant value for the duplicate transport
experiment was averaged. The relationship of In(c/c,) vs.
time was linear, which was confirmed by high values of
coefficient of determination (R-squared), i.e., which were
mostly from 0.9764 to 0.9941.

The initial flux (J,) was determined as equal to:

Ji= 2k @

where V is volume of the source phase (m®), and A is area of
the effective membrane (m?).

The selectivity coefficient S was known as the ratio of
the initial fluxes for M1 and M2 metal ions, respectively:

5= JoaTons ®)

The removal percent (R) of metal ions from the source
phase into receiving phase was calculated as:

R=5"5.100% 4)
C.

i

3. Result and discussion

Coupling of fatty acids (stearic, palmitic, myristic and
lauric acid) with 2-aminobenzoic acid in the presence of
DCC to afford the corresponding amide is shown in Fig. 2.
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Fig. 2. The reaction of 2-aminobenzoic acid with fatty acids to
afford DABA, TABA, PABA and SABA.

3.1. Characterization of prepared carriers
3.1.1. FT-IR spectra of prepared carriers

Figs. 3a—d show FT-IR spectra of the prepared carriers,
which shown absorption peaks for all carriers at 1698 cm™
attributed to C=O of carboxylic group and band at 1660
cm™ for C=0 of amide in fatty chain. The bands at 3326 and
3455 cm™ assigned to NH and OH group, respectively. The
bands at 2848 and 2917 cm™ can be assigned to CH, group
symmetry and asymmetry of fatty chain, respectively.

3.1.2. 'THNMR spectra of prepared carriers

Table 1 represents the chemical shift (3) of the prepared
carriers in 'H NMR spectra.

3.2. Membranes characteristic
3.2.1. FT-IR spectra of prepared membranes

The chemical structure of the prepared membranes was
characterized using Fourier transform infra-red (FI-IR).

Fig. 4 shows the spectra of the different prepared mem-
branes. Table 2 lists the peak values and the corresponding
radical of the reference CTA, DOP and CTA + DOP + carri-
ers membranes.

The obtained results showed that all corresponding val-
ues obtained from the spectrum of the CTA reference mem-
brane, i.e. without plasticizer and carrier, are present in the
prepared membranes spectra in addition to those of the car-
rier molecules. This result confirms the presence of plasti-
cizer and carrier in the polymer matrix.

3.2.2. X-Ray diffraction

Figs. 5a-d show the X-ray curves for cellulose triacetate
(CTA) + plasticizer + carriers membranes. Based on these
figures, we can observe the following:

* The CTA membrane presents a single maximum at
approximately 20° found in all polymers and corresponds
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Fig. 3. FT-IR spectra of the prepared carriers (a) Carrier DABA,
(b) Carrier TABA, (c) Carrier PABA and (d) Carrier SABA.

Table 1

The collected data of "HNMR of the prepared carriers

Carrier 3 (ppm) Corresponding radical
DABA 0.83 (3H, CH,)
1.22 (16 H, CH, of fatty chain of lauric acid)
1.75 é
(2H, CO— | _CH,)
244 (2H, COCH,)
6.66-8.14 (4H, CH aromatic)
8.76 (1H, NH), which D,O exchangeable
10.98 (1H, OH), which D,O exchangeable
TABA  0.83 (3H, CH,)
1.22 (20 H, CH, of fatty chain of myristic acid)
L75 (2H, CO—+_CH2 )
244 (2H, COCH,)
6.66-8.14 (4H, CH aromatic)
8.76 (1H, NH), which D,O exchangeable
10.98 (1H, OH), which D,O exchangeable
PABA  0.83 (3H, CH,)
1.22 (24 H, CH, of fatty chain of palmitic acid)
L75 (2H, CO-%_CHZ )
244 (2H, COCH,)
710-8.10 (4H, CH aromatic)
8.76 (1H, NH), which D,O exchangeable
10.98 (1H, OH), which D,O exchangeable
SABA  0.83 (3H, CH,)
1.22 (28 H, CH, of fatty chain of stearic acid)
L75 (2H, CO-%_CHZ )
244 (2H, COCH,)
6.66-8.14 (4H, CH aromatic)
8.76 (1H, NH), which D,O exchangeable
10.98 (1H, OH), which D,O exchangeable
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to the Van der Waals halo [23,24]. Thus, this material
presents basically amorphous characteristics.

Table 2

167

Peak values and the corresponding radicals in different

¢ The systems constituted by the mixture of CTA + DOP +  membranes
carriers do not give any diffraction. It can be due to the  Membrane Peak value (cm™) Corresponding radical
absence of crystalline structure of the membrane which
permits us to eliminate the mechanism of transfer of the CTA 3450-5550 O-H
ions by successive jumps between carrier complexing sites. 2935 CH
1739 Cc=0
— 1526 COO
W DOP 1726 C=0 stretching of
1077 (COO)
™ 1285 C-O stretching of
< O-CH,
g C-O stretching of
g © 0=C-0
a CTA + DOP + Same peaks of C=0 (carrier)
; Carriers (DABA, CTA and DOP C=0 (carrier)
@ TABA, PABA 1698 C-H (carrier)
and SABA) 1660 symmetry
4000 1500 3000 2500 2000 00 2848 C-H (carrier)
‘Wavenumbers (cm-1) 2917 asymmetry
. 3326 NH (carrier)
Fig. 4. FT-IR spectra of the prepared membranes (a) CTA + DOP OH .
+ Carrier (DABA), (b) CTA + DOP + Carrier (TABA), (c) CTA + 3455 (carrier)
DOP + Carrier (PABA) and (d) CTA + DOP + Carrier (SABA).
(a) (b)
E) E)
g e
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— —
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Fig. 5. X-Ray diffraction of the prepared membranes (a) CTA+ DOP + Carrier (DABA), (b) CTA + DOP + Carrier (TABA), (c) CTA +
DOP + Carrier (PABA) and (d) CTA + DOP + Carrier (SABA).
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3.2.3. Characterization by scanning electron
microscopy (SEM)

The morphologies of cross section for the CTA + Plas-
ticizer + carriers membranes (Figs. 6a—d) show that the
CTA-plasticizer (DOP) and carriers membranes present
a dense structure where the pores of membrane have
been filled by the DOP and carriers molecules yielding a
thick and less porous membrane.

3.3. Transport factors
3.3.1. Effect of transport time

Transport time is important role for metal ions transport
because transport time can give information about mass
transfer, kinetic reaction, membrane permeability and flux. To

30.00 kV| 3 000 x |v
(@)

investigate the effect of transport time on studied metal ions
transport, the concentration of Cr (III), Co (II), Ba (II) and Sr (II)
in source phase was determined as a function of time (Fig. 7).

Extraction and transport of a metal cation by an acidic
carriers governed by the exchange of the metal ion for pro-
tons of the carrier as shown in Egs. (5), (6).

Cr3*(aq) +3HR <> CrR,  + 3H*(aq) 5)

M2+

vt 2HR & CrR,  +2H' (6)

2mem (aq)
where HR represents the DABA, TABA, PABA or SABA car-
riers.

As it could be seen, transport rate depends on used
carrier. The initial fluxes and selectivity coefficients of
chromium(III), cobalt(Il), barium(Il) and strontium(II) ions

30.00 kV| 3 000 x |vCD |99.5 um| 4.5 |11.7 mm

A
Quanta FEG

(©)

HV |mag 00| det | HFW [spot| WD
30.00 kV| 3 000 x |vCD |99.5 um| 4.5 [11.6 mm Quanta FEG

Fig. 6. Scanning electron microscopy of cross section for various membranes (a) CTA + DOP + Carrier (DABA), (b) CTA + DOP +
Carrier (TABA), (c) CTA + DOP + Carrier (PABA) and (d) CTA + DOP + Carrier (SABA).
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transport across PIMs using different carriers from aqueous
source phase of equimolar mixture of all metals are shown
in Table 3 and Fig. 7. The chromium(IIl) ions were trans-
ported with a highest rate and the selectivity order was as
follows: Cr(IIT) > Co(II) > Ba(Il) > Sr(II). The results showed
that the equilibrium reached at 10 h after this time the
concentration of dissolved Cr(III), Co(Il), Ba(Il) and Sr(II)
remains constant until 24 h. Also, the PIM system allows the
membrane to be used repeatedly for 12 cycles, without any
loss of transport rate.

The initial flux of chromium(Ill) transport increased
with different carriers in the order DABA < TABA < PABA
> SABA. The observed trend is in accordance with increas-
ing length of alkyl fatty chain in the corresponding carrier.
On the basis of obtained results, it could be noticed that
carriers with alkyl chain length from 11 to 17 carbon atoms
are able to fast transport of tested chromium(III), cobalt(II),
barium(II) and strontium(Il) ions through PIM. This may be
due to alkyl fatty chain has an effect on hydrophobic prop-
erties and the initial flux of the transported metal ions [27].

Carrier DABA
R2,=0.9941, R?,=0.9801
R2;,=0.9781, R%,,=0.9811

0

——Linear (Cr)
——Linear (Co)
——Linear (Ba)
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-0.1
-0.2
-0.3
-0.4
-0.5 e
-0.6
-0.7
-0.8
-0.9

-1
L1 g

In (¢/c;)

2 3 4 5 6 7 8 9
time (h)
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—Linear (Cr)
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Carrier PABA
R2,=0.9896, R2,=0.9905
R?,,=0.9764, R%;,=0.9805

0
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-0.4
-0.5
-0.6
-0.7
-0.8
-0.9

-1
-1'1 0 1
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2 3 4 5 6 7 8 9 10
time (h)
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While the length of alkyl fatty chain increased the stability
of carrier inside membrane increased. Although different
molar concentration of carriers in membranes was used, the
highest molecular weight carrier (lowest molar concentra-
tion) recorded highest rate. It means that transport rates of
metal ions depend on: (i) molar concentration of carrier (ii)
fatty acid chain length of carrier, but the latter is predom-
inant which increased hydrophobicity of membrane. The
maximum value of the initial flux for Cr(Ill) ions was equal
to 6.4 x 10 mol/m?s (for carrier SABA).

3. 2. The effect of source phase pH

The PIMs containing DABA, TABA, PABA and SABA
as an ion carriers and DOP as plasticizer in transport of
Cr(Il), Co(Il), Ba(Il) and Sr(Il) at different pH values in
source phase were examined. Fig. 8 shows the effect of pH
of source phase on chromium(IIl), cobalt(Il), barium(II) and
strontium(Il) ions transport through PIMs using different
carriers. The concentration of chromium(IIl), cobalt(Il),

Carrier TABA ——Linear (Cr)
R2,=0.9917, R?,=0.9883 ——Linear (Co)
2..=0.9768., R2.=0.9835 —— Linear (Ba)
R 0. T s Linear (Sr)
-0.1
-0.2
-0.3
S 04
2 05
-0.6
= .07
0.8
-0.9
-1
Ilg 1 2 3 456 78 910
time (h)

Carrier SABA ——Linear (Cr)
R2.,=0.9835, R%,=0.9848 ——Linear (Co)
chr=0 9804 R2C0=0 9855 —Linear (Ba)

Ba PoT ST Linear (Sr)

0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9

-1

1l g 1 2 3

In (c/c;)

4 5 6 7 8 9 10
time (h)

Fig. 7. Kinetics of Cr(III), Co(II), Ba(Il) and Sr(II) transport though PIMs, source phase: ¢, = 0.01 M, pH = 3.1; receiving phase: 1.0 M HCL



170 D.A. Fadel et al. / Desalination and Water Treatment 103 (2018) 163-174

Table 3

Initial flux and selectivity coefficients for competitive transport of Cr(III), Co(Il), Ba(II) and Sr(Il) ions across PIMs. Conditions:
source phase: ¢,,= 0.01 M, pH = 3.1; receiving phase: 1.0 M HCl; membrane composition: carrier, 60 wt. %; DOP, 20 wt.% and CTA,

20 wt.%

Carrier Metalions k-10°(s™) J-10° (mol/m?s) Scram/man

DABA Cr(III) 22 49 Cr(IID)>Co(I1)> Ba(Il)>Sr(II)
Co(II) 13 29 17 31 79
Ba(ll) 0.70 16
Sr(II) 0.28 0.62

TABA Cr(III) 2.3 53 Cr(IID)>Co(IT)> Ba(IT)>Sr(II)
Co(ID) 14 3.3 1.6 2.8 5.7
Ba(II) 0.88 1.9
Sr(II) 041 093

PABA Cr(III) 25 57 Cr(ID)>Co(I1)> Ba(I1)>Sr(II)
Co(ID) 1.7 3.8 1.5 2.6 5.2
Ba(ll) 095 22
Sr(II) 047 11

SABA Cr(II) 28 64 Cr(I11)>Co(II)> Ba(I)>Sr(II)
Co(II) 19 42 15 28 53
Ba(Il) 1.0 23
Sr(II) 0.54 1.2

barium(II) and strontium(Il) ions remaining in the source
phase was measured at different pH ranging from 1.1 to
4.1. The results showed that chromium(III), cobalt(Il), bari-
um(II) and strontium(II) ions transport through all carriers
were optimum at pH 4.1, which achieved highest recovery
for chromium(III), cobalt(I), barium(Il) and strontium(II)
ions transport. The R (%) values obtained from Fig. 8 point
out the preferable formation of complex in membranes with
carriers as an ion carrier [25,26]. It is known that chromi-
um(III) may exist in different ionic pH-dependent forms.
In more acidic aqueous solutions (pH < 3.1) chromium
occurs mainly in the form of Cr** while at pH 4.1 there exist
Cr(OH)* (60%) besides Cr** (40%) species [28]. The action
between the chromium ions and the carrier at the interface
between the aqueous source and the organic membrane can
be described as shown in Egs. (5), (7):

Cr(OH)2+(aq) +2HR

© Cr(OH)R,  +2H" @)

m 2mem

where HR represents the DABA, TABA, PABA or SABA.
Initial flux (J)) and selectivity (S) values of Cr(IlI), Co(ll),
Ba(ll) and Sr(II) transport across membranes at different
source phase pH are presented in Table 4.

3.3.3. Effect of membrane composition

Experiments of Cr(IlI), Co(Il), Ba(Il) and Sr(II) trans-
port across PIMs with different carriers under vari-
able membrane composition were carried out at pH 4.1.
Changes of the membrane composition resulted from dif-
ferent amount of CTA and concentration of the carrier in
PIMs; the concentration of the plasticizer (DOP) was con-
stant. The composition and normalized (average) values
of initial flux using different carriers characterizing the

membranes used in the processes are shown in Table 5.
The best results of initial flux and recovery are obtained
for CTA membranes containing 40% of all carriers. In case
of CTA membranes, the transport parameters of Cr(III),
Co(II), Ba(IT) and Sr(II) ions increased with increasing the
carrier content up to 40% and decreased for higher content
above 40% for all used carriers. This may be due to satura-
tion of membrane active sites.

3.3.4. Type of receiving phase

The initial flux of membrane system for Cr(III), Co(II),
Ba(Il) and Sr(II) transport is considerably dependent on
the nature of stripping agent for Cr(III), Co(II), Ba(II) and
Sr(Il) ions used in receiving phase (Table 6). Results show
that highest flux and recovery favors when the receiving
phase is HCI), whereas Cr(III) ions recorded highest flux
through different carriers using HCI as receiving phase as
follows: 8.5 x 1075,9.1 x 1075,12.5 x 10 and 14.8 x 10> mol/
m?s, for carriers DABA, TABA, PABA and SABA, respec-
tively. Using water as receiving phase showed the lowest
recovery for Cr(III), Co(II), Ba(ll) and Sr(II) ions transport
through different membranes using different carriers. This
lower percentage may be due to weak complexing ability
than membrane complex constituents. This makes lower
in rate constant and flux in comparison with HCI, HNO,
and H,SO,.

3.3.5. Effect of different concentrations of receiving phase

The selective transport of Cr(III), Co(II), Ba(Il) and
Sr(Il) ions through all carriers was recorded at differ-
ent concentration of receiving phase (HCI) ranging from
1.0-3.0 M. Table 7 shows that highest removal percentage



Fig. 8. Removal (%) of Cr(III), Co(II), Ba(II) and Sr(II) ions from chloride aqueous solutions in PIM transport at different pH after 10
h, 60 % of carrier, source phase: c,, = 0.01 M and receiving phase: 1.0 M HCI.

Table 4
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Carrier DABA

Carrier PABA

uCr
mCo
" Ba 80

Sr 70
60
50
40
30
20
10

R (%)

uCr
mCo
HBa 90

70
60
50
40
30
20
10

R (%)

Carrier TABA ECr
uCo
HBa
Sr

1.1 2.1 3.1 4.1
Carrier SABA =Cr
uCo
HBa
Sr

1.1 2.1 3.1 4.1
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Initial flux and selectivity coefficients for competitive transport of Cr(IlI), Co(II), Ba(Il) and Sr(Il) ions at different pH using
different carriers across PIMs

pH  Metal  ]-10° (mol/m*s) S ceamy s

ions Carrier Carrier Carrier Carrier Carrier Carrier Carrier Carrier
DABA TABA  PABA SABA DABA TABA PABA SABA

11 Cr(lll)y 23 29 3.0 3.7 Cr<Co<Ba<Sr  Cr<Co<Ba<Sr Cr<Co<Ba<Sr Cr<Co<Ba<Sr
Co(Il) 1.2 17 2.2 29 19 12 4.3 17 40 74 14 3.0 55 1.3 2.6 5.6
Ba(Il) 0.53 0.73 1.0 14
Sr(1I) 0.19 0.39 0.55 0.66

21 Crd) 35 4.0 43 5.0 Cr<Co<Ba<Sr  Cr<Co<Ba<Sr Cr<Co<Ba<Sr Cr<Co<Ba<Sr
Co(I) 22 24 2.7 34 16 47 11 17 31 6.0 16 27 55 1529 6.2
Ba(I) 075 13 1.6 17
Sr(II) 0.32 0.67 0.78 0.81

31  Crdm 49 5.3 5.7 6.4 Cr<Co<Ba<Sr  Cr<Co<Ba<Sr Cr<Co<Ba<Sr Cr<Co<Ba<Sr
Co(Ill) 29 3.3 3.8 4.2 17 31 79 1.6 2.8 5.7 1.5 2.6 5.2 15 2.8 5.3
Ba(Il) 16 19 2.2 2.3
Sr(II) 0.62 093 11 12

41  CrIl) 6.1 7.7 9.1 12 Cr<Co<Ba<Sr  Cr<Co<Ba<Sr Cr<Co<Ba<Sr Cr<Co<Ba<Sr
Co(Il) 33 3.8 47 5.8 19 34 51 2.0 3.5 51 19 35 54 2.1 4.0 55
Ba(ll) 1.8 2.2 2.6 3.0
Sr(1I) 1.2 15 17 22

Conditions: 60 % of carrier, source phase: c,, = 0.01 M; receiving phase: 1.0 M HCL.
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Table 6

173

Initial flux and removal (%) for competitive transport of Cr(III), Co(Il), Ba(I) and Sr(II) ions in different receiving phases using

different carriers across PIMs

Receiving Metals J-10° (mol/m?s) R (%)
phase 1ons Carrier 1 Carrier 2 Carrier 3 Carrier 4 Carrier 1 Carrier 2 Carrier 3 Carrier 4
Cr(III) 29 3.3 51 59 37 41 56 61
Co(II) 1.5 1.8 29 3.2 22 24 37 39
Water
Ba(II) 0.88 1.2 14 1.8 13 18 20 25
Sr(II) 0.32 0.71 0.88 1.3 5.0 11 13 19
Cr(I1I) 6.5 7.5 94 10 64 70 78 80
Co(II 3.3 3.7 4.5 5.1 41 44 51 56
H,SO,(1.0 M) odh
Ba(II) 1.3 1.6 2.1 3.0 18 23 29 38
Sr(II) 0.95 14 1.8 2.0 14 20 25 27
Cr(III) 74 8.2 12 13 69 73 84 86
Co(II) 3.6 4.1 54 5.8 44 48 58 60
HNO, (1.0 M)
Ba(II) 1.8 21 24 3.3 25 29 32 41
Sr(II) 1.2 1.6 2.1 2.5 18 23 28 33
Cr(I1I) 8.5 9.1 13 15 74 77 86 91
HCI(1.0 M) Co(II) 41 4.6 6.4 8.0 48 52 64 72
Ba(II) 2.2 2.6 31 3.6 30 33 39 43
Sr(II) 19 2.1 2.6 31 26 28 34 39

Conditions: source phase: ¢, = 0.01 M, pH = 4.1; membrane composition: 40 wt.% carrier, 20 wt.% DOP and 40 wt.% CTA, Carrier 1:

DABA, Carrier 2: TABA, Carrier 3: PABA and Carrier 4: SABA.

Table 7

Removal (%) for competitive transport of Cr(III), Co(II), Ba(II)
and Sr(I) ions in different concentration of receiving phase
using different carriers across PIMs

Concentration Metals R (%)
of HC ions Carrier Carrier Carrier Carrier
DABA TABA PABA GgABA
1.0 Cr(Ill) 74 77 86 91
Co(Il) 48 52 64 72
Ba(Il) 30 33 39 43
Sr(II) 26 28 34 39
2.0 Cr(lI) 78 81 90 92
Co(Il) 49 55 68 74
Ba(Il) 31 35 44 47
Sr(II) 29 33 39 42
3.0 Cr(lll) 84 88 92 96
Co(Il) 53 57 70 76
Ba(Il) 33 37 45 51
Sr(II) 31 35 41 47

Conditions: source phase: ¢, = 0.01 M, pH = 4.1, membrane com-
position: 40 wt.% carrier, 20 wt.% DOP and 40 wt.% CTA, receiv-
ing phase HCIL.

for all metals, which recorded at optimum concentration
3.0 M of HCl for all carriers. Which carrier SABA showed
highest recovery for chromium ions reached to 96.3% at
3.0 M of HCl.

4. Conclusion

The polymer inclusion membranes (PIMs) contain-
ing amides derived from 2-aminobenzoic acid and fatty
acids as ion carriers and dioctyl phthalate (DOP) as the
plasticizer provide an attractive alternative to conven-
tional solvent extraction methods for the separation of
Cr(III), Co(II), Ba(IT) and Sr(II) ions. The results show that
Cr(IlI) can be effectively recovered from aqueous acidic
chloride solutions containing Co(II), Ba(II) and Sr(II) ions
in hydrometallurgical process of transport across the
PIM with amides. This result may be due to the smallest
ionic radius of chromium(III) compared to the ionic radii
of Co(Il), Ba(ll) and Sr(II). The PIM containing amides
with different fatty chain influenced the rate of transport
of chromium, cobalt, barium and strontium ions, which
length of alkyl fatty chain increased the rate of trans-
port increased, this may be due to alkyl fatty chain have
an effect on hydrophobic properties and the initial flux
of the transported metal ions. Which the length of alkyl
fatty chain increased the stability of carrier inside mem-
brane increased. The highest flux of chromium(III) ions
was obtained by transport through the PIM containing 40
wt.% carrier, 20 wt.% DOP and 40 wt.% CTA. The obtained
results showed that recovery of Cr(Ill) ions reached to
96.3% into 3.0 M hydrochloric acid as the receiving phase
after 10 h using carrier SABA.
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