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Abstract—Selective transport of gallium from HCI media containing other ions such as Zn, Co, and Ni, by polymer
inclusion membranes (PIM), based on CTA/PVC blend using trioctylphosphine oxide (TOPO) as carrier and 2-nitro-
phenylpentyl ether (2-NPPE) as plasticizer is studied. The effect of various parameters such as the HCI concenration in the
feed, HCI concenration in the stripping phase, carrier (TOPO) concentration, 2-NPPE concentration, the cellulose triace-
tate (CTA)/poly(vinyl chloride) (PVC) as the polymer-blend was experimentally studied and the optimum conditions were
determined. It was possible to selectively extract gallium ions from the ions (Zn, Co, and Ni) in the acidic solutions. The
separation factors of gallium over Zn, Co, and Ni, at the optimum conditions, were found to be of 963, 702, and 514,
respectively, for the feed solution of 100 mg/dm’ Ga, 1,000 mg/dm’ Zn, 600 mg/dm’ Co, and 600 mg/dm’ Ni.
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INTRODUCTION

Gallium has emerged as an important strategic metal that is
extensively used in the manufacturing of semiconductor devices for
photovoltaic cells and computers since it provides efficient optical
transitions as well as high electron mobility [1,2]. It is usually pro-
duced as a byproduct of zinc refineries and Bayer liquor obtained
during alumina production from bauxite; therefore it mostly is
associated with aluminum, zinc and, germanium. The acidic sul-
fate or chloride solutions from hydrometallurgical production of
zinc are an important source of gallium in addition to alkaline Bayer
solutions for aluminum [3-6]. Gallium is also used in the medical
application where “Ga (t,,=78 h) is used for palliation of bone pain
due to metastatic bone lesions. Besides, accelerator-based produc-
tion of “Ga and *Ga is largely achieved via nuclear reactions “Zn
(pn) “Ga, ®*Zn (p,2n) “Ga and *Zn (p,;n) Ga [7). Selective separa-
tion of pure gallium radioisotopes produced by cyclotrons or nuclear
reactors from the target material and target holder (Zn and Cu
respectively) can be achieved by PIMs. Solvent extraction has been
developed as a technique for the separation and recovery of metal
ions in industrial effluent and discarded wastes [7-11]. While these
processes are usually efficient and cost-effective, they present envi-
ronmental and occupational hazards as the extractants are com-
monly toxic and corrosive organic diluents are often highly flam-
mable. To reduce the environmental and economic burden, such
as the use of large amounts of organic solvent and extractant, sev-
eral liquid membrane separation techniques such as supported lig-
uid membranes (SLMs) and emulsion liquid membranes (ELMs),
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have been studied [12-18]. Among all applications just a few have
been commercialized [19,20]. Despite the potential advantages offered
by these membranes, their operational complexity sharing the some
of the hazards inherit to solvent extraction (SX) techniques and an
inherent lack of stability have seriously limited their industrial appli-
cation [21].

Polymer inclusion membranes (PIMs) are a new and very promis-
ing type of visibly homogeneous extracting membranes, which are
suitable for the separation of ions and small organic molecules, which
substantially reduces the hazards associated with SX-like techniques.
PIMs entrap an extractant within a polymer matrix, often with the
addition of plasticizer and/or modifier to improve their extraction
characteristics. As the extractant is wholly encapsulated in the poly-
mer, the exposure of workers to toxic extractants is minimized. The
polymer replaces the organic diluent, which removes the fire haz-
ard associated with conventional SX. PIMs have better stability com-
pared to that of other liquid membranes, such as supported liquid
membranes, which have been the mainstream of liquid membrane
research. Recently, PIM-based research on extraction of metal ions
and organics has been extensively reported, but no work on gallium
extraction by PIM is available in the literature. PIMs are mechani-
cally strong and stable, easy and safe to handle and reasonably simple
to fabricate [22,23]. The base polymer plays a crucial role in pro-
viding the mechanical resistance of the membranes. Poly (vinyl
chloride) (PVC) and cellulose triacetate (CTA) are used in the most
of research study on PIMs area. Moreover, PVC-based membranes
are very stable in aggressive solutions (like acidic and basic solu-
tions), and possess remarkable mechanical strength and flexibility.
CTA-based PIMs have good mechanical properties due to their
crystalline structure, but are less chemically resistant than the PVC
ones [24,25]. Another advantantage of PIMs to SX and jon-exchange
based separation is that PIMs combine the extraction and stripping
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processes. Polymer blends have been also used for taking into ac-
count that the properties of the multicomponent polymer systems
are influenced by the nature of the polymers, their thermal behav-
ior and their possible interactions. From this point of view; the
PIMs based on a mixture of two polymers, such as CTA/PVDF
(polyvinylidene fluoride) to separate lead and cadmium [26] and
CTA/PBAT (poly(butylene adipate-co-terephtalate) for chromium
removal [27], have been recently used.

The aim of the present work is to selectively separate gallium
from the other ions such as zinc, cobalt and nickel in acidic solu-
tions, through PIMs based on CTA/PVC polymer blends using
TOPO as carrier. The fundamental parameters influencing the
transport and separate gallium from zinc, cobalt and nickel ions
have been reported and discussed: composition of base polymers
(CTA and PVC), plasticizer (2-NPPE) concentration, carrier (TOPO)
concentration, HCI concentrations in feed and strip solutions.

EXPERIMENTAL

1. Chemicals and Reagents

PIM is composed of a base polymer (PVC and/or CTA), an ex-
tractant TOPO (trioctylphosphine oxide), and a plasticizer 2-NPPE
(2-nitrophenylpentyl ether). TOPO was purchased from Merck.
7nS0,-7H,0, CoSO,-7H,0, and NiSO,-6H,0 are all from Merck
and of analytical grade. PVC (M,,=80 kDa, Sigma-Aldrich), Cellu-
lose Triacetate (CTA, M,,=72-74kDa Sigma-Aldrich), gallium metal
(99.99%, Strem Chemicals, USA), HCI (37%, Merck), Dichloro-
methane (CH,Cl,, Merck), Tetrahydrofuran (THE, Merck). All the
chemicals unless otherwise stated are analytical reagent grade and
used as received.

2. Preparation of Polymer Inclusion Membrane (PIM)

In this study, PIM consisting of CTA alone as polymer support,
2-NPPE as a plasticizer, and TOPO as a carrier was prepared. The
weighted amounts of CTA, plasticizer (2-NPPE), and carrier (TOPO)
were dissolved in a 10-mL dichloromethane (casting solution) in a
50-mL beaker and was stirred on a magnetic stirrer at 350 rpm at
room temperature for 2 hours, while glass covered on top. At the
end of this period, the solution was poured into a Petri dish of 90-
mm diameter. Dichloromethane was allowed to evaporate slowly
over 24 h to obtain a polymer membrane with a smooth surface.
For a PVC-base membrane, on the other hand, the weighted amounts
of PVC, plasticizer (2-NPPE), and carrier (TOPO) were dissolved
in a 10-mL tetrahydrofuran (casting solution) in a 50-mL beaker,
and stirred on a magnetic stirrer at 350 rpm at room temperature
for 2 hours. For the hybrid CTA/PVC membrane blends, however,
the weighted amounts of CTA, TOPO and 2-NPPE were first dis-
solved in a 5-mL dichloromethane in a 50-mL beaker, and the
weighted amount of PVC was dissolved in THE in a separate 50-
mL beaker. Having completely dissolved both polymer in about
half an hour, the PVC solution was added into the CTA solution,
which contained the weighted amounts of TOPO and 2-NPPE. No
phase formation was observed during addition of both solutions,
which were completely miscible. The combined solution was stirred
in a magnetic stirrer for 2 hours and later was poured into a 90-
mm diameter of Petri dish. The Petri dish was covered by a filter
paper and weight put on it and allowed to evaporate slowly over
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24 hours. After the evaporation of dichloromethane and THE the
obtained membranes were carefully peeled off the dish by immer-
sion in cold water. The resulting membranes in this form exhib-
ited good mechanical strength and were transparent films with
thicknesses around 50-150 pum, depending mainly on the the amount
of CTA and/or PVC. The average membrane thickness was mea-
sured by a micrometer (Insize Inc., USA). Considering that the trans-
port process is enhanced when the membrane thickness decreases,
there was a need to compare different membranes. Each membrane
flux (., ») Was normalized using as a reference the thinnest mem-
brane. The normalized flux (J) was calculated by Eq. (1):

In= ]exp,MX(:lj_I: M)
where dy is the reference membrane thickness, d,; corresponds to
the thickness of the membrane whose flux is normalized.

3. Transport Experiments

Membrane transport experiments were conducted in a compart-
ment cell, as shown in Fig. 1. Each compartment had a volume
capacity of 80 mL. The membrane was sandwiched between the
two-compartment cell. The stirring rates in the both feed and strip-
ping solutions were kept at a constant rate (700 rpm) using a digital
mechanical stirrers at 20+1 °C to avoid concentration polarization
conditions at the membrane interfaces and in the bulk of the solu-
tions. About 0.5 mL of samples in volume was taken out at selected
intervals for determination of metal ion concentration in feed and
stripping solutions. The metal ion concentration was determined
by an inductively coupled plasma atomic emission spectrometer
(ICP-AES, Perkin Elmer, Optima 5300DV) and by an inductively
coupled plasma-mass spectrometer (ICP-MS, Perkin Elmer, Elan-
DRC). The mass flux J of the metal ions through the membrane
from the feed side to the strip side was calculated by Eq. (2):

J= A(Metal)-V 2

S-At

where A(Metal) represents the variation of the metal ion concen-
tration in the feed or strip phase at the time interval At, S the eftec-
tive membrane area, and V the feed or strip phase volume. Two
different values of the mass fluxes were determined: one measured
from the decrease of metal ion concentration in the feed solution
and the other one from the increase of the metal ion concentra-
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Fig. 1. Representation of the cell used to carry out the gallium trans-
port.
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feed solution membrane strip solution
) 3TOPO by
GaCl, —»—_ - —» Ga + 4Cl
H-—»— >~ S H
[HGaCl,-3TOPO]

Fig. 2. Transport mechanism of gallium from the multicomponent
acidic solutions.

tion in the strip solution.
4. Transport Mechanism

The following balance exists when TOPO extracts gallium from
strong hydrochloric acids solutions [3,28,29]:

Hy,,+GaCly,,,+3TOPO—->HGaCl,-3TOPO,,,, (3)

When the organic phase, containing the ion-pair HGaCl,-3TOPO,
is contacted 0.1 M hydrochloric acid or sulfuric acid solution the
overall stripping reaction at the membrane-strip phase interface
may be equivalently given by the following reaction:

HGaCl,3TOPO > 3TOPO )+ Gapyy +4Cl oy + Hiy ()

This was also confirmed by the emulsion liquid membrane study
carried out on gallium extraction [17,18]. From Egs. (3) and (4),
the mechanism of selective separation of gallium is given in Fig. 2.
Reactions 3 and 4 occur at the feed-membrane and membrane-
strip solution interfaces, respectively.

RESULTS AND DISCUSSION

1. Effect of Hydrochloric Acid Concentration in the Feed Phase
The effect of hydrochloric acid concentration in the feed phase
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Fig. 3. Effect of HCI concentration in feed phase on the rate of gal-
lium extraction (Carrier (TOPO): 30.1 wt%; Plasticizer (2-
NPPE): 30.3 wt%; CTA: 19.8 wt%; PVC: 19.8 wt%; Strip phase:
80 mL 0.1 M HCI; Feed phase: 80 mL (100 mg/dm’ Ga™, 1,000
mg/dm’ Zn*, 600 mg/dm’ Co™, 600 mg/dm’ Ni**, (2-8M
HCI); Stirring rates of feed and strip phases: 700 min™").
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Fig. 4. Effect of acid concentration in strip phase on the rate of gal-
lium extraction (Carrier (TOPO): 30.1 wt%; Plasticizer (2-
NPPE): 30.3 wt%; CTA: 19.8 wt%; PVC: 19.8 wt%; Strip phase:
80 mL, 0-0.2M HCI; Feed phase: 80 mL (100 mg/dm’ Ga™,
1,000 mg/dm’ Zn™", 600 mg/dm’ Co*, 600 mg/dm’ Ni**, 6 M
HCl); Stirring rates of feed and strip phases: 700 min ).

on the extent of gallium extraction was investigated in the range of
2-8 M. It is clear from Fig. 3 that, the percentage of gallium extracted
and transported increased with increasing HCl concentration, until
a minimum was reached at 6 M HCI concentration within 8 hours.
However, at higher HCI concentration (>6 M) transport efficiency
decreased. Similar behavior in gallium systems was also reported
previously [4,11,17,18,30,31]. This may be attributed to the fact
that the initial rise in the rate of extraction with acidity was the
formation, in greater amounts, of the extractable species, HGaCl,.
However, at higher acidity (hydrochloric acid molarity higher than
6M), the extraction of HC also occurred; this consequently reduced
the extraction of gallium due to a competitive effect between GaCl,
and HCI-TOPO complex, as reported by Judin and Bautista [32].
2. Effect of Stripping Reagent Concentration

Different concentrations of various stripping agents, such as nitric,
sulfuric and hydrochloric acids and even water can be used to strip
and recover gallium. The effect of hydrochloric acid concentration
on the extent of gallium extraction was studied in the range of 0-
0.2 mol/dm’ HCl and is indicated in Fig. 4. It is found that the
extraction percentage of gallium decreases with the increase in
hydrochloric acid molarity from 0.1 to 0.2 M when considering
8 hours of extraction time. The highest extraction rate was observed
at 0.1 M HCI of stripping concentration. This could be easily ex-
plained from Eq. (4) since the HGaCl,-3TOPOy,,, complex at the
membrane-strip interface tends to decompose as the stripping
HCI concentration decreases. However, 0 M HCl concentration
was found to be comparable to 0.15M HCL. Similar behavior was
also reported elsewhere [17,18,30,31,33,34].
3. Effect of Plasticizer Content

Plasticizers are compounds that are added to hard, stiff plastics
to make membranes softer and more flexible. There is an interest
in including these compounds in PIMs to improve the membrane
chemical and mechanical stability for its continuous use. To test
the selective separation of gallium from other ions of Zn, Co and
Ni with plasticizer (2-NPPE) concentration, PIMs prepared with
variable concentrations of this compound at fixed concentrations

Korean J. Chem. Eng.(Vol. 39, No. 4)
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Fig. 5. Effect of plasticizer content on the rate of gallium extraction
(Carrier (TOPO): 183.2 mg; Feed phase: 80 mL (100mg/dm’
Ga*, 1,000 mg/dm’ Zn™, 600 mg/dm’ Co™, 600 mg/dm’ Ni**,
6M HCI); Strip phase: 80 mL 0.1 M HCI; Stirring rates of
feed and strip phases: 700 min ).
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Fig. 6. Effect of 2-NPPE content on zinc concentration in strip phase
(Carrier (TOPO): 183.2 mg; Polymer blend: (120.8 mg CTA+
120.8 mg PVC); Feed phase: 80 mL (100 mg/dm’ Ga™, 1,000
mg/dm’ Zn™, 600 mg/dm’ Co™, 600 mg/dm’ Ni**, 6 M HCl);
Strip phase: 80 mL 0.1 M HCI; Stirring rates of feed and strip
phases: 700 min™").

of extractant (TOPO) and base polymer-blend (CTA plus PVC)
were tested. From Fig. 5, it is found that the extraction percentage
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Fig. 7. Effect of carrier (TOPO) content on the rate of gallium ex-
traction (2-NPPE: 26.3 wt %; Feed solution: 80 mL (100 mg/
dm’ Ga*, 1,000 mg/dm’ Zn™, 600 mg/dm’ Co’', 600 mg/
dm’ Ni**, 6 M HCI; Strip solution: 80 mL 0.1 M HCl; Stir-
ring rates of feed and strip phases: 700 min ).

of gallium increases with the increase in 2-NPPE content from
472 to 608.3 mg within 8 hours. The increase in the rate gallium
extraction with the increase of plasticizer content could be explained
considering the plasticization effect, which turns the membrane
into a better medium for plasticizer and carrier movements, as
argued by Rodriguez de San Miguel et al. [6].

When the 2-NPPE content increased from 47.2 to 638.3 mg, or
concentrations of 10.0 to 58.9 wt%, the percentage of gallium ex-
traction at 8 hrs, increased from 82.8% to 99.8%, respectively. Fig.
6 indicates the zinc concentration in strip phase versus time. As
the 2-NPPE content increases from 47.2 to 184.4 mg, zinc concen-
tration slightly increases, that is, up to 5.1 mg/dm’, dimensionless
concentration (C/C,) being 0.003, as shown in Fig. 6. However, the
2-NPPE content of 366.1 mg (30.3wt% 2-NPPE) onwards zinc
concentration sharply increases up to 42.4 mg/dm” at 8 hours. On
the other hand, for all 2-NPPE contents the cobalt ions were hardly
extracted into strip phase and the nickel ions did not appear in the
strip phase within the limit of detection, as shown in Table 1.

Table 1. The percentages of extraction of zinc, cobalt and nickel ions into strip phase (Carrier (TOPO): 183.2 mg; Polymer blend: (120.8 mg
CTA+ 120.8 mg PVC); Feed phase: 80 mL (105.2 mg/dm’ Ga™, 1,000 mg/dm’ Zn*, 600 mg/dm’ Co™", 600 mg/dm’ Ni**, 6 M HCl);
Strip phase: 80 mL 0.1 M HCI; Stirring rates of feed and strip phases: 700 min ")

Strip solution

Time 7n Co Ni

(hrs) C, mg/dm’ CIC, C, mg/dm’ C/C, C, mg/dm’ (*) CIC,
0 0 0 0 0 <05 <0.001
1 2.1 0.003 <04 <0.001 <05 <0.001
2 22 0.003 <04 <0.001 <05 <0.001
3 54 0.007 <04 <0.001 <05 <0.001
4 92 0.011 0.5 0.001 <05 <0.001
5 17.0 0.021 0.8 0.001 <05 <0.001
6 224 0.028 1.0 0.002 <05 <0.001
7 33.1 0.041 1.3 0.002 <05 <0.001
8 24 0.053 1.7 0.003 <05 <0.001

*Limit of detection; C/C,: Dimensionless concentration

April, 2022
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4, Effect of Carrier (TOPO) Concentration

The effect of TOPO content in the range of 46.7 to 461.1mg on
the gallium rate of extraction was studied, as indicated in Fig. 7.
The gallium rate of extraction increased as the TOPO content in-
creased from 46.7 to 370.5mg, or concentration of 9.87 to 46.2
wt%, but then with further increase in the carrier content above
370.5 mg did not result in a higher transport rate, probably due to
the increase in the membrane viscosity. This depressed the ion-
carrier complex in the membrane, or low solubility of the carrier
in the plasticizer, as reported also [6,35-42].

5. Effect of CTA Composition in the Base Polymer-Blend (CTA/
PVC)

The eftect of CTA composition in the base polymer-blend (CTA/
PVC), that is carrier- and plasticizer-free, on the extraction of gal-
lium has been studied. The feed solution is the aqueous solution,
which consisted of 100 mg/dm’ Ga, 1,000 mg/dm’ Zn, 600 mg/dm’
Co, and 600 mg/dm’ Ni. The membranes are composed of the
base polymer-blends of CTA and PVC, plasticizer and carrier. The
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Fig. 8. (a) Effect of CTA concentration in polymer-blend on the rate
of gallium extraction (Polymer blend: 34.4wt% (CTA: 0-
100%); Plasticizer (2-NPPE): 26.3 wt%; Carrier (TOPO): 39.4
wt%; Feed solution: 80 mL (100 mg/dm3 Ga*', 1,000 mg/dm3
Zn™, 600 mg/dm’ Co™, 600 mg/dm’ Ni**, 6 M HCI); Strip
phase: 80 mL 0.1 M HCI; Stirring rates of feed and strip phases:
700 min ). (b) Effect of CTA concentration in polymer-blend
on the rate of gallium extraction (Polymer blend: 34.4 wt%
(CTA: 0-100%); Plasticizer (2-NPPE): 26.3 wt%; Carrier
(TOPO): 39.4 wt%; Feed solution: 80 mL (100 mg/dm’ Ga™,
1,000 mg/dm® Zn>*, 600 mg/dm’ Co™, 600 mg/dm’ Ni**, 6 M
HCI); Strip phase: 80 mL 0.1 M HCI; Stirring rates of feed
and strip phases: 700 min™").

total concentration of the base polymer-blend was kept constant at
34.4 wt%, while maintaining the plasticizer- and carrier concentra-
tions at 26.3 wt% and 39.4 wt%, respectively. The plasticizer- and
extractant-free CTA concentration was varied between 0 and 100
wt%. It was observed that with the increase in CTA concentra-
tion, the percentage of gallium extraction increased, as indicated in
Fig. 8(a), and 80 wt% CTA and 20 wt% PVC exhibited the maxi-
mum extraction efficiency. The same effect is also shown in Fig.
8(b), wherein an increase in CTA concentration also causes an in-
crease in the percentage of gallium extraction in the strip phase.
From Fig. 8(a), it can be concluded that the CTA compositon of
80 wt% in polymer blend is the one which gives the maximum per-
centage of extraction efficiency of gallium, that is, 95.3% at 8 hours.

PVC and CTA are the most widely used base polymers in PIMs
since they provide a high mechanical strength to the membranes
compatible with most carriers. To examine the effect of the poly-
mer matrix Kozlowski and Walkowiak [43] studied the transport
of chromium ions from 0.10 M HCl aqueous solution, through PIM
with trioctyl amine (TOA) as a carrier, CTA or PVC as the base
polymer, 2-NPPE as the plasticizer, into a 0.10 M NaOH aqueous
solution as the strip phase. They found that the chromate ions were
transported through CTA polymer inclusion membranes with higher
rate in comparison with PIM with PVC matrix. The cause of this
has been attributed to the fact that CTA has more hydrophilic prop-
erties than PVC and also due to the necessity to deliver a large
amounts of carrier, which has the additional plasticizing proper-
ties [44]. For this reason they stated that a higher amount of TOA
in PVC-based PIM, above 1.25M based on plasticizer volume, is
required to cause the inclusion formation in the organic phase of
membranes, which is characterized by high degree of dispersion,
as argued by Kozlowski and Walkowiak [44]. Similar behavior to
the work of Kozlowski and Walkowiak [44] was also observed by
Kebiche-Senhadji et al. [36]. They compared PIMs containing Ali-
quat 336 and CTA or PVC for the extraction of Cr (VI), that is,
the extraction efficiency obtained with the CTA-based PIMs was
higher than that with the PVC-based PIMs up to the Aliquat 336
concentration of 1.17 M; however, above this value, the PVC-based
PIMs exhibited slightly higher percentages of Cr (VI) extraction.
Baczynska et al. [45] also reported that better transport ability of
CTA membranes towards Zn (II) compared with PVC membranes
was obtained, and they stated that the differences in the structure
of the two polymers undoubtedly played a crucial role in the per-
meability of the membranes. However, they also reported that the
type of carrier used seems to influence the transport less than the
matrix type.
6. Effect of CTA Composition in the Base Polymer-Blend (CTA/
PVC) on the Initial Flux

The influence of CTA composition in the base polymer-blend
(CTA/PVC) on the initial gallium flux was studied from 0 to 100
wt% of CTA concentration. The feed solution is the aqueous solu-
tion, which consisted of 100 mg/dm3 Ga, 1,000 mg,/dm3 Zn, 600
mg/dm’ Co, and 600 mg/dm’ Ni. Fig. 9 indicates the gallium fluxes
determined from Eq. (2), based on the concentration profiles in
the feed and strip solutions. From Fig. 9, both fluxes increased with
an increase in CTA composition and reached the maximum when
the CTA composition was 80 wt%, as was also shown in Fig. 8.

Korean J. Chem. Eng.(Vol. 39, No. 4)
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Fig. 9. Effect of CTA concentration in polymer-blend on gallium
flux (Polymer blend: 34.4 wt% (CTA: 0-100%); Plasticizer (2-
NPPE): 26.3 wt%; Carrier (TOPO): 39.4 wt%; Feed solution:
80 mL (100 mg/dm’ Ga™, 1,000 mg/dm® Zn*, 600 mg/dm’
Co™, 600 mg/dm’ Ni**, 6 M HCl); Strip phase: 80 mL 0.1 M
HCI; Stirring rates of feed and strip phases: 700 min ).

Two different values of the fluxes were determined: one obtained
from the decrease of the metal ion concentration in the feed solu-
tion (Jy) and the other determined from the increase of the metal
ion concentration in the strip solution (J,). The differences in the
values of J; and ] indicate the retention of metal ion within the
membrane phase, as shown in Fig. 9. Both fluxes increased as the
CTA concentration increased, but the differences in the two fluxes
decreased as the CTA concentration in the polymer blend increased.
This was also observed by Rodriguez de San Miguel et al. [46].
The decrease in the gap between the fluxes with the increase in the
CTA concentration may be explained by considering the effect,
which turns the membrane morphology into a better medium that
enhances the diffusivity of the metal-ion complex and thus causes
an increase in the flux. The percentage of gallium retention sharply
decreased from 136% to 7%, as CTA composition increased from
0 to 100 wt%. Similar behavior was also observed in almost all
studies that the PIMs with CTA give higher fluxes than that with
PVC, as reported elsewhere [23,36,43-45]. However, the gallium
flux increased from 2.609x10™ to 3.87x10”” kg/m’s, as the CTA
composition increased from 0 to 100 wt% at 8 hrs in the feed solu-
tion, giving an increase of 48.6%, as shown in Fig. 9.

This is the first and only study in the literature for the extraction
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Fig. 10. Effect of CTA concentration in polymer-blend on separa-
tion factor of gallium over the other ions (Polymer blend:
34.4wt% (CTA: 0-100%); Plasticizer (2-NPPE): 26.3 wt%;
Carrier (TOPO): 39.4 wt%; Feed solution: 80 mL (100 mg/
dm’ Ga*, 1,000 mg/dm’® Zn*, 600 mg/dm® Co™, 600 mg/
dm’ Ni**, 6 M HCI); Strip phase: 80 mL 0.1M HCI; Stirring
rates of feed and strip phases: 700 min™").

and the selective separation of gallium from multicomponent acidic
solutions on PIMs. Therefore, there is no other study to compare
yet. However, the selectivity of gallium over the ions of zinc, cobalt
and nickel for the similar feed solutions by emulsion liquid mem-
branes (ELMs) is given in Table 2. It is observed from Table 2 that,
the selectivities 0z, Qguc, and gy Obtained from this PIM
study are quite higher than those obtained by ELM work. This also
proves that PIMs always give higher separation factors than those
of ELMs.
7. Effect of CTA Concentration on Separation Factor of Gal-
lium over other Ions

The separation factors (¢;) of gallium with respect to the other
metal jons that exist in the solutions are indicated in Fig. 10. The
separation factor (¢) is given by Eq. (5):

C,/C),;
a ( 1 ])strxg (5)

i (CICDeed o
where C; and C; are the concentrations of i and j components in
the stripping and the initial feed phases, respectively.
At the end of experiments, in 8 hours, the PIM membrane selec-

Table 2. The comparison of separation factors, of gallium over the ions of zinc, cobalt and nickel, obtained from this study (PIM) and those

obtained from ELM work [17,18]
Separation factor, o,
Liquid membrane type Reference
QGa/zn AGa/co OGa/ni
PIM’ (Base polymer/Plasticizer/Carrier) 963.3 702.4 513.5 This study
CTA-PVC/2-NPPE/TOPO)
ELM" (Surfactant/Diluent/Carrier)
(ECA 4360]/Kerosene/TOPO) 28.3 16.2 43.1 [17]
(ECA 4360]/Kerosene/TBP) 44.8 15.5 43.8 (18]

PIM’: Membrane (20 wt% CTA+ 80% wt PVC); aguus values in 8 hrs

ELM™: ¢gons values in 30 mins; PIM: Polymer inc. memb.; ELM: Emul. lig. memb
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tivity of gallium with respect to the other ions (Zn, Co and Ni)
was reasonably high, as shown in Fig. 10. The separation factors of
gallium against CTA concentration in the CTA/PVC blend, exclud-
ing the other membrane components, are indicated in Fig. 10. At
8hours the separation factor of gallium with respect to zinc (%)
increased as the CTA concentration increased up to 20% w/w, but
turther increase in the CTA concentration, ¢, exponentially de-
creased, giving a maximum value of approximately 963, at 20 wt%
of CTA in the blend; while the separation factors of gallium over
Co and Ni increased continuously with the increase in the CTA
concentration. From Fig. 10 the separation factors of gallium over
Zn, Co, and Nj, at the optimum CTA concentration of 20 wt%,
were found to be of 963, 702, and 514, respectively, for the feed
solution of 100 mg/dm’ Ga, 1,000 mg/dm’ Zn, 600 mg/dm’ Co,
and 600 mg/dm’ Ni. On the other hand, at 8 hour gallium separa-
tion factors over Zn, Co and Ni for pure PVC were found to be
173.8, 381.1 and 2784, and that for pure CTA were 65.7, 1198 and
876, respectively, as indicated in Fig. 10. However, as the CTA com-
position decreased from 100 wt% to 20 wt%, the gallium flux also
decreased from 3.878x107 to 3.599x 10 kg/m’s, that is, causing a
decrease of 7.2% in the flux, as shown in Fig. 9. This is significant
that gallium can be selectively separated from such ions as zinc,
cobalt an nickel, which exist in the leach solutions of a zinc refin-
ery [17,18].
8. Optimum Conditions

The optimum conditions were experimentally determined from
the effects of the parameters studied as follows:

« Plasticizer (2-NPPE) concentration: 30.3 wt%

« Carrier (TOPO) concentration: 46.0 wt%

« Polymer blend: 23.7 wt% (20 wt% CTA+80 wt% PVC)

« HCI concentration in the feed solution: 6 M

« HCI concentration in the strip solution: 0.1 M
9. Effect of the Initial Gallium Feed Concentration on the Flux

The influence of the initial Ga concentration on the transport
in the feed solution on gallium flux by TOPO was investigated at
optimum conditions. The variation of gallium concentration in the
feed was studied from 49.2 to 238.5 mg/dm’ using optimum param-

-
n
J

w
9]
1

Ga flux (x107kg/m?s)
N
(9]

1.5 f —&— Ga flux (feed conc.)
-@- Ga flux (strip conc.)
0.5 T T T T
45 95 145 195 245

Initial Ga concentration, mg/dm?

Fig. 11. Effect of initial gallium concentration on Ga flux in the opti-
mum conditions (Polymer blend: 23.7 wt% (CTA: 20 wt%;
PVC: 80wt%); Carrier (TOPO): 46.0 wt%; Plasticizer (2-
NPPE): 30.3 wt%; Feed solution: 80 mL (100 mg/dm’ Ga™,
1,000 mg/dm® Zn*, 600 mg/dm® Co™, 600 mg/dm’ Ni*';
Feed HCIl: 6 M; Strip solution: 80 mL 0.1 M HCI); Stirring
rates of feed and strip phases: 700 min™").
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Fig. 12. Effect of initial gallium concentration on separation factor
in the optimum conditions (Polymer blend: 23.7 wt% (CTA:
20 wt%; PVC: 80 wt%); Carrier (TOPO): 46.0 wt%; Plasti-
cizer (2-NPPE): 30.3 wt %; Feed phase: 80 mL (100 mg/dm’
Ga™, 1,000 mg/dm’ Zn™, 600 mg/dm’ Co™, 600 mg/dm’
Ni**; Feed HCl: 6 M; Strip phase: 80 mL 0.1 M HCI); Stir-
ring rates of feed and strip phases: 700 min ).

eters, as given in Fig. 11. The results of Ga transport flux through
the membrane as a function of Ga concentration is indicated in
Fig. 11. The results show that the Ga flux values gradually increased
by increasing the gallium concentration of the feed solution from
1.82x1077 to 4.05x10"" kg/m’s for the upper curve, based on Ga
concentration profile on the feed solution. Similar behavior was also
observed for the lower curve, based on the gallium concentration
profile on the strip solution. This behavior is in accordance with
the fact that the higher the concentration in the feed solution, the
higher driving force for the gallium transfer, and thus the higher
the gallium flux, as shown in Fig. 11. This is in agreement with the
tendency reported in the literature [35,36,44,47-49]. However, no
metal loading behavior for carrier up to the Ga concentration of
248 mg/dm’ in the feed solution was observed. From Fig. 11 it was
also observed that the retention of gallium ion within the mem-
brane phase occurred, and increased as the initial Ga concentra-
tion increased.

On the other hand, the influence of the initial Ga concentration
on separation factors of gallium over the other metal ions, in the
optimum conditions, was also determined, as shown in Fig. 12. The
initial gallium concentration was tested from 49.2 to 238.5 mg/dm’
using optimum parameters. From Fig. 12, all separation factors
decreased as the initial Ga concentration increased.

CONCLUSIONS

PIM systems containing TOPO as carrier, 2-NPPE as plasticizer
and CTA/PVC blends as base polymer were investigated to trans-
port and selectively separate gallium ions from the ions of zinc,
cobalt and nickel from chloride media. From this study, the fol-
lowing conclusions can be drawn:

1. As the 2-NPPE content increased from 47.2 to 608.3mg, or
the percentages of 10.0 to 58.9 wt% in the membrane, the gallium
flux (J;) also increased from 3.01x10” to 4.13x10” kg/m’s; but after
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2-NPPE content of 184.4 mg or 30.3 wt%, the zinc concentration
in the strip phase increased from 5.1 to 42.4 mg/dm’, in 8 hrs. Thus,
the gallium separation factor over zinc was somewhat affected, but
the gallium separation factors over cobalt and nickel were not
affected.

2. As the TOPO content increased from 46.7 to 370.5 mg, the
percentages of 9.88 to 46.2 wt% in the membrane, the gallium rate
of extraction also increased. However, further increase in the car-
rier content above 370.5mg did not result in a higher transport
rate, rather slightly declined, probably due to the increase in the
membrane viscosity, which depresses the ion-carrier complex in
the membrane.

3. The plasticizer- and carrier-free CTA concentration was var-
ied between 0 and 100 wt% for the feed solution, which consisted
of 100 mg/dm’ Ga, 1,000 mg/dm’ Zn, 600 mg/dm’ Co, and 600
mg/dm’ Ni. 80wt% CTA and 20 wt% PVC exhibited the maxi-
mum extraction efficiency. The gallium flux in the feed solution (Jy)
increased from 1.82x10”" to 4.05x10”” kg/m’s, and the flux in the
strip solution (J) also increased in this range. 80 wt% CTA and 20
wt% PVC in the blend exhibited the maximum extraction effi-
ciency of gallium, that is, 95.3%.

4. Two different values of the fluxes for feed (J;) and strip solu-
tions (J,) were determined, and the differences in the values of J;
and J, indicate the retention of metal ions within the membrane
phase. However, the retention of metal ions decreased as the CTA
composition increased.

5. In the 8 hours as the CTA concentration increased from 0 to
20 wt%, the separation factor of gallium over zinc () also in-
creased, but further increase in the CTA concentration, ¢, €xpo-
nentially decreased, giving approximately a maximum value of 963,
at 20 wt% of CTA in the blend; while the separation factors of gal-
lium over Co and Ni increased continuously with the increase in
the CTA concentration. The separation factors of gallium over Zn,
Co, and Nj, in the optimum CTA concentration of 20 wt%, were
found to be of 963, 702, and 514, respectively, for the feed solu-
tion of 100 mg/dm’ Ga, 1,000 mg/dm’ Zn, 600 mg/dm’ Co, and
600 mg/dm’ Ni. On the other hand, in the 8 hour gallium separa-
tion factors over Zn, Co and Ni for pure PVC were found to be
173.8, 381.1 and 278.4, and that for pure CTA were 65.7, 1198 and
876, respectively. Therefore, it is significant that gallium could be
selectively separated and extracted from the ions of zinc, cobalt
and nickel that exist in the leach solutions of zinc refinery.

6. In the optimum conditions, as the initial gallium feed concen-
tration increased from 49.2 to 238.5 mg/dm’, the flux increased
from 1.82x107" to 4.05x10” kg/m’s, that is, an increase of 122.5%
in the flux. However, the separation factors of Ga over Zn, Co and
Ni decreased in this direction, that is, for Zn from 737 to 208, for
Co from 1,060 to 532, and for Ni from 777 to 402.

7. When the polymer blends are used as the base polymers at
different weight ratios, it could cause a positive synergy by increas-
ing the membrane selectivity, extraction efficiency and the flux.
Generally, the flux and selectivity are inversely proportional; how-
ever, as the CTA concentration increased from 0 to 20 wt%, the
Ga flux and the separation factor of gallium over zinc () also
increased, but further increase in the CTA concentration, &,
exponentially decreased, giving approximately a maximum value

April, 2022

of 963, at 20 wt% of CTA in the blend; while the separation fac-
tors of gallium over Co and Ni increased continuously with the
increase in the CTA concentration.
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