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Abstract-Zn*, Cu® and Ni*" permeabilities through supported liquid membranes (SLMs) were determined experi-
mentally from single, binary, and ternary ionic mixtures. Microporous polypropylene membrane was used as the frame
to retain isopar-L solvent and di (2-ethylhexyl) phosphoric acid (D2EHPA) carrier. Sulfuric acid solution was used as a
strip (receiving) solution. The ion permeability values were in the 107-10"° cm® s™' range and increased with the con-
centrations of D2EHPA in isopar-L and the stripping sulfuric acid. The ion ideal selectivity ranged from 1.05 (Zn/Cu)
to 8.40 (Zn/Ni), depending on the feed concentration. The single ion permeability was significantly higher than the
binary mixtures, probably due to ion competition with D2EHPA carrier molecules. High selectivity was achieved using
ternary mixtures: Zn’" was the fast-permeating species due to preferential sorption with D2EHPA. Separating Zn**
from Cu** and/or Ni** mixtures was most efficient with high D2EHPA concentration, concentrated H,SO, strip solu-
tion, concentrated feed solution, and from multiple ionic mixes.
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INTRODUCTION

Heavy metals are elements with high atomic masses ranging
between 63.5 u and 200.6 u, with specific gravities greater than 5.0
[1]. Most heavy metals are well-known to be toxic and carcino-
genic. Heavy metals released into wastewater pose a serious threat
to human health and the biodiversity of the receiving water bod-
ies [1]. As one of the most dangerous environmental contaminants,
heavy metals are faced with increasingly more stringent regula-
tions from world governments. To protect water bodies and soils
from being polluted by discharged heavy metals, the Environmen-
tal Protection Administration (EPA) in Taiwan and many countries
began controlling heavy metal sources in accordance with the total
quantity control program (TQC). Currently, the pollutants that are
subject to TQC include copper (Cu), zinc (Zn), nickel (Ni), cad-
mium (Cd), chromium (Cr), and their ionic forms, which are pres-
ent in the effluent generated through industrial processes such as
plating, chemical engineering, dyeing and paper manufacturing [2,3].

In recent years, various conventional methods, including chem-
ical precipitation [4], coagulation-flocculation [5], flotation [6], ion
exchange [7,8], membrane filtration [9-12], adsorption [13-15] and
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extraction [16], have been proposed for the removal and recovery
of heavy metals from aqueous solutions. Each of these techniques
has its own intrinsic obstacles, such as sludge generation, extra opera-
tional cost for sludge disposal, high capital and operational cost, or
susceptibility to fouling and inefficiency [17]. Consequently, novel,
efficient and cost-effective methods for heavy metals separation
have been continuously sought.

Among these techniques, liquid membrane, particularly sup-
ported liquid membrane (SLM), is a promising alternative to resolve
the drawbacks of the conventional processes. The SLM process has
pronounced advantages, such as combining extraction and strip-
ping into a single stage (Fig. 1), and non-equilibrium mass-transfer
characteristics [18]. Additionally; limitations like aqueous/organic
phase ratio, emulsification, flooding and loading limits, phase dis-
engagement, large solvent inventory, and so forth, can be avoided
[19,20]. The stability period of SLMs may last several days [21,22],
weeks [23,24] or even months [25] in many systems. Duan et al.
[22] reported nearly consistent transport percentages of copper and
nickel for at least seven days of continuous operation by employ-
ing the SLM with (TRPO+M5640) carrier in kerosene. Van De
Voorde et al. [23] performed an ageing test on the Celgard mem-
brane impregnated with (LIX 860-I+Cyanex 302) carrier for Watts
bath effluent and found stable nickel flux over 650 h. Moreover, the
SLMs stability can be improved by proper selection of membrane
materials and operating conditions and/or reimpregnation of the
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Fig. 1. lustration of divalent cation transport through an SLM system. The metal ions in aqueous solution form complexes with carrier
molecules, diffuse through the organic phase toward strip solution, and are released into sulfuric acid strip solution.

support, sandwich SLMs and gelation of SLMs [25]. To achieve
high selectivity of an SLM, we can choose a special carrier in the
organic liquid membrane for selectively removing one of the ions
due to their preferential affinity.

The organic solvent, which is immiscible in the aqueous feed and
strip solutions, preferably Isoparaffin Fluid (isopar-L) for its high
stability and nonreactivity [26-28], is embedded in the microporous
support to form an SLM. The carriers are usually surfactant-like
molecules that form complexes with metal ions. One such carrier,
di-(2-ethylhexyl) phosphoric acid (D2EHPA), a derivative of ortho-
phosphoric acid, is widely utilized for metal extraction [29,30].

D2EHPA forms large complexes with metallic ions via cation-
exchange mechanism near the aqueous feed-organic phase interface
(as shown in the left part of Fig. 1). The carrier hydrophobic groups
help the complexes to diffuse from the feed into the strip side (cen-
ter part, Fig. 1). At the strip interface, the complexes undergo cat-
ion-exchange again and the metal ions are released into the strip
solution. The carrier-metal complexes are dissociated and the metal-
bonded carriers are exchanged with proton ions from the trip solu-
tion (right part, Fig. 1). Thus, the carriers are “regenerated” into the
acidic form and able to continue complex formation.

Previous studies on applying the SLM technique for heavy met-
als removal and recovery have focused mainly upon the single ionic
solution [23,31-36]. While, most industrial wastewaters contain
more than one heavy metal, such as effluents from electroplating
plants [37] and leaching liquors from spent mobile phone batteries
[38]. It is therefore necessary to examine the simultaneous trans-
port behavior of metal ions as well as to determine the interfer-
ence by the presence of other ions on the permeability of the ion
of interest in a multi-ionic mixture.

The overall aim of this paper was to carry out a comprehensive
enquiry into the transport of a multi-ionic mixture of heavy met-
als through SLMs. We dealt with a tri-metal group comprised of
Zn™", Cu™ and Ni** because these elements are representative heavy
metals of particular concern in industrial wastewater treatment
[39]. Important operating parameters were investigated, including
the carrier (D2EHPA) concentrations and the concentration of the
feed and strip solutions. Furthermore, the effects of co-ions from
binary and ternary ionic mixtures on the permeability were ex-

plored. The competitive mass transport behavior through the SLM
was also elucidated.

EXPERIMENTAL

1. Materials and Methods

Polypropylene (PP) porous membranes were obtained from Cel-
gard, LLC (2500, Charlotte, NC, USA) with a nominal porosity of
55%. Owing to high porosity, PP membranes can incorporate sig-
nificant amounts of metal ion extractant and therefore are com-
monly employed as a membrane support in SLMs [40,41]. ZnSO,-
7H,O was purchased from Scharlau (Barcelona, Spain), CuSO,-
5H,0 was purchased from YakuriPure Chemicals Inc. (Osaka,
Japan), and NiSO,-6H,0 was purchased from Showa Chemicals
Inc. (Tokyo, Japan). The aqueous feed solution contained Zn™,
Cu™ and/or Ni** metal ions with concentrations ranging from ca
0.2 mM to 20 mM (10 ppm to 1,000 ppm) and pH of 2. The strip-
ping solution was 0.9 or 1.8 M H,SO,, which was diluted from
concentrated H,SO, (from Showa Chemicals Inc.). D2EHPA was
purchased from Merck (Kenilworth, NJ, USA). Organic solvent
isopar-L (99%) was obtained from Exxon Mobile, Singapore, and
acetone from Sigma-Aldrich (St. Louis, MO, USA). All solutions
were freshly prepared with deionized (D.1.) water. All reagents were
used without further purification.
2. Liquid Membrane Preparation

The liquid membrane was prepared using slightly modified pro-
cedures from the literature [42-44]. The PP support was cut into a
circular disc with a diameter of 5 cm. After cleaning with acetone,
the PP film was placed in a Buchner funnel and 250 mL of isopar-
L containing various amounts (0-0.4 M) of D2EHPA was filtered
through the PP film by applying suction from an aspirator. After
this filtration process was repeated five times, the PP film was im-
mersed in the isopar-L solution of corresponding D2EHPA con-
centration and ultrasonicated for 30 min to ensure the pores in the
PP were fully filled with the isopar-L solution. The SLM-impreg-
nated PP film was removed from the isopar-L solution and the sur-
face was gently wiped with tissue paper to remove excess solution.
This cleaning step was done carefully to ensure that no solution
was lost from the membrane pores. A schematic diagram of the
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Fig. 2. Schematic representation of (a) SLM preparation, and (b) experimental setup for ion permeability measurement.

SLM preparation is depicted in Fig. 2(a).
3. Membrane Characterization

The PP film and that impregnated with SLM were examined
using Fourier transform infrared spectroscopy (FTIR, Tensor-27,
Bruker Corp, Billerica, MA, USA) to determine the chemical struc-
ture. The morphology and pore size distribution were analyzed using
scanning electron microscopy (SEM, JSM-7500E Japan Electron
Optics Laboratory Co., Ltd., Tokyo, Japan) and capillary flow porom-
eter (CFP, model 1500 AE, Porous Materials Inc., Ithaca, NY, USA).
4. Ion Permeability Measurement

The ion permeability was measured using a side-by-side diffu-
sion permeation cell [45,46], which consists of two identical jack-
eted reservoirs with 25 mL capacity each, separated by the SLM
(Fig. 2(b)). One reservoir (donor reservoir) was filled with salt feed
solution and the other (receiving reservoir) with H,SO, strip solu-
tion. Both the reservoirs were magnetically stirred at 300 rpm to
prevent concentration polarization at the membrane interfaces and
in the bulk of the solutions. The ion diffused from the donor to the
receiving reservoir due to the concentration gradient. This process
was conducted at 25+0.1 °C. A constant temperature was maintained
to avoid any variations in the ion permeation rate which might be
caused by changes in the aqueous and organic solution viscosities,
carrier loss (related to its solubility in aqueous phases) and solvent
evaporation [4748]. Each experiment was performed for 2.5h.
Sampling was done by withdrawing 0.1 mL aliquots from the donor
and receiving solutions at 0.5 h intervals to monitor the ion con-
centration. The ion concentration was determined using an induc-
tively coupled plasma optical emission spectrometer (ICP-OES, 710-
ES, Varian Inc,, Palo Alto, CA, USA). The slope was calculated
from the ion concentration in the receiving reservoir (strip solu-
tion) versus time plot. This linear regression coefficient, along with
the 95% confidence interval, was determined and normalized to
the initial feed concentration, strip solution volume, membrane
area and membrane thickness to obtain the ion permeability (B
cm’s™) [49]:

sV
P= (slope)EK )]
1

where ¢ is the membrane thickness (cm), V is the reservoir vol-
ume (cm?®), C, is the initial metal concentration (M) in the feed
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solution and A is the effective membrane area (cm?).

To study the co-ion effect on the ion permeation rate, binary or
ternary solutions containing ZnSO,, CuSO,, and/or NiSO, were
mixed and used as feed solutions. Equal ionic concentration (0.2,
2, or 20 mM) was used for binary and ternary solutions to evalu-
ate the feed concentration effect on the ion transport rate. The per-
meability ratios of any two of these ions can be used to calculate
the separation selectivity (c) [50]:

a=1] ©

P,
where P, and P, are the ion permeabilities of the two ions, respec-
tively.

The concentrations of the as-prepared feed solutions and sam-
pled aliquots from the strip solution were interpolated from the
calibration curves (Fig. S1) established from standard solutions.
Dilution could be made on these solutions so that the measured
readings were within the calibration curve range.

RESULTS AND DISCUSSION

1. Membrane Characteristics

The chemical structure of the PP support and liquid membranes
at different D2EHPA loads in isopar-L solvent were analyzed using
FTIR, and the results are shown in Fig. 3(a). All the spectra reflect
alkane structure of the PP support. The absorbance peaks at 2,850-
3,000cm™, 1,465cm™ and 1450 cm™ are due to alkanes stretching
[51], -CH, bending and -CH; bending [52], respectively. These sig-
nal became stronger with the presence of isopar-L, also isoalkanes,
in the liquid membranes compared with the PP support only. The
spectra of D2EHPA liquid membranes exhibited new characteris-
tic peaks of D2EHPA at 1,032 cm™ and 1,232 cm™', which belong
to -C-O-P- bending and P=O stretching, respectively [53-55]. These
peaks show higher intensities at higher concentrations of D2EHPA.
The FTIR interpretation confirms that D2EHPA was successfully
incorporated into the liquid membranes at different amounts.

The PP support showed elongated pores in the sub-micron diam-
eter range (Fig. 3(b)). Image] software was used to analyze several
SEM images, and average pores were found as 0.291x0.028 um,
with an average porosity of 10%. The pore morphology was more
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Fig. 3. (a) FTIR spectra of PP support and liquid membranes, (b) surface morphology, (c) cross-sectional image, and (d) hydraulic pore

diameter distribution of porous PP support.

elongated than that reported in Surucu et al. [56]. The PP had
uniform thickness of 24-25 um (Fig. 3(c)). The hydraulic diame-
ter distribution was analyzed using CFP and more than half of the
pores were found to be in the 0.04-0.05 um range, as shown in
Fig. 3(d).
2. Effects of Carrier and Strip Solution Concentrations on
Ion Permeability

In the first test the Zn™* permeabilities were measured through
the SLM as a function of the carrier (D2EHPA) concentration using
2 mM single salt solution as the donor solution and 0.9 M sulfuric
acid aqueous solution as the receiving solution. The results are shown
in Fig. 4. When pure isopar-L solvent (containing no D2EHPA)
was used as the liquid membrane phase, the Zn* transported at a
slow rate, with a permeated concentration of <0.02 mM in 2.5 h.
The Zn®* permeability was determined as 1.08+0.18x10™* cm’s™".
As 0.06 M D2EHPA was added to the isopar-L solvent, this car-
rier formed a complex with Zn™* [57], which could easily diffuse
through the organic solvent (Fig. 1) and the permeation rate was
increased. The Zn® permeability was raised to 7.88+0.81x10™* cm’
s, a seven-fold increase than that without D2EHPA. As the
D2EHPA concentration was increased to 0.2 M, the Zn** permea-
bility increased to 1.66+0.012x107" cm’ s, a fifteen-fold increase
from the control (pure isopar-L). These data confirmed the effi-
ciency of D2EHPA in facilitating Zn*" transfer through the organic
solvent. A similar trend was also seen when Bhatluri et al. [58] var-
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Fig. 4. Permeated Zn"* concentration increase with time under low
strip concentration and at different D2EHPA loads in isopar-
L solvent. Donor phase: 2mM Zn’" ion; membrane: D2EHPA
in isopar-L; receiving phase: 0.9 M H,SO,.

ied carrier concentrations in the 0-0.5% (v/v) range during an SLM-
based separation of cadmium from wastewater. It was reported
that an increase in carrier concentration up to 0.5% (v/v) resulted
in higher Cd** extraction and recovery. Since more carrier mole-
cules react with metal ions at the feed-membrane interface, the
rate of transportation increases.

Korean J. Chem. Eng.(Vol. 36, No. 8)
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Fig. 5. Permeated Zn™* concentration increase with time under high
strip concentration and at different D2EHPA loads in isopar-
L solvent. Donor phase: 2mM Zn** ion; membrane: D2EHPA
in isopar-L; receiving phase: 1.8 M H,SO,.

The next test was to evaluate the effect of strip solution concen-
tration. The H,SO, concentration was increased from 0.9 M to 1.8 M
and the results are presented in Fig. 5. When the D2EHPA con-
centration was maintained at 0.2 M, the Zn"" permeability was deter-
mined as 2.78+0.30x10” cm’ s ', an increase by 67% from the lower
H,SO, concentration (0.9 M). The higher H,SO, concentration
helped the D2EHPA-Zn complex dissociate and exchange back to
D2EHPA acid form [57] at the organic membrane and receiving
phase interface (Fig. 1). The H,SO, was then transformed into
ZnSQ,; thus, the metal ions were transferred from the feed to the
strip solution (Fig. 1). When the D2EHPA concentration was in-
creased to 0.4 M, the Zn** permeability was further increased six-
fold to 16.5+1.2x10” cm’ s™'. In the following experiments, the
D2EHPA concentration in the isopar-L was maintained at 0.4 M
and the strip H,SO, concentration was 1.8 M to enhance ion per-
meation rates.

3. Single Ion Permeability
The Zn*, Cu™", and Ni** permeabilities were measured through

25

Concentration (mM)

Time (h)

Fig. 6. Permeation of high-concentration (20 mM) of single Zn”",
Cu™, and Ni** ions through SIM at various times (1.8 M of
initial H,SO, concentration in receiving solution and 0.4 M
D2EHPA in isopar-L in membrane phase).
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Fig. 7. Permeabilities of Zn’*, Cu™, and Ni** from single solutions
of various concentrations (with 1.8 M of initial H,SO, con-
centration in strip solution and 0.4 M D2EHPA in isopar-L
for membrane phase). Error bars indicate 95% confidence
intervals.

the SLM using 20 mM solution containing a single salt as the feed,
0.4M D2EHPA in the membrane phase, and 1.8 M sulfuric acid
aqueous solution as the receiving solution. The transport concen-
trations of Zn”" ions through SLM increased linearly with time and
increased to 2.19 mM at 2.5 h operation (as shown in Fig. 6). The
same trend was observed for Cu™" transport: permeated Cu’" ion
concentration linearly increased to 1.78 mM in 2.5h (Fig. 6). The
permeability values of Zn** and Cu’" were similar: 9.83+0.57x10””
cm’ s and 9.01£2.33x107 cm’ s for Zn™" and Cu™, respectively
(Fig. 7). On the other hand, the transport concentration of Ni** ions
was only 0.18 mM after 2.5 h (Fig. 6), corresponding to a Ni** per-
meability of 1.17+0.20x10”" cm’ s* (Fig. 7).

As the ion concentration was reduced to 2 mM, the Zn**, Cu™,
and Ni** permeabilities were measured as 16.5+1.2x10 cm’ s,
11.8+451x10”7 cm’ s and 3.9621.06x107 cm” s, respectively; as
shown in Fig. 7. Further reducing the feed ion concentration to
0.2mM, the Zn*', Cu™*, and Ni** permeabilities were measured as
6.67+1.63x10” cm” 57!, 6.32+2.01x107 cm’ s, 345+1.58x10”
cm’ s, respectively (Fig. 7).

The separation selectivity (¢) indicates the relative permeability
of any ion pairs. An ¢ value close to unity means no separation
efficiency using the SLM process, whereas a large or small value
implies the ions can be separated due to differentiation of their
transport rates. Here o values based on single solution () are
used to represent the intrinsic properties of the ions without co-
ion interference. The data are summarized in Table 1. It is clear
that the @,y values of the Zn/Cu pair were almost 1.0 for 0.2-
20mM solutions, meaning the permeation rates between Zn®*
and Cu®* were similar. At low concentration (0.2 mM), the Qingle
values for Cu/Ni and Zn/Ni pairs were 1.83 and 1.93, respectively.
At medium concentration (2 mM), the @, values for Cu/Ni and
Zn/Ni pairs were increased to 2.98 and 4.16, respectively. At high
concentration (20 mM), these values further increased to 7.70 and
841.

Zn*, Cu™, and Ni** have ion radii of 0.074 nm, 0.072 nm, 0.070
nm, and hydrated radii of 0.430 nm, 0.419 nm, 0.404 nm, respec-
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Table 1. Selectivity (ratio of permeability for particular ion pair) from single, binary, and ternary solutions of 0.2, 2, and 20 mM
0.2mM 2mM 20 mM

Concentration

asingle abinary 6‘(siﬂgle abinary a[emury asingle abinury arernary
Zn/Cu 1.05 1.98 1.39 1.25 10.2 1.09 2.87 212
Cu/Ni 1.83 1.22 298 4.63 0.37 7.70 2.80 1.27
Zn/Ni 1.93 1.37 4.16 3.46 3.81 841 58.2 27.0

tively [59]. Considering the diffusivity factor, the smaller ions may
diffuse faster into the feed-membrane interface (Fig. 1). Accord-
ingly; the larger Zn*" ions with slower transport may result in lower
permeability, while the smaller Ni** ions permeate faster. How-
ever, we found that Zn*', Cu*", and Ni** permeabilities at different
concentrations were not correlated with the size of the ions (Fig.
7). The Zn** permeabilities ranked top and the Ni** was the slow-
est species. Therefore, the ion transfer rate might be mainly attributed
to the ion affinity with the D2EHPA carrier (Fig. 1). A particular
carrier exhibits pH-dependent extraction behavior towards differ-
ent cations [60]. According to the literature [61,62], the D2EHPA
extraction rate favors Zn** under acidic condition (pH around 2).
When the pH was increased to 4 or higher, Cu** could be extracted
at 90%, whereas Ni*" was extractable in a pH>6 solution. As the
feed solution was at pH 2, it is expected that the D2EHPA mostly
favors Zn** ion transport and least favors Ni**. Our results are in
agreement with this prediction, although the permeability for Zn**

25

®Zn mZn(Ni+Zn) aZn(Zn+Cu)

Concentration (mM)

1.5 2
Time (h)

(@)

0.25

25

and Cu’" is not significantly different in this work.

Another finding about single ion permeability is that the per-
meability at 2mM resulted in the highest permeability values for
these three jons (Fig. 7) among the tested concentrations. One would
expect that higher feed concentration may facilitate dissolution and
complex formation in the isopar-L phase. Here this is not the case.
We speculate that overdosing ion concentration may increase vis-
cosity in the feed and membrane phases, resulting in higher mass-
transfer resistance and lower diffusivity and permeability. Besides,
the limited amount of the carrier (0.4 M D2EHPA) became more
inadequate for the higher ion concentration (20 mM), leading to
lower ion permeability at this concentration. A similar behavior of
the ion transport decrease at overdosing ion concentrations due to
the saturation of the membrane phase also is reported in the liter-
ature [63-65].

4. Ion Permeability from Binary Solutions
Fig. 8(a) shows the Zn*" concentration increase with time from
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Fig. 8. Permeated ion concentrations of single and binary (a) Zn™, (b) Cu™, and (c) Ni’" ions through SLM from 20 mM solutions (with
1.8 M of initial H,SO, concentration in strip solution and 0.4 M D2EHPA in isopar-L for membrane phase).
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Fig. 9. Permeabilities of Zn>*, Cu’*, and Ni** from binary solutions
of various concentrations (with 1.8 M of initial H,SO, con-
centration in strip solution and 0.4 M D2EHPA in isopar-L
for membrane phase). Error bars indicate 95% confidence
intervals.

binary salt solutions, along with that from ZnSO, single solution
for comparison. Compared with the Zn™* permeability (P,) of 9.83+
0.57x10”"cm’ s™' from the single solution (as shown in the previ-
ous section), the presence of co-ions of Ni** or Cu*" decreased the
Zn™ permeability. When Ni** was present in the feed solution, the
Zn’™" ions permeated at a slower rate, resulting in an average per-
meability P,y of 8.73+0.81x10 " cm’ s ' (Fig. 9). With the pres-
ence of Cu”* co-ion, the Zn™* ions permeated at an even slower rate,
with a permeability P, of 7.35+0.36x10"° cm’ s™* (Fig. 9).

The Cu®* concentration increased with time from the binary
solutions, as shown in Fig. 8(b). The permeability of single Cu’*
ions, P, was determined as 9.01+2.33x10” cm” s (previous sec-
tion). When Zn”* was present in the feed solution, the Cu’" ions per-
meated at a significant reduced rate and the average permeability
Peyzy Was calculated to be 2.56+0.95x107 cm’ s~ (Fig. 9). With
the presence of Ni** co-ion, the Cu** ions permeated at an even
slower rate, resulting in a permeability Py, of 0.89+0.08x10” cm’
s (Fig. 9).

As shown in the previous section, single Ni** ions transported
with a permeability of 1.17+0.20 cm’ s™'. When Zn" or Cu’™* was
present in the Ni** solution, the permeating Ni** ions from the binary
solutions exhibited slower diffusion rates than the single solution
(Fig. 8(c)). The average permeability of Py, and Py, was 0.15+
0.06x10”7 cm’ s and 0.35+0.01x10 °cm’ s, respectively (Fig, 9).

An interference effect of the second metal was also observed in
another work [58]. Simultaneous transport of mixed feed with vari-
ous mass ratios (Cd:Pb) showed both the extraction and recovery
were less than those of pure metals. This tendency is explained by
the presence of a higher proportion of one metal decreasing the
amount of available driving force (concentration difference) for
transport of the other metal in a binary mixture. Another possible
explanation is that the competition between the two metals to form
complexes with the fixed amount of the carrier (0.4 M D2EHPA)
reduced permeability rates of both the metals.

The ion permeabilities from less concentrated binary solutions
(0.2 and 2 mM) are summarized in Fig. 9. Again, the ion permea-
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bilities were higher in the 2 mM solutions than those in the 0.2 and
20 mM. In the low concentration (0.2 mM), the ion permeabili-
ties were in a similar range. In the medium concentration (2 mM),
Ni** permeabilities were significantly lower than Zn** and Cu™
ions. At 20 mM solution, the Zn** permeabilities were higher than
those of Ni** and Cu”* ions.

From the binary mixtures, the permeability ratios of co-existing
ions can be used to calculate the actual selectivity (G%ua,) in that
particular ion pair, as shown in Table 1. The @4, values from 0.2
and 2 mM solutions were not significantly different (1.22-4.63). As
the feed concentration was increased to 20 mM, permeation be-
tween Zn®* and Ni** became differentiable. The ions in the high
concentration feed would compete for the limited amount of
D2EHPA for complexation and diffusion. Zinc ions have strong
affinity with D2EHPA at the low pH value and form complexes at
a higher level than Ni**. Therefore the Olyinary Value for the Zn/Ni
pair was significantly improved.

6 0.4
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Fig. 10. Time resolved permeated Zn"" (left axis), Ni"* and Cu’* (right
axis) concentrations from 20 mM, ternary mixture of Zn’",
Cu”* and Ni** solutions (1.8 M of initial H,SO, concentra-
tion in receiving solution and 0.4 M D2EHPA in isopar-L

in membrane phase).
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Fig. 11. Permeabilities of Zn**, Cu’", and Ni** from ternary solu-
tions of 2 and 20 mM (with 1.8 M of initial H,SO, concen-
tration in strip solution and 0.4 M D2EHPA in isopar-L for
membrane phase). Error bars indicate 95% confidence
intervals.
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5. Ion Permeabilities from Ternary Solutions

The ternary mixtures containing 20 mM of ZnSO,, CuSO, and
NiSO, were fed to the permeation cells and the ion permeation
rates were determined. The transported Zn™* concentration through
the SLM increased to 5.00 mM after 2.5 h (as shown in Fig. 10). The
permeability of Zn** was 21.88+4.46x10”" cm’ s~ through SLM
(Fig. 11), which was higher than that from single and binary solu-
tions. The permeated concentrations of Cu** and Ni** were 0.19
mM and 0.17 mM, respectively, at 2.5 h (Fig. 10). The permeability
of Cu”" and Ni** was 1.03+0.72x10” cm” s™* and 0.81+0.20x10”
cm’® 57, respectively (Fig. 11). The Zn/Cu and Zn/Ni selectivity
values from the ternary mixtures reached values of 21.2 and 27.0,
respectively (Table 1).

The ternary mixtures containing 2mM of ZnSO,, CuSO, and
NiSO, were also fed to the permeation cells and the ion permeation
rates were determined. The permeability values of Zn*, Cu™*, and
Ni** were 17.58+2.97x107 em’ s, 1.73+0.59x10” e’ s, and 4,61+
1.08x1077 cm’ s, respectively; as shown in Fig. 11.

Under acidic conditions, the D2EHPA tends to extract Zn’" ions
and inhibit Cu™* and Ni** ions [61]. Conversely, D2EHPA favors
extracting the Ni** ions under alkaline conditions [23,66]. It can
be explained that the acidic environments in the donor phase (pH
2) and strip phase (H,SO, 1.8 M) greatly enhanced the transport
of Zn™" ions. This preferred transport toward Zn’* is especially inten-
sified in the ternary solutions and at high feed ionic concentrations
(Table 1).

Fig. 11 summarizes the ion permeabilities from ternary solutions
of 2mM (equivalent to 6x10™° mole for each ion) and 20 mM (6x
10™* mole for each ion). The Zn** permeability in the concentrated
feed was improved and the Cu** and Ni** permeabilities were sup-
pressed. As more favorable Zn* ions were present in the feed, the
D2EHPA (equivalent to ~10~ mole) would prefer the complex for-
mation with Zn®*, with little carrier available for Cu** and Ni’**. There-
fore, the Cu”* and Ni*" transports resembled those with D2EHPA-
lean circumstances (Fig. 4), with permeability values approaching
ca 10 cm’s™.

Table 2 shows a summary comparison on various metal ion
permeation and selectivity using SLMs. It can be observed that ion
flux/permeability coefficients and selectivity orders varied accord-
ing to composition and characteristics of the feeds, SLMs and strips.
In the SLMs with D2EHPA carrier [67,68], Ni** permeated less than
Zn™ or Cu™, which was in agreement with this studys findings.
However, the ion permeation rates of single solutions reported by
Molinari et al. [67] displayed a slightly different order from that of
the present study, ie., Cu’">Zn* vs. Zn*">Cu™. It might be related
to its higher feed pH of 3.5, at which the D2EHPA favored more
Cu’* transport. This study demonstrated ion selectivity of several
unities to several tens, consistent with most of the other works
[22,23,33,67,68]. By working on various multi-ionic solutions (sin-
gle, binary and ternary) of various ionic concentration (0.2 mM,
2mM and 20 mM), the present study disclosed that extracting
Zn’™* from Cu™ and/or Ni** mixtures was most efficient from ter-
nary ionic mixes of high concentrations. The SLM impregnated
with D2EHPA in this study therefore has great potential for sepa-
rating actual Zn-rich effluents, which are usually multi-compo-
nent and/or highly concentrated systems.

CONCLUSIONS

The ionic permeabilities of Zn™*, Cu**, and Ni** were measured
through supported liquid membranes, consisting of D2EHPA in
isopar-L solvent. Increasing the D2EHPA or H,SO, strip solution
concentration can improve the ion transport rates. Single, binary,
and ternary mixtures of these salts were prepared at 0.2, 2, and 20
mM concentrations and the ionic permeability and selectivity (c)
were measured. The ionic permeability was in the 107-10° cm’ ™"
range. From single solutions, Zn** and Cu*" exhibited comparable
permeability while Ni** was the least permeable ion. For binary
mixtures, the low concentration (0.2 mM) solutions did not differ-
entiate between the ions (<2). In 2 and 20 mM binary solutions,
Zn™* was the fastest permeating species and the selectivity of ion
pairs was higher than those with 0.2 mM feed solutions. The selectiv-
ity was significantly improved in the ternary mixtures, without
sacrificing the fast-permeating Zn’" ion transport rate. Overall, the
supported membrane containing D2EHPA is efficient for extract-
ing Zn™" from ionic mixtures.
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Fig. S1. Calibration curves of Zn**, Cu**, and Ni’* using ICP-OES.
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