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Abstract: Acid mine drainage (AMD) is globally recognized as one of the environmental pollutants
of the priority concern due to high concentrations of toxic metals and sulfates. More rigorous
environmental legislation requires exploitation of effective technologies to remove toxic metals from
contaminated streams. In view of high selectivity, effectiveness, durability, and low energy demands,
the separation of toxic metal ions using immobilized membranes with admixed extractants could
ameliorate water quality. Cellulose triacetate based polymer inclusion membranes (PIMs), with
extractant and plasticizer, were studied for their ability to transport of As(V) ions from synthetic
aqueous leachates. The effects of the type and concentration of extractant, plasticizer content, and
sulfuric acid concentration in source phase on the arsenic removal efficiency have been assessed.
Under the best of applied conditions, PIM with Cyanex 921 as extractant and o-nitrophenyl octyl
ether (0-NPOE) as plasticizer showed high repeatability and excellent transport activity for selective
removal of As(V) from AMD.

Keywords: arsenic; acid mine drainage; polymer inclusion membranes

1. Introduction

Mining of minerals is associated with acid drainage problems that can give rise to long-term
impairment to aquatic environment and biodiversity. Acid mine drainage (AMD) is produced when
sulfide-bearing material is comes into contact with oxygen and water [1]. It can be characterized as
acidic water (pH < 2) with high concentrations of sulfate and various metals and metalloids [2—4].
Penetration of AMD into surface and ground waters is a critical environmental issue and often results in
biotic degradation of water bodies around the abandoned mines through, e.g., direct toxicity, changes
of habitats, and in the nutrient cycle, leading to unsuitability of water resources for use in housing,
agriculture, and industry [5-7]. The acidification and leaching of toxic elements like metals and arsenic
are mainly reasons for the environmental degradation. The region of AMD sites includes polluted soil
and groundwater that threatens the flora and fauna [8]. Acidic (ground)water can be detrimental to
both aquatic and terrestrial organisms [9], and it may trigger the mobilization of diverse metals and
metalloids [10]. As a result, the AMD pose an environmental and health threats and a major challenge
to clean up hazardous pollutants [11].

Arsenic (As) being a common AMD pollutant is a naturally occurring metalloid very mobile in the
environment. Its mobility largely depends on the parent mineral form, oxidation state, and mobilization
mechanisms [12]. Arsenic exists in the —3, 0, +3 and +5 oxidation states; however, arsenite (As(III) and
arsenate (As(V)) are the most frequently found in water [13-16]. Due to slow redox transformations,
they are present in both reduced and oxidized environments. In the case of anaerobic (reduced)
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conditions, e.g., groundwater and sediment, arsenic is present mainly as arsenite, while arsenate
is dominant in oxidative environments (e.g., surface waters) [17]. The pH also plays an important
role in determining the state of arsenic in aqueous solutions [18]. Arsenic is well known for its toxic
effects [8,19,20]. It may lead to the noxious impacts on human health like skin defects, disturbances of
blood circulation, neurological problems, diabetes, difficulties with breathing, and hepatic and renal
abnormalities [21].

Typical processes for treating AMD rely on arsenic removal via oxidation, precipitation, and separation [22,23].
Techniques applied conventionally to remove arsenic species from water include, oxidation, coagulation—
flocculation, ion exchange adsorption, and membrane techniques [24]. Recently, advances in nanoscience
and nanotechnology have triggered the development of various nanomaterials as novel adsorbents of
heavy metals and arsenic from aqueous solutions, including AMD [25,26]. Bioremediation of arsenic
contaminated soil and (ground)water is advantageous related to its environmental affinity and possible
cost benefits. It is based on microbial activity to remove, mobilize, and hold arsenic through sorption,
biomethylation-demethylation, complexation, coprecipitation, and oxidation-reduction processes [27].

The current development of AMD passive treatment systems has recently been reviewed by
Skousen et al. (2017) [7]. Long-term, effective passive AMD treatment systems based on geogenic (geochemical
and biological) processes allow for acidity neutralization, oxidation, or metals and arsenic reduction and
precipitation, and are suitable for small and medium AMD discharges. Constructed wetlands, including
vertical flow wetlands and bioreactors as examples of passive biological treatment technologies, are
generally related to microbial activity and can use organic matter to stimulate microbial sulfate
reduction and contaminants adsorption. In the case of passive geochemical systems, on the other hand,
alkalinity-generating materials, e.g., limestone, come into contact with AMD or with uncontaminated
water above the AMD discharge [7].

Sulfate reducing bacteria (SRB) are used for in situ AMD treatment; however, the choice of organic
substrate as a carbon source affects the process efficiency [28]. Permeable reactive barriers (PRB) are
considered innovative to treat AMD [29]. To treat AMD with metals contamination the PRB is generally
composed of solid organic matter, such as, municipal/leaf compost and wood chips/sawdust. Organic
matter enhances the proliferation of sulfate-reducing bacteria that may reduce sulfate to sulfide, and the
subsequent formation of insoluble metal sulfides [30].

The effective removal of metal ions from aqueous waste streams can be obtained by applying a
polymer inclusion membranes (PIMs) technique. Separation of metal ions using this membrane system
is a multi-stage process including extraction of the substance from the source phase, diffusion of the
resulting complex through the membrane and re-extraction into the receiving phase [31]. PIM is created
in the form of thin, flexible, and stable film by molding a solution containing an extractant (an ion
carrier), a plasticizer and a base polymer, such as cellulose triacetate (CTA) or polyvinyl chloride (PVC).
The obtained membrane provides the barrier dividing source and receiving aqueous phases [31-35].

The PIM separation properties are advantageous due to high membrane selectivity with its increased
durability. The membrane stability is due to the immobilization of extractant in the solid polymer
matrix, while its high permeability is provided by addition of the plasticizer [31]. In addition, PIMs are
characterized by mechanical strength comparable to that of filtration membranes. An important feature
of PIM-based system is the possibility of modifying membrane composition to gain the appropriate
selectivity and separation efficiency. The other advantages of PIM technique include ease of operation
and minimum use of hazardous chemicals [36,37].

Guell et al. (2011) [38] studied the transport of arsenate from water samples across the PIM composed
of CTA and Aliquat 336, and using 0.1 M NaCl as a receiving phase. They found that As(V) transport
efficiency was not affected by presence of co-existing anions in natural waters. Vera et al. (2018) [39] using
PIM made of 52% CTA, 48% Aliquat 336 (w/w), and 2 M NaCl as a receiving phase obtained As(V) removal
efficiency within the range of 53-81% in different water samples. Moreover, they noted that transport was
not dependent on the kind of polymer and the membrane thickness [39]. The transport of arsenate ions
has been also investigated by De Lourdes Ballinas et al. (2004) [40] using a PIM based on CTA and dibutyl
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butyl phosphonate (DBBP) as the carrier. High arsenic recovery factor (90% in 800 min) was obtained for
an initial As(V) concentration of 3000 mg/L and the receiving solution contained 2 M LiCl.

In this work the removal of As(V) ions from synthetic aqueous leachates (sulfuric acid solutions)
by transport through PIM has been studied. The membrane consisted of cellulose triacetate (CTA) as
the polymeric support, o-nitrophenyl octyl ether (--NPOE) as the plasticizer, and solvating extractants
as ion carriers. The effects of various parameters on the removal efficiency of arsenic were studied,
including the plasticizer content, type, and concentration of a carrier in the membrane, and the sulfuric
acid concentration in the source phase. Moreover, in order to extend the applicability of the separation
technique, we have evaluated reusability of PIM, and tested the PIM-system for selective removal of
arsenic from a real AMD sample.

2. Materials and Methods

2.1. Reagents

Inorganic chemicals, i.e., arsenate(V) sodium (NayHAsO4-7H,0), sodium chloride (NaCl),
and sulfuric acid (HSOy4) of analytical grade were purchased from POCh (Gliwice, Poland). Organic
reagents, i.e., cellulose triacetate (CTA), o-nitrophenyl octyl ether (0-NPOE), and dichloromethane (DCM)
were also of analytical grade, purchased from Fluka (Buchs, Switzerland) and used without further
purification. Aqueous solutions were prepared with double distillation water, with a conductivity of
0.1 uS/cm. The carriers: DBBP (CH3(CH;);P(O)[O(CH;)3CHj3],) and Cyanex 921 (|[CH3(CH;)7]3PO)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation Of Polymer Inclusion Membranes and Stability Test

The preparation pf polymer inclusion membranes was carried out based on the procedure previously
described [31]. To prepare PIMs, the following solutions were used (in DCM as an organic solvent):
cellulose triacetate (CTA) as a support, o-nitrophenyl octyl ether as a plasticizer, and DBBP and Cyanex 921
as ionic carriers. The defined volumes of the CTA solution, plasticizer, and carrier were mixed, and this
mixture was poured in to a 5.0 cm glass ring attached to a plate glass with CTA—dichloromethane glue.
The glass ring was left to rest overnight to DCM evaporate in room temperature. The obtained membrane
was disconnected from the glass plate by wetting in cold water. The effective surface area of the membrane
was of 4.9 cm?. The membrane thickness was measured with an accuracy of 1.0 um standard deviation
over four readings by A2002M type digital ultrameter from Inco-Veritas (Warsaw, Poland). The average
CTA membrane thickness was of 24 um.

The stability of PIMs was investigated in terms of mass loss, which is related to the leaching of
carrier and/or plasticizer. For that, PIMs were immersed in 100 mL of ultrapure water and was shaken
for 24 h. Membranes were weighed before and after this procedure, and the mass loss was calculated.
The membrane masses were also examined before and after arsenic ions transport.

2.3. Transport Studies

Transport experiments were carried out in a permeation cell described in our earlier paper [31]
using a two-compartment cell where the membrane film was tightly clamped between the source
and receiving phases. The source phase was of an aqueous solution of As(V) in sulfuric acid media
(50 cm®) whereas the aqueous receiving phase was 1.0 M sodium chloride (50 cm3). The experiments
were performed at a room temperature (23-25 °C) and both source and receiving aqueous phases were
agitated at 600 rpm with synchronous stirrers. Samples of aqueous phases were removed periodically
via a sampling port with a syringe and analyzed to determine the As(V) concentration. The acidity of
both aqueous phases was controlled by pH-meter (multifunctional pH-meter, CX-731 Elmetron, with a
combine pH electrode, ERH-136, Hydromet, Poland) [31,35].
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Kinetics of the transport process through PIM is described by a first-order reaction in respect to a

metal ion concentration [41]:
1n(i) — —kt )
o

where c is the metal ion concentration (mol/dm?) in the source phase at a given time, ¢ is the initial
As(V) concentration in the source phase (mol/dm?3), k is the rate constant (s™1), and t is the transport
time (s).

To calculate the k value, a graph of In(c/c() versus time was plotted. The relationship of In(c/cg)
versus time was linear, which was confirmed by high values of determination coefficients (r?),1i.e.,>0.99.
(Figure 1). The permeability coefficient (P) was calculated as follows [31,35,42]:

1%
P ="k @)

where V is the volume of aqueous source phase (m?), and A is the surface area of membrane (m?).
The initial flux (Jy) in (umol/m?s) was determined as equal to

Jo = Pcg 3)

To describe the efficiency of metal ion removal from the source phase, the recovery factor (RF)

was calculated as
cop—¢C

RF = -100% @)

o
The metal ions concentrations were measured by flame atomic absorption spectrometry (Solar 939,
Unicam, Munich, Germany) and the sulfate concentration was determined by ion chromatography
(861 Advanced Compact IC, Metrohm, Herrisau, Switzerland). The reported values correspond to the
average of duplicates, and the standard deviation observed was within 2%.
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Figure 1. The relationship of In(c/cg) vs. time for arsenic transport across polymer inclusion membranes
(PIM). Source phase: 1.0-1072 M As(V), 1.0 M H,SO,; membrane: 19 wt.% of cellulose triacetate (CTA),
3 wt.% of Cyanex 921, 78 wt.% of 0-NPOE; receiving phase: 1.0 M NaCl
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3. Results and Discussion

3.1. Kinetics of As(V) lons Transport through Polymer Inclusion Membranes

The changes of concentration of As(V) ions in the source, receiving and the membrane phases were
analyzed to determine their transport through PIM containing Cyanex 921 by creating a concentration
profile of the metal as a function of time (Figure 2). The obtained exponential curves of ¢/cy to time
corroborates the kinetic model of metal ions transport suggested by Danesi et al. (1984) [41]. Figure 2
indicates that the transport of As(V) ions across membrane was speedy and parallel. The lack of the
metal ions aggregation in the membrane phase was also noted.

1.00 —m— source phase
' —@— receiving phase
—A— membrane
0.75
SO
S 0.50
0.25
0.00
1 1 1 1 1
0 2 4 6 8
Time, h

Figure 2. The profile of As(V) concentrations in the source phase, membrane and receiving phase
during transport through PIM. Source phase: 1.0-1072 M As(V), 1.0 M H,SO,; membrane: 19 wt.% of
CTA, 3 wt.% of Cyanex 921, 78 wt.% of 0-NPOE; receiving phase: 1.0 M NaCl.

3.2. Effect of Membrane Composition

The transport through PIMs is mainly affected by the following factors: the composition of the
membrane and selection of appropriate receiving phase [42]. The effect of the type and content of ion
carriers in PIM on As(V) ions transport was studied. Membranes with a predetermined content of CTA
(25 mg-19 wt.%) and plasticizer (77 wt.% of o-NPOE) were synthesized, while the concentration of
carrier (DBBP or Cyanex 921) in the membrane was ranged from 1 to 8 wt.% (from 0.01 to 0.30 M with
respect to the plasticizer volume). The 0-NPPE was chosen as the plasticizer due to its low viscosity
and a high dielectric constant. Plasticizer is a solvent for an ion carrier (extractant) and enhances the
flexibility and permeability of the membrane. In turn the mechanical strength of the membrane is given
by the CTA polymer [43]. The presence of carrier is essential for the facilitated transport of arsenic ions
through the membrane. This fact was confirmed by results of blank experiments (in the absence of
carrier), which showed no significant flux across PIM containing only the support and plasticizer.

Figure 3 shows that the transport of As(V) increased as the carrier concentration increased.
However, this effect stopped at a concentration of 0.15 M (4 wt.%). The fluxes tended to a constant
value at higher carriers concentrations, which was probably due to saturation of the membrane pores
with metal complex species. These results indicate that the arsenic removal in the PIM system occurred
in the following steps. Firstly, the metal ions moved from the source phase to the boundary layer of
the membrane. Then, the complex As(V)-extractant was formed at the source solution-PIM interface.
Finally, the As(V)-carrier complex transferred through PIM and As(V) was released at the PIM-receiving
solution interface [44]. The arsenic transport process occurred in the presence of the carrier (extractant)
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contained within the membrane phase, so the coupled facilitated transport took place [45]. The carrier
reacted with arsenic ions producing a complex which was transported through the membrane. The pH
gradient between source and receiving phases was the driving force for the transport of metal ions
across PIM [46]. The highest flux values were of 0.96 for DBBP and 1.30 pmol/m?s for Cyanex 921.
The highest RF values (i.e., 89.0% and 95.8%) were obtained for membranes with the 0.15 M carrier
concentration (DBBP and Cyanex 921, respectively) (Figure 4). The lower RF values were for carrier
concentrations greater than 0.15 M, which can be explained by the effect of increasing membrane
viscosity; a higher viscosity of the membrane limited the diffusion of the As(V)—carrier complex within
the membrane phase. Based on these results, for further experiments, the Cyanex 921 as ion carrier

was used.
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Figure 3. The As(V) fluxes vs. ions carriers concentration in the PIM. Source phase: 1.0-1072 M As(V),
1.0 M H,SO4; membrane: 19 wt.% of CTA, 77 wt.% of 0-NPOE; receiving phase: 1.0 M NaCl.
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Figure 4. Recovery factor (RF) of As(V) ions vs. carrier concentration. Source phase: 1.0-1072 M As(V),
1.0 M H,SOy4; membrane: 19 wt.% of CTA, 77 wt.% of 0-NPOE; receiving phase: 1.0 M NaCl.
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The Cyanex 921 extractant is composed of tri-n-octylphosphine oxide with a molecular weight of
386 [45]. In a liquid membrane system, Cyanex 921 can extract both acids and metal complexes [34,47].
The decrease in pH of the receiving phase over time indicated that protons H* from sulfuric acid were
transferring to NaCl solution, acidifying it. However, this coextraction did not affect the As(V) stripping.

The effect of the plasticizer amount in PIM on As(V) ions transport was also examined. For this
purpose, the membranes with constant carrier concentration of 0.15 M and different contents (0.5-2.0 cm3)
of 0-NPOE/1.0 g CTA (63-87 wt.%) were prepared. Figure 5 shows the relationship between fluxes and
amounts of 0-NPOE. With the increasing amount of plasticizer, the fluxes increased. This trend had
been kept until reaching a specific value of plasticizer in the membrane (1.0 cm® 0o-NPOE/1.0 g CTA, 77
wt.%). A further increase of the plasticizer amount was related to an increase of the thickness of PIM
which probably reduced the permeability of the membrane. This resulted in a limiting the diffusion rate
of metal complexes through membrane and a visible decrease in transport efficiency.
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Figure 5. The effect of 0-NPOE plasticizer on As(V) transport through PIM containing Cyanex 921.
Source phase: 1.0-1072 M As(V), 1.0 M H,SO4; membrane: 19 wt.% of CTA, 4 wt.% of Cyanex 921;
receiving phase: 1.0 M NaClL

The highest RF factor of As(V) (95.8%) was achieved by transport through the PIM composed
as follows: 19 wt.% of cellulose triacetate as the support, 4 wt.% of Cyanex 921, and 77 wt.% of
o-nitrophenyl octyl ether as the plasticizer. Therefore, such PIM composition has been referred to as
“optimal” and used in our further tests.

The image (3-D scan) obtained by atomic force microscopy (AFM) for membrane with an “optimal”
composition is shown in Figure 6b. The colour intensity represents a vertical profile of the sample; the
light areas indicate the highest spikes while dark areas the pores (organic inclusion in CTA support).
The pores are noticeable as small well-defined dark regions. On the other hand, the membrane from
CTA itself (Figure 6a) is non-porous and only slightly creased. The middle sized pores estimated for
the optimal PIM were equal to 0.05 um.

The stability of “optimal” PIM was investigated in terms of the extent of leaching of its components
(the carrier and plasticizer) from the membrane to ultrapure water. Membrane mass loss was found to
be 7 + 1% (n = 2), which indicated good resistance of membrane components to migration from the
base polymer. Plasticizer (o-nitrophenyl octyl ether), as a member of phthalate esters group, hydrolyzes
below pH 5 and above pH 7. The degree of hydrolysis increases with increasing or decreasing pH and
with longer contact times [48]. In our study (at acidic source phase), membrane mass loss after 8 h of
As(V) transport was of 9 + 0.4% (n = 2), which demonstrated that the plasticizer was properly bound
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to the polymer. Otherwise, in the case of significant leaching, due to toxicity of the phthalates [49], it is
not necessary to use the plasticizer at the pilot or industrial scales.

20.000 nm
100.000 nm

0.4

0.6
0.8

“um

(a) (b)

Figure 6. The 3-D image of atomic force microscopy (AFM) for CTA membrane (a) and “optimal”
polymer inclusion membrane (b).

3.3. Modification of the Source Phase Acidity

The effect of sulfuric acid concentration in the source phase within the range of 0.01-2.0 M on As(V)
ions transport through PIM was examined. As is seen in Figure 7 the arsenic removal efficiency increased
with rising acidity of the source phase, reaching a maximum of 95.8% at the H,SO, concentration
of 1.0 M. This can be explained by the fact that in acidic conditions (pH < 2), As(V) is found in the
form of H3AsOs—a neutral particle that can be removed by Cyanex 921 (solvating extractant) [50].
At low concentrations of HySO,, arsenic acid is deprotonated, and thus the removal percentage is
lower [47]. High efficiency of arsenic removal using PIM at 1.0 M concentration of HySOy in the source
phase was also because the source and receiving phases differed significantly in the pH value. The pH
gradient stimulated diffusion of the As(V)—carrier complex through the membrane and, consequently,
the efficiency of arsenic separation by the PIM.
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Figure 7. Recovery factor (RF) of As(V) ions vs. HSOy4 concentration in the source phase. Source
phase: 1.0-1072 M As(V); membrane: 19 wt.% of CTA, 4 wt.% of Cyanex 921, 77 wt.% of 0-NPOE;
receiving phase: 1.0 M NaCL
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3.4. Membrane Reusability

The reusability, among different properties of PIMs, provides the greatest advantage, ensuring its
industrial applicability [35]. In the repeated As(V) transport (eight cycles), the same PIM membrane
was used while both aqueous phases were replaced for each cycle. The results indicate (Figure 8) that
the efficiency of the PIM is repeatable. The RF values were above 95% in the first four cycles of the PIM
(each cycle—8 h), while then slightly decreased (the RF values were ca. 92%). The optimal PIM seems
to be effective for multiple use for arsenic separation process.

100

RFasvy %

cycle number

Figure 8. Recovery factor (RF) of As(V) vs. cycle number. Source phase: 1.0-1072 M As(V), 1.0 M H,SOy;
membrane: 19 wt.% of CTA, 4 wt.% of Cyanex 921, 77 wt.% of 0-NPOE; receiving phase: 1.0 M NaCl.

3.5. Selective Removal of As(V) from AMD

The optimal PIM was tested for its applicability for the removal of arsenic from an AMD sample
originated from the Wisniowka mining area (south-central Poland) [51]. The AMD was acidic (pH 1.8)
with As(V) and sulfate concentrations of 782 and 93,900 mg/dm?, respectively. Concentrations of
other metals like: Fe;y,, Mn, Cu, Ni, and Cr were of 34,200, 50, 46, 27, and 20 mg/dm3, respectively.
The As(V) transport studies were carried out using the optimal PIM and 1.0 M sodium chloride as the
receiving phase. After 8 h of continuous operating time the removal efficiency of arsenic was of 90%
(Figure 9). Moreover, the RF values found for sulfate and other metals were below 5%, which prove
the selectivity of the system for arsenic.

Microbial treatment based on the use of SRB could be considered as an approach for subsequent
remediation of AMD to reducing sulfate, increase pH, and precipitate other metals as metal sulfides.
For remediation to occur, SRB require, besides the presence of sulfate as electron acceptors, anaerobic
conditions and an outer carbon source as electron donors, typically supplied from a simple organic
compound. The process gives hydrogen sulfide and bicarbonate that treat the AMD by creating
insoluble metal sulfides [52]. The produced metal sulfide sludge is more dense, faster settling, and less
subject to dissolution. In addition, the process induces enough alkalinity to increase the pH without
the necessity of any addition of alkaline agents [53].

In addition to microbial treatment, number of methods developed to treat metals contaminated water
streams can potentially be applied as post-treatment after removing As from AMD using PIMs and prior to its
discharge to the environment or further use. They include: chemical precipitation [54], ion exchange [55],
adsorption [56], membrane filtration [57], reverse osmosis (RO) [58], solvent extraction [59], and electrochemical
treatment [60]. For example, hydroxides or sulfur-containing precipitation agents commonly used for effective
removal of metals from water and wastewater comprise [61]: potassium/sodium thiocarbonate (STC) and
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24 6-trimercaptotiazine (IMT), and dithiocarbamate (DTC) compounds, e.g., sodium dimethyldithiocarbamate
(SDTC), and ligands for permanent metal binding, e.g., 1,3-benzenediamidoethanethiol (BDETH?2),
2,6-pyridinediamidoethanethiol (PyDET), a pyridine-based thiol ligand (DTPY), or ligands with open
chains containing many sulfur atoms, using of a tetrahedral bonding arrangement around a central metal
atom. High removal efficiencies of Cu and Cd ions of 98 and 99%, respectively, using RO were reported
by Qdais and Moussa (2004) [62], whereas nanofiltration was capable of removing more than 90% of Cu
ions [62]. Comparative sorption studies on the potential of indigenously synthesized carbon nanomaterials for
removal of diverse metals from contaminated water streams showed higher sorption of Cd, Pb, Ni, and Zn
on nanoporous carbon compared to nanocarbon [63]. The toxic metals like Hg, Pb, Cd, and Cu were also
effectively removed from water using Fe30, magnetic nanoparticles coated with humic acid [64].

100
e 60}
w
x

40 -

20 F

As sulphate Fe Mn Cu Ni Cr

Figure 9. The RF values obtained in the competitive PIM transport of arsenic from the AMD sample.
Membrane: 19 wt.% of CTA, 4 wt.% of Cyanex 921, 77 wt.% of o-NPOE; receiving phase: 1.0 M NaCL

4. Conclusions

The study of As(V) ions transport through polymer inclusion membranes (PIMs) containing
solvating extractant as the carrier allowed to specify the factors determining the removal efficiency.
The membrane saturation obtained with 4 wt.% of Cyanex 921 for transport of As(V) through PIM gives
the highest efficiency (95.8%) when the concentration of HySOj, in the source phase was equal to 1.0 M,
and 1.0 M sodium chloride was used as the stripping agent. The o-nitrophenyl octyl ether proved to be
the suitable plasticizer in PIM for the effective arsenic removal, reaching the maximum recovery factor
(RF) value for membranes containing 77 wt.% of o-NPOE. The optimal PIM composition was found to
be 19 wt.% of cellulose triacetate as the support, 4 wt.% of Cyanex 921 as the ion carrier, and 77 wt.%
of o-nitrophenyl octyl ether as the plasticizer. The transport efficiency of the PIM can be reproduced;
thus, the membrane could be multiple used for arsenic separation. Moreover, the obtained results
show the good performance of the PIM respected to the selective removal of arsenic from AMD with a
separation efficiency of 90%.

Author Contributions: Conceptualization, I.Z. and A.N.-Z,; investigation, I.Z. and A.N.-Z.; supervision, G.M,;
writing—original draft, I.Z.; writing—review and editing, A.N.-Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Science Centre, Poland (Grant number UMO-2015/19/D/
ST10/03214).

Acknowledgments: The authors gratefully acknowledge Jan Dlugosz University in Czestochowa for the support
provided for the publication of this work.

Conflicts of Interest: The authors declare no conflict of interest.



Minerals 2020, 10, 909 11 of 13

References

1. Akcil, A.; Koldas, S. Acid Mine Drainage (AMD): Causes, treatment and case studies. J. Clean. Prod. 2006, 14,
1139-1145. [CrossRef]

2. Othman, A.; Sulaiman, A.; Ibrahim, I. The use of low grade limestone in acid mine drainage treatment.
Malays. J. Anal. Sci. 2019, 23, 472-478.

3. Burillo, J.C.; Castro-Larragoitia, J.; Burillo, G.; Ortega, A.; Medellin-Castillo, N. Removal of arsenic and iron
from mine-tailing leachate using chitosan hydrogels synthesized by gamma radiation. Environ. Earth Sci.
2017, 76, 450. [CrossRef]

4.  Serrano, J.; Leiva, E. Removal of arsenic using acid/metal-tolerant sulfate reducing bacteria: A new approach
for bioremediation of high-arsenic acid mine waters. Water 2017, 9, 994. [CrossRef]

5. Choi, H.-J. Biosorption of heavy metals from acid mine drainage by modified sericite and microalgae hybrid
system. Water Air Soil Pollut. 2015, 226, 185. [CrossRef]

6. Kato, T.; Kawasaki, Y.; Kadokura, M.; Suzuki, K.; Tawara, Y.; Ohara, Y.; Tokoro, C. Application of GETFLOWS
coupled with chemical reactions to arsenic removal through ferrihydrite coprecipitation in an artificial
wetland of a Japanese closed mine. Minerals 2020, 10, 475. [CrossRef]

7. Skousen, ].; Zipper, C.E.; Rose, A.; Ziemkiewicz, P.F; Nairn, R.; McDonald, L.M.; Kleinmann, R.L. Review of
passive systems for acid mine drainage treatment. Mine Water Environ. 2017, 36, 133-153. [CrossRef]

8. Luo, C; Routh, J.; Dario, M.; Sarkar, S.; Wei, L.; Luo, D.; Liu, Y. Distribution and mobilization of heavy metals
at an acid mine drainage affected region in South China, a post-remediation study. Sci. Total Environ. 2020,
724,138122. [CrossRef]

9.  Obiri-Nyarko, E; Kwiatkowska-Malina, J.; Malina, G.; Wolowiec, K. Assessment of zeolite and compost-zeolite
mixture as permeable reactive materials for the removal of lead from a model acidic groundwater. J. Contam.
Hydrol. 2020, 229, 103597. [CrossRef]

10. Kjoller, C.; Postma, D.; Larsen, F. Groundwater acidification and the mobilization of trace metals in a sandy
aquifer. Environ. Sci. Technol. 2004, 38, 2829-2835. [CrossRef]

11.  Simate, G.S.; Ndlovu, S. Acid mine drainage: Challenges and opportunities. J. Environ. Chem. Eng. 2014, 2,
1785-1803. [CrossRef]

12.  Al-Abed, S.; Jegadeesan, G.; Purandare, J.; Allen, D. Arsenic release from iron rich mineral processing waste:
Influence of pH and redox potential. Chemosphere 2007, 66, 775-782. [CrossRef] [PubMed]

13. Tokoro, C.; Kadokura, M.; Kato, T. Mechanism of arsenate coprecipitation at the solid/liquid interface of
ferrihydrite: A perspective review. Adv. Powder Technol. 2020, 31, 859-866. [CrossRef]

14. Mohan, D,; Pittman, C.U., Jr. Arsenic removal from water/wastewater using adsorbents—A critical review.
J. Hazard. Mater. 2007, 142, 1-53. [CrossRef]

15. Malina, G. Ecotoxicological and environmental problems associated with the former chemical plant in
Tarnowskie Gory, Poland. Toxicology 2004, 205, 157-172. [CrossRef]

16. Pous, N.; Casentini, B.; Rossetti, S.; Fazi, S.; Puig, S.; Aulenta, F. Anaerobic arsenite oxidation with an
electrode serving as the sole electron acceptor: A novel approach to the bioremediation of arsenic-polluted
groundwater. J. Hazard. Mater. 2015, 283, 617-622. [CrossRef]

17. WHO 2011. Arsenic in Drinking Water; WHO: Geneva, Switzerland, 2011.

18. Henke, K.; Hutchison, A. Arsenic Chemistry. In Arsenic: Environmental Chemistry, Health Threats and Waste
Treatment; Henke, K.R., Ed.; John Wiley & Sons Ltd.: West Sussex, UK, 2009; pp. 154-196.

19. Majzlan, J.; P1asil, J.; Skoda, R.; Gescher, J.; Kogler, F; Rusznyak, A.; Kiisel, K.; Neu, T.R.; Mangold, S.; Rothe, ].
Arsenic-rich acid mine water with extreme arsenic concentration: Mineralogy, geochemistry, microbiology,
and environmental implications. Environ. Sci. Technol. 2014, 48, 13685-13693. [CrossRef]

20. Tardy, V.; Casiot, C.; Fernandez-Rojo, L.; Resongles, E.; Desoeuvre, A.; Joulian, C.; Battaglia-Brunet, F;
Héry, M. Temperature and nutrients as drivers of microbially mediated arsenic oxidation and removal from
acid mine drainage. Appl. Microbiol. Biotechnol. 2018, 102, 2413-2424. [CrossRef]

21. Abdul, K.S.M,; Jayasinghe, S.S.; Chandana, E.P.S.; Jayasumana, C.; Silva, PM.C.S.D. Arsenic and human
health effects: A review. Environ. Toxicol. Pharmacol. 2015, 40, 828-846. [CrossRef]

22. Abrosimova, N.A.; Saeva, O.P,; Bortnikova, S.B.; Edelev, A.V.; Korneeva, T.V.; Yurkevich, N.V. Metals and

metalloids removal from mine water using natural and modified heulandite. Int. J. Environ. Sci. Dev. 2019,
10, 202-205. [CrossRef]


http://dx.doi.org/10.1016/j.jclepro.2004.09.006
http://dx.doi.org/10.1007/s12665-017-6780-9
http://dx.doi.org/10.3390/w9120994
http://dx.doi.org/10.1007/s11270-015-2433-3
http://dx.doi.org/10.3390/min10050475
http://dx.doi.org/10.1007/s10230-016-0417-1
http://dx.doi.org/10.1016/j.scitotenv.2020.138122
http://dx.doi.org/10.1016/j.jconhyd.2019.103597
http://dx.doi.org/10.1021/es030133v
http://dx.doi.org/10.1016/j.jece.2014.07.021
http://dx.doi.org/10.1016/j.chemosphere.2006.07.045
http://www.ncbi.nlm.nih.gov/pubmed/16949129
http://dx.doi.org/10.1016/j.apt.2019.12.004
http://dx.doi.org/10.1016/j.jhazmat.2007.01.006
http://dx.doi.org/10.1016/j.tox.2004.06.064
http://dx.doi.org/10.1016/j.jhazmat.2014.10.014
http://dx.doi.org/10.1021/es5024916
http://dx.doi.org/10.1007/s00253-017-8716-4
http://dx.doi.org/10.1016/j.etap.2015.09.016
http://dx.doi.org/10.18178/ijesd.2019.10.7.1173

Minerals 2020, 10, 909 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Cui, M.; Jang, M.; Cho, S.-H.; Khim, ].; Cannon, ES. A continuous pilot-scale system using coal-mine drainage
sludge to treat acid mine drainage contaminated with high concentrations of Pb, Zn, and other heavy metals.
J. Hazard. Mater. 2012, 215-216, 122-128. [CrossRef] [PubMed]

Nicomel, N.R;; Leus, K.; Folens, K.; Van Der Voort, P.; Du Laing, G. Technologies for arsenic removal from
water: Current status and future perspectives. Int. |. Environ. Res. Public Health 2016, 13, 62. [CrossRef]
Mondal, P.; Bhowmick, S.; Chatterjee, D.; Figoli, A.; Van der Bruggen, B. Remediation of inorganic arsenic in
groundwater for safe water supply: A critical assessment of technological solutions. Chemosphere 2013, 92,
157-170. [CrossRef] [PubMed]

Hristovski, K.; Baumgardner, A.; Westerhoff, P. Selecting metal oxide nanomaterials for arsenic removal
in fixed bed columns: From nanopowders to aggregated nanoparticle media. J. Hazard. Mater. 2007, 147,
265-274. [CrossRef] [PubMed]

Wang, S.; Zhao, X. On the potential of biological treatment for arsenic contaminated soils and groundwater.
J. Environ. Manag. 2009, 90, 2367-2376. [CrossRef]

Zagury, G.J.; Kulnieks, V.I.; Neculita, C.M. Characterization and reactivity assessment of organic substrates
for sulphate-reducing bacteria in acid mine drainage treatment. Chemosphere 2006, 64, 944-954. [CrossRef]
Costello, C. Acid Mine Drainage: Innovative Treatment Technologies; U.S. EPA Office of Solid Waste and
Emergency Response Technology Innovation Office: Washington, DC, USA, 2003.

Blowes, D.W.; Ptacek, C.J.; Benner, S.G.; McRae, CW.T.; Bennett, T.A.; Puls, R. Treatment of inorganic
contaminants using permeable reactive barriers. J. Contam. Hydrol. 2000, 45, 123-137. [CrossRef]
Zawierucha, I.; Nowik-Zajac, A.; Kozlowski, C. Removal of Pb(II) ions using polymer inclusion membranes
containing calix[4]resorcinarene derivative as ion carrier. Polymers 2019, 11, 2111. [CrossRef]

Almeida, M.I.G.S,; Cattrall, R.W.; Kolev, S.D. Recent trends in extraction and transport of metal ions using
polymer inclusion membranes (PIMs). |. Membr. Sci. 2012, 415416, 9-23. [CrossRef]

Cho, Y.; Cattrall, RW.; Kolev, S.D. A novel polymer inclusion membrane based method for continuous
clean-up of thiocyanate from gold mine tailings water. J. Hazard. Mater. 2018, 341, 297-303. [CrossRef]
Wieszczycka, K.; Staszak, K. Polymers in separation processes. In Polymer Engineering, 1st ed.; Tylkowski, B.,
Wieszczycka, K., Jastrzab, R., Eds.; De Gruyter: Poznan, Poland, 2017; pp. 235-276.

Zawierucha, I.; Nowik-Zajac, A.; Kozlowski, C. Application of Cr(VI) transport across the polymer inclusion
membrane with calixresorcin[4]arene derivative as ion carrier. Sep. Sci. Technol. 2020, 55, 2204-2210. [CrossRef]
Nghiem, L.D.; Mornane, P,; Potter, 1.D.; Perera, ].M.; Cattrall, R.W.; Kolev, S.D. Extraction and transport of
metal ions and small organic compounds using polymer inclusion membranes (PIMs). J. Membr. Sci. 2006,
281,7-41. [CrossRef]

Zawierucha, 1.; Kozlowski, C.; Malina, G. Immobilized materials for removal of toxic metal ions from
surface/groundwaters and aqueous waste streams. Environ. Sci. Proc. Impacts 2016, 18, 429-444. [CrossRef]
Guell, R; Antico, E.; Kolev, S.D.; Benavente, J.; Salvado, V.; Fontas, C. Development and characterization of
polymer inclusion membranes for the separation and speciation of inorganic As species. J. Membr. Sci. 2011,
383, 88-95. [CrossRef]

Vera, R.; Antico, E.; Fontas, C. The use of a polymer inclusion membrane for arsenate determination in
groundwater. Water 2018, 10, 1093. [CrossRef]

De Lourdes Ballinas, M.; De San Miguel, E.R.; De Jesus Rodriguez, M.T.; Silva, O.; Munoz, M.; De Gyves, J.
Arsenic(V) removal with polymer inclusion membranes from sulfuric acid media using DBBP as carrier.
Environ. Sci. Technol. 2004, 38, 886-891. [CrossRef] [PubMed]

Danesi, P.R. Separation of metal species by supported liquid membranes. Sep. Sci. Technol. 1984, 19, 857-894.
[CrossRef]

Nowik-Zajac, A.; Zawierucha, I.; Kozlowski, C. Selective removal of silver(I) using polymer inclusion
membranes containing calixpyrolles. RSC Adv. 2019, 9, 31122-31132. [CrossRef]

Pospiech, B.; Kujawski, W. Ionic liquids as selective extractants and ion carriers of heavy metal ions from
aqueous solutions utilized in extraction and membrane separation. Rev. Chem. Eng. 2015, 31, 179-191. [CrossRef]
Marino, T.; Figoli, A. Arsenic removal by liquid membranes. Membranes 2015, 5, 150-167. [CrossRef]
Alguacil, F].; Lépez-Delgado, A.; Alonso, M.; Sastre, A.M. The phosphine oxides Cyanex 921 and Cyanex
923 as carriers for facilitated transport of chromium (VI)-chloride aqueous solutions. Chemosphere 2004, 57,
813-819. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jhazmat.2012.02.042
http://www.ncbi.nlm.nih.gov/pubmed/22421342
http://dx.doi.org/10.3390/ijerph13010062
http://dx.doi.org/10.1016/j.chemosphere.2013.01.097
http://www.ncbi.nlm.nih.gov/pubmed/23466274
http://dx.doi.org/10.1016/j.jhazmat.2007.01.017
http://www.ncbi.nlm.nih.gov/pubmed/17254707
http://dx.doi.org/10.1016/j.jenvman.2009.02.001
http://dx.doi.org/10.1016/j.chemosphere.2006.01.001
http://dx.doi.org/10.1016/S0169-7722(00)00122-4
http://dx.doi.org/10.3390/polym11122111
http://dx.doi.org/10.1016/j.memsci.2012.06.006
http://dx.doi.org/10.1016/j.jhazmat.2017.07.069
http://dx.doi.org/10.1080/01496395.2019.1609031
http://dx.doi.org/10.1016/j.memsci.2006.03.035
http://dx.doi.org/10.1039/C5EM00670H
http://dx.doi.org/10.1016/j.memsci.2011.08.037
http://dx.doi.org/10.3390/w10081093
http://dx.doi.org/10.1021/es030422j
http://www.ncbi.nlm.nih.gov/pubmed/14968878
http://dx.doi.org/10.1080/01496398408068598
http://dx.doi.org/10.1039/C9RA04347K
http://dx.doi.org/10.1515/revce-2014-0048
http://dx.doi.org/10.3390/membranes5020150
http://dx.doi.org/10.1016/j.chemosphere.2004.07.019
http://www.ncbi.nlm.nih.gov/pubmed/15488572

Minerals 2020, 10, 909 13 of 13

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kaya, A.; Alpoguz, HK; Yilmaz, A. Application of Cr(VI) transport through the polymer inclusion membrane
with a new synthesized calix[4]arene derivative. Ind. Eng. Chem. Res. 2013, 52, 5428-5436. [CrossRef]
Martinez Perez, MLE.; Reyes-Aguilera, ].A.; Saucedo, T.I.; Gonzalez, M.P,; Navarro, R.; Avila-Rodriguez, M.
Study of As(V) transfer through a supported liquid membrane impregnated with trioctylphosphine oxide
(Cyanex 921). J. Membr. Sci. 2007, 302, 119-126. [CrossRef]

US Environmental Protection Agency (EPA). Method 8061A: Phthalate Esters by Gas Chromatography with
Electron Capture Detection (GC/ECD); US Environmental Protection Agency: Cincinnati, OH, USA, 1996.
Chen, X,; Xu, S.; Tan, T,; Lee, S.T.; Cheng, S.H.; Lee, EW.E; Xu, S.J.L.; Ho, K.C. Toxicity and estrogenic
endocrine disrupting activity of phthalates and their mixtures. Int. . Environ. Res. Public Health 2014, 11,
3156-3168. [CrossRef] [PubMed]

Iberhan, L.; Wisniewski, M. Extraction of arsenic(IIl) and arsenic(V) with Cyanex 925, Cyanex 301 and their
mixtures. Hydrometallurgy 2002, 63, 23-30. [CrossRef]

Migaszewski, Z.M.; Galuszka, A.; Dolegowska, S. Extreme enrichment of arsenic and rare earth elements in
acid mine drainage: Case study of Wisniowka mining area (south-central Poland). Environ. Pollut. 2019, 244,
898-906. [CrossRef]

Ruehl, M.D,; Hiibel, S.R. Evaluation of organic carbon and microbial inoculum for bioremediation of acid
mine drainage. Miner. Eng. 2020, 157, 106554. [CrossRef]

Costa, M.C.; Duarte, J.C. Bioremediation of acid mine drainage using acidic soil and organic wastes for
promoting sulphate-reducing bacteria activity on a column reactor. Water Air Soil Pollut. 2005, 165, 325-345.
[CrossRef]

Fu, F; Wang, Q. Removal of heavy metal ions from wastewaters: A review. J. Environ. Manag. 2011, 92,
407-418. [CrossRef]

Verma, V.; Tewari, S.; Rai, J. Ion exchange during heavy metal bio-sorption from aqueous solution by dried
biomass of macrophytes. Bioresour. Technol. 2008, 99, 1932-1938. [CrossRef]

Cochrane, E.; Lu, S.; Gibb, S.; Villaescusa, I.; Gibb, S. A comparison of low-cost biosorbents and commercial
sorbents for the removal of copper from aqueous media. J. Hazard. Mater. 2006, 137, 198-206. [CrossRef]
[PubMed]

Landaburu-Aguirre, J.; Pongracz, E.; Peramaki, P.; Keiski, R.L. Micellar-enhanced ultrafiltration for the
removal of cadmium and zinc: Use of response surface methodology to improve understanding of process
performance and optimisation. J. Hazard. Mater. 2010, 180, 524-534. [CrossRef] [PubMed]

Yoon, J.; Amy, G.; Chung, J.; Sohn, J.; Yoon, Y. Removal of toxicions (chromate, arsenate, and perchlorate) using
reverse osmosis, nanofiltration, and ultrafiltration membranes. Chemosphere 2009, 77, 228-235. [CrossRef]
Lertlapwasin, R.; Bhawawet, N.; Imyim, A.; Fuangswasdji, S. Ionic liquid extraction of heavy metal ions by
2-aminothiophenol in 1-butyl-3-methylimidazolium hexafluorophosphate and their association constants.
Sep. Purif. Technol. 2010, 72, 70-76. [CrossRef]

Akbal, F,; Camci, S. Copper, chromium and nickel removal from metal plating wastewater by electrocoagulation.
Desalination 2011, 269, 214-222. [CrossRef]

Pohl, A. Removal of heavy metal ions from water and wastewaters by sulfur-containing precipitation agents.
Water Air Soil Pollut. 2020, 231, 503. [CrossRef]

Qdais, H.A.; Moussa, H. Removal of heavy metals from wastewater by membrane processes: A comparative
study. Desalination 2004, 164, 105-110. [CrossRef]

Ruparelia, ].P,; Duttagupta, S.P.; Chatterjee, A.K.; Mukherji, S. Potential of carbon nanomaterials for removal
of heavy metals from water. Desalination 2008, 232, 145-156. [CrossRef]

Liu, J.; Zhao, Z.; Jiang, G. Coating Fe304 magnetic nanoparticles with humic acid for high efficient removal
of heavy metals in water. Environ. Sci. Technol. 2008, 42, 6949-6954. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/ie303257w
http://dx.doi.org/10.1016/j.memsci.2007.06.037
http://dx.doi.org/10.3390/ijerph110303156
http://www.ncbi.nlm.nih.gov/pubmed/24637910
http://dx.doi.org/10.1016/S0304-386X(01)00198-0
http://dx.doi.org/10.1016/j.envpol.2018.10.106
http://dx.doi.org/10.1016/j.mineng.2020.106554
http://dx.doi.org/10.1007/s11270-005-6914-7
http://dx.doi.org/10.1016/j.jenvman.2010.11.011
http://dx.doi.org/10.1016/j.biortech.2007.03.042
http://dx.doi.org/10.1016/j.jhazmat.2006.01.054
http://www.ncbi.nlm.nih.gov/pubmed/16530940
http://dx.doi.org/10.1016/j.jhazmat.2010.04.066
http://www.ncbi.nlm.nih.gov/pubmed/20488619
http://dx.doi.org/10.1016/j.chemosphere.2009.07.028
http://dx.doi.org/10.1016/j.seppur.2010.01.004
http://dx.doi.org/10.1016/j.desal.2010.11.001
http://dx.doi.org/10.1007/s11270-020-04863-w
http://dx.doi.org/10.1016/S0011-9164(04)00169-9
http://dx.doi.org/10.1016/j.desal.2007.08.023
http://dx.doi.org/10.1021/es800924c
http://www.ncbi.nlm.nih.gov/pubmed/18853814
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Preparation Of Polymer Inclusion Membranes and Stability Test 
	Transport Studies 

	Results and Discussion 
	Kinetics of As(V) Ions Transport through Polymer Inclusion Membranes 
	Effect of Membrane Composition 
	Modification of the Source Phase Acidity 
	Membrane Reusability 
	Selective Removal of As(V) from AMD 

	Conclusions 
	References

