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Abstract

In this study, arsenate (As-V) removal using micellar enhanced ultrafiltration (MEUF) modified by cationic surfactants was
studied by a dead-end polyacrylonitrile (PAN) membrane apparatus. The UF membrane has been produced by a phase inversion
process. The prepared membrane was characterized and analyzed for morphology and membrane properties. The influence of
operating parameters such as initial concentrations of As-V, surfactants, pH, membrane thickness, and co-existing anions on the
removal of As-V, surfactant rejection, and permeate flux have been studied. The experimental results show that from the two
different cationic surfactants used the CPC (cetyl-pyridinium chloride) efficiency (91.7%) was higher than that of HTAB
(hexadecyltrimethyl-ammonium bromide) (83.7%). The highest As-V removal was 100%, and was achieved using initial feed
concentrations of 100—1000 pg/L at pH 7 with a membrane thickness of 150 pum in a dead-end filtration system. This efficiency
for As-V removal was similar to that obtained using a cross-flow system. Nevertheless, this flux reduction was less than the
reduction achieved in the dead-end filtration process. The PAN fabricated membrane in comparison to the RO and NF processes
selectively removed the arsenic and the anions, in the water taken from the well, and had no substantial effect on the cations.

Keywords Arsenate removal - Surfactant enhancement - Ultrafiltration - Polyacrylonitrile membrane - Micelle optimization

Introduction

A range of industries and erosion processes are the pri-
mary contributors to arsenic contamination in water re-
sources [1, 2]. Some heavy metals such as arsenic, lead,
cadmium, nitrate, and mercury are toxic at certain low
levels [3]. Arsenic is as a Group A carcinogen according
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to the United States Environmental Protection Agency
(USEPA) [4]. Therefore, it poses a serious threat to hu-
man health and water resources in several regions around
the world [5]. According to the USEPA, World Health
Organization (WHO) and Iranian National Drinking
Water standards, the maximum contaminant level (MCL)
of arsenic in drinking water is 10 ppb [6-8]. Significant
arsenic contamination levels in drinking waters have been
recorded in several regions of Iran, China, India, Vietnam,
Bangladesh and the USA [9—-11]. The highest arsenic con-
centrations up to 100-1000 ppb were reported in rural
areas of western Iran, that are 10 to 100 times more than
the standard level [12, 13]. It is clearly necessary to de-
velop treatment methods [14] and the success of different
types of arsenic treatment depends on its type and both
the chemical and physical properties of the water [15].
The two major forms of arsenic in water, which are based
on valence, are arsenate (As-V) and arsenite (As-III). As-
III is 60 times more toxic than As-V [16—18]. The pH of
natural water is typically in the range pH 5-8, under these
conditions, arsenate exists in an anionic form, while arse-
nite remains as a protonated natural species [19].
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Various technologies for arsenic removal from water
sources have been used, including coagulation/precipitation
[20, 21], adsorption [22], ion exchange [23, 24], and mem-
brane processes [25, 26]. High cost and volume of the pro-
duced toxic byproduct are the limitations of these methods
[27]. Recently, membrane separation processes have been ex-
tensively utilized to remove heavy metal ions from drinking
water [ 14, 28]. Among the membrane processes, ultrafiltration
(UF) membranes have many applications in water and waste-
water treatment [29].

The UF operated at low pressure, requires less energy, but it
was not successful in the removal of low molecular weight
dissolved constituents [19, 30]. In order to remove these con-
taminants, reverse osmosis (RO) and nanofiltration (NF) can
be used due to the size of the ions in aqueous solution.
Although, the operation costs of these processes are high,
because of the limitation of their permeate flux and consume
more energy [30, 31]. It was found that UF membranes, when
combined with cationic surfactant micelles, are effective for
the removal of dissolved aqueous pollutants [19, 32].

The micellar enhanced ultrafiltration (MEUF) process has
potential as a separation method for the removal inorganic and
organic pollutants from aqueous solution [33, 34]. The first
tests with MEUF were made by Dunn et al. in the mid-80s
[35]. Recent studies show that MEUF is an efficient method to
remove of anionic contaminates, such as anionic heavy metals
[34, 36], anionic organic dyes [37], phosphates [38], nitrates
[39], and arsenate [34]. The main advantages of MEUF are
low energy consumption, high removal efficiency, and high
flux [40—42]. In this method, the surfactant may be added to
the polluted solution above its critical micelle concentration
(CMC). Surfactant concentrations greater than their CMC
form micelles (aggregates of 50—-100 surfactant molecules)
which electrostatically bind with anionic arsenate species
due to the absolute electrostatic potential and the high surface
charge density. In the next step, the created micelles can be
separated during UF because their size is physically too large
to pass through membrane pores [43-46].

Several materials (e.g., metals, minerals, polymers, ce-
ramics, and composites) have been used for the fabrication
of membranes, but polymers are currently the most popular,
because of their permeability and selectivity in the
manufacturing phase [47, 48]. Polyacrylonitrile (PAN) poly-
mer has proved to be extremely popular for membranes prep-
aration due to its hydrophilicity, chemical stability, hydrophi-
licity, and for solvent stability [49]. The PAN membrane was
prepared by the phase inversion method [49].

The novelty of this study is based on preparing a UF mem-
brane by the PAN polymer with large molecular weight (MW)
(100,000 g/mol) and using low surfactant concentrations to
treat As-V contaminated water. For this purpose, our UF
membrane has been fabricated from PAN polymer.
Characterization of the membranes has been investigated

@ Springer

and also, the influence of some process variables on the effi-
ciency of As-V removal, such as, surfactant rejection and per-
meate flux were evaluated. Finally, the applicability of the
process was investigated using real water samples obtained
from contaminated wells of Kurdistan in Iran.

Experimental
Materials

Cetyl-pyridinium chloride (CPC) and hexadecyltrimethyl-
ammoniumbromide (HTAB), cationic surfactants, were pur-
chased from Aldrich, USA. The chemical formula, CMC,
CAS Number, and molecular weights and properties of the
surfactants are shown in Table 1. Arsenic (H3AsO,) and ni-
trate (NaNO3) standard solutions were purchased from Merck,
Germany. Polyacrylonitrile (PAN, having an average molec-
ular weight (MW) of 100,000 g/mol) was purchased from
Polyacryle Company, Iran. N-N-dimethylformamide (DMF),
sodium hydroxide (NaOH), and hydrochloric acid (HCI) were
obtained from Merck, Germany. All reagents were analytical
grade and used as received without further purification.
Contaminated groundwater samples were obtained from the
parts of rural areas of Kurdistan, Iran. For all experiments,
double distilled deionized (DDI) water was used.

Preparation of UF membrane

A PAN flat membrane was prepared by the phase inversion
method using immersion precipitation. A 16% (w/v) solution
was prepared by dissolving PAN in DMF at 55-60 °C [49].
The solution was agitated for 5 h to become completely ho-
mogenous. Then, the solution was kept for 2 h at room tem-
perature in order to remove the air bubbles. Subsequently, the
solution was cast using a hand casting knife with various
thicknesses on a smooth glass plate. These membranes were
exposed to the atmosphere for 90 s to complete the solvent
evaporation. Next, the membranes were immersed in a water
bath at room temperature. The new membranes were washed
with water and then stored for 24 h to remove residual solvent.
Finally, to complete the drying of the membrane, the mem-
branes were placed between filter papers for 24 h at ambient
temperature [28, 49].

Characterization of UF membrane

The membrane surface morphology was investigated by scan-
ning electron microscopy (SEM) (model: SEM-5800, JEOL,
Japan). The membrane samples were cut into small sections,
dried by filter paper, and dipped in liquid nitrogen for 30 s,
before the SEM measurement. SEM studies were conducted
on the upper surface and on the cross section of samples of the



J Environ Health Sci Engineer (2019) 17:115-127

117

Table 1 Properties of the two

surfactants Surfactant CMC Molecular CAS Chemical formula
(mM) weight Number
Cetylpyridinium chloride 0.90 358.01 123-03-5 C,H3sCIN
Hexadecyltrimethyl-ammonium 0.92 364.46 57-09-0 CH3(CH,);sN(Br)(CH3)3

bromide

membrane. The Fourier transform infrared (FT-IR) spectrum
was determined by a Bruker spectrometer (Bruker Tensur 27,
Germany) from 500 to 4000 cm™ ' at room temperature using
powder-pressed KBr pellets. Atomic force microscopy (AFM;
Ara Research Co, model No. 0101/A, Iran) was used to ana-
lyze the surface roughness (Ra) of the prepared membrane.
The membrane samples were now placed in a specimen holder
and 2 x 2 um areas and were scanned in air using the tapping
mode.

The hydrophobicity of the polymer UF membrane surface
was determined by terms of the water contact angle measure-
ment. In this test, water was used as the probe liquid. The
static contact angle of water was measured on the surface of
the membrane using the drop method at 25 °C. The drops were
created using a 10 pul Hamilton positive displacement syringe
and the average contact angle value was evaluated from more
than three locations on each membrane.

The porosity of the prepared membrane was calculated by
observing the water uptake capacity of the membrane sample.
The rectangular cut off membrane sample (20 x 30 mm) was
taken and soaked for 24 h in deionized water and the wet
weight was taken after wiping the excess water on the sample
surface using a filter paper. Subsequently, the wet sample was
placed in a vacuum oven at 80 °C for 24 h. The dry weight of
the membrane sample was then recorded until the weight be-
came constant and the membrane porosity was evaluated
using Eq. 1 as follows [28]:

_ (Wwfwd)

= 100 1
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where ¢ is the membrane porosity, W,, and W, (kg) are the wet
and dry weights of the membrane sample, respectively, A (m?)
is the membrane surface area, L (m) is the membrane thick-
ness, and p,, (kg m ) is the density of water.

UF experiments

The UF experiments were performed by a dead-end cell fil-
tration system with 300 ml capacity fitted with UF membrane,
which had an effective membrane area of 12.4 cm?. The cell
was connected to a nitrogen gas cylinder in order that nitrogen
could be used to maintain the transmembrane pressure gradi-
ent. The schematic diagram of the dead-end UF unit is shown
in Fig. 1(a). The experiments were performed to obtain the
efficiency of the membrane in terms of flux and removal of

As-V. The effect of concentrations of surfactants (0.1-5 mM),
As-V concentrations (100, 500, 1000, 5000 uglfl), pH (4-9),
membrane thickness (50—150 pum), co-existing ion (NO3 ) on
As-V removal, the surfactants rejection, and permeate flux
were also studied. For each set of experiments, the permeate
samples were collected at specified time intervals and the re-
moval efficiency was analyzed. Flux tests were performed at
an operating pressure of 1 bar. The rejection (R) of As-V and
surfactants was calculated using Eq. 2 [50]:

R = [1-Cp/Cy] x 100 (2)

where C,, and Cy are the concentrations of the feed and per-
meate solutions as As-V concentration (ugl_l) respectively.
The water flux was determined using Eq. (3) as follows [S1]:

J_ \%
T AXt

(3)

where J, (Lm 2h ) is permeate flux V (L) is the total volume
of permeate water, A (mz) is the membrane effective area, and
t (h) is the operation time.

A custom built cross-flow filtration cell (active filtration
area 12.1 cm?) was used to compare the performance of the
UF membrane in some optimal and selected conditions. The
schematic diagram of cross-flow UF unit is shown in Fig.
1(b). The As-V and nitrate concentrations were determined
using a flame atomic absorption spectrophotometer (Varian
spectra AA 200) and Ion Chromatography (IC, Metrohm
882 Compact, Switzerland) respectively, in feed and permeate
samples [52, 53]. The concentration of CPC and HTAB were
measured by UV-VIS spectrophotometer at the wavelengths
of 259 and 206 nm respectively. Measures of samples were
performed in triplicate. The pH was determined using a pH-
meter (3510, Jenway).

Results and discussion
Characterization of UF membranes

Figures 2 and 3 represent the SEM morphology of the upper
surface and cross section of the membrane used before MEUF
and after the arsenate micelles rejection, respectively. Clearly,
the SEM images show a noticeable change in morphology of
the membranes. The SEM images in Figs. 2(a) and 3(a) show
that the membranes structures before filtration were soft and
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finger-like, while after MEUF as seen in Figs. 2(b) and 3(b),
the arsenic micelles accumulated and formed like a layer of
cake on the membrane surface. This layer of arsenate-micelles
blocked the open pores and prevented micelles from passing
through the membrane, which gives a higher retention capac-
ity. However, this fouling film lowers the permeability of the
membrane, limits the capacity of the filter and increases the
transmembrane pressure. The pore size distribution of the UF
membrane is shown in Fig. 4 and the average pore size of UF
membrane is 27.18 nm.

Fig. 2 SEM images of the top
surface of the UF membranes: a)
before filtration b) after filtration

Low Pressure Pump Drum § Pressure Gauge
rum Surge

The FT-IR spectra of the PAN membrane is shown in
Fig. 5. These spectra exhibit the characteristic bands of
nitrile (2245 cm™ ), carbonyl (1738 cm Y), and ether
(1236 and 1070 cm™ ") groups; ether and carbonyl bands
originate from the methylacrylate co-monomer.
Figure 6(a—c) shows the two-dimensional and three-
dimensional AFM images of the upper surface of the syn-
thesized membranes at a different magnification, respec-
tively. In image 6 (a) with a magnification of 40 pum, the
bright high peaks denote the nodules, and the dark

SEM HV:300kV  SEM MAG: 100 kx SEMHV 100kV  SEM MAG: 100 kx

200 nm 200 nm
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Fig. 3 SEM images of the cross
section of the UF membrans: a)
before filtration b) after filtration

SEM HV: 30.0 kV

depressions represent the pores present on the surface.
The bright and dark areas in images 6 (b) and (c) (with
a magnification of 10 um and 1 pum respectively) are less
readily seen.

Furthermore, Table 2 shows the various degrees of
roughness of the membrane surface with a magnification
of 40 pm.

The water contact angle measurement is one of the most
appropriate methods for evaluating the surface hydrophilic-
ity of UF membranes (Fig. 7). By theory, the contact angle
of'a hydrophilic UF membrane should be less in comparison
with a hydrophobic UF membrane, when the membrane
morphologies are similar [54].

In Fig. 7, it can be observed that the water contact angle
changed from 82.4" to 54.2° within 60 s. The PAN porosity
is of the order of 59% and appears to be the reason that water
is capable of penetrating the PAN surface pores.

SEM MAG: 100 kx

200 nm

.
PR

SEM HV. 00V

SEMMAG: 100kx |,
200 nm

il

Dead-end experiments
Effect of type of surfactants on as-V removal

The effects of various surfactants on their removal ability for
As-V have been investigated in terms of the surfactants rejec-
tion capability, and permeate flux in the MEUF. Fig. 8(a) and
(b) show the As-V removal results using the different cationic
surfactants at various concentrations. The removal of As-V in
aqueous solution increased from 75 to 91.7% and from 26 to
83.7% in the first 0.5 min when the CPC concentration and
HTAB increased from 1 to 3 mM, respectively. When the
concentration of surfactants increased from 3 to 5 mM, the
increase in the removal of As-V was negligible (<7%) for both
surfactants. Thus with the concentration of surfactant more
than 3 mM, more than 90% As-V removal from aqueous so-
lution was achieved. However, the largest removal with no

Fig. 4 The pore size distribution

of the UF membrane -]
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Fig. 5 FT-IR pattern of PAN
membrane
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surfactant present was 25% (result not shown). The removal ~ the CMC, the removal efficiency was significantly increased.
of As-V with the HTAB was slightly lower than the CPC.  These results confirm that the As-V ions are associated with
When the concentration of the cationic surfactants was above  the cationic micelles. The results are consistent with the

Fig. 6 AFM two-dimensional a
and three-dimensional surface
morphology of the PAN mem-
brane with magnification of a) 40,
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Table2  Surface roughness of the PAN membranes obtained based on 3
selected AFM surface images

Magnification (1m) Mean surface roughness (Ra-nm)
40 88.84

10 38.7

1 4.13

observation by Beolchini et al., who reported that in UF, the
As-V ions are associated with CPC micelles by the polyether
sulphone (PES) membrane [55]. These results clearly indicate
that the As-V ions effectively bind with cationic surfactant
micelles. Other previous studies have also shown similar re-
sults [55, 56]. An unusual observation was that relatively good
removals were obtained with cationic surfactant concentra-
tions below the CMC. A CPC concentration of 0.1 mM,
which is nine times lower than the CMC, generating an As-
V removal of 70%. It may be assumed that membrane modi-
fication is responsible for this effective removal. Evidence of
this modification is provided by the analysis of the permeate
fluxes, which were decreased by the presence of a cationic
surfactant in the feed, compared to the flux of pure water
(63.1 Lm >h™"). Itis possible that an aggregation of surfactant
monomers took place in the membrane, reducing the diameter
of its pores. Thus, accumulation within the restricted pore
volume might play the role of the free micelles in the bulk.
Another possible explanation could be the adsorption of the
cationic surfactant on the PAN polymer contain negative
charges, thus arsenate removal increases [57, 58]. This obser-
vation is consistent with the data reported by Tanhaei and
colleagues [59].

The surfactant rejection is a key parameter for the effluent
treatment process from an economical perspective and the
suitability of the source water. It was observed from the sur-
factants rejection versus time plot in Fig. 9(a) and (b), that the
rejection of the surfactants increased with the surfactant
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Fig. 8 Removal of As-V by a) CPC and b) HTAB at different intervals
(As-V concentration 1000 pgl™!, membrane thickness 150 pm, pH 7)

concentration in the feed. Rejection of both CPC and HTAB
were more than 96% for the concentrations of 1 and 3 mM in
the first 0.5 min. This can be attributed to the chelating ability
of As-V. At lower concentrations, the surfactants exist in mo-
nomeric form and these monomers could pass through the
membrane instead of being retained by the membrane.
Therefore, the rejection of surfactant at low concentrations
(0.1 mM) was quite low [34]. But even in low concentrations,
the permeate concentration of CPC could not be above the

Fig. 7 Time dependence of water 100
contacts angle for the UF
membrane —_
o 80
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Fig. 9 The rejection of a) CPC and b) HTAB at different intervals (As-V
concentration 1000 gl ', membrane thickness 150 pm, pH 7)

CMC of surfactants (0.9 mM). Consequently, only a few sur-
factants molecules did not participate in forming micelles.

A major disadvantage of membrane processes is the flux
decline due to membrane fouling. Figure 10(a) and (b) report
the permeate fluxes for CPC and HTAB at the transmembrane
pressure of 1 bar at different intervals of the filtration, respec-
tively. The flux of cationic surfactant in the feed are compared
to the flux of pure water (63.1 Lm 2h™"). All these fluxes are
lowered by the presence of CPC and HTAB in the feed; in
particularly, HTAB showed a severe decline in flux. The flux
decreased sharply initially and then the decline rate became
very slow. The rapid phase flux declination was due to the
concentration polarization and the second phase resulted in a
slow decrease, which was due to gel formation over the mem-
brane surface [42]. After 15 min of filtration, the permeate flux
was found to be 26.3% and 10.14% of the flux of pure water
for CPC and HTAB in the concentration of 3 mM, respective-
ly. In Fig. 10, the flux decreased as the HTAB surfactant con-
centration increased because a secondary membrane was pro-
duced on the membrane surface [60].

Effect of pH

The electrostatic interaction intensity connecting the micelles
and the arsenic species will vary due to the valency number on

@ Springer

Fig. 10 The permeate flux of a) CPC and b) HTAB at different time
intervals (As-V concentration 1000 uglfl, membrane thickness
150 um, pH 7)

the arsenic ion [56]. Hence, the nature of the removal of arse-
nic species is strongly related to pH. Figure 11(a) shows the
influence of pH on arsenic removal at different pH intervals.
When the pH is 4, the removal efficiency falls by 6—7% be-
cause arsenic is present as the mono-ionic (H,AsO, ) species
and also due to the differences in the pKi values of H3AsO,.
The various dissociation reactions for the three arsenic species
are shown in mol/dm> [19]:

H3;AsO4>H + HyAsO4~ ,pK,, = 2.22 (4)
HyAsO4 '<>H' + HAsO, 2 ,pK,; = 6.98 (5)
HAsOs 2H" + AsO, ,pK,, = 11.4 (6)

Equilibrium concentrations of As-V species were calculat-
ed at different pH values from the pK,; (i = 1, 2, and 3) data
using Egs. (4) to (6). For example, at pH 1.0, the As-V species
are mostly in the neutral form. From pH 2.22 to 6.98, the As-V
species moves to the mono-anionic form, and from pH 6.98,
the mono-anionic form of As-V dissociates to the di-anionic
species. At pH 11.4, the di-anionic form of As-V dissociates to
the tri-anionic form. Therefore, the highest arsenic removal
occurs at pH 7 and 9 because of the di- and tri-anionic forms
of As-V probably bind to the surfactant micelles [15, 19].
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Fig. 11 Effect of pH on the a) removal of As-V and b) permeate flux at
different intervals (As-V concentration 1000 uglfl, CPC 3 mM, mem-
brane thickness 150 pm)

Also, the influence of pH on the permeate flux is illustrated
in Fig. 11(b), whereas an increase in the feed water pH from 4
to 9 decreases the permeate flux of the UF membrane by
15.7%. At pH 7 and 9, HAsO4>" ion attaches to the two
CPC surfactant groups, allowing the closer packing of the
surfactant head groups. Thus, the cross-sectional area occu-
pied by the surfactant head group at the micelle-solution in-
terface becomes smaller possibly affecting the shape of the
micelle (changing from a spherical to cylindrical micelle)
and this transformation increases the micellar aggregation
number [61]. Consequently, due to this accumulation of the
closely packed layer of surfactant aggregates on the mem-
brane surface, the permeate flux decreases even more.

Effect of as-V concentration

The influence of different As-V concentrations at different in-
tervals for a constant concentration of CPC (3 mM) is shown in
Fig. 12(a). It is clear that the arsenic concentration in the per-
meate solution increased for higher feed As-V concentrations.
This effect was due to the reaction of As-V ions with a constant
concentration of CPC. For greater concentrations of As-V, all
the ions did not react with the micelles and therefore were not
separated by the UF membrane. For 100, 500 and 1000 ugl ™'
feed concentrations, complete removal of As-V was observed
in the first 15 min operation, but for 5000 pgl™ ' feed

Fig. 12 The effect of As-V different concentration on a) removal of As-
V and b) permeate flux at different intervals (CPC 3 mM, membrane
thickness 150 pm, pH 7)

concentration, the As-V concentration of permeate was higher
than the MCL of 10 pgl ™' (safe limit). It is evident from
Fig. 12(a), that for the high concentration of As-V, the removal
of As-V decreased with time. This occurred due to the deposi-
tion of additional micelles on the membrane surface, which
resulted in an increase in the membrane surface concentration
(concentration polarization). Consequently, there was an in-
crease in the transport of the As-V to the permeate side and
this increased the permeate side concentration. Purkait et al.
[62] reported a similar trend for the removal of dye by micellar
enhanced UF applying a CPC with a polyamide membrane.
Also, the increase of As-V concentration in the feed water leads
to a decrease in the permeate flux (Fig. 12(b)). This decline in
flux is attributed to the dynamic exchange between the surfac-
tant chloride counter-ion, and the coexisting As-V anion. The
increase in As-V concentration produces more CP (As-V) mi-
celles in equilibrium. The amount of CP (As-V) micelles is
large relative to the CP (CI") micelles. Therefore, these block
more membrane pores thus decreasing the permeate flux (24).
For As-V concentration of 5000 pgl ', the flux was measured
as 15.8% pure water.

Effect of membrane thickness

The removal of As-V and the membrane permeate flux at
different thicknesses were also studied at the pressure of
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Fig. 13 The effect of membrane thickness on a) removal of As-V and b)
permeate flux at different intervals (As concentration 1000 pgl™', CPC
3mM, pH 7)

1 bar in Fig. 13(a) and (b). As the thickness was increased
from 50 to 150 pum, the removal of As-V increased from 89 to
96.94% and the flux decreased from 47.3 to 16.6 Lm *h ' in
the first 15 min, which this is due to increased mass transfer
resistance. The water flux results showed that the PAN has a
low hydraulic resistance relative to the change in the layer
thickness. In the case of a thinner membrane, a lower permeate
flux can be achieved primarily due to lower mass transfer
resistance and shorter overall transport path [63, 64]. This
finding is similar to the studies by Liu et al. (2013), which
have reported that with an increasing thickness of electrospun
PVA membrane from 20 to 40 wm, the pure water flux was
decreased from 7382 +462 to 4767 +457 Lm >h ™.

Effect of co-existing anion on as-V removal

Small quantities of nitrate ((NO5 ] 100 mg/l) have been added
to study the effect of this ion on the removal of As-V from
aqueous solution. Figure 14(a) shown that As-V removal effi-
ciency decreased by 4—6%. The decrease in the As-V removal
is due to the competition for the accessible binding sites of
CPC micelles, a reduction in electrostatic repulsion, and the
disintegration of CPC micelles (1). It shows there is compet-
itive binding to CPC micelles between NO; and As-V. As a
result, As-V ions bind to CPC micelles preferentially, and
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Fig. 14 Effect of nitrate on a) removal of As-V and b) permeate flux at
different intervals (As-V concentration 1000 pgl ', CPC 3 mM, mem-
brane thickness 150 pum, pH 7)

NOj; binds to the micelles after the binding of arsenic species
has reached saturation. Baek et al. reported that the removal of
ferric cyanide (trivalent anions) was higher than that of chro-
mate (divalent anion) removal in the MEUF. In the conditions
for the co-existence of ferric cyanide and chromate, ferric
cyanide binds to CPC micelles more preferentially than to
chromate, after saturation of ferric cyanide binding, the bind-
ing of chromate started to increase sharply [51]. The presence
of NO5s  decreases the permeate flux by about 17% compared
to the condition without ions as shown in Fig. 14(b).

Evaluation of MEUF performance for real samples

Water samples were received from wells in the Kurdistan rural
areas in Iran. The average arsenic concentration of the water of
the well was 93 pgl™'. In addition to arsenic, the major con-
stituents of the well waters included TDS, alkalinity, chloride,
sulfate, calcium, and magnesium. The well water was treated
as received with no pH adjustment and using the same oper-
ating conditions applied to the syntactic samples (CPC 3 mM,
TMP 1 bar, membrane thickness 150 pm). The results are
shown in the Table 3. The arsenic concentration in permeate
water was analysed and found to be below the detection limit
of the ICP (1 pugl™"). In addition to arsenic removal, a signif-
icant amount of co-ions, sulfate, and chloride were removed
from the water, suggesting that enough binding sites on the
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Table 3 Chemical analysis of

treated wells waters using a PAN Parameter Untreated water Treated water (ppm)  Removal Removal (%) in RO [65]

membrane and 3 mM CPC (ppm) (ppm) (%)
Arsenic 0.093 ND" 99.99 95
TDS 210 200.2 4.7 -
Alkalinity 437.1 411 35 -
Chloride 40.8 1.2 97 92
Sulfate 146.44 6.4 95 94
Calcium 104.21 98 6 97
Magnesium 339 31 8.5 96
pH 7.8 7.8 0 -
*ND Not detectable

micellar aggregates were available. Wimalawansa et al. used
reverse osmosis technology for the treatment of contaminated
water. The results demonstrated that a properly designed re-
verse 0osmosis system is capable of removing more than 95%
of all potential toxic contaminants and also other essential
elements required for health, that is, Na, Ca, Mg [65].
However, the PAN fabricated membrane in comparison to
RO and NF processes selectively removed the arsenic and
anionic ions from the water but did not substantially affect
the cationic ions, TDS, Ca, and Mg, which was shown as
the novelty of this work. The CPC rejection was measured
as 99.98%. The occurrence of several inorganic solutes in
the well-water decreased the permeate flux. The permeate flux
was found to be about 31% of the pure water flux (63.1
Lm2hh.

Cross-flow experiments

Based on the results, the optimal operating conditions were:
feed water containing As-V (1000 ppb) and CPC (3 mM) for
the cross-flow cell. Figure 15(a) and (b) demonstrated the
comparison between the dead-end and cross-flow systems
on the removal efficiency of As-V and the permeate flux.
The removal in the cross-flow system was quite comparable
to that of the dead-end system, but in the case of the flux, the
cross-flow system exhibited a higher flux as well as a lower
flux decline compared with the dead-end system. In the cross-
flow system, the pure water flux was 43.2 Lm > h™' and the
actual solution flux was about 41.7% of the pure water flux.

Conclusion

A PAN UF membrane was produced using the phase inver-
sion method and the morphology and characterization of the
membrane were performed. The experimental results, demon-
strated that the novel PAN membrane developed, had a high
molecular weight, which allowed the treatment of large fluxes
of concentrated As-V containing solution (100-5000 pgl ™),

even only using low surfactant concentrations (1-3 mM). The
removal of As-V depended on the characteristics of the sur-
factant. The highest removal efficiency was obtained using the
CPC membrane. The UF membrane without the surfactant
micelles was not very effective for As-V removal and the
surfactant leakage in the permeate was always below the
CMC. The removal of As-V was strongly dependent on pH
because the oxidation states (or valence) of As-V change as a
function of pH. In the presence of other anionic species the
competition between As-V and nitrate resulted in only a slight
decrease in the removal efficiency. In the case of the cross-
flow filtration method, a similar removal of As-V and rejection
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Fig. 15 Comparison of cross-flow and dead-end systems: a) removal of
As-V and b) permeate flux
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of surfactant were obtained, while the decline in flux was
much lower than in the dead-end system. Initially, 100% re-
moval was achieved for the 100—-1000 ugl™' range of As-V
concentrations, at pH 7, and using a membrane thickness
150 um. The PAN fabricated membrane, in comparison to
RO and NF processes, selectively removed the arsenic (below
the detection limit of AA, 1 ugl_l) and anionic ions from the
well water and did not substantially affect the removal of the
cationic ions. This favorable combination can benefit the re-
moval of As-V from the water in water treatment systems.
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