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Arsenic contamination due to anthropogenic and natural activities has posted a great risk to humans
through several pathways. As such, development of cost-effective technologies for arsenic decontamina-
tion is very important from both social and economic standpoints. In this paper, we are reporting a novel
adsorptive yttrium nanoparticles (YNPs)/polyvinyl alcohol (PVA) modified polysulfone (PSF) membrane
for the efficient treatment of arsenic. In the preparation of membrane, the porous PSF membrane fabri-
cated with hydrophilic polyacrylic acid (PAA) polymer was coated by a PVA thin layer and then loaded
with YNPs through an in-situ precipitation method using an ammonia vapor. We found that spherical
YNPs were uniformly distributed onto the surface and within the matrix of membrane. The adsorption
capacity as high as 35.56 mg-As/g was obtained at pH around 7. The membrane worked well across
pH 4.0–8.0, with the best performance at pH 5.0. 90% of ultimate adsorption capacity was achieved in
2 h with the initial arsenic concentration of 10 mg/L and at the membrane dosage of 0.2 g/L. The kinetics
data can be better fitted by the pseudo-second-order model. The Langmuir isotherm well described the
adsorption isothermal data. The filtration studies with an initial arsenate concentration of 94.8 lg/L
showed that the treatment capacities of the composite membrane at pH 7.0 and 5.0 were 296 and
692 L/m2, respectively. The X-ray photoelectron spectroscopy (XPS) analysis suggested that ligand
exchange between yttrium-hydroxyl groups and arsenate species may play as the main adsorption mech-
anism. Our study demonstrates that the membrane is a better material for arsenic decontamination than
previously reported adsorptive membranes.

� 2018 Elsevier Inc. All rights reserved.
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1. Introduction

High risk of arsenic contamination to human health affects
many places in the world including China, India, Taiwan, and Uni-
ted States. This has triggered a great progress of arsenic treatment
technologies in recent decades [1]. Compared to other technolo-
gies, adsorption is considered as the most favorable method for
arsenic removal because of its ease in operation, great availability
of adsorbents, and cost-effectiveness [2–6].

Several nano-sized metal based adsorbents have been devel-
oped for removal of aqueous arsenic, including nano zero-valent
iron [7], nanocrystalline magnetite [8], nano-TiO2 [9], and zirco-
nium nanoparticles [10]. The adsorption performance of metal
based adsorbents can be greatly improved whilst the adsorbents’
particle size is reduced from millimeters to nanometers leading
to much greater specific surface area and more rapid adsorption
kinetics [8,11,12].

A highly active hydrated yttrium oxide (HYO) with the superior
adsorption capacity has been reported recently [5]. The extremely
high adsorption ability shows its promising potential towards
practical application in remediation of arsenic-contaminated
water. However, the wide application of nano-sized adsorbents is
considerably constrained by the difficulty in separation of
nanoparticles from treated water streams. Energy-consuming
technologies such as centrifuge and filtration are therefore
required to effectively isolate and then collect the spent nano-
sized adsorbents.

In order to overcome the disadvantages in separation of nano-
sizedmaterials after use, adsorptivemembranes (also called as func-
tionalized or affinity membranes) have reportedly been fabricated
by incorporating them in membrane matrix [4,13,14]. They can
inherit the excellent adsorption performance of adsorptive nano-
sized particles and meanwhile overcome separation challenge.

Owing to the presence of hydrophilic surface groups on metal
based adsorbents (e.g.,AOH group), the agglomeration of these par-
ticles is observed in the membrane casting solutions, such as PSF
and poly(vinlidene fluoride) (PVDF) [13,15]. As a result, the parti-
cles in the membrane matrix are generally micrometer-scaled.
The agglomeration can lead to the uneven distribution of active par-
ticles in the membrane matrix and potentially reduce their adsorp-
tion ability and kinetics. Therefore, it is rather important to develop
better approaches to uniformly load the nano-sized adsorbents into
the membrane matrix in the preparation of adsorptive membranes
so that they can perform well in water treatment.

In this study, an in-situ precipitation method using ammonia
vapor was reported for the first time to load YNPs onto the mem-
brane surfaces and within the membrane matrix. In order to better
immobilize and distribute YNPs, PVA was used for surface modifi-
cation of PSF membrane, as the positively charged yttrium ions
may form the complexes with the hydroxyl groups on PVA poly-
mer via the Lewis acid-base pair [16]. Herein, the prepared mem-
brane was applied for the removal of arsenate from water. The
membrane properties including membrane morphology, water
flux, total porosity and point of zero charge (PZC) were examined.
The adsorption performance of the membrane towards arsenate
was investigated in both batch adsorption and filtration modes.
XPS as well as Fourier transform infrared spectroscopy (FTIR) were
employed for the mechanism study.
2. Materials and methods

2.1. Materials

Unless otherwise stated, all chemicals were of analytical grade
and used directly from purchase without further purification.
Yttrium(III) nitrate hexahydrate (Y(NO3)3�6H2O), sodium fluoride
(NaF), sodium dihydrogen phosphate (NaH2PO4), sodium bicarbon-
ate (NaHCO3), sodium sulphate (Na2SO4), hydrogen chloride (HCl),
humic acid (HA) (sodium salt), dimethylformamide (DMF), poly-
sulfone (26,000 Da), glutaraldehyde aqueous solution (GLA, Grade
II, 25%), polyacrylic acid (PAA, �450,000 Da) and polyethylene gly-
col (PEG, MW = 35,000, 100,000, 200,000, 300,000, 400,000 and
600,000 Da) were purchased from the Sigma-Aldrich (Singapore).
Polyvinyl alcohol (PVA, 72,000 Da) and sodium hydrogen arsenate
heptahydrate (Na2HAsO4�7H2O) were purchased from the Fluka
(Switzerland). Nitric acid (HNO3) and sodium hydroxide (NaOH)
were obtained from the Merck (Germany).

The preparation of As(V) stock solution was through dissolving
the specific amount of Na2HAsO4�7H2O in deionized (DI) water. The
respective working solutions of As(V) were obtained through the
dilution of this stock solution using DI water.

2.2. Fabrication of composite membrane

The preparation of porous PSF membrane was as follows: (1)
The PSF and PAA were respectively dissolved in DMF under stirring
at 90 �C; (2) The polymer solutions were mixed together in poly-
mer weight ratio of 90:10 and stirred for at least 3 h to obtain a
uniform solution; (3) After being degassed overnight, the mixed
polymer solution was homogeneously casted on glass plates and
then immersed in DI water; (4) The formed membrane with the
thickness of 150 lm was kept in DI water for more than 48 h to
remove the residual solvents.

The coating of PVA layer onto the PSF membrane substrate was
carried out as follows: (1) The solution of PVA (0.5 wt%) was pre-
pared by dissolving 0.5-g PVA in 100-mL DI water under stirring
at 90 �C; (2) The PSF substrate was immersed in the prepared
PVA solution for 1 h before drying; (3) After drying, the substrate
was then immersed and soaked in a mixture of GLA (4 wt%) and
HCl (10 mM) for 30 min to trigger the cross-linking reaction; (4)
The substrate was rinsed and washed using DI water to get rid of
residual PVA and GLA; (5) Finally, the PVA coated PSF membrane
was dried in air and stored.

The loading of yttrium nanoparticles to the PVA coated PSF
membrane was conducted as follows: (1) The solution of 0.1 M
yttrium nitrate was prepared through the dissolution of Y(NO3)3-
�6H2O into absolute ethanol; (2) The composite membrane was
immersed into yttrium/ethanol solution at ambient temperature
for 2 h; (3) The resultant membrane containing yttrium ions was
treated by ammonia vapor overnight; compared to immersing
the membrane into ammonium hydroxide or other basic solutions,
the treatment of ammonia vapor can ensure most of the bonding
yttrium ions to be in-situ precipitated on the membrane; (4) The
membrane was finally washed with DI water in order to fully
remove the unreacted yttrium and ammonia before drying in air.

2.3. Membrane characterization

The surface morphology of membranes was studied using a
field emission scanning electron microscope (FESEM, JSM-6701F,
JEOL, Japan). To prepare the samples for imaging analysis of the
cross-section, the membranes were first immersed in the liquid
nitrogen and cut to smaller pieces. Prior to the test, the membrane
samples were coated with platinum for sufficient electric conduc-
tivity. Moreover, the surface elemental distribution of membranes
was investigated by the equipped energy dispersive X-ray
spectrophotometer (EDX, JEOL JED 2300).

The total porosity of the membrane was measured by the gravi-
metric method. The membrane weight was measured, and was
successively immersed in ethanol and DI water for 10 min. It was
then kept in DI water overnight. Afterwards, delicate task wipers
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were used to remove the water on the surface of membrane, and
the wet weight of the membrane was recorded. The same proce-
dure was repeated for three times. The total porosity can be calcu-
lated as follows. The averaged value is reported in this paper; the
experimental error is within 5%.

Total porosityðPÞ ¼ mw �mdð Þ
qwater � V

ð1Þ

wheremw andmd (g) are the weight of the wet and dry membranes,
respectively; qwater (1 g/cm3) is the water density at 25 �C; and V
(cm3) is the volume of the dry membrane.

The pure water flux (PWF) of the membrane was tested by
using the Merck Millipore stirred cell module (8050, USA) under
the operation pressure of 2 bar. The effective area of the membrane
(through measurement) was 12.56 cm2 in the filtration study. The
PWF can be determined by the following equation:

JW ¼ Q
S � t � p ð2Þ

where JW (L/m2�h�bar) is the pure water flux, Q (L) is the volume of
the permeated water, t (h) is the time interval, p (bar) is the opera-
tion pressure, and S (m2) is the effective membrane surface area.

The molecular weight cut-off (MWCO) of the membrane was
measured by filtrating the PEG solutions (with different
molecular-weights) with the initial concentration of 100 mg/L.
The MWCO refers to the lowest molecular weight of PEG, of which
90% can be efficiently rejected by the membrane. The filtration
tests were carried out under an operation pressure of 2 bar. The
rejection rate can be calculated by the following equation:

R ¼ 1� Cp

Cf

� �
� 100% ð3Þ

where R (%) is the PEG rejection rate, and Cp and Cf (mg/L) are the
PEG concentrations of permeation and feed solutions. Specifically,
the PEG concentrations were measured using a total organic carbon
analyzer (TOC-4100, Shimadzu, Japan).

The surface functional groups on the membrane were studied
by using the FTIR (Shimadzu, Japan) in the attenuated total reflec-
tion (ATR) mode with a germanium crystal. Every scan was taken
across a wavenumber range of 500–4000 cm�1 at the ambient
temperature.

The PZC was determined by a previously reported method [17].
The membrane was suspended in a NaNO3 solution of 0.01-M with
a volume of 50-mL for 24 h. The pH of each suspension was respec-
tively adjusted to different values ranging from 3 to 10 by adding
NaOH or HNO3. After agitating the suspensions for 60 min to estab-
lish equilibrium, the exact pH values were recorded and considered
as the initial pH. After that, NaNO3 was added at a concentration of
0.45 M. After stirring for another 3 h, the final pH value of each sus-
pension can be recorded. The PZC was determined in the plot of
DpH (final pH - initial pH) vs. final pH, where the DpH equals to
zero.

2.4. Batch adsorption study

An adsorption kinetics study was carried out to obtain the
adsorption rate so that the adsorption equilibrium time was
obtained. The batch equilibrium experiments on the adsorption
were designed to find out effects of pH and competitive factors
on the adsorption performance, and adsorption capacity through
the adsorption isotherm study. With such basic information, one
can start a preliminary design of treatment system as well as better
understand the adsorption process.

In the adsorption kinetics experiment, 0.2-g membrane was
added into a 1-L arsenate solution (C0 = 10 mg-As/L). Throughout
the adsorption process, the pH of solution was constantly moni-
tored and manually maintained at 7.0. The samples were taken
at different time intervals to measure the arsenate concentrations
by an inductively coupled plasma optical emission spectrometer
(ICP-OES, PerkinElmer Optima 3000).

In the pH effect experiment, a number of 50-mL arsenate solu-
tions (10 mg-As/L) were respectively prepared at different pH
(3–10). The pH of solutions was fixed during the adsorption via
the addition of HNO3 or NaOH. Then, 0.2-g membrane was
trimmed out and added into each arsenate solution, which was
constantly shaken on a rotary shaker. After 24 h, aliquots of solu-
tion samples were taken for the measurement of arsenic concen-
tration by the ICP-OES.

In the experiment of adsorption isotherm, 0.02-g membrane
was added in several 100-mL arsenate solutions at different con-
centrations (1–60 mg-As/L). Throughout the study, the pH of solu-
tions was constantly monitored and manually maintained at 7.0 by
adding HNO3 or NaOH solutions. Other experimental procedures
were the same as those in the pH effect study.

In the experiment of co-existing substance effect, NaH2PO4,
Na2SO4, NaF, NaHCO3 and HA as representative substances were
respectively added into 10 mg-As/L arsenate solutions. The mem-
brane dosage (m) was 0.2 g/L. The solution pH was constantly
monitored and manually maintained at 7.0 by adding NaOH or
HNO3 during the adsorption process. Other procedures were the
same as those in the experiment of pH effect.

2.5. Filtration study

The filtration study was conducted in a stirred cell module
equipped with an 800-mL feed tank (Model 8050, Merck
Millipore). To start with, a small portion of the membrane with
an effective area of 12.56 cm2 was trimmed out for the use in arse-
nate rejection. The operation pressure of 2 bar was introduced by
applying a compressed nitrogen gas on the water. The concentra-
tion of As(V) in the feed solution of 94.8 lg/L and the influent pH
around 7.0 were controlled. Aliquots of the effluents that flew
out at different time intervals were collected to measure the
respective arsenate concentrations.

To regenerate the saturated membrane, the spent membrane
after the filtration was immersed in 0.01 M NaOH for 12 h. After-
wards, the regenerated membrane was washed by the DI water
thoroughly and then dried before being used into next round of
application. Other procedures were the same as the filtration
study.

2.6. X-ray photoelectron spectroscopy

The XPS studies were carried out using a spectroscope (Kratos
XPS system-Axis His-165 Ultra, Shimadzu, Japan). The instrument
provides a monochromatized AlKa X-ray source (1486.71 eV),
which works at a condition of 15 kV, 10 mA and 150W. Within
the analytical chamber, a base pressure of 3 � 10�8 Torr is main-
tained. Herein, we collected the information in terms of the bind-
ing energy.

A non-linear least-square curve fitting program called
XPSPEAK41 Software was then used for the analysis of the
collected data. To calibrate, the graphitic carbon with a binding
energy of 284.8 eV was selected as the reference to correct the car-
bon signal. This is for the sake of compensating charging effect.
Further to that, the respective XPS spectra with respect to the
elements of yttrium, oxygen and arsenic were deconvolved based
on the Gaussian (20%)-Lorentzian (80%) mixed function after the
subtraction of a linear background. The detection limits of XPS
spectra on the measurement of the element composition are in
the range of parts of thousand (1000 ppm) [18].
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3. Results and discussion

3.1. Characterizations of composite membrane

3.1.1. Morphology and elemental distribution study
The morphology imaging towards the surface and cross-section

of membranes can be found in Fig. 1. The pristine PSF membrane
has a dense surface layer and porous sponge-like matrix as shown
in Figs. 1a and b.

After adding the hydrophilic polymer PAA to the membrane
casting solution, numerous large pores emerge on the membrane
surface. Many figure-like cavities and macrovoids are formed on
the cross-section of the membrane as shown in Figs. 1c and d.
The PAA polymer works similarly as the other pore-forming addi-
tives (e.g., polyvinyl pyrrolidone (PVP) and PEG). It accelerates the
diffusion rate of the solvent (DMF)/non-solvent (DI water) during
Fig. 1. FESEM imaging on membranes: (a) surface and (b) cross-section morphologies wi
with respect to porous PSF membrane (PAA as a pore-forming additive); (e) surface and
phase inversion, leading to the formation of big cavities andmacro-
voids [19–21]. Moreover, the immobilization of hydrophilic PAA
into the inert PSF matrix can reportedly generate cation exchange
capacity, resulting in higher rejection of lead, cadmium and chro-
mium [22]. This would be beneficial for the attachment of yttrium
cations on the porous PSF membrane during the modification
process.

Fig. 1e clearly shows that large pores on the PSF membrane sur-
face are covered by the PVA layer. The surface pore size and water
flux of the membrane can therefore be adjusted by the thickness of
PVA thin layer. Moreover, a large number of spherical nanoparti-
cles uniformly distribute on the surface of YNPs/PVA modified
PSF membrane after further being treated by yttrium solution
and ammonia vapor. From the high-resolution FESEM image of
the insert of Fig. 1f, the uniformly distributed yttrium nanoparti-
cles can also be observed in the matrix of YNPs/PVA modified
th respect to pristine PSF membrane; (c) surface and (d) cross-section morphologies
(f) cross-section morphologies with respect to YNPs/PVA modified PSF membrane.
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PSF membrane. The element distribution of YNPs/PVA modified
PSF membrane surface shown in Fig. S1 confirms the presence of
yttrium nanoparticles on the membrane.
3.1.2. Physical characteristics of membranes
As illustrated in Table 1, the porosity of the PSF membrane

increases from 41.0 to 67.9% after adding PAA to the casting solu-
tion. This is consistent with the observation from the FESEM imag-
ing. The porosity of membrane decreases to 62.6% after the coating
Table 1
Physical characteristics of membranes.

Membrane Porosity (%) Flux (L/h�m2�bar) MWCO (KDa)a

Pristine PSF 41.0 – –
Porous PSFb 67.9 286.6 550
PVA modified PSF 62.6 66.9 250
YNPs/PVA modified PSF 58.4 97.9 150

– Refers to the value that cannot be measured due to the limit of operation pressure.
a Represents the lowest molecular weight of PEG of which 90% can be rejected by

the membrane.
b Porous PSF refers to the PSF membrane after adding PAA as a pore-forming

additive.
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Fig. 3. Arsenate adsorption kinetics of YNPs/PVA modified PSF membrane: (a) experimen
models; (b) intraparticle diffusion model. Experimental conditions: [As]0 = 10 mg-As/L,
of PVA layer and further drops to 58.4% after the loading of YNPs on
the membrane. The rejection of different molecular-weight PEG by
membranes is shown in Fig. S2 with the corresponding MWCO val-
ues given in Table 2. Similar to the membrane porosity, the MWCO
decreases from 550 to 250 KDa after the PVA modification and fur-
ther drops to 150 KDa after loading the YNPs. However, a signifi-
cant increase in water flux is found for the YNPs/PVA modified
PSF membrane in comparison to the PVA modified PSF membrane.
Similar to other studies, the incorporation of metal oxide nanopar-
ticles in the membrane may lead to a significant increase in mem-
brane hydrophilicity and consequently facilitate the water
permeation [13–15].
3.1.3. FTIR study
The FTIR spectra of pristine PSF, porous PSF, YNPs modified PSF,

PVA modified PSF and YNPs/PVA modified PSF membranes were all
studied to identify the change of chemical structures of the mem-
branes after the modification steps. As shown in Figs. 2a and b, no
additional new peak is found in the spectrum of the porous PSF
membrane compared to that of the pristine PSF membrane, indi-
cating that water-soluble PAA polymer may mainly contribute to
the increase in the membrane porosity.

After loading YNPs on the porous PSF membrane, two new
peaks at 3400 and 1652 cm�1 appear in Fig. 2c, which can respec-
tively be ascribed to the O-H stretching vibration of the adsorbed
water molecule [23] and surface hydroxyl groups (AOH groups)
[24]. This confirms the presence of hydroxyl groups on the yttrium
nanoparticles. Moreover, the appearance of the peak at 1730 cm�1

(Fig. 2d) can be attributed to the presence of the C@O groups,
resulting from the occurrence of non-complete cross-linking reac-
tion of PVA with GLA. It is worthwhile to note in Fig. 2e that the
strength of the peak at 3400 cm�1 significantly increases as the
co-existence of the PVA and YNPs on the membrane surface, while
the characteristic peaks assigned toAOH and C@O bands are found
to be overlapped.
3.2. Batch adsorption study

3.2.1. Adsorption kinetics
As illustrated in Fig. 3a, the membrane demonstrates a rapid

uptake towards the As(V) species; within the first 30 min, more
than 74% of the ultimate adsorption capacity (25.14 mg-As/g) can
be accomplished. After the initial stage 30 min, the uptake slows
down and reaches the equilibrium in 10 h.
tal data and modeling results from the pseudo-first-order and pseudo-second-order
m = 0.2 g/L, pH = 7.0, T = 25 �C.
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A comparison of adsorption rate and capacity of different
adsorptive membranes is shown in Table S1 (in terms of ‘‘adsorp-
tion capacity in 30 min” and ‘‘max. adsorption capacity”). The
YNPs/PVA modified PSF membrane outperforms others as it has
larger values in both parameters. This indicates its great potential
for treatment of arsenic-contaminating water.

The adsorption kinetics of YNPs modified PSF and PVA modified
PSF membranes was studied. As shown in Fig. S3, the ultimate
adsorption capacities of YNPs modified PSF and PVA modified PSF
membranes are 15.76 and 1.56 mg-As/g, respectively; this suggests
that YNPs loading is crucial for the enhancement of the arsenic
adsorption onto the membrane and the PVA layer can provide
more binding sites for yttrium ions.

The experimental data of adsorption kinetics was analyzed by
the pseudo-first-order and pseudo-second-order equations; their
mathematical equations are as below [25,26]:

qt ¼ qe 1� e�K1t
� � ð4Þ

qt ¼
K2q2

e t
1þ K2qet

ð5Þ

where qe and qt (mg-As/g) are the adsorption capacities at equilib-
rium and time t (h), respectively; K1 (h�1) and K2 (g�mg�1�h�1) are
the equilibrium constants of the pseudo-first-order and pseudo-
second-order models, respectively.

As listed in Table S2, the pseudo-second-order model has a
higher correlation coefficient value (r2), indicating that it better
describes the uptake profile than the pseudo-first-order model.
Furthermore, this indicates that the adsorption is controlled by a
chemisorption process [27].

In addition, the non-linear chi-square test (v2) given below was
applied to validate an appropriate kinetics model.

v2 ¼
X qt � qt;m

� �2
qt;m

ð6Þ

where qt is the adsorption capacity determined in experiment
(mg-As/g), and qt;m is the adsorption capacity calculated using the
equations (mg-As/g).

As shown in Table S2, the value of v2 from the pseudo-second-
order kinetics model is much smaller than that from the pseudo-
first-order model; this suggests that the pseudo-second-order
kinetics model is more suitable for simulating the experimental
data.

Compared to our previous study on the removal of As(V) by
hydrated yttrium oxide particles, the adsorption rate constant
(K1) from the pseudo-first-order model with respect to the com-
posite membrane is 10 times higher than that of hydrated yttrium
oxide particles [5]. The rapid adsorption of As(V) on the membrane
may be due to the uniform distribution of YNPs on both surface
and matrix of the membrane.

The rate-limiting step of the adsorption process was deter-
mined using the intraparticle diffusion model with an equation
as follows [28]:

qt ¼ Kidt1=2 þ a ð7Þ
where Kid ((mg/g)/h1/2) is the intraparticle diffusion rate constant;
a (mg-As/g) is a constant that reflects the significance of boundary
layer or external mass transfer effect. The larger a value means the
greater contribution of the surface adsorption to the rate-
controlling step.

As shown in Fig. 3b, the adsorption has a two-phase profile: an
initial smooth curve followed by a linear portion. The first adsorp-
tion step shall be governed by the boundary layer effect till the
adsorbed amount of As(V) reaches about 85% of ultimate
adsorption capacity. Afterwards, the adsorption process is
controlled by the intraparticle diffusion.
3.2.2. pH effect
Chemisorption plays the most important role in adsorption of

metals and organic compounds in aqueous solutions. In addition,
the electrostatic interaction between the adsorptive materials
and the As(V) affects the performance to some extent, since the
net surface charge of the material and the speciation form of
arsenic are pH-dependent [29].

The surface charge of the YNPs/PVA modified PSF membrane
and species distribution of As(V) with regards to the solution pH
are respectively shown in Figs. S4a and b. It is found that the PZC
value of the composite membrane is approximately 7.2. When
the solution pH is above its PZC value, the membrane is negatively
charged. On the contrary, it is positively charged at pH < 7.2. As
shown in Fig. S3b, the dominant species of As(V) are H2AsO4

� and
HAsO4

2� in pH of 3–7 and 7–10, respectively.
Two sets of experiments were conducted to examine the influ-

ence of solution pH on the As(V) uptake: with pH controlling at
fixed values and without pH controlling during the adsorption.
The results are given in Fig. 4.

Under the pH controlling condition, the adsorption capacity of
As(V) increases from pH 3.0 to 5.0. It reaches the optimal value
of 40.75 mg-As/g at pH 5.0.

Since the yttrium nanoparticles are formed by an in-situ precip-
itation method using ammonia vapor, they become less stable at
pH 3.0, which results in the obviously lower As(V) uptake. In addi-
tion, at lower pH (e.g., pH 3), the arsenic is in the form of H3AsO4 as
shown in Fig. S4b. As it does not carry any negative charge, no
uptake of arsenic can happen according to the general rules of
chemical adsorption and ion exchange.

When the pH is shifted from 3 to 5, more negatively charged
arsenic species become available (H2AsO

�
4 ). The protonated hydro-

xyl group on the membrane (AOH2
+) at pH < 7.2 can better adsorb

the negatively charged arsenic species [30]. In addition, the elec-
trostatic attraction between the positively charged membrane
and H2AsO4

� can further facilitate the uptake of As(V).
As the solution pH is further increased from 5 to 10, the uptake

slowly becomes retarded due to several reasons, namely, 1. the
protonated hydroxyl group becomes less as pH is increased; 2.
the electrostatic repulsion increases between the negatively



Filtration Volume (mL)

664 Y. Yu et al. / Journal of Colloid and Interface Science 530 (2018) 658–666
charged membrane (at pH > PZC) and HAsO4
2�; 3. the competition

between hydroxide ions in the solution and arsenic species
towards the active sites on the composite membrane becomes
intense [31].

The similar trend of the adsorption capacity with regards to the
solution pH is observed under the non-controlled pH condition.
The membrane shows better performances at the initial pH of
3, 9 and 10 than those under the controlled pH condition. In
addition, we observed slight increase in the solution pH after the
adsorption. This is due to the effect of hydroxyl group on the
uptake of arsenic, which is discussed in the XPS study.

3.2.3. Adsorption isotherm
The experimental isotherm curve at pH 7.0 together with the

fitting by the Langmuir and the Freundlich equations is given in
Fig. 5. The relevant parameters and their values obtained from both
Langmuir and Freundlich equations are shown in Table S3. Accord-
ing to the correlation coefficients (r2), the Langmuir equation
describes the experimental data better than the Freundlich equa-
tion. This suggests a monolayer adsorption process taking place
during the As(V) uptake. Moreover, the maximum adsorption
capacity given by the Langmuir equation is 35.56 mg-As/g at pH
7.0. Overall, the adsorption capacity of YNPs/PVA modified PSF
membrane towards As(V) is mainly limited by the loading of YNPs.

3.2.4. Effect of co-existing substances
To understand the selectivity of the composite membrane

towards arsenate species, we studied the effects from most com-
monly existing anions on the arsenic uptake. It is common that
several negatively charged species well exist in natural waters
and may compete with anionic arsenate species for the active sites
during the water treatment. The important anions include carbon-
ate, sulfate, fluoride, phosphate and natural organic matters
(NOMs). The humic acid (anionic, and in a form of sodium salt) is
chosen as the representative of the NOMs in this study.

As shown in Fig. S5, the influence of co-existing substances on
the adsorption follows by a descending order of: phosphate > fluo-
ride > sulphate > bicarbonate > HA. As the concentration of com-
peting anion is increased, one can see that the negative effect
becomes more severe.

The presence of 10-mM phosphate or fluoride in solution has
the negative effects on the As(V) uptake; the adsorption decreases
from 35.2 to 7.3 and to 17.4 mg-As/g in the presence of phosphate
and fluoride, respectively. It should be noted that the typical
concentrations of phosphate and fluoride in natural waters are
generally in a range of 0–5 mg/L (<0.15 mM) and 0.01–3 mg/L
As conc. at equilibrium (mg/L)
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Fig. 5. Arsenate adsorption isotherm of YNPs/PVA modified PSF membrane.
Experimental conditions: m = 0.2 g/L; pH = 7.0; t = 24 h; T = 25 �C.
(0.5 lM–0.16 mM), respectively, much lower than 10 mM used in
our study [32,33]. Therefore, the influence of their presence on
the performance in the practical applications would be less signif-
icant. Similar to other reported yttrium-based adsorbents, the
strong competitive effect from phosphate or fluoride is due to
the high affinity of two anions for the membrane.

Compared to the co-existing phosphate and fluoride anions, the
presence of carbonate, sulfate and HA in water seems to have less
negative effect on the adsorption. Typically, the concentrations of
bicarbonate and sulfate are less than 1 and 0.5 mM, respectively.
As such, the uptake capacity for arsenic can be reduced by
20–30% when carbonate or sulfate is present in the water. The less
negative effect of 10–15% from the NOMs can be seen from the
figure.

These findings on the other hands imply that the membrane can
work well for removal of these anionic substances. A zirconium
based nanoparticle developed by our lab showed that its removal
for arsenic was negatively affected by the presence of fluoride
and other anionic substances [10]. The further study on the same
particle demonstrated that it was able to effectively remove fluo-
ride from water solutions [34]. Based on the present study, we
foresee that the membrane can work well to remove such anions
as fluoride and phosphate ions, making it to be multi-functional
for water treatment.

3.3. Filtration study

Both virgin and regenerated YNPs/PVA modified PSF mem-
branes were tested for the As(V) removal in a dead-end filtration
mode. The simulated arsenic-contaminated water feed with an ini-
tial concentration of 94.8 lg/L was prepared by adding As(V) into
DI water. The Maximum Contaminant Level (MCL) in drinking
water is set by the US EPA and WHO for a list of contaminants.
The MCL for the arsenic has been set at 10 ppb (10 lg/L) since early
2006.

As shown in Fig. 6, the virgin membrane can effectively treat
more than 4200 (about 869 mL) and 1800 bed volumes (about
372 mL) of arsenic-contaminated water to ensure the arsenic con-
centration of effluents less than the MCL (10 lg/L) at pH 5.0 and
7.0, respectively [35]. According to the effective volume and area
of the membrane, the treatment capacity of virgin composite
membrane can be calculated as 692 L/m2 at pH 5.0 and 296 L/m2

at pH 7.0, respectively.
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Fig. 6. Filtration study of As(V) removal by both the virgin and regenerated YNPs/
PVA modified PSF membranes. Experimental condition: [As]0 = 94.8 lg/L, operation
pressure = 2 bar, membrane volume = 0.207 cm3, membrane effective area = 12.56
cm2, T = 25 �C.
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In regards to the regenerated membrane, a slight reduction of
treatment ability at pH 5.0 and 7.0 can be observed when repeating
the same filtration procedure. This indicates that the composite
membrane has a decent regeneration ability and can be reused
through a simple regeneration process.

In addition, we observed slight increase in the pH in effluent
solution during the filtration. This is due to the interaction
between hydroxyl group on the membrane and arsenic.
526 528 530 532 534 536 538
Binding Energy (eV)

(b) As-loaded composite membrane

In
te

n

As-O
 5.66%

C-OH
 15.94%

C-O/C=O
   38.50%

Y-OH
  11.64%

S=O
28.26%

Fig. 8. XPS spectra of O 1s of YNPs/PVA modified PSF membranes: (a) virgin
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Fig. 9. As 3d XPS spectrum with respect to As-loaded YNPs/PVA modified PSF
membrane.
3.4. Mechanism study

As shown in Fig. 7, the characteristic peaks of yttrium including
Y 4p, Y 3d, and Y 3p can be found in the wide scan XPS spectrum of
the virgin YNPs/PVA modified PSF membrane. Besides, two charac-
teristic peaks referring to arsenic can be identified after the adsorp-
tion, namely As 3d and As LMM. The finding confirms that As(V) is
successfully adsorbed on the membrane. In addition, the presence
of S 2s peak in both virgin and As-loaded composite membranes
should be attributed to the PSF polymer.

As shown in Fig. S6, the high-resolution scan spectrum of Y 3d
with respect to the virgin YNPs/PVA modified PSF membrane can
be decomposed into two component peaks with the binding ener-
gies of 158.3 and 160.3 eV, respectively. After the adsorption, the
binding energies of these two component peaks shift to 158.4
and 160.4 eV respectively, due to the binding of more electronega-
tive arsenate species on yttrium atoms.

In order to further explore the adsorption mechanism, the high-
resolution scan XPS spectra of O 1s with respect to the virgin and
As-loaded composite membranes were analyzed and the results
are shown in Fig. 8. Specifically, we can decompose the O 1s spec-
trum of the virgin membrane into four component peaks, of which
the peaks at the binding energies of 530.80, 531.60, 532.47, 533.17
eV can be assigned to CAOH, CAO/C@O, YAOH and S@O respec-
tively. Among them, CAOH, CAO/C@O and S@O shall stem from
the polymers (i.e., PSF, PAA and PVA), while Y-OH bond is assigned
to the hydroxyl group bonded to yttrium atoms. After the adsorp-
tion, a new component peak can be identified as the AsAO bond
[13].

As illustrated in Table S4, the relative content of AsAO bond
increases to 5.66% after the adsorption. Meanwhile, the relative
content of Y-OH significantly decreases from 30.97% to 11.64%.
This indicates that the exchange between hydroxyl groups and
As(V) may be the possible mechanism for the arsenic uptake.
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Fig. 7. XPS wide scan spectra with respect to YNPs/PVA modified PSF membranes
before and after the adsorption.
The As 3d scan spectrum with respect to the post-adsorption
YNPs/PVA modified PSF membrane is shown in Fig. 9. The charac-
teristic peak appearing at 45.87 eV can be attributed to As(V) [6,36]
This indicates that there is no reduction of As(V) & As(III) chemical
happening.
4. Conclusions

In the present study, we have successfully developed and opti-
mized a novel YNPs/PVA modified PSF membrane for the adsorp-
tive removal of arsenate from water. The yttrium nanoparticles
were uniformly loaded on the membrane surface and matrix
through the adsorption in-situ precipitation method using ammo-
nia vapor. The usage of hydrophilic polymers PAA and PVA in the
membrane preparation process can significantly affect the total
porosity as well as the surface pore size of the membrane. The
membrane can effectively remove arsenate from water across a
wide pH range of 4.0–8.0. The adsorption kinetics data can be well
fitted by the pseudo-second-order models. Owing to the uniform
distribution of spherical yttrium nanoparticles, about 74% of ulti-
mate adsorption capacity could be achieved in the first 30 min.
The isotherm study suggested that the maximum adsorption
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capacity of the membrane was 35.56 mg-As/g under neutral pH.
The membrane with an area of 12.56 cm2 was able to treat the
arsenic-contaminated water at an initial concentration of
94.8 lg/L and with a 4200 bed volume (869 mL) to meet the regu-
lation of arsenic in drinking water. The XPS study revealed that
ligand exchange between hydroxyl group bonded to yttrium atoms
and arsenate played (Nus) a major role for As(V) uptake on the
membrane.
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