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Abstract: In this study, the PVAF/MGO composite nanofiber membranes (PMGs) introducing Iron oxide-Graphene oxide
(Fe304/GO, Metallic graphene oxide; MGO) was prepared via electrospinng method and its arsenic removal characteristics
were investigated. The thermal treatment was carried out to improve the mechanical strength of nanofiber membranes and
then the results showed that of outstanding improvement effect. However, in case of PMGs, the decreasing tendency of me-
chanical strength was indicated as increasing MGO contents. From the results of pore-size analysis, it was confirmed that
the porous structured membranes with 0.3 to 0.45 um were prepared. For the water treatment application, the water flux
measurement was carried out. In particular, PMG2.0 sample showed about 70% improved water flux results (153 kg/m’h)
compared to that of pure PVAF nanofiber membrane (91 kg/m’h) under the 0.3 bar condition. In addition, the PMGs have
indicated the high removal rates of both As(III) and As(V) (up to 81% and 68%, respectively). Based on the adsorption iso-
therm analysis, the adsorption of As(IIl) and As(V) ions were both more suitable for the Freundlich. From all of results, it
was concluded that PVAF/MGO composite nanofiber membranes could be utilized as a water treatment membrane and for
the Arsenic removal applications.
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1. Introduction

Water pollution due to toxic heavy metals caused by
industries and agricultural sources is one of the most
serious environmental and public problems[1,2].
Arsenic is a ubiquitous, toxic and carcinogenic chem-
ical element among these heavy metals. However, ar-
senic is infamous for its marked negative impacts on
human health because it’s chronic and carcinogenic ef-
fects as well as acute lethality. Inorganic arsenic spe-
cies, arsenate (As(V)) and arsenite (As(IIl)), are be-
lieved to be more toxic than the organic forms. As(V)
is predominate in surface waters, while As(IIl) is dom-
inant in groundwater systems. Drinking water con-
tamination by arsenic remains a major public health
problem around the world, especially in India, USA,
China, Vietnam, etc. Therefore, it is highly desired to
develop eco-friendly, simple and economical techniques
for arsenic removal[3].

As arsenic contamination is a widespread problem,
many methods have been developed to remove arsenic
such as adsorption[4-6], ion exchange[7], membrane
separation[8,9], chemical oxidation[10], bioremediation
[11], and so on. Among these techniques, the adsorp-
tion and the membrane separation processes are more
cost-effective and simple to operate, so they have
played very important roles in the water purification
industry[12,13].

Up to now a lot of absorbents have been reported
for arsenic water removal, including nano-scale metal
oxide[14], activated carbons and graphene derivatives
[15,16]. Among these adsorbents, iron oxides, such as
Fe;O3 and Fe;04, are promising efficient adsorbents for
arsenic because of its large active surface area and
high arsenic adsorption capacity. However it cannot be
applied in the continuous flow systems due to its small
particles size and the aggregation effect. Consequently,
it is necessary to load iron oxide onto an appropriate
support such as the activated carbon[17].

Recently, Graphene Oxide (GO) has received in-

tensive attentions due to its high surface area (2,630

m’/g) and chemical stability. In addition, as the GO
has many negative functional groups including hydrox-
yl, carboxyl, and carbonyl group, it can be used as a
great adsorbent for heavy metal removal from polluted
and other natural water resources. However, some re-
views on the use of GO-based materials as a support
to load iron oxide for the removal of arsenic in water
is available[18,19]. In specific, the reviews on the
membrane application have not been extensively stud-
ied or published.

Electrospinning is a simple and versatile method for
fabricating continuous fibers with diameters ranging
from micrometers to several nanometers[20,21]. High
specific surface area with excellent adsorption capacity
can be obtained by electrospinning[22]. So here we re-
ported on our work to prepare PVAF/MGO composite
membranes via an electrospinning technique and the
resulting composite nanofiber membranes were charac-
terized for their arsenic adsorption ability for the
wastewater treatment.

2. Experimental

2.1. Materials

Graphite flake (SP-1, Bay city Inc.), sulfuric acid
(= 98%, Duksan Pure Chemical Co. Ltd), potassium
permanganate (= 99.9%, Sigma Aldrich), hydrogen
peroxide (35%, Samchen Co. Ltd), FeCl; - 6H,O (=
97.0%, Sigma Aldrich), FeCl, -4H,O (= 99.0%,
Samchun Chemical) and hydrochloric acid (1IN,
Duksan Pure Chemical Co. Ltd.) were used to synthe-
tize MGO.

PVdF (Kynar 761, Arkema), N,N-dimethyl acetamide
(DMAc) (= 99.0%, Duksan Pure Chemical Co. Ltd.),
acetone (= 99.0%, Duksan Pure Chemical Co. Ltd.)
were used to prepare PVdF nanofiber.

As(III) standard solution (1,000 + 3 ppm) and As(V)
standard solution (1,000 £ 3 ppm) were purchased
from Sigma Aldrich. The distilled water (DI water)
was purified through a Millipore system (~18 M2 -
cm). All of the chemicals and reagents were used

without further purification.
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Table 1. Composition of Electrospinning Solutions

Wongi Jang - Jian Hou - Hongsik Byun - Jae Yong Lee

Sample code PVdF (wt%) MGO (wt%) DMAc (wt%) Acetone (Wt%)
PVdF 15 0.0 68 17
PMG 2.0 15 2.0 68 17
PMG 3.0 15 3.0 68 17
PMG 4.0 15 4.0 68 17

2.2. Synthesis of GO and Fez0,~GO (M-GO)

GO and MGO were synthesized using the Hummer’s
method through oxidation of graphite flake and the de-
tailed procedure was previously reported[23,24]. The
GO nanosheets were obtained by filtering GO solution
dispersed 1 mg/mL of density with a vacuum filtration
system using a 0.45 um PVdF filter (Millipore Co.,
Ltd.). To prepare MGO composites, 0.1 g of GO nano-
sheets were completely dispersed in 100 mL DI water
by sonication. Then, the solution was transferred to a
three-neck flask and purged with N, for 5 min in order
to remove dissolved oxygen. A mixed solution of
FeCl; - 6H,O dissolved in DI water and FeCl, + 4H,0
dissolved in HCI were taken into the GO solution
slowly. The mixture was stirred for 15 min. After that
NH4OH was added to the mixture and stirred for 45
min. The reaction processed under the protection of
N,. The products were collected by vacuum filtration
and washed several times with ethanol and DI water.
The resulting black solids were vacuum-dried at 70 °C
for 2 h. Finally, the obtained black powders were stor-

ed in a Ny-purged desiccator.

2.3. Preparation of PVdF/MGO composite
nanofiber membrane

For preparation of PVAF/MGO composite nanofiber
membrane, the different concentrations of MGO
(2.0-4.0 wt%) was initially dispersed in a DMAc by
sonication for 2 h. Then, the PVdF powder and ace-
tone were added to the MGO solutions and were stir-
red for overnight at room temperature. The composi-
tion of elelctrospinning solutions is listed in Table 1.
Then, the PVAF/MGO solution was loaded into the 5
mL of plastic syringe equipped with a syringe needle.
After that, the electrosinning was performed with fol-
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lowing conditions; an applied voltage of 15 kV, a
tip-collector distance of 15 cm, at a flow rate of 0.6
mL/h, an aluminum foil collector. Finally, the collected
nanofibers were thermally treated at 120°C for 24 h
after stacking it’s layers between glass plates. The lay-
ered composite nanofiber membrane was used for fur-

ther characterization.

2.4. Characterization of synthesized MGO
and composite nanofiber membranes

2.4.1. Morphology and structure analysis

FT-IR (Thermo Scientific, IS50) spectroscopy was
used to characterize the functional groups of MGO.
The crystallographic structures of MGO were charac-
terized with X-ray diffraction (XRD) patterns on a
Rigaku D, Max-2500V with nickel-filtered Cu Ka
radiation. The surface morphology of composite nano-
fiber determined using STEM
(S-4800, Hitach) after osmium coating.

membranes were

2.4.2. Mechanical strength and pore-property
measurements

The tensile strength of composite nanofiber mem-
branes were obtained using a universal testing machine
(UTM-2020, MYUNGIJI TECH). The mechanical test
was performed according to ASTM DS882. The samples
were cut in a rectangular shape with dimension of 100
mm x 20 mm and directly mounted on the sample
clamps at a rate of 500 mm/min. The tensile-test re-
sults were obtained by averaging the data of five
measurements for each sample.

The pore size of the composite nanofiber membranes
were measured by the Capillary Flow Porometer
(Porolux 1000, Porous Materials Inc.) with Porewick sol-
ution (16.0 dynes/cm) and then the effective diameter of
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sample was fixed at 1.9 cm. The porosity of the compo-
site nanofiber membranes were measured using the n-bu-

tanol uptake test. The porosity was calculated as:

Wwet - Wdry
Swet Y 00% (1)
pbvdry

Porosity % =
Where Wy and Wy are the weights of the compo-
site membranes before dry and after socking (wet) in
n-butanol for 2 h, ey is the density of n-butanol, and
Vay is the volume of the dry membranes. The compo-
site membranes were cut into squares of 16.0 cm® (4

cm X 4 cm) for the tests.

2.4.3. Contact angle analysis and pure water
permeate measurement

The wettability of the composite nanofiber mem-
branes were observed with water droplet placed on
their surfaces and confirmed by a contact angle ana-
lyzer (Phoenix 300, SEO). The final contact angles
were obtained as the average of five measurements at
room temperature.

A dead-end cell was used for pure water flux meas-
urement[23]. The membrane active area was 38.5 cm’.
The feed solution was stirred at a rate of 200 rpm.
The filtrate was collected over a given period and

weighed. The flux was calculated from the equation:
Water flux (kg/m*-h) =m_ /A, - At )

Where my is the weight of the filtrate (kg), t is the
filtration time (h), and Ay is effective area of mem-

brane (m?).

2.4.4. Arsenic adsorption measurement

Two well-known adsorption isotherms namely
Langmuir and Freundlich are widely used to inves-
tigate the equilibrium data of As(IlI) and As(V) ions.
The general form of the Langmuir isotherm is:

C, 1 1
=—C + 3
& G © Gn-b ®)

Where C. (mg/L) is the equilibrium concentration of
the adsorbent, q. (mg/g) is the mass of adsorbate ad-
sorbed per mass of adsorbent, qm (mg/g) is the max-
imum adsorption capacity of adsorbent and b (L/mg) is
constant which is related to the absorption rate. The
values of q and b are calculated by plotting C./q. ver-
sus C,, respectively.

The Freundlich expression is commonly presented as

follows:
1
Inq, = InK; + (E)InCe 4)

Where Kr and n are the Freundlich constants related
to the adsorption capacity and intensity of the sorbent,
respectively.

The concentration of arsenic ions in the adsorption by
the composite nanofiber membrane was determined using
an inductively coupled plasma atomic emission spec-
trophotometer (ICP, Optima 7300 DV, Perkin-Elmer).
The removal rate was calculated by:

R(%)=(q00f

3

% 100 (5)

Where R is removal rate of arsenic ions (%), C; and
C; are before and after concentration of arsenic ion

solutions, respectively.
3. Results and Discussion

3.1. Morphology and structure analysis
FT-IR spectra of GO and MGO nanocomposites are
shown in Fig. 1. Several characteristic peaks of GO
can be observed, confirming the successful formation
of GO. Absorption peaks appearing at 1,040, 1,740,
1,620 and 3,400 cm™ in the FTIR spectra of GO are
attributed to O-C-O group, C=0 group, C=C group,
and -OH group, respectively. However, that of MGO
wasn’t observed at 1,740 cm™ attributed to carboxylic
group (-COOH). It could be explained that the GO was
partially reduced during synthesis procedure with Fe;O.,

Membr. J. Vol. 26, No. 6, 2016
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Fig. 1. FT-IR spectra of (a) MGO and (b) GO.

Fe O,
(311}
i

Fe O,
50, (440)

Fe
(5

Intensity (a.n.)

! ! I \ L !
10 20 30 40 50 60 70

2e(degree)

Fig. 2. XRD pattern of MGO.

thus, it is expected that wettability of MGO could be
lower than that of GO.

The crystalline structures of MGO were identified
with XRD. The XRD pattern of MGO is shown in
Fig. 2. Six diffraction lines can be observed at 20 =
17.50, 27.10, 35.50, 42.25, 56.75 and 61.50°. These
diffraction lines can be assigned to the (111), (220),
(311), (400), (511) and (440) crystalline planes of
Fe;04[25]. This confirmed that MGO was successfully
synthesized with Fe;Oy.

Fig. 3 shows the SEM images of PVdF nanofiber
membrane and prepared composite nanofiber mem-
branes under magnification of 5,000 x. The diameters
of PVdF and PMG nanofibers ranged between 500 and
1500 nm. Then some heterogeneous components above
the composite nanofiber membranes were observed,
which was ascribed to the agglomeration of PVdF pol-
ymer and MGO nanocomposites (Fig. 3 b-d). It might
be concluded that the porosity of PMGs was decreased
due to the agglomeration of PVdF and MGO resulting
in the blocking of the pores.

mugel A 26 B A6 3, 2016

Fig. 3. SEM image of PVdF and PMG nanofiber mem-
branes; (a) PVdAF nanofiber membrane (b) PMG 2.0 (c)
PMG 3.0, and (d) PMG 4.0 (5,000 x, white bar = 10 pm).

3.2. Mechanical strength and pore property
measurements

The tensile strength was measured as mechanical
property of prepared nanofiber membranes. That of
nanofiber membranes with and without MGO are sum-
marized in Table 2. The pure PVAF nanofiber mem-
brane showed the highest tensile strength and elonga-
tion values (283.7 kgflcn?’, 114.8%). In case of PMGs,
the tensile strength gradually decreased with increasing
MGO contents in nanofiber membrane and the value of
elongation was similarly indicated at all of PMGs. In
our previous study[23] and several researches[26], it
was reported that the mechanical strength of hybrid or
composite membranes was enhanced with introducing
GO contents due to a strong hydrogen bond interaction
between the GO and polymer matrix. However, the
MGO is appearing the metallic and partially reduced
structures, thus, it is difficult to form the chemical
bond between the MGO and polymer matrix. In this
study, the thermal treatment was performed at high
temperature to improve the mechanical strength and
then physical bonds was formed in the nanofiber itself

because the nanofiber was slightly melted at this
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Table 2. Tensile Strength and Elongation of Nanofiber Membranes

Sample code PVdF PMG 2.0 PMG 3.0 PMG 4.0
Tensile strength (kgflem?) 283.7 + 11.4 103.6 + 54 84.5 £ 6.2 419 £ 42
Elongation (%) 1148 £ 11.0 51.6 £ 3.2 51.0 £ 25 59.3 £ 4.1

Table 3. Pore-Properties of Nanofiber Membranes

Sample code Bubble point (um) Avg. pore diameter (pm)

Smallest pore diameter (pm)

Porosity (%) Thickness (um)

PVdF 0.373 £ 0.002 0.300 + 0.016
PMG 2.0 0.647 + 0.003 0.458 + 0.034
PMG 3.0 0.592 + 0.031 0.418 + 0.036
PMG 4.0 0.506 + 0.009 0.315 + 0.001

0.294 + 0.012 25.60 £ 2.12 45-55
0.214 + 0.060 20.17 £ 1.16 46-51
0.275 + 0.063 18.51 + 141 50-53
0.280 + 0.033 13.23 £ 1.01 55-58

procedure. However, in case of PMGs, it is speculated
that physical bond formation in the nanofiber itself has
been interrupted by positioning the MGO having ther-
mal stability between the nanofibers. Thus, it was ex-
pected that the tensile strength and elongation values
of PMGs was indicated to lower than that of pure
PVdF nanofiber membranes.

The pore diameter and porosity of nanofiber mem-
branes can be controlled by different contents of
MGO. The results are summarized in Table 3. The
pore size appeared the increasing tendency with the in-
crease of MGO. However, the bubble point increased
firstly and then decreased with the adding of MGO. As
the composite membranes contain more than a certain
amount of MGO, the excess MGO could fill the empty
space of the pore and be responsible for the decrease
in bubble point. For the same reason, the porosity of

composite membranes showed the similar tendency.

3.3. Contact angle analysis and pure water
permeate measurement

The surface energy for a membrane is analogous to
the surface tension of a liquid and usually measured by
indirect methods such as direct force measurements,
contact angles, and capillary penetration[27]. Then the
contact angle reflects the relative strength of the liquid,
solid, and vapor molecular interaction. Young’s equa-
tion can be determined to the three surface tension val-

ues of the system: the solid-liquid surface tension (y

sl), the solid-vapor surface tension ( ¥ sv), and the lig-
uid-vapor surface tension( ylv). Young’s equation can
be given by:

MV cosO = ysv — sl (6)

Where § is the contact angle between the solid and
the liquid. Based on this principle, it can be concluded
to the lower contact angle, the lower surface energy of
the membrane.

The contact angle results of prepared nanofiber
membranes are shown in Fig. 4. That values gradually
decreased from 80° to 42° with the increase of MGO
contents in the PVdF nanofiber membranes. Based on
this results, it was expected that the water permeability
of PMGs could be improved than that of PVdF nano-
fiber membranes because the low energy membranes
can give higher liquid permeation rates.

Fig. 5 shows the pure water flux of prepared nano-
fiber membranes. Based on the contact angle results
(Fig. 4), the water flux of the PMG composite mem-
branes increased against the PVdAF nanofiber mem-
branes due to its lower surface energy and increased
pore diameter (Table 3). In particular, the PMG 2.0
composite nanofiber membrane showed 70% improved
values (153 kg/m’h) of water flux than that of PVdF
nanofiber membrane (91 kg/m’h) at 0.3 bar. In case of
PMG 4.0 samples, the pore diameter (0.315 um) was

similar to that of PVdF nanofiber membranes (0.3

Membr. J. Vol. 26, No. 6, 2016
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Fig. 4. Contact angle of nanofiber membranes; (a) PVdF
nanofiber membrane (b) PMG 2.0, (¢) PMG 3.0, and (d)
PMG 4.0.

um), then the porosity (13%) was very lower than that
of PVdAF (25%). However, it was confirmed that the
water-flux values (115 kg/m’h) of PMG 4.0 increased
compared to that of PVdF (91 kg/m’h) under 0.3 bar
condition. Based on overall results, the permeate prop-
erty of PVdF nanofiber membranes could be improved
by the proper addition of MGO contents.

3.4. Arsenic adsorption measurement

The adsorption rate of As(Ill) and As(V) for pre-
pared nanofiber membranes were investigated. The ad-
sorption test was confirmed by a batch test using 100
mL stock solution (0.1 mg/g of As(Ill) and As(V) ions
in pure water). The membrane (8 cm x 8 cm) were
placed in an incubator and then shaken for 24 hours at
room temperature to completely react with metal ions.
After collecting the supernatant, the adsorption rate
was investigated with before and after concentration of
arsenic solutions. The results were shown in Fig. 6.
The PVdF nanofiber membrane showed no adsorption
effect for both As(IIl) and As(V) ions. However, the
PMG membranes have shown good adsorption rate
with the increase of MGO content. The removal rate
of As(Illl) increased from 74% to 81% and that of
As(V) increased from 57% to 68% as a function of
MGO content in the PVdF nanofiber membranes.

The isotherm models of Langmuir and Freundlich
were applied to fit the adsorption equilibrium data of
As(IIT) and As(V) on the PMGs. The results of adsorp-
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Fig. 5. Water flux of nanofiber membranes at 0.1, 0.2, 0.3
bar and room temperature.
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Fig. 6. Removal rate of As(Ill) and As(V) for composite
nanofiber membranes with 100 mL stock solution (0.1
mg/g) at pH 7 and room temperature.

tion isotherms were listed in Fig. 7 and Table 4 was
listed the relative parameters calculated from Langmuir
and Freundlich models. The adsorption of As(III) and
As(V) were both more suitable for the Freundlich
model with higher R® (0.9878 and 0.9616, re-
spectively). According to the Ky values, the adsorption
of As(Ill) was higher than As(V). Based on these
models, the maximum amount of metal ions adsorbed
per unit weight of PMGs (qm) was calculated to be at
0.72 mg/g of As(Ill) and 0.31 mg/g of As(V),
respectively. From these results, it was speculated that
PMG have more adsorption effect for As(II) compared
to As(V).

4. Conclusions

In this study, the nanocomposites of MGO were suc-
cessfully synthesized and confirmed with the results of
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Table 4. Parameters for Langmuir and Freundlich Models of As(IIl) and As(V) by MGO

Langmuir Freundlich
heavy-metal ion gm (mg/g) b (L/mg) R? Kr I/n R’
As(11I) 0.72 1.12 0.8850 0.42 0.74 0.9878
As(V) 0.31 1.73 0.7950 0.20 0.53 0.9616

Langmuir model

I
'

= As(lll)

qe (mg/g)
o o
\&] w

o
=

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Ce (mg/g)

0.4 Freundlich model

0.35|

0.30
= As(lll)

0.25| o As(V)

qelmg/g)
o
o
S

-30 -25 -20 -15 -1.0 -05 0.0
InCe

Fig. 7. Langmuir and Freundlich adsorption isotherm as a
function of As(Ill) and As(V) concentration (0.1 mg/L)
with PMG 2.0 sample at pH 7 and room temperature.

SEM, FT-IR, XRD analysis. The PVdF/ MGO compo-
site nanofiber membrane (PMG) was prepared by elec-
trospinning technique and investigated as an adsorbent
for the removal of arsenic ions from the water. It was
shown that the mechanical property of PVdF nanofiber
membranes was improved by thermal treatment. In
case of PMGs, the tensile strength gradually decreased
with increasing MGO contents in nanofiber membrane
and the value of elongation was not much different at
all of PMGs. The pore diameter was controlled for
0.45 to 0.3 um with MGO contents. The contact angle
of the PMGs decreased from 80° to 42° with the in-
crease of MGO contents. The PMG 2.0 composite

nanofiber membrane showed 70% improved water-flux
values (153 kg/m’h) compared to that of PVdF nano-
fiber membrane (91 kg/m’h) at 0.3 bar. In case of
PMG 4.0 samples, the pore-diameter (0.315 pum) was
similar to that of PVdF nanofiber membranes (0.3
pm), then the porosity (13%) was very lower than that
of PVdF (25%). However, it was confirmed that the
water-flux values (115 kg/m’h) of PMG 4.0 increased
compared to that of PVAF (91 kg/m’h) under 0.3 bar
condition. In addition, the PMG membranes showed
the high removal rates of both As(IIl) and As(V) (up
to 81% and 68%, respectively). Based on the adsorp-
tion isotherm analysis for arsenic ions, the adsorption
of As(IIl) and As(V) ions were both more suitable for
the Freundlich model with higher R* (0.9878 and
0.9616, respectively). From all of results, it was con-
cluded that PVAF/MGO composite nanofiber mem-
branes could be a good candidate for the removal of
arsenic ions, ie. As(Ill) and As(V), in wastewater
treatment.
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