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Abstract—Polyethersulfone (PES) nanofiltration (NF) membranes were prepared by blending of synthesized hydro-
philic adipate ferroxane nanoparticles (AFNPs) as a novel multifunctional nanofiller via the phase inversion method.
The water contact angle measurement indicated the higher hydrophilicity of the NF membranes. The water flux of the
membranes improved significantly after the addition of AFNPs, from 10.4 to 32.2 kg/m’h. Antifouling characteristics of
AFNPs/PES membranes were improved by increased hydrophilicity and decreased membrane surface roughness. The
0.6 wt% AFNPs/PES membrane exhibited the highest FRR (96%) and the lowest irreversible fouling resistance (6%).
The nanofiltration performance of the prepared membranes was evaluated by dye removal and salt retention. The
results proved the high dye removal capability of modified membranes (98% rejection) compared with the unfilled PES
membrane (89% rejection). The salt retention sequence for membrane with 0.2wt% of nanoparticles was Na,SO,

(70%)>MgSO, (60%)>NaCl (18%).
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INTRODUCTION

Nanofiltration (NF) as a pressure driven membrane processes
has been used extensively; especially in water and wastewater treat-
ments. To date, many polymeric materials such as cellulose ace-
tate, polyamide, polyimide, polysulfone and polyethersulfone have
been used for NF preparation [1]. Among these, polyethersulfone
is selected for different purposes in membrane preparation because
of its good thermal, mechanical, biological, and chemical stability
[1]. Despite these advantages, membrane fouling is an obstacle for
wide application of PES and has hindered membrane processes.
Dramatic decreases in permeation flux due to fouling lead to sub-
stantial increases in energy demand, shorter membrane lifetime,
regular membrane cleaning, unpredictable separation performance,
and increased operational and maintenance costs [2,3]. Therefore,
fouling is a severe problem for membrane separation processes
which must be prevented or mitigated to reduce its negative im-
pacts.

Generally, the pretreatment of fluid before the membrane unit,
appropriate membrane selection, adjustment of operating design,
and cleaning process after long-time filtration are identified as strate-
gies to control fouling to some extent [4-9].

Many studies have reported that membrane hydrophilicity and
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morphology as the heart of the membrane process must be modi-
fied to produce membranes that are significantly improved in reduc-
ing the propensity for fouling [10]. For this purpose, several ap-
proaches such as coating with hydrophilic polymer [11,12], graft-
ing [13,14], embedding hydrophilic nanoparticles (NPs) [15,16] or
hydrophilic polymers and monomers [17,18] have been suggested.

Among the various modification techniques, the method of em-
bedding nanoparticles into a polymer matrix, namely mixed-matrix
membrane (MMM), has demonstrated outstanding separation prop-
erties and has been the subject of worldwide academic studies
because of significant changes in the membranes mechanical, ther-
mal, magnetic, morphology; and hydrophilicity properties and espe-
cially the alleviation of membrane fouling compared with non-
incorporated membranes [19-22].

Many inorganic nanofillers such as TiO, [23], ALO; [24], SiO,
[25], boehmite [15], graphene oxide [26], carbon nanotubes [27],
and Fe,O, [28] have been used in polymeric membranes to im-
prove permeation flux and fouling mitigation.

Iron oxide nanomaterials (NMs) have been widely studied from
the scope of synthesis and utilization because of their size in nano-
range, high surface area-to-volume ratios, and super-paramagne-
tism with novel properties and functions [29]. The high reactivity
of iron as pure metal nanoparticles promotes its use as an iron
compound instead of a pure one for incorporation into polymeric
membranes [28,30,31]. Moreover, despite the intrinsic properties
of metal oxide nanoparticles, fabrication of nanocomposite mem-
branes using these materials faces some problems such as agglom-
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eration and weak interaction of the interface between the nano-
particles and the polymer matrix. Therefore, to overcome these
problems, modification with desired functional groups can be applied
to obtain nanoparticles with new properties and capabilities [32].

Daraei et al. made a blend of PES with PANI/Fe,O, to obtain
increased hydrophilicity and Cu (II) removal. They reported that,
although the Cu (II) removal was increased, the permeation flux
of embedded membranes decreased as a result of pore blockage
by accumulated nanoparticles [33]. Ghaemi et al. solved this prob-
lem by embedding four functionalized Fe;O, nanoparticles in a
polyethersulfone matrix and found that hydrophilic groups prefer-
entially concentrate at the membrane surface [32].

Ferroxane nanoparticles are a subcategory of functionalized iron
oxides that are prepared through a reaction of iron oxy-hydroxides
and carboxylic acids. These nanoparticles have been employed in
effluent removal [34-36]. Zhang et al. studied the effects of ferrox-
ane and goethite nanoparticles in a proton exchange membrane
for fuel cell application. Their results showed the higher proton
conductivity of ferroxane than goethite [37]. Cortalezzi et al. made
an ultrafiltration ceramic membrane with ferroxane nanoparticles
and investigated the size of the nanoparticles and the kinetics of
the reaction on membrane performance [38].

In this study, the polyethersulfone (PES) nanofiltration mem-
branes were prepared by blending of synthesized hydrophilic adi-
pate ferroxane nanoparticles (AFNPs). The main aim of this research
was to simultaneously increase the permeate flux, nanofiltration
efficiencies, and antifouling properties enhancement. The effects of
carboxylated nanoparticles in the casting solution on membrane
characteristics, such as hydrophilicity, permeation flux, morphol-
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ogy, antifouling properties, and nanofiltration performance, were
examined. The membrane structure and surface properties were
analyzed using overall porosity, water contact angle, atomic force
microscopy (AFM), and scanning electron microscopy (SEM) meas-
urements.

Fouling resistance and the flux recovery ratios of plain and mod-
ified mixed-matrix membranes were studied using milk powder
filtration. The salt retention and dye removal capabilities were also
performed by rejection of Na,SO,, MgSO,, NaCl solutions and
direct red 16 dye.

METHODS

1. Materials

All chemicals employed in experiments were of reagent grade.
Polyethersulfone (Ultrason E 6020P, M,,=58,000 g/mol and glass
transition temperature T,=225 °C) and dimethylacetamide (DMAC)
as solvent were provided by BASF Co., Germany. Polyvinylpyrroli-
done (PVP) with a 25,000 g/mol molecular weight was purchased
from Mowiol, Germany. KOH, adipic acid, and iron nitrate were
obtained from Merck to synthesize adipate ferroxane nanoparti-
cles. The direct red 16, C,sH,;N;Na,O;S, (M;,=637.26), with a purity
of 99% was purchased from Alvan Sabet Company, Iran. Distilled
water was used throughout this study:.
2. Synthesis of Adipate Ferroxane Nanoparticles

The adipate ferroxane was synthesized in two stages [39]. In the
first stage, goethite nanoparticles with multiple OH functional groups
were prepared and in the second stage, functional groups of goethite
were reacted with adipic acid to synthesis adipate ferroxane nanopar-
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Fig. 1. The schematic diagram for synthesis goethite and adipate ferroxane.
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Table 1. The compositions of casting solutions

Membrane code  PES (wt%) PVP (wt%) AFNPs (wt%)
M, 20.0 1.0 -
M, 20.0 1.0 0.2
M, 20.0 1.0 0.6
M, 20.0 1.0 1.0

ticles. Fig. 1 shows the schematic diagram for synthesis of goethite
and adipate ferroxane nanoparticles.
3. Fabrication of PES Nano-enhanced Membranes

Asymmetric adipate ferroxane nanoparticles-embedded PES
nanofiltration membranes were prepared via phase inversion in-
duced by immersion precipitation using casting solutions contain-
ing PES (20 wt%), PVP (1 wt%), and the proper amount of nano-
particles in DMAc as solvent. Compositions of all casting solu-
tions are presented in Table 1.

Briefly, precise percentages of nanoparticles (0.2, 0.6 and 1.0 wt%)
were added into DMAc and dispersed by sonication for 30 min to
improve homogeneity using DT 102H Bandelin Ultrasonic (Ger-
many). Then, PES and PVP were dissolved into the dope solution
by continuous stirring at 400 rpm for 24 hours to reach a homoge-
neous solution of polymer. Bubbles were removed by sonication
wave for 10 min and then casted on a glass plate using a home-
made film applicator with 200 um thickness. The glass plate was
subsequently immersed in a coagulation bath of deionized water
without any evaporation. The formed membranes were stored in
fresh distilled water for 24 hours to remove residual solvent and
pore-forming agent. Finally, two filter papers were used to sand-
wich the prepared membranes for 24 hours at room temperature.
4. Characterization of the Nanocomposite Mixed-matrix Mem-
branes

Fourier transform infrared (FT-IR) spectra of nanoparticles were
recorded in the range of 300-4,500 cm™" using a Bruker spectrom-
eter (TENSOR 27). Philips-XL.30 and Cambridge scanning elec-
tron microscopes (SEM, CamScan MV2300) were used to observe
a cross-section of the prepared membranes. The pre-membranes
were fractured by freezing in liquid nitrogen. Then, they were sput-
tered with gold and produced electric conductivity. They were ob-
served by microscope at 17 kV.

Atomic force microscopy was applied to evaluate the roughness
and surface morphology of the prepared membranes. Nanosur”
Mobile S scanning probe-optical microscope (Switzerland) pro-
vided with Nanosur® MobileS software (version 1.8) was used.
Membrane samples (approximately 1 cm®) were fixed onto a spec-
imen holder and scanned by tapping mode in air.

The hydrophobicity of the membrane was quantified by mea-
suring water drop contact angle with a goniometer (G10, KRUSS,
Germany). Contact angle was estimated in captive bubble mode.
There was no damage to the structure of the pores because of dry-
ing. All contact angle measurements were taken using 2 pl of deion-
ized water. To minimize experimental errors, contact angles were
measured at five random locations for each sample and the aver-
age was reported.

UV-vis spectrophotometer (DR5000, Hach, Jenway, USA) was
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used to analyze the concentration of the direct red 16 by measur-
ing the absorbance at 4 max=526 nm using an appropriate cali-
bration curve [40].

The gravimetric method was used to determine overall poros-
ity () using the following equation [41]:

00—
giAxlxdW

)

where @, is the weight of the wet membrane (kg); @, is the weight
of the dry membrane (kg); ! is the membrane thickness (m); d,, is
water density (998 kg/m’), and A is the membrane surface (m’).
The membrane thickness was measured using a digital microme-
ter (Mitotoyo, Japan).

5. Permeation Test

To characterize the fabricated membrane, the pure water flux,
dye rejection, and milk powder fouling tests were measured in a
batch type, dead-end cell (150 ml volume) with a membrane sur-
face area of 12.56 cm’; the cell was fitted with a pressure gauge (see
Fig. 2). Pressurized nitrogen gas was used to force the liquid through
the membrane.

Each membrane was initially pressurized at 6bar for 60 min;
then the transmembrane pressure was reduced to 4 bar of operat-
ing pressure. Pure water flux j,,, (kg/m’ h) was estimated using the
following equation:

Jw1= AAt )
where Q (kg) is weight of permeated water, A (m®) is membrane
area, and At (h) is permeation time.

To evaluate nanofiltration performance and the dye removal
capabilities of the fabricated membranes, the retention of direct
red 16 was studied. The concentration of prepared aqueous feed
dye solution was 30 mg/L, comparable to the textile wastewater
concentration [41]. Rejection (R) during the experiment is defined
as follows [42]:

Pressure Gauge

_~Filtration Cell

,#Membrane

Nitrogen Cylinder

Magnetic Sturer

Fig. 2. Schematic diagram of dead-end system.
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where C, and C;are particular concentrations in permeate and feed,
respectively.
6. Analysis of Membrane Fouling

After the water flux tests, the milk powder solution with a con-
centration of 8,000 mg/L (as the fouling agent) was immediately
replaced in the stirred cell. Then its flux, Jp (kg/m” h), was calcu-
lated through the membranes based on the water quantity perme-
ated at 4 bar for 60 min.

The sealed membranes were washed with distilled water for
15 min. Afterwards, the water flux of the cleaned membranes, J,,,
(kg/m” h), was estimated once more. The flux recovery ratio (FRR)
was defined as follows [16]:

FRR(%)= (JW—Z) %100 “4)

w, 1

Generally, a higher FRR indicates better antifouling properties of
the nanofiltration membrane.

The reversible fouling ratio (R)), irreversible fouling ratio (R;)
and total fouling (R,) were measured using the following equa-
tions to analyze the fouling process in detail [27]:

R, (%)= (ME) 100 )
Jw, 1
jw l_jw 2
R, (%)=|21—22]x100 ©)
o)=( )
R, (%)=(1— .—JP—)X 100 )
w, 1
RESULTS AND DISCUSSION

1. Characterization of Adipate Ferroxane Nanoparticles

The representative spectrum acquired by FTIR is shown in Fig,
3. Analysis of peaks of FTIR spectrum reveals details about the
molecular structure of the samples. There are two absorption peaks

Transmittance (%)

Wave number (cm™)

Fig. 3. FTIR spectra of adipate ferroxane.

'S8@nm

20.08kV X68.80K

Fig. 4. SEM image of adipate ferroxane nanoparticles.

at 1,400cm™" and 1,525cm™ corresponding to the carboxylates
symmetric and asymmetric stretching mode. It binds the mole-
cules of adipic acid with the surface of goethite nanoparticles. A
well pronounced peak of carbonyl groups of the carboxylics is visi-
ble at 1,687 cm ™" arising from the free adipic acid molecules which
have not reacted. A broad band is apparent in the 2,400-3,400 cm™
region for OH vibrations of free carboxylated groups.

To further characterize the prepared nanoparticles, SEM analy-
ses were performed, and the results are shown in Fig. 4. The adi-
pate ferroxane nanoparticles are spherical with average diameters
of about 40-70 nm.

2. Pure Water Flux

The pure water flux of bare and modified membranes is depicted
in Fig. 5. The results clearly show that adding nanoparticles to the
polymer matrix led to an increase in pure water permeation through
the membranes compared with the bare PES membrane.

The permeation flux of the membranes can be affected by many
factors involving surface pore size, cross-section morphology, skin
layer thickness, dope solution viscosity, and hydrophilicity [16].
The cross-sectional SEM photographs of the prepared membranes
with different concentrations of the AFNPs with two magnifica-
tions are presented in Fig. 6.
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Fig. 5. Pure water flux of the membranes at 4 bar.
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Fig. 6. Cross-sectional SEM images of the prepared membranes: (a) and (b) Unfilled PES, (c) and (d) 0.2 wt%, (e) and (f) 0.6 wt%, (g) and (h)

1 wt%.

As shown in Fig. 6, all the membranes had typical asymmetric
porous structures with a dense skin top-layer followed by a finger-
like porous sub-layer. The bare PES membrane consisted of a dense
skin top-layer with (very) low porosity as well as a non-uniform
thickness of sub-layer. The figures of embedded membranes clearly
indicate that addition of adipate ferroxane NPs into casting solu-
tion decreases the thickness of skin top-layer and increases the
uniformed porosity of both top and sub-layer of blended mem-
branes in comparison with unmodified PES membrane this trend

May, 2017

can be seen in similar studies [42,43]. The higher magnification
SEM images clearly show these changes. The thickness of skin top-
layer decreased when the concentration of adipate ferroxane nano-
particles increased from 0.2wt% to 0.6 wt%. From the Fig. 6(g)
and (h), high concentration of adipate ferroxane nanoparticles
(1.0wt%) in the casting solution caused the denser skin top-layer
with the lower porosity; because of increasing of the viscosity of
the casting solution by addition high concentration of adipate fer-
roxane NPs (more than 0.6 wt%) which made a delay in the ex-
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Table 2. The contact angle and porosity of prepared membranes
Membrane type M, M, M, M,

Contact angle (°) 68.12 60.33 55.04 54.73
Porosity (%) 73.843.7 81.5+29 87.1+4.1 82.1+4.3

change rate between solvent and nonsolvent during the phase
inversion. Furthermore, the effects of addition of AFNPs in cast-
ing solution on membrane structure and pure water flux are dis-
cussed in the following sections.

Adding adipate ferroxane to the casting solution resulted in a
growth in membrane skin top-layer and sub-layer porosity. To prove
the increment of membrane porosity, the overall porosity informa-
tion of synthesized membranes is listed in Table 2, which reveals
that mixed-matrix membranes offer greater void capacity and
swell to a higher degree compared with bare PES membrane. This
is attributed to the hydrophilic nature of adipate ferroxane and its
effects on the mass transfer rate of membrane precipitation during
the replacement of solvent (DMAc) and non-solvent (water) in
the coagulation bath of phase inversion processes [26].

In the coagulation bath, the higher affinity of adipate ferroxane
nanoparticles than that of PES to water caused the penetration
velocity of water into the polymer backbone to increase with nano-
particle content during phase inversion. Moreover, the addition of
adipate ferroxane can increase DMAc diffusion velocity from the
membrane to water [44].

By blending nanoparticles into the casting solution, the interac-
tion between polymer and solvent molecules declined and facili-
tated the diffusion of solvent molecules from the polymer matrix
to the coagulation bath [26]. Additionally, by blending the nano-
particles in to the casting solution of the polymer, the interaction
between polymer-chain segments and nanoparticles may disrupt
the polymer chain packing, therefore creating greater free volume
between the polymer chains and the nanofiller interface than the
nascent PES membrane [45]. This effect facilitates water molecule
penetration through the membranes and subsequently enhances
the flux.

Membrane surface hydrophilicity is another significant factor

that can affect the flux and the antifouling ability of a membrane.
The sessile drop technique was used for the contact angle mea-
surements, reflecting (determining) characterization of the mem-
brane surface hydrophilicity. Table 2 reports the measured contact
angle of nanocomposite membranes. The contact angle decreased
with the increase in NPs incorporation in the casting solution. This
observation was due to the fact that hydrophilic characteristic of
adipate ferroxane increased hydrophilicity of membranes’ surface.

The unfilled PES membrane (M,) showed the highest water
contact angle of 68.12° and therefore the lowest hydrophilicity com-
pared with the modified membranes. The addition of 0.2, 0.6 and,
1.0wt% AFNPs reduced the contact of water angles to 60.33°,
55.04° and 54.73°, respectively, due to the presence of the -OH and
-COOH functional groups of the AFNPs.

The reduction in the water contact angles and enhanced hydro-
philicity can be attributed to the affinity of adipate ferroxane nano-
particles to water, and therefore their spontaneous migration to
the membrane/water interface during the phase inversion process
to decrease the interface energy [46,47]. When comparing the top
and bottom surface photographs of bare and embedded PES mem-
branes displayed in Fig. 7, the difference between the colors is clearly
recognizable.

The color of the membrane’s top surface (water exposed side in
the phase inversion process) was much darker than the bottom
surface (glass side), which indicates the migration of hydrophilic
adipate ferroxane to the top-layer surface of the membranes toward
water. This migration decorates the functional groups of adipate
ferroxane on the membranes top surface and improves its hydro-
philicity. Similar behaviors were also reported by many research-
ers for different nanofillers during phase inversion [47,48].

Generally, the pure water flux is enhanced with the addition of
a suitable amount of nanoparticles in to the casting solution. How-
ever, 1.0wt% content of adipate ferroxane caused a reduction in
flux. This could be ascribed to the blocking of pores with high
nanoparticle concentrations [49], which was noticed as a reduction
in porosity (Table 2) for the prepared membrane. Moreover, the
high concentration of adipate ferroxane nanoparticles reduced the
pore size and brought about the forming of a pore wall. This can
be illustrated by an increase in viscosity of the casting solution, pre-

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Fig. 7. Digital photograph of top and bottom surface of pristine and embedded PES membranes: (M,) Unfilled PES, (M;) 0.2 wt%, (M,)

0.6 Wt%, (M) 1 wt%.

venting mixing of the solvent and non-solvent in the coagulation
bath. This suppresses the formation of macro-voids, reduces the
porosity subsequently; reduces permeation flux [50]. The more than
98% rejection of milk powder proteins by all prepared membranes
also indicated that the increase in flux was not related to defects or
membrane fracture weak adhesion between the adipate ferroxane
nanoparticles and the polymer.

3. Evaluation of Antifouling Properties

To evaluate the antifouling properties of bare and modified PES
nanofiltration membranes, cyclic filtration tests with milk powder
solution as a good foulant (8,000 mg/L) were performed [45]. The
time-dependent flux during the filtration operation is presented in
Fig. 8.

In each trend of cydlic filtration, three phases can be seen. The
first hour in the curve is referred to as pure water filtration. The
second phase is 1-hour foulant solution filtration, and the third
phase is a simple membrane cleansing with pure water (about 15
min immersion in distilled water). Then the pure water flux was
measured again for another hour. The decline in flux of the mem-
branes can be attributed to foulant (especially proteins) adsorption
and/or convective deposition on the membrane surface. The effects

—&—M0 ——Ml —-o-M2 -O-M3

Flux (kg/m* h)

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 8. Time-dependent flux of the prepared membranes.
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of concentration polarization on permeation flux can be effec-
tively reduced by vigorously stirring the membrane in the dead
end filtration test. Therefore, the flux decline of the membranes is
caused mostly by membrane fouling.

Moreover, because of the irreversible adsorption of some fou-
lant molecules that may be entrapped in the pores or deposited on
membrane surfaces, the water flux values do not completely return
to the initial value after washing. This phenomenon was quanti-
fied by measuring the flux recovery ratio (FRR) that is illustrated
in Fig, 9.

This data clearly demonstrates the suitable application of the
embedded membranes. The higher FRR means a better antifoul-
ing property for the membrane. As shown, the bare PES mem-
brane demonstrated the lowest FRR (30.0%) because of its high
hydrophobicity, while this index increased considerably when adi-
pate ferroxane was added to the polymer matrix (more than 90%).
In the best case, seen in the NPs 0.6 wt% membrane, the recovery
percentage of membrane flux was 96%. The hydrophilicity of the
membrane surface was improved by incorporating carboxylate
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Fig. 9. Water flux recovery ratio of the prepared membranes after
Milk powder fouling (average of three replicates was reported).
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M,

Fig. 10. Surface AFM images of the nanocomposite membranes: (M,) Unfilled PES, (M,) 0.2 wt%, (M,) 0.6 wt%, (M) 1 wt%.

functionalized nanoparticles (Table 2) because of the increased
surface coverage of hydrophilic groups.

The formation of hydrogen bonds between the stretched hydro-
philic functional groups of the membrane surface and water mole-
cules in the surrounding aqueous environment as well as the
formation of the hydration layer were induced between foulants
and membrane surfaces, which could affect steric exclusion and
foulant adsorption [26,51].

AFM topography images provide additional insights into the
effect of the nanoparticles on surface roughness and antifouling
property of blended membranes. Fig. 10 shows the AFM images
of the prepared membranes in this study. The surface of the mem-
branes consists of different peaks (bright areas) and valleys (dark
areas).

The surface roughness of polyethersulfone membranes, blended
with AFNPs (M,, M,, M), was obviously smooth in comparison
with PES membrane (M,).

The lower the concentrations of AFNPs, the more regular the
arrangements, as a result of low electrostatic interactions, which
was consistent with the results obtained in the previous researches
[47,52,53]. By embedding high concentrations of AFNPs (1 wt%)

into the casting solution and during phase inversion method, the
agglomeration of the nanoparticles was increased; consequently,
the surface roughness of the prepared membrane was increased.

However, the surface roughness of bare PES membrane was
higher than all modified membranes, which is particularly rele-
vant to previous performed experimental data [26,27].

Results showed that the sequence of changes in FRR was con-
sistent with the membrane surface roughness observed through
AFM images. The smooth surfaces of the AFNPs/PES (M,, M,
and M;) membranes caused a higher flux recovery related to the
bare membrane (M,). From the reported literature it was dis-
cerned that a membrane with less roughness has stronger antifoul-
ing abilities, and membrane fouling is enhanced by increasing the
membrane surface roughness [10]. Furthermore, the valleys can
be clogged by the high tendency of foulants to be absorbed into
the valleys of membranes with coarser surfaces [54]. The M; mem-
brane had a higher surface roughness than M,; therefore, it had
lower FRR and antifouling properties, although its hydrophilicity
was higher.

To investigate the fouling phenomenon in detail, reversible foul-
ing (R), irreversible (R;) fouling and total fouling (R)), resistance

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Fig. 11. Fouling resistance ratio of unfilled PES and adipate ferrox-
ane nanoparticles embedded PES membranes.

ratios were calculated and are depicted in Fig. 11.

Results indicated that embedding low amounts of adipate fer-
roxane (0.2wt%) in to PES caused irreversible fouling ratios to
decrease from 71% to 24%. In contrast, the reversible was enhanced
from 12% to 47%. This was caused by the lower surface hydro-
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philicity and higher surface roughness of the bare PES related to
the M, membrane, pointing to the better detaching of absorbed
foulants through the washing process compared with the embed-
ded membrane surface. Furthermore, adding a high concentration
of adipate ferroxane (from 0.6 wt% to 1.0 wt%) to the membrane
matrix led to a decrease in reversible fouling from 60% to 54%,
which was even higher than that of the unfilled membrane.

Comparing the similar trend of roughness parameters with the
sequence changing of the irreversible fouling ratio revealed that
surface roughness influenced the alleviation of the membrane irre-
versible fouling more than the hydrophilicity improvement. There-
fore, reduction of surface roughness is the dominant phenomenon
in fouling mitigation related to hydrophilicity improvement. This
trend was also reported in previous works [15].
4. Rejection Performance

In this work, the nanofiltration performance of bare and adi-
pate ferroxane nanoparticle-embedded membranes was evaluated
through dye removal and salt retention capability. For this pur-
pose, first, a solution of direct red 16 at a concentration of 30 mg/
L, pH 6, and operating pressure of 4 bar was filtered in a dead-end
cell over 90 min. The retention results are shown in Fig. 12.
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Fig. 12. Dye removal ability of the prepared adipate ferroxane nano-
particle/PES nanofiltration membrane (0.4 MPa, pH 6.0+0.1,
30 mg/L direct red 16, after 90 min filtration).

Fig. 13. The photographs of (right) feed solution, (middle) perme-
ate of M, membrane and (left) permeate of M; membrane.

The rejection of direct red 16 by the bare PES membrane was
89%, and that was enhanced to about 98.0% for the nanoparticle-
embedded membranes. This is a typical behavior of mixed-matrix
nanofiltration membranes. A photograph of the feed and perme-
ate solutions is shown in Fig. 13. It represents the better perfor-
mance of the 0.2 wt% AFNPs/PES membrane in compare with
unfilled PES membrane for dye solution treatment.

Generally, two different mechanisms have an important role in
the nanofiltration process, Donnan exclusion and steric hindrance,
associated with the surface charge and the membrane pore size,
respectively [55]. The porosity of the AFNPs/PES membranes is
higher than unfilled PES membrane (see Table 2). However, the
rejection of AFNPs/PES membranes is higher. This is due to func-
tional groups of adipate ferroxane nanoparticles, which makes neg-
ative charge on the membrane surface.

The implied negatively-charged surface of the embedded mem-
branes repels the dye with negative charge that leads to higher rejec-
tion; this indicates that Donnan exclusion was more prevailing
than steric factors for these nanocomposite mixed-matrix mem-
branes in the separation of dye.

Sorption/adsorption of the dye by adipate ferroxane nanoparti-
cles is one of the other mechanisms for explaining the improve-
ment in dye removal by nanocomposite mixed-matrix membranes.
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Fig. 14. Na,SO, retention by AFNPs/PES membranes versus time
(4 bar, pH 7.0+0.1, 200 ppm salt).

Hydrogen bonding interaction attributed to the presence of the
carboxylic, hydroxyl and sulfonic group dissociation of adipate fer-
roxane nanoparticles and direct red 16 caused adsorption of the
dye by membrane surface and membrane inside pore structure.
Reduction in dye removal of the 0.6 wt% AFNPs/PES membrane
can be attributed to the increasing of membranes porosity and
fluxes.

Another typical method to evaluate the separation capability of
the mixed-matrix nanofiltration membranes is a rejection test with
salt solutions. Salt retention measurements with NaCl, Na,SO, and
MgSO, at the pressure of 4 bar were carried out with the dead-end
cell in pH 7. The variation of Na,SO, rejection of prepared mixed-
matrix membranes is shown in Fig. 14.

The rejection of Na,SO, was 70, 64, and 35% for 0.2, 0.6, and
1.0 wt% adipate ferroxane/PES membranes, respectively, and 15%
for the unfilled PES membrane. Existence of low amount of 0.2
wt% adipate ferroxane nanoparticles initially increased the rejec-
tion capability of the membrane. By adding up the concentration
of AFNPs in the casting solution, the rejection of Na,SO, was de-
creased. The salt retention behavior of the 0.2 wt% AFNPs/PES
membrane is shown in Fig. 15. From the results, the retention
sequence was R (Na,SO,)>R (MgSO,)>R (NaCl) that confirmed
the lowest retention for a monovalent ion pair and the highest
retention for the bivalent anion, whereas presence of the bivalent
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Fig. 15. Salt retention by 0.2wt% AFNPs/PES membrane (4 bar,
pH 7.0+0.1, 200 ppm salt).
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cation (Mg’") reduced the retention of sulfate anion.

The salt retention measurements showed that the behavior of
the adipate ferroxane nanoparticles-embedded membranes could
be classified as Donnan exclusion mechanism [56,57]. In an aque-
ous solution, dissociation of surface functional groups gives an
electric charge to membranes and causes electrostatic rejection of
charged solutes [58]. Three important parameters for the charge
exclusion of ions are the ionic strength, the charge of the mem-
brane, and the valence of the ions [57]. The concentration differ-
ence of counter-ions, which have the opposite charge and co-ions
with the same charge, at the interface between the membrane and
an electrolyte solution cause to generate a potential difference. This
potential provides an equilibrium between membrane and solu-
tion electrochemically, the membrane attracts counter-ions and
rejects co-ions [59]. The high retention of Na,SO, (bivalent co-ion,
monovalent counter-ion) and the lower retention of NaCl (mon-
ovalent co-ion, monovalent counter-ion) agree to Donnan exclu-
sion mechanism.

CONCLUSION

Adipate ferroxane was used as a novel functionalized nanofiller
with extra hydroxyl and carboxylic groups on its surface to pre-
pare a mixed-matrix nanofiltration PES membrane through solu-
tion casting by the phase inversion method. The results showed
that blending adipate ferroxane nanoparticles enhanced membrane
flux, surface properties, antifouling and separation characteristics.

The maximum and minimum pure water flux of the embed-
ded membranes are 32.2 kg/m’h and 16.75 kg/m’h, that is higher
than the bare PES membrane (10.4 kg/m’h); however, the AFNPs
agglomeration at high concentration decreased pure water flux.

The contact angle and porosity measurement demonstrated
that adding adipate ferroxane nanoparticles to the casting solution
increased hydrophilicity and overall porosity of the embedded mem-
branes which is attributed to the concentrated hydrophilic func-
tional groups on membrane surface that migrated to the top surface
during phase inversion in a coagulation bath. Antifouling charac-
teristics of the adipate ferroxane-embedded membranes were im-
proved by the increased hydrophilicity and decrease in membrane
surface roughness. The 0.6 wt% AFNPs/PES membrane exhibited
the highest FRR (96%) and the lowest surface roughness (accord-
ing to the AFM images) and irreversible fouling resistance (6%).
The SEM images showed that blending adipate ferroxane nanopar-
ticles increased the porosity of both top and sub-layer of the blended
membranes.

To investigate the rejection performance, a solution of direct red
16 and salt solutions was filtered, and the results indicated a higher
rejection of the embedded membranes compared with that of the
bare PES. Also, the rejection behavior of AFNPs/PES membranes
indicated that the mechanism of rejection is Donnan exclusion.
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