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ABSTRACT: The goethite nanoparticle was used as a multifunctional additive to fabricate antifouling polyethersulfone (PES) nanofil-
tration membranes. The goethite/PES membranes were synthesized via the phase inversion method. The scanning electron microscopy
(SEM) photographs showed an increase in pore size and porosity of the prepared membranes with blending of the goethite. The
static water contact angle measurements confirmed a hydrophilic modification of the prepared membranes. With increase in the goe-
thite content from 0 to 0.1 wt %, the pure water flux increased up to 12.7 kg/m* h. However, the water permeability decreased using
high amount of this nanoparticle. Evaluation of the nanofiltration performance was performed using the retention of Direct Red 16.
It was observed that the goethite/PES membranes have higher dye removal capacity (99% rejection) than those obtained from the
unfilled PES (89%) and the commercial CSM NE 4040 NF membrane (92%). In addition, the goethite/PES blend membranes showed
good selectivity and antifouling properties during long-term nanofiltration experiments with a protein solution. © 2016 Wiley Periodi-
cals, Inc. J. Appl. Polym. Sci. 2016, 133, 43592.
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INTRODUCTION separation method because of inefficiency of the conventional

8
) . treatment systems.
Colored wastewater is a consequence of batch processes in the ¥

dye manufacturing or the dye_consuming industries (Such as Nanofiltration (NF) has been recognized as a filtration method

placed between ultrafiltration (UF) and reverse osmosis (RO). It
is much more efficient than UF in terms of rejection and it
faces lesser fouling problems than RO. However, a limitation of
more extensive application of nanofiltration membrane process
is the significant flux decline that occurs during membrane fil-
tration as a result of fouling.® Deterioration of flux can be
caused by the accumulation and adhering of organic and inor-
ganic species inside membranes pores. It can cause a higher
operating pressure requirement, an increase in operating costs,
restricted recoveries, repeated chemical cleaning, and shortening
of membrane life.’ Therefore, it is important to develop
advanced antifouling membrane that have high resistance to

textile processing industry). Large amounts of the colored
wastewater discharged by the textile industries have caused a
detrimental effect on the environment.' Therefore, in order to
reduce the environmental impacts, discharge limits imposed on
textile mills are becoming ever more stringent and are forcing
plant managers to upgrade their waste treatment systems. In
addition, because of decreasing natural water resources and
increasing water price in future, water reuse could be a promis-
ing strategy for industries sustainability. The most wide treat-
ment methods applied to treat and recycle of the colored
wastewater comprise biological treatment, precipitation, coagu-
lation/flocculation, flotation, oxidation, and adsorption.*

However, because of recalcitrant organic compounds and some-
times even toxicity of components, an advanced treatment tech-
nology as well as complete decolorization is necessary.” For
this purpose, nanofiltration membrane could be an efficient
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fouling and flux decline.

In literature, it is approved that fouling resistance will be
decreased by increasing membrane hydrophilicity.'®™'® This can
be attributed to the hydrophobic nature of organic matter and
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many other foulants. In order to improve the membrane hydro-
philicity and fouling reduction, many attempts have been car-
ried out including; adding grafting hydrophilic monomers on
the membrane top layer,'* blending an amphiphilic terpolymer
in the polymer matrix,"> functionalization of the polymer,"*
coating substrate membrane with hydrophilic polymer,'
Although permeation flux by employing these techniques have
been improved, the efforts are not still sufficient to obtain
adequate diminish of membrane fouling.

etc.

In the last decade, considerable scientific efforts have been per-
formed for using nanotechnology in membrane science to
improve their synergistic effects on water and wastewater treat-
ment. Using nanoparticles for preparation of hybrid inorganic—
organic nanocomposite membranes, mixed matrix membranes
(MMMs), have been recently reported from many research
groups to improve performance of membranes.'® Appropriate
interactions between nanoparticles surface and polymer chains
and/or solvents during membrane preparation can lead to
membranes with desirable structure and appropriate perform-
ance. Also, mitigation of membrane fouling caused by hydro-
philic functionalized nanoparticles is another target in
MMMs. '

In recent years, use of nanoparticles in the manufacturing pro-
cess of nanocomposite polymeric membranes especially for their
flux enhancement and fouling reduction has received a lot of
attention.'”” Kim and Van der Bruggen'® reviewed the use of
nanoparticles in polymeric and ceramic membrane structures.
Many kinds of inorganic nanoparticles, such as nano-TiO,,
nano-Al,Os3, silica, and sliver nanoparticles, etc. can be used for
the modification of different polymeric membranes besides PES
membrane. Most of these nanoparticles can be used for modify-
ing PES membrane. For instances, polyvinylidene fluoride mem-
branes incorporated with silica nanoparticles showed higher
temperature endurance, higher selectivity, and higher diffusiv-
ity.'"® Chitosan/zinc oxide nanoparticle membranes exhibited
good mechanical properties and high antibacterial activities."®
Polysulfone membranes incorporated with silica nanoparticles
exhibited enhanced gas permeability.”® Polyethersulfone (PES)/
aluminum oxide membranes exhibited lower flux decline,
higher porosity and pseudo steady-state permeability.”' More-
over, poly benzimidazole/silica nanoparticles membranes
showed higher permeability and selectivity in gas separation
than the unfilled membranes.*

Recent work has begun to take advantage of iron’s potential,
and use it in membrane separation processes. However, high
reactivity of the iron metal limits its use as pure metal nanopar-
ticles. Therefore, in most cases, iron compounds instead of pure
iron nanoparticles were incorporated into the polymeric mem-
branes. Hosseini et al.>> have shown that addition of the proper
amounts of magnetic iron-nickel oxide particles can improve
performance of polyvinylchloride-based heterogeneous ion
exchange membranes. Harman et al** have examined removal
of natural organic matter (NOM) from wastewater using
ceramic membranes that coated with iron and aluminum oxide
coating layer. Daraei et al?® have synthesized mixed matrix
polymeric membrane from PES and self-produced polyaniline/
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iron oxide (PANI/Fe;O,) nanoparticles by the phase inversion
method. In that study, it was found that the blended mem-
branes has better antifouling performance and Cu (II) ion
removal capacity is more than unfilled (PES) membrane.

Goethite is an iron oxyhydroxide with formula of 0—FeO(OH),
which has orthorhombic crystal and yellowish color.®® It is a
mineral oxide found in soil and other low-temperature environ-
ments. The surface of goethite nanoparticles is covered with
hydroxyl (-OH) groups.””

The presence of extra hydroxyl groups on the surface of nano-
goethite particles was the main aim of using it in fabrication of
NF MMM, which could enhance membrane hydrophilicity and
surface properties. As a result, it can reduce fouling of the pre-
pared MMMs.

To our knowledge, limited studies employed nano-goethite for
fabricating mixed matrix PES nanofiltration membranes. Zhang
et al.®® have reported the preparation of membrane composed
of -FeEOOH and poly(vinyl alcohol) (PVA) as a proton
exchange membrane (PEM) for fuel cell application. Also, the

goethite was used in the synthesis of ceramic membranes.”’

This research, aims to study the preparation of a novel PES
MMM by blending nano-sized goethite particles to improve
their hydrophilicity and fouling resistance. The nano-goethite
particles were synthesized, characterized, and used as nano-filler
in the fabrication of nanocomposite PES membrane by the wet
phase inversion method. The effect of nano-sized a-FeOOH at
different concentrations in casting solution on morphology, per-
meability properties, dye rejection, hydrophilicity, and antifoul-
ing performance of the membranes was investigated.
Morphology and structure of each membrane were analyzed
using scanning electron microscope (SEM). Membrane hydro-
philicity was also determined using contact angle measurements.
The performances of the prepared membranes were investigated
by measuring pure water flux, Direct red 16 rejection and milk
powder solution permeation tests. The performance of the pre-
pared nanocomposite membranes was compared with commer-

cial CSM NF membrane.

MATERIALS AND METHODS

Chemicals

All chemicals used in the experiments were of reagent grade.
PES (Ultrason E 6020P) and dimethylacetamide (DMAc) as sol-
vent were purchased from BASF Co., Germany. Polyvinylpyrroli-
done (PVP) with 25,000 g/mol molecular weight, KOH, and
iron nitrate were obtained from Merck to synthesize goethite
nanoparticle. The NE 4040-90 membrane manufactured by
CSM, South Korea, was used in this study. The used membrane
was a thin-film polyamide composite membrane in spiral
wound element configuration. The module was opened and the
flat sheet membrane was used in the experiments. Distilled
water was used throughout this study.

Synthesis of Goethite Nanoparticle

The goethite nanoparticle was synthesized in the laboratory.
Firstly, 4.85 g of Fe (NO;);.9H,0 was dissolved in 50 mL dis-
tilled water by continuous stirring. Then, the potassium
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Figure 1. The crystal structure of goethite nanoparticles. [Color figure can

~

be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

hydroxide solution (2.73 g in 10 mL H,0O) was added very
slowly to the iron solution with vigorous stirring. The pH of
resulting mixture was adjusted to 12 using KOH solution. Then,
the mixture was subjected to mixing in the ultrasonic bath
(SONREX Digite C Ultrasonic bath, DT52 H model, made by
Bandelin Company, Germany) for 30 min at the temperature of
25°C. The resulted precipitates were filtered and washed by dis-
tilled water and were kept in the oven at 100°C for 75 min for
drying. Figure 1 shows the crystal structure of functionalized
goethite covered with large number of OH groups.

Fabrication of Goethite Nanoparticle/PES Mixed Matrix
Nanofiltration Membrane

Asymmetric goethite-blended PES nanofiltration membranes
were prepared via the immersion phase inversion method. In
brief, the precise amounts of goethite nanoparticle (0.01, 0.05,
0.1 wt % related to total polymer solution) were dispersed in
DMACc as a solvent by sonication for about 20 min to improve
the homogeneity. Afterwards, the appropriate amounts of PES
(21 wt %) and PVP (1 wt %) were dissolved in dope solution
by continuous stirring for 24 h. The PVP was used as a pore
forming to promote the yield of pores in the coagulation pro-
cess. It should be mentioned that the membranes marked as 0.1
wt %, refer to membranes prepared in a casting solution in
which the amount of the goethite nanoparticle with respect to
the casting solution of PES and DMAc was 0.1 wt %. Finally,
the prepared homogenous polymer solution was again sonicated
for 20 min to remove air bubbles and efficient dispersing of the
goethite in the polymer matrix. Consequently, the solutions
were casted using self-made casting knife with 250 pm thickness
on glass plate and immediately moved to distilled water as a
nonsolvent bath for immersion at room temperature without
any evaporation. After primarily phase separation and mem-
brane formation, the membranes were stored in fresh distilled
water for 24 h to guarantee the complete phase separation.
Finally, for drying, the membranes were sandwiched between
two sheets of filter papers for 24 h at room temperature.

Characterization of the Prepared Membranes

The Fourier transform infrared spectroscopy (FT-IR, Bruker
alpha, German) spectra were recorded between 400 and
4000 cm~' with KBr pellets at room temperature to detect
chemical compositions of the goethite nanoparticle. The surface
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and cross-sectional morphology of the blended membranes were
examined using SEM (Philips-XL30, The Netherland) with an
accelerating voltage of 25 kV. The membranes were cut into
small pieces and cleaned with a filter paper. The cross-section
samples were obtained by fracturing the membranes after cool-
ing in liquid nitrogen for 60-90 s. The dried frozen fragments
were gold sputtered for producing electric conductivity.

Overall Porosity and Mean Pore Size
The overall porosity (P,) was determined by gravimetric
method, as defined in the following equation'®:
my, — Mg
P=—— 1

= (1)
where m,, is the weight of the wet membrane; m, is the weight
of the dry membrane; S is the membrane effective area (m?), p
is the water density (0.998 g/cm’), and L is the membrane
thickness (m).

In addition, in order to determine the membrane mean pore
radius (r,,), Guerout—Elford—Ferry equation [eq. (2)] on the
basis of the pure water flux and porosity data was utilized'™'":

- (2.9—-1.75P,) X8yLQ
" P, X SXAP

2)

where 7 is the water viscosity (8.9X107*Pas), Q is the volume
of permeate pure water per unit time (m®/s), and AP is the
operation pressure (0.4 MPa).

Zeta Streaming Potential Measurement

The separation mechanism of nanofiltration membranes is typi-
cally explained in terms of charge and sieve effect.’® Therefore,
information about the surface charge will be valuable in
explaining the results. Zeta potential of the prepared mem-
branes was determined by streaming potential method along the
membrane surface using an EKA Electro Kinetic Analyzer
instrument (Anton Paar, Austria). In the streaming potential
method, movement of an electrolyte solution through a capil-
lary system creates a streaming potential where the relation with
the zeta potential of the capillaries is given by Smoluchowski-
Helmholtz approach®'~*:

“dpee QR 3)

where ( is zeta potential, dU/dp is slope of streaming potential
versus pressure, &, is permittivity, ¢ is dielectric constant of elec-
trolyte, H is length of the capillary system, Q is cross-sectional
area of the capillary system, and R is AC resistance of cell using
electrolyte solution. According to Fairbrother and Mastin
approach,™ for electrolyte concentrations greater or equal to
107> M, the ratio H/Q.R in eq. (3) can be replaced by Kp, the
specific electrical conductivity of the electrolyte solution outside
the capillary system.

Zeta potential measurements were performed with a clamping
cell. Prior to zeta potential measurements, the membranes were
washed by circulating deionized water across the membrane sur-
face for 20 min. Measurements were made with 0.001 M KCl
electrolyte solution. During the measurements, pH of solutions
varied in the range of 3-8 by adding 0.1 N solutions of NaOH
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Figure 2. Chemical structure of direct red 16 dye.

and HCl. Because of construction design of clamping cell, the
measurements were made by firmly pressing the test surface
against a PMMA grooved spacer. Therefore, the zeta potential
of the sample was calculated according the following relation:

(=210 = Cpvma (4)

where (,,, is the zeta potential of sample plus PMMA, {ppasa is
the zeta potential of PMMA, and {; is the net zeta potential of
the sample.

Filtration Performance
The permeate flux, separation and fouling tests of the goethite
embedded nanofiltration membranes were carried out in a
dead-end cell (200 mL volume) with a membrane surface area
of 12.56 cm?” that equipped with magnetic stirrer. The cell was
fitted with a pressure gauge and pressurized with nitrogen gas
to force the liquid through the membrane. The feed solution
was stirred at the rate of 300 rpm. The trans-membrane pres-
sure (TMP) was adjusted at 6 bar for 30 min to compact the
membrane. Then, the pressure was reduced to the operating
pressure of 4 bar. The water flux j,,; (kg/m* h) was calculated
using the following equation:

M
AAt

where M (kg) is the weight of permeated water, A (m?) is the
membrane area, and At (h) is the permeation time. The experi-
ments were carried out at 20 = 1°C and the average of three
replicates was depicted in figures.

jW,IZ (5)

Antifouling Experiments

In order to investigate fouling resistance of the prepared mem-
branes, milk powder solution at concentration of 8000 mg/L as
a good fouling agent was used. One of the main applications of
UF and NF membranes are in dairy industries. Therefore, we
used milk powder as a test solution to provide similar medium.
After measuring pure water flux, the stirred cell was rapidly
refilled with the foulant solution. Then, the flux for milk pow-
der solution j, (kg/m® h) was measured based on the water
quantity permeating the membranes at 4 bar for 90 min. The
fouled membrane was immersed in distilled water for 15 min to
remove temporarily attached foulants to the membrane surface.
The cleaned membrane was immediately placed in cell without
drying and then the pure water flux was measured again for 60
min as j,,. Subsequently, the flux recovery ratio (FRR) of the
membranes was calculated according to the following equation:

FRR= GW—Z) X100 (6)
w,1

In addition, fouling resistances including total fouling resistance
(R,), reversible fouling resistance (R,), and irreversible fouling
resistance (R;) were determined for deeper investigation of
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antifouling properties of the prepared membranes. The equa-
tions are as follows'%,

Rt(%)=(1—,Jl) X100 (7)
]W,l
R (%)= (u) X100 (8)
w,1
R;;(%)=R,—R, 9)

Because the main application of the prepared membranes in
this work was the dye removal, the FRR of the membranes was
also examined by the dye filtration.

Dye Removal Experiments

In the present study, Direct red 16 was selected as a dye con-
taining azo group. Chemical structure of this dye is indicated in
Figure 2. In order to evaluate the dye removal efficiency of the
prepared membranes, filtration experiments were performed in
the dead-end filtration cell for 120 min with driving force of 4
bar. In every run, 200 mL of synthetic dye solution (30 mg
L™"), which is within the range of typical concentration in tex-
tile wastewaters, was used and the flux and rejection were calcu-
lated from eqgs. (5) and (10).*® UV-Vis spectrophotometer
(JENWAY 6320D) at 526 nm was employed for dye concentra-
tion determination. The calibration standard curves with
R*>=10.999 was obtained. The following equation was used for
assessment of dye removal (R) percent:

C
R(%)= (1— 6") X100
f

where Crand Cp are dye concentration (mg/L) in feed and per-
meate, respectively.

(10)

RESULTS AND DISCUSSION

Characterization of Goethite Nanoparticle

The FT-IR spectrum of goethite nanoparticle is shown in Figure
3. The band closed to 3369 cm™' was assigned to the H-O-H
vibration. This band was a typical mode of nonstoichiometric
hydroxyl units (excess water) in the goethite structure. This type
of hydroxyl units can be incorporated into goethite structure

Transmittance (%T)

3082 3369

500 700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500 3700 3900
Wave number (cm-1)

Figure 3. FT-IR spectrum of the synthesized goethite nanoparticle. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]
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Figure 4. SEM image of the synthesized goethite nanoparticle with two resolutions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

and are adsorbed onto the crystal surface during the process of
synthesis. The band at 1630 cm ' was assigned to the water
bending vibration. The band at 630 cm™' was assigned to the
Fe-O vibration. Strong absorption bands at 790 and 885 cm ™'
caused by the in-plane bending of surface hydroxyl of Fe-OH-
Fe were similar to those reported in literature. The intensity of
the IR band of Fe-OH-Fe in-plane bending at 885 and at
790 cm ™! was in the order of the original goethite.”®*’

Figure 4 presents the SEM images of the synthesized goethite
nanoparticle. It is obvious that the synthetic goethite, o-
FeOOH, has sphere form, ranging from 30 to 50 nm that can
improve surface properties of the prepared membranes.

Characterization of Fabricated Nanofiltration Membranes

Morphology. The SEM images of the prepared membranes with
different concentrations of the goethite nanoparticles with two
magnifications are presented in Figure 5. These images clearly
provide the visual information about cross-section of the pre-
pared membranes. All of the membranes exhibited an asymmet-
ric morphology with a dense top-layer and a porous finger like
sub-layer. The SEM results obviously showed that addition of
low amounts of the goethite nanoparticle increased the macro-
voids formation as well as the size of the finger like macrovoids.
Also, this addition decreased the skin thickness and increased
the porosity of the support layer (Table I) in the blended mem-
branes compared with that of unfilled PES membrane. The
higher magnification SEM images clearly reveal these changes.
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The induced changes on the membranes morphology could be
attributed to the interactions between components in the cast-
ing solution during the phase inversion.

According to Figure 5, the membrane prepared by adding
0.1 wt % goethite nanoparticle indicated some changes those
discussed above. The produced significant changes are origi-
nated from hydrophilic nature of the goethite nanoparticle
and fast exchange of solvent and nonsolvent in the coagula-
tion bath during the phase inversion process. The same
behavior was reported by some researchers for other hydro-
philic nanoparticles.'®*®*° However, a further increase of the
goethite concentration (more than 0.1 wt %) reduced the
pore size and porosity (Table I). By increasing the concen-
tration of goethite, the viscosity of casting solution is
increased that delay the exchange rate between solvent and
nonsolvent during the phase inversion and slow down the
precipitation of the membrane.”®*® Then, the resulting mem-
branes would be more compact and less porous compared
with the fabricated membranes by less concentrations of this
nanoparticle.

Surface Charge Properties of NF Membranes. One of the pur-
poses of adding goethite nanoparticle was to endow negative
charge on the PES membrane surface. In order to determine the
negatively charged range of the modified PES membrane surfa-
ces, the streaming zeta potentials of the nanocomposite PES
membranes were measured. The experimental data for
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Figure 5. The cross-sectional SEM images of the prepared nanocomposite membranes (a,b) pristine PES, (c,d) 0.1 wt %, (e,f) 0.5 wt %, and (g,h) 1 wt
% goethite/PES. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

charge of the goethite embedded membranes increased with

calculating zeta potentials of the prepared goethite embedded . .
increase in the nanoparticles percentage.

membranes and the commercial NE 4040-90 membrane in pH
range of 3-8, with 1 mM KCI electrolyte are shown in Figure 6.  Membrane charge creation has some procedures that adsorption
The zeta potential ({) varies with pH of KCI solution. From  of different charged solutes from electrolyte and detachment of
these data, it could be concluded that the surface negative functional groups of membrane components®® are the most

MA‘\T%:’} WWW.MATERIALSVIEWS.COM 43592 (6 of 13) J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43592
1


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table I. Overall Porosity and Mean Pore Radius of the Prepared Nano-
composite Membranes

Mean pore
Membrane Porosity (%) radius (nm)
Unfilled PES 743+45 31=+02
0.1 wt % Goethite/PES 80.1+2.7 3.8=x05
0.5 wt % Goethite/PES 791+1.2 36=+03
1 wt % Goethite/PES 75.3+29 33=x02

important processes. As can be seen for commercial polyamide
NF membrane, it is positively charged in the lowest pH (3) and
zeta potential of membrane surface decreased with pH to reach
isoelectric point (5.2) and is negatively charged above this pH.
However, the PES nanofiltration membranes have negative
charge in the range of the examined pH. It is clear that at any
pH, the absolute value of zeta potential for the high loaded
membrane is lower than that of the unfilled PES membrane,
which shows the goethite content has an effect on the mem-
brane surface charge. As the content of goethite nanoparticles in
casting solution increases, the number of functional groups
increases and subsequently causes an improvement in negative
charge density on the membrane surface.

Water Contact Angle Analysis and Pure Water
Flux. Measuring water contact angle is a convenient way to
assess the hydrophilic/hydrophobic property of membrane sur-
face, which implies on the interaction energy between the sur-
face and liquid.'®'"*' Hydrophilicity is one of the most
important properties of membranes which could influence the
flux and antifouling ability of the membranes. As shown in Fig-
ure 7, after embedding of hydrophilic nano-goethite into PES
membranes matrix, the water contact angles decreased. The
unfilled PES membrane had the highest contact angle of almost
64.4°, corresponding to the lowest surface hydrophilicity. It can
be found that the relative water contact angles decreased with
the increase in nano-goethite concentration. The increase in
hydrophilicity can be attributed to the spontaneous migration

10

C(mv)
&

—— NF CSM
—0— Unfilled PES

10 F

——0.1 wt% Goethite

15 I 0.5 wtk Goethite

—{—1 wt% Goethite

-20
2 3 4 ¥ ooy 7 8 9
Figure 6. Zeta potential ({) of the nano-goethite embedded PES mem-
branes and NE4040-90 membrane against pH with 1 mM KCl solution.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 7. Static water contact angle of the prepared nano-goethite/PES
membranes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

of hydrophilic goethite nanoparticle in the casting solution to
the top surface of the prepared MMMs to reduce the interface
energy during the phase inversion preparation. When the casted
polymeric film on glass was immersed in non-solvent bath
(water), first place contacted with the water is the air side of
the casted film, which will form the membrane surface. The
hydrophilic nanoparticles are tendency to the water, and there-
fore start to move to the water, which is penetrated from the
membrane surface. Consequently, after solidification of the
membranes, the most of the hydrophilic nanoparticles are
located in the membrane surface. This phenomenon resulted in
a hydrophilic functional groups-rich membrane surface. The
images of the membranes surface are shown in Figure 8. This is
in agreement with the previous observations,'"*' in which the
static contact angle declined considerably with addition of the
graphene oxide and boehmite nanofillers.

In order to investigate the effects of existence of nano-goethite
on performance of the prepared MMMs, pure water flux of the
membranes was measured. The pure water fluxes of unfilled
and blended membranes are shown in Figure 9. The results
show that all of the modified membranes had higher flux rela-
tive to the unfilled PES. Adding goethite nanoparticles with
hydroxyl functional groups led to the formation of hydrogen
bonds between hydrogen atoms of goethite and oxygen atoms
of PES polymer chains. Indeed, the generated interface area
between the nanoparticles and the polymer matrix in skin layer
can act as a nano-channel for diverting water through the mem-
brane. Also, the hydrophilic properties of goethite nanoparticle
can improve the hydrophilicity of membrane surface and
enhance the water permeability by attracting water molecules
inside the channels and facilitate them to pass through the
membrane.*> The dispersion of the hydroxylated nanoparticles
inside the PES membrane is schematically shown in Figure 10.
The hydrophilic particles with more water adsorption facilitate
higher water permeation across the membrane pores.

Figure 9 also shows that 0.1 wt % of goethite nanoparticle/PES
membrane had the highest water flux among the prepared
membranes and commercial CSM NF membrane. The results
showed that using high concentrations of the goethite nanopar-
ticles (more than 0.1 wt %), the water flux decreased although
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Figure 8. Digital photographs of surface of goethite embedded PES membranes with different concentrations. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

the hydrophilicity was improved. This was because of the
adverse effect of high concentrations of the nanoparticles that
tend to agglomerate and plugging the membrane pores. The
agglomeration of nano-goethite particles in the surface of
blended membranes is depicted in Figure 11. The SEM images
indicate more agglomeration at high concentrations of the
nanoparticle. This behavior was similar to those reported in the
earlier related works published elsewhere,'®!"*!

127
123
112
F g7 10.1

8 |

6
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2 F

0 ; ; ; ;

Unfilles PES  Goethite 0.1% Goethite 0.5%  Goethite 1% Commercial NF

-
~N

Pure water flux (kg/m?h)
8

Figure 9. Pure water flux of the membranes at 4 bar (the average of three
replicates was depicted). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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In order to explain the low water flux obtained for the mem-
branes with high hydrophilicity, bulk porosity, and mean pore
radius of the MMMs were measured. Considering the data

PES Membrane

Figure 10. Schematic of interaction between nano-goethite/PES polymers
in membrane matrix. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 11. Dispersion and agglomeration of goethite nanoparticles in polyethersulfone matrix with two magnifications of 2500 (left) and 10,000 (right);
(a,b) 0.1 wt %, (c,d) 0.5 wt %, and (e,f) 1 wt %.[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

tabulated in Table I, an increase in porosity and mean pore
radius was observed for all modified membranes compared
with the unfilled PES. The hydrophilic property of the goe-
thite nanoparticles caused an increase in the solution thermo-
dynamic instability in the gelation bath. Consequently, it
resulted in an increase in solvent and nonsolvent exchange
rate during membrane formation that leads to higher porosity
and pore radius in the membrane surface as well as improves
the water permeability.'®"" As shown in Table I, using high
concentrations of the goethite nanoparticles (more than 0.1
wt %) lead to a decrease in porosity and pore radius. This
might be related to increase in viscosity of the blend solution
because of addition of the nanoparticles.'”'" Increase in solu-
tion viscosity usually delays the exchange of solvent and non-
solvent. This suppresses the formation of macro-voids (see
cross-sectional SEM images) and reduces the membrane
porosity. In addition, agglomerations of goethite nanoparticles

Mak\;,."lfp‘B WWW.MATERIALSVIEWS.COM
1

43592 (9 of 13)

caused clogging of the membranes pores and reduced the
mean pore radius of the membrane, as presented in Table I.
The observed trend for the mean pore radius was very well
matched with the water flux through the membranes, suggest-
ing that the pure water flux was also affected by the mem-
branes pore sizes. Nevertheless, addition of any goethite
nanoparticle into membrane matrix resulted in considerably
higher porosity and pore radius in comparison with unfilled
PES membrane. The results showed that water flux of the
membranes could be controlled by hydrophilicity and pore
size. By increasing in hydrophilicity and pore size, water per-
meation through the membranes is increased. However, one
of the factors can have dominant effect sometimes. In this
study, although the hydrophilicity of 0.5 and 1 wt % goethite
membrane were higher than that of 0.1 wt % membrane,
their pure water fluxes were lower because of reduction in
pore size and porosity.
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Figure 12. The photos of (a) feed solution, (b) permeation from PES/0.1
wt % goethite membrane (c) permeation from unfilled PES membrane.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Nanofiltration Performance and Dye Removal Capability. A
series of experiments were carried out for evaluation of colored
wastewater treatment using the prepared NF membranes. Figure
12 shows images of feed solution and permeates from unfilled
PES and 0.1 wt % goethite-embedded PES membranes. As
shown in this figure, the goethit- embedded membrane perme-
ate is quite clear, but unfilled PES membrane permeate has a
darker color, indicating lower dye rejection. The results of dye
rejection are presented in Figure 13. This figure demonstrates
the capability of the prepared membranes for Direct Red 16
removal from synthetic feed (30 mg/L) after 60 min filtration as
a function of goethite amount in the casting solution.

The rejection was increased with addition of goethite nanopar-
ticles in the casting solution. All dye rejection values of the
blended membranes were higher than 98%, which meant that
the goethite—-PES membranes retained a desirable nanofiltration

property.
In nanofiltration process, two mechanisms of Donnan exclusion

and steric hindrance (molecular sieving) are generally concluded
with the solute retention.”> The Donnan exclusion is connected

102
100 | 99 99 99
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9%
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Unfilled PES Goethite 0.1% Goethite 0.5% Goethite 1% Commercial NF

Figure 13. Dye retention performance of the prepared goethite/PES nano-
filtration membranes (4 bar, pH = 6.0 = 0.1, 30 mg/L Direct Red 16, after
60 min filtration). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Direct red dye
Sae ]

Hydrogen
bonding

Figure 14. Interaction between Direct Red 16 and nano-goethite in the
matrix of the prepared membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

to the membrane surface charge and the steric hindrance is
associated to the membrane pore size.

The mean pore radius of the nano-goethite mixed membranes
is higher than the unmodified membrane (see Table I). How-
ever, their rejection is quite better. This is because of more neg-
ative charge of the goethite-embedded membranes (see Figure 6
related to zeta potential) resulted from presence of hydroxyl
groups on the surface of nano-goethite particles that induced
their charge to the membrane surface and cause supremacy of
Donnan exclusion mechanism related to steric hindrance
(molecular sieving). This indicates that Donnan exclusion (elec-
trostatic repulsion) was more predominant than the steric fac-
tors for these MMMs in the separation of dye.

Another mechanism for explaining high rejection of the dye by
MMMs can be sorption/adsorption of the dye by goethite nano-
particle. The functional groups of Direct Red 16 such as -NH,,
—-SO;3H, and —OH can be interacted by hydroxyl groups of the
nano-goethite. This interaction is hydrogen bonding, which
results in adsorption of the dye by membrane surface and mem-
brane inside pore structure, as schematically shown in Figure
14. This adsorption leads to higher rejection characteristics of
the nanocomposite membranes. This adsorption mechanism
can be approved by visual investigation of the tested mem-
branes. Figure 15 presents the surface photograph images of the
modified and unfilled membranes. From this figure one can see
that the color of the nano-goethite filled membrane is darker
than the unfilled membrane, showing more adsorption of the
dye on the surface of the modified membrane. This means that
there are interactions between the dye and the MMMs.

As shown in Figure 16, the permeate flux of dye solution had
the same trend as pure water flux as a function of nano-

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43592
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Figure 15. Digital camera images of the membranes after filtration of
Direct red 16. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

goethite concentration. However, the flux of dye solution per-
meate was slightly lower than that of pure water because of
fouling effect of the dye. However, this reduction in flux was
very low, indicating good antifouling properties of the prepared
membranes.

Antifouling Properties

Figure 17 shows the time-dependent permeate flux for PES
membrane and different composites of goethite-PES mem-
branes. The corresponding flux recovery ratio and fouling resist-
ance ratio values are presented in Figure 17. In this study, 8000
ppm of powder milk solution (for simulating protein solution)
was used for fouling experiments. It can be clearly seen that,
the modified membranes showed relatively better antifouling
properties than those of the unmodified membrane. The
improvement of hydrophilic properties agrees with enhance-
ment of antifouling performance.'”'' While the membrane
modification showed increased antifouling performance at 0.1
wt % goethite, at higher concentrations, the modifications may
not be sufficient to prevent agglomeration.”®

Flux recovery ratio (FRR %), reversible resistance (R,), irreversi-
ble resistance (R;,), and total filtration resistance (R,) were cal-
culated by egs. (4-7). The reversible resistance is because of
loose attachment of foulants on the membrane surface, while
the irreversible resistance is because of adsorption of foulants
on membrane pore wall or surface.'' As can be seen in Figure

16
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Figure 16. Permeate flux of Direct red 16 solution with concentration of
30 mg/L at 4 bar during 60 min as a function of the nano-goethite con-
tent. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 17. Flux versus time of the membranes at 4 bar during three steps:
water flux (60 min), powder milk solution (90 min), and water flux (60
min) after 15 min washing with distilled water. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

18, when the content of the goethite nanoparticle in the casting
solution increased from 0 to 0.1 wt %, the FRR increased from
35% to 87.5%. This suggests that the adsorption between pro-
tein and blended membranes was weaker than adsorption
between protein and pure PES membrane. Therefore, the fou-
lant stuck in a lesser amount in the more hydrophilic mem-
brane surface and could be more easily washed off from the
surface.”>** The goethite embedded membranes have better
antifouling properties compared to the commercial CSM NF
membrane.

The results also showed that the irreversible resistance signifi-
cantly decreased by addition of nano-goethite in casting solu-
tion up to 0.1 wt %. Further addition of goethite in the casting
solution caused an increase in membrane resistance. This might
be a consequence of precipitation of goethite nanoparticles dur-
ing the casting and phase inversion process, which causes pore
plugging and provides extra hydraulic resistance."' The SEM
images, shown in Figure 11, approve these results.

Also, the FRR of the prepared nanocomposite membranes was
tested by filtration of the dye solution and the results were

100

o0 | 87.5 86.4 ORr ERir EFRR
80
70 - 66.1
60.5
60 |
_ 50.5 49.5
F 45.6
40,0 23
40 - 5.0
30 -
21.
20 - 125 13.6
8.9
10: [ 5.5

Unfilled PES Goethite 0.1% Goethite 1% Commercial NF

Goethite 0.5%

Figure 18. Flux recovery ratio (FRR), reversible fouling ratio (R,) and
irreversible fouling ratio (R;,) of the prepared nanocomposite membranes
and commercial CSM NF membrane in filtration of powder milk solution.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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depicted in Figure 19. As shown, the FRR value in the presence 14.

of the dye solution is higher than the milk powder solution;

presenting this fact that the fouling capability of the Direct red  15.

16 dye is lower than the protein solution. Therefore, the pre- 16,

pared membranes could effectively apply in textile wastewater 2335.

treatment. 17.

76.

CONCLUSIONS

18.

In the present study, a hydrophilic additive, goethite nanopar-

ticle, was successfully synthesized and incorporated in to the 19

matrix of PES membrane during the nonsolvent induced phase )

inversion to improve membrane flux and antifouling perform-

ance. The influence of nano-goethite contents in the casting 20

solution were investigated and optimized, resulting in the opti-

mal nanoparticle concentration of 0.1 wt %. The fabricated  21.

MMMs showed higher flux and dye rejection of 99% rather

than unmodified membranes. However, the high amount of the 7.

nanoparticle caused a decrease in the water flux. By embedding

of the nano-goethite, hydrophilicity of the nanocomposite 53

membranes was improved. Interactions between the dye and the

goethite nanoparticles in the MMMs caused a high rejection ”
because of adsorption of the dye on the surface of the modified '
membranes. Antifouling experiments showed that adding goe-

thite nanoparticle in the casting solution lead to increase of flux 25.

recovery from 0 to 0.1 wt % and decrease in irreversible fouling

from 66.1 to 12.5 wt % compared with the unfilled membrane.
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