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ABSTRACT

he aim of the present work is to enhance the antifouling properties of polypropylene (PP) membrane based

on hydrophilicity improvement. Different contents of neat and modified nanodiamond (0.25, 0.50, 0.75 and
1.00 wt.%) were embedded into PP membranes. Nanodiamond nanoparticles were carboxylated by heat treatment
method and the presence of carboxyl functional groups on the surface of nanoparticles was confirmed by FTIR
analysis. Membranes were then characterized by FESEM, contact angle and tensile strength tests. At the same
content of nanoparticles, hydrophilicity, pure water flux and tensile strength of PP/ND-COOH membranes were
more than those of PP/ND membranes. Membranes embedded with 0.75 wt. % of neat and modified nanoparticles
were used in a submerged membrane bioreactor (SMBR) system along with neat PP membrane. The results showed
that critical flux values for neat PP, PP/ND and PP/ND-COOH membranes were 7, 18 and 22 L/(m>h), respectively.
Analysis of fouling mechanisms revealed that antifouling properties of 0.75 wt. % PP/ND-COOH membrane were
higher than those of other two ones so that irreversible fouling ratio decreased from 88.9% for neat PP to 47.8% for
PP/ND-COOH membrane. Polyolefins J (2019) 6: 63-74
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INTRODUCTION

Water scarcity remains a big challenge worldwide due
to the population growth and therefore, attracts con-
siderable attention toward wastewater reclamation and
water reuse [1-3]. Among the wide range of wastewater
treatment technologies and water recycling processes,
membrane bioreactors (MBRs) have gained an impor-
tant place in promising wastewater treatment technol-
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ogy [2, 4]. The advantage of using MBR technology
for wastewater treatment comprises less hydraulic re-
tention time, less area requirement, high metabolic ac-
tivity, small footprint demand and low surplus sludge
production due to high biomass concentration in the
bioreactor and a higher quality of effluent. However,
widespread application of MBR process is constrained
by membrane fouling which causes severe flux decline,
reduces membrane efficiency, and increases operation-
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al costs due to the increase in energy requirements and
the frequency of membrane cleaning and/or replace-
ment [2, 4, 5]. Therefore, suitable material selection
for membrane matrix is a key factor in MBR technol-
ogy.

Polymer membranes are widely used in water and
wastewater treatment processes and the most famous
are cellulose acetate (CA) [6], polyethylene (PE) [7],
polyethersulfone (PES) [8], polyvinylidene fluoride
(PVDF) [9], polysulfone (PSF) [8], polyacrylonitrile
(PAN) [10], polyether imide (PEI) [11], polyvinyl
chloride (PVC) [12] and polypropylene (PP) [13].
Low cast polypropylene has been used extensively as
microporous membrane and exhibits good mechanical
properties, excellent thermal stability, super chemical
resistance, wide applicability and high versatility [14,
15]. PP membrane is prepared via thermally-induced
phase separation (TIPS) method and therefore, it is
symmetric and microporous in structure and suitable
for microfiltration process. Moreover, its life time is
more than other conventional membranes like PVDF
and PSf due to its chemical stability. Nevertheless,
poor hydrophilicity, lack of reactive sites and low sur-
face energy play the role of barrier to its widespread
application. Hydrophobic nature of PP leads to ad-
sorption of protein and water contaminants onto mem-
brane surface that results in pore blockage, water flux
decline, fouling during the operation, low efficient
separation and short lifetime [16, 17].

Many methods have been used to modify polymer
membranes and enhance their hydrophilicity including
blending with hydrophilic nanoparticles [7], blend-
ing with hydrophilic polymers [18], functionalization
[19], grafting with hydrophilic polymers [20] and
plasma treatment of membrane surface [17]. Among
these approaches, blending with hydrophilic nanopar-
ticles is considered as an effective and convenient ap-
proach due to its advantages [21-23]. Many studies
have been attempted to change the membrane porous
structure and enhance the hydrophilicity of polymer
membranes by adding inorganic nanoparticles such
as AL O, [24, 25], SiO, [26, 27], TiO, [28, 29], ZrO,
[30], Fe,O, [31], CNT [32], GO [33], ZnO [34] and
ND [2]. Taghaddosi et al. [16] investigated the effect
of nanoclays on the properties and performance of PP
membranes. Significant improvement in membranes'
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hydrophilicity, porosity, pure water flux, flux recovery
and rejection has been observed. In addition, tensile
strength and thermal stability of the membranes were
improved by increasing the content of nanoclays.

Carbon nanomaterials (fullerenes, carbon nano-
tubes, nanodiamond, and graphene) are among the
most important building blocks in modern nanosci-
ence and nanotechnology [35]. Nanodiamond has at-
tracted lots of attention in preparation of composite
materials due to its superior mechanical strength, large
accessible surface area, thermal conductivity, unique
electrical and optical properties, low toxicity, crystal-
linity, chemical stability, non-porosity, wide band gap,
narrow particle size distribution (typically of 4-6 nm),
and the possibility of varying the particle properties by
means of chemical functionalization of its surface [36-
40]. Despite these remarkable features, NDs tend to
agglomerate due to Van der Waals forces and electro-
static interactions [36]. To avoid agglomeration, ND
would be functionalized via different methods such
as fluorination, silanization or carboxylation. NDs
functionalized via thermal treatment to produce car-
boxylated NDs have uniform dispersion and excellent
interaction with polymer matrix. The carboxyl groups
that remain at the surface of the nanoparticles not
only improve the membrane hydrophilicity but also
enhance catalytic properties [36, 41]. Several studies
have been investigated in incorporation of NDs into
polymer membranes. Etemadi et al. [2] studied the ef-
fect of detonation nanodiamond (DND) and carboxyl-
ated DND (DND-COOH) on the mechanical, thermal
and antibacterial properties of CA membrane. The
results showed the CA/DND-COOH nanocompos-
ite membrane had the highest values in mechanical,
thermal and antibacterial properties in comparison to
CA/DND nanocomposite membrane due to the better
dispersion of DND-COOH particle compared to DND
particle in the CA matrix.

To the best of our knowledge, there is no report
about polypropylene/nanodiamond nanocomposite
membranes in the literature and therefore, the aim
of the present work is to study the effect of neat and
functionalized ND on the structure, properties and
antifouling behavior of PP membranes. In order to
achieve an effective dispersion of ND nanoparticles
in PP membrane matrix, ND nanoparticles should be
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functionalized before embedding into polymer matrix.
Moreover, it has been accepted that the surface energy
and the polarity of the PP membrane increase signifi-
cantly at the presence of maleic anhydride-grafted
polypropylene (PP-g-MA) [16, 42, 43]. ND nanopar-
ticles were carboxylated thermally, and PP-g-MA was
also used to enhance the compatibility between ND
and PP. The membranes were then characterized and
used in the MBR system with pharmaceutical feed.

EXPERIMENTAL

Materials

Commercial grade of isotactic PP (iPP, EPD60R,
MFI= 0.35 g/10 min) was supplied from Arak Pet-
rochemical Company. PP-g-MA (2% MA) was pur-
chased by Pluss Polymer (India). Paraffin as diluent
and acetone as extractant were purchased from Atlas
Shimi and Merck, respectively. ND nanoparticles
were procured from Nabond Technology Co., Ltd.,
China. Adapted activated sludge and influent waste-
water were supplied by the wastewater treatment plant
of Dana Pharmaceutical Company of Tabriz, Iran.

Carboxylation of ND

Pristine ND was dried at 80°C for 2 h in a vacuum
dryer and then treated thermally at 430-450°C for 1.5
h. Carboxylated ND was denoted by ND-COOH.

Preparation of membranes

Thermally-induced phase separation (TIPS) method
was applied to prepare membranes. Different amounts
of ND or COOH-ND (0.25, 0.50, 0.75 and 1 wt. %
polymer) were dispersed into 50 g paraffin by using
sonication by probe system (Sonopuls HD 3200, Ban-
delin) for 2 h. Then, 16.17 g PP and 0.5 g PP-g-MA
were added to the suspension and melt blended at
170°C for 2 h. The solution was then allowed to degas
for 30 min and cast on a preheated glass by using a
doctor blade. The plate was immediately quenched in
the water bath of 27-30°C to induce phase separation.
Then, the membranes were immersed into acetone to
extract the diluent. Finally, membranes were dried at
room temperature for 24 h. For preparation of neat
PP membrane, paraffin and PP were melt blended at
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170°C for 2 h. The other procedure was the same to
the nanocomposite membranes preparation.

Characterization

The FT-IR spectra of pristine and carboxylated ND
nanoparticles were taken on Tensor 27 FTIR spec-
trometer. The morphology of the membranes was
studied by a field emission scanning electron micro-
scope (FESEM; MIRA3 FEG-SEM, Tescan). Sam-
ples were fractured in liquid nitrogen and coated with
gold by sputtering before observation. Hydrophilic/
hydrophobic characteristics of the membranes were
examined by measuring the contact angle between
membrane surface and water droplet using a contact
angle goniometer (PGX, Thwing-Albert Instrument
Co.). In order to minimize the experimental error, the
average of five measurements was reported. Tensile
strength of membranes were measured using a tensile
test machine (STM-5, SANTAM, Iran). The samples
were cut into 5 cm % 1cm in length and width, respec-
tively. For each membrane, three samples were tested
at an extension rate of 50 mm/min at room tempera-
ture and the average values were reported. Pure water
flux (PWF) of membranes was determined as follows:
membrane module was submerged in water bath and
connected to a vacuum pump to provide transmem-
brane pressure of 0.7 bar. PWF was calculated using
the following equation:

_M
At

(M

Where J is PWF, M is collected mass of water, A is
the area of membrane and t is the time.

MBR run

In this study, three membranes including neat PP, 0.75
wt. % PP/ND and 0.75 wt. % PP/ND-COOH mem-
branes were selected to be used in a lab-scale sub-
merged MBR apparatus with 12 L effective volume.
An air diffuser under the membrane module provided
continuous aeration to maintain the dissolved oxygen
for microorganisms at desired levels and also to pro-
vide a shear force to hinder deposition of activated
sludge on the membrane surface. The membrane mod-
ule was connected to a vacuum pump to provide trans-
membrane pressure. Influent wastewater and adapted
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activated sludge were supplied by the wastewater
treatment plant of Dana Pharmaceutical Company of
Tabriz, Iran. The chemical oxygen demand (COD) of
feed wastewater stream was about 2800 mg/L. The
MBR operated at the solids retention time (SRT) of
35 days and a hydraulic retention time (HRT) of 24 h.
Mixed liquor suspended solid’s (MLSS) concentration
was measured daily and was kept about 7500-8000
mg/L. The critical transmembrane pressure (TMP)
was measured for all membranes by the TMP-step fol-
lowing a method described elsewhere [24].

Fouling analysis

After about 360 min MBR run, membrane module was
removed from the MBR and submerged in the water
bath to evaluate water flux of membrane after fouling
(J1). Afterward, the biofilm on the membrane surface
was removed by a tissue and the membrane was back-
washed by DI water. Subsequently, the pure water flux
after cleaning (J2) was measured. Fouling properties
of the membrane were calculated as follows:

TFR = JOJ_J ! )
0

RFR =221 3)
0

R =Lo=/ (4)
0

FR = j—z (5)

where TFR, RFR, IFR and FR are total fouling ratio,
reversible fouling ratio, irreversible fouling ratio and
flux recovery, respectively. COD removal was estimat-
ed by measuring COD_ of effluent (COD,) and influ-
ent (COD)) based on absorbance method as described
elsewhere [34] and using the following equation:

COD E

COD Removal (%) =(1- )x100 (6)
CoD,

RESULTS AND DISCUSSION

Characterization of carboxylated ND
FTIR was employed to explore the introduced func-
tional groups onto the surface of treated NDs. The
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spectra of ND and ND-COOH nanoparticles are
shown in Figure 1. For ND NPs, the absorption peaks
at 2858.4 and 2926.9 cm™ correspond to the asym-
metric and symmetric stretching vibration of C-H
band, respectively, and can be related to CH, CH,,
CH,. Also, the absorption bands at 1331.2 cm-1 can
be attributed to the deformation vibration of C-H band
in alkyl group. Presence of hydroxyl group; -OH,
and deformation vibrations of O-H band on pristine
ND can be revealed by absorption peaks at 1626.9
cm™ and 3450.5 cm’!. The peaks at 1733.9 cm™! and
1131.2 cm™! are attributed to the presence of oxygen
containing functional groups which are attributed to
the stretching vibration of carbonyl, C=0 and ether,
C-O-C groups, respectively [44]. Comparison of the
FTIR spectra of neat and carboxyated ND particles in
Figure 1 reveals that the variety of surface functional
groups in raw DND has been converted into their oxi-
dized derivatives. After treatment of NDs, the peaks
at 2858.4 cm™! and 2926.9 cm™! that correspond to the
C-H groups were completely disappeared. By conver-
sion of some oxygen containing groups like ketone,
alcohol and ester to carboxylic group, the absorption
peak of C-O is shifted from 1733.9 cm™ to 1793.6 cm™!
[45].

Contact angle

The contact angle is an important parameter for mea-
suring surface hydrophilicity [46]. The smaller con-
tact angle leads to higher hydrophilicity [47]. The
static contact angle between water drop and surfaces
of the PP and nanocomposite membranes was mea-
sured and the data are illustrated in Figure 2. It can
be seen that the contact angle of both nanocomposite
membranes decreased considerably compared with

—ND —ND-COOH

AN

Absorbance

4500 4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber (cm™)

Figure 1. FTIR spectra of pristine ND and ND-COOH
nanoparticles.
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Figure 2. Contact angle measurements for PP, PP/ND and
PP/COOH-ND membranes.

neat PP membrane. This indicates that the hydrophi-
licity of the membranes increased as a result of em-
bedding pristine and carboxylated ND. In addition,
at the same contents of nanoparticles, the COOH-ND
embedded membranes exhibited lower contact angles
in comparison to ND/PP membranes due to the pres-
ence of abundant hydrophilic groups on the COOH-

ND nanoparticles. For example, contact angle de-
creased from 127.0° for neat PP membrane to 116.0°
and 105.0° for 0.75 wt. % PP/ND and PP/COOH-ND
membranes, respectively. However, when the content
of NDs and COOH-NDs increased to 1.0 wt. %, the
contact angle value increased which it could be at-
tributed to the agglomeration of nanoparticles, which
consequently resulted in non-uniform dispersion of
nanoparticles [48]. In general, increasing the hydro-
philicity of the membrane improves fouling resistance
as well as water permeability because water adsorp-
tion of hydrophilic membranes is higher than that of
hydrophobic ones [49, 50].

Morphology

Cross section and surface FESEM images of neat PP
and 0.75 wt. % of ND and ND-COOH membranes
are shown in Figure 3. More and smaller pores can be
seen in the PP/ND and PP/ND-COOH membranes due
to the presence of ND particles. In fact, by addition

Figure 3. Cross section (left) and surface (right) FESEM images of three prepared membranes. (a) neat PP, (b) PP/ND 0.75

wt.% (c) PP/ND-COOH 0.75 wt.%.
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of ND and ND-COOH particles to dope solution, the
cooling rate increased during quench step because the
thermal conductivity of solutions containing nanodia-
mond particles are higher than that of PP solution. It is
well known that higher cooling rate leads to the small-
er pores in thermally-induced phase separation [51,
52]. Moreover, comparing Figures 3b and 3c reveals
that PP/ND-COOH membrane has further and smaller
pores which can be explained by proper distribution of
nanoparticles in the membrane matrix. Figure 3 also
shows the agglomeration of neat ND nanoparticles in
the PP/ND membrane and it can be seen that the modi-
fication of ND prevents the agglomeration of nanopar-
ticles.

Mechanical properties

It is generally accepted that the addition of inorganic
nanoparticles into the polymeric matrix changes the
polymer’s mechanical properties [53]. The impact of
ND and COOH-ND presence and concentrations on
the tensile strength of prepared membranes are pre-
sented in Figure 4. For neat PP membrane, the tensile
strength was 3.70 MPa and by increasing the content
of both ND and COOH-ND up to 0.5 wt. % the tensile
strength of nanocomposite membranes increased up to
4.61 and 5.26 MPa, respectively. The increase in ten-
sile strength can be attributed to excellent mechanical
properties of ND. It is obvious that the increase in ten-
sile strength of COOH-ND embedded PP membranes
is more pronounced than ND embedded PP mem-
branes. This can be explained by NDs treatment which
reduces the tendency of ND particles to agglomerate.
However, further increase in ND and COOH-ND con-
tent decreased tensile strength due to the aggregation

u0.25 wt% u 0.50 wt%

0.75 wt% = 1.00 wt%

Mechanical Strength (Mpa)

0

PP PP/ND

Figure 4. Tensile strength content values for prepared mem-
branes.

PP/ND-COOH
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of particles. It should be noted that at the same content
of nanoparticles, tensile strength of PP/COOH-ND
membranes are more than that of PP/ND ones even at
higher contents of nanoparticles, indicating that car-
boxylation of ND nanoparticles reduces ND agglom-
eration in polymer matrix. These results are similar to
the results reported elsewhere [54, 55].

Pure water flux

The pure water flux values of all fabricated mem-
branes are illustrated in Figure 5. Compared with the
pure water flux of the pristine PP membrane (14.30 L/
m”.h), the pure water flux of PP/ND and PP/COOH-
ND nanocomposite membranes were enhanced signif-
icantly by addition of nanoparticles up to 0.75 wt.%.
When the content of ND and COOH-ND increased to
0.75 wt. %, the water flux of PP/ND and PP/COOH-
ND membranes reached a maximum value of 99.96
kg/(m?.h) and 183.88 kg/(m?>.h), respectively. In gen-
eral, the hydrophilicity and morphology of a mem-
brane impact its pure water flux. At the presence of
the nanoparticles in casting solution, the interaction
between polymer chains and the nanoparticles may
disrupt the polymer chain packing and therefore, im-
proves water permeability due to the introduction of
free volumes between the polymer chains and nano-
filler interface [58]. Figure 4 shows that the porosity
of PP/ND and PP/COOH-ND membranes was higher
than that of neat PP membrane. In addition, the con-
tact angle of membranes decreased with increasing
nanoparticles content as shown in Figure, which can
enhance water permeability throughout the mem-
branes. Comparing the results indicates that the PP/

210
183.88
®0.25 wt% = 0.50 wt% 171.46
180 I
=0.75 wi% #1.00 wi% 152.66;
150 1354
—
=
&
£ 120
2 96.94
= 7831
o 90
r.% 5347 I
60 48.50
| oin 'I
0 J

PP PP/ND PP/ND-COOH

Figure 5. Pure water flux of the prepared membranes.
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COOH-ND nanocomposite membranes had higher
pure water flux than the PP/ND which could be ex-
plained by the higher hydrophilicity of them. The
decrease in PWF of 1.0 wt. % nanocomposite mem-
branes may be due to the agglomeration of nanopar-
ticles [57].

MBR operation and fouling analysis
Three membranes including neat PP, 0.75 wt. % PP/
ND and 0.75 wt. % PP/COOH-ND were selected

and used in MBR system to investigate the effect of
pristine and modified NDs on the performance of PP
membrane. Figure 6 shows that the critical flux for
neat PP membrane is about 7 L/(m?.h) and the pres-
ence of pristine ND enhanced the critical flux up to 18
L/(m?.h). Interestingly, the critical flux of PP/COOH-
ND membrane reached to 22 L/(m?.h). These results
revealed that the incorporation of ND and COOH-ND
nanoparticles into PP membranes increased the criti-
cal flux which significantly affects membrane fouling
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Figure 6. Determination of the critical flux for (a) PP, (b) PP/ND (0.75 wt.%) and (c) PP/ND-COOH (0.75 wt.%) membranes.
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Figure 7. Flux of PP, PP/ND and PP/COOH-ND membranes.

during MBR operation.

The results of filtration during MBR operation run-
ning at subcritical pressure of 0.1 bar for three mem-
branes are shown in Figure 7. It can be seen that both
PP/ND and PP/COOH-ND membranes exhibited
higher flux than the neat PP membrane. For neat PP
membrane, flux started from 3.41 kg/(m”.h) and de-
clined to 0.57 kg/(m*.h) after 360 min which means
that neat PP membrane preserved about 17% of its ini-
tial flux after 360 min. For 0.75 wt. % PP/ND mem-
brane, however, the initial and final flux values were
9.05 and 4.91 kg/(m?.h), respectively, indicating that
antifouling ability of PP/ND membrane increased
due to the presence of ND nanoparticles. On the other
hand, the flux of 0.75 wt. % PP/COOH-ND membrane
decreased from 41.16 to 20.93 kg/m’h meaning that
the decline is about 50%. These results show that the
presence of neat and modified NDs enhanced antifoul-
ing properties of PP membrane and modification of
ND nanoparticles had better antifouling effect than
pristine NDs. This can be related to the hydrophilicity
and antibacterial properties of the nanoparticles which
reduce adsorption of hydrophobic foulants on mem-
brane’s surface.

Fouling analysis of membranes was carried out by
calculating the fouling parameters including RFR,
IFR, TFR, and FR and the results are shown in Fig-

u PP
® PP/ND-NAET 0.75 wt%
100.0 % PP/ND-COOH 0.75 wt%

80.0

60.0 522
385

40.0

20.0 14 5 11.7

i BES BES Jal &H8

FR

Figure 8. Fouling parameters of neat PP, PP/ND and PP/
ND-COOH membranes.

ure 8. The results indicate that TFR value for neat PP
membrane was the highest (92.6%) and it decreased
to 69.2 and 62.3 % for PP/ND and PP/COOH-ND
membranes, respectively. In addition, IFR for the last
membrane is 47.8% whereas the IFR values of PP/
ND and neat PP membranes are 61.6 and 88.9, respec-
tively. These results show that even though antifouling
properties of PP/ND membrane is better than that of
neat PP membrane, but carboxylation of ND nanopar-
ticles resulted in membrane with more antifouling
properties. The improved antifouling properties of PP/
COOH-ND membrane can be ascribed to the hydro-
philicity and antibacterial effect of COOH-ND which
prevent the foulants from attaching to membrane sur-
face. Water molecules tend to attach to hydrophilic
surfaces and form a water layer on membrane surface
which prevent foulants from approaching the surface
[58]. Therefore, higher hydrophilicity of the PP/ND-
COOH membranes results in a lower fouling tendency
than those of the PP and PP/ND membranes.

Table 1 shows a comparison between the results
of the present work with other industrial membranes
such as PVDF and cellulose acetate. It can be seen
that PP/ND-COOH membranes would be applied ex-
tensively in MBR systems for wastewater treatment.

Table 1. Comparison of PP/ND-COOH membrane in this work with other membranes used in MBR systems.

Membrane Results Reference
PVDF/GO-CNC | Higher wettability and permeability, lower protein adsorption, higher flux recovery ratio and lower ireversible fouling. [59]
PVDF/GO Sustained permeability, lower cleaning frequency, fewer EPS adsorption. [60]
MWCNTs/PES Higher permeability, hydrophilicity and antifouling properties. [4]
PEG-ND/CA Higher critical flux, higher antifouling and, lower adsorption of proteins. [2]
PP/ND-COOH Higher hydrophilicity and water flux, higher critical flux, higher antifouling properties. Present work

70

Polyolefins Journal, Vol. 6, No. 1 (2019)



Hoseinpour S. et al.

&3

IPPI

CONCLUSION

Pristine and carboxylated nanodiamond were embed-
ded into polypropylene membranes. ND nanoparticles
were carboxylated by heat treatment method and the
presence of carboxyl functional groups on the surface
of nanoparticles was confirmed by FTIR analysis.
The results showed that at the same content of pris-
tine and carboxylated ND nanoparticles, hydrophi-
licity, pure water flux and tensile strength of PP/ND-
COOH membranes were more than those of PP/ND
membranes. Membranes embedded with 0.75 wt. %
of neat and modified nanoparticles were used in a sub-
merged membrane bioreactor (SMBR) system along
with neat PP membrane. The results showed that criti-
cal flux values for neat PP, PP/ND and PP/ND-COOH
membranes were 7, 18 and 22 L/(m>h), respectively.
Analysis of fouling mechanisms revealed that anti-
fouling properties of 0.75 wt. % PP/ND-COOH mem-
brane were higher than those of other two ones so
that irreversible fouling ratio decreased from 88.9%
for neat PP to 47.8% for PP/ND-COOH membrane.
The improved antifouling properties of PP/COOH-
ND membrane were attributed to the hydrophilicity
and antibacterial effect of carboxyl groups on the ND
nanoparticles which prevent the foulants from attach-
ing to membrane surface.
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