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ABSTRACT

TiO, nanoparticles embedded polypropylene (PP) membranes were fabricated via thermally induced
phase separation method. Different amounts of TiO, nanoparticles (0-1 wt%) were added to the PP
membranes and the optimum composition (0.75 wt% of TiO, in the casting solution) was selected
according to the several structural and operational analyses. The performance and antifouling behav-
ior of the optimized nanocomposite membrane were examined using submerged membrane biore-
actor (MBR) system in treatment of primary effluent obtained from the wastewater treatment unit of
Tabriz Oil Refinery Co. (Iran). The obtained results confirmed that the addition of TiO, nanoparticles
improves the thermal, mechanical and operational properties of PP membrane. For instance, critical
flux increased from 34.5 to 64 L/m? h for neat and nanocomposite membranes, respectively. Intrinsic,
cake layer and irreversible fouling resistances decreased from 73.50, 511.11 and 756.01 to 25.01, 224.58
and 315.00 for neat and nanocomposite membrane, respectively. Using Hermia’s fouling model, it was
shown that the governing fouling mechanism is cake formation for both membranes; however, the
portion of irreversible fouling considerably decreased when nanocomposite membrane was utilized.
The conspicuous reduction in the fouling of nanocomposite membrane introduces the great potential
of this membrane to be used in MBR for wastewater treatment.
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1. Introduction

Recently, due to continual population growth, agri-
cultural and industrial development and climate change
effects, water resources’ scarcity has become a critical issue
in many parts of the world. Water reclamation and reuse in
urban areas and industries is becoming an important ele-
ment of water supply portfolio as wastewater is a reliable
and sustainable water source [1]. Membrane bioreactor
(MBR) which integrates conventional activated sludge pro-
cess with membrane separation has been widely used for
both industrial and urban wastewater treatments [2-7]. The
important advantage of the MBR technology is considered
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to be its compactness, as the clarifier, where the separation
of the sludge from the treated effluent occurs conventionally
by gravity, is substituted by a membrane filtration which
can be directly implemented in the aerated biological reac-
tor. Beside, due to low sludge production and high perme-
ate quality that can be suitable for reuse, MBRs have gained
much attention [8-13]. Nevertheless, membrane fouling is an
inevitable problem and remains one of the major obstacles
to treated water readily available to reclamation and reuse
by MBRs [14-16]. The considerations and findings providing
insight to fouling behavior in such complicate environments
are investigated in the broad circumstances of observations
and tools commonly used to explore them. Among numerous
aspects, we have mainly focused on the impact of membrane
material with more concentration on the fouling mechanism
and its influence on the critical and sustainable flux in such a
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mixed species medium because it has been reported that crit-
ical flux significantly affects on membrane fouling and MBR
operation [17].

Since hydrophobic adsorption of sludge constituents such
as sludge flocs, colloids and soluble microbial products (SMP)
and extracellular polymeric substances (EPS) on membrane
surfaces plays a key role in membrane fouling [18-20], it seems
possible to mitigate membrane fouling by increasing the hydro-
philicity of the membrane. As a result, much attention has been
paid to reducing membrane fouling by modifying hydropho-
bic materials to relative hydrophilic properties [21-24].

Polyolefin-based polymeric membranes such as poly-
propylene (PP) exhibit exceptional abilities regarding resis-
tance in various acidic and alkaline solutions; suitability
for operation and washing procedures in MBR technology,
cost-effectiveness, high stiffness and good tensile strength
[25,26]. However, they suffer from poor functionality, which
restricts their application in many industries and processes.
Their intrinsic hydrophobic nature causes them to be eas-
ily fouled in MBR. Therefore, it would be natural to modify
membrane to obtain better performance.

Ultraviolet irradiation [27], blending with hydrophilic
materials [18], graft polymerization [28] and plasma graft-
ing [29] are reported as the most common membrane mod-
ification methods. Among these methods, blending with
hydrophilic materials, especially hydrophilic nanoparticles
can significantly alleviate membrane fouling [30]. Blending
modification with inorganic nanoparticles as well as accom-
plishing membrane preparation and hydrophilic modifica-
tion process in one step has shown a good merit to be chosen
as an efficient membrane modification method. Moreover,
using blending, the modified membrane can obtain the
basic properties of organic and inorganic materials and offer
specific advantages for the preparation of membranes with
excellent separation performance, good thermal and chem-
ical resistance and adaptability to harsh environments [30].
Results have shown that membrane modifications by hydro-
philic titanium dioxide (TiO,) [31], alumina (ALO,) [32] and
graphene oxide (GO) [17] can significantly improve hydro-
philic property and reduce membrane fouling in MBR.

Homayoonfal et al. [32] studied polysulfone/alumina
nanocomposite membranes performance in MBR with the
aim of reducing biofouling. Their results indicated that alu-
mina nanoparticles can increase water flux by enhancing
membrane hydrophilicity while maintaining the separation
efficiency through decreasing the membrane porosity. Zhao
et al. [17] compared the performance of polyvinylidene flu-
oride (PVDF)/GO composite microfiltration membrane with
commercial PVDF membrane in MBR. Their results revealed
that composite microfiltration membrane showed lower
membrane resistance, particularly lower pore plugging resis-
tance than commercial PVDF membrane.

Among different inorganic nanoparticles, TiO, has
received most of the attention because of its unique specifi-
cations such as stability under harsh conditions, commercial
availability and easiness of preparation. PP membrane blend-
ing modification with TiO, nanoparticles and its application in
MBRs, however, have not been extensively studied or reported.
Bae and Tak [33] investigated the effect of TiO, nanoparti-
cles on the fouling mitigation of polysulfone, polyacryloni-
trile and PVDF ultrafiltration membranes. They concluded

that nanocomposite polymer membranes showed lower flux
decline compared with that of neat polymeric membrane,
membrane fouling was mitigated by TiO, immobilization.

Antifouling properties and fouling mechanisms of fabri-
cated membrane have been usually investigated using syn-
thetic influents or model wastewater stream and the lack
of experimental data using real wastewater streams is still
inevitable.

Herein, we report the fabrication of PP/TiO, nanocom-
posite membrane via thermally induced phase separation
(TIPS) method. The fouling mechanism as well as antifoul-
ing performance of fabricated membrane was investigated
using oil refinery wastewater influents obtained from Tabriz
Oil Refinery Co. in locally manufactured MBR unit with a
purification capacity of 100 L/d. The filtration behavior was
further analyzed in MBR and the impact of membrane type
on the critical flux was investigated and the obtained results
were also modeled with Hermia and resistance in series (RIS)
methods. In addition, a set of analyses including scanning
electron microscopy (SEM), thermogravimetric analysis
(TGA), static contact angle (CA) measurement, mechanical
strength, pure water flux (PWF), porosity and pore-size dis-
tribution measurement were carried out to fully characterize
the membrane.

2. Materials and methods
2.1. Experimental setup

A lab-scale in-house manufactured aerobic MBR with a
working volume of 20 L was used (Fig. 1). As shown in Fig. 1,
it consists of an aerated reactor with submerged flat-sheet
microfiltration membrane modules and feed tank.

A dead-end polyimide flat-sheet membrane module pro-
viding 14 cm?of filtration area was submerged in the aerobic
bioreactor (Fig. 2).

An air diffuser was installed beneath the membrane mod-
ule to provide dissolved oxygen as well as efficient agitation
of activated sludge in the MBR. The air bubbles generated
during aeration with the flow rate of 0.5 L/min, on the other
hand, induced a cross-flow scouring the membrane surface
which removed attached sludge flocs and subsequently
suppressed membrane fouling. To eliminate the influence
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Fig. 1. A schematic view of the membrane bioreactor used to
analyze the membrane.
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of different physiological states of the activated sludge sus-
pension on the filtration performance, all membrane mod-
ules were installed into the MBR at the same time. The MBR
was fed with primary effluent obtained from the wastewater
treatment unit of Tabriz Oil Refinery Company (TZ.0.R.C),
Tabriz, Iran, and operated in the constant conditions. Details
of the operational conditions and composition of the real
wastewater are listed in Table 1.

The critical flux was determined using transmembrane
pressure (TMP) step method reported by Gesan-Guiziou
et al. [34]. The step by step technique consisted of methodical
increase of TMP (30 min at each TMP step before the criti-
cal flux was reached 15 min afterwards), the first unstable
permeation flux was determined when | decreased over the
course of time, resulting in non-linearity in the | vs. TMP [34].

In this study, all of the experiments were carried out after
the MBR was acclimated for three solid retention time (SRT)
to ensure the stability of sludge characteristics. The SRT of the
MBRwas maintained atalmost20 d and the mixed liquid of sus-
pended solids (MLSS) stabilized at around 7,000-7,500 mg/L.
After three SRT, the critical flux was measured.

2.2. Materials

The utilized materials either for dope solution or for
nanoparticles additives are very cheap among conventionally

Fig. 2. Schematic of flat-sheet membrane module.

Table 1
Specification of wastewater stream and operating conditions of
MBR

Parameters Values
Hydraulic retention time 24
(HRT, h)

Solid retention time (SRT, d) 20
Mixed liquor suspended 7,000
solids (MLSS, mg/L)

pH 6.8-7.6
Feed concentration 178
(mg COD/L)

Temperature Room temperature
Air flow rate (L/min) 0.5
Working volume (L) 20

utilized initial materials for membrane fabrication. Isotactic
PP with commercial grade (EPD60R, MFI=0.35 g/10 min) was
purchased from Arak Petrochemical Co., Iran. TiO, nanopar-
ticles (particle size of ca. 21 nm) were purchased from Sigma-
Aldrich (Germany). Mineral oil as diluent, acetone as extract-
ing agent and Irganox 1010 as heat stabilizer were purchased
from Acros Organics (Belgium), Merck (Germany) and Ciba
Co. (Switzerland), respectively. All materials were used as-re-
ceived unless otherwise described.

2.3. Membrane preparation

TIPS method was applied to prepare neat and
PP/TiO, nanocomposite membranes. Precise amounts of TiO,
nanoparticles (0.25, 0.50, 0.75 and 1 wt%) with Irganox (1 wt%
of solid phase) were dispersed into 60 g of mineral oil using
bath sonication (Woson, China) for 60 min. Then, PP powder
was added to the diluent-nanoparticle suspension and melt
blended at 170°C for 90 min in a sealed glass vessel kept in
a silicon oil bath. The solution was then allowed to degas for
30 min and cast on a preheated glass sheet using a doctor
blade. The plate was immediately quenched in the water bath
(30°C = 3°C) to induce phase separation. The membrane was
then immersed in acetone for 24 h to extract its diluent. The
results of differential scanning calorimetry analysis revealed
that the acetone in the membranes was removed during dry-
ing at room temperature (data not shown, fabrication proce-
dure is already fixed in this laboratory [35]).

2.4. Membrane characterization
2.4.1. Static contact angle measurement

The hydrophilic property of PP/TiO, nanocomposite mem-
branes was evaluated by measuring the CA between mem-
brane surface and water droplet using a CA goniometer (PGX,
Thwing-Albert Instrument Co., USA). To minimize experi-
mental error, the CAs were measured at five random locations
for each sample and the average number was reported.

2.4.2. Porosity

Membrane porosity was determined according to its
dry-wet weight. As reported in literature, PP membranes
were immersed in i-butanol for 24 h and then immediately
weighed after removing i-butanol from the surface. The
porosity was calculated using the following equation [36]:

&= (Wz - Vv1)p1
plwz + (pz - pl)V\/l

where W, is the initial membrane weight, W, is the mem-
brane weight after 24 h immersion in i-butanol, p, and p,
are the density of PP (0.91 g/cm?) and i-butanol (0.8 g/cm?),
respectively.

x100 1)

2.4.3. Tensile strength

The tensile strength of the fabricated PP/TiO, nano-
composite membranes was determined by using a tensile
testing machine (STM-5, Santam, Iran) at an extension rate
of 10 mm/min. The samples were cut into 8 cm x 1.5 cm in
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length and width, respectively. The thickness of each sample
was measured by a micrometer. Three trials were carried out
for each sample and the mean values were reported.

2.4.4. Thermogravimetric analysis

Thermogravimetric analyzer (TGA Q-50, TA Instruments,
UK) was used to study the effect of TiO, on the thermal stabil-
ity of nanocomposite membrane and homogenous distribu-
tion of nanoparticles in membrane. Approximately, 10 mg of
the samples were heated at a rate of 20°C/min from ambient to
800°C. The chamber was continuously swept with nitrogen at
a rate of 90 mL/min. The corresponding weight changes were
noted with the help of an ultrasensitive microbalance. In order
to investigate the homogenous distribution of nanoparticles,
three different pieces of three different parts of flat-sheet
membrane were selected and TGA analysis was carried out.

2.4.5. Pure water flux

PWF of membranes was determined using an in-house
fabricated dead-end filtration system with 14 cm? of mem-
brane area. Since polymeric membrane can be compacted by
the pressure applied during filtration, the flux can be reduced
without membrane fouling. Thus, all membranes were pre-
viously filtered by pure water until the flux reached steady
state before the MBR fouling tests in order to eliminate the
compaction effect on the flux decline. PWF was measured at
100 kPa under steady-state flux rate and calculated by the
following equation:

1%

h=77

)
where ] is the PWF, V the collected volume of water (L),
A the membrane area (m?) and ¢ is the time (h).

2.4.6. Pore-size distribution measurement

Image analysis was performed to count the cell size and
cell size distribution of each sample. In order to achieve reli-
able data, two SEM images were taken of each sample and
Image] software was used to count cell size distribution.
From two SEM images taken of each sample, an equal num-
ber of cells measured and average data was reported.

2.5. Analytical methods

Fouling can be quantified by the resistance appearing
during filtration and cleaning. The degree of membrane foul-
ing was calculated quantitatively using RIS model [37]:

AP

] PR
nR,

®)
where ] is the permeation flux (m?*/m?s), AP is the TMP (Pa), 1)
is the viscosity of permeate (Pa s) and R, is the total filtration
resistance (m™). Total resistances (R,) were reclassified into
three parts:

R =R,+R.+R, 4)

where R is the intrinsic membrane resistance, R _is the resis-
tance due to cake layer formed on membrane surface and R,
is the fouling resistance caused by pore plugging and irre-
versible adsorption of foulants on membrane pore wall or
surface. Those resistances can be calculated from experimen-
tal data using the following equations:

AP
M=al ®)

R, =—=T-R (6)

AP,
RC:TT_RM_RJ‘ (7)
M as

where | is the flux at steady state in MBR, ] is the initial
water flux and | is the final water flux after removing cake
layer. Cake layer was removed by flushing with tap water.

The mode of permeate flux decline during filtration pro-
cess can be identified by the following equation [38]:

At
av?

— k)" ®)

where V is the cumulative volume of filtrate, t is the time of
filtration operation and k is a constant value. The permeate
flux is presented as follows [39]:

14dv
_tav 9
J A dt ©)
This can be written as:
a _ 1 (10)
av AJj

Taking derivative of Eq. (10) with respect to ¢ and sub-
stituting in Eq. (8) results to the governing equation of flux
decline with time as follows:

ﬂ — _k]?rm

it 11)

where k is a constant value and m is a general index, which
depends on the fouling mechanism. The values of n var-
ied from 0 to 1, 1.5 and 2 for cake formation, intermedi-
ate blocking, pore constriction and complete blocking,
respectively.

The proposed mechanisms for all fouling models are
explained in detail in literature [40]. The analytical solu-
tions of Eq. (11) for each m value as well as the linear forms
of flux expressions are listed in Table 2 [41]. The governing
mechanisms of fouling in MBR are also explained by foul-
ing models, which are derived from Hermia’s model but in
a specific context. In this study, we chose to use Hermia’s
models to determine, with an optimization approach, the
most likely fouling modes in an MBR. It is required to
state here that the chemical oxygen demand (COD) anal-
ysis was carried out in the central laboratory of Tabriz Oil
Refinery Co.
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Flux expression Linear form

Table 2
Summary of the fouling mechanisms and blocking models during membrane fouling
Type of blocking Fouling concept M
Cake formation Formation of cake layer 0
on surface
Intermediate blocking Pore sealing and 1

membrane surface

deposition
Pore constriction Pore wall restricted 1.5
Complete pore blocking Pore sealing 2

3. Results and discussion

3.1. Static contact angle, porosity, pure water flux and pore-size
distribution

It has been shown that membrane hydrophilicity,
microstructure, material and pore-size distribution were all
significantly influencing MBR fouling [42]. Therefore, in this
section the abovementioned parameters were investigated
and compared for neat and TiO, embedded membranes to
find the optimum composition for further operational and
performance considerations.

CA represents the wettability of surface and depends on
the surface hydrophilicity and roughness. The CA results
of PP and PP/TiO, nanocomposite membranes are given
in Fig. 3. The PP/TiO,-0.75 membrane showed lower CA
compared with pristine PP and PP/TiO, nanocomposite
membranes.

The relatively higher hydrophilicity of PP/TiO, nanocom-
posite membranes compared with pristine PP membrane can
be ascribed to the presence of TiO, nanoparticles, which con-
tain a great deal of hydroxyl functional groups responsible for
the hydrophilicity increase and consequently higher affinity
of metal oxide to water [33]. The decrease in CA, however, was
not prominent, which is attributed to the impact of surface
roughness. Our previous findings revealed that incorpora-
tion of hydrophilic TiO, nanoparticles is expected to increase
the hydrophilicity, decrease the CA and increase the surface
roughness of polyolefin-based membrane. However, accord-
ing to the Wenzel model, the degree of roughness should be
such to amplify the wettability of the surface toward its intrin-
sic tendency, therefore two aforementioned contrary factors
controlling the final CA balance the hydrophilic property of
TiO, particles with membrane surface roughness [43].

The porosity of PP and PP/TiO, nanocomposite mem-
branes is given in Fig. 4. Due to the fact that the addition of
TiO, nanoparticles could accelerate the crystallization rate
and act as the crystal nuclei at the low quenching tempera-
ture [44], the average pore size and the porosity of nanocom-
posite membrane could be higher than those of the nascent
PP membrane.

The influence of TiO, nanoparticle content on perme-
ability was also investigated through PWEF experiments.

]=]7° lz——+kt
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Fig. 3. The effect of nanoparticles concentrations on the contact
angle of PP and PP/TiO, nanocomposite membranes.
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Fig. 4. The effect of nanoparticles concentrations on the porosity
of the PP and PP/TiO2 membranes.

A similar trend with porosity was also obtained for the PWF
shown in Fig. 5. PWF results revealed that the permeability of
the membranes was enhanced by increasing TiO, concentra-
tion, with a peak value at 0.75 wt% TiO,. The PWF of mem-
branes increased from 50.28 L/m? h for pristine PP membrane
to a peak value of 147.69 L/m? h for PP/TiO,-0.75 nanocom-
posite membrane which was about 2.93 times higher than
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Fig. 5. The effect of nanoparticles concentrations on the pure
water flux of PP and PP/TiO, membranes.

that of pristine PP membrane. However, a higher content
of TiO,, that is, 1 wt%, led to a decrease in PWF. According
to our previous findings [43], it is mainly attributed to the
fact that at high TiO, nanoparticle dosage, agglomeration of
TiO, nanoparticles in PP matrix restrained the formation of
spherulites and led to less pores and lower porosity in nano-
composite membrane. In the PP/TiO,-0.75 nanocomposite
membrane, TiO, nanoparticles expose the lowest aggregation
and the highest adsorbed -OH or hydrophilicity [45]. Low
aggregation and high hydrophilicity led to higher PWF. The
obtained results suggest that there is an optimum value of
TiO, fraction for PWFE.

Fig. 6 shows the pore-size distribution of 0-1 wt%
PP/TiO, nanocomposite membranes. The results showed
that the addition of different amounts of TiO, changes the
pore-size distribution of PP/TiO, nanocomposite membrane.
While the pore-size distribution shifts toward larger pore
size by increasing TiO, content up to 0.75 wt% TiO,, the
pore-size distribution moves back to smaller pore size for
the PP/TiO,-1 membrane. The obtained results are in good
agreement with the PWF results; they clearly explain the
decrease in PWF of the membrane with 1 wt% TiO, nanopar-
ticles in Fig. 5.

3.2. Mechanical behavior of membranes

Addition of nanoparticles into polymeric membrane
changes the mechanical properties of polymeric membrane.
Fig. 7 illustrates the effect of nanoparticles incorporation on
the membrane mechanical resistance behavior.

According to the obtained results, the mechanical strength
of pristine PP membrane increased by following the addition
of nanoparticle. Similar to our previous findings [43], this
manner can be attributed to the crystallinity change in PP
and the reinforcement effect of the inorganic nanoparticles
due to the addition of nanoparticle. The mechanical proper-
ties of the nanocomposites, however, depend significantly on
their internal structure. It may be due to the poor compati-
bility of hydrophilic TiO, nanoparticles with a hydrophobic
polymer matrix, in higher extent of inorganic nanoparticles,
the polymer nanocomposites are difficult to reach without
particle aggregates and/or agglomerates. Besides, there
is no chemical bond between nanoparticles and polymer
chains. Thus, the applied load was hardly transferred from
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TiO, contents.
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Fig. 7. The effect of nanoparticles concentrations on the mechan-
ical strength of PP and PP/TiO, membranes.

polymer to fillers in higher amount of nanoparticles [46]. The
non-uniform distribution of nanoparticles throughout the PP
matrix and no significant organic-inorganic interaction are
major factors that affect tensile strength of nanocomposite
membranes.

3.3. Morphological studies of membranes

Among several fabricated nanocomposite TiO, embedded
PP membrane, PP/TiO,-0.75 membrane was selected for fur-
ther structural and operational analyses due to its maximum
PWE, higher porosity and hydrophilicity and also desirable
mechanical strength.

The surface morphology of pristine PP membrane and
the selected membrane, PP/TiO,-0.75, is shown in Fig. 8.

As predicted, addition of TiO, nanoparticles increased the
nucleation density and led to the formation of porous as well
as more uniform spherulites in PP/TiO,-0.75 nanocomposite
membranes than those in pristine PP membranes. It is mainly
due to the fact that TiO, nanoparticles acted as the crystal
nuclei and a certain amount of TiO, dosage could increase the
number of spherulites, decrease the size of spherulites and
caves between the spherulites and make spherulites more
uniform. Fig. 8 also shows that the addition of TiO, nanopar-
ticles increased the number and the size of pores in the sur-
face of membranes. This may be due to the heterogeneous
nucleation effect of TiO, nanoparticles.



M. Fonouni et al. /| Desalination and Water Treatment 90 (2017) 99-109 105

The cross-section SEM images of the membrane samples
in two magnifications are shown in Fig. 9. SEM images show
that, compared with neat PP membrane, by addition of TiO,
nanoparticles, porosity and pore size of PP/TiO,-0.75 nano-
composite membrane increased.

PP membrane usually shows the spherulitic morphol-
ogy. The spherulitic morphology was the typical structure
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of solid-liquid phase separation via nucleation and crys-
tal growth [35]. Due to the fact that the addition of TiO,
nanoparticles could accelerate the crystallization rate and
acted as the crystal nuclei at low quenching temperature [44].
Therefore, the average pore size and porosity of nanocom-
posite membrane could be higher than those of the nascent
PP membrane.
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Fig. 8. SEM images of the surfaces of the (A) pristine PP membrane and (B) PP/TiO,-0.75 nanocomposite membrane.
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Fig. 9. FESEM images of the cross-sections of the (A) pristine PP membrane, (B) PP/TiO,-0.75 nanocomposite membrane, (C) pristine
PP membrane with high resolution and (D) PP/TiO,-0.75 nanocomposite membrane with high resolution.
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3.4. Thermogravimetric analysis

Due to the lower amount of TiO, nanoparticle in the bulk
of fabricated membrane, XRD analysis could not confirm the
existence of nanoparticles. Therefore, TGA was carried out to
evaluate both thermal stability and homogenous distribution
of nanoparticles in pristine PP and PP/TiO,-0.75 membranes.
TGA results are shown in Fig. 10. From the TGA curves, it
can be found that the nanofiller significantly improves the
thermal stability of PP.

As can be seen from the figure, the pristine membrane
starts to decompose at 211°C and ends at 384°C. The PP/TiO,-
0.75 nanocomposite membrane, however, begins to decompose
at a relatively higher temperature of 248°C and ends at 440°C.
The increase in the onset temperature of nanocomposite mem-
brane can be attributed to the presence of TiO, nanoparticles.
TiO, nanoparticles are capable of restricting the movement of
a polymer chain, making the scission of polymer chains harder
atlower temperatures. As a consequence, the degradation tem-
perature of the PP/TiO,-0.75 membrane shifts to higher tem-
peratures. In addition, the difference between weight losses of
three specimens for each sample was <1%, which confirms the
good settlement of nanoparticle in PP membrane. It can be con-
cluded that the distribution of TiO, nanoparticles in the bulk of
the membrane has been successfully achieved.

3.5. Critical fluxes of PP and PP/TiO, nanocomposite membranes

The critical fluxes of both membranes were measured
through the step by step technique. As shown in Fig. 11,
the critical flux of PP/TiO, nanocomposite, 60-68 L/m? h,
was significantly higher than that of neat PP membrane,
34-35L/m? h.

As reported in the literature, critical flux strongly
depends on the membrane characteristics such as pore-size
distribution, membrane materials, surface hydrophilicity
and feed properties as well as operation conditions [17]. In
this work, the PP/TiO, nanocomposite membrane showed
larger pore size, relative hydrophilicity and improved PWE,
which consequently resulted in higher critical flux.

3.6. MBR performance

Since usual wisdom generally ascribes lower fouling to
hydrophilic membranes with high porosity and narrow pore-
size distribution, lower fouling is expected to be observed for

—PP membrane

——Nanocomposite membrane (PP/Ti0,-0.75)

Welght(%)

T T v T " " )
0 100 200 300 400 500 600 700 800 Q00
Temperature (*C)

Fig. 10. TGA thermographs of pristine PP membrane and PP/
TiO,-0.75 nanocomposite membrane.

TiO, embedded nanocomposite membrane. The influence of
pore size on the fouling, however, was found to differ in vari-
ous studies [47]. Therefore, fouling analyses were carried out
to monitor the mechanism of fouling for neat and modified
membranes.

The various filtration resistances were calculated for PP
and PP/TiO,-0.75 membranes in MBR and the results are
shown in Table 3.

Fouling in MBR could be characterized by an outer cake
layer on the membrane surface and an inner gel layer in the
membrane. Cake layer from MLSS, which contributes to
reversible fouling and the cake resistance (R ), can be easily
removed by a physical cleaning. The inner gel layer formed
by strongly attached SMP or EPS blocks and clogs pores con-
tributes to the irreversible fouling resistance (R) that can only
be removed by chemical cleaning. '

In comparison with pristine PP membrane, the PP/TiO,-
0.75 nanocomposite membrane showed lower membrane
resistance (65.97% of the pristine PP membrane). A detailed
analysis revealed that the cake layer was the major fouling
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Fig. 11. Determination of the critical flux for (A) pristine PP
membrane and (B) PP/TiO,-0.75 nanocomposite membrane
using TMP-step method.

Table 3
Filtration resistances of pristine and PP/TiO,-0.75 nanocompos-
ite membranes

Membranes R R, Rf R,

(xloll m—l) (xloll m—l) (Xloll m—l) (Xloll m—l)
PP 73.50 511.11 171.40 756.01
PP/TiOZ- 25.01 224.58 65.41 315.00
0.75
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contributor for both membranes (71.29% for the nanocompos-
ite membrane and 67.60% for the pristine PP). As mentioned
above, since PP and PP/TiO,-0.75 nanocomposite membranes
were tested at the same condition, the surface properties of
membrane were the only key factor to determine the amount
of cake layer resistance. Since the incorporation of nanopar-
ticles increased the hydrophilicity of the polymeric mem-
brane surface, the decrease in cake layer resistance strongly
suggested that the adsorbed foulants on the nanocomposite
membrane could be more readily dislodged by shear force
than those attached on a pristine PP membrane. The R, of
nanocomposite membrane caused by pore clogging and irre-
versible fouling was significantly lower than that of PP mem-
brane (61.83% that of the pristine PP membrane). Due to the
hydrophilic modification of the membrane by the incorpo-
ration of TiO,, the hydrophobic interaction between organic
foulants and the membrane surface diminished.

In order to find the best model to describe membrane
fouling in MBR, the values of the k factor for different values
of m of pristine PP and PP/TiO,-0.75 membranes were deter-
mined by using the least square method. The experimental
data were substituted in the linearized equations, shown in
Table 4, and k value was obtained as the slope of the line.
After that, with k values on other hand, the flux equations
in Table 3 were plotted for each filtration test and compared
with experimental data.

The best fouling model was selected based on the equa-
tion best fitted with the highest value of R? in linear regres-
sion method. Comparison between experimental data and
fouling models for pristine PP and PP/TiO,-0.75 membranes
were shown in Figs. 12(A) and (B), respectively.

The resultant values of k and R? are presented in Table 4.
In accordance with the results, the experimental data for both
membranes were well fitted with cake formation model, since
the R* values of this model for pristine PP and PP/TiO,-0.75
membranes were 0.8776 and 0.9528, respectively.

The amount of COD removal for activated sludge and
membranes was also investigated and the obtained results
were shown in Table 5. It can be observed that COD removal
efficiencies of the pristine PP membrane and PP/TiO,-0.75
nanocomposite membrane were 48.87% and 65.16%, respec-
tively. This efficient reduction in COD can be ascribed to the
presence of TiO, nanoparticle with bigger pore size and nar-
row pore-size distribution.

Narrow pore-size distributions decrease the inhomo-
geneous flow distribution between pores that result in
preferential deposition and blockage of large pores [48,49].
Similarly, high porosity corresponding with local flux at the
pore entrance will be reduced.

In other words, increasing the pore size may decrease
the particle settlement onto the membrane at the expense of

Table 4

internal adsorption. Increasing the pore size also shifts the
membrane configuration from ultrafiltration (UF) toward
microfiltration (MF) membrane and as reported in the liter-
ature, MF membrane seems to rely on the initial fouling in
MBR system and the ensuing creation of a dynamic mem-
brane to produce better quality of product, while UF-based
membrane in MBR system feature good rejection from the
early stage of filtration. However, it was shown that no clear
advantage of using tight membranes over more open pores
within a range of given flux.

(A) | i i ¢ Experimental
[T — IS | PRI 1 SN ——Cake formation (m=0)
| | - - -Intermediate blocking (m=1)
EJQ T 1 —+—Pore constriction (m=1.5)
i | | s & iy
S Cwn?elete bloc}.mrg(m 2)

+ Expenmental

| =——Cake formation (m=0)
Intermediate blocking (m=1)
| —*—Pore constnction (m=1.5)
|~~~ Compelete blocking (m=2)

0 1 2 3 Time (h) -£ ; 6
Fig. 12. Experimental filtration data and classic fouling models
for membranes in MBR. (A) Pristine PP membrane and
(B) PP/TiO,-0.75 nanocomposite membrane.

Table 5

Comparison of COD values for raw influent, treated influent by
CAS, treated influent by MBR using neat PP membrane and treat-
ed infleunt by MBR using modified nanocomposite membrane

Sample COD (mg/L)
Wastewater 178
Wastewater treated with conventional 131

activated sludge

Wastewater treated in MBR with PP mem- 91
brane

Wastewater treated in MBR with PP/TiO,- 62
0.75 nanocomposite membrane

Values of k in Hermia'’s fouling models and correlation coefficient of R* for membranes

Membrane m=0 m=1 m=1.5 m=2

k R? k R? k R? k R?
PP 0.0011 0.8776 0.1117 0.8776 0.5514 0.7403 3.577 0.5885
PP/TiO,-0.75 0.0001 0.9528 0.0296 0.9265 0.2390 0.8930 2.301 0.7961
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4. Conclusions

Fouling is an inevitable problem in membrane pro-
cesses and still remains one of the major obstacles to
wide-spread application of MBR in urban and industrial
wastewater treatment. This work explains how to fabri-
cate less fouling membrane using PP as polymer and TiO,
nanoparticles as additive. The performance of fabricated
membrane was examined in the treatment of primary efflu-
ent obtained from Tabriz Oil Refinery Co. in a submerged
MBR. The obtained results revealed that addition of very
little amount of TiO, nanoparticles, <1.00 wt%, improves
the antifouling property of membrane by decreasing the
portion of irreversible fouling and increasing the portion of
reversible fouling. It therefore helps the operator to easily
wash away the foulants by aeration or chemical cleaning.
The obtained results showed that the membrane hydro-
philicity, membrane pore size and pore-size distribution
are the main influential parameters to affect the membrane
performance in MBR.
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