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ABSTRACT
In this study, polysulfone (PSf) nanocomposite membranes embedded with functionalized 
nanodiamond (ND) were prepared via Non-Solvent Induced Phase Separation (NIPS) method. ND 
nanoparticles were silanized by using the esterification reaction of hydrolyzed vinyltrimethoxysilane 
(VTS) in alcoholic solution in order to enhance the compatibility between ND and PSf. Fourier 
Transform Infrared Spectroscopy (FTIR) analysis revealed that ND nanoparticles were successfully 
functionalized by silane groups. Nanocomposite membranes were then prepared with different 
percentages of silanized NDs (SNDs). The membranes were characterized using a set of analyses and 
the results showed that the addition of SNDs up to 1.0 wt.% resulted in an increase in hydrophilicity, 
water content, porosity and water flux of membranes. Moreover, Scanning Electron Microscopy 
(SEM) images indicated that the membrane with 1.0 wt. % nanoparticles had more pores on the 
membrane surface with smaller average pore size in comparison to other membranes. Antifouling 
properties of the membrane was also investigated in filtration of humic acid solution and the results 
showed that reversible fouling and flux recovery of membranes increased at the presence of SNDs.

Keywords: Polysulfone, Functionalization, Nanodiamond, Fouling, Nanocomposite.

How to cite this article
Tizchang A, Jafarzadeh Y, Yegani R, Shokri E. Polysulfone nanocomposite membrane embedded by silanized 
nanodiamond for removal of humic acid from water. J. Water Environ. Nanotechnol., 2019; 4(3): 213-226. 
DOI: 10.22090/jwent.2019.03.004

ORIGINAL RESEARCH PAPER

                           This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

* Corresponding Author Email: yjafarzadeh@sut.ac.ir

INTRODUCTION 
The presence of humic acid (HA) as a natural 

organic matter (NOM) in surface water causes 
health problems because it reacts with disinfectants 
during the water treatment process and form toxic 
and carcinogenic disinfection by-products (DBPs) 
[1, 2]. Therefore, it is necessary to remove HA from 
water using effective treatment processes. Chemical 
coagulation/flocculation, electrocoagulation, oxid- 
ation, adsorption, and membrane filtration 
methods have been used for HA removal. During 
the last decades, membrane filtration has been 
considered as an efficient method because of its low 
cost, high efficiency and less energy requirement 
[3, 4]. Ultrafiltration (UF) membranes which are 

appropriate for HA removal, can be prepared using a 
wide range of polymers including polyethersulfone 
(PES), cellulose acetate (CA), polyvinylidene 
fluoride (PVDF) and polysulfone (PSf). Among 
them, PSf is widely employed for preparation of 
UF membrane due to its excellent mechanical, 
chemical and thermal properties [5, 6]. However, 
the hydrophobic nature of PSf results in fouling 
and flux decline during treatment process of 
surface water containing NOMs [7-9]. Increasing 
the hydrophilicity of membranes by surface or bulk 
modification has been offered to reduce membrane 
fouling. Incorporation of inorganic nanoparticles 
into polymer matrix of membranes is a kind of bulk 
modification method to improve the hydrophilicity 
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and antifouling properties of the membrane [8]. 
The effects of incorporating different nanoparticles 
like graphene oxide (GO) [10], organoclay [5], 
GO-TiO2 [11] and GO-SiO2 [12] into the PSf 
polymeric matrix have been investigated. Most 
recently, nanodiamond (ND), an emerging 
carbon nanomaterial, has gained lots of attention 
especially in nanocomposite membranes due to its 
high surface area, hydrophilicity, biocompatibility, 
non-toxicity and different functional groups 
on the surface [13, 14]. Therefore, ND can be a 
proper choice to be embedded in the PSf matrix 
to overcome the hydrophobic nature of it. Despite 
this, unmodified NDs suffer from agglomeration 
and non-uniform distribution in polymer matrix. 
Therefore, an increasing number of researches are 
being carried out to reduce the agglomeration of 
ND nanoparticles and improve their performance, 
especially by surface modification due to the 
presence of different functional groups on the 
surface. One of the most common techniques 
for functionalization of ND nanoparticles to 
be embedded in polymer matrix is silanization 
[15, 16]. Jeong et al. used modified ND with 
(3-methacryloxypropyltrimethoxysilane) to fab-
ricate nanodiamond/acrylic resin composite [17]. 
They showed that incorporating modified ND 
into composite leads to improvement of optical 
and mechanical properties. In another study, 
Dolmatov investigated the effect of modified 
ND with silane coupling agent on the properties 
of composite based on elastomer and polymer 
matrices [18]. They showed that dispersibility of 
NDs improved by silanizationn which causes to 
improve the properties of elastomer composite. 
Hajiali et al. modified ND with different degrees 
of vinyltrimethoxysilane and showed that ND with 
maximum degree of silane coupling agent had 
more stable suspension in hydrophobic medium 
and better interaction with polydimethylsiloxane 
[19]. 

To the best of our knowledge, there is no report 
in the literature about PSf membranes embedded 
with silanized nanodiamonds to be used in the 
MBR system. In this study, vinyltrimethoxysilane 
was used as silane coupling agent to overcome 
the insufficient dispersion of ND nanoparticles 
in the PSf matrix. Silanized nanodiamonds 
(SNDs) were then employed to fabricate PSf/
SND membranes via NIPS method. The influence 
of the different amounts of SND loading in the 
membrane structure, performance, morphology 

and hydrophilicity of resultants membranes 
were investigated. In the following, the fouling 
mechanisms of the membranes during the filtration 
of HA were analyzed by using Hermia (classic) and 
combined fouling models. Finally, pre-coagulation 
process using aluminum-based coagulant (PAC) 
was used to increase the HA rejection.

MATERIALS AND METHODS 
Materials

Udel P-1700 polysulfone was purchased from 
Solvay Advanced Polymer LLC and used as the 
polymer. The pristine detonation ND nanoparticles 
with a phase purity higher than 95 were procured 
from Nabond technology Co., Ltd., China. The 
average diameter and specific surface area of 
ND nanoparticles were 5 nm and 282.8 m2g-1, 
respectively. N-Methyl-2-Pyrrolidon (NMP) from 
Daejung was used as the solvent, polyethylene 
glycol (PEG) (Mw = 20,000 (g/gmol)) as pore-
forming and Vinyltrimethoxysilane (VTS) with 
the purity of 97% from Merck was used for silane 
functionalization of ND. The following materials 
were used without further purification: ethanol 
(99.8% Sigma Aldrich), acetone (99% Merck) and 
acetic acid (99.85%) Sigma Aldrich). Deionized 
(DI) water was used as a nonsolvent to induce 
phase inversion and also as a medium to measure 
the pure water flux.

Silanization of ND
Surface modification of ND was first carried 

out by using the thermal oxidation of ND at 
425°C to enhance the surface carboxyl content. 
Carboxylated ND as COOH-ND was then reacted 
with hydrolyzed VTS by esterification method 
leading to SND. The silanization was performed 
by preparing 80 ml solution of distilled water/
ethanol (20:80 v/v) and adjusting its pH to 3.5-4.5 
by adding acetic acid. The desired amount of VTS 
was then added to the solution followed by stirring 
at ambient temperature for 30 min. This process 
leads to hydrolysis of the silane. According to the 
literature, the best weight ratio of (VTS/COOH-
ND, w/w) is 5:1, so a specific amount of COOH-ND 
(0.3g) was added to the solution and dispersed by 
an ultrasonic bath (120W, 28 kHz) for an hour [19]. 
Next, the mixture was stirred for 4h at 65°C using 
a hot plate. Then, the suspension was placed in an 
oven at 120°C for 4h developing the esterification 
of silanol groups on ND surface and evaporation 
of water/ethanol solution. Finally, SND was washed 
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out sequentially with acetone and distilled water 
and dried in an oven at 120°C for around 12 h. 

Characterization of SND
The chemical structure of SND was studied by 

Fourier transform infrared spectroscopy (FTIR) 
with a VERTEX 70 FTIR spectrometer (Bruker, 
Germany) within the wavelength of 400-4000 cm-1.

Preparation of neat and nanocomposite membranes
Neat and nanocomposite PSf membranes were 

prepared by using nonsolvent induced phase 
separation (NIPS) method. Table 1 presents the 
compositions of casting solutions. In the case of the 
composite membrane, the pre-determined amount 
of SND was dispersed into NMP by applying 
sonication. Subsequently, PSf and PEG were added 
to the dispersion and the mixture was stirred by 
a mechanical stirrer at a temperature of 60 ̊C to 
give homogenous solution. To prepare defect free 
membrane, enough time was given for bubbles to 
be completely released. A portion of the resulting 
solution was poured onto flat plate glass and spread 
out with an automatic casting knife at the speed 
of 10 mm/s and a gap of 150 µm. The glass plate 
together with the cast film was immersed in a water 
bath to initiate phase inversion immediately. The 
obtained membranes were thoroughly rinsed with 
deionized water and dried at room temperature to 
remove the residual solvent. Neat PSf membrane 
without inorganic filler was also prepared according 
to the same method mentioned above.

Characterization of membranes
Pure water flux (PWF)

Pure water flux of membranes was determined 
using a fabricated dead-end filtration system with 
5cm2 of effective membrane area. The feed was 
pressurized by nitrogen gas cylinder connected 
to the feed tank. To avoid any compaction, the 
membranes were compacted for 30 min at 2 bar. 
Then permeation experiment was subsequently 
carried out at 1.5 bar and after reaching steady 
state, water flux was calculated through the Eq. (1):

0 .
MJ
A t

=                                                                     (1)	

Where J0 (Kg/m2.h) is pure water flux, M is collected 
mass of water (Kg), A is effective membrane area 
(m2) and t is sampling time (h).

Contact angle 
The surface hydrophilicity of the prepared 

membranes was evaluated by measuring the 
contact angle between the membrane surface and 
water droplet using a contact angle goniometer 
(PGX, Thwing-Albert Instrument Co.). DI water 
was used as the probe liquid for all measurements. 
The results were the average of at least five tests at 
different locations on the membrane surface.

Membrane porosity and water content
Water content (WC) tests were conducted 

to study the adsorption capability of water to 
membranes. In this test, after soaking membranes 
in water for 24 h, the membranes were weighed 
(Wwet) followed by mopping with blotting paper. 
The wet membranes were placed in a vacuum drier 
at 50°C for 24 h and the dry weights (Wdry) of the 
membranes were determined according to the 
method developed by Sivakumar et al. The percent 
of WC was calculated through the following Eq. (2) 
[20, 21]:
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The porosity of prepared different membranes 
was calculated by Eq. (3) [10]:
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Where ɛ is the porosity of membrane (%), Ww 
and Wd are the wet and dry sample weight (g), 
respectively. Meanwhile, Dw is the density of water 
at 25°C (0.998 g.cm-3) and Dp is the density of 
polymer (1.24 g.cm-3).

Morphology and pore size distribution
The morphology of membranes was investigated 

by MIRA XM field Emission Scanning Electron 
Microscope (FE-SEM). Cross-section samples were Table 1. Casting solution composition of neat and nanocomposite PSf membranes 

 
 
  

Membrane SND/PSf ratio (wt/wt %) PSF (wt%) PEG (wt%) NMP (wt%) SND (wt%) 
PSf - 15 10 75 - 

PSf/SND/0.5 0.5 14.925 10 75 0.075 
PSf/SND/1.0 1 14.85 10 75 0.15 
PSf/SND/1.5 1.5 14.775 10 75 0.225 

Table 1. Casting solution composition of neat and nanocomposite PSf membranes
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prepared by fracturing the membranes in liquid 
nitrogen and were coated with gold by sputtering 
before observation to make them conductive. 
SEM device was equipped with dispersive X-ray 
analysis (EDX) detector to inspect the existence 
as well as dispersion of SND nanoparticles in the 
membranes. Pore size distribution was estimated 
by analyzing the surface SEM images of membranes 
using ImageJ Analyzer software.

Mechanical strength
Mechanical strength of membranes was 

measured by a tensile testing machine (STAM-D, 
SANTAM, Iran). All samples for mechanical 
testing were in a rectangular shape and the testing 
speed was adjusted at 10 mm/min. Each membrane 
was tested at least 3 times and averaged values were 
reported.

Filtration experiment
In order to evaluate the effect of SND on the 

membrane fouling behavior, filtration of HA 
solution was performed by using the dead-end 
filtration system. HA solution was prepared by 
dissolving 0.4 g of HA in 400 ml of water at the pH 
of 6 and stored in the refrigerator (4°C) before use.

After measuring pure water flux (J0), the filtration 
system was filled with prepared HA solution and 
the permeate flux profile was recorded every 10 
min. After 180 min of HA filtration and fouling, 
PWF measured and recorded as J1. Then, the cake 
layer on the membrane was rinsed and removed 
mechanically by a sponge. Afterward, pure water 
was again passed through the membrane and 
PWF (𝐽2) was calculated. To investigate the fouling 
behavior of the fabricated membranes, the flux 
recovery ratio (FRR), reversible fouling ratio (RFR), 
irreversible fouling ratio (IFR) and total fouling 
ratio (TFR) of the membranes were calculated by 
using the following equations[22]:
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In order to measure the membrane rejection, the 
HA concentrations of feed and permeate solutions 
were determined by using a UV spectrophotometer 
(Bio Quest CE2501) and the HA rejection of 
membrane was calculated by using Eq (8):

( )% 1 100p

f

C
R

C
 

= − × 
 

                                              (8)

Where R(%) is the rejection percentage, Cp 
and Cf are permeate and feed concentrations, 
respectively.

Analysis of the fouling mechanism
To better understand the fouling mechanism of 

the membranes under the condition of constant 
pressure filtration, Hermia proposed the following 
mathematical form for flux decline:

2

2

md t dtk
dV dV

 =  
 

                                                        (9)

Where V is the cumulative volume of filtrate, 
t the time of operation, and m & k are kinetics 
parameters. The permeate flux is presented as:

1 dVj
A dt

=                                                                 (10)

Using the flux equation, Eq (9) can be written as:

2( ) mdJ kJ AJ
dt

−= −                                                    (11)

The linear forms of flux expressions and 
analytical solutions for each value of m which 
characterize the fouling model are listed in Table 
S1 (given in supplementary data).

In addition to Hermia, constant pressure 
combined models of membrane fouling were also 
used. In combined models, the assumption is that 
the two fouling mechanisms are independent and 
will occur throughout the filtration[23]. A summary 
of the constant pressure combined fouling models 
are presented by Bolton and is provided in Table S2 
(given in supplementary data)[24].

RESULTS AND DISCUSSIONS 
Characterization of SND

Fig. 1 represents the surface chemistry of pure 
ND, carboxylated ND (ND-COOH) and silanized 
ND (SND) by FTIR spectra. For ND, the absorption 
bands at 2923 and 2852 cm-1 are assigned to the 
asymmetric and symmetric stretching vibration of 
C-H band, respectively [25]. The absorption bands 
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at 3438 and 1622 cm-1 can be attributed to O-H 
groups [26]. The spectrum showed another band 
from oxygen-containing functional groups at 1711 
and 1113 cm-1 which are assigned to the stretching 
vibration of C=O and C-O-C groups, respectively. 
Also for ND-COOH, absorption band of C=O is 
shifted from 1711 cm-1 to 1781 cm-1 is attributed to 
the conversion of oxygen-containing groups like 
ketone, alcohol, and ester to carboxylic group [27]. 
For the SND nanoparticles absorption band at 760 
cm-1 and 1038 cm-1 are attributed to Si-C and Si-O-
Si respectively [28]. The absorption band at 1129 
cm-1 is attributed to Si-O-C and is a confirmation 
of the presence of silane functional groups on ND 
surface[19]. Also the band at 892 cm-1 represents 
unreacted SiOR groups in organosilane [29]. 

Characterization of membranes
Contact angle measurements

The surface hydrophilicity of the membranes 
was examined by measuring the contact angle 
between the membrane surface and water droplets. 
A decrease in surface contact angle is an index 

for improvements in the hydrophilicity of the 
membranes [8, 30]. The results of the contact 
angle of membranes listed in Table 2 revealed 
that contact angle of membranes decreases 
continuously with increasing SNDs content in 
the membranes. As shown in Fig. 1, SNDs have 
carboxyl groups on their surface which increase the 
interaction with water molecules and subsequently, 
enhances the hydrophilicity of membranes [31]. 
Furthermore, comparing the contact angle of PSf/
SNDs nanocomposite membranes confirms that 
increasing the hydrophilic groups on the membrane 
surface leads to decrease contact angle. However, 
when the SNDs content increases to 1.5 wt%, 
contact angle increased which may be attributed to 
the agglomeration of the particles and less presence 
of hydrophilic nanoparticles on the surface of the 
membrane.

Membrane morphology and pore size distribution 
The SEM images of the top surface of the neat 

and SNDs incorporated PSf membranes were 
shown in Fig. 2 . It can be seen that with the addition 

 

Fig. 1. FTIR spectra of pure ND, ND-COOH, and SND. 

  

Fig. 1. FTIR spectra of pure ND, ND-COOH, and SND.

Table 2. Contact angle, porosity, water content and PWF results for neat and nanocomposite PSf membranes. 
 

 
  Membrane Contact angle, 

degree 
Porosity 

(%) 
Water content 

(%) 
PWF 

(Kg/m2.hr) 
PSf/SND (0.0 wt%) 83.10 59.47 54.16 410.41 
PSf/SND (0.5 wt%) 77.57 60.23 54.94 552.04 
PSf/SND (1.0 wt%) 76.44 71.64 67.11 905.075 
PSf/SND (1.5 wt%) 78.86 48.76 43.42 585.551 

Table 1. Casting solution composition of neat and nanocomposite PSf membranes
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of SNDs (≤1.0 wt%), more pores with smaller sizes 
appear on the membrane surface which may play 
a favorable role on membrane flux and fouling 
properties. According to the results reported by 
Gohari et al., hydrophilic nanoparticles can act as 
a disperser of nonsolvent into small droplets in the 
top skin layer, which resulted in a large number of 
small pore sizes [32]. However, when the addition 
of SND further increases (1.5 wt%), the top surfaces 
gradually become dense (Fig.2 d). This result can be 
attributed to agglomeration and cluster formation 
of NDs and consequently non-uniform dispersion 
of nanoparticles in higher concentrations[15].

 Fig. 2 also shows the cross-section morphology 
of the ultrafiltration membranes. All membranes 
possess a typical asymmetric structure with a 
dense top layer and fully developed macrovoids at 

the bottom. However, addition of SNDs causes to 
increase the size of macrovoids and the thickness 
of dense layer. It should be noted that both 
thermodynamic and kinetic aspects play a role 
in the structure of membrane as the amount of 
SNDs was increased. The differences of the cross-
section structures are likely due to the change in the 
viscosity of casting solution, which results from the 
addition of SNDs [33, 34]. Generally, the increase of 
skin layer is attributed to the decrease of exchange 
rate between solvent and nonsolvent during phase 
separation [35]. Furthermore, the formation of 
macrovoids can be suppressed by increasing the 
viscosity of the casting solution which decreases 
the ability of nonsolvent to diffuse in the cast film.

The pore size distribution (PSD) of membranes 
can also be useful in understanding the effect of 

 

Fig. 2. SEM images of top surface (top) and cross-sectional (bottom) of: (a) PSf, (b) PSf/SND (0.5 wt%) 

(c) PSf/SND (1.0 wt%), (d) PSf/SND (1.5 wt%) 

  

Fig. 2. SEM images of top surface (top) and cross-sectional (bottom) of: (a) PSf, (b) PSf/SND (0.5 wt%) (c) PSf/SND (1.0 wt%), (d) 
PSf/SND (1.5 wt%)

 

Fig. 3. The pore size distribution of membranes. 

  

Fig. 3. The pore size distribution of membranes.
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SNDs on the morphology of prepared membranes. 
The PSD of the membranes are shown in Fig. 3, 
and it can be seen that by embedding the NPs into 
the polymeric matrix, the PSD is shifted towards 
smaller pores until 1.0 wt% which is in accordance 
with the SEM surface images of membranes. The 
difference in PSD of membranes can be attributed 
to the phase inversion step of casting solutions. 
The presence of SND up to 1 wt% increased 
the rate of solvent and non-solvent exchange in 
the phase inversion process so it improved the 
porosity of the membrane. However, addition of 
more than 1 wt% SND caused agglomeration of 
SNDs which may decrease solvent-nonsolvent 
exchange rate. In addition, the higher content of 
SND nanoparticles in dope solution increased its 

viscosity and consequently, delayed phase inversion 
and decreased the porosity. Therefore, the number 
of pores on the surface of the membrane decreased 
but mean pore radius increased.

In order to investigate the existence of SNDs on 
the surface of the membranes, the EDX analysis 
was carried out based on Si element and obtained 
results are presented in Fig. 4. A peak observed 
around 1.7 keV belongs to Si in SNDS and the peak 
around 2.5 keV belongs to sulfur which comes 
from PSf. To examine if SND is well dispersed in 
the membrane matrix, EDX mapping test was done 
on the PSf/SND (1.0 wt%) membrane and obtained 
results are shown in Fig. 4. According to the images, 
it is obvious that SNDs are perfectly distributed in 
the polymer matrix.

 

Fig. 4. The EDX result of PSf/SND (1.0 wt%) membrane (top) and Backscattered SEM of PSf/SND 

(1.0 wt%) membrane (a) surface, (b) cross-section (bottom) 

Fig. 4. The EDX result of PSf/SND (1.0 wt%) membrane (top) and Backscattered SEM of PSf/SND (1.0 wt%) membrane (a) surface, 
(b) cross-section (bottom)
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Pure water flux 
Pure water flux (PWF) and pores size distribution 

are often regarded as two important factors for 
porous membranes. The number and size of the 
pores on the membrane surface have a direct 
relationship with PWF. As depicted in Table 2, 
neat PSf exhibited the lowest PWF among the 
fabricated membranes and for PSf/SND (1.0 wt%), 
water flux reached its peak value (905.072 Kg.m-

2h-1) which is about 2.2 times higher than neat PSf 
membrane. The increase of PWF can be related to 
the hydrophilicity of the membranes. Hydrophilic 
surfaces tend to absorb water on the membrane 
surface that improves pure water flux of the 
membrane. Moreover, as shown in SEM images, the 
number of surface pores as well of pores increased 
as the content of SNDs increased which provides 
more paths for water permeation.

Any further increase in SNDs contents up to 1.5 
wt % reduces the PWF due to the agglomeration of 
NDs on the membrane surface [36]. The obtained 
results show great consistency with SEM images, 
confirming that the SNDs content of 1.0 wt % is the 
optimum value to incorporate in PSf membrane.

Porosity and water content
The overall porosity and water content 

information of the membranes were presented in 
Table 2. The results of the porosity measurement 
showed that porosity of PSf membrane containing 
1.0 wt% SND elevated to 71.64% from 59.47% for 
PSf membrane. The improved membrane porosity 
resulting from incorporating SNDs in the PSf 
matrix is most likely due to the wider marcrovoids 
at the bottom of the membranes as evidenced from 
SEM images. It is also known that the improved 
porosity of the membranes can enhance the water 
content by detaching of polymer chains from SND 
surface, causing interface voids. However higher 
contents of SNDs do not yield further increase in the 
porosity and water content of the nanocomposite 
membranes because of the particle agglomeration 
as mentioned before. 

Mechanical strength
Variation of mechanical strength and elongation 

at break with nanoparticle concentration are 
presented in Fig. 5. As can be seen, with increasing 
the amount of SNDs into the polymer matrix, 
there has been no great difference in mechanical 
strength. Actually as mentioned above, although 
nanocomposite membranes containing up to 
1.0 wt% have improved porosity compared to 
the neat membrane, on the other hand, the 
mechanical strength has not been changed and has 
stayed stable which is probably due to the good 
interaction between the polymeric matrix and 
SNDs. In other words by increasing the porosity 
it was anticipated that mechanical strength of 
the membranes will diminish, but it did not 
occur because well dispersion of SND within PSf 
increased reinforcement effect and compensated 

 

 

Fig. 5. Mechanical properties of pure and nanocomposite PSf membranes; tensile strength (top) and 

elongation at break (bottom) 

  

 

 

Fig. 5. Mechanical properties of pure and nanocomposite PSf membranes; tensile strength (top) and 

elongation at break (bottom) 

  

Table 2. Contact angle, porosity, water content and PWF results for neat and nanocomposite PSf membranes. 
 

 
  Membrane Contact angle, 

degree 
Porosity 

(%) 
Water content 

(%) 
PWF 

(Kg/m2.hr) 
PSf/SND (0.0 wt%) 83.10 59.47 54.16 410.41 
PSf/SND (0.5 wt%) 77.57 60.23 54.94 552.04 
PSf/SND (1.0 wt%) 76.44 71.64 67.11 905.075 
PSf/SND (1.5 wt%) 78.86 48.76 43.42 585.551 

Table 2. Contact angle, porosity, water content and PWF results for neat and nanocomposite PSf membranes.

Fig. 5. Mechanical properties of pure and nanocomposite PSf 
membranes; tensile strength (top) and elongation at break (bottom)
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the effect of porosity decline and consequently, 
tensile strength was not decreased considerably. On 
the other hand by addition of nanoparticles into 
the polymer matrix, the elongation at break of the 
nanocomposite membranes have decreased which 
is a direct consequence of increase in porosity.

Fouling analysis and membrane performance
Fig. 6 represents the fabricated membranes 

flux decline during HA filtration. As it can be 
seen elementary fluxes of all the nanocomposite 
membranes are higher than the neat PSf membrane 
and when the amount of SND nanoparticles 
reaches to 1 wt% the flux of HA filtration has 
elevated so dramatically. On the other hand, 
during the time, membranes with high flux of HA 
filtration will encounter more fouling problem that 
causes a significant decline of flux in last minutes 
of filtration process. This can be attributed to the 
hydrophilicity of 1.5 wt. % membrane. As shown 
in Table 2, contact angle increased from 76.4° for 
1.0 wt. % SND membrane to 78.8° for 1.5 wt. % 
SND membrane meaning that the hydrophilicity 
of the latter is less than the former. It has been 
accepted that hydrophobic membranes are more 
susceptible to fouling and therefore, filtration flux 

1.5 wt. % SND membrane is less than 1.0 wt. % 
SND membrane.    

In order to obtain the information about 
antifouling properties of the membranes, fouling 
parameters including TFR, RFR, IFR and FRR 
of membranes were calculated. Table 3 shows 
a summary of these parameters for neat and 
nanocomposite membranes. The results show that 
neat PSf has the highest TFR, indicating that this 
membrane was fouled easily by HA. Addition of 
SNDs in casting solution up to 1.0 wt% decreased 
the TFR. The lower TFR values represent the 
better antifouling properties of the membranes. 
Moreover, lower values of IFR for nanocomposite 
membranes exhibit that adsorbed foulants on the 
membrane surface or its pores can be treated by 
physical treatment. As it mentioned in section 
3.2.2 addition of nanoparticles cause reduction in 
the size of surface pores of the membranes, which 
acts as a barrier for relatively big HA molecules 
to penetrate into the pores of the membranes. On 
the other hand hydrophilic surfaces make stronger 
bands with water molecules, so the formation 
of thin water layer on the membrane surface will 
reduce the hydrophobic adsorption of HA [37, 38]. 
Table 3 also shows that by addition of SNDs, the 

 

Fig. 6. HA filtration fluxes of different membranes. 

  

Fig. 6. HA filtration fluxes of different membranes.

Table 3. Fouling and rejection parameters of prepared membranes during HA filtration with and without pre-coagulation process. 
 

Membrane Without pre-coagulation (%)  With pre-coagulation (%)  
RFR IFR TFR FRR R RFR IFR TFR FRR R 

PSf/SND (0.0 wt%) 2.01 78.01 80.01 21.98 9.02 6.82 53.99 60.81 46.00 97.75 
PSf/SND (0.5 wt%) 3.31 67.06 70.37 32.93 30.20 20.45 43.51 63.96 56.48 96.10 
PSf/SND (1.0 wt%) 25.75 45.63 71.38 54.36 47.03 64.52 20.09 84.62 79.90 97.89 
PSf/SND (1.5 wt%) 29.46 59.64 89.10 40.35 22..88 58.12 33.14 91.26 66.85 97.79 

 
  

Table 3. Fouling and rejection parameters of prepared membranes during HA filtration with and without pre-coagulation process.
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FRR values have increased from 21.98% for neat 
PSf to 54.36% for PSf/SND (1.0 wt%). FRR is an 
index indicating the degree of recovery of water 
flux after cleaning a fouled membrane and higher 
values of FRR indicates better antifouling property 
of the ultrafiltration membranes [39]. As expected, 
RFR values have increased from 2.01% for neat PSf 
to 25.75% for PSf/SND (1.0 wt%). Consequently. 
These results are consistent with RFR values and 
higher RFR corresponds to higher FRR. 

As reported by Akbari et al. [40] and Etemadi 
et al. [15] in coagulation-ultrafiltration process, 
the addition of coagulants played an important 
role in improving the antifouling characteristics of 
membranes. Thus in this study fouling parameters 
were evaluated after adding of coagulant and the 
results were depicted in Table 3. Improvements in 
RFR and FRR were identified in the presence of pre-
coagulation process for all samples. Aggregation of 
HA which resulted from addition of coagulants, 
can prevent the penetration of small particles into 
membrane pores and increase FRR.  

The effect of coagulation on HA rejection is also 
shown in Table 3. It is obvious that pre-coagulation 
with PAC in the filtration of HA with coagulation, 

the membranes are more effective compared to 
filtration without pre-coagulation. In the filtration 
without coagulation, PSf/SND (1.5 wt.%) removed 
only 47.03% of HA, suggesting that this membrane 
alone was less effective in HA removal. In the 
filtration with pre-coagulation, the HA rejection 
had increased to 97.89%. Coagulants cause to 
the aggregate of HA and increase the particle size 
which leads to effective removal of HA.

Fig. 7 shows the fitting of the obtained 
experimental data after using the neat PSf and 
nanocomposite membranes to different predicted 
fouling mechanisms, including complete pore 
blocking, standard pore blocking, intermediate 
pore blocking and cake formation. So in order to 
identify the mechanism of fouling during the HA 
filtration, the experimental fouling data substituted 
in linearized equations of Hermia models and 
k values were estimated by a linear regression 
method. The adjusted values of k and correlation 
coefficient; R2 for the neat and nanocomposite 
membranes are listed in Table 4.

From Fig. 7 it can be seen that a cake filtration 
model provides the best fit for nanocomposite 
membranes except for PSf/SND (1.0 wt%), which 

 

Fig. 7. Experimental data and Hermia fouling models for (a) PSf, (b) PSf/SND (0.5 wt%), (c) PSf/SND 

(1.0 wt%), (d) PSf/SND (1.5 wt%) membrane during filtration of HA solution.  

  

Fig. 7. Experimental data and Hermia fouling models for (a) PSf, (b) PSf/SND (0.5 wt%), (c) PSf/SND (1.0 wt%), (d) PSf/SND 
(1.5 wt%) membrane during filtration of HA solution.
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Table 4. Obtained k and correlation coefficient R2 values for Hermia fouling models. 
 

 
  Membrane 

m=0 m=1 m=1.5 m=2 
k R2 k R2 k R2 k R2 

PSf/SND (0.0 wt%) 8*10-7 0.552 0.00003 0.4075 0.0002 0.3343 0.0039 0.2717 
PSf/SND (0.5 wt%) 3*10-3 0.8843 0.0001 0.8962 0.0004 0.7888 0.0078 0.5939 
PSf/SND (1.0 wt%) 8*10-6 0.9163 0.0002 0.9868 0.0009 0.9787 0.0162 0.8768 
PSf/SND (1.5 wt%) 5*10-6 0.5921 0.0001 0.8005 0.0005 0.8446 0.0097 0.7394 

Table 4. Obtained k and correlation coefficient R2 values for Hermia fouling models.

 

Fig. 8. Experimental filtrated volume data compared to the combined fouling models for (a) PSf, (b) 

PSf/SND (0.5 wt%), (c) PSf/SND (1.0 wt%), (d) PSf/SND (1.5 wt%) membrane during filtration of HA 

solution. 

 

Fig. 8. Experimental filtrated volume data compared to the combined fouling models for (a) PSf, (b) PSf/SND (0.5 wt%), (c) PSf/SND 
(1.0 wt%), (d) PSf/SND (1.5 wt%) membrane during filtration of HA solution.

is axiomatic due to the use of dead-end filtration 
system. On the other hand for PSf/SND (1.0 wt%), 
the best-fitted model is intermediate fouling which 
means foulants have accumulated on each other 
and have blocked some pores, but it is considered as 
reversible fouling and can be removed by physical 
cleaning so the FRR will increase. However, none 
of the four classical fouling models was in good 
agreement with the experimental data of neat PSf 
membrane and so was not capable of identifying 
the fouling behavior of the filtration process. 
Consequently, for more accurate investigation and 
studying the simultaneous effects of several fouling 
mechanisms, five combined models according 
to Table S2 were applied to the HA filtration. The 
values of fitted parameters, correlation coefficient, 
R2 and sum of squared errors (SSE) for neat and 

nanocomposite membranes are listed in Table 5.
As shown in Fig. 8 it can be seen that for all the 

membrane except PSf/SND (1.0 wt%), the best 
fit of the data occurred with the combined cake 
filtration-standard blocking (CFSBM). However, 
the best fit of the data for PSf/SND (1.0 wt%) 
membrane was observed only in the cake filtration-
complete blocking (CFCBM). It is interesting to 
mention that cake filtration and complete blocking 
are considered as reversible fouling that can be 
removed by physical cleaning methods and so the 
FRR will increase. However, the standard blocking 
is categorized as irreversible fouling because of 
the accumulation of particles on the walls of the 
pores of the membrane. That’s why PSf/SND (1.0 
wt%) membrane has the best-improved fouling 
parameters like FRR, compared to the others.
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Table 5. Model parameters, regression coefficient and error of fit for constant pressure combined models of membrane fouling.Table 5. Model parameters, regression coefficient and error of fit for constant pressure combined models of membrane fouling. 
 

Membrane Models R2 SSE Fitted parameters 

PSf/SND (0.0 wt%) 

CFCBM 0.9147 0.006002 kc=1.02*104 min/m2, kb= 1*10-4 min-1 
CFIBM 0.9135 0.00609 kc=1*104 min/m2, ki=1*10-1 m-1 
CFSBM 0.9149 0.005987 kc=1.02*104 min/m2,  ks=0.02607 m-1 
CBSBM 0.6447 0.025 kb=0.0007357 min-1, ks=12.14 m-1 
IBSBM 0.7798 0.01549 ki=20.98 m-1, ks=6.26*10-9 m-1 

PSf/SND (0.5 wt%) 

CFCBM 0.9372 0.004096 kc=8.33*103 min/m2, kb= 1*10-2 min-1 
CFIBM 0.9508 0.003207 kc=9.54*103 min/m2, ki=8.52*10-3 m-1 
CFSBM 0.9524 0.003103 kc=9.92*103 min/m2,  ks=0.1088 m-1 
CBSBM 0.6485 0.02292 kb=5.36*10-7 min-1, ks=12.58 m-1 
IBSBM 0.8086 0.01248 ki=22.92 m-1, ks=1*10-2 m-1 

PSf/SND (1.0 wt%) 

CFCBM 0.999 0.0001089 kc=1.26*103 min/m2, kb=3.56*10-2 min-1 
CFIBM 0.9981 0.0002148 kc=9.51*102 min/m2, ki=4 m-1 
CFSBM 0.9943 6.39*10-4 kc=1.91*103 min/m2,  ks=5.41 m-1 
CBSBM 0.9217 0.008744 kb=3.19*10-4 min-1, ks=6.929m-1 
IBSBM 0.9926 0.0008308 ki=12.58 m-4, ks=1*10-4 m-1 

PSf/SND (1.5 wt%) 

CFCBM 0.9588 0.003784 kc=6.62*103 min/m2, kb= 1*10-3 min-1 
CFIBM 0.9593 0.003741 kc=6.56*103 min/m2, ki=2.36*10-3 m-3 
CFSBM 0.9601 3.67*10-3 kc=6.74*103 min/m2,  ks=0.04033 m-1 
CBSBM 0.6968 0.02787 kb=1.49*10-3 min-1, ks=9.987 m-1 
IBSBM 0.838 0.01489 ki=18 m-1, ks=1.78*10-7 m-1 

 

CONCLUSION 
In this study, PSf nanocomposite membranes 

by incorporating silanized nanodiamonds were 
fabricated via NIPS method. The antifouling behavior 
of neat and nanocomposite PSf membranes during 
the filtration of HA in the dead-end system was 
investigated. The fouling characteristics of membranes 
of fabricated membranes were investigated using 
Hermia and combined fouling model. The successful 
silanization of NDs was confirmed by FTIR analysis. 
Improvement in hydrophilicity, porosity, PWF and 
mechanical strength of nanocomposite membranes 
was achieved. According to the fouling results, 
Hermia’s model was unable to identify the fouling 
behavior of the filtration process. Consequently, 
with the aid of combined models, it was concluded 
that the best-fitted data for all the membranes except 
for PSf/SND (1.0 wt%) is cake filtration-standard 
blocking (CFCBM) while for the PSf/SND (1.0 
wt%) the best-fitted data is cake filtration-complete 
blocking, which is considered as reversible fouling. 
Pre-coagulation could increase HA rejection and 
improve antifouling properties of membranes. 
Eventually the PSf/SND (1.0 wt%) had the highest 
values in pure water flux, antifouling properties, 
hydrophilicity, porosity, and water content, which 
was due to the presence of more hydrophilic groups 
on the surface of the membrane. However addition 
of more than 1.0 wt% SNDs to the polymeric matrix 
did not represent much improvement in membrane 
performance because of agglomeration of particles in 
the composite materials.
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