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A B S T R A C T   

This study investigates the effects of graphene oxide (GO) and SiO2 composite as nano-photocatalysts in the 
polysulfone (PSf) membrane to treat natural rubber-laden wastewater (NRW) treatment under UV irradiation. 
The membranes were fabricated using the phase inversion process. Characterization results showed that the 
incorporation of GO and SiO2 nanoparticles as a composite successfully changed the properties of the mem-
branes. Optical analysis tests revealed that the composite enhanced the photocatalytic activity and possessed 
bandgap energy of 3.25 eV, which made the SiO2 more active under UV light exposure after incorporating the 
GO. The addition of GO/SiO2 to the membrane resulted in more hydrophilic properties with contact angle of 
60.34◦ and water uptake ability of 52.78%. Conducting filtration under UV irradiation using PSf/GO/SiO2 
membrane exhibited a remarkable improvement in permeate flux by 129% from 9.85 L m− 2 h− 1 to 22.55 L m− 2 

h− 1 and maintained 85.4% of permeate flux stability. With respect to removal performance, under the photo- 
filtration process, chemical oxygen demand (COD) removal increased from 73 to 84%, and ammonia-nitrogen 
(NH3–N) removal improved from 78 to 92%. The photocatalytic kinetic evaluation suggested that the pseudo- 
first order kinetic model had a better fit than the zero-order kinetic. Regeneration tests showed that the PSf/ 
GO/SiO2 membrane has outstanding durability. The resistance during filtration and antifouling potential eval-
uations revealed that the GO/SiO2 composite under UV light irradiation during filtration remarkably reduced the 
fouling formation and generated a high flux recovery ratio. This implies that this PSf/GO/SiO2 membrane is 
promising for advanced treatment of NRW.   

1. Introduction 

On a global scale, Indonesia is one of the highest producers of natural 
rubber commodity. This rubber industry activity specifically in natural 
rubber mills, generates wastes in the forms of solid crumbs, rubber 
waste, and a large amount of wastewater called natural rubber-laden 
wastewater (NRW) [1]. The NRW possess serious threats to the envi-
ronment due to its dangerous chemicals content. Typical characteristics 
of NRW contain 150–15,000 mg/L of chemical oxygen demand (COD), 
300–5000 mg/L of total suspended solids (TSS), 300–3500 mg/L of total 
dissolved solids (TDS), high turbidity (>30 NTU), ammonia 

concentration of 100–1000 mg/L, and other organic matters such as 
lipids, cellulose, carotenoids, latex microparticles, and proteins with 
varying composition [2]. 

Over the past years, this wastewater is commonly treated using 
biological treatment [3] and coagulation-flocculation [4] prior to its 
disposal to the environment. Nonetheless, these methods generate 
sludge as a by-product that requires further treatment before being 
landfilled. This post-treatment contributes to an increasing operational 
cost for wastewater treatment. In recent years, membrane technology 
has been widely implemented for wastewater treatment due to its 
outstanding removal performances [5]. Its advantages include 
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continuous separation, efficient and clean energy consumption, versa-
tility to be integrated with other physicochemical separation, and no 
sludge generation [5–7]. However, membrane technology is susceptible 
to fouling problems, which when a solution or particle is deposited on 
the membrane surface or pore that subsequently reduces the permeate 
flux and selectivity [8]. Membrane fouling can be induced physically (e. 
g., drag permeation, shear force) or chemically (e.g., hydrophobic in-
teractions, ion binding effects) [8,9]. 

A variety of strategies have been applied to deal with membrane 
fouling by using nanofiltration membranes based on polyelectrolyte 
multilayers [10]. A preliminary study reported that incorporating se-
lective materials into polymeric membranes was effective and practical 
to improve membrane anti-fouling ability [10]. Hydrophilic polymers 
such as polyvinyl alcohol (PVA), polyethylene glycol (PEG), and others 
can be coated onto the membrane to reduce the formation of fouling 
[11–14]. Additionally, inorganic nanoparticle incorporation can also be 
implemented to reduce the fouling tendency of the such as titanium 
oxide (TiO2) [15], zinc oxide (ZnO) [16], graphene oxide (GO) [17], 
iron oxide (Fe3O4) [18], zirconium oxide (ZrO2) [19], aluminum oxide 
(Al2O3) [20], and silicon dioxide (SiO2) (Wu et al., 2014a). 

In this work, graphene oxide (GO) was utilized as a membrane filler 
due to its superior thin sheet strength, easy dispersion in water or 
organic solvents, and being compatible with a ceramic or polymer ma-
trix [22]. GO could give a higher hydrophilicity to the membranes based 
on a high-water volumetric flux [23]. However, the GO alone hardly 
achieve the capability of overcoming fouling on the membrane surface. 
To overcome the bottlenecks, the GO needs to be integrated with other 
materials to promote the formation of the carboxyl group on the mem-
brane surface so that they do not adhere to undesirable foulants during 
treatment. GO nanomaterials have been reported to form a nanohybrid 
membrane composite with Fe3O4, TiO2, and ZnO and obtained excellent 
membrane performance antifouling property [18,24,25]. It has been 
reported that the flux recovery ratio (FRR) of the PSf mixed matrix 
Fe3O4/GO nanohybrid membrane reached 95% due to the synergistic 
effects of Fe3O4 and GO in the polymeric membrane that enhanced water 
flux, membrane retention, and antifouling properties [18]. Although the 
addition of inorganic materials into polymeric membranes could induce 
micro-void formation between the polymeric chains and the surface of 
inorganic material, resulting in higher selectivity [26], this nano-
composite still needs to undergo aggregations, which could reduce 
membrane performance [11,27]. In addition, the nanoparticle incor-
poration to the membrane is still not enough to improve and prolong the 
hydrophilicity and antifouling properties of the membrane. 

To improve the antifouling performance of the nanohybrid mem-
brane, the authors created a seminal photocatalytic membrane by 
coating the membrane’s surface with other materials [28]. Some 
chemicals have semiconductor material characteristic such as TiO2, 
ZnO, WO3, Fe3O4, C3N4, SiO2, CeO2, Bi2WO6 and GO [28–38]. Among 
them SiO2 based materials have appeared as one of the popular nano-
filler for polymeric membranes due to their outstanding chemical, 
thermal, and mechanical stabilities as well as the highly hydrophilic 
properties. Some literatures reported that the hydrophilic property of 
SiO2 attributed the membranes with higher permeability, hydrophilici-
ty, and antifouling properties [39,40]. Unfortunately, in optical prop-
erties SiO2 has a drawback that it cannot perform a good 
photo-degradation due to its large bandgap energy (>5.0 eV) [41,42]. 
As a result, SiO2 alone might not achieve the photocatalytic ability. 
Some methods have been carried out including such as heterojunction 
patterns, metal decorations, metal-organic frameworks, and non-metal 
materials addition to improve the semiconductor properties [29,30, 
41–43]. It is reported that the GO addition into GO/TiO2 membrane 
composite that has a large surface area, sensitive increment, photo-
catalytic properties, and fast charge transport [24,44]. The combination 
of ZnO with GO in a nanohybrid PVC/GO-ZnO membrane has success-
fully reduced the tendency of fouling and can perfectly maintain a stable 
permeate flux at 120 L m− 2 h− 1 [25]. The fancy electronic 

characteristics of GO can facilitate the electron motions and can 
decrease the electron/hole recombination, which resulted in an 
enhanced photocatalytic activity. It is expected that the synergetic ef-
fects of GO and SiO2 can attribute the fabricated membrane with not 
only higher hydrophilicity but also better photocatalytic activity to 
enhance membrane performance as well as improving the antifouling 
ability. 

To the best of our knowledge, none has studied the synthesis, char-
acterization, and performance evaluation of photocatalytic polysulfone 
(PSf) membrane-embedded by GO and SiO2 nanoparticles as the pho-
tocatalysts for an integrated photocatalytic and membrane filtration 
process of NRW treatment under UV light exposure. The membrane 
characteristics were comprehensively characterized. This study also 
evaluated and compared the membrane performance in the dark con-
ditions and under UV light exposure, The photocatalytic degradation 
kinetics, regeneration test, fouling resistances, and antifouling proper-
ties of the membranes were also studied. It is expected that this study 
would provide a better option of membrane filtration to tackle fouling 
problem and extend the membrane’s lifetime for an effective NRW 
treatment. 

2. Materials and methods 

2.1. Materials 

Polysulfone (PSf, 99%) pellets (UDEL ® PSU P-1700 NT) as the pri-
mary membrane material was obtained from Solvay Advanced Mate-
rials, USA. N-methyl-2-pyrrolidone (NMP, 99.9%) as the solvent to 
dissolve the PSf pellet was supplied by Merck, Germany. Silicon dioxide 
nanoparticles (SiO2, 99%) were provided by Nano Center Indonesia. 
Graphite powders (99.5%) as the raw material for graphene oxide (GO) 
synthesis was obtained from Shanghai Chemicals, China. Sulfuric acid 
(H2SO4, 98%) and potassium permanganate (KMnO4, 99%) as required 
chemicals in GO synthesis were supplied by Merck, Germany. The 
sample of natural rubber-laden wastewater (NRW) was collected from 
PTPN VII located in Bengkulu, Indonesia. The detailed characteristics of 
the wastewater are presented in Table S1. Deionized (DI) water was used 
in chemical solution preparation and all experiment. 

2.2. Preparation of nanocomposite membranes 

The PSf/GO/SiO2 membrane films were prepared based on non- 
induced phase inversion. Graphene oxide (GO) used in this study was 
synthesized by the modified Hummer’s method, conducted in our pre-
vious work [44]. The variation of nanoparticles in membrane prepara-
tion are listed in Table S2. The nanoparticles of GO and SiO2 were 
dispersed in NMP solvent in a separate chamber using an ultrasonic 
homogenizer at a frequency of 40,000 Hz for 60 min. After both solu-
tions were ready, the PSf and the nanoparticle dispersion were poured 
and stirred for 12 h at an ambient temperature. The generated mixture 
was transferred into an ultrasonic bath at 60,000 Hz at 50 ◦C for 60 min 
to remove the trapped bubbles inside the solution. Then, the nanohybrid 
membrane solution was cast onto a glass plate using a casting knife. The 
casted membrane film was then immersed in a DI water bath to remove 
the solvent and generate the membrane film. The generated membrane 
films were immersed in another DI water bath for 24 h and then were 
dried at an ambient temperature. 

2.3. Characterization 

Scanning electron microscopy (SEM, JEOL Series, JSM-6510-LA, 
Japan) was performed to observe the micromorphology of GO and 
SiO2 nanoparticles. The particle size distribution of GO and SiO2 were 
determined using particle size analyzer (PSA, SALD®201, Shimadzu, 
Japan). It was also used to capture the surface and cross-sectional im-
ages of the fabricated membranes. Energy dispersive x-ray (EDX, JEOL 
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Series, Japan) was used to observe the chemical composition of the 
fabricated membrane and also the mapping distribution of some ele-
mentals. The chemical functional groups of the nanoparticles and the 
fabricated membranes were analyzed using Fourier-transform Infrared 
(FTIR, PerkinElmer, USA). X-ray Diffraction analysis (XRD, Shimadzu, 
Japan) was used to examine the crystallinity of the composite and their 
impact on the crystalline characteristics of the fabricated membranes. 
The optical analysis of diffuse reflectance spectrometry (DRS) was car-
ried out by using a UV–vis (ultraviolet–visible) spectrophotometer 
(UV–vis Spectrophotometer, Shimadzu, Japan). The energy gaps of the 
nanoparticle were then estimated using the method of Tauc plot. The 
surface charge of the nanoparticles was observed based on point of zero 
charge (PZC). The porosity measurement of the membrane was carried 
out by immersing the membrane for 24 h in distilled water and 
recording the final weight of the membrane that finally calculated using 
Eq. (1) [2]. 

ε= wf − wi

ρw × A × δ
× 100% (1)  

where: ε is the membrane porosity (%), while wf and wi represent the 
weights of the wet and dry membranes, respectively (g). ρw shows the 
water density at room temperature (0.997 g cm− 3); A corresponds to the 
effective surface area (cm− 2); δ represents the membrane thickness (cm). 

Additionally, the average pore radius was analyzed using the 
Guerout-Elford-Ferry approximation by Eq. (2) [2]. 

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8ηδQ × (2.9 − 1.75ε)

ε × A × ΔP

√

(2)  

where: η shows the water viscosity at room temperature (8.9 × 10− 4 Pa 
s), δ represents the membrane thickness (m), Q is the volumetric flow 
rate of the permeate (m3. s− 1), and ΔP shows the trans-membrane 
pressure (Pa). 

The material testing machine (UTS H001, China) was used to carry 
out the membrane mechanical strength measurements based on thick-
ness tensile strength, and elongation break. As a critical factor of 
membrane performance, surface hydrophilicity was determined through 
water contact angle. A contact angle meter (RASE angle meter, Japan) 
was utilized to measure a static contact angle by employing the sessile 
drop method. The method for calculating water uptake and membrane’s 
affinity was followed from Ref. [22]. The water uptake value of fabri-
cated membranes was calculated using Eq. (3). 

WU =
ww − wd

wd
× 100% (3)  

where: WU is the water uptake (%), ww and wd are the wet and dry 
weights of the tested membrane (g). 

Further, the membrane’s affinity towards liquid was measured using 
a theoretical Flory-Huggins model, represented in Eqs. (4) and (5). 

φ=

(
ww − wd/ρs

)

(
ww − wd/ρs

)
−
(

wd/ρm

) (4)  

χ = −
ln φ + (1 − φ)

(1 − φ)2 (5)  

where φ represents the volume fraction and χ represents the Flory- 
Huggins (FH) interaction parameter. ρs and ρm show the solvent 
(water) and membrane densities (g/cm3), while ww and wd are the wet 
and dry weights of the tested membrane (g). 

2.4. Photocatalytic performance of the fabricated membranes 

The photocatalytic-filtration (photo-filtration) performance of the 
fabricated membranes was evaluated based on the permeate flux and 

pollutants removal in NRW photo-filtration process. The photo-filtration 
test was conducted using a prototype of a membrane filtration system 
equipped with a feed tank, a pump, pressure gauge, a permeate collec-
tor, and a membrane cell modified with a UV lamp (Philips TUV- 30-W, 
Netherland). Fig. 1 shows the photo-filtration cross-flow module setup 
used in this particular experiment. The UV lamp can be easily turned on 
or off to perform, whether on dark or UV exposure filtration. The actual 
sample of NRW was used as the feed for evaluating the permeate flux 
and pollutants rejection, which focused on COD and NH3–N removals. 

Prior to measuring the wastewater flux analysis, the membrane was 
acclimated using deionized water for 30 min. This test was performed at 
5 bar trans-membrane pressure with a membrane area of 12.57 cm2. The 
permeate flux was recorded every 30 min for 5 h for each membrane. 
The membrane water flux values were then calculated using Eq. (6). 

J =
V
A.t

(6)  

where: J and V are the permeate water flux (L.m− 2. h− 1) and the volume 
of the permeate (L), at the same time, A and t are effective membrane 
area (m2) and filtration time (h), respectively. 

The COD concentration was determined based on the dichromate 
method, and the NH3–N concentration was colorimetrically analyzed 
according to the Nessler’s reagents. The following Eq. (7) was used to 
calculate membrane pollutant rejection. 

R=

(

1 −
CP

CF

)

× 100% (7)  

where: R is rejection efficiency (%), Cp and Cf are the concentration of 
the pollutant in permeate and feed solution, respectively (mg/L). 

2.5. Photocatalytic activity of the PSf/GO/SiO2 nanohybrid membrane 

The photocatalytic activity of the fabricated membranes was evalu-
ated by assessing the COD and NH3–N degradation rate. Firstly, 100 mL 
of NRW sample was diluted by adding 100 mL of DI water to reduce the 
pollutant concentration. The membrane sheet with 5 cm in diameter was 
mounted onto the glass holder and immersed into 100 mL of NRW 
sample. This experiment was carried out in a dark and closed chamber 
equipped with a UV lamp. The complete illustration of the batch pho-
tocatalytic test setup is presented in Fig. S1. Before the UV lamp was 
turned on, the membrane was immersed for 60 min to achieve the 
adsorption equilibrium state. This photocatalytic process was conducted 
for 120 min, and the COD and NH3–N removals were measured peri-
odically every 20 min. 

Fig. 1. Schematic illustration of membrane’s photo-filtration experi-
mental setup. 
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The photocatalytic degradation kinetics using PSf/GO/SiO2 nano-
hybrid membrane were further evaluated by applying the zero order and 
pseudo-first order kinetic models. The mathematical expressions of the 
applied kinetic models are represented in Eq. (8) and Eq. (9), 
respectively. 

Co − Ct = kot (8)  

ln
(

Co

Ct

)

= k1t (9)  

where: Co and Ct represent the concentrations of pollutants at initial 
(mg/L) and at a specific time (mg/L), ko (mg L− 1 min− 1) and k1 (min− 1) 
symbolize the rate constants of zero-order and pseudo-first order kinetic 
models, and t is the operating time (min). 

2.6. Resistance during filtration and antifouling potential analysis 

The resistance during filtration was measured by using resistance in 
series model. The model that takes into account every type of membrane 
fouling resistance, such as intrinsic resistance (Rm), adsorption resis-
tance (Ra), deposition resistance (Rd), and concentration polarization 
(Rcp). The mathematical expressions of those resistances are shown in 
Eqs. 10–13, respectively [22]. 

Rm =
ΔP

η × Ji
(10)  

Ra =
ΔP

η × Ja
− Rm (11)  

Rd =
ΔP

η × Jf
− Rm − Ra (12)  

Rcp =
ΔP

η × Jv
− Rm − Ra − Rd (13)  

where: ΔP is the trans-membrane pressure (Pa), η is pure water viscosity 
(Pa.s), Ji, Ja, Jf, and Jv are the initial membrane pure water flux (PWF), 
the measured PWF after fouled by static adsorption, the PWF after 
fouled by actual NRW, and the measured flux when operating in actual 
NRW filtration, respectively. 

The antifouling potential of the fabricated membranes was also 
assessed to measure the total fouling ratio (RT), reversible fouling ratio 
(RR), irreversible fouling ratio (RIr), and the flux recovery ratio (FRR), as 
Eqs. 14–17, respectively [22]. 

RT =

(
Jpw0 − Jww

Jpw0

)

× 100% (14)  

RR =

(
Jpw1 − Jww

Jpw0

)

× 100% (15)  

RIr =

(
Jpw0 − Jpw1

Jpw0

)

× 100% (16)  

FRR=

(
Jpw1

Jpw0

)

× 100% (17)  

where Jpw0 is the initial PWF. Jpw1 is the PWF after cleaning. Jww is the 
permeate flux of wastewater. 

3. Results and discussion 

3.1. Characterizations of fabricated membranes 

3.1.1. Micromorphology of nanoparticles and fabricated membranes 
The micromorphology of the applied nanoparticles, i.e., GO and 

SiO2, was examined using scanning electron microscopy (SEM). It can be 
seen in Fig. S2(a) the SEM image of GO that the GO particles appeared 
close to rectangular shapes and consisted of the layered structure. These 
thin layers of GO can increase the effective surface area; therefore, 
increasing the availability of the active sites. The rich carbonyl and 
carboxyl groups on the surface of GO are also attributed to the increase 
of the hydrophilicity of this material. Fig. S2(b) shows the particle dis-
tribution of GO. It can be seen that GO has wide particle size distribu-
tion, which particle size of 300–350 nm is the dominant distribution 
with average size of 273.68 nm. Apart from this, Fig. S2(c) shows the 
SEM image of SiO2 nanoparticles. This picture describes the micro-
morphology of the pristine SiO2 that is applied as the nanofiller in the 
membrane. Based on the SEM image, it can be observed that SiO2 
nanoparticles distribute uniformly in considerably similar particle sizes, 
which has a dominant distribution at 60–80 nm with average size of 
71.92 nm. However, at some points, the aggregation of SiO2 particles 
still occurred. It is explainable by the high tendency of the nano-sized 
particles to stick with others and form aggregations. Consequently, in 
membrane synthesis, a well-known mixing technique and ultra-
sonication were essential for ensuring the aggregation did not form in 
the fabricated membranes. 

To assess the effects of GO/SiO2 addition in the membrane, SEM 
analysis was also carried out to capture the surface and cross-section 
micromorphology images of the fabricated membranes. The micro-
morphology of the membrane should be assessed due to its essential 
information regarding the physical characteristics and shapes of the 
membrane. This information has a strong relation to performance fea-
tures of the membrane, such as selectivity and permeation properties. 
Fig. 2 depicts the SEM results of the fabricated membranes, including 
their surface and cross-sectional images. The surface image of a neat PSf 
membrane (Fig. 2(a)) shows a visually noticeable porous surface with 
several defects occurring on its surface. These defects might be gener-
ated during the phase inversion process due to the different rates of 
coagulation which can be slower than in other spots. These defects can 
promote unselective separation and reduce the pollutants rejection 
performance of the membrane. In the surface image with the wider 
magnification, the defects can be easily observed. Meanwhile, another 
SEM image of the neat PSf membrane in Fig. 2(c) reflects the micro-
morphology of the cross-section structure. It can be seen that the 
transverse structure of the neat PSf membrane dominantly consists of 
uncomplete finger-like structure at the top and a porous void structure at 
the bottom. These structures are the critical morphology for indicating 
an asymmetric membrane. The huge voids were captured in the cross- 
section of the neat PSf membrane, which led to the unselective voids 
that can possibly reduce the membrane selectivity [45]. 

Fig. 2(b) shows the surface image of the PSf/GO/SiO2 membrane. It 
can be observed that the membrane surface is relatively darker than that 
of the neat PSf membrane. This might be due to the effect of GO loading 
to the membrane that resulted in darker surface color, as in agreement 
with another reported study. Some dots can also be seen on the mem-
brane surface that strongly suggest the existence of GO/SiO2 nano-
particles. It is defect-free on the membrane surface, and no aggregation 
structure is found. It indicates that the applied mixing technique and 
ultrasonication were successful in generating a perfectly dispersed dope 
solution. The existence of GO/SiO2 nanoparticles on the membrane 
surface is desirable to perform the photocatalytic process when they are 
exposed to UV light. It is also desirable to increase the hydrophilicity to 
enhance the permeability of the membrane [27]. Additionally, Fig. 2(d) 
shows the cross-section picture of the PSf/GO/SiO2 membrane. The 
cross-section structure is quite similar to the neat PSf membrane, which 
is an asymmetric membrane. Fortunately, the cross-section structure 
exhibited in PSf/GO/SiO2 membrane was more well-arranged compared 
to the neat PSf membrane. This phenomenon was due to the effects of 
GO and SiO2 nanoparticles loading on the membrane solution that 
further formed more gaps between the polymer chain, resulting in more 
creation of voids structure in the membrane’s body. The embedded 
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Fig. 2. SEM images with different magnifications of the (a) Surface of neat PSf, (b) Surface of PSf/GO/SiO2 membrane, (c) Cross-section of neat PSf, and (d) Cross- 
section of PSf/GO/SiO2 membrane. 

Table 1 
Chemical composition of the neat PSf and PSf/GO-SiO2 membranes revealed by EDX analysis.  

Elemental composition Neat PSf PSf/GO-SiO2 Oxide composition of PSf/GO-SiO2 Weight (%) Mole (%) 

Weight (%) Atomic (%) Weight (%) Atomic (%) 

Carbon (C) 83.45 88.95 78.26 84.63 C (elemental) 85.83 97.58 
Oxygen (O) 11.09 8.87 16.03 13.26    
Sulfur (S) 5.46 2.18 4.99 2.02 SO3 13.59 2.31 
Silicon (Si) – – 0.41 0.06 SiO2 0.56 0.10 
Copper (Cu) – – 0.31 0.03 CuO 0.02 0.01  
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nanoparticles are also found in the cross-sectional structure of the 
membrane. It can be seen that the void structure in the PSf/GO/SiO2 
membrane is in the form of a finger-like structure. The finger-like 
structure is well-formed from the denser top layer to the bottom, with 
no unselective voids formed. This well-structured membrane can 
perform better selectivity and permeability. 

EDX analysis was performed to reveal the chemical composition of 
the neat PSf and PSf/GO-SiO2 membranes, as the results are listed in 
Table 1. Based on Table 1, it can be seen that neat PSf contains ele-
mentals of carbon (C), oxygen (O), and sulfur (S) with compositions of 
83.45, 11.09, and 5.46%, respectively. Contrary, after the membrane’s 
modification with GO-SiO2, the membrane’s composition significantly 
changed. It is recorded that the composition of silicon (Si) is detected at 
0.41%, and the composition of oxygen increases from 11.09 to 16.03% 
as compared to the neat PSf. It signifies that the GO-SiO2 addition to the 
membrane was successful, as depicted by the new recorded Si element 
and higher oxygen composition. Tiny amount of copper (Cu and CuO) 
was observed in the PSf/GO-SiO2 membrane with an oxide composition 
of 0.02%. It can be promoted by the CuO impurities that usually con-
tained in SiO2 powders [46,47]. However, the content of CuO is not 
significant and can be neglected to cause the negative impacts on the 
performance of GO-SiO2 composite in the membrane. The elemental 
distribution of GO-SiO2 on the PSf/GO-SiO2 membrane is shown in 
Fig. 3. It can be seen that the distribution of hydrophilic elementals such 
as O and Si is considerably uniform across the membrane’s surface. This 
can be due to the applied ultrasonic bath homogenization of the dope 
solution prior to membrane casting. The better dispersibility of 
oxygenated or hydrophilic groups can provide the desirable membrane 
performance. Moreover, the rich oxygen content can boost the surface 
hydrophilicity of the membrane that can provide better permeability. 

3.1.2. Pore properties of fabricated membranes 
Table 2 provides the estimated thickness, porosity, and pore size of 

the fabricated membranes. On the thickness parameter, it can be seen 
that the addition of GO and SiO2 nanoparticles caused an increase in 
membrane thickness from 70.32 ± 0.12 μm on neat PSf to 79.55 ± 0.13 
μm on PSf/GO/SiO2 membrane. Similarly, the fabricated membranes’ 
porosities gradually increased as the GO, and SiO2 nanoparticles were 
added. A low value of porosity shows the denser membrane, while the 
higher porosity indicates the existence of abundant void spaces in the 
membrane’s body. The neat PSf membrane has a porosity of 65.10 ±
0.22% and became 72.14 ± 0.46% after the addition of GO and SiO2 

nanoparticles on the PSf/GO/SiO2 membrane. This phenomenon is in 
agreement with the SEM results, particularly in the results of cross- 
section morphology of the membranes that have a visually more well- 
arranged finger-like structure. The finger-like structure on PSf/GO/ 
SiO2 membrane is more well-arranged than the neat PSf membrane that 
causing the more extensive formation of porosity on the body of the 
membrane. This increase in porosity can enhance the sorption of water, 
membrane affinity, and permeability of the membrane. Additionally, the 
pore size of the fabricated membranes was measured to show the effect 
of GO and SiO2 addition on this particular parameter. The pore size 
slightly decreased by the addition of GO and SiO2 nanoparticles, which 
was from 43.76 ± 1.12 nm for the neat PSf membrane to 30.45 ± 1.15 
nm for the PSf/GO/SiO2 membrane. The lowest value of pore size was 
28.19 ± 0.72 nm for PSf/SiO2 membrane. Theoretically, the bigger pore 
size produces higher permeability but lower selectivity [48]. Mem-
branes with smaller pore sizes can achieve better pollutant removal ef-
ficiency by filtration, and the permeate flux quality can meet the desired 
product specification. According to the pore size, all membranes can be 
classified into the ultrafiltration (UF) membrane since their average pore 
sizes still fall in the range of 10–100 nm. 

3.1.3. FTIR analysis 
The FTIR analysis was applied to show the new chemical functional 

groups of the fabricated membranes as the effect of GO and SiO2 
nanoparticles addition. Fig. 4 represents the FTIR spectra of pure SiO2, 
GO, neat PSf, PSf/GO, PSf/SiO2, and PSf/GO/SiO2 membranes. Pure 
SiO2 shows a significant peak at 1078 cm− 1 corresponds to the presence 
of Si–O–Si bond [21]. In the pure GO spectrum, it can be seen that the 
broad peak around 3400-3300 cm− 1 can be assigned as the O–H 
stretching vibration. It signifies that the GO sample contains abundant 
amounts of O–H groups. The FTIR spectra of all membranes have a 
similarity in their patterns that indicate these membranes are contained 
the same polymer backbone, which is polysulfone. The peaks consis-
tently signify the typical pattern of the chemical groups on polysulfone, 

Fig. 3. EDX mapping results of PSf/GO-SiO2 membrane: (a) EDX spectra, (b) C distribution, (c) O distribution, (d) S distribution, (e) Si distribution, and (f) the 
overlay plot of C, O, S, and Si distribution. 

Table 2 
Thickness, porosity, and pore size of the fabricated membranes.  

Membranes Thickness (μm) Porosity (%) Average pore size (nm) 

Neat PSf 70.32 ± 0.12 65.10 ± 0.22 43.76 ± 1.12 
PSf/GO 72.41 ± 0.10 68.23 ± 0.28 35.14 ± 0.86 
PSf/SiO2 78.23 ± 0.18 63.76 ± 0.24 28.19 ± 0.72 
PSf/GO/SiO2 79.55 ± 0.13 72.14 ± 0.46 30.45 ± 1.15  

T.D. Kusworo et al.                                                                                                                                                                                                                             



Journal of Membrane Science 657 (2022) 120663

7

such as the peaks at 1241 cm− 1 are indicated as stretching and absor-
bance peaks of O––S––O groups [21]. At the same time, a peak at 1157 
cm− 1 belongs to aromatic C––C groups of polysulfone backbone. 
Moreover, C–H groups were also found by the signal peak on 2970 and 
2872 cm− 1, which are noticeable on PSf/GO and PSf/GO/SiO2 mem-
branes. This can be the effect of the C–H groups from GO has successfully 
embedded on the membranes, resulting in the peak signals at a wave-
number of 2970 and 2872 cm− 1 [17]. The small peaks at 1910 cm− 1 and 
1686 cm− 1 are assigned as the existence of C––O and –OH groups that 
can be contributed from the GO layers [21]. While a tiny distinct peak at 
1078 cm− 1 on PSf/SiO2 and PSf/GO/SiO2 corresponds to the existence 
of Si–O–Si groups from SiO2. The Si–O–Si groups has the polar properties 
which can enhance the membrane’s hydrophilicity Hence, the presence 
of chemical functional groups from GO and SiO2 nanoparticles can 
contribute to increasing the amounts of hydrophilic sites on the mem-
brane’s surface which can provide higher membrane wettability. 

3.1.4. XRD analysis 
The properties of the crystalline phase of the fabricated membranes 

were assigned using XRD analysis. This analysis was essential to evi-
dence the presence of GO and SiO2 nanoparticles in the fabricated 
membranes. Fig. 5 represents the XRD diffractograms of nano SiO2, neat 
PSf, PSf/SiO2, and PSf/GO/SiO2 membranes. All membranes show a 
broad peak at a diffraction angle of 15–20◦ as the typical diffraction 
pattern of polysulfone [49]. The diffractogram of the neat PSf membrane 
did not exhibit any sharp peaks, which indicated that the structure of the 
membrane was amorphous. The SiO2 nanoparticles displayed several 
distinct peaks, of which two peaks with high intensity existed at 2θ of 
21◦ and 26◦. GO shows a distinct peak at 11◦ as the characteristic peak of 
GO [21]. PSf/GO membrane exhibit some tiny peaks at 11◦, 30◦, and 38◦

indicating the embedded GO. Similarly, PSf/SiO2 membrane presents 
some peaks at 26◦, 42◦, and 57◦ suggesting existence of SiO2 crystallites. 
PSf/GO/SiO2 shows some small distinct peaks at 26◦, and 40◦ that 
correspond to the presence of SiO2, while a peak at 38◦ suggesting the 
embedded GO. As can be seen, a unique peak of SiO2 nanoparticles in the 
PSf/GO/SiO2 membrane shifted to 37◦ and 40◦, which indicated that the 
SiO2 nanoparticles were embedded in the membrane matrix mixture. 
This shift might be affected by the hydration of SiO2 nanoparticles 
during the membrane preparation process [50,51]. Therefore, it can be 
concluded that GO and SiO2 were successfully embedded in the 
PSf/GO/SiO2 membrane. 

3.1.5. DRS analysis 
The photocatalytic activity of the added nanoparticles into the 

membranes was checked through the UV–vis diffuse reflectance spec-
trometry analysis (DRS). Fig. 6(a) shows the results of DRS analysis, 
precisely the absorbance response of GO, SiO2, and GO/SiO2 nano-
particles to the light spectra ranging from UV to visible light region with 
a wavelength of 250–700 nm. This figure also shows the bandgap energy 
estimations by referring to the Tauc plot method [43]. Based on Fig. 6 
(a), it can be seen that SiO2 showed the unnoticeable difference in the 
range of light spectra of 250–700 nm. It can be due to the immense 
nature bandgap energy of SiO2, so it is photo-catalytically active for light 
spectrum with a shorter wavelength, which makes no detectable dif-
ference in this measurement. On the other hand, the GO nanoparticles 
possessed a significant change of absorbance, which has a highly dy-
namic characteristic under the UV light region. The GO nanoparticles 
were not photo-catalytically active under the visible light region. 
Interestingly, the mixture of GO/SiO2 nanoparticles showed a pretty 
remarkable interaction in the UV light spectrum. The addition of GO 
remarkably improved the optical properties of SiO2 to be more active 
under the UV light spectrum, even with a longer wavelength (250–400 
nm). This phenomenon can be due to the impact of GO addition that can 
reduce the large bandgap energy of SiO2 by facilitating a fancy electron 
transfer to prevent the photo-induced electron/hole recombination, 
which makes the GO/SiO2 becoming more active even at UV light longer 
wavelength region. Furthermore, the bandgap energy estimation results 
show that SiO2 nanoparticle has undetected bandgap energy from this 
estimation. Some reported works mentioned that pristine SiO2 has a 
bandgap energy >5.00 eV [42,43]. The GO nanoparticle was measured 
that has a bandgap energy value of 2.91 eV. This value is in a similar 
range with other reported works [52–54]. The GO/SiO2 composite has a 
bandgap energy value of 3.25 eV. In this study, the UV lamp with a 

Fig. 4. FTIR spectra of pure SiO2, GO, neat PSf, PSf/GO, PSf/SiO2, and PSf/GO/ 
SiO2 membranes. 

Fig. 5. XRD diffractograms of SiO2, GO, neat PSf, PSf/SiO2, and PSf/GO/ 
SiO2 membranes. 
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wavelength of 265 nm was used, it can generate the photon energy value 
of approximately 4.48 eV, which is higher than the required bandgap 
energy of the photocatalyst; therefore, it can provide the minimum en-
ergy for the photocatalysts to perfectly perform the photocatalytic 
process on the membrane’s surface. 

3.1.6. PZC analysis 
The surface charge of material plays an essential role in the separa-

tion process, especially in membrane processes, in which the mem-
brane’s surface takes control of its overall performance. The addition of 
nanoparticles into the membrane causes some changes in membrane 
properties such as hydrophilicity, chemical composition, and surface 
charge. Therefore, in this study, the surface charge of the nanoparticles 
that indeed have effects on the surface charge of the membrane was 
evaluated using point of zero charge (PZC) analysis. Fig. 6 (b)–(d) show 
the results of PZC analysis of GO, SiO2, and GO/SiO2, respectively. From 
those images, it can be seen that the intersections of the curves that 
indicate the pHPZC values for GO, SiO2, and GO/SiO2 were 4.21, 3.32, 
and 3.62, respectively. All pHPZC values were in the range of 3.32–4.21, 
which means they have a similar surface charge from the similar surface 
acidity. When the pHPZC is lower than 7, that means the sample has an 
acidic surface [55]. The acidic surface tends to have a net negative 
charge on the surface. On the other hand, when the pHPZC is higher than 
7, that means the sample has a basic surface that tends to have a net 
positively charged surface. It can be stated that all samples, i.e., GO, 
SiO2, and GO/SiO2, have the same negatively charged surface. It sig-
nifies that these nanoparticles attributed the fabricated nanohybrid 
membranes with the negatively charged surface. Consequently, due to 
the basic pH condition of NRW that was 8.23 ± 0.32, which is higher 

than the pHPZC of whether GO, SiO2, and GO/SiO2, the membrane sur-
face can develop whether a strong adsorption performance against the 
positively charged pollutant molecules and/or strong repulsion forces 
against the negatively charged pollutants. These mechanisms can be 
advantageous for the pollutant rejection performance of the fabricated 
membranes. Additionally, from the photocatalytic aspects, the photo-
induced holes from the photocatalysts’ heterojunction process have a 
strong tendency to react with the water molecules on the negatively 
charged membrane’s surface that can produce large amounts of hy-
droxyl radicals that are so much helpful for pollutant degradations [56]. 
Therefore, the embedding GO/SiO2 nanoparticles on the membrane 
surface not only carries the photocatalytic properties but also attributed 
the membrane’s surface with negative charges that are extremely useful 
in pollutant removal performance. 

3.1.7. Mechanical strength analysis 
The mechanical strength of the fabricated membranes in terms of 

tensile strength and elongation at break was evaluated, as the results are 
represented in Fig. 7(a). Based on Fig. 7(a), it can be observed that the 
tensile strength and elongation at break vary with the addition of 
different nanoparticles. The neat PSf membrane has a tensile strength of 
4.72 ± 0.21 MPa and an elongation at break of 13.00 ± 0.90%. The GO 
nanoparticles loading on the PSf/GO membrane caused a slight decrease 
in tensile strength to be 4.50 ± 0.13 MPa and 9.50 ± 0.52% on elon-
gation at break. Similarly, the addition of SiO2 nanoparticles also 
showed a decrease in mechanical strength, which was 3.92 ± 0.15 MPa 
on tensile strength and 8.50 ± 0.43% on elongation at break. The 
incorporation of GO and SiO2 on PSf/GO/SiO2 membrane attributed the 
values of tensile strength of 3.55 ± 0.18 MPa and elongation at break of 

Fig. 6. (a) DRS analysis results contain the interaction of GO, SiO2, and GO/SiO2 nanoparticles on UV–vis light and the bandgap energy estimations. PZC analysis 
results of the tested samples, i.e., (b) GO, (c) SiO2, and (d) GO/SiO2. 
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8.30 ± 0.53%. It indicates that the nanoparticle addition into the 
membrane caused a reduction in the mechanical strength of the mem-
branes. This might be caused by the creation of gaps between polymer 
matrix as a consequence of the addition of nanoparticles. Additionally, 
based on the XRD results, the embedded nanoparticles on the polymer 
matrix made some crystallite attachments that resulted in an increase in 
the crystallinity index of the membranes, especially with the addition of 
SiO2 nanoparticles. With the more created gaps and the increase of 
crystalline structures in the membrane’s body, the polymer matrix be-
comes less elastic and becomes more brittle so that the mechanical 
strength decreases. Some previous works recommended not to introduce 
the nanoparticles more than 2 %-wt because it resulted in not only 
mechanical strength decrease but also the un-uniform nanoparticle 
distribution due to the agglomeration of nanoparticles [2,57]. 

Fortunately, the mechanical strength reductions were not that bad; the 
PSf/GO/SiO2 experienced approximately 24.78% reduction in tensile 
strength and 36.15% reduction in elongation at break as compared to 
the neat PSf membrane. The applied pressure on filtration was 5 bar 
(~0.5 MPa), which is still below the tensile strength of the membranes; 
therefore, these membranes can still be used for the filtration process, 
and their mechanical properties are acceptable. 

3.1.8. Membrane’s hydrophilicity, water uptake ability, and affinity 
analyses 

The membrane’s hydrophilicity is another crucial characteristic that 
should be examined to understand the surface characteristic. Water 
contact angle has a correlation with water uptake ability or often known 
as water sorption characteristic. Fig. 7(b) shows the results of water 

Fig. 7. Membrane properties: (a) Tensile strength and elongation at break, (b) Water contact angle and water uptake ability, (c) Membrane’s affinity including 
volume fraction and Flory-Huggins interaction parameter, and Pure water flux (PWF): (d) dark and (e) UV light conditions. 
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contact angle and water uptake ability of the fabricated membranes. The 
measured water contact angles were 75.42◦ ± 1.32◦, 71.69◦ ± 1.27◦, 
67.75◦ ± 1.51◦, and 60.34◦ ± 0.97◦ for neat PSf, PSf/GO, PSf/SiO2, and 
PSf/GO/SiO2 membranes, respectively. The neat PSf has the highest 
water contact angle, which means this membrane possesses the lowest 
hydrophilicity among the others. PSf/GO/SiO2 membrane, on the other 
hand, shows the lowest value of water contact angle, which corresponds 
with the highest surface hydrophilicity. The higher hydrophilicity of the 
membrane surface means the stronger attraction to water molecules 
might be generated, which subsequently resulted in higher permeate 
flux and lower fouling tendency. Interestingly, this finding is in accor-
dance with the results of the water uptake ability of the fabricated 
membranes. The measured values of water uptake ability were 16.76 ±
3.21%, 35.42 ± 4.35%, 43.27 ± 2.32%, and 52.78 ± 3.45% for neat PSf, 
PSf/GO, PSf/SiO2, and PSf/GO/SiO2 membranes, respectively. It can be 
explained that the addition of GO and SiO2 nanoparticles into the 
membrane attached the new functional groups with polar characteristics 
such as –OH and C––O, and the crystallite of SiO2 across the membrane’s 
surface resulted in higher attraction forces to the water molecules. The 
addition of GO and SiO2 nanoparticles also developed a higher porosity 
in the membrane, which can be quickly filled with water. As a result, the 
synergetic effects of the hydrophilic surface and porous structure make 
the PSf/GO/SiO2 membrane possess the lowest contact angle and the 
highest water uptake ability. 

The membrane’s affinity towards water molecules was studied by 
adopting the theoretical model of Flory-Huggins (FH) [58]. This model 
can be applied to know deeper about the sorption behavior of water into 
the matrix of the membrane. Fig. 7(c) depicts the results of the mem-
brane’s affinity study in terms of volume fraction and FH interaction 
parameter. The estimated volume fractions (φ) were 0.26 ± 0.09, 1.35 
± 0.15, 1.93 ± 0.23, and 2.65 ± 0.14 for neat PSf, PSf/GO, PSf/SiO2, 
PSf/GO/SiO2 membranes, respectively. The FH parameter (χ) value can 
be written as an inversed logarithmic form of volume fraction. The 
calculated FH interaction parameters were 1.11 ± 0.10, 0.41 ± 0.03, 
0.31 ± 0.03, and 0.25 ± 0.05 for neat PSf, PSf/GO, PSf/SiO2, 
PSf/GO/SiO2 membranes, respectively. These FH parameters can be 
used to explain the affinity between the membrane and water molecules. 
The lower value of the FH parameter indicates the higher sorption of 
water ability [58]. The higher sorption of water can be leading to per-
formance improvements on flux, pollutant rejection, and antifouling 
potential. The addition of GO and SiO2 nanoparticles on the PSf/GO/-
SiO2 membrane resulted in the lowest value of the FH interaction 
parameter among the other membranes, suggesting that the membrane 
ability after the addition of GO and SiO2 nanoparticles can improve the 
membrane performance in a positive way. 

The initial check of the photocatalytic properties on the membrane 
performance was carried out using a method of pure water flux (PWF) 
determination. The filtration experiments using pure water (DI water) 
for 180 min were conducted in the dark and under UV light to be 
compared. Fig. 7(d and e) represent the results of PWF in dark and under 
UV light exposure for the fabricated membranes. It can be observed that 
the addition of GO and SiO2 nanoparticles increased the PWF value in 
both dark and UV light conditions. The average values of PWF on dark 
condition were 8.67 ± 0.75, 15.28 ± 0.77, 17.62 ± 0.62, and 23.67 ±
0.58 L m− 2 h− 1 for neat PSf, PSf/GO, PSf/SiO2, and PSf/GO/SiO2 
membranes, respectively. While the measured values of PWF under UV 
light condition were 8.86 ± 0.85, 16.48 ± 0.76, 18.45 ± 0.58, and 
28.68 ± 0.63 L m− 2 h− 1 for neat PSf, PSf/GO, PSf/SiO2, and PSf/GO/ 
SiO2 membranes, respectively. These findings indicate that the UV light 
exposure caused a significant impact on the membranes embedded with 
a photo-catalytically active particle which are PSf/GO and PSf/GO/SiO2, 
as suggested from the DRS results. The PWF improvement in membranes 
with embedded photocatalysts is caused by the increase of hydrophi-
licity during UV light irradiation [59]. In the photocatalyst, the 
photo-induced holes can oxidize the superoxide radicals and creating 
the oxygen vacancies [60]. These oxygen vacancies tend to attract water 

molecules and generating adsorbed hydroxyl (OH) groups, thus en-
hances the surface hydrophilicity. The higher surface hydrophilicity led 
to provide stronger attraction force to water molecules [61], which 
resulting in an improved PWF. The PSf/GO/SiO2 experienced about a 
22.19% increase in PWF compared to dark conditions. Therefore, these 
results signify that the embedded GO and SiO2 can perform the photo-
catalytic process under UV light irradiation on the surface of PSf/GO/-
SiO2 membrane that provided an improvement in PWF and might also 
be enhancing pollutant removal and antifouling potential. 

3.2. Effect of GO addition on membrane performance 

The effects of GO addition with various concentrations in PSf/GO 
membranes were evaluated by measuring the permeate flux and 
pollutant rejection using an actual sample of NRW. The experiment was 
conducted using a membrane filtration with an operating pressure of 5 
bar for 5 h. The results of the filtration experiment in terms of permeate 
flux and pollutant rejection on PSf/GO membranes are presented in 
Figs. S3(a) and (b), respectively. From Fig. S3(a), it can be seen that the 
neat PSf membrane experienced the lowest permeate flux among the 
other membranes. Significant improvement on permeate flux occurred 
when the GO was added. For example, the initial permeate flux of neat 
PSf was 9.85 L m− 2 h− 1, and after the addition of 0.5%-wt of GO, the 
initial permeate flux increased to 10.55 L m− 2 h− 1. Moreover, increasing 
the GO addition into the membrane resulted in a higher permeate flux. 
The addition of 1.5 %-wt of GO generated an initial permeate flux of 
12.54 L m− 2 h− 1 and also can maintain 71.61% of permeate flux after 
going through a 5 h duration of filtration. This improvement after GO 
addition can be due to the higher hydrophilicity of the membrane’s 
surface were gained with the addition of a higher amount of GO nano-
particles. As reflected from contact angle results, the addition of GO 
nanoparticles exhibited the lower contact angle and higher water uptake 
ability meaning that the GO addition significantly improved the surface 
hydrophilicity. The improved surface hydrophilicity supported the 
higher permeate flux. 

Another evaluated parameter, as shown in Fig. S3(b), is the pollutant 
rejection performance. In this study, the evaluated pollutant parameters 
were focused on COD and NH3–N removals. Based on the results, it can 
be seen that the neat PSf achieved the pollutant removals of 45.66 ±
2.31% for COD and 25.43 ± 1.22% for NH3–N. The addition of GO 
nanoparticles also significantly improved the pollutant removal per-
formance. By adding 0.5 %-wt GO, the pollutant removals were 55.32 ±
1.33% for COD and 32.54 ± 1.67% for NH3–N, which considerably 
improved 21.15% on COD removal and 27.95% on NH3–N removal. The 
higher concentration of GO in the membrane resulted in the higher re-
movals performance. The addition of 1.5 %-wt of GO presented the best 
concentration in the membrane that improved the pollutant removals to 
be 68.75 ± 1.43% for COD removal and 55.43 ± 2.12% for NH3–N 
removal. The improvements in pollutant removal after the GO nano-
particle addition can be due to the electrostatic field formation on the 
membrane’s surface caused by the embedded GO nanoparticles. This 
condition creates a polar surface that is supported by the new functional 
groups attached so that they can provide the massive attraction forces to 
water molecules that have a similar polarity and repel the organic 
contaminants, which are mostly nonpolar substances. Hence, the higher 
addition of GO nanoparticles resulted in more abundant polar sites for 
the PSf/GO membrane’s surface, which improved the pollutant rejec-
tion. It is also worth noting that the uncontrolled addition of nano-
particles can create entirely different results because the addition with 
more than 2 %-wt of the nanoparticle can cause aggregation, bigger 
pore, and un-uniform properties, as reported in previous studies [62]. 
Therefore, based on the results of this study, the addition of GO nano-
particles by 1.5 %-wt was considered as the best concentration that 
significantly enhanced the permeate flux and pollutant rejection of the 
membrane. 
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3.3. Effect of SiO2 addition on membrane performance 

The incorporation of SiO2 nanoparticles with various concentrations 
was observed to know the effects of SiO2 concentration in permeate flux 
and pollutant removal efficiency. Fig. S3(c) shows the results of SiO2 
concentration effects on permeate flux. It can be seen that the SiO2 
nanoparticle introduction into the membrane raised the permeate flux 
value compared to the neat PSf membrane. The addition of 0.5 %-wt 
SiO2 nanoparticles generated an initial permeate flux of 11.72 L m− 2 

h− 1, while the neat PSf membrane generated only 9.85 L m− 2 h− 1 on 
permeate flux. This permeate flux was also higher than the PSf/GO 
membrane with the same addition of 0.5 %-wt of nanoparticles. It can be 
due to the fact that the embedded SiO2 nanoparticles provided a higher 
membrane’s hydrophilicity and membrane’s affinity towards which 
resulted in higher permeate flux. The addition of higher SiO2 nano-
particles tends to increase the permeate flux gradually. PSf/SiO2 mem-
brane with 1.5 %-wt of SiO2 concentration appeared as the best 
formulation for achieving the highest permeate flux among the other 
membranes with an initial value of 13.21 L m− 2 h− 1. This 1.5 %-wt SiO2 
concentration also provided a relatively more stable permeate flux 
compared to the other concentrations. Once again, the surface hydro-
philicity might be played a vital role in this phenomenon that prevents 
the fouling formation and can maintain a better permeate flux profile. 
Fig. S3(d) presents the pollutant rejection values of the fabricated 
membranes using various SiO2 nanoparticle concentrations. The addi-
tion of SiO2 nanoparticles remarkably improved the rejections of COD 
and NH3–N from the NRW. The loading of 0.5 %-wt of SiO2 nanoparticle 
can increase the membrane’s removal ability from 45.66 ± 2.31% to 
55.32 ± 1.76% for COD, and from 25.43 ± 1.22% to 32.54 ± 2.19% for 
NH3–N. The higher concentration of SiO2 addition generated a positive 
trend in pollutant removals. The addition of 1.5 %-wt showed as the best 
formulation that resulted in the highest COD and NH3–N removals with 
values of 68.75 ± 1.87% and 56.11 ± 2.03%, respectively. It is also 
found that the membrane can better remove COD than NH3–N. This is 
explainable by the relative molecular size of COD and NH3–N, which of 
COD is a parameter to show the natural organic matters in NRW sample, 
which have a relatively larger size of molecules compared to NH3–N. 
Since the pore size of the PSf/SiO2 membrane is 1.86 ± 0.33 nm, which 
can effectively remove the organic matters such as proteins, lipids, and 
carbohydrates. In contrast, the NH3–N can ionize in water and form an 
ionic reaction (NH3 +H2O ↔ NH4

+ + OH− ), in which the products are 
soluble in water and appear in tiny size of ions. The membrane possesses 
more struggle in the removal of ionic compounds rather than the organic 

compounds; therefore, the membrane provided better COD rejection 
than NH3–N rejection during the observation. 

3.4. Effects of combined GO/SiO2 nanoparticles addition and UV light 
exposure during filtration on the fabricated membrane’s performance 

The photo-filtration experiment was applied. In this method, the 
membrane module was irradiated using a UV lamp as the source of 
energy to initiate the photocatalytic activity on the membrane surface to 
assess the membrane’s performance after attributed the photocatalytic 
properties from the addition of GO/SiO2 nanoparticles. The conven-
tional filtration was also carried out in a dark condition as a control 
variable. Fig. 8 shows the complete results of permeate flux and 
pollutant rejection of fabricated membranes under UV light exposure 
and dark condition of filtrations. Fig. 8(a) presents the results of neat PSf 
membrane, the permeate flux profile of the dark condition and under UV 
light filtrations did not show any significant difference. Also, the 
pollutant rejection of using the neat PSf membrane did not show a sig-
nificant improvement, as reflected in Fig. 8(e). This clearly signifies that 
the neat PSf membrane has no photocatalytic activity. In contrast, after 
the addition of GO and/or SiO2 nanoparticles into the membranes, the 
membranes’ performance presented quite remarkable improvements. As 
shown in Fig. 8(b), PSf/GO membrane possessed a different profile on 
permeate flux in the dark and under UV light exposure. In the dark 
condition, PSf/GO membrane exhibited an initial permeate flux of 
12.54 L m− 2 h− 1, while under UV light exposure filtration, it reached an 
initial permeate flux of 14.32 L m− 2 h− 1. Similarly, the pollutant 
rejection also improved when the filtration was conducted under UV 
light exposure, as shown in Fig. 8(f). These findings are in agreement 
with the DRS results that the GO nanoparticle has a good interaction 
with light spectra in the UV light region and possesses bandgap energy of 
2.91 eV to perform the photocatalytic process. Another finding, the 
addition of SiO2 nanoparticles, exhibited slight improvements in 
permeate flux and pollutant rejection as reflected in Fig. 8(c) and (h), 
respectively. 

The addition of both GO and SiO2 nanoparticles showed great im-
provements in permeate flux and pollutant rejection, as the results are 
depicted in Fig. 8(d) and (h), respectively. By using PSf/GO/SiO2 
membrane on conventional filtration condition, the initial permeate flux 
raised from 9.85 L m− 2 h− 1 (neat PSf membrane) to 17.87 L m− 2 h− 1 

with 73.22 ± 1.16% of COD removal and 78.54 ± 0.83% of NH3–N 
removal. Moreover, there were extensive improvements when the 
membrane filtration was conducted under UV light irradiation. It is 

Fig. 8. The results of membranes’ performance in terms of permeate flux: (a) neat PSf, (b) PSf/GO, (c) PSf/SiO2, (d) PSf/GO/SiO2, and pollutant rejection using: (e) 
neat PSf, (f) PSf/GO, (g) PSf/SiO2, (h) PSf/GO/SiO2, using filtration in a dark condition and under UV light exposure. 
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found that the permeate flux significantly increased by 26.55% 
compared to in the dark condition. The UV light irradiation can also 
stabilize the permeate flux nicely, with a permeate flux of 22.55 L m− 2 

h− 1 at the initial and 19.25 L m− 2 h− 1 at the end of 5 h of filtration, 
which means it can remarkably maintain the permeate flux by 85.36%. 
It is worth to note that the incorporation of GO and SiO2 nanoparticles 
not only provide better permeate flux performance in the filtration 
under UV exposure but also improves the permeate flux in conventional 
filtration conditions (dark), as the results are shown in Fig. 8. The 
modified membranes with photocatalysts have higher permeate flux in 
both dark and under UV light conditions and also maintained stable flux 
performance. These phenomena can be promoted for three main rea-
sons. First, the increase of hydrophilicity due to the addition of GO and 
SiO2 nanoparticles, thereby increasing the attraction towards water 
molecules that resulted in higher permeate flux [64]. Second, the high 
membrane porosity generated after the addition of photocatalysts that 
created a larger effective filtration area and adsorbed more water inside 
the pore structure resulted in an increase in permeability. Third, the 
photocatalytic process can degrade the concentrated pollutants on the 
membrane’s surface so that the pollutants do not deposit on the mem-
brane’s surface, and the filtration process might not be disturbed. 

The pollutant rejections also improved when the membrane was 
operated under the UV light condition. The pollutant rejection efficiency 
also showed significant enhancements with this UV light-assisted 
filtration. In fact, COD removal increased from 73.22 ± 1.28% to 

83.55 ± 2.57% and NH3–N removal improved from 78.54 ± 3.12% to 
92.41 ± 1.87%. The improvements of permeate flux and pollutant 
rejection using PSf/GO/SiO2 membrane under this condition can be due 
to the photocatalytic activity on the GO/SiO2 nanoparticles sites on the 
membrane’s surface. UV irradiation initiated the excitation of electrons 
from the valence band to the conduction band of the nanoparticle that 
further created electron and hole sites. The electron and hole migrated 
according to heterojunction pattern and generated the redox reaction, 
which generated radical molecules that can be in the forms of super-
oxide (٠O2

− ) and hydroxyl (٠OH) radicals [63]. These radicals are so 
reactive, they can easily react with pollutant molecules, and the pol-
lutants are degraded to smaller and less hazardous substances such as 
carbon dioxide (CO2) and nitrogen (N2) [31]. These mechanisms take 
place on the membrane’s surface, so the concentrated pollutant can be 
diminished that resulting in a low tendency of fouling and concentration 
polarization and generating a relatively easier filtration process. This 
mechanism creates a higher as well as a more stable permeate flux 
profile. Moreover, by the photocatalytic activity on the membrane’s 
surface, the pollutant removal mechanisms are not limited to the sieving 
mechanism but also supported by photocatalytic degradation, which 
significantly improved the pollutant removal performance. Therefore, 
the incorporation of GO and SiO2 nanoparticles into PSf membrane and 
with filtration process under UV light exposure remarkably improved 
the permeate flux and pollutant removal by creating a synergetic process 
of filtration and photocatalytic degradation. 

Fig. 9. Zero-order photocatalysis kinetic model fittings for (a) COD removal and (b) NH3–N removal. Pseudo-first order photocatalysis kinetic model fittings for (c) 
COD removal and (d) NH3–N removal. 
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3.5. Kinetic evaluation on photocatalytic degradation ability of the 
fabricated membranes 

The kinetic behavior of photocatalytic degradation on the fabricated 
membranes was studied using two kinetic models, namely the zero- 
order and pseudo-first order models. This observation was evaluated 
by assessing the COD and NH3–N degradation rate using the sample of 
NRW as the feed. The membrane sheet was mounted onto the glass 
holder and was immersed into the NRW sample. This experiment was 
carried out in a dark and closed chamber equipped with a UV lamp. 
Before the UV lamp was turned on, the membrane was immersed for 60 
min in order to achieve the adsorption equilibrium state for ensuring 
that only the photocatalytic process was assayed. Fig. 9 shows the fitting 
plots of photocatalytic degradation on COD and NH3–N by applying the 
zero-order and pseudo-first order kinetic models, whereas the fitted 
parameters are summarized in Table S3. Based on the results, it can be 
observed that PSf/GO/SiO2 membrane possessed the higher rate con-
stants k0 (0.3492 mg/L min for COD removal and 0.2352 mg/L min for 
NH3–N removal) and k1 (0.0036 min− 1 for COD removal and 0.0032 
min− 1 for NH3–N removal) in both of applied kinetic models. It signifies 
that PSf/GO/SiO2 membrane has a better photocatalytic activity that 
can faster degrade the pollutants with higher removal ability than the 
other membranes in the same condition [2]. Furthermore, the 
pseudo-first order kinetic showed a relatively better fit to model the 
photocatalytic degradation using PSf/GO/SiO2 membrane compared to 
the zero-order kinetic model. It is reflected by the values of the coeffi-
cient of determination (R2). In COD removal, the values of R2 are 0.9462 
for the zero-order model and 0.9729 for the pseudo-first order model. 
Corroboratively, in NH3–N removal, the values are 0.9722 for the 
zero-order model and 0.9841 for the pseudo-first order model. There-
fore, these findings suggest that the pseudo-first order kinetic model 
better described the COD and NH3–N removal using photocatalytic 
degradation provided by PSf/GO/SiO2 membrane. 

In common heterogeneous photocatalytic degradation, reactive 
species including holes, superoxide, and hydroxyl radicals are the main 
substances to degrade the pollutants. In this study, trapping tests were 
performed to further investigate the relevance, existence, and relative 
activity of the reactive species on pollutant degradations. Oxalic acid, 
benzoquinone, and methanol were used as the scavengers for holes, 
superoxide, and hydroxyl radicals, respectively [64]. Fig. 10 depicts the 
effect of scavengers on COD and NH3–N degradations using PSf/GO, 
PSf/SiO2, and PSf/GO/SiO2 membranes. It can be observed that the 
scavengers reduce the photo-degradation efficiency on all membranes. 
This means that the scavengers disrupt the active species to react with 
pollutants. The relative order of active species’ effects on photocatalytic 
degradation can be ordered as h+ > ٠O2

− > ٠OH. It is also found that all 
active species play important roles in pollutant degradation, by elimi-
nating one of them resulted in reduction of degradation efficiency. The 
proposed mechanisms of pollutant degradation by the PSf/GO/SiO2 

membrane under UV light irradiation are written in Eq. 18–24 [65]. 
Photo-induced electrons and holes generations: 

GO/SiO2 + hv→GO/SiO2(e
− + h+) (18)  

e− + h+→heat (19) 

Radical formations: 

O2 + e− →⋅O−
2 (20)  

H2O+ h+→H+ + ⋅OH (21)  

OH− + h+→⋅OH (22) 

Pollutant degradations: 

Pollutants  +  ⋅O−
2 →  degraded  products (23)  

Pollutants  +  ⋅OH→  degraded  products (24)  

3.6. The photocatalysts and the membranes photocatalytic stability, 
resistance during filtration, and antifouling potential evaluations 

The photocatalytic activity of the photocatalysts and fabricated 
membrane were investigated. Fig. S4 shows the photocatalytic stability 
of the nanoparticles in the suspension system on the COD and NH3–N 
removals. It can be seen that GO, SiO2, and GO/SiO2 nanoparticles have 
a distinctive difference in the photodegradation abilities. GO/SiO2 
nanoparticle appears as the most powerful photocatalyst among the 
others. Overall, the photodegradation ability of the photocatalysts seems 
to have higher pollutant removal ability compared to the membranes as 
depicted in Fig. 11. The neat PSf membrane experienced unnoticeable 
removal performance in both COD and NH3–N parameters. It is un-
doubtedly due to the neat PSf membrane was not a photocatalytic ma-
terial as suggested by DRS results. In contrast, the other three 
membranes showed quite remarkable photocatalytic degradation ac-
tivities after the addition of GO and SiO2 nanoparticles. The PSf/GO 
membrane nanoparticles performed a better removal performance than 
the PSf/SiO2 membrane, which can be caused by the lower bandgap 
energy level of GO than SiO2. This lower bandgap resulted in ease to 
conduct the photocatalysis process on the PSf/GO membrane [52]. 
Interestingly, by the addition of GO and SiO2 nanoparticles on the 
PSf/GO/SiO2 membrane, the photocatalytic performance improved 
significantly and became the highest performance among the other 
membranes. The synergetic effect of GO and SiO2 nanoparticles can 
create the active photocatalytic sites, which attributed bandgap energy 
of 3.25 eV and also the active surface charge that possessed a pHPZC 
value of 3.62. The simultaneous photocatalytic process and surface 
charge properties resulted in an enhancement of COD and NH3–N 
removal. 

To further examine the durability of the membranes, a five 

Fig. 10. Trapping test results using oxalic acid, benzoquinone, and methanol to quench hole, superoxide, and hydroxyl radicals, respectively for (a) PSf/GO, (b) PSf/ 
SiO2, and (c) PSf/GO/SiO2 membranes. 
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consecutive photocatalytic cycles test was conducted for PSf/GO, PSf/ 
SiO2, and PSf/GO/SiO2 membranes. Fig. 11(c) and (d) represent the 
cycle test results on COD and NH3–N removals, respectively. Based on 
the results, PSf/GO/SiO2 membrane exhibited the most prominent 
performance, retrievability, and stability of photocatalytic properties 
among the other membranes. It can also be found that the photocatalytic 
degradation efficiency experienced a gradual reduction after the cycle 
was changed. For example, in the PSf/GO/SiO2 membrane profile, the 
COD and NH3–N removals were 35.39% and 31.27%, respectively. At 
the end of the third cycle, COD and NH3–N removals were 23.63% and 
18.71%, respectively. And, at the end of the last (fifth) cycle, COD and 
NH3–N removals were 19.47% and 18.05%, respectively These effi-
ciency reductions can occur due to the loss of some active photocatalytic 
sites on the membrane surface during the cycle changing and washing- 
cleaning process. By looking at it holistically, the photocatalytic activity 
reduction was not so extreme, which was reflected by the fact that even 
at the third cycle, the membrane can still proceed with the photo-
catalytic degradation process. It suggests that the PSf/GO/SiO2 mem-
brane has an excellent photocatalytic property and also has pretty 
remarkable durability that can possibly be used for a more extended 
period of time. 

Table 3 provides the resistances during filtration of the fabricated 
membranes in the dark and under the UV light irradiation on the 
filtration experiments. These calculations take into account all the 
occurred fouling types, including the internal resistance (Rm), adsorp-
tive fouling (Ra), deposition fouling (Rd), and concentration polarization 
(Rcp). From the results, it is found that the addition of nanoparticles 
causes a reduction in all resistances. In conventional filtration 

conditions, the addition of SiO2 nanoparticles into the membrane 
showed a slightly better performance compared to GO nanoparticle 
addition in reducing the resistance during filtration. Contrary, in the 
filtration under UV light exposure, a reverse phenomenon is found. The 
addition of GO nanoparticles resulted in a more significant reduction in 
membrane resistance compared to SiO2 nanoparticles addition. It is 
explainable due to the photocatalytic property of GO that can be acti-
vated under the presence of UV light with lower bandgap energy, 

Fig. 11. Profile of pollutant removal by the photocatalytic process for (a) COD and (b) NH3–N. The cycle test results of photocatalytic performance of PSf/GO, PSf/ 
SiO2, and PSf/GO/SiO2 membranes for (c) COD removal and (d) NH3–N removal. 

Table 3 
Comparison of membrane’s fouling resistances, i.e., internal resistance (Rm), 
adsorptive fouling resistance (Ra), deposition fouling resistance (Rd), and con-
centration polarization resistance (Rcp) during filtration at dark and under UV 
light irradiation conditions.  

Membranes Rm (m− 1 x 
1012) 

Ra (m− 1 x 
1012) 

Rd (m− 1 x 
1012) 

Rcp (m− 1 x 
1012) 

Dark condition 

Neat PSf 11.54 ± 0.61 8.75 ± 0.14 12.87 ± 0.32 7.83 ± 0.53 
PSf/GO 10.12 ± 0.24 7.76 ± 0.18 11.04 ± 0.18 7.11 ± 0.27 
PSf/SiO2 9.86 ± 0.17 8.33 ± 0.21 9.65 ± 0.21 5.87 ± 0.34 
PSf/GO/ 

SiO2 

7.32 ± 0.21 5.67 ± 0.16 7.65 ± 0.25 4.38 ± 0.33 

Under UV light irradiation 

Neat PSf 11.38 ± 0.27 8.86 ± 0.33 11.86 ± 0.19 7.66 ± 0.18 
PSf/GO 7.12 ± 0.11 4.32 ± 0.29 7.90 ± 0.24 4.15 ± 0.26 
PSf/SiO2 8.98 ± 0.19 7.04 ± 0.13 8.71 ± 0.21 4.69 ± 0.33 
PSf/GO/ 

SiO2 

5.02 ± 0.26 1.43 ± 0.24 3.21 ± 0.24 1.45 ± 0.23  
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whereas SiO2 possessed too high bandgap energy that caused just a 
slight improvement. Furthermore, the PSf/GO/SiO2 membrane exhibi-
ted the most favorable performance on fouling reduction that occurred 
both in the dark and under UV light filtration conditions. The membrane 
hydrophilicity plays a more dominant action in the dark filtration, while 
the photocatalytic property acts as a vital role in the photo-filtration 
under UV light for fouling prevention. In fact, the PSf/GO/SiO2 mem-
brane attributed the highest hydrophilicity and also photocatalytic 
property that are reflected from contact angle and DRS analyses, 
respectively. These characteristics made the PSf/GO/SiO2 membrane 
can perform an exquisite performance whether in conventional or under 
UV light filtration conditions. 

Fig. 12 presents the further results of fouling observations to explain 
the effects of nanoparticle addition and filtration condition on the 
fouling reduction and flux recovery ratio. Fig. 12(a) shows the ratios of 
total resistance (RT), irreversible resistance (RIr), reversible resistance 
(RR), and flux recovery ratio (FRR) of the fabricated membranes in the 
dark filtration condition. Generally, it can be seen that the higher fouling 
ratios occurred, resulting in the lower FRR value, as in accordance with 
other studies. It can be found that the RT values were 58.12 ± 2.40%, 
46.32 ± 3.28%, 51.34 ± 2.91%, and 43.65 ± 2.57% for neat PSf, PSf/ 
GO, PSf/SiO2, and PSf/GO/SiO2 membranes, respectively, whereas the 
FRR values were 32.17 ± 2.54%, 54.33 ± 1.23%, 52.65 ± 1.85%, and 
57.66 ± 1.90% neat PSf, PSf/GO, PSf/SiO2, and PSf/GO/SiO2 mem-
branes, respectively. The PSf/GO/SiO2 membrane possessed the lowest 
fouling with the highest FRR value among the other membranes. Further 
improvements of the PSf/GO/SiO2 membrane were achieved when the 
UV light irradiation was carried out in the filtration condition. The total 
resistance decreased from 43.65 ± 2.57% to 25.43 ± 2.81% with 
improved FRR value from 57.66 ± 1.90% in the dark condition to 69.21 
± 2.76% under UV light exposure. As shown in Table S4, it can be seen 
that the membrane porosity significantly decreased after being used in 
the dark filtration, while the porosity reduction in membrane after UV 
light exposure filtration can be relatively maintained. It can be promoted 

by the fouling reduction especially the pore blocking. The reduction in 
fouling tendency can be due to the photocatalytic degradation of pol-
lutants on the membrane surface that can prevent fouling formation and 
concentration polarization. Fig. 12(c)–(e) depict the images of the 
membranes’ surfaces after filtrations with different conditions. Based on 
Fig. 12(c), the neat PSf membrane shows the worst fouling formation 
that indicates this fouling was responsible the low values of permeate 
flux and stability of the neat PSf membrane. The addition of GO and SiO2 
nanoparticle remarkably reduced the foulant formation compared to the 
neat PSf membrane, as the image is shown in Fig. 12(d). Further fouling 
reduction was shown by the PSf/GO/SiO2 membrane when it was con-
ducted under UV light exposure that resulted in visually decreased on 
foulant formation compared to the other membranes as can be seen in 
Fig. 12(e). The reduced fouling tendency exhibited the easier water 
transport passing through the membrane film and resulting in the higher 
FRR value [27]. 

The integrated filtration and photodegradation on a single mem-
brane were successfully improved the membrane performance in terms 
of permeate flux stability, pollutant rejection, membrane durability, 
antifouling potential, and flux recovery ability. This integrated process 
has been applied using numerous types of membrane materials, photo-
catalysts, and synthesis methods in various kind of contaminants 
including dyes, organic matters, pharmaceutical products, and surfac-
tants, as summarized in Table 4. Based on all findings, it can be 
concluded that the addition of GO and SiO2 nanoparticles into the PSf 
membrane was so much useful to create not only a hydrophilic mem-
brane with a great affinity towards the water but also a photocatalytic 
property that significantly improved the membrane characteristics and 
performance and the findings are comparable with previously reported 
studies. Finally, this PSf/GO/SiO2 nanohybrid membrane that was 
performed under the UV light irradiation filtration condition showed a 
promising potential of advanced treatment for natural rubber-laden 
wastewater. 

Fig. 12. The results of the antifouling potential of the fabricated membranes using filtration conditions of (a) Dark and (b) Under UV light irradiation. The images of 
the membranes after filtration (c) neat PSf membrane, (d) PSf/GO/SiO2 membrane in the dark filtration, and (e) PSf/GO/SiO2 membrane under UV light irradiation 
filtration condition. 
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4. Conclusion 

This work has investigated the effects of GO and SiO2 nanoparticles 
in the PSf membrane to perform an integrated photocatalytic and 
membrane filtration for treatment of natural rubber-laden wastewater 
(NRW). SEM tests show that the surface micromorphology of PSf/GO/ 
SiO2 membrane possessed a uniform dispersion of nanoparticles, and its 
cross-section characteristic were attributed to the asymmetric mem-
brane morphology with a well-arranged finger-like structure. The new 
oxygenated groups such as –OH and C––O from GO were found in the 
FTIR spectra of the membrane after incorporating GO into the detected 
crystallite structure of SiO2 with an average size of 23.47 nm and 
31.87% of the distribution. DRS results showed that GO/SiO2 composite 
successfully enhanced the photocatalytic activity and possessed a 
bandgap energy of 3.25 eV, which made the SiO2 to be active under UV 
light exposure after the addition of GO nanoparticles. GO and SiO2 
nanoparticles addition improved the surface charge of the membrane 
that had an acidic surface with a pHPZC of 3.62. The addition of nano-
particles into the membrane decreased mechanical strength due to the 
gap formations that weakened the polymer chains of the membrane. 
Conducting filtration under UV irradiation using PSf/GO/SiO2 mem-
brane exhibited a remarkable improvement in permeate flux by 129% 
from 9.85 L m− 2 h− 1 to 22.55 L m− 2 h− 1 and maintained 85.4% of 
permeate flux stability. With respect to removal performance, under the 
photo-filtration process, chemical oxygen demand (COD) removal 
increased from 73 to 84%, and ammonia-nitrogen (NH3–N) removal 
improved from 78 to 92%. The photocatalytic kinetic evaluation sug-
gested that the pseudo-first order kinetic model had a better fit than the 
zero-order kinetic. Regeneration tests showed that the PSf/GO/SiO2 
membrane has outstanding durability. The resistance during filtration 
and antifouling potential evaluations revealed that the GO/SiO2 com-
posite under UV light irradiation during filtration remarkably reduced 
the fouling formation and generated a high flux recovery ratio. This 
implies that this PSf/GO/SiO2 composite is promising for an effective 
treatment of NRW. 
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[54] U.A. Méndez-Romero, S.A. Pérez-García, X. Xu, E. Wang, L. Licea-Jiménez, 
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