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A B S T R A C T

In this study, mono‑hydroxyl polydimethylsiloxane (CH3-PDMS-OH) was successfully grafted onto silica (SiO2) 
nanoparticles via Steglich esterification process to produce surface-functionalized PDMS-g-SiO₂ nanomaterials. 
These nanoparticles were then introduced into polyvinylidene fluoride (PVDF) matrices through non-induced 
phase inversion (NIPS) to fabricate mixed matrix ultrafiltration membranes with different nanoparticle load
ings (0, 1.6, 3.2, 6.3, and 11.8 wt %). The PDMS-g-SiO₂ incorporation resulted in membranes with slightly 
reduced porosity and hydrophobicity compared to pristine PVDF yet exhibited markedly improved antifouling 
performance. Although pure water flux decreased slightly due to the addition of nanoparticles, the rejection rate 
of Bovine serum albumin (BSA) improved substantially because of optimized pore structure and surface chem
istry. In contrast, membranes containing unmodified SiO₂ showed higher initial flux but suffered from severe 
irreversible fouling. The modified PVDF membranes showed a flux recovery ratio of up to 97 % and significantly 
reduced protein adsorption (19.9 µg/cm²) relative to pristine PVDF (62 µg/cm²), confirming the formation of a 
low-energy, fouling-resistant surface. High flux recovery was sustained over four fouling/cleaning cycles with 
both BSA and humic acid (HA), and its durability was further demonstrated through 15 days of long-term testing. 
This study establishes a new hybrid design approach that combines the hydrophobic flexibility of PDMS with the 
hydrophilic stability of SiO₂, offering a durable and effective route for developing antifouling PVDF membranes 
for wastewater treatment applications.

1. Introduction

Membrane filtration is one of the most promising technologies for 
treating water sources with various qualities due to its high separation 
efficiency and low energy consumption [1–3]. Ultrafiltration (UF) 
membranes, in particular, efficiently remove dissolved matter, colloidal, 
and microbial contaminants under low transmembrane pressures (<5 
bar), making them widely used in wastewater treatment and related 
industrial processes [4,5–8]. However, their practical application is 
restricted by membrane fouling, which is a major problem that reduces 
performance and increases maintenance costs [9–11]. Fouling occurs 
primarily through the adsorption and accumulation of proteins and 

biomacromolecules on the membrane surface and within its pores, 
leading to severe flux decline, shortened membrane lifespan, and 
increased operational expenses [12–14].

Polyvinylidene fluoride (PVDF) is one of the most widely utilized 
polymers for UF membrane fabrication because of its excellent chemical 
resistance, mechanical strength, thermal stability, and tolerance toward 
oxidizing and corrosive media [15–19]. Despite these outstanding 
properties, PVDF membranes are more prone to organic and biofouling. 
This is mainly attributed to their hydrophobic CH₂–CF₂ backbone, which 
presents a low-surface-energy interface that facilitates foulant adhesion 
[20,21]. Thus, enhancing the antifouling performance of PVDF mem
branes requires strategies that modify the membrane surface to improve 
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hydrophilicity, reduce fouling interactions, or otherwise alter surface 
characteristics to resist contaminant accumulation [20–22]. Several 
strategies have been explored to address PVDF fouling. One common 
approach is physical blending or surface grafting with hydrophilic 
polymers such as polyethylene glycol (PEG)-based materials [23], 
zwitterion-based materials [24], and hydrophilic nanoparticles (e.g., 
SiO2) [25]. Additionally, engineering the surface topography of mem
branes has been shown to influence fouling behavior. For example, 
membranes with roughened surfaces or low-modulus coatings can 
enhance shear-induced foulant detachment, reducing fouling adhesion 
and accumulations [26–28].

Fluorinated polymers have traditionally served as antifouling coat
ings due to their low surface energy; however, environmental concerns 
related to the leaching of perfluorinated compounds have encouraged 
the search for safer and environmentally friendly alternatives. Poly
dimethylsiloxane (PDMS) has emerged as a promising candidate for 
membrane modification due to its low toxicity, excellent chemical sta
bility, and high flexibility [29,30]. The antifouling behavior of PDMS is 
largely attributed to the rotational flexibility of its Si–O backbone, which 
reduces the binding strength between surface contaminants and the 
membrane, facilitating foulant removal under shear flow. However, 
direct blending of PDMS into polymer matrices often suffers from 
several limitations, including poor interfacial compatibility, uneven 
surface distribution, and potential leaching during membrane operation 
[31–34]. To overcome these limitations, hybrid systems combining 
inorganic nanoparticles with PDMS, or other hydrophobic or hydro
philic polymers have been explored, which improve nanoparticle 
dispersion, interfacial stability, and overall membrane performance [35,
36].

In this work, we propose a novel solution entails the synthesis and 
the incorporation of mono‑hydroxyl polydimethylsiloxane (PDMS-OH) 
grafted silica nanoparticles (PDMS-g-SiO₂ NPs) into PVDF membranes to 
enhance its antifouling properties. Unlike conventional modification 
approaches such as PEGylation [23], zwitterionic coatings [24], or 
incorporation of hydrophilic nanoparticles [25], this work introduces a 
dual character nanohybrid system that combines hydrophobic PDMS 
chains and hydrophilic SiO₂ moieties at the nanoscale. This hybrid sys
tem enables a balance of surface energy and controlled surface segre
gation within the PVDF matrix, resulting in improved fouling resistance 
without excessive hydrophilization that could otherwise compromise 
mechanical strength or cause pore collapse. An additional advantage of 
this approach is the use of PDMS-OH rather than the more commonly 
employed di‑hydroxyl PDMS (e.g., Wang et al., 2016 [37]). The former 
allows for a single-point grafting onto SiO2 nanoparticles via Steglich 
esterification, producing pendant PDMS chains that remain 
surface-active during membrane formation. This design promotes the 
preferential migration of PDMS toward the membrane-water interface, 
forming a hydrophobic, low-surface-energy layer that reduces fouling, 
while maintaining stable nanoparticle dispersion within the PVDF 
matrix

This approach addresses two major scientific gaps in PDMS-based 
antifouling membranes: 1) It prevents PDMS leaching and phase sepa
ration, which are common in physically blended PDMS-PVDF systems, 
by covalently anchoring PDMS onto SiO₂ nanoparticles 2) It achieves 
synergistic antifouling behavior through the coexistence of hydrophilic 
(Si–OH) and hydrophobic (Si-CH₃) functionalities, balancing water af
finity with foulant repellence at the membrane surface. The incorpora
tion of PDMS-g-SiO2 into PVDF membrane was examined through a set 
of analytical tests and the performance of the synthesized membranes 
and their antifouling properties were evaluated using common model 
foulants such as Humic acid (HA) and (Bovine serum albumin) BSA.

2. Experimental work

2.1. Materials used

Commercial SiO2 (fumed) nanoparticles was obtained from Sigma 
Aldrich, Australia. It was mono dispersed 7 nm (0.007 µm) and had a 
surface area of 395 ± 25 m2/g. Polyvinylidene fluoride (PVDF Solef 
6020, Mn = 313 kDa) was purchased from Solvay and dried at 55 ºC for 
12 h before use. Lithium Chloride (LiCl, purity ≥ 99.99 %, from Sigma 
Aldrich) was used as pore-forming agent and dried in oven at 90 ºC for 
12 h before use. N, N-dimethylacetamide (DMAc, purity ≥ 99 %, from 
Sigma Aldrich), 3-(triethoxysilyl) propionitrile (TESPN, purity 97 %, 
from Sigma Aldrich), N, N’-diisopropylcarodiimide (DIC, purity 99 %, 
from Sigma Aldrich), 4-dimethylaminopyridine (DMAP, purity 98 %, 
from Fluka), polyethylene glycol (PEG, from Sigma Aldrich), sodium 
hydroxide pellets (NaOH, from Merck Millipore), and poly
dimethylsiloxane monohydroxy terminated (PDMS-OH, Mw = 4000 Da, 
from Sigma Aldrich) were used as received. Bovine serum albumin (BSA, 
68 kDa, agarose gel electrophoresis, from Sigma Aldrich) was used as a 
model foulant during ultrafiltration experiments.

2.2. Synthesis of PDMS-g-SiO2 nanoparticles

PDMS-g-SiO2 nanoparticles were prepared by a three-step synthesis 
method, including silane coupling, functional group hydrolysis, and 
finally Steglich esterification, as described by Wu and co-workers [38]. 
First, 2 g of fumed silica nanoparticles were functionalised with TESPN 
(a nitrile terminated silane coupling agent) at 57 ◦C. Exposed nitrile 
groups were then hydrolysed to carboxylic acid by presence of 
HCl/Milli-Q water (50:50) vol % at 72.5 ◦C for 12 h under gentle stir
ring, providing a reaction site for subsequent esterification. In the third 
step, 338.4 mg (i.e., 0.0828 mmol) mono‑hydroxyl (terminal) func
tionalised PDMS (PDMS-OH) was attached to 0.3 g carboxylic acid 
functionalised silica nanoparticles by a Steglich esterification with 10.45 
mg (i.e., 0.0828 mmol) N, N’-diisopropylcarbodiimide (DIC) (coupling 
agent), in the presence of 5.06 mg (i.e., 0.0414 mmol) 4-dimethylamino
pyridine (DMAP) as illustrated in Fig. 1.

2.3. Preparation of mixed matrix PVDF membranes

In this study, mixed matrix PVDF UF membranes were prepared 
using a non-solvent induced phase separation (NIPS) method. For each 
membrane, casting solutions were prepared by dissolving different 
amounts of PDMS-g-SiO2 (0, 1.6, 3.2, 6.3, 11.8 %) in 16 mL DMAc, 
which was then sonicated for 20 min. To this solution, 0.426 g of LiCl 
was then added, followed by 3.2 g of PVDF and the mixture was stirred 
overnight at 200 rpm. Casting solution compositions are detailed in 
Table 1. After mixing, the casting solution was left covered overnight in 
the fumehood until no air bubbles were presented. The solution was then 
cast using a glass plate and a casting knife (supplied by Paul Gardner 
CO., Inc.) with a 150 µm gap. Then, the membranes were immersed in a 
deionized water bath until the membrane solidified. After solidification, 
the membranes were washed successively with double deionized water 
(DDI) and kept in fresh DDI before use [30,39]. The resultant series of 
membranes were labelled PVDF+LiCl (control), SiO2PDMSxPVDF, 
where x is the mass fraction of PDMS-g-SiO2 filler in the PVDF based 
membranes.

2.4. Characterization

The structural properties of the prepared membranes were charac
terized employing a range of analytical tools. Fourier Transform Infrared 
spectroscopy (FTIR-ATR) at a resolution of 4 cm− 1 and an average of 64 
scans and a range of 4000–600 cm− 1 was utilized to track the changes in 
the functional groups of the membranes. Surface and cross-sectional 
micrographs were obtained by Scanning Electron Microscopy 
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(Magellan SEM, FEI company, America). SEM samples were prepared by 
drying them first at room temperature and then sputter coating with a 
0.5 nm layer of Iridium (208HR sputter coater, Cressington, UK). For 
cross-section morphology, small pieces of prepared membranes were 
immersed in liquid nitrogen for 1.5 min and then the samples were 
frozen and fractured. The samples were then fixed on SEM holder using 
double-sided carbon tape and coated with Ir. Elemental analysis of the 
prepared membrane was characterized using EDX equipped Nova 
NanoSEM 450 (Quantax 400 X-ray analysis system, Bruker, USA). The 
surface structure of the pristine and modified PVDF membranes was 
characterized by X-ray photoelectron spectroscopy (XPS) using an AXIS 
Nova spectrometer (Kratos Analytical Inc., Manchester, UK) with a 
monochromated Al Kα source at a power of 180 W (15 kV × 12 mA) and 
a hemispherical analyzer operating in the fixed analyzer transmission 

mode.
Thermal stability of the prepared membranes was measured using a 

TA instrument 2950 thermogravimetric analyzer (TGA). Small pieces of 
membranes were loaded into a high temperature platinum pan. Nitrogen 
gas was used gas at flow rate of 2–2.5 cm3/min. The membrane samples 
were heated at a rate of 20 ◦C/min up-1000 ◦C under oxygen atmosphere 
at flow rate of 10 cm3/min. Thermogravimetric analysis (TGA) was 
further employed to calculate the surface grafting density of PDMS on 
the PVDF membranes. The surface grafting density (σ) was estimated 
using the following expression, adapted from previous literature: [40,
41] 

σ =
mPDMS × NA

Mmonomer × A
(1) 

Where: mPDMS: is the mass of PDMS determined from TGA (mg)
Mmonomer is the molecular weight of the PDMS repeating unit 

(–Si–O–CH₃, 74 g/mol)
A is the effective membrane surface area (m²)
NA: is Avogadro’s number
To measure the membrane hydrophilicity, water contact angles (CA) 

of the membranes surface were measured using the sessile drop tech
nique (PGX+, Fibro System Ab, Sweden). Membrane samples were cut 
from the prepared samples and fix on slide glass using double side tape. 
A 5 µL of distilled water was dropped onto the membrane sample 
through the microsyringe in air. At least 5 measurements of contact 
angle were recorded for each membrane sample to enhance the reli
ability and an average data was reported. Membrane porosity was 
calculated using a gravimetric method. A piece of the prepared mem
brane was immersed in water for 3 h and Ww was taken. The wet piece 
was then drying in vacuum oven at 60 ◦C and WD was weighed. The 
porosity was calculated according to Eq. (2) [42,43]. 

Fig. 1. Schematic diagram illustration of grafting mono‑hydroxyl (PDMS-OH) chain on the surface of SiO2 NPs.

Table 1 
Recipes for preparing the hybrid membranes.

Membrane PVDF LiCl DMAC PDMS-g-SiO2 

(In casting 
solution)

PDMS-g-SiO2 

(in 
membrane)

PVDF +LiCl 15 2.0 83.00 0 0
SiO2PDMS0.25 % 

PVDF
15 2.0 82.75 0.25 1.6

SiO2PDMS0.5 % 

PVDF
15 2.0 82.50 0.5 3.2

SiO2PDMS1.0 % 

PVDF
15 2.0 82.00 1.0 6.3

SiO2PDMS2 % 

PVDF
15 2.0 81.00 2.0 11.8

Note: the numbers given in Table 1 correspond to percentage by mass. 
Composition of nanocomposite membrane calculated from polymer: additive 
ratio of the casting solution, assuming complete incorporation of PMDS-g-SiO2.
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ε (%) =

Ww − WD
Dw

Ww − WD
Dw

+ WD
Dp

(2) 

where WD is the weight of the dry membrane (g), Ww is the weight of the 
wet membrane (g) and Dw & Dp and are the densities of the water and 
polymer (g cc− 1).

Solute rejection and molecular weight cut-off (MWCO) were deter
mined using a series of 1 g/L of polyethylene glycol (PEG) solutions, 
prepared by adding PEG of varying molecular weight (35, 100, 200 kDa) 
to deionized water. PEG rejection rates were calculated from the con
centrations of PEG in the feed solution (Cf) and permeate water (CP) 
using a total organic carbon analyzer (TOC-LCSH, Shimadzu, Japan). 
The pore size of the membranes was then estimated based on the values 
of MWCO of the membrane according to the Eq. (3) [44]. 

r = 0.262
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
MWCO

√
− 0.3 (3) 

where r = pore size of membrane (nm), MWCO= molecular weight cut- 
off (g mol− 1). MWCO was calculated by interpolating measured rejec
tion rate to a rejection of 90 %.

Pure water flux (PWF) of the virgin and modified PVDF membranes 
were measured using dead-end cell filtration unit (HP4750 stirred cell, 
Sterlitech, USA). The membrane samples were cut to a diameter of 49 
mm and an effective membrane area of 14.6 cm2. The filtration cell was 
filled with DDI and then connected to small tank with 5 L water. The 
system has been compressed by nitrogen gas cylinder to push the water 
passing through the membrane. The collected permeate was measured 
using a digital balance with mass change automatically recorded with 
connected Labview software. At the beginning of the experiments, 
membrane samples were first precompacted at 150 kPa for at least 1 h to 
stabilize the flux, which is then recorded at a pressure of 100 kPa (Jw1). 
At least five membrane samples were tested, and an average was taken 
to get accurate data. Constant transmembrane Pressure mode was used 
in this study to determine the fouling resistance of the membranes.

A BSA solution was placed in the filtration cell (1 g/L, prepared in 
advance using phosphate buffer saline, pH = 7.4) and pressurized at 100 
kPa for 1 h. The BSA flux (JBSA) was recorded at the last 10 min of the 1 h 
running.

The concentrations of BSA concentrations in the feed and permeates 
side was spectroscopically measured at 280 nm using Varian Cary 100 
Bio UV–VIS spectrophotometer. The protein rejection ratio (%R) of the 
membrane was calculated by the equation below (4) [45]: 

% R =
(
1 − CP

/
Cf
)
× 100 (4) 

where R(%) is the rejection coefficient of the membrane, Cf and CP (mg/ 
mL) were the protein concentration of feed and permeate stream and the 
concentration of BSA in the solution was calculated based on the cali
bration curve prepared in advance.

After testing, the fouled membranes were cleaned. For physical 
cleaning, DDI was used to wash the membranes. The membranes were 
added to the filtration cell and washed three times with DDI for 20 min. 
The water flux was recorded after physical cleaning of membranes. For 
chemical cleaning, 100 mL of NaOH solution (2 g L− 1, pH=12) was 
added to the filtration cell and stirred for 20 min before being washed 
three times with DDI to remove the NaOH solution. After each cleaning 
step, the membrane flux was recorded at 100 kPa (Jw2). flux recovery 
ratio of membranes was calculated to evaluate the membrane operation 
as shown in the following Eq. (5): 

FRR (%) =
JW2

JW1
× 100 (5) 

To study the membrane fouling in detail, total fouling resistance (Rt), 
reversible fouling resistance (Rr) and irreversible fouling resistance (Rir) 
were determined using the following equations respectively [46]. 

Rt =
JW1 − JBSA

JW1
× 100 (6) 

Rr =
JW2 − JBSA

JW1
× 100 (7) 

Rir =
JW1 − JW2

JW1
× 100 (8) 

where Jp: is the flux of BSA foulant model. Rt is the sum of Rr and Rir.
Static protein adsorption experiments were conducted to determine 

the amount of protein adsorbed on the surface of membrane. The top 
surface of membranes (Ø = 25 mm diameter) was exposed to BSA so
lution (1 g/L) in a filtration cell. The cell was then incubated in a shaker 
(operated at 150 rpm) at room temperature and 24 h to reach the 
adsorption–desorption equilibrium. The amount of protein adsorbed 
was calculated using the following equation. 

Q =
(Ca − Cb)V

A
(9) 

where Q = protein adsorbed (µg.cm− 2), Ca= original conc of BSA (g L− 1) 
Cb = final concentration of BSA (g L− 1), A = area of membranes (cm2), V 
= volume of BSA solution (L).

The concentration of BSA was determined based on the absorbance 
at 280 nm using a UV spectroscope (UV mini-1240 spectrophotometer, 
Shimadzu, Japan). At least three membranes were tested for each 
sample and an average data was taken. After experiment of static pro
tein, the flux for the fouled membrane was recorded. The BSA fouled 
membranes were cleaned physically and chemically and the flux was 
recorded again at 100 kPa. The flux recovery ratio was calculated again 
using equation 4

3. Results and discussion

3.1. Characterization of silica NPs before and after modifications

The FTIR spectra of pristine SiO₂ and PDMS-grafted SiO₂ nano
particles (PDMS-g-SiO₂) are presented in Fig. 2a. Both samples exhibit 
prominent absorption bands at approximately 1060 cm⁻¹ and 800 cm⁻¹, 
corresponding to the Si–O–Si and Si–O stretching vibrations, respec
tively, which are characteristic of the silica network [45–48]. These 
peaks confirm the presence of the silica network structure in both 
samples. After modification with PDMS, a new and distinct absorption 
band appears at 2960 cm⁻¹, which corresponds to the asymmetric 
stretching vibration of methyl groups (–CH₃) present in the PDMS chains 
[48,49]. Although this peak is relatively weak due to the low concen
tration of grafted organic content compared to the dominant inorganic 
silica framework, its presence is significant because it does not appear in 
the pristine SiO₂ spectrum. This subtle but consistent shift confirms the 
successful chemical attachment of PDMS to the silica surface. Addi
tionally, a weak carbonyl peak at 1652 cm⁻¹ is observed, which may be 
attributed to unreacted PDMS-OH or ester linkage by-product formed 
during the Steglich esterification process.

While the overall spectral contrast before and after grafting may 
appear modest due to overlapping silica signals and low PDMS loading, 
the emergence of –CH₃ and C=O signals, even as minor features strongly 
support the occurrence of surface grafting. These findings align with 
previous studies where similar low-intensity signals were observed 
indicating successful surface modification of nanoparticles [50].

The results of gravimetric analysis of bare SiO2 and PDMS-g-SiO2 NPs 
are shown in Fig. 2b The pure silica exhibited typical minimal weight 
loss curve with two loss stages [51]: 30–100 ºC which is attributed to the 
loss of physically and chemically adsorbed water (via hydrogen 
bonding) [52], and 100–400 ºC which could be a result of organic 
contaminants. In comparison, PDMS-g-SiO2 NPs exhibited a higher 
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weight loss with three stages of which the first and second stages were 
the same as SiO2. The third stage represents the thermal decomposition 
of PDMS-g-SiO2 NPs which occurred between ≈ 350–800 ºC with the 
weight loss of ≈ 10 %. Based on previous reports, the thermal degra
dation of PDMS polymer at around 336 ºC [38]. At the temperature 
range of 700–1000 ◦C, a very weight gain was observed, and this phe
nomenon could be due to the partially reaction of decomposed bridging 
organic groups with oxygen [53]. This result is in line with the previous 
reports [40]. After grafting SiO2 with PDMS, The TGA analysis result 
proved the successful grafting of PDMS on the surface of SiO2 NPs.

These physicochemical characterizations collectively confirm that 
PDMS chains were successfully anchored onto the SiO₂ nanoparticles, 
providing a hybrid material with both hydrophobic (PDMS) and hy
drophilic (SiO₂) characteristics. Such dual functionality is expected to 
play a critical role in the subsequent membrane fabrication, where the 
modified nanoparticles may preferentially migrate toward the mem
brane surface during phase inversion method. After establishing the 
physical parameters that affect the membrane formation process, it is 
important to understand how the incorporation of PDMS-g-SiO₂ nano
particles modifies the chemical structure and morphology of the PVDF 

Fig. 2. Structural properties of SiO2 nanoparticles: (A) FTIR-ATR spectra, (B) TGA curves.

Fig. 3. Control PVDF and mixed matrix PVDF membranes characteristics (A) FTIR-ATR (B) XRD spectra and (C) TGA analysis.
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membranes. Therefore, in the following section, detailed characteriza
tion analyses for the PVDF membranes are presented to correlate 
structural changes with the observed macroscopic membrane 
properties.

3.2. Characterization of hybrid membranes

To examine the impact of incorporating PDMS-g-SiO₂ nanoparticles 
on the chemical structure of PVDF mixed matrix membranes, FTIR-ATR 
spectrum was conducted, and the resulting spectra are shown in Fig. 3A. 
All membranes, including the pristine PVDF and those modified with 
different PDMS-g-SiO₂ loadings (0.25–2 wt. %), display characteristic 
PVDF peaks at 1174 cm⁻¹ and 1275 cm⁻¹, corresponding to the sym
metric and asymmetric stretching vibrations of C–F bonds, and at 1405 
cm⁻¹, attributed to the bending vibration of the –CH₂ groups. These 
characteristic peaks confirm that the fundamental PVDF backbone 
structure is preserved upon the incorporation of PDMS-g-SiO₂ nano
particles [54]. With increasing PDMS-g-SiO₂ content, a gradual 
improvement in peak intensity is observed in the 800 cm⁻¹ region, which 
can be associated with the overlapping Si–O–Si stretching vibrations of 
the silica framework and the Si–O–C linkages from the PDMS segments 
[55,56]. The other observed changes include the shoulder growth 
around 1260 cm-1 which is relate to the methyl deformation in Si-CH3 
characteristic of PDMS structure [56]. The peak around 1620 cm− 1 

which is likely attributed to the bending vibration of OH group absorbed 
on SiO2 surface [51] became more prominent especially with the highest 
PDMS-g-SiO₂ load. The subtle peak growth accompanying the increase 
in NPs load around 2900 cm− 1 could be attributed to CH3 stretching in 
Si-CH3 of PDMs [56]. The FTIR analysis confirms the successful inte
gration of PDMS-g-SiO₂ into PVDF and the preservation of the backbone 
of the latter.

The XRD patterns presented in Fig. 3B illustrate the changes in 
crystallinity of control PVDF membrane as opposed to the modified 
membranes with various concentrations of SiO₂-PDMS nanoparticles 
(0.25 %, 0.5 %, and 2 %). The control PVDF membrane exhibits distinct 
and broad diffraction peaks centered around 2θ values of approximately 
18.5◦, 20.1◦, and 26.6◦, which are typical for the α-phase crystalline 
structure of PVDF. These sharp peaks indicate a semi-crystalline struc
ture, with the 20.1◦ peak particularly corresponding to the (110)/(200) 
planes. With the addition of SiO₂-PDMS nanoparticles, a progressive 
reduction in peak intensity and sharpness is observed. This reduction 
becomes more significant as the nanoparticle concentration increases, 
especially in the case of the SiO₂PDMS2 % PVDF membrane. The 
broadening and weakening of the diffraction peaks suggest a decrease in 
the overall crystallinity of the polymer matrix. The reduction in crys
tallinity is attributed to the disruptive influence of the PDMS-grafted 
silica nanoparticles on the regular packing and crystallization of the 
PVDF chains. Additionally, two small broad peaks appeared upon the 
addition of SiO₂PDMS around 35◦ and 40◦ which were also reported by 
another study that examined SiO2 incorporation into PVDF [57] and 
may correspond to the amorphous or weakly crystalline domains of the 
SiO₂ nanoparticles.

XPS was used to study the surface composition and confirm the 
incorporation of PDMS-g-SiO₂ nanoparticles within the PVDF membrane 
matrix. Tables 2 and 3 present the surface elemental composition and 
the binding energies of the different structural moieties of both control 
and modified membranes. The control PVDF membrane displayed only 
C (52.8 %) and F (47.2 %) signals, characteristic of the PVDF backbone 
with no detectable Si or O peaks. In contrast, the PDMS-g-SiO₂ modified 
membranes showed new Si2p peaks (~103 eV) and O1s peaks (~532 
eV), attributed to Si-O-Si and O-Si-C bonds, confirming the successful 
incorporation of PDMS-g-SiO₂ at the membrane surface. The surface 
atomic concentrations of Si and O increased progressively with higher 
nanoparticle loading, from 2.7 % and 8.7 % at 0.5 wt. % to 7.4 % and 
15.2 % at 2 wt. %, respectively. Correspondingly, the F content 
decreased from 39.1 % to 33.1 %, while the C content slightly decreased, 

reflecting the partial replacement of PVDF backbone at the surface by 
PDMS–SiO₂ nanoparticles. This compositional shift toward higher Si and 
O levels at the membrane surface indicates strong surface enrichment of 
PDMS-g-SiO₂, consistent with the preferential migration of the low- 
surface-energy PDMS segments during the phase inversion process.

To evaluate the thermal stability of the fabricated PVDF and PVDF- 
PDMS-g-SiO₂ membranes, thermogravimetric analysis was conducted 
(Fig. 3C) under a nitrogen atmosphere from 25 to 900 ◦C at a heating 
rate of 15 ◦C/min. The TGA results showed that pure PVDF undergoes 
significant thermal degradation starting around 350 ◦C, with rapid 
weight loss observed between 400 ◦C and 500 ◦C [58,59]. By 600 ◦C, the 
pure PVDF had almost completely decomposed, leaving negligible res
idue, which is consistent with its typical two-step degradation behavior 
involving dehydrofluorination and main chain scission. In contrast, the 
PVDF membranes modified with PDMS-g-SiO₂ nanoparticles demon
strated improved thermal stability, with degradation occurring more 
gradually and at slightly higher temperatures compared to the virgin 

Table 2 
XPS surface elemental composition of PVDF and PDMS-g-SiO₂ membranes.

Sample % 
Si

%O %C %F Interpretation

PVDF control 0 0 52.8 47.2 PVDF+LiCl, no Si/O signals
SiO2PDMS0.5 % 

PVDF
2.7 8.7 49.5 39.1 Appearance of Si and O peaks 

confirms PDMS–SiO₂ at the 
surface

SiO2PDMS1.0 % 

PVDF
4.5 11.5 47.2 36.8 Increasing Si and O content with 

decreasing F surface enrichment
SiO2PDMS2.0 % 

PVDF
7.4 15.2 44.3 33.1 Strong Si2p and O1s peaks; 

significant fluorine reduction 
indicates PDMS–SiO₂ dominance 
at the outer surface.

Table 3 
XPS core-level binding energies of pristine and PDMS-g-SiO₂-Modified PVDF 
membranes.

Sample Element % 
Atomic

Binding 
Energies (eV)

Assignment / 
Observation

Control PVDF C 1s 52.4 284.8 C–C, C–H from PVDF 
backbone

F 1s 44.7 688.5 C–F from PVDF 
backbone

O 1s 2.9 532.3 Surface oxidation / 
adventitious O (not 
intrinsic)

SiO₂ NPs Si 2p 31.6 103.3 Si–O–Si
O 1s 68.4 532.8 Si–O

SiO2PDMS0.5 % 

PVDF
C 1s 49.8 284.8(C–C/ 

C–H), 
283.2 (C–Si)

PDMS backbone 
formation (Si–C)

F 1s 42.5 688.4 C–F (PVDF)
Si 2p 4.1 101.8 Si–C (PDMS), Si–O–Si
O 1s 3.6 532.7 Si–O, Si–OH

SiO2PDMS1.0 % 

PVDF
Si 2p 4.5 101.9 (Si–C), 

103.2 
(Si–O–Si)

Increasing Si and O 
content with decreasing 
F surface enrichment

O 1s 11.5 532.6 Si–O–Si, Si–OH from 
PDMS-g-SiO₂

C 1s 47.2 284.8 (C–C/ 
C–H), 283.2 
(C–Si)

PDMS backbone 
(surface segregation)

F 1s 36.8 688.5 C–F from PVDF
​ ​ ​ ​

SiO2PDMS2.0 % 

PVDF
C 1s 47.9 284.8 (C–C/ 

C–H), 283.2 
(C–Si)

Strong PDMS signal 
(surface enrichment)

F 1s 40.6 688.5 C–F from PVDF
Si 2p 6.2 101.8(Si–C), 

103.3 
(Si–O–Si)

Strong PDMS-g-SiO₂ 
signal

O 1s 5.3 532.6 Si–O–Si
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PVDF. As the concentration of PDMS-g-SiO₂ increased from 0.25 wt % to 
2.0 wt %, the thermal degradation shifted to higher temperatures and 
the residual weight at 900 ◦C increased significantly. For example, the 
residual mass for the PVDF with 2.0 wt % PDMS-g-SiO₂ was approxi
mately 21.6 %, compared to 5.6 % for the membrane with only 0.25 wt 
% loading. This enhancement can be attributed to the thermally stable 
silica nanoparticles, which act as inorganic fillers that resist decompo
sition and slow the diffusion of volatile degradation products. Addi
tionally, the inherent thermal resistance of PDMS, due to its siloxane 
backbone, further delays the polymer degradation. The observed in
crease in residual weight with higher nanoparticle loading confirms that 
a larger fraction of thermally stable inorganic content remains after the 
polymer matrix decomposes. Overall, these results demonstrate that 
incorporating PDMS-g-SiO₂ into the PVDF matrix significantly improves 
thermal resistance, making the membranes more suitable for applica
tions involving elevated temperatures.

TGA further corroborated the presence of PDMS at the membrane 
surface and provided a basis to estimate the grafting density [60]. In the 
TGA curves of the PDMS-g-SiO₂ membranes, the decomposition of PDMS 
was identified as the weight loss occurring between 200 ◦C and 500 ◦C, a 
temperature range where PVDF remains largely stable. The mass loss in 
this range was attributed specifically to the PDMS component, giving 
~0.29 mg for the 0.5 % PDMS-g-SiO₂ membrane (sample mass = 5.10 
mg: effective membrane area = 14.6 cm²). Similarly, the 1 % and 2 % 
PDMS-g-SiO₂ membranes exhibited PDMS weight losses of 0.49 mg and 

0.74 mg, respectively. Using the molecular weight of the PDMS 
repeating unit (–Si–O–CH₃, 74 g/mol), these values correspond to sur
face grafting densities of approximately 0.54, 0.84, and 1.01 mmol/m², 
or equivalently ~1.6 × 10³, 2.7 × 10³, and 4.1 × 10³ molecules/nm². 
This analysis confirms progressive surface attachment and increasing 
grafting density with higher nanoparticle loading, consistent with the 
preferential migration of PDMS-g-SiO₂ toward the membrane–water 
interface.

Building upon the structural and compositional findings obtained 
from FTIR, XRD, and XPS analyses, the surface and cross-sectional 
morphologies of the fabricated membranes were further examined 
using SEM and EDX to elucidate how the introduction of PDMS-g-SiO₂ 
nanoparticles influences the overall membrane architecture Fig. 4 (A–F). 
The SEM micrographs clearly reveal morphological changes on the 
membrane surface as the concentration of PDMS-g-SiO₂ nanoparticles 
increases. Particularly at higher loadings of 1 % and 2 %, the silica 
nanoparticles become more apparent, suggesting that these particles 
tend to migrate toward the membrane surface during the phase inver
sion process. This migration is likely driven by thermodynamic forces 
and interfacial energy differences, which favor the accumulation of 
nanoparticles at interfaces such as the membrane–air or mem
brane–solvent boundaries. Consequently, this redistribution of nano
particles affects the membrane’s internal microstructure, leading to a 
denser and more mechanically robust architecture, while also influ
encing surface properties relevant to antifouling.

Fig. 4. SEM top surface morphology and EDS elemental mapping of (A) pristine PVDF, (B) PVDF control, (C) SiO2PDMS0.25 % PVDF, (D) SiO2PDMS0.5 % PVDF, (E) 
SiO2PDMS1.0 % PVDF, and (F) SiO2PDMS2.0 % PVDF.
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The corresponding EDX spectra further validate the successful 
incorporation of PDMS-g-SiO₂ into the PVDF matrix. Distinct peaks are 
observed for carbon (C) at approximately 0.3 keV and fluorine (F) at 
around 0.7 keV, which are characteristic signals from the PVDF polymer. 
More importantly, the presence of a silicon (Si) peak at roughly 1.75 keV 
provides strong evidence for the successful integration of SiO₂ nano
particles onto the membrane surface. A detectable oxygen (O) signal is 
also present, which may originate from both the silica framework and 
oxygen-containing side groups in the PVDF or PDMS structures. The EDX 
elemental mapping shows that silica is distributed across the surface in 
aggregates of NPs. The Si signal increases proportionally with increasing 
the loading percentage with slight deviation in high percentages.

Fig. 5 compares the cross-sectional SEM morphologies of pristine and 
modified PVDF membranes, revealing that PDMS-g-SiO₂ loading 
strongly influences the internal structure. The pristine PVDF membrane 
(Fig. 5A) displays a typical asymmetric structure formed by the NIPS 
process, consisting of a dense skin layer followed by short finger-like 
macrovoids and a porous sublayer. Upon nanoparticle incorporation 
(Fig. 5B–E), the skin layer becomes denser, and the finger-like macro
voids extend deeper into the sublayer, gradually transforming into a 
sponge-like morphology. These structural changes are attributed to 
increased solution viscosity and altered demixing kinetics caused by the 
PDMS-g-SiO₂ nanoparticles, which slow solvent–nonsolvent exchange 
and promote more controlled phase separation. This microstructural 
evolution corroborates the XRD observation of reduced crystallinity and 
the XPS evidence of surface enrichment, suggesting that the presence of 

PDMS-g-SiO₂ not only modifies polymer chain packing but also governs 
the membrane’s hierarchical morphology. These morphological re
finements directly influence key surface-related properties, such as 
wettability, porosity, and pore size distribution, which consequently 
affect the separation performance of the membranes and their fouling 
propensity.

The surface wettability of UF membranes plays a crucial role in 
determining their separation efficiency and resistance to fouling. This 
property is commonly evaluated using water CA measurements, where a 
lower contact angle indicates higher surface hydrophilicity and 
improved wettability. As shown in Table 4, the pristine PVDF membrane 
exhibited a contact angle of 89.3◦, indicating moderate hydrophilicity. 
Upon incorporation of LiCl, CA dropped to 75.4 (Tables 3 and S1). 
However, the addition of PDMS-g-SiO₂ increased it gradually as the 
loading percentage increased but always lower than that of pristine 
PVDF. This increase in contact angle suggests a slight decline in hy
drophilicity, which can be attributed to the inherently hydrophobic 
nature of PDMS chains grafted onto the silica nanoparticles. PDMS is 
known for its low surface energy and non-polar methyl groups, which 
tend to migrate toward the membrane surface during phase inversion 
[61]. This migration changes the membrane’s surface chemistry, 
increasing CA. Furthermore, the difference in surface free energy be
tween the PVDF polymer and the PDMS-modified nanoparticles leads to 
interfacial rearrangements, which further influence the surface 
wettability.

While the observed change in contact angle reflects the surface 

Fig. 4. (continued).
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Fig. 5. SEM cross-section images of (A) control PVDF membrane. (B) SiO2PDMS0.25 %PVDF membrane (C) SiO2PDMS0.5 %PVDF membrane (D) SiO2PDMS1.0 %PVDF 
membrane (E) SiO2PDMS2.0 %PVDF membrane.

Table 4 
Viscosity, Porosity, contact angle, MWCO, pore size and thickness for unmodified and PVDF membranes with modified SiO2.

Membranes Viscosity 
(mPa.s)

Porosity 
(%)

Contact angle (deg) MWCO 
(KDa)

Pore size 
(nm)

Thickness of membrane (µm)

PVDF +LiCl (control) 620 85.3 ± 0.8 75.4 ± 1.2 188 22.1 ± 0.4 45.00±1.20
SiO2PDMS0.25 % PVDF 680 83.8 ± 1.0 77.7 ± 0.3 186 21.8 ± 0.5 49.11±1.35
SiO2PDMS0.5 % PVDF 745 80.3 ± 0.9 78.0 ± 0.7 182 21.7 ± 0.4 55.39±1.45
SiO2PDMS1.0 % PVDF 845 79.9 ± 1.1 80.5 ± 0.8 180 21.6 ± 0.3 54.32±1.28
SiO2PDMS2 % PVDF 970 78.0 ± 1.2 82.9 ± 1.3 178 21.1 ± 0.5 56.35±1.50
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chemistry alteration, the structural characteristics, particularly pore size 
and porosity also provide essential insight into how nanoparticle 
incorporation affects overall membrane morphology and transport 
behavior. The mean surface pore size of membranes (Table 4) reduced 
slightly from 22.1 nm for control PVDF to 21.1 nm for SiO2PDMS2 

%PVDF membrane when the contents of PDMS-g-SiO2 increased. The 
porosity of membranes also decreased from about 85 % for control PVDF 
to 78 % for SiO2PDMS2 %PVDF. The results reveal a progressive decrease 
in both pore size and porosity with increasing nanoparticle content. The 
overall porosity of the membranes decreased from 85.3 % for pristine 
PVDF to ≈78.0 % for the membrane with 2 % PDMS-g-SiO₂, consistent 
with the trend observed for unmodified and modified silica particles 
(Tables 4 and S1). This reduction in pore size and porosity correlates 
well with the morphological observations from SEM images and can be 
mechanistically explained by changes in the phase inversion dynamics 
caused by the nanoparticles. The decrease of porosity and pore size 
could lead to lower flux of the modified membranes (as illustrated in 
Fig. 6).

As nanoparticle loading increases particularly with PDMS chains 
grafted on SiO₂, the viscosity of the casting solution rises, which slows 
down the solvent (DMAc) non-solvent (water) exchange during phase 
inversion method. This delayed demixing reduces the formation of large 
pores and favors the development of denser membrane structures with 
smaller average pore diameters. Consequently, slower phase separation 
kinetics and inhibited macrovoid formation yield tighter membrane 
structures with fewer interconnected voids. This change in the mixing 
dynamics also led to membrane thickness increase from 45.00 µm for the 
pristine PVDF to 56.35 µm at 2 % loading. The skin layer thickness 
though not directly measured rather inferred from the SEM images 
(Fig. 5) became denser and more compact with increased nanoparticle 
loading.

In summary, the integration of PDMS-g-SiO₂ nanoparticles modifies 
both the surface and internal morphology of PVDF membranes. The 
balance between hydrophobic PDMS segments and hydrophilic silica 
cores leads to subtle structural rearrangements that simultaneously in
fluence wettability, pore formation, and mechanical integrity laying the 
foundation for the enhanced antifouling and separation performance 
discussed in the following sections.

3.3. Separation performance of hybrid membranes

The performance data illustrated in Fig. 6 highlights the influence of 
PDMS-grafted SiO₂ nanoparticles on the separation efficiency of PVDF 
membranes. The pure water flux initially increases for the control PVDF 
membrane when compared to the unmodified PVDF, which can be 
attributed to the presence of LiCl acting as a pore-forming agent during 
membrane fabrication. This results in a more porous structure and 
reduced resistance to water flow, thereby improving flux. However, as 
PDMS-g-SiO₂ nanoparticles were introduced and their concentration 
increased from 0.25 % to 2 %, a gradual decline in pure water flux was 
observed. This trend is primarily due to an increase in the viscosity of the 
casting solution (Table 2), which alters the dynamics of the solvent–non- 
solvent exchange (NIPS) process. The elevated viscosity slows down the 
NIPS process, leading to the formation of a denser skin layer and 
resulting in membranes with lower porosity and smaller pore sizes [50]. 
These structural changes increase the resistance to water permeation, 
thereby reducing flux.

The BSA rejection efficiency increases consistently with the rise in 
PDMS-g-SiO₂ content (as shown in Fig. 6). This improvement can be 
attributed to the reduction in pore size, which strengthens size exclusion 
of protein aggregates. The surface modification also contributes to 
improved antifouling properties through alterations in surface energy 
and interfacial interactions, leading to greater selectivity. The hydro
philic nature of the silica core combined with the low-surface-energy 
PDMS chains produces a more fouling-resistant surface, thereby 
increasing BSA rejection. Electrostatic repulsion further contributes to 
the enhanced BSA rejection of the modified membranes. Since the iso
electric point of BSA lies in the range of 4.7–5.2 [62], the protein carries 
a net negative charge under the neutral pH conditions applied in this 
study. Meanwhile, silanol (Si–OH) groups on the nanoparticle surface 
deprotonate to form silanolate (Si–O⁻) species [63] which increases the 
negative charge of the membrane and consequently promoting BSA 
rejection through electrostatic repulsion [64]. Such repulsive in
teractions positively influence the antifouling behavior observed in the 
flux recovery tests presented in the following section.

Another contributing factor to the improved BSA rejection is the 
increased membrane thickness in the modified samples (Table 4), which 
provides additional resistance to protein permeation [65]. The increased 
rejection percentage, exceeding 95 % at the highest nanoparticle con
centration, underscores the significance of both structural and surface 
modifications in improving membrane selectivity. In contrast, the 
composite PVDF membranes containing unmodified SiO₂ nanoparticles 
display a decline in BSA rejection (Table S1), further emphasizing the 
beneficial role of PDMS grafting.

Overall, the results show a clear trade-off between permeability and 
fouling resistance, a well-recognized phenomenon in polymeric com
posite membranes. The inclusion of PDMS-grafted nanoparticles in
troduces a dual effect: (i) an increase in casting solution viscosity 
(Table 2) and the development of a denser surface morphology (Fig. 5) 
that restricts water permeation, and (ii) the migration of PDMS segments 
to the surface (Fig. 4), forming a flexible and low-surface-energy layer 
that reduces protein adsorption and fouling adhesion. Although this 
structural rearrangement leads to a moderate reduction in water flux, it 
provides significant long-term operational advantages by minimizing 
irreversible fouling (Table 4) and sustaining effective flux recovery. 
Hence, the PDMS-g-SiO₂ nanocomposite PVDF membranes demonstrate 
an optimized balance between transport and fouling resistance a rela
tionship consistent with previous studies on PDMS- and PEG-modified 
PVDF systems [22,26]. Thus, the transition from unmodified PVDF to 
PDMS-g-SiO₂ hybrid membranes clearly reveals how surface function
alization systematically tunes both structural and separation perfor
mance, ultimately linking flux behavior, rejection efficiency, and 
antifouling durability in a coherent framework.

Fig. 6. Pure water flux and % BSA rejection of virgin PVDF and mixed matrix 
PVDF UF membranes. 1 g L− 1 BSA was chosen as the feed solution and all 
filtration tests were conducted at a transmembrane pressure of 100 kPa. Error 
bars represent the standard deviation of triplicate measurements.
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3.4. Anti-fouling performance of hybrid membranes

The antifouling performance of the control and PDMS-g-SiO₂-modi
fied PVDF membranes is illustrated in Fig. 7A and B. These figures 
evaluate two key indicators of antifouling properties: FRR and static 
protein adsorption, using BSA as a model foulant.

In Fig. 7A, the FRR (%) increases consistently with the addition of 
PDMS-g-SiO₂ nanoparticles. Such increase surpassed that of PVDF 
membranes with unmodified SiO2 (Table S1). The control PVDF mem
brane shows the lowest FRR, indicating higher irreversible fouling. As 
the concentration of PDMS-g-SiO₂ increases, the FRR gradually im
proves, reaching a maximum for the SiO₂PDMS₂ % PVDF membrane. 
This suggests that membranes become more resistant to fouling and are 
better able to recover their permeability after cleaning. The improve
ment in FRR is attributed to the low surface energy and fouling-resistant 
nature of PDMS, which provides an "omniphobic" surface. PDMS pro
motes weak interaction between the foulants and the membrane surface, 
allowing fouling layers to be more easily removed during cleaning [66,
67]. While the addition of PDMS-grafted SiO₂ nanoparticles slightly 
reduces the initial pure water flux due to increased mass transfer resis
tance and partial pore narrowing, it significantly enhances the mem
brane’s resistance to protein fouling, as reflected by the improved flux 
recovery ratio (FRR). The decrease in water flux arises from a combi
nation of higher viscosity in the casting solution and a delayed phase 
inversion process, which produces a denser skin layer with smaller pores 
(Fig. 5) (as shown in Fig. 5). At the same time, the integration of PDMS 
chains and hydrophilic SiO₂ domains modifies the membrane surface, 
forming a lubricating, low-surface-energy interface that minimizes 
protein adsorption and enhances interfacial compatibility. This surface 
modification also ensures a more uniform selective layer, contributing to 
higher BSA rejection. Taken together, these results highlight the 
inherent trade-off between permeability and antifouling performance in 
mixed-matrix and surface-functionalized PVDF membranes, which is 
consistent with previous findings reported by Zhang et al., who 
demonstrated that tailoring PVDF ultrafiltration membranes with 
oxidized low-dimensional carbon nanomaterials can simultaneously 
affect permeability and antifouling properties [68]. While the initial 
water flux is moderately reduced, the substantial gains in fouling 
resistance and solute selectivity justify this compromise, demonstrating 
that careful nanoparticle incorporation can optimize the balance be
tween flux and antifouling performance, which is crucial for practical 
industrial applications.

To further corroborate the FRR trend, static protein adsorption tests 
were conducted to quantify the extent of BSA attachment on the 

membrane surface. As shown in Fig. 7B, a consistent reverse correlation 
is observed between PDMS-g-SiO₂ concentration and BSA adsorption. 
Specifically, static protein adsorption drops from 5.21 µg/cm² for the 
control PVDF to 1.99 µg/cm² for the SiO₂PDMS₂ %PVDF membrane. The 
enrichment of PDMS-g-SiO₂ chains at the membrane surface forms an 
omniphobic, low-fouling interface that minimizes protein adhesion and 
enhances desorption. Consequently, the FRR after static adsorption 
(Fig. 7B) values increase because foulants are more easily removed 
under shear forces during the washing process, confirming the fouling- 
release capability of PDMS-modified membranes.

Overall, the strong agreement between reduced protein adsorption 
and improved FRR confirms that PDMS-g-SiO₂ addition enhances the 
membrane’s resistance to fouling and enables better recovery after 
exposure to protein contaminants. These outcomes align well with the 
previously observed reversible fouling behavior and highlight the 
practical benefits of incorporating PDMS-functionalized nanoparticles 
into ultrafiltration membranes [37].

Time-dependent flux profiles of pristine, control, and PDMS-g-SiO₂- 
modified PVDF membranes during the fouling cleaning cycle using 1 g/L 
of BSA and HA as model foulants are presented in Figure S1 (Supporting 
Information). At the beginning of the first filtration cycle, all membranes 
exhibit relatively high PWF values. The pristine PVDF membrane begins 
with a flux of approximately 140 LMH, whereas the control PVDF and 
SiO₂-modified membranes show significantly higher initial flux values. 
This improvement is attributed to the enhanced hydrophilicity and 
porosity imparted by LiCl and silica additives, which facilitate better 
water permeability.

As filtration progresses, flux declines sharply for all membranes due 
to BSA fouling (Figure S1 A), which blocks pores or forms a cake layer on 
the surface. The unmodified PVDF membrane shows the steepest flux 
decline, stabilizing at a lower value (~10 LMH), indicative of a higher 
degree of fouling. In contrast, the modified membranes, particularly 
those containing SiO₂, maintain slightly higher flux during fouling, 
suggesting reduced fouling affinity. After 90 min, the membranes un
derwent a cleaning step, followed by a second filtration cycle. The flux 
recovery after cleaning serves as a measure of antifouling performance. 
The pristine PVDF membrane exhibits limited flux recovery (~50 LMH), 
while PVDF+ LiCl demonstrates moderate recovery (~100 LMH). 
Notably, both the 0.5 % and 2.0 % SiO₂-modified membranes show 
superior flux recovery, regaining ~130–150 LMH, reflecting excellent 
antifouling and self-cleaning characteristics.Similar results were also 
observed for HA fouling as shown in Figure S1 B.

The superior antifouling behavior of the SiO₂PDMS-modified mem
branes can be attributed to a synergistic effect between the hydrophilic 

Fig. 7. (A) %FRR of control and mixed matrix PVDF membranes, (B) Static protein adsorption and %FRR of the hybrid PVDF membranes.
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SiO₂ domains and the low-surface-energy PDMS segments. The SiO₂ 
component enhances hydration layer formation on the membrane sur
face, effectively reducing hydrophobic and electrostatic interactions 
between HA molecules and the membrane. Meanwhile, the PDMS chains 
impart a lubricating, fouling-release surface that minimizes the adhesion 
strength of organic foulants. As a result, the fouling layer formed on 
these hybrid membranes is more loosely bound and can be more easily 
removed during hydraulic cleaning. After each fouling stage, the water- 
cleaning step partially restored the flux to the same level for four 
consecutive cycles. The SiO₂PDMS-modified membranes exhibited the 
highest flux recovery ratios (FRR and FRR-W), confirming that a sig
nificant portion of the foulants was reversible. This behavior demon
strates that the inclusion of SiO₂PDMS nanoparticles not only suppresses 
the initial adsorption of foulants but also weakens the attachment of 
residual foulants, facilitating their removal under mild shear during the 
cleaning process.

Critically, the HA fouling tests highlight the broad-spectrum anti
fouling capability of the SiO₂PDMS-modified PVDF membranes. While 
BSA primarily represents proteinaceous (hydrophilic) fouling, HA is a 
more complex and heterogeneous organic pollutant that includes aro
matic, carboxylic, and phenolic groups. The improved performance 
against both foulant types confirms that the PDMS–SiO₂ modification 
effectively mitigates both hydrophilic and hydrophobic fouling mecha
nisms. This indicates that the antifouling enhancement arises not merely 
from increased surface hydrophilicity, but from a balanced interfacial 
design combining hydrophilic repulsion and hydrophobic fouling- 
release effects.

To further quantify the fouling mechanisms, the overall, reversible, 
and irreversible fouling resistances (Rt, Rr, and Rir) were calculated and 
are summarized in Table 4. Reversible fouling Rr is due to loosely bound 
foulants that can be removed through physical or chemical cleaning, 
while irreversible fouling Rir arises from strongly adhered foulants that 
are difficult to remove and lead to permanent performance decline. As 
shown in Table 5, control PVDF shows high Rr and Rir values, with Rir 
accounting for about 41 % of Rt. This implies that the membrane is more 
susceptible to severe, permanent fouling. However, after the inclusion of 
PDMS-g-SiO₂, the Rir decreases significantly down to approximately 24 
% for the SiO₂PDMS₂ % PVDF membrane while Rr increases, indicating a 
shift toward more manageable, reversible fouling. Similar observations 
were noticed with PVDF incorporated with unmodified SiO2, but the 
irreversible fouling was much higher (Table S1). The Rt also declines 
across the modified membranes, further confirming improved resistance 
to foulant accumulation.

Although the reversible fouling appears higher in the hybrid mem
branes, this is not a drawback, it means that while some fouling still 
occurs, it does not compromise the long-term performance since it can 
be effectively removed through standard cleaning protocols. The slight 
increase in transmembrane pressure (TMP) required during filtration 
due to reduced pore size does not offset the significant gains in anti
fouling behavior.

In order to study the long-term antifouling stability, the long-term 
performance of PVDF membranes and SiO₂-PDMS modified mem
branes (0.5 %, 1 %, and 2 %) was evaluated over 15 days using BSA the 
results are presented in Figure S2. The pure PVDF membrane exhibited 
the highest flux decline, decreasing from 10.68 L/m²⋅h on the first day to 
8.98 L/m²⋅h on day 15, corresponding to an approximate 16 % reduction 

in water flux. This steep decline indicates significant fouling due to BSA 
adsorption on the membrane surface and partial pore blockage. The 0.5 
% SiO₂-g-PDMS membrane showed moderate antifouling behaviour, 
with flux decreasing gradually from 14.50 L/m²⋅h to 13.28 L/m²⋅h over 
the 15-day period, representing an approximate 8.4 % flux loss. This 
drop was even lower for 1 % and 2 % PDMS-g-SiO₂ of 7.4 % and 5 %, 
respectively. This indicates that the enhanced antifouling performance 
of the composite membrane is durable, underscoring its potential for 
real-world water treatment applications.

4. Comparison with previous studies

The incorporation of PDMS-g-SiO₂ into PVDF reserved the backbone 
structure of the latter as it was shown in the FTIR and XRD analysis 
suggesting that the interaction between the additives and the host 
polymer was likely to by a physical entanglement in the polymer chain 
enhanced by the hydrophobic-hydrophobic interactions between methyl 
groups presented in the two constituents. This is supported by the drop 
in the porosity and pore size upon the addition of PDMS-g-SiO₂. It is 
important to note that the influence of NPs on solvent and nonsolvent 
dynamics also contributed to the altered pore structure of the composite 
membrane. The partial coating of SiO₂ with PDMS endowed the nano
particles with both hydrophobic and hydrophilic functional groups, as 
shown in Fig. 2A. This dual functionality enhanced foulant repulsion 
and promoted the formation of a hydration layer, ultimately improving 
water flux.

The antifouling performance of the PDMS-g-SiO₂-modified PVDF 
membranes developed in this study compares favourably with previ
ously reported antifouling PVDF systems (Table 6). For instance, dip- 
coated PVDF/PDMS-g-PEG membranes exhibited FRR values around 
95 % due to the combined effects of hydrophilic PEG and low-surface- 
energy PDMS chains [62], while PEG-modified PVDF membranes also 
showed high flux recovery and reduced protein adhesion through 
enhanced hydrophilicity [63]. Similarly, nanohybrid incorporation of 
SiO₂@GO into PVDF achieved an FRR of 96 % and lowered protein 
adsorption from 138.7 to 62.4 μg cm⁻², attributed to the improved sur
face energy and interfacial hydration [64].

Zwitterionic surface modifications such as poly(sulfobetaine meth
acrylate) (PSBMA) and carboxybetaine (CBMA) grafting have also been 
reported to impart excellent antifouling behaviour by forming strong 
hydration layers on the surface of membranes and achieving high FRR 
values (93–96 %). However, both approaches typically involve complex 
synthetic steps and may suffer from limited chemical durability under 
long-term operation.

In comparison, the present PDMS-g-SiO₂ modified PVDF membranes 
achieved an FRR of 97.5 % and reduced BSA adsorption dramatically 
from 5.1 to 1.99 μg cm⁻², outperforming most of the reported systems. 
This superior performance arises from the synergistic contribution of the 
hydrophilic SiO₂ core and omniphobic PDMS shell, which together form 
a lubricating, low-surface-energy interface that reduces foulant adhe
sion while facilitating easy cleaning. The results confirm the successful 
integration of antifouling and fouling-release mechanisms and demon
strate that this simple nanoparticle blending strategy achieves compa
rable or higher flux recovery with significantly lower protein adsorption 
than PEG-based, zwitterionic, or other nanohybrid PVDF membranes, 
offering a scalable and durable solution for practical ultrafiltration 
applications.

5. Conclusion

Mixed matrix PVDF membranes were fabricated via traditional NIPS 
using PDMS-g-SiO2 as nano additives. PDMS-g-SiO2 NPs were success
fully synthesized using PDMS with single terminal hydroxyl via steglich 
esterification which reported for the first time in this study. The nano
particles were able to enhance the anti-fouling properties of mixed 
matrix PVDF membranes by improving the % FRR ratio. The hybrid 

Table 5 
Fouling resistance for control and hybrid PVDF membranes.

Membrane label %Rt %Rr %Rir (Rr/Rt) (Rir/Rt)

Control PVDF 84.38 43.30 41.08 0.51 0.48
SiO2PDMS0.25 %PVDF 56.01 28.75 27.26 0.51 0.48
SiO2PDMS0.5 %PVDF 75.16 50.34 24.82 0.66 0.33
SiO2PDMS1.0 %PVDF 84.57 61.62 22.95 0.72 0.27
SiO2PDMS2.0 %PVDF 60.36 35.95 24.42 0.57 0.40
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membranes exhibited lower BSA protein adsorption on their surface 
during static protein adsorption test. Due to the added PDMS-g-SiO2, the 
ratio of Rr/Rt increased. This indicates that the BSA molecules adsorbed 
on the top surface of hybrid PVDF membranes was more easily washed 
off during cleaning. These improvements were achieved at the expense 
of slight loss in pure water flux. These results are of particular impor
tance to the ultrafiltration applications in water and wastewater treat
ment industry. The positive antifouling properties bestowed by PDMS-g- 
SiO2 warrant further investigation for their tolerance against other types 
of fouling such as organic and biological which would be an important 
future work goal.
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