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hilic properties and performance
evaluation of PVDF-TiO2-nZVI-SiO2

nanocomposite membranes for the remediation of
heavy metal contaminated wastewater

Murtala Namakka, *ab Md Rezaur Rahman, a Khairul Anwar Bin Mohamed Saida

and Bavya Devi Karuppasamyc

Exposure to heavy metal contaminated water causes irreversible harm to humans and the environment.

Despite the recent progress in nanofiltration for heavy metal remediation, advanced innovations are

necessary to improve its effectiveness and membrane hydraulic performance. In this article, a hydrophilic

multifunctional PVDF-TiO2-nZVI-SiO2 nanocomposite membrane material was developed using a phase

inversion technique for the remediation of lead and hexavalent chromium contaminants. The

synthesized TiO2-nZVI-SiO2 nanocomposite and PVDF-TiO2-nZVI-SiO2 nanocomposite membranes

were characterized via various characterization techniques including FESEM, FTIR, EDX, XRD, XPS, TGA,

water contact angle, and solvent content analysis. The novel TiO2-nZVI coated SiO2 nanocomposite

membranes were fabricated by varying TiO2-nZVI-SiO2 nanocomposite loadings from 0.1 g (M1) to 0.3 g

(M5) and the optimal modification was determined via detailed performance evaluation under varying

concentrations viz. 20 ppm, 30 ppm, 40 ppm and 50 ppm. The removal efficiencies of the PVDF- TiO2-

nZVI-SiO2 membranes were consistently stable despite increase in nanocomposite loadings with

optimum membrane (M5) achieving 99.8% removal efficiency during the 50 minutes filtration operation.

The TiO2-nZVI-SiO2 nanocomposite combines synergistic redox reaction and hydrophilic properties via

TiO2-nZVI and stabilization against particle aggregation from the surface SiO2. Long-term stability study,

the influence of contaminant type and loading on PVDF- TiO2-nZVI-SiO2 membrane and hydraulic

performance corroborated sustained hydraulic properties and stable performance exceeding 90% across

all contaminant loadings.
1 Introduction

Lack of safe drinking water due to contamination from harmful
inorganic and organic chemicals has been declared a global
concern by the United Nations since 2023, threatening 26% of
the global population. Amid the current surge of global pop-
ulation and technological advancements, the demand for
sustainable water and energy security is never more crucial than
now. However, the global demand of clean water, free of
harmful contaminants, for human consumption, food and
energy security will likely be overstretched by the recent
advancements in AI technologies and Data Centres which
utilise large-scale computational models that require clean
water for thermal management.1 The water used for cooling
data centres to maintain optimum operations of these
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technologies, is oen sourced from municipal water supplies
adding to a compounding environmental concern.1,2 These
make the development of effective materials for the treatment
of industrial effluents and other wastewater sources highly
critical. Efficient wastewater purication technologies capable
of removing emerging contaminants such as dyes,3,4 emulsions5

and heavy metals6 are sustainable alternatives for the increasing
water demands. Heavy metal pollution is a contemporary
environmental challenge associated with the discharge of heavy
metals into water systems from industrialisation and rapid
urban developments. Recent studies have investigated the
harmful effects of heavy metal contaminants such as arsenic,7,8

cadmium,9,10 chromium11,12 and lead.13,14 Despite the remedia-
tion intervention, heavy metal contaminations remain a signif-
icant concern. One of the most complex heavy metal
contaminations is the hexavalent chromium, Cr(VI) contami-
nation which oen occur from soil or volcanic dust sources.
Cr(VI) is highly toxic, carcinogenic, corrosion resistance with
relatively high melting points compared to Cr(III) oxidation state
which forms insoluble hydroxides when exposed to water.11,15
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Lead Pb2+ contamination has been reported to inadequately
affect ecosystem due to its enormous toxicity,16 with current
available remediation techniques lacking sustainability.16,17

Therefore, new remediation materials and strategies for the
removal of lead and hexavalent chromium(VI) are essential in
mitigating potential health hazards and future environmental
contaminations. Conventional methods such as chemical
precipitation,18,19 ion exchange,20,21 electrochemical22,23 and
adsorption methods are commonly employed with relative
success.24,25 Although limitations including selectivity in ion
exchange, efficacy of resin generation, production of passive
non-conductive layer in electrochemical method are a major
drawback. Consequently, advanced oxidation processes
coupled with the utilization of biological wastewater treatment
strategies have been explored to enhance target ion selectivity
while maintaining stable adsorption capacity.22,23 Nevertheless,
long operation time,26 excessive sludge formation,27 remains
a challenge in adopting these strategies.28,29 Hence, adsorption
method remains the most widely employed approach for both
lead and Cr(VI) remediation compared to other remediation
strategies.30,31 The efficiency of adsorption method signicantly
lies on the nature and catalytic activity of the adsorbent with
iron and silica-based adsorbent recording the higher Cr(VI)
adsorption capacity.32 However, the approach requires post
treatment cost coupled with unstable adsorption efficiency due
to passivation of iron active sites aer the chemical reduction of
Cr(VI) to Cr(III) over time.33–35

To address this challenge, it is crucial to develop effective
and sustainable remediation approach capable of preventing
formation of passive layers and nanomaterial aggregation while
efficiently combating the diverse range of toxic heavy metals
from wastewater effluents.16 Zero valent iron (ZVI) is charac-
terized by its exceptional reactivity, injective ability and large
surface area electron donor that reduces emerging contami-
nants.36 However, individual nZVI can easily passivate or
agglomerated thereby limiting overall performance.
Researchers have reported enhanced stability of nZVI by
incorporating it a support materials forming stable nano-
composite with less potential passivation properties shielding
active nZVI surface particularly TiO2 which is also a studied
adsorbent capable of mineralizing heavy metal contaminants37

with potential recombination. The coating of TiO2-nZVI was
reported with efficient dispersibility, reducing capacity,
adsorption properties and a signicant photocatalytic.38

In this study, an efficient, advanced adsorbent incorporated
PVDFmembrane was developed for removal of emerging Pb2+ and
Cr(VI) contaminants. The synergistic combination of nZVI,39 silica
SiO2, and TiO2 have shown successful application in environ-
mental remediation with recent application reporting 100% MB
dye removal.40 Previous studies utilize direct chemical reaction in
the synthesis of nZVI-TiO2-SiO2. In the current study a layer-by-
layer patter was adopted to systematically developed three layers
of the nanocomposite by coating the TiO2-nZVI with SiO2 using
CTAB to enable hierarchy in the nanocomposite structural inter-
face. Subsequently, PVDF-TiO2-nZVI-SiO2 nanocomposite
membrane was fabricated via phase inversion by varying the nZVI-
TiO2-SiO2 nanocomposite concentration from 0.1 g to 0.30 g for
© 2026 The Author(s). Published by the Royal Society of Chemistry
M1 to M5. The nZVI-TiO2-SiO2 and nanocomposite membrane
were characterized via various techniques. Performance of the
nanocomposite membrane was assessed via various techniques
including solvent content, water contact angle, water ux and the
remediation of Pb2+ and Cr(VI) contaminants.
2 Materials and methods
2.1 Materials

For the fabrication of TiO2-nZVI and SiO2 coated nano-
composite, All procured Chemicals including Sodium borohyas
procured, FeSO4$7H2O, ethanol, CH3CH2OH, methanol
CH3OH, sodium hydroxide, NaOH, hydrochloric acid HCl,
titanium oxide TiO2 (CAS No: 13 463-67-7), Tetraethyl ortho-
silicate TEOS Si(OC2H5)4, NH3, 1-propanol C3H8O 99.5%, and
Cetyltrimethylammonium Bromide CTAB, were used as
procured from Sigma-Aldrich Sdn. Bhd. (Malaysia). Synthesized
nZVI, and TiO2-nZVI were prepared. Chemicals for nano-
composite membrane fabrication includes Poly vinylidene
uoride, (PVDF) (CAS No: 24 937-79-9, Mm 534 000 g mol−1) as
the primary polymer matrix for its intrinsic chemical resistivity
and thermal stability, N-methyl-2-pyrrolidone (NMP) as
a solvent to ensure a homogeneous dispersion of TiO2-nZVI-
SiO2 nanoparticles in the casting solution. Throughout the
experimental procedures, all aqueous reagent solutions were
prepared with ultrapure water while industrial grade nitrogen,
N2 utilized in this work, was provided by Universiti of Malysia
Sarawak.
2.2 Synthesis of TiO2-nZVI nanoparticles

The TiO2-nZVI nanocomposite was synthesized following the
procedure described in ref. 41 and 37 with little modications.
Briey, a precursor solution was prepared by dissolving 5.56 g of
ferrous sulfate heptahydrate (FeSO4$7H2O) and a specic
amount of pre-synthesized TiO2 nanoparticles in 200 ml of
ultrapure water within a three-necked ask. The mixture was
continuously purged with N2 gas under constant stirring for 30
minutes to achieve a homogeneous, oxygen-free TiO2–FeSO4

solution. Sodium hydroxide (NaOH) and hydrochloric acid
(HCl) (0.01 mol L−1) were used to adjust the solution pH.
Concurrently, sodium borohydride (NaBH4) reducing agent
solution was formulated by dissolving 1.60 g of NaBH4 in 50 ml
deionized water. The reduction of ferrous ions, Fe2+ to zero
valent iron Fe0 on the TiO2 particles was subsequently initiated
by the dropwise addition of the NaBH4 solution into the TiO2–

FeSO4 solution (see eqn (1)–(3)).

FeSO4$7H2O + 2NaBH4 / Fe0 + NaSO4 + 7H2O + 2B(OH)3
(1)

Fe2+ + 2BH4 − + 6H2O / Fe0 + 2B(OH)3 + 7H2[ (2)

Fe0 / Fe2+ + 2e− (3)

The reaction was allowed to proceed for 25 minutes; the
cessation of gas evolution and complete formation of black
colored particles indicates quantitative reduction of Fe2+ to Fe0.
RSC Adv., 2026, 16, 4392–4419 | 4393
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Table 1 Code and compositions of the fabricated TiO2-nZVI-SiO2

nanocomposite membranes

Code
PVDF
(wt%)

Concentration of
TiO2-nZVI-SiO2 (grams)

NMP solvent
(v%)

Mo 14 0 86
M1 14 0.10 86
M2 14 0.15 86
M3 14 0.20 86
M4 14 0.25 86
M5 14 0.30 86
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The solution was allowed to settle for few minutes, washed
several times using 95% ethanol to remove excess reactants and
uncoated TiO2 particles before centrifuging for 5 minutes at 20
000 rpm at room temperature. The binary composite was dried
at 90 °C for 4 hours in a tube furnace under nitrogen condition.
Dried TiO2-nZVI nanoparticles were stored for further
characterizations.

2.3 Synthesis of TiO2-nZVI-SiO2 nanoparticles

The TiO2-nZVI-SiO2 nanocomposites were synthesized by
modifying the procedure described in ref. 42. Briey, specied
amount of TiO2-nZVI- nanoparticles were prepared and ultra-
sonically dispersed in 75% ethanol solutions. The mixture was
continuously sonicated before introducing 10 ml Ammonia and
n-propanol with 2.1 g of cationic surfactant Cetyltrimethyl-
ammonium Bromide, CTAB solutions. Subsequently tetraethyl
orthosilicate was added and the reaction was allowed to proceed
at 85 °C for 6 hours. The silica coated TiO2-nZVI nanoparticles
were collected, washed several times with 75% ethanol and
centrifuged for 5 minutes at 20 000 rpm under room tempera-
ture conditions. Subsequently, the particles were dried at 95 °C
in a tube furnace and stored for further characterization and
membrane fabrications.

2.4 Fabrication of TiO2-nZVI-SiO2 nanocomposite
membranes

Polyvinylidene uoride (PVDF) and NMP were used as the base
polymer and PVDF solvent for the preparation of dope solu-
tions, while synthesized TiO2-nZVI-SiO2 nanoparticles were
incorporated into the membrane dope solution to enhance
hydrophilicity, self-cleaning and overall performance of the
nanocomposite membrane. The dope solutions were prepared
following the procedure described in ref. 43 and 44 with the
following modications. Briey, PVDF pellets (14% w v−1) were
added to a predetermined volume of NMP solvent in a 250 ml
conical ask. TiO2-nZVI-SiO2 nanoparticles were subsequently
introduced at varying concentrations viz. 0.1 g, 0.15 g, 0.20 g,
0.25 g and 0.30 g. The solutions were covered using foil paper
and subjected to 350 rpmmagnetic stirring at 85 °C for 24 hours
to ensure effective dissolution and homogenous dispersion of
the TiO2-nZVI-SiO2 nanoparticles in the dope solutions. To
eliminate possibly entrapped air bubbles introduced during
stirring, which could potentially introduce defects in the cast
membrane, the homogenously dispersed dope solutions were
transferred to an oven and held at 50 °C for 1 hour, this
procedure reduces the solution viscosity and allows micro-
bubbles to coalesce. Subsequently, the bubble-free dope solu-
tion (approximately 10 ml) was cast onto a clean, dry glass
substrate (21 cm × 30 cm) using a doctor blade lm applicator
and immediately immersed in a coagulation bath containing
deionized water maintained at room temperature (approxi-
mately 25 °C). This step helps initiate the non-solvent induced
phase separation process, resulting in the solidication of the
polymer solution and the formation of a hydrophilic TiO2-nZVI-
SiO2 nanocomposite membrane. Following phase inversion, the
nanocomposite membranes were transferred to another
4394 | RSC Adv., 2026, 16, 4392–4419
coagulation bath containing fresh deionized water for 12 hours
(overnight). The coagulation bath water was replaced with fresh
distilled water to ensure the complete extraction of residual
NMP solvent and any soluble components from the TiO2-nZVI-
SiO2 nanocomposite membrane matrix. Finally, the nano-
composite membranes were stored in a fridge for further
analysis. Table 1 shows the TiO2-nZVI-SiO2 nanocomposite
membrane designated code and compositions.
2.5 Characterizations

Synthesized TiO2-nZVI, SiO2 coated TiO2-nZVI and fabricated
nanocomposite membranes were characterized via XRD, FTIR,
TGA, FESEM, EDX, and XPS analytical techniques to corrobo-
rate the physicochemical properties and chemical bonding of
the synthesised nanocomposite material.

Fourier-transform infrared (FTIR) spectroscopy was per-
formed using a Shimadzu IRAffinity-1 spectrometer to charac-
terize the molecular bond structures and functional groups of
the nanoparticles and the fabricated membranes. Both analyses
were conducted in attenuated total reectance (ATR) mode
across a wavenumber range of 4000 to 400 cm−1, with a spectral
resolution of 4 cm−1 and an accumulation of 32 scans per
spectrum. For measurement, a section of each sample was
placed on the ATR crystal and secured with a swivel press to
ensure optimal surface contact.

The surface morphology and elemental composition of the
synthesized nanocomposites were characterized by using eld
emission scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (FESEM-EDS), which are well-
established techniques for microstructural and elemental anal-
ysis.45,46 The FESEM images (×15 000 and ×50 000 magnication)
were acquired with a Hitachi S-4700 instrument, operating at an
accelerating voltage of 20 kV, which illustrates the morphological
structure of the TiO2-nZVI, silica coated TiO2-nZVI nano-
composites and modied PVDF- TiO2-nZVI-SiO2. Subsequently,
the thermal stability of the TiO2-nZVI and the inuence of SiO2

coating on the physicochemical properties of the synthesized TiO2-
nZVI-SiO2 nanocomposite material was evaluated via TGA analysis
under the following conditions: on set temperature of 323.69 °C,
Inect. Point temperature 372.92 °C, end set temperature 388.95 °
C and midpoint 351.52 °C under constant N2 supply. The XPS
analysis was conducted to investigate the chemical bonding and
elemental interactions within the nanocomposite material. The
analysis followed the procedure described in ref. 47 and 48 and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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deconvolutions and peaks identication were guided by the stan-
dard procedure described in ThermoFisher scientic. Briey. The
analysis was carried out in Alpha-K XPS spectrometer using
monochromatic aluminium radiation at 0.3 eV FWHM, 1.5% pass
energy resolution and 11.75 eV to 23.5 eV measurement pass
energy resolution as described in operation manual. The crystal-
linity and phase composition of the SiO2 coated TiO2-nZVI nano-
particles and the fabricated nanocomposite membranes were
analysed using X-ray diffraction (XRD). Measurements were per-
formed at ambient temperature on a Rigaku SmartLab Powder X-
ray diffractometer. Data were collected over a 2q angular range
from 0° to 80°. The crystalline index (CrI), serving as a measure of
the degree of crystallinity, was determined using the empirical
equations described in ref. 49. The crystallite size was calculated
using origin soware (see S1CA 1–10), by employing Debye–
Scherrer equation and the standard procedure of the ASTM F3419-
22 (2022) standard.50

Crystalline indexð%Þ ¼ Ac

At

� 100 (4)

At = Ac + Am (5)

D ¼ kl

b cos q
(6)

where Ac represent “Area of all the crystalline peak Am repre-
sents the area of amorphous peaks At total area of all peaks k is
the Scherrer constant = 0.94 l (nm) is the X-ray wavelength =

1.5418 b (radians) represent the full width at half maximum,
FWHM q (Degree) is the Bragg angle.
2.6 Nanocomposite membrane performance analysis

2.6.1 Membrane porosity. The porosity of the TiO2-nZVI-
SiO2 nanocomposite membranes were measured by recording
the weight of the membrane piece before and aer wetting. The
wetted membrane was immersed in deionized water for 24
hours as described in ref. 51.

3ð%Þ ¼

�
Wa �Wb

rw

�
�
Wa �Wb

rw

�
þ
�

Wb

rPVDF

�� 100 (7)

where Wa and Wb are the weight of wet and dry membrane (g).
rw and rPVDF are the density of water (0.998 g cm−3) and PVDF
polymer (1.740 g cm−3).

2.6.2 Membrane hydrophilicity. The surface hydrophilicity
of the fabricated TiO2-nZVI-SiO2 membranes was quantitatively
evaluated through static water contact angle measurements,
employing the sessile drop method with an Ossila contact angle
goniometer. Ultrapure water was used as the probe liquid.52 To
ensure for surface heterogeneity, measurements were repeated
randomly in different selected locations per sample. Inuence
of time on the water contact angle was evaluated. The reported
contact angle value represents the arithmetic mean of these
replicate measurements, providing a robust characterization of
the macroscopic wetting characteristics.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.6.3 Membrane solvent content analysis. The solvent
uptake behavior and swelling characteristics of the TiO2-nZVI-
SiO2 nanocomposite membrane were quantitatively analyzed to
investigate the thermodynamic interactions between the poly-
mer matrix and other polar solvents viz. Water, ethanol and
methanol. Briey, a piece of the TiO2-nZVI-SiO2 nanocomposite
membrane with a uniform area of 1 cm2 was cut and immersed
in water, methanol and ethanol for 24 hours until equilibrium
swelling was achieved, the weight of the membrane before and
aer wetting were measured. This approach was utilized by ref.
43 and 53. The degree of swelling was assessed gravimetrically
by calculating the mass difference between the swollen equili-
brated state, Ws and the dry state Wd. The equilibrium solvent
content (Sc), expressed as a percentage, was then determined by
the following mathematical expression.

Sc ¼ Ws �Wd

Ws

� 100 (8)

2.6.4 Membrane shrinkage ratio analysis. The shrinkage
ratio is dened as the ratio of the volume of the dry membrane
to that of the wet membrane. In this analysis, similar
membrane sample size (1 cm2) was used as in the case of solvent
content analysis. However, only deionized water was used
throughout herein. Initially, the length and thickness of the
membrane were measured before wetting in deionized water for
1 day. Subsequently, the parameters were recalculated, and the
shrinkage ratio was evaluated using the following mathematical
expression described in ref. 54.

Shrinkage ratioð%ÞSr ¼
�
1� ðl: � b:Þ

ðl0 � b0Þ
�
� 100 (9)

2.6.5 Membrane pure water ux analysis. Themethodology
described in ref. 55 was modied. Briey, the nanocomposite
membrane discs (4.4 cm diameter) were cut and installed in the
ltration unit. Aer loading 2.5 L of pure water, the system was
started at zero pressure. A stabilization period involved gradually
increasing the pressure to 2.0 bars for 30 minutes. The system was
then operated at 1.0 bar, with permeate volume measured at 5
minutes intervals over 65 minutes. Water permeation ux was
calculated as described by Omar et al. (2023). For accuracy, the
experiment was replicated for each membrane, and average ux
values were determined using the following equation.

Pure water fluxðJwÞ ¼ Q

A DT
(10)

where Q is the amount of pure water that passes the nano-
composite membrane (m3), DT is the ltration time (h), A is the
membrane area (m2).

2.6.6 Nanocomposite membrane heavy metal removal
analysis. The heavy metal rejection performance of the nano-
composite membranes was evaluated with aqueous solutions of
Cr(VI), and Pb2+ at varying concentrations. Initially, 10 ppm
single ion aqueous solutions of Pb2+ were prepared for the rst
ltration cycle for all the nanocomposite membranes (Mo, M1,
M2, M3, M4 and M5) to determine the membrane with
RSC Adv., 2026, 16, 4392–4419 | 4395

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08723f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
9:

26
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
optimum performance. Subsequently, the optimum membrane
was subjected to the varying Pb2+ and Cr(IV) concentrations
(20 ppm, 30 ppm, 40 ppm and 40 ppm) to evaluate the inuence
of heavy metal concentration on the overall nanocomposite
membrane performance. Each of the ltration experiments
were conducted at 1 bar and 25 °C for 70 minutes. Prior to
testing, a preconditioning protocol described in water ux
analysis was implemented, wherein the nanocomposite
membrane was compacted at 2 bar for 20 minutes, followed by
a 10 minutes stabilization period with the heavy metal solution
at the same pressure to ensure structural stability and prevent
articially high initial rejection values. The feed solution was
relled continuously to maintain consistent feed concentra-
tions. The concentration of heavy metal ions in the permeate
was analyzed using atomic absorption spectroscopy (AAS) cali-
brated with a standard curve. The heavy metal rejection rate (R)
was determined according to the following equation:56

Rð%Þ ¼
�
1�

�
Cp

Cf

��
� 100 (11)
3 Results and discussion
3.1 FTIR of nZVI, TiO2-nZVI, and TiO2-nZVI-SiO2

nanocomposite

Fourier transform infrared spectroscopy with attenuated total
reectance (FTIR-ATR) was employed to characterize the func-
tional groups present in the synthesized nZVI, nZVI-TiO2, and
TiO2-nZVI-SiO2 nanoparticles (Fig. 1). The spectra for all three
nanoparticles exhibited characteristic absorption peaks correlated
with the vibrational modes of their constituent chemical bonds.
The FTIR spectra of the nZVI (a) and nZVI coated TiO2 (b) nano-
particles were nearly identical, indicating that the composite is
Fig. 1 FTIR of the synthesized nZVI, TiO2-nZVI, and TiO2-nZVI-SiO2 nan

4396 | RSC Adv., 2026, 16, 4392–4419
predominantly composed of the coated nZVI surface layer. In the
FTIR spectrum of the TiO2-nZVI composite, a broad absorption
band observed at 3400.23 cm−1 is attributed to O–H stretching
vibrations, which is consistent with the typical range for this
functional group.57 The peaks at 1590.78 cm−1 and 2104 cm−1

collectively suggest the presence of O–H bonds associated with the
formation of a-FeOOH.58,59 Furthermore, a shi in the Ti–O–Ti
stretching vibration absorption band from 720 cm−1 to a lower
wavenumber of 516.09 cm−1 corroborate the successful composi-
tional integration of nZVI in TiO2 surface layer.

In FTIR analysis of TiO2-nZVI-SiO2 shown in (c), both peak at
1030, –OH tensile vibration peak (2104 cm−1), and –OH
stretching (3400 cm−1), peaks became sharp with a clear C–H
vibrations around 2800 cm−1, this can be associated with the
surface coating by SiO2 nanoparticles on the TiO2-ZVI, thereby
increasing the overall –OH functional group on the TiO2-nZVI-
SiO2 nanocomposite material.

The effective encapsulation of TiO2-nZVI within a silica matrix
is essential for maintaining stability and reactivity, coupled with
reduced passivation potential of nZVI surfaces, particularly in
aqueous environments. Similar ndings were reported in ref. 60.
Moreover, the silica coating has been shown to mitigate the
oxidation of nZVI, a factor critical for preserving its reductive
capabilities. The vibrational nodes for the metal–oxygen bonds
(Ti–O–Ti and Fe–O) were identied in the 484–500 cm−1 range,
which are critical for the structural support of nZVI by TiO2 40,
amorphous SiO2 peak with Si–O bending vibrations was noted at
680 cm−1.61,62 At little higher wavenumbers, the absorption bands
between 1000 and 1006 cm−1 were assigned to Si–O–Ti or Si–O–Si
asymmetric stretching vibrations.63–65 The presence of surface
hydroxyl groups, vital for the material's adsorptive and catalytic
properties, was conrmed by multiple vibration intensities in
both nanoparticle samples. These included Fe–O vibrations (500–
742 cm−1), O–H bending at 1630 cm−1, more profound for TiO2-
oparticles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nZVI, and coated SiO2 sample, and O–H stretching nodes related
to Fe–OH, Si–OH and Ti–OH species at 600 cm−1, and 3400 cm−1

respectively. A comparative spectral analysis of the nanoparticles
showed consistent peaks proles, suggesting a stable composite
structure.
3.2 FESEM/EDS analysis of TiO2-nZVI-SiO2 nanocomposite

Fig. 2 depicts the FESEM images at ×15 000 and ×50 000
magnication of the morphological structure of TiO2-nZVI and
the silica coated TiO2-nZVI nanocomposites. As shown in
Fig. 2(a). The morphological structure of the TiO2-nZVI nano-
particles, examined at a magnication of ×50 000 magnica-
tion reveals a regular spherical shape with a moderately
uniform distribution of particles. Similar characteristic
morphology was reported by Huang et al. (2018). In Fig. 2(b)
under magnications of ×15 000, the silica coated TiO2-nZVI
nanoparticle material, despite the homogeneity observed in
TiO2-nZVI (Fig. 2(a)), exhibits few irregularly shaped particles
with a non-uniform distribution, this characteristic morpho-
logical property was also observed in previous research nd-
ings41 indicating the presence of mesopores a morphological
trait commonly associated with silica coated nZVI-based
nanocomposites.66,67
Fig. 2 FESEM analysis of TiO2-nZVI ×50 000 magnification (a), silica coa
area of silica coated TiO2-nZVI ×50 000 magnification.

© 2026 The Author(s). Published by the Royal Society of Chemistry
The ×50 000 magnied view in image (c) elucidates a detailed
particle morphology. The relatively uniform surface morphology
observed suggests an efficient silica coating, as supported by
previous studies that highlight the benets of silica for enhancing
the dispersibility and stability of metal nanoparticles.60,63 Fig. 3
shows the elemental compositions of the synthesized nano-
composite material, from this gure, energy-dispersive X-ray
spectroscopy (EDS) analysis corroborated the elemental compo-
sition and purity of the synthesized nZVI-TiO2-SiO2 nano-
composites. The EDS spectra reveal a progressive mass ratio of
silicon, zero-valent iron (nZVI), and titanium atoms with relatively
higher mass ratio of oxygen. Higher mass percentage of titanium
with nearly equal mass percentage of silicon and zero valent iron
(15.78% and 15.48% mass percent respectively) conrm the
existence of the Fe0 and Si as a coating layer of approximately
equal mass percents in the nanocomposite material. Ti mass
percents 18.52% exist relatively higher aer oxygen (50.22%) in
the nanocomposite as the titania (TiO2) nanoparticles are the
“core” material in the nanocomposite. The distribution and
relative abundance of the incorporated nanoparticles are gov-
erned by interfacial interactions, redox reactions, and particle
nucleation and growth dynamics. These fundamental mecha-
nisms are themselves highly dependent on the reaction pH, as
established in prior studies.40,68–70
ted TiO2-nZVI nanoparticles ×15 000 magnification (b) and (c) selected

RSC Adv., 2026, 16, 4392–4419 | 4397
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Fig. 3 EDX analysis of silica coated TiO2-nZVI nanoparticles.

Fig. 4 X-ray diffraction pattern of nZVI, TiO2-nZVI and TiO2-nZVI-SiO2 nanoparticles (a) TiO2-ZVI-SiO2 (b) Comparison of diffraction patterns of
ZVI, TiO2-nZVI and TiO2-nZVI-SiO2 nanoparticles.
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The EDX analysis of the TiO2-nZVI-SiO2 nanoparticles
conrms the results of the FTIR analysis and a successful
synthesis of nZVI-TiO2-SiO2 nanocomposite material with the
desired elemental composition. The results highlight the
effective two-layer coating of nZVI and SiO2. The uniform
distribution of nZVI and silicon highlights the effectiveness of
the coating method, which is crucial for maximizing the
material's reactivity and stability in environmental applications.
3.3 X-ray diffraction (XRD) analysis of nZVI, TiO2-nZVI and
TiO2-nZVI-SiO2 nanocomposite

Fig. 4 shows the crystalline structure and phase composition of
the synthesized nZVI, TiO2-nZVI, TiO2-nZVI-SiO2 nanoparticles
4398 | RSC Adv., 2026, 16, 4392–4419
analyzed using Rigaku SmartLab Powder X-ray Diffractometer.
The resulting patterns Fig. 4(a and b) exhibits characteristic
peaks of a binary crystalline material coated by an amorphous
Silica matrix. The XRD peaks in Fig. 4(a) (see Table 2) corrob-
orates the existence of dominant anatase titanium dioxide, TiO2

and a metallic zero valent iron, Fe0.71–74 The most prominent
peak at 25.3° is indexed to the 101 plane75 of the anatase phase
(JCPDS No. 21-1272). This conrmed the presence of the TiO2

photocatalytic component which forms the core of the synthe-
sized TiO2-nZVI-SiO2 nanocomposite and reinforces its overall
stability and chemical activity.76–78 The anatase 37.8° indexed
004 plane, 48.0° indexed 200 plane and a distinct peak corre-
sponding to the 105 plane at 53.9° conrms the high purity of
the anatase phase of the TiO2 component. In addition, there is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 XRD reflection index of the synthesized TiO2-nZVI-SiO2 nanoparticles

Phase 2q (°) Crystal plane (hkl) JCPDS card Ref.

TiO2 (anatase) 25.3 (101) 21-1272 75
TiO2 (anatase) 37.8 (004) 21-1272 75
TiO2 (anatase) 48.0 (200) 21-1272 75
TiO2 (anatase) 53.9 (105) 21-1272 75
Fe 44.7 (110) 06-0696 79
Fe 65.1 (200) 06-0696 80
Amorphous SiO2 15–30 (broad hump),

20.2
(111) 00-022-1536 81
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nearly complete absence of the main rutile (110) peak at 27.4°
(see Fig. 4(a)).

A critical peak of zero-valent iron, magnetic and reductive
component of the TiO2-nZVI-SiO2 nanocomposite, is observed
at 44.7°, indexed (110) JCPDS 06-0696 which is the ngerprint of
the nZVI materials.79 However, a small wide peak at 65.1°
indexed to the iron (200) plane is associated with the Fe0. The
peak reection at 35.4° could be associated with the formation
of iron oxide shells such as Fe3O4 and g-Fe2O3 which form upon
the exposure of Fe0 to air during XRD analysis. However, these
narrow passive layers usually produced via surface oxidation
oen serve to stabilize the highly reactive nZVI core.82–84 The
broad silica hump across approximately 15° to 30°, coupled
with the absence of sharp, characteristic peaks of SiO2 in the
form of quartz, revealed that the SiO2 component exists
predominantly in an amorphous state.85,86 The amorphous SiO2

acts functionally as an inert and a stabilizer.63 Hence, it is highly
essential for mitigating the intrinsic agglomeration potential of
the nZVI and its possible inuence on the synthesized TiO2-
nZVI nanocomposite.58 In addition, amorphous SiO2 coating
bolsters the available surface area of the coated TiO2-nZVI
material for synergistic catalytic and reductive reactions.81
3.4 XPS analysis of TiO2-nZVI-SiO2 nanocomposite

Fig. 5 illustrates the X-ray photoelectron spectroscopy analysis
of the nanocomposite material. The full survey spectrum in
Fig. 5(a) conrmed the presence of titanium (Ti), iron (Fe), and
silicon (Si) in the synthesized nanocomposite. Fig. 5(b) decon-
voluted via Gaussian model provides a detailed survey of the
chemical and electronic interaction of titanium spectrum (Ti
2p) in the nanocomposite material. The well-dened doublet of
the Ti 2p3/2 and Ti 2p1/2 peaks were observed at binding energy,
BE = 458.7 eV and BE = 464.4 eV respectively. The peaks
binding energy separation were found to be BE = 5.7 eV con-
forming with the predominant +4 oxidation state, Ti4+. The
absence of Ti3+ suggest a successful integration of TiO2 with the
nZVI.87 In Fig. 5(c), on the other hand, the characteristic Fe 2p3/2
and Fe 2p1/2 spin orbit splitting peaks with two minor peaks
located at BE = 705.6 eV and BE = 718.6 eV respectively which
are consistent with the XPS ndings in ref. 88 and 89. These
minor peaks associated with lower intensities are characteristic
property of nano zero valent iron, Fe0.90 Subsequently, the
passivated iron layers Fe 2p3/2 and Fe 2p1

2
located at BE = 711 eV
© 2026 The Author(s). Published by the Royal Society of Chemistry
and BE = 724.5 eV are a specic characteristic of oxidized Fe0

iron species (Fe2+ and Fe3+) with a potential formation of Fe–
OOH and Fe3O4 iron oxides,82,83 conrming the core shell
structure of coated nZVI on TiO2 nanoparticles. Fig. 5(d) depicts
the detailed survey region of Si 2p, the deconvolution shows two
distinct peaks correlated to bulk SiO2 and silicon metal inter-
face (Si–O–Metal) located at BE = 103.5 eV and BE = 102.5 eV
respectively. The bulk SiO2 binding energy is consistent with
tetrahedral network within the amorphous SiO2 matrix91–93

corroborating the XRD ndings of the amorphous nature of
silica layer (refer to Section 3.4), coating the nanocomposite
material. The silicon metal interface will enable strong inter-
facial interaction of Si–O–x with Fe0,63 leading to the formation
of Si–O–Fe,63 while making SiO2 a strong chemical interface
supporting electron coupling in the TiO2-nZVI-SiO2 nano-
composite material. In the O 1s spectrum (Fig. 3(b)), a prom-
inent peak at approximately BE = 529 eV corresponds to the
lattice oxygen bond in metal oxides (M−O), while a smaller
deconvoluted peak at BE = 532.5 eV is attributed to O–H
bonds,94,95 conrming the presence of oxygen atoms associated
with surface hydroxyl groups on SiO2,96 TiO2 and Fe–OOH or
Fe2O3.4 The detailed region analysis of the C 1s XPS spectra was
deconvoluted into four distinct peaks via similar Gaussian
model (see Fig. 5(f)). The centered peak at BE = 284.8 eV is
assigned to C–C and C–H bonds associated with adventitious
hydrocarbon contaminants.97 the peak at BE = 286.0 eV to
287.0 eV and BE = 288.5 eV to 289.5 eV is attributed to oxidized
C–O or C–OH and C]O or O–C]O functional groups.98–101 The
presence of these oxidized byproducts could be associated with
the exposure of adventitious carbon from residual organic
precursors utilized in the nanoparticle synthesis to the atmo-
spheric air. Recalling that the synthesized particles were washed
several times with ethanol as described in Section 3. At low-
binding energy BE = 283.0–284.0 eV signies C–Metal bonds,
particularly metal carbides such as Ti–C, Fe–C102 and Ti–Fe–C.103

However, there was no anatase peak indicating Ti–C bond
which is commonly located near 281 eV, suggesting absence of
carbon–oxygen replacement in the anatase TiO2 lattice.104,105

Consequently, the formation of these metal carbides at low BE
signies a successful chemical interaction between the nZVI
with carbon species conrming electronically coupled and
stable nanocomposite. These properties are crucial for overall
material catalytic activity, functionality and structural integrity.
The overall nanocomposite components selection was designed
RSC Adv., 2026, 16, 4392–4419 | 4399
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Fig. 5 TiO2-ZVI-SiO2 XPS analysis. Full survey response (a), and (b–f) detailed survey of regions Ti 2p, Fe 2p, Si 2p, O 1s, and C 1s.
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for synergistic activity, where the TiO2 shell can facilitate the
photocatalytic activity and enhanced electron transfer from the
underlying nZVI, a mechanism known to boost contaminant
reduction. Furthermore, the SiO2 matrix not only stabilizes the
composite against aggregation but also modulate interfacial
electron dynamics as shown in the Si 2p spectral analysis.
4400 | RSC Adv., 2026, 16, 4392–4419
3.5 TGA analysis of TiO2-nZVI-SiO2 nanocomposite
compared with TiO2-nZVI nanoparticles

Fig. 6 shows the thermal gravimetric analysis of TiO2-nZVI-SiO2

and compares the degradation properties with the precursor
TiO2-nZVI composite to evaluate the inuence of the SiO2 layer
on the thermal behavior and structural stability. From Fig. 6(a–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA Analysis of TiO2-nZVI and TiO2-nZVI-SiO2 (a and c), weight 1st order differential of TiO2-Nzvi and TiO2-nZVI-SiO2 (b and d)
nanocomposite.
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c), the TiO2-nZVI composite shows multi-stage thermal degra-
dation prole (see S1 TGA 1&2), with a total weight loss of 38 w%
across the TGA temperature range. The rst degradation stage
at 150 °C, characterized by 5 wt% to 8 wt% loss, is attributed to
the removal of physiosorbed water and residual solvent mole-
cules.41,106 Weight loss from 150 °C to 800 °C is associated with
the decomposition of organic species, such as –O–H groups on
the nanocomposite surface, and the oxidation of the nZVI core
to iron oxides such as Fe3O4 or Fe2O3.107 The constant degra-
dation of the composite material at this stage implies nearly
complete thermal oxidation of the reactive nZVI core and the
initial exposure of TiO2 shell. In (Fig. 7(c)) the TiO-nZVI-SiO2

composite revealed better thermal stability, with a total mass
loss of 3% across the TGA temperature range. The at TGA curve
indicates high thermal stability of the SiO2-coated nano-
composite material, which is consistent with the ndings in ref.
107 where SiO2 was reported to enhance the thermal stability of
TiO2 in TiO2–SiO2 nanocomposite. The SiO2 layer functions as
a protective barrier that restricts the diffusion of oxygen and
moisture to the nZVI, slowing the thermal oxidation and overall
aggregation of the SiO2-coated nanocomposite.
3.6 Membrane properties and performance evaluation

3.6.1 X-ray diffraction (XRD) analysis. The XRD analysis
was employed to elucidate the crystalline structure and phase
composition of TiO2-nZVI-SiO2 membranes modied by varying
© 2026 The Author(s). Published by the Royal Society of Chemistry
TiO2-nZVI-SiO2 loadings, in comparison to an unmodied
control membrane (see Fig. 7). The diffractograms for all
membranes exhibited prominent peaks at 2q angles approxi-
mately at 2q=∼18.39° associated to a-phase PVDF,108–110 and 2q
= 20.22° are characteristic of the electroactive b-phase of PVDF,
a nding consistent with the previous ndings in ref. 111–115.
These peaks correspond to reections from the (110) and (020)
crystallographic planes, conrming the b-phase as the ther-
modynamically dominant crystalline polymorph in the nano-
composite system. The broadening peaks observed at 2q= 20.22
with increasing TiO2-nZVI-SiO2 loading could be associated
with increase in the amorphous SiO2 in the polymer matrix.116 A
secondary diffraction peak observed at around 2q = ∼28.5° was
identied as the (101) plane of the anatase phase of TiO2.41,114

However, there is a progressive variation in this peak's inten-
sities observed with increasing TiO2-nZVI-SiO2 loading,
providing greater density for active sites. Hence, the crystallinity
of the membrane increases with increasing nanoparticles
loading (see S1 C1–C10) which aligns with previous research
ndings correlating polymer functionalization with PVDF crys-
tallinity, enhancing functional interactions and molecular
ordering within the PVDF polymer matrix ((Jeong et al., 2023)
Jeong et al., 2018; Pyo et al., 2024).

3.6.2 FTIR analysis of the PVDF and modied TiO2-ZVI-
SiO2 nanocomposite membrane. The FTIR analysis of the PVDF
and TiO2-nZVI-SiO2 modied nanocomposite membranes were
RSC Adv., 2026, 16, 4392–4419 | 4401
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Fig. 7 XRD analysis of PVDF and PVDF incorporated TiO2-ZVI-SiO2 nanocomposite membranes at varying nanocomposite loading (Mo =

pristine PVDF; M1 = 0.1 g, M2 = 0.15 g, M3 = 0.20 g, M4 = 0.25 g and M5 = 0.3 g TiO2-ZVI-SiO2).
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conducted (see Fig. 8) to support further analysis on the
incorporation of TiO2-nZVI-SiO nanocomposite and determine
the interactions between the nanoparticles and membrane
functional groups as well as the structural modications of
PVDF and the modied nanocomposite membranes. The
spectra of the samples viz. Mo, M1, M2, M3, M4, and M5 are
moderately congruent, indicating that the incorporation of
TiO2-nZVI-SiO2 nanocomposite slightly alters the fundamental
chemical functionalities of the PVDF polymer. As the TiO2-nZVI-
Fig. 8 FTIR analysis of PVDF and TiO2-nZVI-SiO2 modified nanocompo
0.20 g, M4 = 0.25 g and M5 = 0.3 g TiO2-ZVI-SiO2).

4402 | RSC Adv., 2026, 16, 4392–4419
SiO2 loading increases there appears an overall increase in
intensities in the modied nanocomposite membranes. This is
evidenced by observing the characteristic peaks of the PVDF
matrix in the Mo to M5 samples viz. CH2 wagging at 1400 cm−1,
CF2 asymmetrical stretching at 1176 cm−1, C–C asymmetrical
stretching at 876 cm−1, and a combined peak at 840 cm−1 for
CF2 stretching and CH2 rocking. The typical –OH stretching
vibration expected between 3300–3600 cm−1,57,110 was observed
at 3500 cm−1. Two additional moderate deviation from Mo was
site membranes (Mo = pristine PVDF; M1 = 0.1 g, M2 = 0.15 g, M3 =

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Surface and cross-sectional morphologies of the PVDF incorporated TiO2-nZVI-SiO2 nanocomposite membranes

Nanocomposite membrane
composition Surface morphology Cross sectional morphology

Mo-pristin @PVDF

M1-0.10 g @ TiO2-nZVI-SiO2

M2-0.15 g @ TiO2-nZVI-SiO2

M3-0.20 g @ TiO2-nZVI-SiO2

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 4392–4419 | 4403
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Table 3 (Contd. )

Nanocomposite membrane
composition Surface morphology Cross sectional morphology

M4-0.25 g @ TiO2-nZVI-SiO2

M5-0.30 g @ TiO2-nZVI-SiO2
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observed on the modied membranes between 670 cm−1, to
876 cm−1 C–C vibrations, potentially attributable to specic
molecular rearrangement as TiO2-nZVI-SiO2 nanocomposite
introduced in the PVDF membrane matrix, corroborating the
XRD ndings on the possible formation of metal carbide Ti–Fe–
C103 and metal oxide such as Ti–O, Fe–O–, Si–O–Si around
1250 cm−1.119 Where peaks broaden as TiO2-nZVI-SiO2 nano-
composite loading increases. The peaks at 740 to 820 cm−1, and
950 cm−1 and 960 cm−1 revealed consistent increase in hydro-
philic functional groups, Si–O–H, Ti–O–H or Si–O–Ti vibra-
tions,42 further conrming the incorporation of TiO2 and
SiO2.120,121 The peak around 500 cm−1 is attributed to Fe–O
overlapping Ti–O stretching vibrations in the crystalline phases
of PVDF nanocomposite matrix.117,118

3.6.3 Surface and cross-sectional morphological analysis of
the PVDF and modied TiO2-ZVI-SiO2 nanocomposite
membranes. The surface and cross-sectional morphologies of
the modied and unmodied membranes were investigated via
FESEM and EDX analyses. Based on the FESEM analysis and
EDX elemental mapping presented in Table 3 and Fig. 9
respectively, the dispersion of the TiO2-nZVI-SiO2 nanoparticles
4404 | RSC Adv., 2026, 16, 4392–4419
within the PVDF membrane matrix was found to be consistent
and signicantly inuenced by the presence of SiO2 coating on
TiO2-nZVI nanocomposite material. Since titania TiO2 and nZVI
nanoparticles oen exhibit homogeneous dispersion at rela-
tively small loading (0.1 g to 0.15 g) when incorporated in PVDF
membranes, as pronounced agglomeration at higher loading
are reported in previous studies associated with both TiO2 and
nZVI nanocomposite membranes.122,123 The morphological
homogeneity observed is corroborated by EDX line-scanning of
the membrane cross-sections (see Table 3), which revealed
a uniform distribution prole across all the TiO2-nZVI-SiO2

nanocomposite membranes as opposed to the ndings re-
ported by ref. 54 with highly irregular prole for the Si element
which were concurrently introduced with TiO2, contrary to the
surface coating approach reported in this study. The agglom-
eration of nanoparticles is a phenomenon primarily driven by
strong interparticle forces such as electrostatic, steric, and van
der Waals interactions.124,125 The incorporation of SiO2 as
a surface layer enhances the nanocomposite homogeneous
dispersion, resulting in a uniform particle distribution. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Elemental mapping of PVDF TiO2-nZVI-SiO2 PVDF nanocomposite membrane via FESEM/EDX analyses (Mo = pristine PVDF; M1 = 0.1 g,
M2 = 0.15 g, M3 = 0.20 g, M4 = 0.25 g and M5 = 0.3 g TiO2-nZVI-SiO2).
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EDX analysis conrmed the presence of SiO2, TiO2 and nZVI
across all the membrane cross sections.

The results from the FESEM analyses (refer to Table 3)
further corroborates the incorporation of TiO2-nZVI-SiO2

nanoparticles in the PVDF matrix, as observed by the induced
concentration-dependent morphology associated with the
presence of titania particles. Consequently, at lower TiO2-nZVI-
SiO2 loadings 0.10 g to 0.20 g, the nanocomposite exhibited
a rened surface pore structure with increased mean pore size
while maintaining consistent membrane porosity.123,126,127

Results from this cross-sectional morphology corroborate the
inuence of nanocomposite loadings in the formation of
extended macro-voids in the membrane structure.49,128,129 These
morphological properties are associated to the TiO2-nZVI-SiO2

ability in enhancing the phase inversion process while
promoting instantaneous de-mixing and solvent to nonsolvent
exchange kinetics. Similarly, higher TiO2-nZVI-SiO2 loadings
Table 4 Characteristic properties of the PVDF TiO2-nZVI-SiO2 incorpor

Modied membrane
Average membrane thickness
(mm)

Mem
(mm)

0.10 g TiO2-nZVi-SiO2 49 11.87
0.15 g TiO2-nZVi-SiO2 53 11.83
0.20 g TiO2-nZVi-SiO2 55 11.74
0.25 g TiO2-nZVi-SiO2 56 11.77
0.30 g TiO2-nZVi-SiO2 58 11.74

© 2026 The Author(s). Published by the Royal Society of Chemistry
(0.25 g to 0.30 g) instigate a proportional morphological tran-
sition. The increased dope solution viscosity delays phase
separation, leading to looser sub-layer, more prominent surface
pores, and increased overall porosity to 87.53% (see Table 4).
This shi, governed by thermodynamic characteristics, results
in a structure characterized by higher porosity and a thinner
selective layer, which in turn could enhance water perme-
ability.130,131 However, it could also compromise rejection
performance due to the less compact morphology. Table 4
shows characteristics of fabricated nanocomposite membrane.

3.6.4 Hydrophilicity, solvent content and shrinkage ratio
analysis of the nanocomposite membrane. The porosity trend
shown in Table 4 are a result of thermodynamic inuence
governing the structural conguration and hydrophilic nature
of the PVDF nanocomposite membrane during phase inversion.
These thermodynamic parameters are shown to signicantly
inuence a consistent non-solvent to solvent interaction at 0.1 g
ated nanocomposite membranes

brane pore size × 10−3 Membrane porosity
(%)

Crystallinity
(%)

4 83.81 34.86
6 85.30 38.11
7 85.90 39.42
0 85.92 45.17
6 87.53 58.39

RSC Adv., 2026, 16, 4392–4419 | 4405
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Fig. 10 (a) Hydrophilicity assessment via membrane water contact angle analysis of PVDF and TiO2-nZVI-SiO2 modified nanocomposite
membranes (Mo= pristine PVDF; M1= 0.1 g, M2= 0.15 g, M3= 0.20 g, M4 = 0.25 g and M5= 0.3 g TiO2-ZVI-SiO2). (b) Time dependent contact
angle measurement analysis of PVDF and TiO2-nZVI-SiO2 modified nanocomposite membranes (Mo = pristine PVDF; M1 = 0.1 g, M2 = 0.15 g,
M3 = 0.20 g, M4 = 0.25 g and M5 = 0.3 g TiO2-ZVI-SiO2).
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to 0.15 g and 0.2 g to 0.3 g TiO2-nZVI-SiO2 nanocomposite
loadings yielding membrane with relatively consistent pores
sizes and overall porosity. Hydrophilicity is the ability of the
membrane to interact with polar solvents such as water, ethanol
or acetone and assessed via contact angle analysis. Hydrophilic
property is signicantly imperative in membrane technology,
particularly for membrane materials developed for environ-
mental remediation and water purication technologies.132,133
4406 | RSC Adv., 2026, 16, 4392–4419
Fig. 10(a) shows the results of water contact angle analysis
conducted using contact angle goniometer at various locations
on the membrane samples. From this gure, the water contact
angle, a major surface wettability, of the nanocomposite
membrane, is shown to be inversely proportional to the increase
in nanocomposite loading, implying an increase in affinity to
polar solvents with corresponding increase in nanocomposite
loading which conforms with the results of XRD, SEM and the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Solvent content (a), porosity and % shrinkage ratio (b), analysis of PVDF and TiO2-nZVI-SiO2 modified nanocomposite membranes (Mo=
pristine PVDF; M1 = 0.1 g, M2 = 0.15 g, M3 = 0.20 g, M4 = 0.25 g and M5 = 0.3 g TiO2-ZVI-SiO2).
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membrane characteristics highlighted in Table 3. The contact
angle decreases from pristine PVDF 80.29° to 53.07°aer 0.1 g
loading of the TiO2-nZVI-SiO2 nanocomposite. Subsequently the
hydrophilicity continues to increase with increase in TiO2-nZVI-
SiO2 nanocomposite concentration recording contact angle of
49.76° and 43.26° at 0.15 g and 0.20 g TiO2-nZVI-SiO2 respec-
tively. The optimum value of 28.86° was attained at 0.30 g
nanocomposite concentration (see Fig. 10(a)). This continuous
decline in water contact angle corroborated an enhanced
hydrophilic property of the hydrophobic PVDF surface due to
modication of the membrane surface matrix by the synergistic
effects of metallic nZVI133 and incorporation of additional active
sites of the hybrid TiO2-nZVI-SiO2 nanoparticles. Inuence of
de-mixing on the membrane porosity and hydrophilicity
observed was highly insignicant contrary to the previous
ndings reporting nZVI and Silane effects in the SiO2 nano-
composite membranes.133,134 However, water contact angle of
membrane materials constantly changes as the water drop ages,
making their measurements signicantly time dependent.
Fig. 10(b) shows the time dependent water contact angle anal-
ysis conducted aer every 5 seconds. The results conrmed that
the presence of TiO2-nZVI-SiO2 in the membrane matrix
signicantly reduces the age of water drop on the membrane
surface, as the water drop is being absorbed by the membrane.
Consequently, this reduces water drop volume and the total
contact angle.135 These ndings conrm the initial membrane
properties and the trend observed in Fig. 10(a), it further
provides insights into the ux performance of the fabricated
membrane.

Fig. 11 shows the results from solvent content analysis (11a)
and the relationship between membrane porosity and
membrane shrinkage ratio (11b). The solvent content of the
nanocomposite membrane was evaluated using water, meth-
anol and ethanol with the relationship described in eqn (8). The
results from this analysis revealed a proportional relation of
H2O content with membrane porosity and hydrophilicity
© 2026 The Author(s). Published by the Royal Society of Chemistry
conforming the ndings in ref. 43. A signicant decline in the
trend, from 0.78 to 0.11, was observed across the modied
nanocomposite membranes (M1 to M5). This decline corre-
sponds to a decreased solvent polarity, as demonstrated by the
ethanol and methanol solvents shown in Fig. 11a. To further
evaluate this membrane characteristic property and its rela-
tionship with membrane porosity, membrane percent
shrinkage ratio was computed following eqn (9) and compared
with the membrane porosity,136 see Fig. 11b. Consistent with
prior research, the ndings establish an inverse correlation
between membrane porosity and the shrinkage ratio.137 The
modied membrane, M5 with the maximum porosity and
nanocomposite loading showed minimum shrinkage ratio
corroborating its suitability for purication technology.

3.6.5 Pure water ux and heavy metal removal analysis of
the nanocomposite membrane. The results from the pure water
ux analysis are shown in Fig. 12. The Pristine PVDFmembrane
attained steady ux values aer 25 minutes of ltration which
was quite faster in relation to the modied TiO2-nZVI-SiO2

nanocomposite membrane which stabilizes at varying ltration
time as the nanocomposite loading increases across the
membrane material, with 40 min for 0.1 g (M1), 45 minutes for
0.15 g (M2) 50 minutes for 0.20 g and 0.25 g (M3 and M4) and
about 55 minutes for 0.3 g (M5) nanocomposite membrane
respectively. Despite these variations in steady ux ltration
time, the minimum steady ux volume increases with increased
nanocomposite loading from 70.63545 L m−2 h−1, 36.1204 L
m−2 h−1, 24.88294 L m−2 h−1 18.46154 L m−2 h−1 13.84615 L
m−2 h−1 to 6.02007 L m−2 h−1 for the M5, M4, M3, M2, M1, and
Mo respectively. The corresponding maximum pure water ux
obtained for the corresponding membranes are 563.47826 L
m−2 h−1, 417.3913 Lm−2 h−1, 271.30435 Lm−2 h−1, 219.13043 L
m−2 h−1, 161.73913 L m−2 h−1, and 109.56522 L m−2 h−1 for
M5, M4, M3, M2, M1 and Mo respectively. High ux perfor-
mance from this analysis which ascends with increasing
nanocomposite loading are associated with decreased contact
RSC Adv., 2026, 16, 4392–4419 | 4407
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Fig. 12 Pure water analysis of PVDF and TiO2-nZVI-SiO2 modified nanocomposite membranes (Mo= pristine PVDF; M1= 0.1 g, M2= 0.15 g, M3
= 0.20 g, M4 = 0.25 g and M5 = 0.3 g TiO2-ZVI-SiO2).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
9:

26
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
angle translating to signicantly enhanced membrane hydro-
philicity. These ndings are consistent with the hydrophilicity
studies by ref. 52 and 138, solvent content analysis139 and the
reported inuence of hydrophilic properties on ux perfor-
mance.139,140 Other factors that could inuence pure water ux
performance apart from hydrophilicity are the membrane
thickness, homogeneous interconnected pore network and the
potentiality to agglomeration of membrane surface modica-
tion materials.141–143 However, membrane hydrophilic property
remains an important parameter in the assessment of ux and
Fig. 13 Concentration gradient (a) and percentage lead removal (b) an
pristine PVDF; M1 = 0.1 g, M2 = 0.15 g, M3 = 0.20 g, M4 = 0.25 g and M

4408 | RSC Adv., 2026, 16, 4392–4419
anti-fouling performance of nanocomposite membrane for
wide industrial applications including water and emulsion
separation.144 In addition, results from the morphological
investigation, FESEM and membrane characteristics (see Table
3) show consistent morphological structure and membrane
thickness conrming the limited inuence of these parameters
on the observed overall ux performance of the nanocomposite
membranes.

To evaluate the overall performance of the membrane
material and determine the optimum nanocomposite loading,
alysis of TiO2-nZVI-SiO2 modified nanocomposite membranes (Mo =

5 = 0.3 g TiO2-ZVI-SiO2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Influence of heavy metal type and contaminant loading on optimal membrane (M5) performance. (a) Pb2+ (20 ppm, 30 ppm, and 40
ppm) and (b) Cr(VI) with corresponding concentration gradients (c and d).
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an initial 10 ppm concentration of lead (Pb2+) solution was
utilized. The results of ltration experiments obtained for the
modied nanocomposite membranes are shown in Fig. 13(a
and b). From Fig. 13(a) the concentration gradient shows
a sharp decline across all the membranes. The initial rapid
decline suggests the impact of combined mechanisms of
surface adsorption and size exclusion following redox reaction
during the ltration operation,145 a steady state Pb2+ removal
rate was subsequently established, conrming the long-term
stability of the nanocomposite membranes. The removal effi-
ciencies shown in Fig. 13(b) were found to be proportional to
the nanocomposite loading with optimum membrane (M5)
achieving 99.8% removal efficiency during the 50 minutes
ltration operations. This excellent performance can be asso-
ciated with an increased number of reactive sites at higher
loading of the nanocomposite materials as more of the nZVI
and TiO2 nanoparticles are introduced into the membrane
matrix, providing synergistic Pb2+ reduction and adsorption
capabilities on themodiedmembrane surface. Namakka et al.,
© 2026 The Author(s). Published by the Royal Society of Chemistry
(2024) reported similar synergistic behavior of nZVI, TiO2 and
SiO2 recording 99.9% methylene blue dye removal.40 Similar
mechanisms were reported for chromium(VI)123 and chloro-
phenol146 removal using nZVI-TiO2 nanocomposite membranes.
The enhanced adsorption and reduction capabilities of the
developed nZVI-TiO2 components facilitate the production of
reduced lead Pb2+ species which are subsequently retained by
the modied membrane matrix. While SiO2 coating, in addition
to stabilizing nZVI-TiO2 and preventing aggregation, ensures
effective dispersion and maximum available reactive sites. The
optimum membrane (M5) was further utilized in assessing the
membrane stability and to investigate the inuence of heavy
metal types and concentrations by varying concentration of Pb2+

and chromium(VI) solutions. The results are shown in Fig. 14(a–
d).

The results in Fig. 14(a and b) show the performance of the
M5 nanocomposite membrane under 70 minutes of ltration
time at 1 bar pressure. The concentration of the tank solutions
was varied across the heavy metal ltration solutions: 20 ppm,
RSC Adv., 2026, 16, 4392–4419 | 4409
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Fig. 15 Comparison of (a) Cr(VI) rejection rate (%) at 20 pm, 30 ppm, 40 ppm and 50 ppm of the optimal membrane (M5) with (b) the overall
membrane efficiency over the filtration time.
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30 ppm, and 40 ppm for both Pb2+ and Cr(VI). Subsequently, the
concentration of Cr(VI) was increased to 50 ppm to further
explore the membrane boundaries and evaluate overall
membrane stability, see Fig. 14(c).

The results revealed maximum removal efficiencies at lower
Pb2+ and Cr(VI) loadings, which decline as contaminants
concentrations increase (refer to Fig. 14(a)). The maximum
efficiencies 97.7%, 96.9%, and 96% for 20 ppm, 30 ppm, and
40 ppm Pb2+ respectively. Similar trends were observed in Cr(VI)
removal experiment (refer to Fig. 14(b)), in which 94.3%, 92%,
and ∼90% were obtained for 20 ppm, 30 ppm, and 40 ppm,
respectively. The trends conrmed the concentration-
dependent behaviour of the nanocomposite membrane, which
conforms with the ndings in ref. 147 and 148. Lower removal
rate observed (refer to Fig. 14a and b) with increasing heavy
metal loading suggests high concentration of Pb2+ and Cr(VI)
ions on the reactive sites of the membrane matrix, limiting the
kinetic rate of the reduction reaction.149,150 The plateau at low
efficiencies corresponding to higher metal ion loadings (30 ppm
and 40 ppm) can be associated with the possible active site's
saturation causing overall mass transfer resistance through the
nanocomposite membrane.149 Although the 40 ppm curves
show relatively higher removal efficiency (96.9%) in the removal
of Pb2+ in contrast to the 90% obtained for Cr(VI), the nano-
composite membrane proved to be highly efficient for both Pb2+

and Cr(VI) remediation applications. It is imperative to note that
the mechanism involved in contaminants removal depends on
the nature of the contaminants in addition to the catalytic
activity of the nanocomposite membrane. For example, the
disparity in the removal efficiencies observed in Pb2+ and Cr(VI)
can be strongly inuenced by the reaction mechanism involved.
Since Pb2+ cations are easily reduced via chemical reduction
into metallic lead or converted to Pb (OH)2 or oxyhydroxide,
which can be easily retained by the nanocomposite membrane
4410 | RSC Adv., 2026, 16, 4392–4419
matrix. However, the Cr(VI) reduction mechanisms involve the
initial generation of Cr3+ species by redox reaction with nZVI
components of the nanocomposite membrane followed by
subsequent precipitation or adsorption by the TiO2–SiO2

components. The synergistic mechanisms of every nano-
composite component allow for efficient removal of these
contaminants (>90%).

To further conrm the adsorption behavior of these
contaminants onto the PVDF-TiO2-nZVI-SiO2 nanocomposite
membranes and their interaction with TiO2-nZVI-SiO2 particles
active sites, equilibrium adsorption isotherm analysis was per-
formed at 25 °C following the procedure described by ref. 114.
M1 to M5 membrane data were analyzed using the pseudo rst
order (PFO), and pseudo second order (PSO) kinetic models.
Subsequently the optimal membrane (M5) was subjected to
adsorption isotherm analysis using Langmuir isotherms, and
the parameters are detailed in S2. Both PSO, PFO and Langmuir
model demonstrated a sufficient t with a higher linear corre-
lation coefficient R2 ranging from 0.96 to 0.99. The R2 values
(refer to S2) for the PFO and PSO kinetic models corroborate
a strong correlation between the experimental data for Pb2+

removal and the respective kinetic models, conrming how
these models accurately described the adsorption rate.151 The
higher R2 value of M5 observed (>0.99) for the PSO model
suggests chemisorption as the rate limiting step of the
adsorption process,152 in which Pb2+ ions are removed by
chemical interactions, such as the sharing or exchange of
electrons between the Pb2+ ions and the hydroxyl functional
groups present on the surface of the optimal PVDF-TiO2-nZVI-
SiO2 nanocomposite membrane, conrming the chemical
nature of the binding mechanism, which is characteristic of
highly efficient, functionalized adsorbent. Similar ndings were
reported in previous studies.114
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Long-term stability studies of the optimal PVDF-TiO2-nZVI-SiO2 nanocomposite membrane using 5 ppm Pb2+ solution.
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Fig. 15(a) shows the Cr(IV) rejection rate at various loadings
on M5 membrane. The gures compared overall performance
stability with efficiency of the optimum membrane. The results
indicate that the Cr(VI) rejection rate declines as the initial
concentration of Cr(VI) ions increases, with an average overall
rejection rate of 92% across the Cr(VI) contaminant loadings,
suggesting a balanced and effective removal efficiency
throughout the ltration period. The sustained performance
despite higher contaminants loading demonstrates the ability
of the SiO2 coating in preventing leaching and ensuring
Fig. 17 FTIR spectra comparing the optimal PVDF-TiO2-nZVI-SiO2 nano

© 2026 The Author(s). Published by the Royal Society of Chemistry
stabilization of nZVI-TiO2 against aggregation. Despite the
conventional principle that higher concentration of the
contaminant results to a greater mass transfer resistance and
potential blockage of catalytic active sites,149 the rejection
stability obtained in this study (>90% at higher Cr(IV) and Pb2+

concentrations) conrmed a continual availability of active sites
from the nanocomposite membrane for the mineralization Pb2+

and chemical reduction of Cr(VI) to Cr3+.
In Fig. 15(b) the rejection rate of Cr(VI) and Pb2+ at 20 ppm,

30 ppm, 40 ppm, and 50 ppm were compared with the ltration
composite membrane before and after Pb2+ treatment.
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time to evaluate the inuence of normalized ltration time, ux
stability and membrane performance.

The long-term stability and reusability of the developed
PVDF-TiO2-nZVI-SiO2 optimal nanocomposite membrane was
investigated through 5 ppm Pb2+ solution over 7 cycles of
ltration operation as shown in Fig. 16. A slow ux decrease was
observed aer 4.7 hours of ltration operation, attributable to
the accumulation of surface foulants. However, the membrane
ux was regenerated following hydraulic cleaning treatment.
Furthermore, the separation efficiency remained above 98%
conrming the stability and structural integrity of the PVDF-
TiO2-nZVI-SiO2 nanocomposite membrane. FTIR analysis of the
optimal membrane (refer to Fig. 17) was further conducted and
compared with spectral peaks before reusability analysis. The
results from this analysis corroborate a consistent hydraulic
and anti-fouling performance of the optimum nanocomposite
membrane associated with inuence of enhanced hydrophilic
properties,43,52 observed in the water contact angle analysis di-
scussed in the previous section. The hydrophilic properties and
ux stability of the developed nanocomposite membrane is
a crucial nding of this study that contribute to the operational
challenges in practical membrane applications particularly
where there is an intermittent ux decline or a trade-off between
membrane hydraulic properties and membrane purication
performance.

The FTIR spectra comparing the PVDF-TiO2-nZVI-SiO2

nanocomposite membrane M5 before and aer Pb2+ treatment
is shown in Fig. 17. The results revealed changes in peak
intensities and provided molecular insight on the Pb2+ chemi-
sorption removal process with the functional groups on the
membrane surface. The change in peaks intensities and shi of
the O–H stretching vibrations peaks observed around 3000 to
3500 cm−1 regions indicate active participation of these func-
tional groups in binding Pb2+ ions. Furthermore, there is an
observed changes in the shape and positions of Si–O, Fe–O
peaks at 1000–1200 cm−1, these spectral changes corroborate
the formation of a chemical bond or chelation complex between
the Pb2+ ions and the oxygen-containing functional groups of
the PVDF-TiO2-nZVI-SiO2 nanocomposite which could be basis
for the high R2 value observed in the PSO studies (refer to S2).

4 Conclusion

In conclusion, this study provided a comprehensive investiga-
tion of the synthesis, characterization, and performance eval-
uation of a novel PVDF-TiO2-nZVI-SiO2 nanocomposite
membrane for the removal of Cr(VI) and Pb2+ from aqueous
solutions. The physicochemical properties of the synthesized
TiO2-nZVI-SiO2 nanocomposite were investigated via various
techniques with XPS and TGA analysis conrming the thermal
stability and successful coating of the SiO2 on the TiO2-nZVI
surface. The developed PVDF-TiO2-nZVI-SiO2 nanocomposite
membrane showed stable hydraulic properties, enhanced
hydrophilicity and long-term stability. The optimum nano-
composite loading (M5) was determined and the Pb2+ removal
was found to be higher, 99.8% compared to Cr(VI) 94.3% which
required the formation of Cr3+ prior to co-precipitation and
4412 | RSC Adv., 2026, 16, 4392–4419
membrane matrix retention. The removal efficiencies exceed
90% across all nanocomposite membranes and contaminants
loadings.
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Thermal and Optical Characteristics of TiO2@SiO2,
Fe3O4@SiO2, and ZnO@SiO2 Core–Shell Nanoparticles
and Their Water-Based Nanouids, Int. J. Thermophys.,
2025, 46, 1–31, DOI: 10.1007/s10765-025-03558-w.

108 A. Anand, D. Meena, K. K. Dey and M. C. Bhatnagar,
Enhanced piezoelectricity properties of reduced graphene
oxide (RGO) loaded polyvinylidene uoride (PVDF)
nanocomposite lms for nanogenerator application, J.
Polym. Res., 2020, 27(12), 1–11. https://link.springer.com/
article/10.1007/s10965-020-02323-x.

109 H. Zhang, Y. Zhu and L. Li, Fabrication of PVDF/graphene
composites with enhanced b phase via conventional melt
processing assisted by solid state shear milling
technology, RSC Adv., 2020, 10(6), 3391–3401. https://
pubs.rsc.org/en/content/articlehtml/2020/ra/c9ra09459h.
© 2026 The Author(s). Published by the Royal Society of Chemistry
110 A. Zaienah and S. Rezaur, Impact of titanium dioxide/
graphene in polyvinylidene uoride nanocomposite
membrane to intensify methylene blue dye removal,
Antifouling Performance , and Reusability, 2024, pp. 1–14.

111 N. Ismail, M. Essalhi, M. Rahmati, Z. Cui, M. Khayet and
N. Tavajohi, Experimental and theoretical studies on the
formation of pure b-phase polymorphs during fabrication
of polyvinylidene uoride membranes by cyclic carbonate
solvents, Green Chem., 2021, 23(5), 2130–2147.

112 S. Acarer-Arat, M. Tüfekci, İ. Pir and N. Tüfekci,
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