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Abstract
Heavy metal pollution poses a significant threat to environmental and human health. Despite recent advancements in nano-
filtration technologies, further innovations are essential to optimize both the heavy metal removal efficiency and hydraulic 
performance of the nanocomposite membranes. Herein, A TiO2-nZVI nanocomposite was synthesized by impregnating 
titania (TiO2) with nano zero valent iron (nZVI) via chemical reduction method and subsequently integrated into polyvi-
nylidene fluoride (PVDF) membranes via phase inversion technique. Five distinct membrane configurations were fabri-
cated by varying the nanocomposite loadings. The physicochemical properties of the nanocomposite performance of these 
membranes were evaluated via various characterization techniques including FESEM, FTIR, EDX, XRD, XPS, TGA, 
water contact angle, solvent content analysis, pure water flux and Pb2+ removal. The optimal PVDF-TiO2-nZVI membrane 
was determined via detailed performance evaluation at 10ppm Pb2+ concentration. Influence of concentration on optimum 
membrane performance was investigated by varying Pb2+ concentrations. The removal efficiencies of the PVDF- TiO2-
nZVI membranes were found consistent (> 80% across all membranes) with optimum membrane (A4) achieving 91% Pb2+ 
removal with a sustained hydraulic property during the filtration operation.
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1  Introduction

Heavy metal pollution is a contemporary environmental 
challenge (Abdelsalam et al. 2024) associated with the dis-
charge of heavy metals into water systems. Recent research 
has examined the detrimental effects of heavy metal con-
taminants such as chromium (Khedawy et al. 2025), lead 
(Pb2+) (L. Zhang et al. 2024a, b, c), cadmium (Zhang et al. 
2024a, b, c), and Arsenic (An et al. 2025) on both ecological 
and human health. Despite the remediation efforts, heavy 
metal contamination remains a significant concern. One of 
the most common heavy metal contaminants is Pb2+ con-
tamination and has been reported to affect humans (El-Said 
et al. 2024) and ecosystem due to its high toxicity (Abdel-
moaty et al. 2022). This cumulative neurotoxicant leaches 
from several sources including mining sites and aging infra-
structures. Paediatric exposure to Pb2+ causes irreversible 
neurocognitive damage, while chronic adult exposure ele-
vates risks of cardiovascular and renal disease (Yu 2025). 
The nature of Pb2+ contamination which proves to persist 
despite regulations (Schneider 2023), and demands highly 
efficient point-of-use technologies capable of ultra-low-
level removal. Hence, the development of advance materi-
als and strategies for the removal of Pb2+ contaminants are 
essential in mitigating these potential health hazards and 
future environmental contaminations. Conventional meth-
ods such as chemical precipitation (Benalia et al. 2022; 
Chen et al. 2009), ion exchange (Jasim And Ajjam 2024; 
Sgreccia et al. 2024), electrochemical (Okpara et al. 2022; 
Wang et al. 2022) and adsorption (El-Sadaawy et al. 2025; 
Shaker et al. 2025) are commonly employed with relative 
success.

However, limitations such as selectivity in ion exchange, 
resin production, and the formation of passive non-conduc-
tive layers in electrochemical methods inspired research-
ers in developing alternative approaches. Recently, Zhang 
et al., highlighted the limitations and challenges associated 
with surface-modified nanostructured adsorbents, such as 
high cost, low stability, poor scalability, and potential nano-
toxicity (X. Zhang et al. 2024a, b, c). As a result, advanced 
oxidation processes combined with other wastewater treat-
ment strategies have been investigated to improve target 
ion selectivity while ensuring a stable adsorption capacity 
(Khader et al. 2024; Yan et al. 2024). Nevertheless, long 
operation time (Munawar et al. 2024), excessive sludge for-
mation (Fatta-Kassinos et al. 2011), remains a challenge in 
adopting these strategies, making the adsorption the most 
widely employed strategy (He et al. 2025).The effectiveness 
of the adsorption method is essentially dependent on the 
characteristics and catalytic activity of the adsorbent. Nano 
zero valent iron (nZVI) is characterized by its exceptional 
reactivity, injective ability and large surface area electron 

donor that reduces emerging contaminants (Zafar et al. 
2024). However, individual nZVI particles can easily pas-
sivate or agglomerate thereby limiting overall performance 
(Minella et al. 2016). Researchers have reported enhanced 
stability of nZVI by incorporating nZVI with support materi-
als forming stable nanocomposite with less potential passiv-
ation properties shielding active nZVI surface particularly 
titania, TiO2 (Brossault et al. 2021), an adsorbent capable 
of mineralizing heavy metal contaminants. Prior studies 
have shown nZVI and TiO2 based adsorbents exhibiting a 
higher capacity for Pb²⁺ adsorption. Mensah et al. demon-
strated the effectiveness of TiO2-nZVI nanocomposite for 
wastewater treatment through efficient adsorption of heavy 
metals including Pb2+  (Mensah et al. 2023). In a similar 
study, magnetic TiO2-nZVI nanoparticles were reported to 
possess excellent potential for the electrochemical detection 
of dopamine (Qureashi et al. 2024a). However, in addition 
to post treatment, this approach faces challenges related to 
unstable adsorption efficiency (Jing et al. 2023).

To address this challenge, it is crucial to develop effective 
and sustainable remediation approach capable of prevent-
ing formation of passive layers and nanomaterial aggrega-
tion while efficiently combating the diverse range of toxic 
heavy metals from wastewater effluents (Chowdhury et al. 
2022). Polyvinylidene fluoride (PVDF) membranes, known 
for their excellent mechanical properties, chemical stabil-
ity, and diverse applications, have been extensively studied 
(Awasthi et al. 2023; Khan et al., 2025; Tofighy et al. 2021). 
However, their inherent limitations, such as low perme-
ability and fouling propensity, necessitate the development 
of advanced composite membranes. A promising approach 
to enhance the performance of PVDF membranes involves 
the incorporation of nanoparticles, which can significantly 
improve separation efficiency and functionality (Prabhakar 
et al. 2024). Krishnan et al. investigated the immobiliza-
tion of nZVI on a PVDF membrane by surface modification 
with polyacrylic acid (PAA), performance of the devel-
oped PVDF-nZVI membrane revealed excellent reductive 
decolorization of azo dye (Krishnan et al. 2023). The incor-
poration of TiO2 nanoparticles into PVDF membranes is 
reported to enhance hydrophilicity, improve antifouling per-
formance, and impart photocatalytic self-cleaning capabili-
ties to PVDF membranes (Le et al. 2023; Ong et al. 2014). 
While PVDF-TiO2 modified membranes have demonstrated 
significant potential for wastewater remediation via adsorp-
tion, the mechanism of these membranes is predominantly 
photocatalytic oxidation, which is less effective for the com-
plete and rapid removal of non-degradable heavy metal ions 
that require a strong reductive process.

PVDF-nZVI membranes possess excellent reductive 
capacity but often suffer from nZVI oxidation, compro-
mising long-term stability. The synergistic combination of 
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nZVI and TiO2 forms effective nanocomposite membranes 
which reduce the recombination of particles electron-hole 
pairs. In this study, a TiO2-nZVI nanocomposite with dis-
tinct properties and enhanced adsorption capacities was 
synthesized via chemical reduction method. Subsequently, 
the nanocomposite was incorporated into a PVDF matrix at 
precise loadings (0.1, 0.15, 0.2, 0.25, and 0.3 g) to fabricate 
a series of PVDF-TiO2-nZVI nanocomposite membranes 
(designated A1-A5) via the phase-inversion technique, 
with a pristine PVDF membrane (A0) serving as the con-
trol membrane. The structural, morphological, and surface 
characteristics of the fabricated membranes were charac-
terized using various analytical techniques. Performance 
of the PVDF-TiO2-nZVI nanocomposite membranes were 
assessed via metrics including solvent content, hydrophilic-
ity, water flux and efficiency in the remediation of aqueous 
Pb2+ at various concentrations.

2  Materials and methods

2.1  Materials

For the fabrication of TiO2-nZVI nanocomposite, all pro-
cured Chemicals including Sodium borohydride, NaBH4, Iro 
sulfate heptahydrate, FeSO4⋅7H2O, Ethanol, CH3CH2OH, 
Methanol CH3OH, Sodium Hydroxide, NaOH, Hydrochlo-
ric Acid HCl, Titanium oxide TiO₂ (CAS No: 13463-67-
7), were used as procured from Sigma-Aldrich Sdn. Bhd. 
(Malaysia). Chemicals for nanocomposite membrane fab-
rication includes Poly vinylidene fluoride, (PVDF) (CAS 
No: 24937-79-9, Mm 534,000 g mol⁻¹) as the primary poly-
mer 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 nanopar-
ticles in the casting solution. Throughout the experimental 
procedures, all aqueous reagent solutions were prepared 

with ultrapure water while industrial grade nitrogen gas, 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 follow-
ing the procedure described in (Namakka et al., 2024a) and 
(Hejri et al. 2019) with little modifications. Briefly, a pre-
cursor solution was prepared by dissolving 5.56 g of ferrous 
sulfate heptahydrate (FeSO₄·7 H₂O) and a specific amount 
of pre-synthesized TiO2 nanoparticles in 200 mL of ultra-
pure water within a three-necked flask (See Fig.  1). The 
mixture was continuously purged with N₂ gas under con-
stant stirring for 30  min to achieve a homogeneous, oxy-
gen-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 dis-
solving 1.60 g of NaBH4 in 50mL deionized water.

The reduction of ferrous ions, Fe²⁺ to zero valent iron Fe⁰ 
on the TiO2 particles was subsequently initiated by the drop-
wise addition of the NaBH₄ solution into the TiO2-FeSO₄ 
solution (See Eqs. 1–3).

FeSO4.7H2O + 2NaBH4 → Feo + NaSO4 + 7H2O + 2B(OH)3 � (1)

Fe2+ + 2BH−
4 + 6H2O → Feo + 2B(OH)3 + 7H2 ↑� (2)

Fe2+ + 2e− → FeO � (3)

The reaction was allowed to proceed for 25 min; the cessa-
tion of gas evolution and complete formation of black col-
ored particles indicates quantitative reduction of Fe²⁺ to Fe⁰. 
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 min 
at 20,000 revolution per minute at room temperature. The 
binary composite was dried at 90 °C for 4 h in a tube furnace 
under nitrogen condition. Dried TiO2-nZVI nanoparticles 
were stored for further characterizations.

2.3  Fabrication of PVDF-TiO2-nZVI Nanocomposite 
Membranes

Polyvinylidene fluoride (PVDF) and NMP were used as the 
base polymer and PVDF solvent for the preparation of dope 
solutions, while synthesized TiO2-nZVI nanoparticles were 
incorporated into the membrane dope solution to enhance 
hydrophilicity, self-cleaning and overall performance of the 
nanocomposite membrane. The dope solutions were pre-
pared following the procedure described in(Nawaz et al. 

Fig. 1  Schematic diagram of TiO2-nZVI nanoparticle synthesis
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the TiO2-nZVI nanocomposite membrane designated code 
and compositions.

2.4  Characterizations

Synthesized TiO2-nZVI and the fabricated nanocomposite 
membranes were characterized via X-ray diffraction, XRD, 
Fourier-transform infrared, FTIR, Thermal gravimetric 
analysis, TGA, Field emission scanning electron micros-
copy coupled with energy-dispersive X-ray spectroscopy 
FESEM/EDS, and X-ray Photoelectron Spectroscopy, XPS 
analytical techniques to corroborate the physicochemical 
properties and chemical bonding of the synthesised nano-
composite material. FTIR spectroscopy was performed 
using a Shimadzu IRAffinity-1 spectrometer to characterize 
the molecular bond structures and functional groups of the 
nanoparticles and the fabricated membranes. Both analy-
ses were conducted in attenuated total reflectance (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 using 
FESEM-EDS, which are well-established techniques for 
microstructural and elemental analysis (Aziz And Abdel-
Karim 2023; Sharma et al. 2019). The FESEM images 
(x20000 and x50,000 magnification) were acquired with 
a Hitachi S-4700 instrument, operating at an accelerating 
voltage of 20 kV, which illustrates the morphological struc-
ture of the TiO2-nZVI nanocomposites and modified PVDF-
TiO2-nZVI nanocomposite membranes. Subsequently, the 
thermal stability of the TiO2-nZVI and the physicochemi-
cal properties of the synthesized TiO₂-nZVI nanocomposite 
material was evaluated via TGA analysis under the follow-
ing conditions: on set temperature of 323.69  °C, Inflect. 
Point temperature 372.92 °C, End set temperature 388.95 °C 
and Midpoint 351.52 °C under constant N2 supply.

XPS analysis was conducted to investigate the chemical 
bonding and elemental interactions within the nanocompos-
ite material. The analysis followed the procedure described 
in (Baily et al., n.d.; Major et al. 2022) and the deconvolu-
tions and peaks identification were guided by the standard 

2021) and (R. Rahman et al. 2024a, b) with the following 
modifications (see Fig. 2).

Briefly, PVDF pellets (14% w/v) were added to a prede-
termined volume of NMP solvent in a 250 ml conical flask. 
TiO2-nZVI 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  rpm magnetic stirring at 85  °C for 24  h 
to ensure effective dissolution and homogenous dispersion 
of the TiO2-nZVI nanoparticles in the dope solutions. To 
eliminate possibly entrapped air bubbles introduced dur-
ing stirring, which could potentially introduce defects in 
the cast membrane, the homogenously dispersed dope solu-
tions were transferred to an oven and held at 50 °C for 1 h, 
this procedure reduces the solution viscosity and allows 
microbubbles to coalesce. Subsequently, the bubble-free 
dope solution (approximately 10 ml) was cast onto a clean, 
dry glass substrate (21 cm × 30 cm) using a doctor blade 
film applicator and immediately immersed in a coagulation 
bath containing deionized water maintained at room tem-
perature (approximately 25 °C). This step helps initiate the 
non-solvent induced phase separation process, resulting in 
the solidification of the polymer solution and the forma-
tion of a hydrophilic TiO2-nZVI nanocomposite membrane. 
Following phase inversion, the nanocomposite membranes 
were transferred to another coagulation bath containing 
fresh deionized water for 12 h (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 nanocomposite 
membrane matrix. Finally, the nanocomposite membranes 
were stored in a fridge for further analysis. Table 1 shows 

Table 1  Code and compositions of fabricated TiO2-nZVI nanocom-
posite membranes
Code PVDF (wt%) Concentration of TiO2-

nZVI (grams)
NMP 
Sol-
vent 
(v%)

Ao 14 0 86
A1 14 0.10 86
A2 14 0.15 86
A3 14 0.20 86
A4 14 0.25 86
A5 14 0.30 86

Fig. 2  Schematic set up of PVD-
TiO2-nZVI nanocomposite mem-
branes fabrication
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ρw and ρPVDF are the density of water (0.998 g/cm3) and 
PVDF polymer (1.740 g/cm3).

2.5.2  Membrane Hydrophilicity

The surface hydrophilicity of the fabricated TiO2-nZVI 
membranes was quantitatively evaluated through static 
water contact angle, WCA measurements, employing the 
sessile drop method with an Ossila contact angle goniome-
ter. Ultrapure water was used as the probe liquid (Hurwitz et 
al. 2010a). To ensure surface heterogeneity, measurements 
were repeated randomly in three different selected locations 
per sample. Influence of time on the water contact angle was 
evaluated. The reported contact angle value represents the 
arithmetic mean of these replicate measurements, provid-
ing a robust characterization of the macroscopic wetting 
characteristics.

2.5.3  Membrane Solvent Content Analysis

The solvent uptake behavior and swelling characteristics 
of the TiO2-nZVI nanocomposite membrane were quanti-
tatively analyzed to investigate the thermodynamic interac-
tions between the polymer matrix and other polar solvents 
viz. water, ethanol and methanol. Briefly, a piece of the 
TiO2-nZVI nanocomposite membrane with a uniform area 
of 1 cm² was cut and immersed in water, methanol and etha-
nol for 24  h until equilibrium swelling was achieved, the 
weight of the membrane before and after wetting were mea-
sured. This approach was utilized by (Iqbal et al. 2019) and 
(Nawaz et al. 2021). The procedure was repeated for each 
of the three replicates. The degree of swelling was assessed 
gravimetrically by calculating the mass difference between 
the swollen equilibrated state, Ws and the dry state Wd. The 
equilibrium solvent content (Sc), expressed as a percent-
age, was then determined by the following mathematical 
expression.

Sc = Ws − Wd

Ws
× 100� (8)

2.5.4  Membrane Pure Water Flux Analysis

The methodology described in (Khui et al. 2025) was modi-
fied. Briefly, the nanocomposite membrane discs (4.4  cm 
diameter) were cut and installed in the filtration unit. After 
loading 2.5 L of pure water, the system was started at zero 
pressure. A stabilization period involved gradually increas-
ing the pressure to 2.0 bars for 30  min. The system was 
then operated at 1.0 bar, with permeate volume measured at 
5-minute intervals over 65 min. Water permeation flux was 
calculated as described by James et al., 2024. For accuracy, 

procedure described in ThermoFisher scientific. The analysis 
was carried out in Alpha-K XPS spectrometer using mono-
chromatic 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 crystallinity and phase composition of the TiO2-nZVI 
nanoparticles and the fabricated nanocomposite membranes 
were analysed using XRD. Measurements were performed 
at ambient temperature on a Rigaku SmartLab Powder 
X-ray diffractometer. Data were collected over a 2θ 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 (James et al. 
2024a).

Crystalline index (%) = Ac

At
× 100 � (4)

At = AC + Am� (5)

D = kλ

β cos θ
� (6)

where.
Ac represent “Area of all the crystalline peak.
Am represents the area of amorphous peaks.
At total area of all peaks.
k is the Scherrer constant = 0.94.
λ (nm) is the X-ray wavelength = 1.5418.
β (radians) represent the full width at half maximum, 

FWHM.
θ (Degree) is the Bragg angle.

2.5  Nanocomposite Membrane Performance 
Analysis

2.5.1  Membrane Porosity

The porosity of the TiO2-nZVI nanocomposite membranes 
was measured by recording the weight of the membrane 
piece before and after wetting. The wetted membrane was 
immersed in deionized water for 24 h as described in (M. R. 
Rahman et al., 2025a). The porosity was evaluated follow-
ing Eq. 7 described below.

ε (%) =

(
W a− W b

ρw

)
(

W a− W b
ρw

)
+

(
W b

ρP V DF

) × 100� (7)

Where,
wa and wb are the weight of wet and dry membrane (g);
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rate (R) was determined according to the following equation 
(Razavi et al. 2025):

R (%) =
[
1 −

(
Cp

Cf

)]
× 100� (11)

3  Results and Discussion

3.1  FTIR of nZVI, and TiO2-nZVI Nanocomposite

Figure 3 shows the results from the FTIR with attenuated 
total reflectance (FTIR-ATR) employed to characterize 
the functional groups present in the synthesized nZVI, and 
nZVI-TiO2. The spectra for nZVI and TiO2-nZVI nanoparti-
cles exhibited distinct characteristic absorption peaks corre-
lated with the vibrational modes of their constituent chemical 
bonds. The FTIR spectra of the nZVI and nZVI impregnated 
TiO2 nanoparticles were nearly identical, indicating that the 
composite is predominantly composed of the coated nZVI 
surface layer. In the FTIR spectrum of the TiO₂-nZVI com-
posite, a broad absorption band observed at 3400.23 cm⁻¹ 
is attributed to O-H stretching vibrations, which is consis-
tent with the typical range for this functional group (M. 
R. Rahman et al., 2025b). The peaks at 1590.78 cm⁻¹ and 
2104 cm⁻¹ collectively suggest the presence of O-H bonds 
associated with the formation of α-FeOOH (Namakka et 
al., 2024; R. Zhang et al. 2023a, b). Furthermore, a shift 
in the Ti-O-Ti stretching vibration absorption band from 
720  cm⁻¹ to a lower wavenumber of 516.09  cm⁻¹ corrob-
orate the successful compositional integration of nZVI in 
TiO2 surface layer (Qureashi et al. 2024b). Consequently, 
the -OH tensile vibration peaks are observed at 2104 cm− 1 
and -OH stretching ~ 3400 cm− 1−3500 cm− 1 with clear C-H 
vibrations around 2800 cm− 1, are influenced by the presence 
of TiO2 components in the TiO2-ZVI, nanoparticle thereby 
increasing the overall -OH functional group on the TiO2-
nZVI nanocomposite material.

The effective encapsulation of nZVI on TiO2 matrix 
is essential for enhanced stability and reactivity. This 
enhanced catalytic activity of TiO2-nZVI according to 
Hsieh et al. (2010) was attributed to the trapping of the 
electron generated on the TiO2 surface via half reaction of 
Fe3+/Fe2+ thereby sustaining the catalytic activity of TiO2 
while preventing electron hole recombination of iron mate-
rial. The findings further reinstated the anti-corrosion poten-
tial of nZVI impregnated TiO2 nanocomposite compared to 
bare nZVI material, preventing rapid oxidation and sustain-
ing the chemical reactivity of the nZVI (Hsieh et al. 2010). 
The nZVI outer surface passivation potential, particularly in 
aqueous environments due to Vander Waal forces coupled 

the experiment was replicated for each membrane, and aver-
age flux values were determined using the following Eq. 

Pure Water F lux (Jw) = Q

A ∆T
� (10)

Where Q is the amount of pure water that passes the nano-
composite membrane (m3), ∆T is the filtration time (h), A 
is the membrane area (m2).

2.5.5  Nanocomposite Membrane Heavy Metal Removal 
Analysis

The heavy metal rejection performance of the nanocompos-
ite membranes was evaluated with aqueous solutions of Pb²⁺ 
at varying concentrations. Initially, 10ppm single ion aque-
ous solutions of Pb2+ were prepared for the first filtration 
cycle for all the nanocomposite membranes (Ao, A1, A2, 
A3, A4 and A5) to determine the membrane with optimum 
performance. Subsequently, the optimum membrane was 
subjected to the varying Pb2+ concentrations (20ppm,30ppm 
and 40ppm) to evaluate the influence of heavy metal con-
centration on the overall nanocomposite membrane perfor-
mance. Each of the filtration experiments were conducted 
at 1 bar and 25 °C for 70 min. Prior to testing, a precon-
ditioning protocol described in water flux analysis was 
implemented, wherein the nanocomposite membrane was 
compacted at 2  bar for 20  min, followed by a 10-minute 
stabilization period with the heavy metal solution at the 
same pressure to ensure structural stability and prevent arti-
ficially high initial rejection values. The feed solution was 
refilled continuously to maintain consistent feed concentra-
tions. The concentration of heavy metal ions in the permeate 
was analyzed using atomic absorption spectroscopy (AAS) 
calibrated with a standard curve. The heavy metal rejection 

Fig. 3  FTIR of the synthesized nZVI and TiO2-nZVI, nanoparticles
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particle matrix, redox reactions that facilitate nanoparticle 
formation, and the nucleation to growth kinetics. These fun-
damental mechanisms are themselves highly dependent on 
the reaction pH in addition to other reaction parameters as 
established in prior studies (Hu et al. 2022; Namakka et al. 
2023; Namakka et al., 2024; Xie et al. 2022).

The findings from EDS supported the results of the 
FTIR analysis and corroborated the successful impregna-
tion of nZVI in the TiO₂ matrix with the desired elemental 
composition.

3.3  XRD Analysis of nZVI and TiO2-nZVI 
Nanocomposite

Figure 6 shows the results of the XRD analysis of the nZVI 
and TiO2-nZVI nanocomposite. The XRD peaks in Fig. 6(a) 
tabulated in Table 2 corroborates the existence of titanium 
dioxide, TiO2 and a metallic zero valent iron, Feo. Similar 
findings were reported in (El-shafei et al. 2018; Hou et al. 
2022; Liu et al. 2021; Sun et al. 2006). The most promi-
nent peak at 25.3o is indexed to the 101 of the anatase phase 
(JCPDS No. 21–1272) was also observed in the recent find-
ings of (Alam et al. 2025). This confirmed the presence of 
the TiO2 catalytic component which forms the core of the 
synthesized TiO2-nZVI nanocomposite and reinforces its 
overall stability and chemical activity (Biao et al. 2025). 
In a recent study, X García-Contreras et al. (2025) reported 
TiO2 peaks at 2θ values of 37.9° and 38.56° assigned to the 
(004) and (112) crystal planes of the anatase phase (Gar-
cía-Contreras et al. 2025), consequently, the peak at 37.8o 
indexed 004 plane, 48.0o indexed 200 plane and a distinct 
peak corresponding to the 105 plane at 53.9o confirmed the 
formation of anatase phase of the TiO2 component in the 
synthesized TiO2-nZVI nanoparticles.

A distinct peak of nZVI, magnetic and reductive com-
ponent of the TiO2-nZVI nanocomposite, was observed at 
44.7o, indexed (110) JCPDS 06–0696 which is the fingerprint 

with intrinsic agglomeration potential, are reported to influ-
ence the chemical stability of the nZVI impregnated TiO2 
nanocomposite material. The vibrational nodes for the 
metal-oxygen bonds Ti-O-Ti and Fe-O were identified in 
the 484–500 cm⁻¹ range, which are critical for the structural 
support of nZVI by TiO₂ (Namakka et al., 2024). The Fe-O 
weak vibrational band at 500–742 cm⁻¹ range, O-H bending 
at 1630 cm⁻¹, and O-H stretching nodes related to Fe-OH 
and Ti-OH species at 1600–1650, and 3400 cm⁻¹ are associ-
ated to the adsorption of -OH functional group on the TiO2 
and nZVI respectively (Qureashi et al. 2024b). The consis-
tent peaks profiles in this comparative spectral analysis con-
firmed a stable composite structure.

3.2  FESEM Analysis of TiO2-nZVI Nanocomposite

The results of the FESEM images for the synthesized TiO2-
nZVI nanocomposite at x20,000 and x50,000 magnifi-
cations are shown in Fig. 4 (a and b). The morphological 
structure of the nZVI impregnated TiO2 nanoparticle under 
magnifications of x15,000, the TiO2-nZVI nanoparticle 
material exhibits regularly spherical shaped particles of uni-
form distribution, this characteristic morphological property 
was also observed in (Huang et al. 2018) a morphological 
trait commonly associated with the presence of mesoporous 
nZVI-based composites (Zahid et al. 2025).

Figure  5 shows the elemental mapping and spectral 
compositions of the synthesized nanocomposite material. 
The EDS spectra revealed a balanced mass ratio of nZVI 
and combined titanium and oxygen atoms with relatively 
higher mass ratio of Feo. The mass percent of iron, 57w% 
and sum of mass percent of oxygen and titanium atoms, 
43 w% confirmed the existence of the TiO2, Feo and pos-
sible formation of oxidized shell of the nZVI material as 
a layer coating the nanocomposite material. the composi-
tional distribution and relative abundance of nanoparticles 
components are determined by interfacial interactions at the 

Fig. 4  FESEM analysis of synthe-
sized TiO2-nZVI nanoparticles a 
x20,000 magnification b selected 
area x50000 magnification
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such as Fe3O4 and γ-Fe2O3 which form upon the exposure 
of Feo to air during XRD analysis. However, these narrow 
passive layers usually produced via surface oxidation often 
serve to stabilize the highly reactive nZVI core (Ammar et 
al. 2020; Astuti et al., 2023; Yaghoobi et al. 2023).

3.4  XPS Analysis of TiO2-nZVI Nanocomposite

Figure 7 illustrates the XPS analysis of the TiO2-nZVI nano-
composite material. The full survey spectrum in Fig. 7(a) 
confirmed the presence of titanium (Ti), and iron (Fe), in the 
synthesized TiO2-nZVI nanocomposite. Figure 7(b), decon-
voluted via Gaussian model using origin software, provides 
a detailed survey of the chemical and electronic interac-
tion of titanium spectrum Ti 2p showing a well-defined 
doublet of the Ti 2p₃/₂ and Ti 2p₁/₂ peaks observed at bind-
ing energy, BE = 458.7 eV and BE = 464.4 eV respectively. 

of the nZVI materials (Soria-Hernández et al. 2019). How-
ever, a small wide peak at 65.1o indexed to the iron (200) 
plane is associated with the Feo. The peak reflection at 35.4o 
could be associated with the formation of iron oxide shells 

Table 2  XRD reflection index of the synthesized TiO2-nZVI nanopar-
ticles
Phase 2θ (˚) Crystal 

plane 
(hkl)

JCPDS 
Card

Ref.

TiO2 (Anatase) 25.3 (101) 21–1272 (Li et al. 2014)
TiO2 (Anatase) 37.8 (004) 21–1272 (Li et al. 2014)
TiO2 (Anatase) 48.0 (200) 21–1272 (Li et al. 2014)
TiO2 (Anatase) 53.9 (105) 21–1272 (Li et al. 2014)
Fe 44.7 (110) 06–0696 (Soria-Hernán-

dez et al. 2019)
Fe 65.1 (200) 06–0696 (Chen et al. 

2019)

Fig. 6  XRD pattern of nZVI and 
TiO2-nZVI nanoparticles a TiO2-
nZVI b Comparison of diffraction 
patterns of ZVI and TiO2-nZVI 
nanoparticles

 

Fig. 5  EDS analysis of the synthesized TiO2-nZVI nanoparticles
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(Q. Li et al. 2021a, b, 2022). These minor peaks associated 
with lower intensities are characteristic property of nano Feo 
(Wang et al. 2025). Subsequently, iron layers Fe 2p3/2 and 
Fe 2p½ located at BE = 711 eV and BE = 724.5 eV are a spe-
cific characteristic of oxidized Feo passivated iron species 
Fe2+ and Fe3+ with a potential formation of Fe-OOH and 
Fe3O4 iron oxides (Ammar et al. 2020; Astuti et al., 2023), 
confirming the core shell structure of coated nZVI on TiO2 
nanoparticles. In the O 1 s spectrum (Fig. 7d), a prominent 

The peaks binding energy separation were found to be 
BE = 5.7 eV conforming with the predominant + 4 oxidation 
state, Ti4+, Similar findings were reported in(Chávez-Caiza 
et al. 2025) and (Kuspanov et al. 2024). The absence of 
Ti³⁺ suggest a successful integration of TiO₂ with the nZVI 
(Madan et al. 2020). 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 are shown 
in Fig.  7c, which are consistent with the XPS findings in 

Fig. 7  TiO2-nZVI XPS analysis. Full survey response (a), and (b-e) detailed survey of regions Ti 2p, Fe 2p, O 1 s, and C 1s
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electron transfer from the underlying nZVI, a mechanism 
known to boost contaminant reduction.

3.5  TGA Analysis of Individual nZVI Compared with 
TiO2-nZVI Nanoparticles

Figure 8 shows the TGA of nZVI and compares the deg-
radation properties with the nZVI impregnated TiO2 par-
ticles to evaluate the influence of the TiO₂ support on the 
thermal behavior and structural stability of the synthesized 
TiO₂-nZVI. From Fig. 8(a), the nZVI particles show multi-
stage thermal degradation profile. The initial weight loss 
at the temperature range 51  °C to 120  °C is attributed to 
the evaporation of physically adsorbed moisture by the sur-
face layer of the nZVI surface. While the continued weight 
loss observed at 284 °C, suggests the de-hydroxylation of 
surface iron oxyhydroxides that constitute the passivating 
shell of Feo. Similarly, the weight gain observed at 284 °C 
to 433 °C indicates the possible oxidation of the core Feo 
to FeO. In Fig. 8c, the initial degradation stage at 150 °C, 
characterized by 5 wt% to 8 wt% loss, is attributed to the 
removal of physiosorbed water and residual solvent mol-
ecules (Yu et al. 2019). 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 pre-
vious stated oxidation of the nZVI core to iron oxides such 
as Fe₃O₄ or Fe₂O₃ (Koçak Soylu et al. 2025a) observed in 
Fig. 8a. The constant degradation of the composite material 

peak at approximately BE = 529 eV corresponds to the lat-
tice oxygen bond in metal oxides (M-O), while a smaller 
deconvoluted peak at BE = 532.5  eV is attributed to O-H 
bonds (Jain et al. 2019; Tapia-P et al. 2021), confirming the 
presence of oxygen atoms associated with surface hydroxyl 
groups on TiO2 and Fe-OOH or Fe2O3 (Botsa 2025). The 
detailed region analysis of the C 1 s XPS spectra was decon-
voluted into four distinct peaks via similar Gaussian model 
(see Fig. 7e). The centered peak at BE = 284.8 eV is assigned 
to C-C and C-H bonds associated with adventitious hydro-
carbon contaminants (Greczynski And Hultman 2017). 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 (Bushell et al. 2019; Kwan et 
al. 2015). 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 atmospheric air. Recalling that the synthe-
sized particles were washed several times with ethanol as 
described in Sec4.3.0. At low-binding energy BE = 283.0–
284.0.0.0  eV signifies C-Metal bonds, particularly metal 
carbides such as Ti-C, Fe-C(Greczynski et al. 2018) and Ti-
Fe-C (Wilhelmsson et al. 2010). However, there was no ana-
tase peak indicating Ti-C bond which is commonly located 
near 281 eV, suggesting absence of carbon-oxygen replace-
ment in the anatase TiO2 lattice (Reghunath et al. 2021; Yu 
et al. 2020). The overall nanocomposite components selec-
tion was designed for synergistic activity, where the TiO₂ 
shell can facilitate the photocatalytic activity and enhanced 

Fig. 8  TGA Analysis of nZVI and 
TiO₂-nZVI (a, c), weight 1 st order 
differential of nZVI and TiO₂-nZVI 
(b, d) nanoparticles
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3.6.2  FTIR Analysis of the PVDF and Modified TiO2-ZVI 
Nanocomposite Membranes

The results of the FTIR analysis of the PVDF- TiO₂-nZVI 
nanocomposite membranes shown in Fig. 7 confirmed the 
successful incorporation of TiO₂-nZVI nanocomposite 
in the membrane matrix and determined the interactions 
between the TiO₂-nZVI nanoparticles and PVDF membrane 
functional groups. The spectra of Ao, A1, A2, A3, A4, and 
A5 are moderately congruent, indicating that the incorpo-
ration of TiO₂-nZVI nanocomposite only slightly alters the 
fundamental chemical functionalities of the PVDF matrix 
particularly at lower wave numbers confirming the presence 
of additional functional groups in the membrane matrix. 
The peaks at 740 to 820 cm⁻¹, and 950 cm⁻¹ and 960 cm⁻¹ 
revealed consistent increase in hydrophilic Ti-O-H func-
tional groups (Koçak Soylu et al. 2025b), confirming the 
incorporation of TiO2 (Budiarti et al. 2017; Liu et al. 2024). 
The peak observed at 490 m⁻¹ is attributed to 560 cm⁻¹ Fe-O 
overlapping Ti-O stretching vibrations in the crystalline 
phases observed in the FTIR results of the nanocomposite 
material (refer to Fig. 1) (Fig. 10).

additional moderate deviation from Ao was observed on 
the modified membranes between 670  cm⁻¹, to 876  cm⁻¹ 
C-C vibrations, potentially attributable to specific molecular 
rearrangement as TiO₂-nZVI were introduced in the PVDF 
membrane matrix, corroborating the XRD findings on the 
possible formation of metal carbide Ti-Fe-C (Wilhelmsson 
et al. 2010) and metal oxide such as Ti-O, Fe-O-, around 
1250 cm⁻¹ (Sun et al. 2018) where peaks broaden as TiO₂-
nZVI nanocomposite loading increases.

at this stage implies nearly complete oxidation of the reac-
tive nZVI core and the initial exposure of TiO2 shell.

3.6  Membrane Properties and Performance 
Evaluation

3.6.1  XRD Analysis

The XRD analysis results shown in Fig. 9 elucidate the crys-
talline structure and phase composition of the fabricated 
TiO2-nZVI membranes modified with varying TiO2-nZVI 
loadings, in comparison to the pristine membrane. From this 
figure, all the fabricated membranes show diffraction peaks 
at 2θ = ~18.39° associated to α-phase PVDF (Anand et al. 
2020; Zaienah And Rezaur 2024; Zhang et al. 2020), and 
2θ = 20.22° are characteristic of the electroactive β-phase 
of PVDF, a finding consistent with the previous findings 
in (Acarer-Arat et al. 2024; Ismail et al. 2021; James et 
al. 2024b, 2025; Zhang et al. 2023a, b). The diffraction 
observed at 2θ =~ 28.5° is indexed to the (101) TiO2 crystal 
plane. The incorporation of nZVI is confirmed by the pres-
ence of peak at 2θ =~ 47.3° which changes with nanocom-
posite loadings, observed in the A1 to A5 compared to Ao, a 
distinct characteristic of Feo (110) plane. These behaviours 
are typical for nZVI in composite materials, often attributed 
to the small crystallite size of nZVI particles and the forma-
tion of an amorphous iron oxide shell Fe3O4 and FeOOH 
on the nanocomposite surface because of nZVI potential for 
rapid oxidation. This core-shell structure is a common fea-
ture in nZVI synthesis and is highly essential for nanocom-
posite stability and chemical reactivity. Additionally, the 
progressive variation in this peak’s intensities observed with 
increasing TiO2-nZVI loading provides a greater density of 
active sites on the nanocomposite membrane.

Fig. 10  FTIR Analysis of pristine PVDF and TiO₂-nZVI modi-
fied nanocomposite membranes (Ao = pristine PVDF; A1 = 0.1  g, 
A2 = 0.15 g, A3 = 0.20 g, A4 = 0.25 g and A5 = 0.30 g TiO2- nZVI)

 

Fig. 9  XRD Analysis of pure PVDF and PVDF incorporated TiO2-
nZVI nanocomposite membranes at varying TiO2-nZVI nanocom-
posite concentration (Ao = pristine PVDF; A1 = 0.1  g, A2 = 0.15  g, 
A3 = 0.20 g, A4 = 0.25 g and A5 = 0.3 g TiO2-nZVI)
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The porosity 82.45%, 82.10%, and 86.58% for A1, A2 and 
A3 show uniform trend as particle loading increases with 
A4 (91.37%) recording highest porosity values. Although 
porosity alone does not determine hydrophilicity of the 
membrane matrix (Shokouhian And Solouki 2020; Silva et 
al. 2019). However, the trend provided an insight into the 

3.6.3  Surface and Cross-Sectional Morphological Analysis 
of the PVDF - TiO2-ZVI Nanocomposite Membranes

Figs. 11 and 12 show the results of the morphological char-
acteristics of the PVDF-TiO2-nZVI nanocomposite mem-
branes utilizing FESEM-EDX analyses. The surface and 
cross-sectional morphologies, in Fig. 11; Table 3 reveal that 
incorporating the TiO₂-nZVI nanocomposite significantly 
influences the dispersion of nanoparticles within the PVDF 
matrix. At lower loadings of 0.1 g to 0.25 g, the TiO₂ and 
nZVI nanoparticles achieve a homogeneous distribution 
throughout the PVDF matrix. This optimal dispersion is criti-
cal for ensuring sustainable functional properties, enhancing 
membrane performance in applications such as filtration and 
separation processes. The interactions between the nanopar-
ticles and the polymer matrix improve interfacial adhesion 
and enhance mechanical and permeability properties. In 
contrast, as the nanocomposite loading increases to 0.3 g, 
the particles agglomeration set in, this finding conformed 
with the previous studies that noted significant agglomera-
tion issues at higher concentrations of TiO2 (Gayatri et al. 
2024) and nZVI (Li et al. 2021a, b; Ren et al. 2019) within 
nanocomposite membranes due to high surface energy. This 
agglomeration compromises the membrane’s functional 
integrity by creating regions of high nanoparticle concen-
tration, leading to decreased active surface area, hydrophi-
licity and effective utilization of membrane properties. The 
increased viscosity of the dope solution at higher loadings 
further limits nanoparticle mobility, resulting in clustering 
that undermines filtration performance (Fuzil et al. 2023; 
Kazemi et al. 2020b).

water flux analysis of PVDF
In addition to the concentration dependent morphological 

properties observed from FESEM analysis, results from the 
cross-sectional analysis corroborate the influence of nano-
composite loadings in the formation of extended macro-
voids in the membrane structure (James et al. 2024a; Le 
et al. 2023; Rahman et al. 2024a, b). These morphological 
properties are associated to TiO₂-nZVI ability in enhancing 
the phase inversion process while promoting solvent to non-
solvent exchange kinetics.it is imperative to mention that 
higher nanocomposite loading coupled with the increased 
particle agglomeration could compromise flux performance. 
Table 4 shows characteristics of fabricated nanocomposite 
membrane.

 The porosity results shown in Table 3.0 are driven by 
thermodynamic parameters that influence the structural mor-
phology and hydrophilic characteristics of the PVDF-TiO2-
nZVI nanocomposite membrane during the phase inversion. 
These parameters influence the stable interaction between 
the solvent and non-solvent interaction of the membrane at 
the various loading viz. 0.1 g to 0.15 g and 0.2 g to 0.3 g. 

Fig. 12  Cross-sectional morphologies of the PVDF-TiO₂-nZVI nano-
composite membranes (Ao = pristine PVDF; A1 = 0.1 g, A2 = 0.15 g, 
A3 = 0.20 g, A4 = 0.25 g and A5 = 0.30 g TiO2- nZVI)

 

Fig. 11  Surface morphologies of the PVDF-TiO₂-nZVI nanocomposite 
membranes (Ao = pristine PVDF; A1 = 0.1 g, A2 = 0.15 g, A3 = 0.20 g, 
A4 = 0.25 g and A5 = 0.30 g TiO2- nZVI). b Cross-sectional morpholo-
gies of the PVDF-TiO₂-nZVI nanocomposite membranes (Ao = pris-
tine PVDF; A1 = 0.1  g, A2 = 0.15  g, A3 = 0.20  g, A4 = 0.25  g and 
A5 = 0.30 g TiO2- nZVI)
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morphological response of the nanocomposite membranes 
to particle loading. Consequently, hydrophilicity analysis 
was conducted to corroborate the hydrophilic behavior of 
the developed PVDF-TiO2-nZVI.

3.6.4  Hydrophilicity, Solvent Content and Shrinkage Ratio 
Analysis of the Nanocomposite Membrane

Figs. 13 and 14 show the results of WCA analyses at vari-
ous three locations on each of the developed PVDF-TiO2-
nZVI nanocomposite membranes, and the influence of drop 
age on the overall membrane WCA. The results indicate a 
significant decline in contact angles from the A0 to A5 with 
the pristine membranes. From this figure, the water contact 

Table 3  Characteristic properties of the PVDF TiO₂-nZVI2 incorpo-
rated nanocomposite membranes
Modified membrane Average mem-

brane thickness 
(µm)

Membrane 
pore size
*10− 3(µm)

Mem-
brane 
porosity
(%)

0.10 g TiO2-nZVI 45.2 11.874 82.45
0.15 g TiO2-nZVI 44.1 11.836 82.10
0.20 g TiO2-nZVI 46.3 11.747 86.58
0.25 g TiO2-nZVI 44.8 11.770 91.37
0.30 g TiO2-nZVI 45.1 11. 746 89.33

Nanocomposite material Contaminant(s) Removal 
efficiency

Refs.

Melamine-modified UiO-66 (MUiO-66) Pb2+ and Cd2+ under 
ambient conditions.

75% (Abdelmoaty et al. 
2022)

Gamma Irradiated Carboxymethyl 
Chitosan-Nanoclay Hydrogel (CsAA3Cl)

Pb2+, Ambient 
temperature.

84% (El-Sayed Abdel-
Raouf et al. 2023)

NiMn2O4@rGO nanocomposite Hydroquinone 91% (Subha et al. 2025)
BaTiO3/NiO/g-C3N4 nanocomposite; 
MIL-88B(Fe)@CuS; Nitro-Modified 
NO2-MIL-53(Fe)

Tetracycline 78.2% (Bai et al. 2025; 
Geng et al. 2025; 
Swarupa et al. 
2025)

Cobalt nanoparticles (CoNPs) modified 
poly(methyl methacrylate-acrylic acid)-
alginate [(Co-p(MAAG)] hydrogels

Rhodamine (Rh), 
under room 
temperature

96.35% (Naseem et al. 
2025)

Cu-complex@Fe3O4 4-methylbenzenethiol 
conversion

94% (Razmara et al. 
2025)

Cobalt based MOF Antimicrobial 
remediation

74% (Behl & Thakur, 
2025)

Cobalt-based photocatalyst, Co-AAP-
MOF; M0.2Ni0.8MoO4; Bio Ag3PO4-
ZnO; and MgAl LDH-Chitosan/
Serpentine nanocomposite

MB dye and Congo 
dye, at ambient 
temperature

97%; 94.8%, 
92.8%, and 35% 
respectively.

(Ali et al. 2025; 
Gamal et al. 2025; 
Hadkar And Sel-
varaj 2025; Younis 
et al. 2025)

Bi2O3/CuO and Fe-doped Bi2O3/CuO 
nanocomposite

Rhodamine B 85.17% and 
93.1%

(Thamir et al. 
2025; Zhang et al., 
2025)

Gamma Irradiated Carboxymethyl 
Chitosan-Nanoclay Hydrogel (CsAA3Cl)

Cr(VI) 100ppm, 
Ambient 
temperature.

93% (El-Sayed Abdel-
Raouf et al. 2023)

Polypropylene–Polypropylene-Grafted-
Maleic Anhydride–Montmorillonite Clay 
Nanocomposite (PP-g-MA/MMT)

20ppm and 30ppm; 
25 °C

55% and 15% (Moja et al. 2018)

PVDF-PDA-TiO2 Dye removal, 3 h 
treatment

88.8% (Le et al. 2023)

PVDF-TiO2@ZIF-67 10ppm Congo dye at 
ambient temperature; 
Neutral condition

84.84% (Prabhakar et al. 
2024)

PVDF-nZVI 2-chlorophenol 
(2-cp) wastewater

56% to 76% (Li et al. 2021a, b)

PVDF-TiO2-nZVI 10,20,30,40 and 
40ppm

91% (optimal 
membrane), 
> 80% across all 
concentrations

This study

Table 4  Comparison of perfor-
mance of PVDF-TiO2-nZVI with 
other nanocomposites and nano-
composites modified membranes 
for contaminants remediation
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incorporation of additional active sites of the hybrid TiO2- 
nZVI nanoparticles. The increased surface wettability, 
which in turn reflects the hydrophilicity of the membrane 
surface is essential for enhanced membrane performance 
of membrane materials (Sun et al. 2013). The surface wet-
tability is shown to increase with nanocomposite loading 
from A1 to A4 (0.1 g to 0.25 g TiO2-nZVI) followed by an 
increase as the nanocomposite concentration reaches 0.30 g, 
this increase could be associated with particle aggregation 
as the dope solution viscosity increases with increase par-
ticle loadings. Consequently, the introduction of hydrophilic 
nanoparticles within the membrane matrix are reported to 
reduced contact angles, leading to improved water perme-
ability and reduced fouling potential (Ahmed et al. 2024), 
corroborating the trend observed with increasing TiO2-
nZVI loading. Similar findings reported enhanced surface 
wetting properties associated with a decrease in membrane 
fouling, correlating improved hydrophilicity with supe-
rior membrane performance (Hurwitz et al. 2010b). The 
observed contact angles trend corroborates concentration 
dependent hydrophilicity properties of the developed mem-
brane at moderate particles loading which conforms with 
findings by Hurwitz et al., (2010a) where membrane surface 
functionalization controls the surface energy of membranes 
resulting to a substantial decrease in contact angles, better 
wettability and operational efficiency.

However, water contact angle of the membrane materi-
als varies significantly over time as the water drop ages, 
since the WCA is a time-dependent measurement (Zhao et 
al. 2023). Hence, Fig. 14 illustrates a time-dependent analy-
sis of the water contact angle taken at 5-second intervals. 
The results indicate that the incorporation of TiO2-nZVI 
in the membrane matrix considerably reduces the lifespan 
of the water drop on the membrane surface, as the water 
is absorbed by the membrane. This absorption leads to a 
decrease in both the water drop volume and the overall con-
tact angle. These findings corroborate the initial membrane 
characteristics discussed in Tables 1 and 3 and the trends 
shown in Fig. 13, while giving insights into the flux perfor-
mance of the nanocomposite membrane.

Figs.  15 and 16 show the results from solvent content 
analysis and the relationship between membrane poros-
ity and solvent content (Fig.  16). The solvent content of 
the nanocomposite membrane was evaluated using water, 
methanol and ethanol with the relationship described in 
Eq. (8). From Fig. 15, water solvent contents increase with 
increase in nanocomposite membrane modification as the 
particle loading increased from A1 to A5 this align with the 
findings reported in (Nawaz et al. 2021). The water content 
progressively increases across the particle loading despite 
the decline in WCA observed at A5 in the previous sec-
tion. Ao recorded the highest methanol and ethanol content 

angle decrease from 80.29˚, 58.99˚, 56.51˚, 50.74˚ and 
48.58˚ for Ao to A4 followed by an upward value to 52.70 
˚ as the nanocomposite loading increased to 0.3 g, implying 
an increase in affinity to polar solvents with corresponding 
increase in nanocomposite loading which conforms with 
the results of XRD, SEM and the membrane characteristics 
highlighted in Table 3. The optimum value of 48.58˚ was 
attained at A4 nanocomposite concentration (see Fig. 13). 
This continuous decline in water contact angle corroborated 
an enhanced hydrophilic property of the hydrophobic PVDF 
surface due to modification of the membrane matrix by the 
synergistic effects of metallic nZVI (Silva et al. 2019) and 

Fig. 14  Time dependent contact angle measurement analysis of 
PVDF- TiO₂-nZVI nanocomposite membranes (Ao = pristine PVDF; 
A1 = 0.1  g, A2 = 0.15  g, A3 = 0.20  g, A4 = 0.25  g and A5 = 0.3  g 
TiO2-ZVI)

 

Fig. 13  Hydrophilicity assessment via membrane water contact angle 
analysis of PVDF - TiO₂-nZVI modified nanocomposite membranes 
with optical goniometer photographs (Ao = pristine PVDF; A1 = 0.1 g, 
A2 = 0.15 g, A3 = 0.20 g, A4 = 0.25 g and A5 = 0.3 g TiO2-ZVI)
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3.6.5  Pure Water Flux and Heavy Metal Removal Analysis of 
the Nanocomposite Membrane

The results from the pure water flux analysis are shown in 
Fig. 17. The Pristine PVDF membrane attained steady flux 
values after 25 min of filtration which was quite faster in 
relation to the modified TiO₂-nZVI nanocomposite mem-
brane which stabilizes at varying filtration time as the nano-
composite loading increases across the membrane material, 
with 40 min for 0.1 g (A1), 45 min for 0.15 g (A2) 50 min 
for 0.20 g and 0.25 g (A3 and A5) and about 65 min for 
0.3 g (A4) nanocomposite membrane respectively. Despite 
these variations in steady flux filtration time, the steady 
water flux volume increases with increased nanocomposite 
loading from 27.95 L m− 2 h− 1, 33.54 L m− 2 h− 1, 17.143 L 
m− 2 h− 1, 11.18 L m− 2 h− 1, 10.43 L m− 2 h− 1, to 6.020 L m− 2 
h− 1for the A5,A4, A3,A2,A1, and Ao respectively. The cor-
responding maximum pure water flux obtained for the cor-
responding membranes are 438.26 L m− 2 h− 1, 573.91 L m− 2 
h− 1, 281.74 L m− 2 h− 1, 203.48 L m− 2 h− 1, 146.087 L m− 2 
h− 1, and 109.57 L m− 2 h− 1 for A5, A4, A3, A2, A1 and Ao 
respectively. The high flux performance observed in Fig. 17, 
which increases with higher nanocomposite loading, is 
associated with a decline in contact angle, indicating a sig-
nificant enhancement in membrane hydrophilicity. These 
results align with previous hydrophilicity studies conducted 
by (Hurwitz et al. 2010a; Mun et al. 2018), solvent con-
tent analysis (Siddiqa et al. 2018) and the reported influence 
of hydrophilic properties on flux performance (Hao et al. 
2025; Siddiqa et al. 2018). Other factors that could influence 
pure water flux performance apart from hydrophilicity are 
the membrane thickness, homogeneous interconnected pore 
network and agglomeration of membrane surface modifica-
tion materials (Hamzah et al. 2019; Namakka et al. 2025; 
Sueraya et al. 2025). However, results from the morpho-
logical investigation, FESEM and membrane characteris-
tics (see Table  3) corroborated consistent morphological 
structure and membrane thickness confirming the limited 
influence of these parameters on the observed overall flux 
performance of the nanocomposite membranes.

To determine the performance of the nanocomposite 
membrane material and identify the optimal nanocomposite 
loading, an initial concentration of 10 ppm lead (Pb²⁺) solu-
tion was employed. The results from the filtration experi-
ments with the modified nanocomposite membranes are 
illustrated in Figs. 18 and 19. A steady state removal rate 
for 10ppm Pb²⁺ was subsequently achieved, confirming 
the long-term stability of the nanocomposite membranes. 
The removal efficiencies shown in Fig.  18 were found to 
correlate with the increase in TiO2-nZVI nanocomposite 
loading, with the optimal membrane configuration (A4) 
achieving a removal efficiency of 91% during the 50-minute 

compared to water content; this increased methanol and 
ethanol content is associated with the increased WCA indi-
cating hydrophobic properties of the unmodified membrane 
and its low affinity to water molecules. In Fig.  16 water, 
ethanol, and methanol contents are correlated to the poros-
ity of the nanocomposite membrane. From this figure, as the 
water content increases, there is a corresponding uptick in 
membrane porosity, suggesting that higher water absorption 
corresponds to an enhanced structural permeability of the 
membrane material. This behaviour aligns with hydrophilic 
properties of polymer nanocomposite membranes, where 
water uptake facilitates membrane swelling (B et al. 2025). 
Conversely, the solvent content of ethanol and methanol 
increases with decreased porosity and membrane WCA.

Fig. 16  Comparison of solvent content analysis using a Water, b metha-
nol c Ethanol and membrane porosity (Ao = pristine PVDF; A1 = 0.1 g, 
A2 = 0.15 g, A3 = 0.20 g, A4 = 0.25 g and A5 = 0.3 g TiO2-ZVI)

 

Fig. 15  Solvent content analysis using a Water, b methanol c Ethanol 
(Ao = pristine PVDF; A1 = 0.1 g, A2 = 0.15 g, A3 = 0.20 g, A4 = 0.25 g 
and A5 = 0.3 g TiO2-ZVI)
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Fig. 19, the concentration gradient exhibits a sharp decline 
across all membranes, followed by a plateau. This initial 
rapid decrease indicates the combined effects of surface 
adsorption and size exclusion, alongside oxidative-reductive 
reactions during the filtration process (Xiao et al. 2014). It is 
imperative to note that the mechanism involved in contami-
nants removal depends on the nature of the contaminants in 
addition to the catalytic activity of the nanocomposite mem-
brane. For example, the disparity in the removal efficiencies 
observed in Pb²⁺ can be strongly influenced 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 matrix.

Figure 19 shows the results of the optimum membrane 
subjected to varying concentration of Pb2+ to investigate 
the influence of concentration on the removal efficiency 
of the membrane material under 20 ppm, 30 ppm, and 40 
ppm concentrations. The results show progressive removal 
efficiency for all Pb2+ concentrations as over the filtration 
periods (10, 20 30 40 and 50  min). The overall optimum 
PVDF-TiO2-nZVI nanocomposite membrane efficien-
cies are 88.5% ppm, 86.0%, 83.5% for 20ppm,30ppm 
and 40ppm respectively. This demonstrates a sustainable 
removal capacity and long-term membrane stability of the 
PVDF-TiO2-nZVI for lead removal (Hadian et al. 2024). 
However, it equally highlighted a very critical concentra-
tion-dependent mechanism of the fabricated nanocomposite 
membrane observed in the initial stages of filtration opera-
tions. At the 30 min of the filtration treatment, the removal 
rates were 81% (20 ppm), 79% (30 ppm), and 78.3.0% (40 
ppm) which was followed by an initial decrease in efficiency 
with decreasing concentration suggesting transitions from a 
reaction-site (adsorption) to a mass transfer (size exclusion) 
regime. This mechanism enabled higher concentration gra-
dients at 30 ppm and 40 ppm to accelerate the mass transfer 
of Pb2+ ions towards the membrane surface, enhancing the 
removal efficiencies despite the limited reactive sites from 
the PVDF-TiO2-nZVI surface. Although even below the 
30 min of the filtration treatments the nano functional fill-
ers (TiO2-nZVI particles) provided effective high density 
of reactive sites, however the initial influx of Pb2+ ions at 
40 ppm certainly exceeded the instantaneous reaction rate, 
leading to the lowest initial removal efficiencies (Iron et al. 
2023). The relatively excellent performance of the optimum 
membrane can be associated with balanced nanocomposite 
loading and coupled with the PVDF-TiO2-nZVI dual-mech-
anism functionality, overcoming initial kinetic limitations 
over the treatment period. The possible removal mecha-
nisms involve initial adsorption and simultaneous conver-
sion of Pb2+ into insoluble, less mobile ion precipitates on 

filtration operation. This performance can be attributed to 
an increased number of reactive sites resulting from higher 
nanocomposite loading, as a greater proportion of nZVI 
and TiO₂ nanoparticles are incorporated into the membrane 
matrix, enhancing the synergistic capabilities for Pb²⁺ reduc-
tion and adsorption on the modified membrane surface. 
Similar findings were reported involving chromium (VI)
(Kazemi et al. 2020b) removal using nZVI-TiO2 nanocom-
posite membranes. The enhanced adsorption and reduction 
capabilities of the developed nZVI-TiO2 components facili-
tate the production of reduced lead Pb2+ species which are 
subsequently retained by the modified membrane matrix. In 

Fig. 18  Lead (Pb²⁺) removal (%) analysis of PVDF-TiO₂-nZVI nano-
composite membranes at 10ppm concentration (Ao = pristine PVDF; 
A1 = 0.1  g, A2 = 0.15  g, A3 = 0.20  g, A4 = 0.25  g and A5 = 0.30  g 
TiO2-nZVI)

 

Fig. 17  Pure water flux analysis of PVDF-TiO₂-nZVI modified nano-
composite membranes (Ao = pristine PVDF; A1 = 0.1 g, A2 = 0.15 g, 
A3 = 0.20nanocomposite membranes at 10ppm   g, A4 = 0.25  g and 
A5 = 0.3 g TiO2-nZVI)
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within the membrane matrix, thereby restraining the heavy 
metal adsorption process. The consistent performance at 
lower concentrations signifies that the modified nanocom-
posite membranes are particularly effective under controlled 
conditions compared to other reported studies (See Table 4), 
as they utilize favorable adsorption dynamics and minimize 
the kinetic barriers that arise with significant metal ion com-
petition in the membrane matrix.

3.6.6  PVDF-TiO2-nZVI Long-Term Stability Studies

The long-term operational stability and potential leaching 
of oxidized iron of the optimal PVDF-TiO₂-nZVI nano-
composite membrane were evaluated following seven 
consecutive filtration cycles using a 5 ppm Pb²⁺ solution 
(see Figs. 21 and 22). From Fig. 21a gradual flux decline 
occurred following the first 50 min of filtration cycle, this 
flux decline becomes more pronounced after the second 
cycle (3  h of operation). The decline in hydraulic perfor-
mance is associated with the deposition of surface foulants 
(Ezaier et al. 2024; Kirschner et al. 2019). However, the 
process was reversible, as hydraulic cleaning after 200 min 
effectively restored the membrane flux. Throughout the 
cycles, separation efficiency consistently exceeded 80% 
(refer to Fig. 22). These removal efficiencies demonstrate 
the robust structural integrity and stability of the optimal 
PVDF-TiO2-nZVI nanocomposite membrane. These find-
ings indicate sustained hydraulic stability and antifouling 
performance, which can be attributed to the membrane’s 
enhanced hydrophilicity. Hydrophilic properties mitigate 
intermittent flux decline and reduce the conventional trade-
off between hydraulic performance and pollutants reme-
diation efficiencies of the nanocomposite membranes. The 
AAS analysis of the feed and permeate solutions after the 
successive cycles revealed 0.238 mg/L and 0.109 mg/L of 

the membrane surface, which maintains membrane flux and 
active site availability.

Figure  20 compared the results from the performance 
analysis of the PVDF-nZVI-TiO2 nanocomposite under 
various concentration of Pb²⁺ with concentration gradient. 
the concentration gradient demonstrates that an increases 
in initial Pb²⁺ concentration correlates with lower percent-
age removal efficiencies due to increased competition 
between Pb²⁺ ions for reactive sites on the nanocomposite 
membrane surface thereby decreasing removal efficien-
cies. The removal efficiencies decreased with increasing 
Pb2+ concentration from 87% at 20ppm to 83% at 40ppm 
under the same filtration conditions. This is consistent with 
the recent findings on the removal efficiencies of heavy 
metals via adsorption mechanism (Ávila et al. 2025). The 
observed tend of the concentration gradients across the 
PVDF-TiO2-nZVI nanocomposite membranes, particularly 
the steep declines at lower concentrations suggest the initial 
dominance of surface adsorption in the filtration mecha-
nism. However, it imperative to note that both ion exclu-
sion and surface adsorption mechanisms are crucial for an 
effective nanofiltration or reverse osmosis filtration opera-
tions (García-Ávila et al., 2025). As the concentration of 
Pb²⁺ ions increase from 20 ppm to 40 ppm, the saturation of 
reactive sites may lead to a plateau in Pb²⁺ removal efficien-
cies, indicative of the optimum adsorption capacity as more 
metal ions occupied the surface-active sites of the nanocom-
posite materials in the membrane matrix. Furthermore, the 
percentage removal efficiencies at 20 ppm and 30 ppm are 
significantly higher than at 40 ppm, reinforcing the nega-
tive impact of increase in initial concentration on membrane 
removal rate. This trend could be attributed to the subopti-
mal contact time between Pb²⁺ ions and the reactive sites 

Fig. 20  Concentration gradient and Pb2+ removal efficiencies analysis 
of A4 PVDF-TiO₂-nZVI nanocomposite membranes at 20pm,30ppm, 
and 40ppm concentrations

 

Fig. 19  Influence of concentration viz. 20pm,30ppm, and 40ppm on 
Pb2+ rejection rate of the optimal membrane (A4) over the 50 min fil-
tration time
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treatment is shown in Fig. 23. The results of the FTIR after 
the 7 successive cycles revealed a shift in peak intensities at 
the corresponding functional group and provided evidence 
on the Pb2+ chemical interaction with the O-H functional 
groups within the PVDF-TiO2-nZVI membrane matrix. 
Furthermore, there is an observed change in the shape and 
positions of Ti-O, Fe-O peaks at 1000–1200  cm− 1, these 
spectral changes corroborate the formation of a chemical 
bond or chelation complexes between the Pb2+ ions and the 
oxygen-containing functional groups of the PVDF-TiO2-
nZVI nanocomposite. The change in peaks intensities and 
shift of the -OH stretching vibrations peaks are highlighted 
in the range 2000–3500 cm− 1 regions indicating active par-
ticipation of these functional groups in binding Pb2+ ions 
contributing to the performance and long-term stability of 
the PVDF-TiO2-nZVI nanocomposite membrane.

4  Conclusion

In conclusion, this study provided a comprehensive inves-
tigation of the synthesis, characterization, and performance 
evaluation of a novel PVDF-TiO2-nZVI nanocomposite 
membrane for the removal of Pb2+ from aqueous solu-
tions. The physicochemical properties of the synthesized 
TiO2-nZVI nanocomposite were validated via various tech-
niques with XPS and TGA analysis confirming the thermal 
stability and successful synthesis of TiO2-nZVI nanocom-
posite. The developed PVDF-TiO2-nZVI nanocomposite 
membrane showed stable hydraulic properties, enhanced 
hydrophilicity and long-term performance stability. The 
study identified an optimal loading of nanocomposite that 
maximizes membrane efficiency in removing lead ions from 

Fe ions respectively. This finding confirmed the leaching of 
oxidized Fe ions similar leaching of Fe composite poten-
tial were reported by (Minella et al. 2016). However, the 
Fe ions leached by the PVDF-TiO2-nZVI are significantly 
within the acceptable range (≤ 0.3 mg/L) of iron in drink-
ing water reported by world health organization in WHO/
SDE/WSH/03.04/08 (World Health Organization 2003). 
This corroborates the potential utilization of the developed 
optimal membrane loading for a plethora of environmental 
applications.

The FTIR spectra comparing the optimal PVDF-TiO2-
nZVI nanocomposite membrane, A4 before and after Pb2+ 

Fig. 23  FTIR Analysis of the optimal PVDF-TiO₂-nZVI nanocom-
posite membranes (A4 = 0.25gTiO2- nZVI) before and after long term 
stability treatment

 

Fig. 22  Pb²⁺ removal analysis of the optimal PVDF-TiO₂-nZVI modi-
fied nanocomposite membrane (A4 = 0.25 g TiO2-ZVI) over 7 succes-
sive filtration cycles at Co = 5ppm

 

Fig. 21  Pure water flux analysis of optimal PVDF-TiO₂-nZVI modi-
fied nanocomposite membranes (A4 = 0.25 g TiO2-ZVI) over 7 succes-
sive filtration cycles
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aqueous solutions. The optimum nanocomposite loading 
performance for the Pb2+ removal was found to be 91%. The 
removal efficiency exceeds 80% across all nanocomposite 
membranes and contaminants loadings. Hence, the incorpo-
ration of the TiO2-nZVI nanocomposite into PVDF mem-
branes significantly enhances their filtration performance 
and hydrophilicity, making them more effective for water 
treatment applications. However, further studies require the 
exploration of other parameters such as influence of pH on 
the membrane performance, effect of coexisting ions and 
potential chemical leaching of the nanocomposite materials 
from the membrane matrix.
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