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Electrospun carbon nanodot-doped PVDF
nanofibers with enhanced crystallinity,
hydrophobicity and UV resistance
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PVDF is known to be synthesized into nanofibers for various applications, including wastewater treatment
through oil-water separation, adsorption, and filtration. However, long-term stability and fouling remain
significant shortcomings. In this study, low-cost, steam-activated date palm fronds carbon nanodots
(DPF CNDs) derived from natural sources were incorporated into polyvinylidene fluoride (PVDF)
nanofiber mats at varying concentrations ranging from 0 to 5 wt%. We investigated the impact of CNDs
loading on surface morphology, wettability, crystalline structure, thermal stability, mechanical properties,
and UV resistance. We found that a-phase crystallinity increased with increasing CND concentration; the
membranes also exhibited thermal stability, with a slightly decreasing melting temperature. Additionally,
a slight decrease in tensile strength was observed with increasing elongation at break, as measured by
mechanical testing, indicating improved flexibility. Enhanced hydrophobicity was also observed, as
evidenced by a higher contact angle that remained stable after UV exposure, thereby demonstrating
improved UV resistance. Therefore, these CND-doped PVDF nanofibers demonstrated potential for
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Introduction

Nanofibers are tiny fibrous materials with diameters typically
ranging from 1 to 100 nm and a high aspect ratio. Depending on
their intended use, they can be made from organic polymers or
inorganic materials." Nanofibers have become increasingly
important in various fields thanks to their high surface area,
porosity, and tunable structure. These include environmental
cleanup (such as wastewater treatment, oil-water separation,
and pollutant adsorption), biomedical applications (like drug
delivery and tissue engineering), and energy devices.>” Polymer-
based nanofibers are especially attractive because they are
environmentally friendly, biocompatible, flexible, recyclable,
and amenable to chemical modification. These properties make
them versatile in technologies ranging from water treatment to
sensors and piezoelectric devices.®®

There are several methods for producing nanofibers,
including phase separation, template synthesis, and mechan-
ical drawing. However, electrospinning and electro-spraying are
yet the most efficient and widely used techniques for
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antifouling applications, particularly in the adsorption of organic pollutants and oil-water separation.

transforming many raw materials for different functional
applications.” Electrospinning has progressed from a single-
fluid mixing technique™ to coaxial," side-by-side, triaxial,**
tri-fluid side-by-side,”® and other complicated processes.*
However, these methods, such as single-fluid blending
electrospinning, endow the nanofibers with active chemicals
that dictate their intended functional applications. Electro-
spinning is relatively simple, cost-effective, and allows precise
control over fiber morphology. Electrospun nanofibers are well-
known for their good crystallinity, high surface area, uniform
structure, and porosity, making them ideal for filtration, elec-
tronics, catalysis, and biomedicine.'”*®* PVDF is one of the most
commonly used electrospun polymers, primarily due to its
chemical resistance, thermal stability, and piezoelectric prop-
erties.” PVDF exists in different crystalline phases, with the
most common ones being the nonpolar a-phase and the polar -
phase. The o-phase provides hydrophobicity and structural
stability, which is beneficial for filtration and separation
applications. On the other hand, the B-phase offers piezoelectric
properties that are more relevant to sensors and energy har-
vesting devices.'**"

Thanks to its hydrophobic nature, often characterized by
a water contact angle close to 120°, PVDF electrospun nanofibers
have been effectively used to separate oil from water and adsorb
organic pollutants.*® However, fouling is one of the biggest
challenges in using PVDF membranes for water treatment.**
Over time, contaminants accumulate on the membrane surface,
reducing performance.” However, chemical cleaning and

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra06847a&domain=pdf&date_stamp=2025-11-07
http://orcid.org/0009-0001-3961-9199
http://orcid.org/0000-0002-7010-4628
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06847a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015051

Open Access Article. Published on 07 November 2025. Downloaded on 4/4/2026 11:49:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

backwashing are standard cleaning methods. But these cleaning
methods can damage the membrane, especially when harsh
chemicals are involved.** To address this issue, researchers have
modified PVDF by coating its surface with more hydrophilic
materials or blending it with other polymers or nano-
materials.”>*® Some studies have introduced polymers such as
PAN, PVA, and PMMA”*® or nanomaterials like graphene oxide,
titanium dioxide, and cellulose nanocrystals.>*® These additives
help to improve wettability and reduce fouling.** However, they
can also be expensive and difficult to disperse uniformly in the
PVDF matrix. While several carbon-based nanofillers, such as
graphene, graphene oxide, and carbon nanotubes, have been
used to modify PVDF membranes.***

Many of these additives tend to enhance the B-phase and
modify surface wetting behavior, which may not be ideal for
improving fouling resistance. Additionally, high cost, disper-
sion uniformity, and long-term UV stability can limit their
practical applicability. For example, CNTs and graphene, with
their large aspect ratios and electronic structures, when well-
dispersed, serve as nucleation sites in polymers, promoting
the all-trans (TTTT) conformation of the B-phase in PVDF.
Furthermore, their electrical conductivity enhances fiber
alignment and crystallinity by amplifying the local field during
electrospinning. This reduces its surface energy, thereby
increasing its hydrophobicity. GO particles, in addition, when
uniformly dispersed within the PVDF matrix, enhance its alpha-
to-beta phase transition due to the GO crystal lattice matching
with the PVDF B-phase. However, this also increases the surface
energy and decreases the hydrophobicity of the PVDF due to the
hydrophilic nature of GO.*> When steam-activated CNDs are
uniformly dispersed within the PVDF matrix, they inhibit
nucleation and alter polymer chain alignment during electro-
spinning.** This favors the T-trans, G-gauche', G'-gauche-dihe-
dral (TGTG') conformation of the a-phase, which is responsible
for PVDF's hydrophobic properties. Despite their high surface
area and porosity, which may retain water via capillarity, steam-
activated CNDs have rougher surfaces and fewer oxygenated
groups than GO, making them less hydrophilic.**

On the other hand, steam-activated CNDs derived from
renewable biomass, particularly date palm fronds, are
a sustainable and scalable alternative. These steam-activated
CNDs are low-cost, highly crystalline, and exhibit excellent
dispersion in polymer matrices without requiring surface
functionalization.**2® Moreover, these steam-activated CNDs
were reported to have efficiently removed organic pollutants
from water with high precision.*® Despite their promise, their
influence on PVDF nanofibers, particularly in terms of crystal-
linity, wetting behavior, UV resistance, and fouling mitigation,
remains underexplored. In this study, we incorporate steam-
activated CNDs into PVDF electrospun nanofibers at varying
concentrations and evaluate their effects on surface
morphology, crystalline structure, thermal behavior, mechan-
ical properties, and surface wettability. Our goal is to assess
their potential to enhance membrane properties relevant to
their performance for applications such as the removal of
organic pollutants as well as oil-water mixture separation in
wastewater treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods

Materials

PVDF (M,, ~534000 by GPC) powder and high-purity N,N-di-
methylformamide (DMF) were purchased from Sigma-Aldrich.
CNDs were sourced from date palm fronds using a ball
milling technique as previously described.***”*® Before the
electrospinning process, polymeric solutions of different CNDs
concentrations, namely, 0 wt%, 1.25 wt%, 2.5 wt%, and 5 wt%,
were made by dissolution of the PVDF powder in DMF under
constant stirring at 65-70 °C for 3-4 h until a homogeneous
polymeric solution is achieved, after which the CNDs powder
was added and kept under continuous stirring overnight at 50 °©
C to allow for better CNDs dispersion in the polymer matrix.

Methods

Production and activation of CNDs. The date palm frond
CNDs were fabricated following the method described previ-
ously.*®*** The CNDs were fabricated by first cutting dried date
palm fronds into small pieces, washing them with water, and
then drying them in a furnace overnight. The dried date palm
fronds were subsequently carbonized at 350 °C in an oven for 3
hours. The carbon nanostructures from carbonized date palm
fronds were produced using the ball-milling technique, in
which the moving balls, upon collision, transfer mechanical
energy to the carbon materials within the milling jars, thereby
crushing the larger carbonized date palm fronds into carbon
nanostructures. After ball milling, the CND sample is physically
activated with steam as the gasifying agent under a nitrogen
atmosphere at 800 °C for 60 minutes.

Electrospinning. Electrospinning is a parameter-driven
process; in other words, the nature and features of the result-
ing electrospun nanofibers are based solely on the parameters
and electrospinning conditions employed during the process.*
These parameters and conditions include the polymer solu-
tion's composition, the solvent's nature, the feed rate, the
distance between the needle tip and the collector, the spinneret
width and speed, the applied voltage, the temperature, and the
atmospheric conditions of the electrospinning environment.
Based on the preferred application, the properties of PVDF-
based electrospun nanofibers, including their morphologies,
crystallization phases, and piezoelectrical properties, can be
tuned by simply controlling the electrospinning parameters.**
Consequently, this study examines the effect of incorporating
CNDs on the physical, thermal, mechanical, and wetting char-
acteristics of PVDF electrospun nanofibers, while maintaining
constant  electrospinning parameters and conditions
throughout the process.

After cooling, the polymer solution was cooled to room
temperature, sonicated for 30 minutes, and then transferred
into a 10 mL syringe. A small-diameter tube was attached to the
filled syringe at one end using a plastic-and-metal connector
with a needle on the other end. Finally, the filled syringe was
fixed on a holder. The needle is mounted on the electrospinning
machine's spinneret. A flat, rectangular glass substrate wrapped
in aluminum foil is used as a collector to collect electrospun
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fibers, as shown in Fig. 1a. Table 1 shows the summary of the
optimized electrospinning parameters employed during the
electrospinning process, which are obtained after several trials
of the ranges of feed rate (0.1-0.5 mL h™ "), needle tip-collector
distance (100-150 mm), spinneret width (120-150), and applied
voltage (20-30 kv).

Samples characterizations. The produced DPF CND nano-
particles are studied using a scanning electron microscope (SEM)
(JSM-7500 JEOL, Japan) at 5.0 kv. The transmission electron
microscopy (TEM) images of the CNDs samples were taken by
employing the same procedure reported previously.”” The high-
resolution transmission electron microscopy (HRTEM) images
were obtained using a JEOL JEM-2100F (Japan). The Raman
spectrum was obtained using the DXR Raman spectroscope,
while the surface chemistry was examined with X-ray photoelec-
tron spectroscopy (XPS) (PHI5000 VersaProbell, Japan).

The morphology of the electrospun nanofiber samples was
evaluated using the SEM machine mentioned above under the
same operating conditions. The average nanofiber diameter is
estimated using the free online Image] software package devel-
oped by the National Institutes of Health, USA. The crystallo-
graphic structures of the nanofiber samples were studied using
an Ultima-IV X-ray diffractometer with an operating voltage of
40.0 kv, a current of 30.0 mA, and a Cu Ko X-ray wavelength of
1.5418 A. Other employed operating parameters are an angular
interval of 5 to 90°, a step range of 0.02°, and a Div Slit of 2/3°. On
the other hand, the phase composition of the prepared nanofiber
samples was investigated using a DXR Raman spectroscope with

Table 1 Electrospinning process parameters

Parameter Value
Needle tip-collector distance 150 mm
Applied voltage 25 kv
Solution feed rate 0.3mLh™"
Spinneret width 150 mm
Temperature and humidity Atmosphere
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(a) Electrospinning process, (b) contact angle measurement stages, (i) surface focus, (i) liquid drop, (iii) contact, (iv) lift-up.

a 6 mW source power and a 532 nm laser. On the other hand, the
thermal characteristics of the nanofiber samples were evaluated
using a differential scanning calorimeter incorporated thermog-
ravimetric analyzer (TGA-1550, Bioevopeak Co., Ltd., China) at
a heating rate of 10 °C min~* in the temperature range of 30~
300 °C under an air atmosphere.

Contact angle measurements. The wetting properties of the
electrospun nanofiber samples were examined using a sessile
drop contact angle measurement setup, with water and olive oil
as the test liquids. The fiber sample on a substrate is placed on
the sample holder, and the sample surface image is monitored
and displayed on the computer monitor screen connected to the
setup. Four microliters of water/oil droplets are dropped on the
fiber sample's top layer, and the contact angle between the
water droplet and the nanofiber surface is carefully measured.
The contact angle measurement stages are illustrated in Fig. 1b.

Nanofibers UV-irradiation. The prepared nanofiber samples
were subjected to UV radiation for 15, 30, and 60 minutes using
a high-intensity UV irradiation SPDI UV Exposure Lab Chamber
(UVB = 280 nm; model number 800.977.7292). The samples
were irradiated at a distance of 6 mm from the light source.*>**
After UV radiation exposure, we measured the water and oil
contact angles on individual samples to investigate their effect.

Nanofibers mechanical properties evaluation. The nano-
fibers’ mechanical behavior was tested using a tensile tester
(LRX Plus 2011) with a maximum load of 5 kN (1100Ib). The
nanofiber mat samples, approximately 50 mm in length, were
vertically folded to allow for a reasonable sample width and
thickness. We measured all sample parameters before the
tensile test at an extension rate of 30 mm min~ " and a gauge
length of approximately 50 mm.

Results and discussion

Steam-activated CNDs morphology, surface chemistry, and
phase composition

Fig. 2a-c shows the surface morphology of the steam-activated
DPF CNDs studied using the SEM images at different

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06847a

Open Access Article. Published on 07 November 2025. Downloaded on 4/4/2026 11:49:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

X 3,000

Fig. 2

magnifications. As observed, easily separable agglomerates of
nanoscale DPF particles form, with individual particles
<100 nm. These agglomerated particles have irregular
morphologies, which can improve mesopore formation, as well
as surface area, impacting reactivity and adsorption, as re-
ported.*” The TEM (Fig. 2d) and HRTEM (Fig. 2e) images show,
respectively, the ultrafine structures of DPF CNDs nano-
particles. The separated individual CNDs nanoparticles show
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(a—c) SEM images at different magnifications, (d) TEM, (e) HRTEM, and (f) EDS analysis of the DPF CNDs.

highly ordered dots with ~8-10 nm dimensions, having an
~3.50 A d-spacing which corresponds to the (002) diffraction
plane, and show the highly graphitic sp? crystalline phase of the
CNDs nanoparticles.*” The presence of some other agglomer-
ates within these images also agrees with the reported results.*®
The EDS quantitative and qualitative analysis (Fig. 2f) shows the
elemental composition of the DPF CNDs powder sample with
carbon (C) and oxygen (O) together making of up to 91.11% by
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Fig. 3
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(a) XPS survey scan curve, (b) XPS spectrum of the C 1s band, and (c) Raman spectrum of the DPF CNDs.
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weight, and 96.03% by atom of the total weight and atomic
percentages of the sample, indicating higher carbon content
with some trace elements of magnesium (Mg), silicon (Si),
potassium (K), and calcium (Ca).

Fig. 3a-c shows the XPS survey scan curve, the spectrum of
the C 1s band, and the Raman spectrum of the CNDs of the DPF
nanoparticles sample. The XPS survey scan curve (Fig. 3a)
reveals the presence of carbon and oxygen bands in the DPF
CNDs sample. The C 1s band spectrum (Fig. 3b) shows an

View Article Online

Paper

appearance of sp> and sp® bands, respectively, at ~283.5 and
285 eV. The sp” band intensity was much higher than that of
sp®, which shows a strong graphitic crystalline phase in the DPF
CNDs sample. An additional low-intensity band at 288 eV cor-
responding to functional groups such as C=O0 is observed.*
The Raman spectrum (Fig. 3c) shows apparent bands at 1370,
1570, and 2740 cm ™', which correspond to the D-, G-, and 2D-
bands, respectively.** The D-band represents disordered
carbon structure, sp® bonding and defects, while the G-band

Mean = 495.6nm
SD =126.5nm

400 500 600
Diameter (nm)

Mean = 461.5nm
SD =152.1nm

o
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Fig.4 Low- and high-magnification SEM images; nanofibers diameter distribution of PVDF (a—c), (d—f), PVDF/1.25% CNDs, PVDF/2.5% CNDs (g—

i), and PVDF/5% CNDs (j—1) electrospun nanofibers.
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signifies graphitic structure, sp” bonding and crystalline regu-  Nanofibers morphology
larity. The 2D band indicates a graphene-like structure, high

larity, and i der 19 The morphology and uniformity of the PVDF electrospun
regularity, and stacking order.*”

nanofibers with an average nanofiber diameter (495.6 + 126.5
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Fig. 5 EDS mapping and spectrum of pure PVDF (a—d), and PVDF/CNDs (e—i) electrospun nanofibers.
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nm) (Fig. 4a-c) were observed to improve with 1.25% increased
CNDs concentration in the PVDF/CNDs electrospun nanofibers
with 461.5 £+ 152.1 nm average nanofiber diameter (Fig. 4d-f).
Further improvement in the nanofiber morphology, uniformity,
as well as the average diameter of (380.2 + 132 nm) (Fig. 4g-i) is
noticed as the CNDs concentration is increased to 2.5% due to
the reduction in the polymer solution surface tension and
shorter drying period of the electrospun nanofibers as a result
of the CNDs presence within the polymer solution. At higher
CND concentrations, the nanofibers’ morphology tends to
decrease slightly, with an average nanofiber diameter of 454 +
130.8 nm (Fig. 4j-1), resulting from the high viscosity of the
polymer solution and a delayed drying period of the resulting
electrospun nanofibers. These CND additives at moderate
concentration not only improve the morphology, along with the
uniformity of the nanofibers' diameter, but also enhance the
likelihood of obtaining bead-free nanofibers and the electro-
spinnability of the PVDF polymer itself.

To address the incorporation and uniformity of CNDs within
the produced PVDF nanofibers, we employed energy-dispersive
spectroscopy (EDS) mapping, a popular microanalytical method
for identifying and quantifying elements in a sample. Fig. 5
shows the EDS mapping and spectrum analysis of the PVDF (a-
d) and PVDF/CNDs (e-i) nanofiber samples. It reveals the
constituent elements of these electrospun nanofibers and their
corresponding atomic and weight percentages. Hence, notice-
able incorporation and regular dispersion of the CNDs within
the polymer matrix (Fig. 5h: mix = PVDF/CNDs) were achieved
successfully. The presence of oxygen and the carbon element,
being the central component of CNDs, becomes more visible in
Fig. 5h, with transparent red dots/particles in the formed
nanofibers.

Nanofibers' crystallinity and thermal stability

Fig. 6a reveals the X-ray diffractograms results of the PVDF and
various CNDs concentrations of PVDF/CNDs nanofibers. The
nanofiber samples exhibit characteristic diffraction peaks in the
26 range (15-35°). The PVDF polymer precursor comprises both
the alpha and beta crystalline phases. The intensity peaks at 2-

(a) - i

PVDF/5% CNDs

PVDF/2.5% CNDs

Intensity (a.u)

PVDF/1.25% CNDs

15 20 25 30 35 40
2-theta (degrees)

Fig. 6
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theta values of ~20.28° and 26.54°, corresponding to the (110)
and (021) a-phase refraction planes of the PVDF nanofibers,
respectively.”* The intensity peak at 2-theta ~20.88° corre-
sponds to the combinations of (110 and 200) refraction planes
of the B-phase.”* The B-phase diffraction peak intensity of the
PVDF nanofiber is observed to be suppressed upon the intro-
duction of CNDs, due to interactions between the polymer
chains and the CNDs within the polymer matrix. The observed
increase in the intensity of the a-phase peak at 26 ~20.28° and
the instability of the 20 ~26.54° peak intensity at higher CND
concentrations indicate that CND disrupts the crystallinity of
the PVDF nanofibers. The increase in the alpha-beta ratio
observed at moderate CND concentrations in Fig. 6b provides
further evidence of preferential a-phase crystallization. This
could be likely facilitated by the amorphous structure and
surface chemistry of the incorporated CNDs. These CNDs may
disrupt the chain alighment necessary for f-phase formation,
thereby stabilizing the thermodynamically favored o-phase.
Quantitatively, the increase in the a/p ratio suggests enhanced
surface interactions between PVDF chains and the CNDs
interfaces. Consequently, the presence of the CNDs at higher
concentrations within the PVDF matrix can result in the o/
B ratio decrease as well as an overall decrease in the nanofibers’
crystallinity as observed in the X-ray diffractograms (Fig. 6a).
The first heating (endothermic) thermogravimetric analysis
curves of PVDF and PVDF/CND nanofibers (Fig. 7a) further
reveal the thermal characteristics and crystallization behavior
of the nanofiber samples. The percentage crystallinity was
computed using eqn (1) based on the enthalpy of melting of the
individual nanofiber samples, which utilized the reported
enthalpy of melting (AH =105] g~ ') of a 100% crystalline PVDF
sample.” The overall decrease in the melting temperature, from
160.95 °C for PVDF nanofibers to 158.82 °C at higher CND
concentrations, indicates a weakening of intermolecular forces
due to the introduction of CNDs. Consequently, the melting
enthalpy of the PVDF nanofibers (AH,,) decreased from 39.60 ]
g " to 35.11 ] g~ ". The percentage of crystallinity (X.) ranged
from 37.82% to 33.53% (at higher CND concentrations), as
presented in Table 2. The results indicate the presence of CNDs

(b)

a
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.

o/B ratio (a.u)

o o o - - -l
> o © o N »
1 1 1 1 !

T T T
PVDF/1.25% PVDF/2.5% PVDF/5%
CNDs CNDs CNDs

T
PVDF

(a) X-ray diffractograms, and (b) alpha—beta ratio of the PVDF and PVDF/CNDs (with various CNDs concentrations).
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various CNDs concentrations).

in the PVDF matrix, which alters the polymer chain alignment
due to its amorphous nature.* Moreover, the surface charges of
the CNDs may also disrupt polymer crystallinity due to the rapid
nucleation rate during solidification.*

AH,,

Percentage crystallinity, X (%) = NI 100 (1)

where AH,, and AH are the enthalpies of melting of a given
sample and a 100% crystalline PVDF sample, respectively.

Table2 Thermo-analytical data of PVDF and PVDF/CNDs electrospun
nanofiber samples with varying CNDs concentrations

Sample T (°C) AH, (Jg™h X, (%)
PVDF 160.95 39.60 37.82
PVDF/1.25% CNDs 159.97 37.42 35.74
PVDF/2.5% CNDs 159.49 37.32 35.65
PVDF/5% CNDs 158.82 35.11 33.53

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Thermo-analytical curves; (b) Raman spectra; (c) stress—strain curves of the PVDF and PVDF/CNDs electrospun nanofibers (with

The distinct bands at ~1370 ecm ™" and 1570 cm ™" in the
Raman spectra of the PVDF/CNDs electrospun nanofiber
samples (Fig. 7b) indicate the presence of CNDs within the
PVDF matrix. This band appeared absent from the PVDF
nanofiber sample's spectrum. However, it showed a further
increase in intensity with the addition of CNDs, indicating
successful incorporation and distribution within the PVDF
matrix.

Nanofibers' mechanical properties

Fig. 7c below reveals the stress-strain curves of the individual
nanofiber mat samples. Pure PVDF nanofibers exhibited a high
tensile strength of 6.84 MPa and a relatively low total elongation
at fracture. By adding CNDs at different loadings, the tensile
strength value remains almost invariant but with an increased
elongation at fracture, particularly at a 2.5 wt% CNDs concen-
tration. This increased elongation at fracture may be due to
alterations in the polymer's crystal structure resulting from the
CNDs' interaction with the polymer chains. This implies that

RSC Adv, 2025, 15, 43392-43402 | 43399
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PVDF and PVDF/CNDs electrospun nanofibers (with various CNDs concentrations).

the presence of CNDs at a moderate ratio within the PVDF
crystal lattice reduced its crystallinity by breaking the long-
range order required for PVDF crystallinity, leading to poly-
mer chain rearrangement and the formation of more amor-
phous regions. This makes the PVDF nanofibers less crystalline,
and so enhances their percentage elongation.> Similar behavior
involving carbon-based nanomaterials in beta-form PVDF
nanocomposites reinforced with CNTs was also reported.” The
calculated average tensile strength and percentage elongation
at fracture from the tensile test data of the nanofiber samples
are listed in Table 3 below.

Nanofibers' surface wetting behaviours

Fig. 8a reveals the surface-wetting behavior of the PVDF and
PVDF/CNDs electrospun nanofibers. The observed contact
angles of (i) water and (ii) oil before UV irradiation are found to

43400 | RSC Adv, 2025, 15, 43392-43402

vary from 110° & 2° and 24° + 2° for the PVDF nanofiber to 125°
+ 2° and 16° £ 2° for the PVDF/CNDs nanofiber samples,
respectively. In other words, the water contact angle increased
by 15°, representing an approximate 14% increase in hydro-
phobicity, which is significant for membrane performance.

Table 3 Average tensile strength and percentage elongation at frac-
ture for PVDF and PVDF/CNDs nanofiber samples with varying CNDs
concentrations

Tensile strength Elongation at

Sample (MPa) fracture (%)
PVDF 6.84 4.9
PVDF/1.25% CNDs 6.68 7.6
PVDF/2.5% CNDs 6.66 8.4
PVDF/5% CNDs 6.59 7.2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, there is an overall increase in the water contact
angles and oleophilicity of PVDF nanofiber samples with
increased CNDs concentration due to the decreased surface
energy and changes in crystallinity of the nanofibers caused by
the CNDs additives.*® Fouling resistance is related to the crys-
tallinity and hydrophobicity of nanofibers. Hydrophobic, more
crystalline nanofibers tend to exhibit stronger fouling resis-
tance than less crystalline ones. Our results show that although
a slight reduction in nanofibers' crystallinity is noticed, their
enhanced hydrophobicity can make them more resistant to
fouling.

After the different UV-irradiation periods, the water contact
angles on the sample surface were found to vary from 110 £ 2°
to 101 + 2° for the PVDF nanofibers and 125 + 2° to about 118 £+
2° for the PVDF/CNDs nanofiber samples (Fig. 8b). This indi-
cates that, compared with the PVDF nanofiber sample, UV
radiation does not significantly affect the water contact angle of
the PVDF/CNDs nanofibers, suggesting enhanced UV resistance
of PVDF due to the CNDs additives. This was further observed
by examining the UV-irradiated samples by determining the oil
contact angle on the surface of the sample, which shows a slight
variation from 24° + 2° to about 18° + 2° for the PVDF nano-
fiber sample and relatively less or no change in the oil contact
angle of the PVDF/CNDs nanofiber samples with different CNDs
concentrations (Fig. 8c). The lack of or minimal effect of UV-
radiation on the surface wetting behavior of PVDF and PVDF/
CND nanofiber samples is attributed to the improved UV-
radiation resistance of CNDs on the PVDF itself. This agrees
with the CNDs and PVDF polymer UV-resistance ability reported
in the previous studies.””

From an application perspective, the information obtained
provides insight into the development of antifouling PVDF
electrospun nanofibrous membranes incorporating steam-
activated CNDs. This approach will certainly help to produce
nanofibers with enhanced antifouling properties, UV radiation
resistance, and excellent adsorption capacity for organic
pollutants, as well as separation capabilities for oil/water
mixtures in laboratory and industrial wastewater treatment
applications.

Conclusions

In this study, we reported the successful infusion of steam-
activated carbon nanodots into PVDF electrospun nanofibers
using a scalable and straightforward process. The synthesized
nanofibers exhibited improved hydrophobicity with up to a 14%
increase in their WCA, enhanced surface morphology and
uniformity as seen in the SEM images, increased «/f ratio and
percentage elongation at moderate concentrations, and supe-
rior resistance to UV-induced degradation. These attributes
directly address key limitations of traditional PVDF
membranes, particularly in antifouling and UV-exposed envi-
ronments. Compared to other nanofillers reported in the liter-
ature, our approach provides a low-cost, bio-derived, and
effective method for enhancing PVDF performance for possible
wastewater treatment applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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