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In this study, silver-reinforced carbon nanofiber membranes (CNF@Ag) were fabricated through a binder-free
extrusion process. A precursor mixture of carbon nanofibers (CNF) and silver nitrate (AgNO3) was extruded at 40
MPa, followed by sintering at 800°C in an argon atmosphere for 4 hours to enhance the membrane structure. The
physical properties of the CNF@Ag membranes, including porosity, wettability, morphology, and microfiltration

efficiency, were systematically analyzed. The results demonstrated that the CNF@Ag membranes exhibited effective
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microfiltration properties with pore sizes ranging from 9.21 to 21.99 nm. These membranes achieved a turbidity
removal efficiency of up to 92.69%, indicating their potential as an effective pre-treatment step for seawater

desalination. This study highlights the promising application of CNF@Ag membranes in water purification processes,
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particularly for turbidity removal in desalination systems.
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1. Introduction

The rapid growth of the global population, coupled with the
impacts of climate change, has significantly increased the
demand for fresh and clean water, especially in urban areas
(Florke et al., 2018). By 2025, many regions are expected to
experience severe water shortages, threatening public health,
economic stability, and social development (Boretti and Rosa,
2019). As a result, the efficient management of available water
resources and the advancement of effective filtration technologies
have become critical priorities in addressing global water crises
(Brown et al., 2015).

Microfiltration, a membrane filtration technology, has gained
significant attention as a solution for improving water quality by
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removing particulate matter, bacteria, and other contaminants
from water sources. Unlike desalination, which primarily targets
the removal of salts from seawater or brackish water, microfiltration
focuses on separating larger particles, microorganisms, and
colloidal matter, making it a crucial process for ensuring access
to safe drinking water in both urban and rural settings (Gude,
2016). Microfiltration is particularly advantageous due to its low
energy consumption, cost-effectiveness, and scalability compared
to other advanced water treatment methods such as reverse
osmosis and distillation (Williams, 2022). However, challenges
such as membrane fouling and contamination still hinder the
efficiency and longevity of filtration systems, limiting their widespread
use.
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In response to these challenges, the incorporation of
nanomaterials into membrane technologies has emerged as a
promising approach to enhance filtration performance. Nanomaterials,
particularly carbon-based nanocomposites, have shown great
potential due to their high surface area, excellent porosity, and
customizable properties (Gong et al., 2024; Yang and Mi, 2013).
These materials offer an enhanced filtration capacity and can
be modified with nanoparticles such as silver (Ag) (Yu et al,
2022; Andrade et al., 2015) or titanium dioxide (TiO,) (Davari et
al., 2021; Razmjou et al., 2011; Rahimpour et al., 2008) which
impart antimicrobial properties, further improving the effectiveness
of filtration systems against microorganisms.

Porous carbon-based nanocomposite materials, particularly
those containing carbon nanofibers, have attracted considerable
attention for their versatility and broad range of applications.
These include uses in energy storage devices (e.g., supercapacitors,
lithium-ion batteries, and hydrogen fuel cells) and biomedical
fields (Levchenko et al., 2023). In the context of water filtration,
these materials have demonstrated great promise in reducing
fouling and improving the overall filtration process, especially in
applications requiring the removal of bacteria, suspended solids,
and other contaminants (Noamani et al., 2019; Idumah and
Hassan, 2016; Oladunni et al., 2018). Furthermore, carbon
nanofibers, which are key components of these materials, can
be fabricated using various methods, such as self-assembly,
template synthesis (Pavlenko et al., 2022), chemical vapor deposition
(CVD) (Hulicova-Jurcakova et al., 2008), and electrospinning
(Inagaki et al., 2012). Among these, electrospinning is particularly
noteworthy for its ability to produce highly porous and uniform
fibers with tunable properties, making it an ideal technique for
fabricating advanced filtration membranes.

This study focuses on the development of carbon nanocomposite
membranes containing varying ratios of silver nanoparticles
(0, 10, 20, 40, and 200%) in carbon nanofiber composites (CNF,
CNF@Ag-10, CNF@Ag-20, CNF@Ag-40, CNF@Ag200). This
aims to address gaps in the use of CNF@Ag membranes for
microfiltration, particularly in desalination and fouling resistance.
While CNF-based membranes have shown potential in turbidity
removal and microbial filtration, their effectiveness in removing
salts from seawater and long-term stability remain underexplored.
The impact of silver nanoparticle concentration on filtration
performance was studied. Structural, chemical, surface, and
porosity analyses of these membranes were conducted using
techniques such as X-ray diffraction (XRD), Raman spectroscopy,
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and Brunauer-Emmett-Teller (BET) surface
area analysis. The composite membranes were then evaluated

in a comparative study to assess their ability to filter and improve
the quality of contaminated water, focusing on key water quality
parameters such as salinity, turbidity, odor, and color.

2. Materials and Methods

2.1 Preparation of metal oxide carbon nanocomposite fiber
membrane material

Figure 1 illustrates the synthesis of carbon nanofibers
reinforced with silver particles. Carbon nanofibers (CNF; Changsha
Easchem. Co., Ltd, China) and silver nitrate (AgNO;), Sigma-
Aldrich, USA) were dissolved separately in ethanol at the ratios
shown in Table 1 and stirred on a hot plate for at least 2 h to
ensure that the carbon nanofibers were evenly distributed in
ethanol and the silver nitrate was completely dissolved. Next,
the two solutions were mixed together and stirred for another 2
h to obtain the CNF@AgNO; mixture, which was then dried at
room temperature for 1 night and pressed into a membrane with
a diameter of 26 mm using a hydraulic press at a pressure of
40 Mpa for 2 min to obtain a membrane pellet with a thickness
of 5-15 mm. After pressing, the membrane pellet was sintered
at 800 °C under an argon gas atmosphere with a flow rate of
300 ml/min.

2.2 Sample characterizations

In this work, powder X-ray diffraction analysis (XRD, Bruker
D2 PHASER (USA)) with Cu KO radiation (}\ = 0.15406 nm)
was used to determine the crystal structure of all samples. The
particle size and morphology were characterized by
transmission electron microscopy (TEM, EM902 Zeiss, West
Germany), while the chemical composition was studied using
dispersive Raman spectrometry (Bruker, UK). The CNFs@Ag
nanocomposites showed high specific surface area, and pore
volumes were investigated by the gas absorption technique
(BET).

Table 1 Precursor ratios used for the preparation of membrane
composite materials under each condition.

CNF AgNO, Ethanol

Sample

(9) (9) (mi)
CNF 10 - 100
CNF@Ag10 10 1 100
CNF@Ag20 10 2 100
CNF@Ag40 10 4 100
CNF@Ag200 10 20 100

CNF= Carbon nanofibers, Ag= silver content added in nanofibers;
0%, 10%, 20%, 40% and 200%
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Figure 1 Precursor preparation process and membrane extrusion

2.3 Filtration rate test

The flow rate of water through the experimental membrane
was tested using seawater and filtered using a Buchner filter set
as shown in Figure 2, which was a dead- end filtration method.
The solution was fed in perpendicular to each CNF@Ag
membrane. The water was filtered using a vacuum pump at a
constant pressure of -60 PSI, allowing water to flow through the
membrane until it was soaked, and then the timer was started.
Each membrane was timed for 30 min of filtration. The water
obtained was measured with a measuring cylinder and the flow
rate was calculated using the equation.

%4
Q=s ()

Q is the flow rate of water through the membrane in m®min,
V is the volume in m®, and t is the time in min. While the flux of

water through the membrane can be calculated from
%4
P =— (2)
AtP

@ is the water flow flux through the cross-section of the
membrane in I/m?h bar. A is the cross-sectional area of the
membrane in m?, t is the time in hours, and P is the pressure in

j/ Water before filtering
Membrane CNF@Ag

=

Water after /

bar.

Clamp

Vacuum
Pump

filtering

Figure 2 Water filter set with composite carbon nanofibers
reinforced with

2.4 Study of the efficiency of turbidity removal in water

The efficiency of turbidity removal was studied after the
water was filtered through each carbon nanofiber membrane
reinforced with silver particles (CNF@Ag). The water filter setup
was a modified Buchner vacuum filtration unit. Using the
pressure reduction set up sped up the filtration, making it faster
than normal filtration. The Buchner flask was connected to the
membrane and funnel with a Buchner funnel clamp, with the
filter funnel placed on top, and each CNF@Ag filter medium was
placed between the funnel and the small arm, as can be seen
The small arm at the neck of the flask was
connected to a vacuum pump to remove air from the flask.

in Figure 2.

2.5 Study of the efficiency of seawater salinity removal

The efficiency of removing salinity from seawater when
filtered with the CNF@Ag composite carbon nanofiber membranes
was studied. Seawater samples were collected in front of the
lighthouse at Rajamangala University of Technology Srivijaya,
Trang Campus, as shown in Figure 3.

Various parameters of seawater were measured before
filtration, including temperature, pH, ORP, conductivity, turbidity,
dissolved oxygen (DO), total dissolved solids (TDS), and salinity,
using a Water Quality Monitor (Horiba). Then, after filtration, the
seawater was tested again to measure the filtration efficiency of
the experimental CNF@Ag membranes that had been incorporated
into the Buchner filter setups.

3. Results and Discussion

3.1 Morphology of the membrane material of metal oxide carbon
nanocomposite fibers

After being pressed by a hydraulic press at a pressure of 40
Mpa for 5 min and sintered at 800°C under an argon gas
atmosphere at a flow rate of 300 ml/min for 4 h, the membranes,
with a diameter of approximately 26 mm and a thickness
between 4-9 mm, were obtained as shown in Figure 4. The
fabricated membranes had densities in the range of 2.36x10° -
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2.96x10°% kg/m?, and the density values also increased with
increasing amounts of silver particles.

Detailed analysis was conducted by mounting the membrane
samples on a steel base before coating them with gold of a
thickness of approximately 5 nm to increase their electrical
conductivity. High- magnification images were taken using a
scanning microscope. The scanning microscope images at
magnifications of 1000x and 10,000x of the CNF@Ag fibers
using 0%, 10%, 20%, 40% and 200% silver nitrate precursor
are shown in Figure 5. The fibers of all samples had a random
arrangement with no definite direction. The fiber sizes are
analyzed using the Imaged program; the average fiber size was
84.42+14.14 nm and the nanoparticles formed and distributed
in the composite nanofiber can be observed adhering to the
fiber surfaces, as clearly seen in Figure 6. The sizes of the fibers
before and after calcination are summarized in Table 2.

Figure 3 The points where seawater samples were collected
from satellite imagery maps within Rajamangala University of
Technology Srivijaya (Trang Campus)

Figure 4 Appearance and dimensions of a sintered membrane

CNF CNF@Ag10
CNF@Ag20 CNF@Ag40
CNF@Ag200

Figure 5 Membranes fabricated from CNF@Ag fibers with
different silver particle addition rates. CNF= Carbon nanofiber,
Ag= silver content added to the nanofibers; 0%, 10%, 20%,
40% and 200%

Figure 6 Scanning electron microscope images of the

fabricated CNF@Ag metal oxide carbon nanocomposite
membranes prepared using different concentrations of
precursor: a) CNF@Ag200, b) CNF@Ag40, c) CNF@Ag20,
d) CNF@Ag10, and e) CNF
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After degassing the samples at 300 C for 1 night, the specific
surface area and porosity properties were measured using a
Brunauer-Emmett-Teller analyzer at 77 K. The surface area and
porosity were then evaluated by the BET method. It was found
that the fibers reinforced with silver particles as shown in Figure
8 exhibited a hysteresis loop type IV adsorption and desorption
pattern due to the condensation of nitrogen gas molecules in
the mesoporous pores (Sinprachim et al., 2016). The knee-
shaped region at low pressure also indicated the presence of a
large number of small pores, resulting in a higher specific
surface area of the membrane compared to the CNF membrane
without silver reinforcement. The low specific surface area of
the membrane made from pure CNF may be due to the absence
of silver particles, which made the pure CNF more homogeneous
and dense when the membrane was compressed at a high
pressure of 60 MPa. Meanwhile, compared to the membrane
reinforced with particles, the membrane reinforced with fewer
silver particles had a larger surface area because the silver
250 nanoparticles were inserted between the fiber slits. Increasing

Figure 6 (Continuous) the size and number of junctions between carbon nanofibers
resulted in an increase in the pore volume, which had an effect
on the increase in the specific surface area. However, the

- 35 specific surface area decreased with an increase in the silver
\E, 3.0 —0 addition concentration. The membranes had specific surface
g 25 areas ranging from 14.95 to 65.63 m2/g and pore sizes ranging
> from 9.21 to 21.99 nm, which might be due to the increase in
5 2.0 the amount of silver particles, a very dense metal compared to
g 1.5 the lightweight carbon fibers, causing the overall mass to
2 10 increase significantly. Therefore, the calculated surface area to
a mass ratio was lower with the increase in the silver fraction, as

0.5 summarized in Table 3.

OO 1 1 1 1 1

0 50 100 150 200 250
Ag /%

Figure 7 Density of membranes reinforced with different
concentrations of silver particles

Table 2 General properties of membranes.

Membranes % of Ag Mass Diameter Thickness Cross-sectional Density
composited (9) (mm) (mm) area (x10*m? (x10°kg/m®)
CNF 0 1.35 26+1.02 7.0+0.66 5.31 2.36
CNF@Ag10 10 1.32 26+1.24 6.5+0.88 5.31 2.42
CNF@Ag20 20 0.82 26+0.68 410.94 5.31 2.51
CNF@Ag40 40 0.92 26+0.72 410.28 5.31 2.82

CNF@Ag200 200 1.33 26+0.84 5.5+0.74 5.31 2.96
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Table 3 Surface area and porosity of membranes fabricated with CNF@Ag composite at Ag concentrations of 0%, 10%, 20%, 40%,

and 200%
Membranes Sger (M%) D,ean (NM) V... (cm’/g)
CNF 14.95 21.08 0.078
CNF@Ag10 65.63 9.21 0.151
CNF@Ag20 27.18 15.24 0.104
CNF@Ag40 20.21 18.46 0.093
CNF@Ag200 18.82 21.99 0.104
80
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Figure 8 Graphs showing the adsorption and desorption of CNF fibers CNF@Ag10, CNF@Ag20, CNF@Ag40, and CNF@Ag200.
CNF= Carbon nanofibers, Ag= silver content added to nanofibers: 0%, 10%, 20%, 40% and 200%

3.2 Structural analysis using X-ray diffraction technique

The study of structural property analysis was conducted
using the X-ray diffraction technique with Cu-K radiation (7\ =
0.15406 nm) in the range of 20-90°. From Figure 9, the X-ray
diffraction pattern curves show the positions of carbon peaks at
approximately 26° and 44°, representing the (002) and (101)
diffraction planes, respectively, as per the carbon standard file
PDF# 75-1621 (Shalaby et al., 2015). In the case of CNF@Ag
samples, the diffraction peaks of Ag were found at approximately
38.2°,44.4°,64.6°, 77.5°, and 81.7°, corresponding to the (111),
(200), (220), (311), and (222) diffraction planes, respectively, of
the silver standard file PDF# 87-0720 (Yuwen et al., 2014),
which were presumably consistent with the diffraction peaks of
cubic Ag that was distributed in different positions according to
the standard file as shown in Figure 9. It is noticeable that Ag
did not form an oxide structure because it is an inert element.
The effect of preparation with different concentrations of

precursors did not affect the diffraction pattern but affected the
intensity value, which was consistent with the samples of higher
Ag concentration having higher spectral intensity (Dubey et al.,
2009).

3.3 Characterization of carbon using Raman spectroscopy

The Raman spectra were measured in the range of 100 —
4000 cm™' using a 532 nm laser and are shown in Figure 10.
The Raman spectra of the CNF and CNF metal oxide
nanocomposites display common peaks related to carbon,
namely, the G-Band peak at approximately 1590 cm™' and the
D-Band peak at approximately 1340 cm’'. Moreover, for all
samples, the peaks overlap and indicate the presence of
amorphous carbon (Li ef al., 2016). The slightly visible peak in
the range of 2600 — 2900 cm™' is due to the phonon vibration of
graphite crystals that are mixed in the sample (Kuzmany et al.,
2021).
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Figure 9 X-ray diffraction patterns of samples at different compositions and concentrations. CNF= Carbon nanofibers, Ag= silver
content added to nanofibers; 0%, 10%, 20%, 40% and 200%

Intensity (a.u.)
o
5
€
2

. D-band  G-band
,\_“\\.___,.—/\/\ 2D-band_ cNF@Ag200
=
s~ T\ ——CNF@AQ40 |
2]
B CNF@Ag20
:_
3:\__//\‘/ |
£ \j =—CNF@Ag10
E\_// \ ——CNF
_||||||||||||||||||||||||||||||||||||
200 700 1200 1700 2200 _ 2700 3200 3700

Raman shift (cm™)

Figure 10 Raman spectra of the CNF carbon nanocomposite metal oxide fiber materials of CNF fibers CNF@Ag10%,
CNF@Ag20%, CNF@Ag40%, and CNF@Ag200%. CNF= Carbon nanofibers, Ag= silver content added in nanofibers;
0%, 10%, 20%, 40% and 200%
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Figure 11 Images of water droplets on the surface of the prepared membrane. CNF= Carbon nanofibers, Ag= silver content
added to nanofibers: 0%, 10%, 20%, 40% and 200%
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3.4 Water absorption capacity of the membranes and wettability
of the surface

The contact angle measurement experiment was used to
study the wetting properties of the membranes. As shown in
Figure 11, the CNF-based membranes had the highest contact
angle value of only 106.8°, which highlighted the hydrophobic
surface properties of the pure CNF (Zhang et al.,, 2020).
Meanwhile, in the case of the CNF-Ag composites, the contact
angle values decreased with the increasing proportion of silver
particles as shown in Figure 12. In other words, with the addition
of silver particles, the membranes were better wet. However,
after immersion in water for 15 h, the water absorption
properties of the membranes were found to be close, in the
range of 279.34-288.27%, as shown in Table 4, which may
have been because the membranes had similar specific surface
areas, and the immersion time of up to 15 h was long enough
for the membranes to fully absorb water.

120
A
5 100
[
2 30
o
2 60
[
S 40
5
S 20
0 T T T T T

0 50 100 150 200 250
Ag ratio (%)
Figure 12 Graph showing the relationship between contact
angle and Ag addition amount

Table 4 Water absorption and contact angle measurements of
the prepared membranes.

Water absorption rate

Membranes compared to the mass of
the membrane (%)
CNF 281.61
CNF@Ag10 286.59
CNF@Ag20 288.27
CNF@Ag40 279.34
CNF@Ag200 287.26

CNF= Carbon nanofibers, Ag= silver content added to the
nanofibers; 0%, 10%, 20%, 40% and 200%

Table 5 Results of the study on water flow rate through CNF
and CNF@Ag membranes.

Membranes Flow rate (ml/min) Flux (Ilmzhbar)
CNF 5.56 50.04
CNF@Ag10 417 113.74
CNF@Ag20 5.08 138.43
CNF@Ag40 5.39 146.23
CNF@Ag200 5.56 151.65

Table 6 Seawater parameters before CNF and CNF@Ag membrane

filtration.
Order Parameter Value Unit
1 Temperature 32.57 °C
Acidity-
2 o 7.66
Alkalinity
3 ORP 198 mV
4 Conductivity 47.4 ps/cm
5 Turbidity 16.5 NTU
Dissolved mg/L
8.84
Oxygen (DO)
Total g/L
7 Dissolved 28.9
Solids (TDS)
8 Salinity 30.8 ppt

CNF= Carbon nanofibers, Ag= Silver content added to
nanofibers; 0%, 10%, 20%, 40% and 200%

3.5 Testing of water flow rate through the membrane

The results of the study of the flow rate of water through the
composite nanocarbon fiber membranes were obtained by
making the water flow through the vacuum filter set. The water
was poured into the vacuum filter funnel, and the pressure was
set to -60 PSI. The water slowly flowed through the membrane.
The time was set with a stopwatch for 30 min. The volume of
water that flowed into the flask was measured with a measuring
cylinder. The volume of water obtained was recorded, calculated,
and the results were compared as shown in Table 5. It is
noticeable that pure carbon gave good flow rate values as well as
the silver particle mixture up to 200%, while the mixture of small
proportions of nanoparticles gave lower flow rate values
respectively. However, this interesting result will be further studied
in the future.

3.6 Study of removal rate of specific contaminants

The removal of salt and turbidity from seawater was
investigated using a membrane filtration technique to evaluate
membrane efficiency under different conditions. In the
experiment, the seawater had parameters as listed in Table 6.
The turbidity removal efficiency was evaluated by filtering water
with an initial turbidity of 33.00 NTU through the experimental
membrane using vacuum filtration at a pressure of -60 PSI
(Muthuraman and Sasikala, 2014). The results indicated that
turbidity could be effectively removed by the CNF@Ag
membrane, with removal efficiencies ranging from 71.19% to
92.69% in all cases. Filtration through the experimental
membrane yielded water with clarity of less than 10 NTU, which
meets the drinking water quality criteria for turbidity set by the
Ministry of Public Health (2000, 2011 edition). These results are
summarized in Table 7.

The turbidity filtration process was classified as microfiltration,
indicating that colloidal particles, emulsions, and suspended
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solids were removed through pores with a size range of 0.05 to
20 pym. In addition, the addition of silver particles at higher ratios
was found to significantly improve filtration efficiency. This
improvement may be attributed to the reduction in interfiber
gaps resulting from the insertion of silver nanoparticles, which
enhances the capture of colloidal particles, as suggested by
Praveen Kamath et al. (2023).

However, the experimental results shown in Table 8 indicate
that all the membranes are ineffective in reducing salinity. These
inefficiencies may be due to the filtration mechanism, which is
influenced by the large interfiber gaps of 0.05 to 20 [Am, as
observed in the high-magnification scanning electron microscope
(SEM) images (Figure 6). These gaps are larger than the size
of the salt molecules, which is approximately 0.283 nm. In
addition, the good wetting properties of the membrane allow
water to easily permeate the membrane, enabling the salt
molecules to pass through the membrane without being trapped.
Therefore, the salinity values before and after filtration are
similar, indicating that the salinity is not significantly reduced.

Table 7 Study of water turbidity reduction performance of
different types of CNF@Ag membranes.

Turbidity Turbidity Turbidity
before after removal
Membranes . . . . .
filtration filtration efficiency
(NTU) (NTU) (%)
CNF 33.00+0.12 7.53+0.60 76.47
CNF@Ag10 33.00+0.12 9.22+1.88 71.19
CNF@Ag20 33.00+0.12 3.65+0.62 88.59
CNF@Ag40 33.00+0.12 2.56+0.48 92.00
CNF@Ag200 33.00+0.12 2.3410.26 92.69

CNF= Carbon nanofibers, Ag= silver content added to
nanofibers; 0%, 10%, 20%, 40% and 200%

Table 8 Comparison of salinity values before and after filtration
with different types of membranes.

Membranes Salinity before Salinity after
filtration (%) filtration (%)
CNF 30+0.8 30+0.6
CNF@Ag10 30+0.8 3040.8
CNF@Ag20 30+0.8 30+0.4
CNF@Ag40 30+0.8 3040.8
CNF@Ag200 30+0.8 30+0.6

4. Conclusion

In this study, a binder-free extrusion process successfully
fabricated a membrane, which was sintered at 800 °C, resulting
in a cross-sectional area of 2.51 x 10_4 m2. The membrane
exhibited a smooth surface and a uniform distribution of silver
nanoparticles on the carbon nanofiber (CNF) structure. The
incorporation of silver nanoparticles significantly increased the

membrane's density and reduced its specific surface area from
65.63 m%g to 18.82 m?/g, while also enhancing its hydrophilicity.
Filtration tests at -60 PSI revealed water flow rates ranging from
1.83 to 5.56 mL/min, with the membrane achieving a turbidity
removal efficiency of 92.69%, thereby meeting drinking water
quality standards. However, the membrane was found to be
ineffective for desalination due to its pore size range of 9.21 to
21.99 micrometers, which is suitable for microfiltration but
inadequate for separating smaller particles, such as salt
molecules (0.283 nm). In conclusion, while the CNF@Ag
membrane demonstrates promising results for microfiltration
applications, further optimization is needed to enhance its
desalination performance. Specifically, reducing the pore size
and increasing the membrane thickness could improve its ability
to filter smaller solutes, such as salts, thereby enabling more
efficient desalination.
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