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Abstract

Water scarcity has increased the need for efficient treatment technologies such as membrane
distillation (MD). MD performance depends strongly on membrane fabrication parameters,
particularly polymer concentration and nanoparticle incorporation, which control key transport and
separation properties. This study considers fabrication of membranes using different concentrations
of polyvinylidene fluoride (PVDF) with the incorporation of different types of nanoparticles to
determine the optimum membrane formulation for membrane distillation applications. The results
demonstrate that both PVDF concentration and nanoparticle type play a critical role in membrane
performance in terms of permeate flux and salt rejection. Among the nanoparticles studied in this
work, carbon nanotubes (CNTs) exhibited the most significant enhancement, leading to a substantial
increase in water vapor flux while maintaining excellent separation efficiency. The optimized CNT
incorporated membrane achieved approximately 99% salt rejection, with superior flux performance,
indicating its strong potential for high-efficiency desalination and water treatment using membrane
distillation.

Keywords: membrane distillation; carbon nano-tubes; phase inversion; PVDF

1. Introduction

Safe and reliable water is essential for health, food production, energy, and economic growth.
Only 0.036% of global water is actually accessible for human use, with around 80% of the world’s
population facing water supply threats [1]. Increasing population, urbanization and climate change
make freshwater resources a challenging issue. In addition, pollution from untreated industrial
waste, agricultural runoff, and salty water limit the availability of usable freshwater. These problems
make it necessary to develop effective and sustainable water treatment and desalination technologies
to provide clean water for the future.

As freshwater resources become increasingly limited, seawater offers a promising alternative
due to its abundance, Water covers over 70% of Earth’s surface, yet an about 97.5% of it is salty water
[2]. Through modern desalination technologies, seawater can be converted into safe and potable
water, providing a reliable supply for drinking, industrial, and agricultural needs. Utilizing seawater
not only helps address water scarcity but also reduces the pressure on natural freshwater sources,
making it an important component for management and strategies of sustainable water.

There are several technologies available for treating seawater; these are generally categorized as
thermal-based or membrane-based technologies. However, membrane-based technologies are
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considered the most efficient and widely used due to their lower energy consumption, high
separation efficiency, and ability to produce high-quality water with minimal chemical use [3-5].
Among these, processes such as reverse osmosis, nanofiltration, and membrane distillation depend
on selective separation through semi-permeable membranes. In a membrane-based processes, water
molecules transport through the membrane while salts and other impurities are retained, allowing
for effective purification. The working principle typically depends on either pressure-driven flow, as
in reverse osmosis, or thermally driven vapor transport, as in membrane distillation (MD), where a
hydrophobic membrane allows only water vapor to pass while rejecting liquid water and dissolved
salts [6,7].

MD technology has gained significant attention in recent years as a promising method for
seawater desalination and wastewater treatment. Unlike traditional pressure-driven membrane
processes, MD is also considered as a thermally driven process that operates at lower pressures and
moderate temperatures. This makes it energy-efficient process, especially when integrated with
renewable heat sources such as solar or waste heat. This would offer high salt rejection and excellent
water quality, even when treating highly saline or contaminated water that makes it challenging
compared to other conventional technologies [8]. Furthermore, MD membranes are less prone to
fouling and scaling compared to pressure-driven membranes, which extends membrane life and
reduces operational costs. These advantages make MD a versatile and sustainable solution for
producing clean water in regions facing severe water scarcity or limited access to freshwater
resources.

The performance of MD system largely depends on the quality and properties of the membrane
used. A high-performing membrane is essential for achieving maximum water flux, high salt
rejection, and long-term stability [9]. Key characteristics such as porosity, pore size, thickness, and
surface hydrophobicity play critical role in allowing efficient water vapor transport while preventing
wetting and fouling. Additionally, mechanical strength and thermal stability are important
characteristics to ensure that the membrane can operate reliably under different conditions [10].
Therefore, developing or selecting the best-performing membrane is crucial for optimizing MD
efficiency, reducing energy consumption, and maintaining consistent water production over time.

Concentration of polymer plays a vital role in controlling membrane performance, as it strongly
affects solution viscosity, phase separation behaviour, and polymer-solvent-nonsolvent interactions
during membrane formation. At lower polymer concentrations, rapid mixing can be achieved leading
to the formation of highly porous structures with larger pores and finger-like macro-voids. In
contrast, increasing the polymer concentration results in delayed phase separation, producing denser
membranes with smaller pore sizes, thus reduced porosity, and improved mechanical strength
[11,12]. Therefore, careful selection of polymer concentration is essential to tailor membrane
morphology and achieve a desirable balance between permeability, selectivity, and structural
stability.

In addition to polymer concentration, the incorporation of nanoparticles into membranes has a
significant impact on their performance. Nanoparticles can enhance such key properties as porosity,
surface roughness, hydrophobicity, and mechanical strength, which are critical for efficient
membrane distillation process [13]. Nanoparticles enhance water vapor transport and reduce
membrane wetting, thereby increasing water flux while maintaining high salt rejection. [14]. Different
types of nanoparticles, such as carbon nanotubes, silica, or metal oxides, can be tailored to improve
membrane properties. Therefore, the addition of nanoparticles is a promising strategy to optimize
membrane performance and achieve higher efficiency and durability in MD systems.

Membranes can be fabricated by different techniques. Among the various membrane fabrication
techniques, Non-Solvent Induced Phase Separation (NIPS) is considered as one of the simplest and
most widely used methods. In this technique, a polymer, such as PVDF, is dissolved in a suitable
solvent to form a homogeneous solution, which is then cast into a thin film and immersed in a non-
solvent bath, typically water [15]. The interaction between the solvent and non-solvent induces
polymer precipitation, resulting in the formation of a porous membrane structure. NIPS is widely
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used due to its simplicity, cost-effectiveness, and versatility, as it allows precise control over key
membrane characteristics such as pore size, porosity, and thickness. These characteristics are
typically achieved by variations in polymer concentration, solvent selection, and coagulation
conditions, thus making NIPS an effective fabrication method for producing membranes tailored for
membrane distillation and other water treatment applications [16,17].

This study considers development of membranes for MD wusing different polymer
concentrations. The optimum membrane was selected based on water flux and salt rejection
performance during saline water treatment using direct contact membrane distillation (DCMD)
technology. To improve membrane flux, a modified membrane was also developed by incorporating
carbon nanotubes (CNTs), graphene oxide (GO), and chitosan as nanofillers. Furthermore, various
CNT loadings were examined to identify the optimum CNT concentration that yields the best
membrane performance.

2. Materials and Methods

All experimental measurements were performed at least twice, and the error were determined
from standard error (SE) method and relative error difference percentage. The uncertainties
associated with temperature and flow rate measurements were primarily due to instrument
resolution and calibration limits. Temperature was measured using a digital thermocouple with an
accuracy of 0.1 °C, while the flow rates were controlled by a peristaltic pumps. Mass measurements
were carried out using an analytical balance with a readability of +0.1 g.

2.1. Materials

All chemicals used in this work were of analytical grade and used without further purification.
Polyvinyl diflourides (PVDF MW 534000) as polymer, Multiwalled carbon nano-tubes (50-90 nm
diameter, 95% carbon basis), Graphene oxide (0.5-10 um size, industrial grade, 97% purity), and
Chitosan (low MW) were supplied by Sigma-Aldrich, France. N-Methyl-2-pyrrolidone (extra pure
AR, 99%) was supplied by Sisco Research Laboratories, India. Sodium chloride (Hi-AR ASSAY 98.5-
102%) was supplied by HiMedia Laboratories.

The morphology of the membrane were examined using scanning electron microscope SEM (FE-
SEM, TESCAN-MAGNA, Czech Republic). Prior to SEM analysis, the membrane samples were
attached onto a sample holder by carbon tape. The samples were then coated with a thin layer of gold
using sputter coater (SC7620, Quorum, United Kingdom) machine to enhance its electronic
conductivity during sample analysis. The morphology of membrane was observed based on the SEM
image using Image]J (Imagej.Net) software. The hydrophobicity/hydrophilicity of the membrane was
measured using the contact angle goniometer device (DSA100M, Kruss GmbH, Germany). In this
case, two membrane samples were attached to a glass sheet and placed on the testing plate. Five pL
droplet was placed on the surface of the membrane, and the contact angle was then measured.

2.2. Membrane Preparation

2.2.1. Preparation of PVDF Solution

The hydrophobic flat-sheet membranes were prepared. In case of nano-particles present, they
were first dispersed in N-Methyl-2-pyrrolidone (NMP) for 1 h using ultrasonication until formation
of uniform dispersion. After ultrasonication, PVDF was gradually added to the solvent while
continuously heating and stirring for 6 h at 50 °C. The resulting dope solution was left undisturbed
to allow removal of any trapped air molecules, and the solution was allowed cool to room
temperature.
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2.2.2. Preparation of Flat Sheet Membrane Using Phase Inversion

Polymeric membranes are typically fabricated using the phase inversion process. A typical
phase-inversion fabrication set-up consists of a precision casting head or doctor-blade assembly, a
flat and level casting table and moving rod. In this process a polymer solution changes from a liquid
phase to a solid phase. Before the formation of the solid phase, a liquid-liquid separation takes place,
causing the polymer solution to split into two phases: one with a higher polymer content and the
other with less polymer content. The phase with more polymer content can then be solidified to form
the membrane structure using gelation or crystallization [18]. The polymer-poor phase creates pores
in the solid membrane structure. The process known as immersion precipitation, or nonsolvent
induced phase separation (NIPS), require placing the polymer solution into a nonsolvent bath. For
this process, the polymer must be soluble in a solvent or solvent mixture, allowing a variety of
polymers to be used in membrane synthesis.

The homogeneous polymer solution was poured onto a substrate, such as a glass plate or
polymeric support, and spread with a casting knife to create a uniform layer. Each membrane had a
thickness of around 150 um controlled by an adjustable casting knife. This setup enables precise
control over film formation, ensuring consistent thickness and a reproducible surface structure. After
that, the glass plate was immediately dipped into a coagulation bath, where the solvent and
nonsolvent start to exchange. After some time, the membrane solidified and floated to the top of the
bath. The programmable film coater as apparatus used for phase inversion process which was
supplied by TMAXCN.

2.3. Membrane Characterization

2.3.1. Membrane Morphology

Morphology provides information about images that reveal the dense skin layer and changes in
membrane’s porosity at different polymer concentrations [19,20]. SEM can confirm the successful
incorporation of additives into the membrane structure, such as CNT or graphene oxide in polyamide
layers, enhancing hydrophobic properties and water permeability [21]. In this study, the samples
were fixed onto the sample plate using conductive adhesive, completely dried under vacuum, and
then coated with a layer of gold.

2.3.2. Hydrophobicity/Hydrophilicity

Hydrophilicity and hydrophobicity are key surface features of membranes. Hydrophilic
membranes easily attract water and allow higher water flow. Hydrophobic membranes prevent water
wetting and are mainly used in vapor separation processes. These surface properties greatly influence
membrane performance.

2.3.3. Mean Pore Size Calculation

The average pore size of the developed membranes was evaluated using SEM images processed
in Image] software (Imagej.Net). Pore diameters were measured at several randomly selected regions
on each membrane surface to obtain representative values. For each sample, at least 15 pores were
considered, and the mean pore size was calculated. This method allowed for a reliable assessment of
membrane morphology and its relevance to separation performance [22].

2.3.4. Porosity

The membrane porosity, ¢, was determined by gravitational method which is based on the ratio
of the pore volume to the net volume of the porous membrane [23,24]. For each membrane sample,
the dry membrane was first weighted (md), followed by the immersion of the membrane in
isopropanol for 2h. According to this method, the porosity can be calculated using the following
equation:
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where mw and mad are the mass of wet and dry membrane (kg), respectively, gi is the density of
isopropanol and gpis the density of polymer. The numerator of above equation represents the pore
volume, while the denominator represents the net membrane volume. This was done because
isopropanol readily enters and fills the pores, allowing the difference between dry and wet weight
with a known density to be used to accurately calculate porosity [25].

2.3.5. Water Flux

A lab-scale DCMD setup was used to evaluate the desalination performance using the
membranes developed in this work. A piece of the membrane was placed between two pads in a
module. The feed solution (salty water 35 g/mL) at high-temperature of 60 °C and the low-
temperature permeate solution (DI water at 20-25 °C) were circulated using two peristaltic pumps.
The amount of water that overflowed (Am), in kg, from the permeate side was measured after a
specific time interval (At) to calculate the flux using the following equation:

_Am
T AXAt

Jw )

where A is the cross-sectional area of membrane in m2.

2.3.6. Salt Rejection

The salt rejection efficiency of the membranes was evaluated by measuring the salt concentration
in the feed and permeate solutions, using saline wastewater of known initial concentration as the
feed. The salt rejection in both streams was measured by the TDS analyser (HI2003-edge, HANNA).
The salt rejection (R) percentage was calculated using the following equation [26]:

R=(1 Cy 100 3
-(1-2)~ ©

2.4. Direct Contact Membrane Distillation Set-up

A schematic of the experimental direct contact membrane distillation (DCMD) setup used in this
study is shown in Figure 1. In this set-up, a flat-sheet membrane module made of acrylic with an
effective area of 0.0021 m? was used. A fresh membrane was used for each experiment. The feed and
permeate streams were pumped at co-current pattern using two peristaltic pumps. The feed
temperature and flow rates were varied for each run, while the permeate temperature and flow rates
were maintained at about 22 °C and 100 mL/min, respectively, throughout all experiments. The
temperature of the permeate side was controlled using an external condenser. Initially, deionized
(DI) water was filled into the permeate side graduated tank, which was placed on an electronic
balance with an accuracy of 0.1 g. The mass of water transferred was determined from the difference
between initial and final readings of the balance. A TDS meter was used to measure the solution’s
salt rejection in the permeate tank. The hot feed solution was initially placed in a feed tank stirred
using a magnetic stirrer. Temperature probes, with an accuracy of 0.1 °C, was used to monitor the
temperatures of both streams at the inlets and outlets of the membrane module.
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Oleophobic membrane

4]

Hot Feed Stream

Cold Permeate Stream

Figure 1. Schematic diagram of the DCMD setup: (1) conductivity meter; (2) flow transmitter; (3) temperature
transmitter; (4) heater; (5) cooler; (6) product water collection tank; (7) balance.

3. Results and Discussion
3.1. PVDF Membrane Characterization

3.1.1. SEM Images and Pore Size Distribution

PVDF membranes prepared under identical fabrication conditions but with different polymer
concentrations, namely 13-wt% and 20-wt%, exhibited distinct surface morphologies. The SEM
images are shown in Figure 2 at different magnifications. At 20 um magnification, the 20-wt% PVDF
membrane cast reveals a denser surface (Figure 2c) with reduced pore size, while the 13-wt% PVDF
membrane (Figure 2b) reveals a more open and porous structure. This difference can be attributed to
the increase in polymer content that enhances dope viscosity, thus reducing the rate of solvent—
nonsolvent exchange during phase inversion [27,28]. Consequently, higher polymer loading results
in delayed demixing and formation of a compact surface layer.

The pore size distribution is shown in Figure 3. It can be said that both membranes show almost
equally pore size distribution. However, the average pore size of 20%-PVDF- membrane was
decreased compared to that of 13%-PVDEF. This is because the polymer-rich phase dominates earlier
during phase separation, limiting the growth of polymer-lean (pore-forming) regions [29]. At the
same time, the pore formation kinetics can be dominated by diffusion-limited processes rather than
rapid demixing, which tends to stabilize the pore size distribution. This indicates that the pore size
might decrease further only slowly and the variation in pore diameters narrows [30].

WD: 13.91 mm
SE 05 kx Det: SE
SEM HV:10.0 KV | Date{miay): 02/17/25
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Figure 2. SEM images of the membrane at different PVDF concentrations and different magnifications: (a) 13-
wt% PVDF at 50 um; (b) 13-wt% PVDF at 20 pm; (c) 20-wt% PVDF at 20 um; (d) 20-wt% PVDF at 10 um.

Mean pore size = 1.16 ym a 14

Mean pore size = 0.92 um b

Count
Count

0
00 02 04 06 08 10 12 14 16 18 20
Pore size (um)

04
02 04 06 08 10 12 14 16 18 20

Pore size (um)

Figure 3. Pore size distribution of membrane at different PVDF concentration: (a) 13-wt% PVDEF; (b) 20-wt%
PVDF.

The SEM images revealed that the pores appear blurred or partially covered upon adding
nanoparticles in the membranes (Figure 4). The SEM images for13%-PVDF-0.5-wt% CNT and 13%-
PVDEF-0.7-wt% CNT images captured at 20 pm and 5 pum, respectively, showed that increasing CNT
concentration causes the pores blurred or partially covered (Figure 4b and c). This is mainly due to
the interaction between the CNT additives and the PVDF matrix, which alters the solvent-nonsolvent
exchange rate and increases solution viscosity. For CNT particles, it is expected that their high surface
area and strong polymer interaction reduce demixing in localized regions, resulting in a smoother
and denser appearance [31].

Figure 4e and display the morphology of the membrane containing 0.5-wt% GO. Relative to
CNTs, the membrane shows a denser top layer due to the two-dimensional nanosheet structure and
high specific surface area of GO. At low concentrations, these sheets can overlap, creating a structure
that is highly extended relative to its mass. It has been reported that GO increased the accelerated
phase change, producing a thin but compact top layer [32].

The images presented in Figure 4g and h show that chitosan was poorly dispersed in the PVDF
- NMP casting solution. This is due to the inherently hydrophilic nature of chitosan, whereas PVDF
is strongly hydrophobic, which limits their miscibility in a common casting solution. Poor
compatibility can lead to aggregation, resulting in visible surface of chitosan particles.

The pore size distributions of 0.5-wt % CNT and 0.7-wt % CNT are shown in Figure 5. The 0.5-
wt % CNT membrane shows a more uniform pore size distribution compared to the 0.7-wt % CNT.
Although the difference was very small, the multiwalled nature of CNTs made the blending process
more difficult, resulting in an uneven pore distribution in the membrane [26,33]. Figure 4 d shows
that some areas with larger pores while others remain denser, resulting in a non-uniform pore
structure.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. SEM images of the membranes with different additives: (a) PVDF-0.5-wt% CNT at 50 um; (b) PVDE-
0.5-wt% CNT at 20 um; (c) PVDF-0.7-wt% CNT at 5 um; (d) PVDF-0.7-wt% CNT at 5 um; (e¢) PVDF wt% GO
at 50 umy; (f) PVDF-0.5-wt% GO at 20 um; (f) PVDF-0.5-wt% CH at 50 um; (g) PVDF-0.5-wt% CH at 20 pm .
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Figure 5. Pore size distribution of membrane at different concentration of CNT; (a) PVDF-0.5-wt% CNT; (b)
PVDF-0.7-wt% CNT.

3.1.2. Porosity Test Results

The porosity of the fabricated membranes plays a crucial role in determining mass transfer
performance and flux behaviour during membrane distillation processes. The porosity results are
presented in Figure 6 for different types of membranes fabricated in this work, where bars show
average values of replicates. The pristine PVDF membrane showed that porosity decreases by
increasing PVDF concentration; membrane porosity decreased from 64% to 50% as PVDF
concentration increased from 10% to 20%. This decrease in porosity is attributed to the higher
polymer concentration that reduces the solvent-non-solvent exchange, and thus limits polymer chain
mobility, which suppresses phase separation and pore formation. One study on polysulfone
membranes demonstrated that higher polymer concentration resulted in denser structures with
lower void fraction and reduced water permeation [33].

Membrane porosity is strongly influenced by several parameters, such as coagulation bath
temperature and polymer molecular weight [34]. Moreover, the solvent’s affinity for both the non-
solvent and the polymer strongly governs pore formation; highly miscible solvents (e.g., DMF)
promote faster demixing and higher porosity, whereas low compatible solvents (e.g., NMP) yield
denser membranes [22].

The incorporation of a small amount of CNTs 0.3% to 0.7% into the 13%-PVDF matrix led to an
increase in membrane porosity (Figure 6), which can be attributed to the enhanced phase separation
during the non-solvent induced phase inversion process. It has been reported that CNT can act as
nucleation sites within the polymer matrix, promoting faster demixing between the solvent and non-
solvent phases and thereby creation of more voids and a higher overall porosity [24].

At higher CNT concentrations, the porosity of the PVDF membrane does not increase further.
This behaviour is likely due to a significant increase in the viscosity of the dope solution, which
suppresses the solvent-non-solvent exchange rate during phase the phase inversion process. Excess
CNT tend to agglomerate because of the strong van der Waals interactions, forming clusters that
block pore channels and hinder uniform pore formation [35]. At elevated CNT concentrations,
aggregation occurs, which retards the demixing process and leads to a denser membrane structure
with reduced void volume. Among the tested membranes, 13%-PVDF-CNT-0.5% can be considered
the optimum, as it exhibits the highest porosity, provides a more favourable vapour transport
pathway, and consequently achieve a higher flux.
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Figure 6. Porosity results for synthesized PVDF membranes at different concentrations and different

concentrations of CNT nanoparticles.

3.1.3. Contact Angel Analysis

The contact angle reflects membrane surface wettability, which directly influences the
performance of the membrane distillation process. A higher contact angle corresponds to a more
hydrophobic surface, which is desirable in processes involving thermal desalination, as it helps
prevent pore wetting and maintains a stable flux.

Figure 7 shows the contact angle of 13%-PVDF and 13%-PVDF-CNT-0.5% membranes
developed in this work. The incorporation of carbon nanotubes (CNTs) into the membrane matrix
significantly increases the water contact angle from 87¢ to 95.3¢, indicating enhanced membrane
hydrophobicity. This improvement is attributed to the inherent hydrophobic nature of CNTs and
their ability to modify surface roughness and surface energy when well dispersed within the polymer
matrix. Increased hydrophobicity is particularly beneficial for membrane distillation, as it improves
resistance to membrane wettability and enhances long-term operational stability [36,37].
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3.1.4. FTIR Results

The Fourier transform infrared spectroscopy (FTIR) spectra (Thermo Scientific Id7 ATR) can
provide evidence about successful surface modification of the PVDF membrane using tannic acid.
Figure 8 shows peaks between 500 and 980 cm™ indicating presence of both a (major) and 3-phases
(minor) of PVDF [38]. The peaks observed between 850 and 900 cm™ attributed to the- B-phase
whereas remaining represent the a-phase, respectively [39][40]. Moreover, the peak around 1234 cm™!
reveals the presence of (3-phase [38]. A peak around 1400 cm™ represents the presence of CHz [41]. In
the pristine PVDF membrane, characteristic absorption peaks were observed at around 1070-1080
cm™ and 840-880 cm™, corresponding to the C-F stretching and C-H bending vibrations of the PVDF
backbone.

After incorporating CNTs into the PVDF, the FTIR signals slightly changed with a minor
decrease in the intensity and a change of the positions for the wavenumbers between 700 and 860
cm™, respectively. Since CNTs were present at very low concentrations relative to PVDF during the
membrane fabrication, the signals corresponding to C-C, C-O and C-H are either very weak or not
detectable [42,43].
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Figure 8. FTIR spectra for 13%-PVDF and 13%-PVDF-CNT-0.5% membranes.

3.1.5. Thermo Gravimetric Analysis

Thermogravimetric analysis (TGA) was performed in the presence of nitrogen using STA 6000
Perkin Elmer Thermal Analyzer. The temperature range for this analysis was set between 24 °C and
650 °C. Figure 9 shows the TGA results for the PVDF and PVDF-CNT membranes fabricated in this
work. A major weight loss in the PVDF membrane was observed at around 420 °C, which
corresponds to the breakdown of the -CH,-CF,- chains within the polymer backbone [44]. The PVDF
polymer backbone remains thermally stable up to ~420 °C, which indicates that decomposition of the
polymer does not occur below this temperature.

Decomposition of PVDF-CNT systems shifts to slightly higher temperatures, usually around
450 °C. This improvement is attributed to the strong interfacial interaction between the PVDF chains
and the CNT surfaces, which restrict chain mobility and delay in thermal degradation [45].
Additionally, the residual mass (char yield) was significant at higher temperatures of 550 °C as
compared to pristine PVDF. This indicates that CNT promote the formation of thermally stable
carbonaceous structures that resists decomposition at elevated temperatures and enhance interfacial
interactions, thereby reducing the degradation of PVDF chains. Additionally, CNT can act as a
physical barrier, limiting polymer chain mobility and further promoting these thermally stable
structures [41].
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Figure 9. TGA analysis for 13%-PVDF and 13%-PVDF-CNT-0.5% membranes.

In 90. °C, TGA was performed to evaluate the thermal stability of the membrane material itself.
The TGA determines temperature at which polymer starts to degrade. This ensured that the
membrane can safely withstand long term heating, thermal cycling, and unexpected temperature
fluctuations during the operation.

3.2. Membrane Performance

3.2.1. Effect of Polymer Concentration on Flux and Rejection

The PVDF membranes were successfully fabricated using three different polymer
concentrations: 10, 13, and 20 wt%. Each membrane was evaluated using a laboratory-scale direct
contact membrane distillation (DCMD) cell with saline feed solution at 60 °C feed side temperature
to assess flux and salt rejection performance. The experimental results showed distinct differences in
performance depending on the PVDF concentration (Table 1).

Table 1. Membrane flux and rejection using PVDF at different concentration.

Flux Salt Rejection
PVDF Conc Ist Run 2nd Run Standard Error Relative difference Ist Run 2nd Run Standard Error Relative difference
Percentage Percentage
10% 10.2 8.15 1.025 22.34 98.9 99.2 0.15 0.30
13% 9.3 8 0.65 15.02 99 99.4 0.2 0.40
20% 7 6 0.5 15.38 99.99 100 0.005 0.01

The results shown in Table 1 indicate that, among membranes tested, the membrane prepared
using 13 wt% PVDF demonstrated the most balanced overall performance. It results in high water
flux of 8.65 LMH together with excellent salt rejection. The 13-wt% PVDF resulted in an optimal pore
structure, providing sufficient porosity for vapor transport while maintaining structural stability and
adequate hydrophobicity to prevent pore wetting.

The membrane fabricated using 10-wt% PVDEF showed higher flux of 9.2 LMH compared to that
of 13-wt%. Due to the lower polymer concentration, the resulting structure was highly porous and
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mechanically weaker, leading to larger pore size and an increased risk of pore wetting [46]. Although
this membrane exhibited relatively high initial flux, its salt rejection is lower, indicating that excessive
porosity reduced the selective barrier properties required for effective MD operation. In contrast,
membrane prepared using 20-wt% PVDF demonstrated lower flux of 6.5 LMH with 99% salt
rejection. The higher polymer concentration revealed a denser structure with lower porosity and
small pore ore size, which restricts vapor transport across the membrane.

The results presented in Table 1 emphasize that polymer concentration strongly influences
membrane morphology and performance. Low PVDF concentrations may enhance permeability but
compromise mechanical strength and durability, whereas higher concentrations improve structural
stability at the cost of reduced flux. Thus, the 13 wt% PVDF membrane can be considered an optimal
balance between permeability, selectivity, and mechanical strength for DCMD applications. This is
consistent with a previous study, [43] which demonstrated that increasing polymer concentration in
the dope solution results in a decrease in the flux [47]. This was attributed to the formation of a thicker
and denser outer skin layer, underscoring the importance of optimizing polymer content for long-
term membrane performance.

3.2.2. Effect of Nano Particles on Flux and Rejection

Three 13%-PVDF membranes were fabricated by incorporating different additives 0.5% each
such as carbon nanotubes (CNT), graphene oxide (GO), and chitosan, into the polymer matrix. These
additives are expected to enhance the structural and transport properties of the membranes. The three
fabricated membranes were tested in a direct contact membrane distillation (DCMD) cell, at similar
conditions and saline feed solution, to evaluate water flux and salt rejection. The results (Table 2)
showed notable differences in flux depending on the additive used.

The CNT-modified membrane achieved the highest water flux of 10.5 LMH compared to the
other samples. CNTs facilitated the formation of well-connected pore channels due to their one-
dimensional tubular structure and improved the hydrophobic nature of the membrane [48]. This
combination allowed efficient vapor transport while maintaining stability against wetting. Compared
to the membrane without carbon nanotube (Figure 10), this result shows 21.4% increase in flux while
salt rejection remains 99%.

Table 2. Membrane flux and rejection using 13-wt% PVDF with types of different additives 0.5% each.

Flux Salt Rejection
13%-PVDF- Standard Relative difference Standard Relative difference
ADDITIVE IstRun 2nd Run Error Percentage Ist Run 2nd Run Error Percentage
CNT 10.8 10.2 0.3 5.71 99.3 99.9 0.3 0.60
GO 11 9 1 20 99.3 99.6 0.15 0.30
CH 8 11 1.5 31.57 98.9 99.2 0.15 0.30

The GO-modified membrane demonstrated a performance very close to that of the CNT
membrane with a slightly lower flux, 10 LMH. The layered structure and oxygen-containing
functional groups of GO may contribute to the improved dispersion in the polymer matrix and
enhanced surface roughness, which aided water transport. However, compared to CNT, GO showed
larger relative error in the measurements. This could be attributed to the manner in which the GO
was dispersed. GO are pristine two-dimensional sheets exhibited a strong tendency to aggregate due
to their large planar surface and van der Waals interactions, requiring longer times to achieve a
reasonably uniform dispersion. Ultrasonic treatment can also cause fragmentation, defects, and
changes in GO structure. Fragmented or defected GO can reduce uniformity in the membrane,
leading to variations in flux measurements [49]. In contrast, CNT, with their one-dimensional tubular
structure, were comparatively easier to disperse in NMP, as their smaller lateral dimension reduces
restacking. Another investigation [50] reported that GO membranes have lower pore density and
surface roughness, resulting in compromised performance compared to CNT membranes.
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The chitosan-modified membrane showed the lowest flux among the three formulations, as
illustrated in Table 2. The hydrophilic nature of chitosan caused partial pore wetting and reduced
vapor transport efficiency, thereby limiting the overall membrane performance [51]. The relative
error in the flux measurements could be attributed to differences in chitosan dispersion and
dissolution behaviour. Chitosan is inherently hydrophilic and dissolve only in acidic aqueous
solvents, such as dilute acetic acid [49,52] through protonation of its amino groups, while remaining
insoluble in aprotic solvents like NMP. Ultrasonication can aid dispersion or accelerate dissolution
in suitable solvents by breaking up aggregates and improving mixing; however, excessive sonication
to achieve complete dispersion can cause polymer chain breakage, reduced molecular weight, and
structural disorder [52]. These variations in solubility, dispersion uniformity, and potential polymer
degradation result in a nonuniform membrane structure, leading to significant fluctuations in the
measured flux.

3.2.3. Effect of CNT Concentration on Flux and Rejection

To investigate the influence of CNT concentration on membrane performance, three 13%-PVDF
membranes were prepared using CNT concentrations of 0.3, 0.5, and 0.7 wt%, respectively. Due to
their unique one-dimensional structure, the incorporation of CNTs was expected to enhance pore
connectivity, mechanical strength, and vapor transport. All membranes were tested under the same
DCMD conditions and same saline feed solution, and their flux and salt rejection measurements were
compared. The results are shown in Table 3.

The membrane with 0.5 wt% CNT exhibited the highest water flux of 11.5 LMH, while
maintaining excellent salt rejection. At this concentration, the CNTs were well-dispersed in the
polymer matrix, forming a more interconnected pore network that facilitates efficient vapor
transport. Moreover, the moderate CNT loading improved hydrophobicity without causing pore
blockage.

Table 3. Membrane flux and rejection using 13-wt% PVDF at different concentrations of CNT.

13%C';¥DF' Flux Salt Rejection
CNT Cone  IstRun  2nd Run Standard Relative difference Ist Run ond Run Standard Relative difference
Error Percentage Error Percentage
0.3% 12 9 1.5 28.57 98 99 0.5 1.01
0.5% 11 12 0.5 8.69 97.9 99.5 0.8 1.62
0.7% 10.5 11.5 0.5 9.09 97.5 99.3 0.9 1.82

The 0.3 wt% CNT membrane exhibited the lowest flux among the three membrane formulations.
At such a low loading, the CNTs were insufficient to significantly alter the pore structure or enhance
vapor transport pathways, resulting in performance similar to that of the pristine PVDF membrane
with only limited flux improvement. This suggests that a minimum CNT concentration is necessary
to achieve noticeable enhancements. A similar trend was reported by another study, where increasing
the CNT content from 0.2% to 0.3% led to an improved flux [53].

The 0.7-wt% CNT membrane showed intermediate performance, with flux higher than that of
the 0.3-wt% CNT membrane but lower than that of the 0.5-wt% membrane. The reduced flux is
attributed to CNT agglomeration at higher loadings, which partially blocked pores and limited
effective vapor transport channels. Although mechanical reinforcement and salt rejection remained
satisfactory, the excessive CNT content hindered further flux improvement. Comparing these results
with Figure 10, the addition of 0.3%, 0.5%, and 0.7% CNT led to flux increase of 21.4%, 32.9%, 27.2%,
respectively, relative to the pristine PVDF membrane.
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4. Conclusions

This study systematically evaluated the effects of polymer concentration and nanofiller
incorporation on PVDF membrane performance. Among the formulations, 13-wt% PVDF was
identified as optimal, offering improved morphology and overall performance. Comparative testing
of CNT, GO, and chitosan showed that CNTs provided the greatest enhancement, with 0.5-wt% CNT
yielding uniform dispersion, improved pore structure, enhanced mass transport, and superior
separation efficiency. Lower or higher CNT loadings reduced performance, highlighting 0.5-wt% as
the optimal nanofiller content for advanced membrane applications.
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