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ABSTRACT: In this research, cellulose acetate (CA) and CA
nanocomposite membranes, reinforced with mass fractions of
cellulose nanofibrils (CNF), are prepared using the phase
separation technique. The membranes are extensively character-
ized using several techniques: Fourier Transform Infrared (FTIR)
spectroscopy confirms the chemical structures, while Scanning
Electron Microscopy (SEM) reveals their surface morphology.
Mechanical characterization is conducted to explore the mechan-
ical behavior of the membranes under wet and dry conditions
through tensile testing. The mechanical properties of CA and CA-
CNF membranes are also estimated using the Mori-Tanaka mean-
field homogenization method and compared to experimental
findings. The flux performance for pure and dam water, assessed at 3 bar, demonstrates that CNF reinforcement notably enhances
the CA membrane’s performance, particularly in flux rate and fouling resistance. The CA membrane shows high efficiency in
removing Fe2+, Ba2+, and Al3+ from dam water, while CA-CNF membranes exhibit a varied range of removal efficiencies for the same
ions, with the 0.5 wt % CNF variant showing superior resistance to surface fouling. Additionally, while CNF increases tensile
strength and stiffness, it leads to earlier failure under smaller deformations, especially at higher concentrations. This research
provides a detailed assessment of CA and CA-CNF membranes, examining their chemical, structural, and mechanical properties
alongside their effectiveness in water treatment applications.

1. INTRODUCTION
The superior features of membrane processes include low
energy requirements, high energy efficiency, low operating cost,
no need to use chemicals except for cleaning, simplicity in
installation and operation, fast process and superior separation
performance. Due to these properties, it is an advanced
treatment process used in water and wastewater treatment.1−3

Membranes are divided into two classes, polymeric and
inorganic, according to the materials they are manufactured
from. Inorganic membranes have higher thermal, chemical and
mechanical stabilities and longer service life than polymeric
membranes; however, the low cost and ease of production of
polymeric membranes enable their use in drinking water,
wastewater and leachate treatment in laboratory-scale studies
and real scale treatment plants.4−7 Polymers such as cellulose
acetate (CA), poly(ether sulfone) (PES), polysulfone (PSf),
polyvinylidene fluoride (PVDF) and polyacrylonitrile (PAN)
are examples of widely used polymers in the fabrication of
membranes using the phase separation method.8−10

CA membranes have unique advantageous properties, such as
their raw material being a renewable resource, easy production,
low cost, use in all pressure-driven MF, UF, NF and RO
membranes, relatively hydrophilic and high affinity for water,
relatively low fouling tendency, and nontoxicity.11,12

The mechanical behavior of the membrane plays a crucial role
in the design process of membrane systems.13,14 While not
intrinsically strong, polymeric membranes offer the prospect of
significant mechanical improvements through targeted nano-
reinforcement.15,16 Hence, mechanical performance signifi-
cantly influences the membranes’ overall performance.17 The
mechanical performance of membranes depends on various
parameters. For instance, it is known that adding nanofillers into
polymeric membranes significantly changes the mechanical
behavior of polymeric membranes.18,19 Also, the operating
conditions, such as hygrothermal properties of the environment,
are shown to be decisive in themechanical behavior of polymeric
materials.20 Cellulose, a hydrophilic material, is considerably
sensitive to the presence of water, and its mechanics can change
significantly.21,22
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Yang et al. demonstrated that incorporating lignocellulose
nanofibrils into cellulose acetate membranes significantly
enhances their mechanical strength, hydrophilicity, and
antibacterial properties, thereby improving wastewater treat-
ment efficiency.23 Similarly, Goetz et al. showed that membranes
with cellulose nanocrystals exhibit increased hydrophilicity and
effective dye rejection, highlighting their potential in water
purification applications in the food industry.24 Elele et al.
investigated the mechanical properties of polymeric micro-
filtration membranes, revealing that despite varying pore
topologies and polymer properties, the mechanical behavior
under stress was consistently robust across different materials,
essential for ensuring reliability under operational conditions.25

The properties of polymeric membranes used in water and
wastewater treatments have become a very popular topic in
recent years to improve membrane properties and/or enhance
membrane performance by incorporating different nanomateri-
als with superior properties into a polymeric matrix.26,27 The low
cost, small size, low density, large surface area, high aspect ratio,
good hydrophilicity, high mechanical strength and stiffness,
environmentally friendly, and sustainable nanomaterial proper-
ties make cellulose nanofibril (CNF) a very good candidate for
use as a reinforcement material in polymeric membranes.28−30

Cindradewi et al. used CNF as reinforcement to increase the
tensile properties of CA film in material strength studies.31

Battirola et al. investigated the effects of cellulose nanofibers on
the morphology, water flux, and filtration performance of
cellulose acetate membranes. The increase in CNF content
caused a spongy shape in the SEM images. The pure-water flux
and porosity increased as the CNF content increased. It was also
observed that the total solids, soluble solids and turbidity
parameters decreased.32 Gopakumar et al. reported that a PVDF
membrane coated with CNF has a lower contact angle (i.e.,
higher surface hydrophilicity) than a pure PVDF membrane.33

Zhang et al. found that PSf/modified CNF membranes had
higher surface hydrophilicity, pure water flux, improved tensile
strength and increased elongation at break values than pure PSf
membranes.34

The reinforcement of CA membranes with CNF significantly
improves their mechanical stability and longevity by enhancing
tensile strength, modulus, and hydrophilicity, as well as by
contributing to the formation of a three-dimensional connected
porous structure. These improvements are essential for the long-
term performance and durability of the composite mem-
brane.35−37

In this study, pure CA and nanocomposite CA-CNF
membranes reinforced with mass fractions of CNF (0.25, 0.5,
and 1 wt %) are manufactured using the phase separation
method. The chemical structures are confirmed through Fourier
Transform Infrared (FTIR) spectroscopy, surface morphologies
are revealed by Scanning Electron Microscopy (SEM), and
water contents and mechanical properties of the membranes are
investigated. The mechanical performance of the membranes is
evaluated through tensile testing under quasi-static loading as
well as wet and dry conditions, and the mechanical behavior of
the membranes is also modeled using a composite material
modeling technique, the Mori-Tanaka Homogenization meth-
od. The pure water and dam water fluxes of membranes at 3 bar
and the rejection performances of various metals by membranes,
including Fe2+, Ba2+ and Al3+ from damwater, are determined by
a dead-end filtration system. To the best of the authors’
knowledge, the Fe2+, Ba2+ and Al3+ removal efficiency of CA
membranes reinforced with different amounts of CNF from real

surface water has not been reported before. In addition, the
effect of CNF reinforcement on the mechanical behaviors of CA
membranes under both wet and dry conditions are examined for
the first time in this study. This study provides a comprehensive
evaluation of CA and CA-CNF membranes for water treatment,
considering chemical, morphological and mechanical properties
as well as their water treatment performance.

2. MATERIALS AND METHODS
2.1. Materials. CA (form: powder, average Mn: ∼ 50,000,

the extent of labeling: 39.8 wt % acetyl and impurities: ≤ 3.0%
water) is purchased from Sigma-Aldrich. NMP (99.5% purity) is
purchased from Merck. CNF (form: powder, moisture: ∼ 4 wt
%, length: 2−3 μm, width: 10−20 nm) is purchased from
Nanografi. Purchased CA and CNF are used directly in
membrane production. In accordance with company privacy
policies, information regarding the preparation method of CNF
from Nanografi could not be provided.
2.2. Manufacturing Pure CA and Nanocomposite CA-

CNFMembranes. Phase separation is a widely usedmethod for
producing commercial polymeric membranes. In this study,
pure CA and CA-CNF nanocomposite membranes are prepared
using the nonsolvent-induced phase separation (NIPS) method.
Table 1 lists the compositions of the casting solutions of the CA-

based membranes. To prepare the casting solution of the pure
CA membrane, 84 wt % NMP is added to 250 mL flasks,
followed by 16 wt % CA. The CA-NMP mixture is mechanically
stirred by a magnetic mixer at a 40 °C magnetic stirrer (Wisd,
MSH20A) for 48 h until a homogeneous solution is obtained.
During the stirring process, the bottles are capped to prevent the
solvent from evaporating and impurities from the outside from
entering the bottle. For the preparation of casting solutions of
CNF-reinforced CA membranes, the required amount of NMP
is added to the glass flasks, followed by the addition of the
required amount of CNF, which iss then dispersed in NMP with
rapid stirring at 40 °C for 10 min. CA (16 wt %) is added to the
NMP/CNFmixture and stirred at 40 °C for 48 h. To remove air
bubbles from the homogeneous membrane casting solutions,
the solution bottles are placed in the degassing mode of an
ultrasonic water bath (Weightlab Instruments) at 25 °C for 30
min. After pouring the solutions onto a flat glass sheet, the
membranes are spread evenly on the glass sheet using a 200 μm
thick casting knife (TQC Sheen, VF2170−261). After
approximately 10 s, the glass sheet is immersed in a water bath
containing ultrapure water (nonsolvent), and the glass sheet is
kept in a water bath for 2 min. The front and back surfaces of the
membranes formed as a result of solvent (NMP) and nonsolvent
(ultrapure water) exchange are washed three times with
ultrapure water, and impurities on the surfaces are removed.
The membranes are stored in clean plastic containers with lids
containing ultrapure water.
2.3. Characterization of Membranes. 2.3.1. FTIR Anal-

ysis. The membrane samples are analyzed using FTIR
spectroscopy to verify the surface chemistry of themanufactured

Table 1. Composition of the Membrane Casting Solutions

Membrane CA (wt %) NMP (wt %) CNF (wt %)

CA 16 84 -
CA-CNF-0.25 16 83.75 0.25
CA-CNF-0.5 16 83.5 0.5
CA-CNF-1 16 83 1
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CA and CA-CNF membranes. The membranes are dried at
room temperature for 1 day, and then the FTIR spectra of the
membranes are recorded in the range of 4000−650 cm−1 using
an FTIR spectrometer.

2.3.2. SEM Analysis. The surfaces of the clean and dammed
membranes are characterized using an SEM device (Philips XL
30S FEG). Before obtaining surface images of the clean
membrane samples stored in ultrapure water, the surfaces of
the membrane samples are thoroughly washed with ultrapure
water and kept at room temperature until they get completely
dry to avoid any impurities in the samples. After draining the
dam water, the fouled membranes are placed in Petri dishes with
lids and kept until completely dry. The dry membrane samples
are made conductive by coating with gold at 10 mA for 120 s
using a coater (Quorum SC7620) before the SEM analysis.
Finally, the surface images of clean and dam water-filtered
membranes are analyzed by SEM at 20000x and 10000×
magnification, respectively. Data on the porosity, average pore
size (average pore radius) and pore size distribution of the
membranes are obtained from SEM images using MATLAB
script. All pores on each membrane SEM image are counted in
MATLAB.

2.3.3. Water Content. To determine the water content of
manufactured membranes, three samples of 3 × 3 cm2 are cut
from each membrane and stored in ultrapure water. The
membrane samples are placed in aluminum weighing dishes and
kept in an oven at 60 °C (Nuve EN 500) for 48 h, and their dry
weights are determined using a precision balance (Precisa, XB
220A). The membrane samples are then immersed in ultrapure
water for 20 s; excess water is quickly removed from the surface
of the wet membranes using blotting paper, and the weights of
the wet membranes are determined. The water content of each
membrane sample is calculated using eq 1. The water content
results of the membranes are expressed as the average of three
experimental replicates.

W W

W
Water content 100

wet dry

wet
= ×

(1)

WhereWwet andWdry represent the wet and dry weights (g) of
the membrane samples, respectively.

2.3.4. Zeta Potential.The surface charge of the membranes is
analyzed using an electrokinetic analyzer (Anton Paar, SurPass).
The variation of the surface charge of the membranes with pH is
analyzed in the range of pH 3−10 using 1 mM KCl solution.

2.3.5. Contact Angle. A contact angle meter (KSV, CAM
101) is used to determine the surface hydrophilicity of the
membranes. Distilled water filled in a syringe is dripped near the
center surface of the membranes. Immediately afterward, the
angle between the distilled water and the membrane surface is
measured. Measurements are performed at room temperature.
Three measurements are performed for eachmembrane, and the
results are given as average.

2.3.6. Mechanics of the Membranes. 2.3.6.1. Tensile Test.
The tensile test is a standardized principal method to assess the
mechanical characteristics of materials. The relationship
between force and displacement of material can be measured
through this experimental approach. Using the acquired data,
the stress−strain relation can be plotted, and the elastic
modulus, tensile strength, and elongation at the break of the
material can be determined. These physical quantities are crucial
to understanding the mechanical response of the material and
enabling a comparative analysis with other materials quantita-

tively. Within the context of this research, the strain rate for
quasi-static assessments is set at a rate of 1% strain per minute.
Each membrane material configuration is tested in both wet and
dry (air-dried for 24 h at ambient conditions) to characterize the
influence of the water presence for cellulose as a polymeric
matrix and reinforcing phase. Aluminum plates are affixed to the
specimen’s ends to prevent the slip between the clamps and the
sample during testing. The tensile tests are repeated until three
consistent data sets are recorded. The tensile tests for the
membranes are carried out using the Shimadzu AG-IS 50kN
universal testing machine.

2.3.6.2. Material Modeling. Developing new particle-
reinforced materials through experiments can be slow and
expensive because it involves making samples, running tests, and
analyzing the data. Numerical modeling studies offer a faster and
less expensive alternative to experimental methods. However,
these models typically assume that material distribution is
uniform (homogeneous) and material behavior is the same in all
directions (isotropic) in order to simplify the calculations. One
of the techniques for modeling composites is the Mori-Tanaka
mean-field homogenization method. This method is a relatively
simple and quick way to predict the elasticity modulus of a
composite material based on the properties of matrix and
reinforcement materials.
2.4. Water Flux and Rejection Performance of

Membranes. 2.4.1. Water Flux Test of Membranes.Ultrapure
water and dam water are passed through the membranes using a
dead-end filtration system (Tin Engineering, Turkey) with
nitrogen gas to determine the pure water and damwater fluxes of
the manufactured water treatment membranes. Samples with
diameters of 5 cm are cut from the membranes and placed at the
bottom of the filtration setup. After the 300 mL filtration
apparatus is completely filled with ultrapure water or dam water,
the apparatus is tightly closed using a double open-end spanner.
The membrane permeate is then collected in a beaker on a
precision balance (AND EJ-610) for 15 min by pressurizing the
system to 3 bar using nitrogen gas. The weight displayed on the
precision balance is transferred to a computer as a function of
time. Using the time-weight data obtained, the pure water and
dam water fluxes of the membranes are calculated using eq 2.
Pure water flux and dam water flux results of the membranes are
expressed as the average of two experimental repetitions.

J
V

A t
=

(2)

Where J, V, A, and Δt represent the membrane flux (L/m2.h),
filtrate volume (L), membrane area (m2) and time (h),
respectively.

2.4.2. Rejection Performance Test of Membranes. Dam
water is collected from the Akçay Dam in Sakarya, Turkey. The
collected water is stored in a clean polyethylene terephthalate
(PET) bottle and kept cold before analysis. The 300 mL dam
water is filtered from the manufactured membranes using a
dead-end filtration setup at 3 bar pressure using the same
procedure described in Section 2.4.1, and the permeates are
collected in clean beakers. After filtration, Fe2+, Ba2+ and Al3+ in
the permeate are analyzed. The physicochemical properties of
dam water are listed in Table 2. Measurements to determine the
physicochemical properties of dam water are repeated twice.

To analyze Fe2+, Ba2+ and Al3+, the analysis sample is first
burned with acid to allow the metals to pass into the water in
dissolved form, then placed in tubes and left to be read in the
Inductively Coupled Plasma (ICP) device.
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The rejection performance of the membranes for Fe2+, Ba2+,
and Al3+ are calculated using eq 3. The Fe2+, Ba2+, and Al3+
removal efficiencies of the membranes from the dam water are
analyzed twice.

R
C C

C
(%)

f p

f
=

(3)

In eq 3, Cf and Cp correspond to the contaminant
concentrations in the feed and permeate, respectively. R
represents the removal efficiency.

3. RESULTS AND DISCUSSION
3.1. Results of FTIR Analysis. The FTIR spectra obtained

from FTIR analysis are performed to verify the chemical
structure of the manufactured CA-based membranes, shown in
Figure 1. The peaks observed in the spectra of pure CA and
nanocomposite CA-CNF membranes in the 4000−650 cm−1

wavenumber range are quite similar. In the investigated
membranes, peaks are observed, confirming the chemical
structure of the membrane, especially at wavenumbers lower
than 2000 cm−1. The peak at 1739 cm−1 corresponds to the C =
O stretching vibration, and the peak at 1369 cm−1 corresponds
to aliphatic C−H stretching vibrations. The two peaks at 1222
and 1036 cm−1 can be attributed to C−O−C and C−O
stretching vibrations, respectively. Because the peak of the O−H
bond presents in the chemical structure of CA and CNF could
not be seen in the FTIR spectra in the 4000−650 cm−1 range,
the FTIR spectra are magnified and plotted in the 4000−2000
cm−1 range (Figure 1(b)). In the spectra of all membranes in
Figure 1(b), the broad peaks observed in the range of 3200 cm−1

4000 cm−1 correspond to the stretching vibration of O−H. In
addition, the peaks between 2250 and 2500 cm−1 are likely to
represent the stretching vibrations of carbonyl groups (C = O)
from both cellulose acetate and cellulose nanofibers.38,39

3.2. Surface Morphology, Porosity, and Pore Size
Distribution of Membranes. To investigate the effect of the
CNF reinforcement on the surface morphology of the CA
membrane, the surface morphologies of the pure CA and CA-
CNF membranes are analyzed by SEM. The manufactured
membranes are classified as microfiltration (MF) membranes
because the majority of the pores on the surface of both the pure
CA and CA-CNF membranes are larger than 100 nm. Although
all membranes have a porous surface structure, the surface
porosity and size of the pores on the surface of the membranes
change with the CNF reinforcement of the CA membrane
(Figure 2). The surface properties of the membranes produced
by the NIPS method largely depend on the exchange rate
between the solvent and nonsolvent during phase separation.
The fast exchange between the solvent and nonsolvent leads to
higher porosity and larger pore sizes in the membrane, while

slow exchange leads to lower porosity and smaller pore sizes.
The addition of CNF into the CA-NMP solution destabilizes the
solution, and the rate of exchange during phase separation is
expected to increase because hydrophilic CNF containing
abundant hydroxyl groups has a high affinity for water.40,41

However, an increase in solution viscosity causes the exchange
between the solvent and nonsolvent to slow down.41

Pore structure, pore size, pore size distribution and porosity
can be analyzed from SEM images.42−45 This study applies
image processing techniques to analyze porosity and pore size
distribution in membranes from SEM images using a MATLAB
script. The involves the application of image processing
algorithms to each image file. Each image is first converted to
grayscale to emphasize depth variation, which correlates with
porosity. Multilevel thresholding segments the image into
distinct depth levels, facilitating the identification of pore spaces.
These segmented images are then processed to generate binary
maps, highlighting the pores, and subsequently analyzed to
determine the porosity and pore size distribution. The results are
quantified in terms of average pore radius and porosity
percentage, providing a detailed characterization of material
porosity. All analysis steps are automated within a MATLAB
script, which processes multiple images sequentially and saves
corresponding results, including visual plots of the depth maps

Table 2. Characteristics of Dam Water

Parameter Unit Value

pH - 7.39 ± 0.05
Conductivity μS/cm 230 ± 2.9
Turbidity NTU 1.53 ± 0.04
Total Hardness mg/L CaCO3 (°F) 9.70 ± 0.10
Total Organic Carbon mg/L 1.85 ± 0.12
Fe2+ mg/L 0.46 ± 0.04
Ba2+ mg/L 0.015 ± 0.002
Al3+ mg/L 0.032 ± 0.004

Figure 1. FTIR spectra of membranes: (a) 4000−650 cm−1

wavenumber range, (b) 4000−2000 cm−1 wavenumber range.
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and pore distributions, in the source image directories. Figure 3
shows the porosity, pore size distribution and average pore size
(average pore radius) of the membranes. According to the SEM
surface images analyzed in MATLAB, the porosity of CA, CA-
CNF-0.25, CA-CNF-0.5 and CA-CNF-1 membranes are 1.26%,
0.99%, 0.62% and 0.74%, respectively.While the surface porosity
decreases with the addition of 0.25 and 0.5 wt % CNF to the CA
membrane, the surface porosity of the membrane increases with
the addition of 1 wt %CNF. The average pore radius of CA, CA-
CNF-0.25, CA-CNF-0.5 and CA-CNF-1 are 79.67, 102.54,
112.45, and 103.73 nm, respectively. In this study, there are not
very large variations between the average pore diameters of
CNF-reinforced nanocomposite membranes. Furthermore, the
minimum pore size increased by 42.7%, the maximum pore size
increased by 40.3%, and the average pore size increased by 6.7%
with increasing CNF reinforcement.46 It is clear that the average
pore size does not have a lot of variation. The observed increase
in the average pore radius of the membrane with 0.25 and 0.5 wt
% CNF addition to the CA membrane can be attributed to the
hydrophilic CNF enhancing the liquid−liquid exchange rate
during phase inversion. On the contrary, the reduction in the
average pore radius of the membrane with high CNF addition (1
wt %) can be attributed to the fact that high CNF addition
results in an increase in the viscosity of the casting solution. In
addition, increasing the amount of CNF in the mixture may lead
to decreased pore size due to CNF agglomeration over time.47

The average pore radius of the membranes indicates that the
membranes produced areMFmembranes (Figure 3). According
to the pore size distribution of CA membrane (Figure 3a), 50−
100 nm sized pores are dominant on the membrane surface. The
size of most of the pores on the CA-CNF-0.25 membrane
surface is in the range of 75−150 nm. In addition, the
distribution percentages of pores in the range of 100−150 nm
on the surface of CA-CNF-0.25 membrane are close (Figure

3b). The size of the pores on the surface of CA-CNF-0.5 and
CA-CNF-1 membranes are mostly in the range of 50−150 nm
(Figure 3c and Figure 3d).
3.3. Water Content of Membranes. The water content

parameter of membranes is important in terms of providing an
idea of the water retention capacity of membranes, the amount
of water that can pass through the membrane during filtration,
and membrane hydrophilicity. In addition, a membrane that
cannot retain sufficient water in its structure during filtration
indicates inefficient filtration. Figure 4 shows the water content
of the CA and CA-CNF membranes. The water content of the
CAmembrane is 89.26% ± 1.81%, and the water contents of the
CA membranes with 0.25%, 0.5% and 1% CNF by weight are
91.01% ± 3.03%, 92.24% ± 1.47% and 93.12% ± 0.09%,
respectively. The water content results of the pure CA and CA-
CNF membranes are very similar, and the water content of the
membranes increases slightly with increasing CNF weight. With
the incorporation of hydrophilic CNFs into the CA membrane,
as seen in the SEM images, the CNFs increase the size of the
pores or porosity on the surface of the membranes (Figure 2),
and their high affinity for water enables water to penetrate the
membrane structure more efficiently and to be retained more,
respectively.
3.4. Zeta Potential of Membranes. The surface charge of

membranes used in water treatment is of great importance, as it
affects the interaction between the membrane surface and
pollutants. Figure 5 shows the zeta potential values of the
membranes in the range of pH 3−10. The zeta potential of all
membranes is negative at all pH values examined. The zeta
potential of the membrane exhibits a decreasing trend with
increasing incorporation of CNF into the CA membrane. In
other words, increasing CNF content causes the surface of the
membrane to be more negatively charged. The increase in the
carboxylate content on the surface of the CA membrane with

Figure 2. Surface morphology of the membranes visualized via SEM.
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CNF incorporation causes the surface to have a more negative
charge. Moreover, the surface charge of CNF-reinforced CA-
based nanocomposite membranes varies more with pH than the

CA membrane. This can be attributed to the pH-dependent
protonation−deprotonation behavior of carboxylate groups.

Figure 3. Porosity, pore size distribution, and average pore radius of membranes calculated from SEM surface images in MATLAB: (a) CA, (b) CA-
CNF-0.25, (c) CA-CNF-0.5 and (d) CA-CNF-1.

Figure 4. Water content of membranes.

Figure 5. Zeta potential of membrane surfaces as a function of pH.
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3.5. Surface Hydrophilicity of Membranes. The surface
hydrophilicity of membranes is a crucial factor that influences
the interaction of the membrane with water and the flux
performance of the membrane. The contact angle values of the
membranes are presented in Figure 6. The contact angles of the

CA, CA-CNF-0.25, CA-CNF-0.5, and CA-CNF-1 membranes
are determined to be 67.34 ± 0.9°, 65.18 ± 1.06°, 62.57 ± 0.68°,
and 63.15 ± 0.81°, respectively. Given that the contact angles of
all membranes are less than 90°, it can be concluded that the
membrane surfaces are hydrophilic. The addition of 0.25 and 0.5
wt % CNF to the CA membrane results in a decrease in the
contact angle of the membrane and an increase in its
hydrophilicity. The abundant hydroxyl groups (−OH) in the
structure of CNF enhance the interaction between the
membrane surface and water. The increased interaction between
the membrane surface and water causes the water to spread
more easily on the membrane surface, resulting in a decrease in
the contact angle. On the other hand, a slight increase in the
contact angle of the high CNF-reinforced nanocomposite
membrane is observed. This may be due to the inhomogeneous
distribution of CNFs in the polymeric membrane matrix at
higher CNF addition and the inability of the hydrophilic −OH
groups of all CNFs to come into contact with water due to
agglomeration of CNFs. According to the results of this study,
0.5 wt % CNF incorporation into the CA membrane
significantly improves the surface hydrophilicity of the
membrane by reducing the contact angle of the membrane.
3.6. Pure Water Flux and Dam Water Flux of

Membranes. For membranes used in water and wastewater
treatment to provide efficient and high production capacity
treatment and low energy consumption, a high pure water flux of
membranes is desired. Figure 7 shows the pure water flux and
dam water flux values of the CA-CNF nanocomposite
membranes. While the pure water flux of the membrane is
226.63 ± 45.43 L/m2.h with the addition of CNF to the CA
membrane, it increases to 317.23 ± 23.31 L/m2.h, 358.41 ±
18.32 L/m2.h and 387.48 ± 21.18 L/m2.h with the addition of
0.25, 0.5, and 1 wt % CNF, respectively. In other words, 0.25,
0.5, and 1 wt %CNF addition increases the pure water flux of the
CA membrane by approximately 40%, 58%, and 71%,
respectively. The increase in the pure water flux performance
of the membrane from 0.25 wt % to 1 wt % CNF can be

explained by the increase in the number of hydroxyl (−OH)
groups in the membrane with increasing hydrophilic CNF
content. The −OH groups contained in CNFs make them
hydrophilic nanomaterials, and CNFs impart hydrophilic
properties to the CA membrane when incorporated into the
CA-based polymeric membrane. The hydrogen bonding forms
between the hydrophilic −OH groups of the CNFs in the
structure of the membranes, and the water molecules fed to the
membrane contributes to the increase in pure water flux by
allowing the water to contact the membrane surface more easily
and to flow through the membrane more easily. Therefore,
according to the pure water flux results in this study, CNF
addition and the presence of up to 1 wt % CNF in the CA
membrane allow for faster water treatment and increase the pure
water flux performance of the membranes. This is because the
inclusion of hydrophilic materials such as CNF increases the
hydrophilicity of the membrane surface, allowing the formation
of a water layer that facilitates rapid water permeation and
increases the flow of pure water.48,49 At the same time,
membranes with channel structure and uniform pore distribu-
tion show high pure water flux.50

Surface hydrophilicity, porosity and pore size also affect the
water flux performance of membranes. Since the contact angle of
CNF-reinforced nanocomposite membranes is lower than the
contact angle of pure CA membranes, nanocomposite
membranes have higher surface hydrophilicity. High surface
hydrophilicity facilitates the penetration of feedwater through
the membrane. In addition, as mentioned earlier, although there
is no significant difference in the surface porosity of pure CA and
nanocomposite membranes, the pores on the membrane surface
expanded with increasing CNF content in the matrix of CA
membrane. Large pores on the membrane surface contribute to
a decrease in the hydraulic resistance of themembrane and faster
filtration of water through the membrane. The hydrophilic
nature of CNF, the higher surface hydrophilicity of CA-CNF
membranes and the larger pores on the surface of CA-CNF
membranes resulted in improved flux performance of CA-CNF
membranes compared to the flux performance of pure CA
membranes.

The lowest dam water flux is 190.62 ± 15.35 L/m2.h in the
pure CA membrane, whereas the dam water fluxes of the 0.25%,
0.5%, and 1% CNF-added membranes are 205.27 ± 12.10 L/
m2.h, 324.23 ± 10.55 L/m2.h and 365.71 ± 18.25 L/m2.h,

Figure 6. Contact angle values of membranes.

Figure 7. Pure water flux and damwater flux of the membranes at 3 bar.
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respectively. Unlike pure water, dam water contains many
organic and inorganic substances, so the contaminants in dam
water accumulate on the membrane surface and pores, causing
clogging of the membrane pores and fouling of the membrane.
Because the filtration capacity of a membrane with fouled and
clogged pores also decreases, the dam water fluxes of the
produced CA and CA-CNF membranes are expected to be
lower than that of the pure water flux. Similar to the results of the
pure water flux performance of the produced membranes, CA-
CNF membranes are better than pure CA membranes in terms
of dam water flux performance. With the increasing amount of
hydrophilic CNF in the membrane structure, the affinity of the
membrane for damwater increases and the passage of damwater
through the membrane becomes easier. The increase in flux
performance in the filtration of both pure water and dam water,
representing real ambient conditions with CNF reinforcement
to the CA membrane, provides an increase in flux performance.
With CNF-reinforced nanocomposite membranes, higher
amounts of clean water can be obtained in a shorter time, and
investment and operating costs are reduced as fewer membrane
areas are required.
3.7. Metal Cation Rejection Performance of Mem-

branes. Figure 8 shows the removal efficiencies of Fe2+, Ba2+

and Al3+ from the dam water through the membranes produced.
The concentrations of Fe2+, Ba2+ and Al3+ in the dam water is
0.46 ± 0.04 mg/L, 0.015 ± 0.002 mg/L and 0.032 ± 0.004 mg/
L, respectively. The removal efficiencies of Fe2+, Ba2+ and Al3+
from water by the CA membrane are 91.95%, 83.33% and
59.37%, respectively. The rejection performance of all the CA-
CNF nanocomposite membranes from water is lower than that
of the CA membrane. The Fe2+, Ba2+ and Al3+ varies between
83.04%−90%, 72%−80% and 43.75%−53.12%, respectively.

Membrane properties, properties of metals, membrane-metal
interactions and operating conditions affect the metal ion
rejection performance of membranes.51,52 The low porosity and
small pore size of membranes are among the features that
increase their rejection performance.53 However, the pore sizes
of the membranes manufactured in this study are characteristic
of the MF membrane, which has the largest pore size among the
pressure-driven membranes. Therefore, water-soluble substan-
ces that are smaller than the pores of the produced membranes

cannot be removed with very high efficiency. The hydrated radii
of Fe2+, Ba2+ and Al3+ are 0.428, 0.404, and 0.475 nm,
respectively.54 Therefore, the size exclusion mechanism of CA
and nanocomposite CA-CNF membranes is not the only
effective mechanism in removing metal cations from dam water.

The attraction and repulsion interactions between the
membrane and metal cations are related to the surface charge
of the membrane and the valence of the metal. According to
Donnan’s principle, a positively charged membrane surface
effectively rejects positively charged metal ions with high
valence, whereas a negatively charged membrane surface
effectively rejects negatively charged ions with high valence.55

In this study, the pH value of the water filtered through the
membranes is 7.39 ± 0.05. Studies have shown that CA
membranes56 and CNF57,58 are negatively charged at pH (7.39
± 0.05), corresponding to the pH of the dam water used in this
study. In this study, the zeta potentials of CA, CA-CNF-0.25,
CA-CNF-0.5 and CA-CNF-1 membranes at pH 7 are
determined as −8.4, −15.4, −16.7 and −18.2, respectively.
Since themembrane surface charge is negative at the pH value of
the feedwater, positively charged metal ions move toward the
membrane. The high-valence Al3+ is more attracted by the
negatively charged membrane surface than the lower-valence
Ba2+ and Fe2+ and can pass through the membrane pores.
Similarly, in a recent study by Liu et al. (2023), the rejection of
CuSO4, ZnSO4, and MnSO4 solutions by thin-film nano-
composite membranes with negative surface charges is 91.2%,
94.3% and 92.5%, respectively. In contrast, the removal
efficiency for Cr2(SO4)3 is lower at 66.2%. As the Cr3+ cation
has a higher valence than divalent cations, it is observed that the
removal efficiency decreased because of the electrostatic
interaction between the membrane surface and the cation.52 It
is also important to note that as the CNF content in the
membrane matrix increases, the surface charge of the membrane
becomes more negative (Figure 5). This may cause the metal
ions to move more toward the membrane surface due to the
electrostatic attraction between the surfaces of the nano-
composite membranes and the metal ions. Therefore, the
stronger electrostatic attraction between the metal ions and the
nanocomposite membranes may cause a decrease in the removal
efficiency of metal ions. It can be concluded that the Donnan
effect and the adsorption of metal ions on the membrane surface
and/or pores are effective mechanisms for Fe2+, Ba2+ and Al3+
removal from dam water. Furthermore, as observed by the SEM
images, the addition of CNF increases the macrovoid’s average
diameter. As a result, there is less metal rejection, suggesting that
applications needing high flux are better suited for reinforced
CNF membranes. This is further supported by its high
mechanical and strength.32

3.8. SurfaceMorphology of FouledMembranes. Figure
9 shows surface images of the fouled membranes where the dam
water is filtered. Remarkably, more contaminants accumulate on
the surface of the pure CA membrane than on the CA-CNF
membranes. This result can be attributed to the relatively more
hydrophobic nature of the pure CA membrane surface, which
lacks hydrophilic CNF compared to CA-CNF membranes.33,40

In CA-CNF nanocomposite membranes, CA membranes with
0.25 and 0.5 wt % CNF reinforcement still have open pores even
on the fouled surface, whereas the surface of the CA membrane
with 1 wt % CNF reinforcement becomes denser and rougher
with fewer open pores. This result is related to the larger pores
on the surface of the clean, pure CA and clean CA-CNF-1
membranes compared to the other membranes, as contaminants

Figure 8. Removal efficiency of metal cations from dam water using
membranes.
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enter the pores more easily and clog the pores more easily. Based
on the fouled SEM surface images, it can be concluded that the
CA-CNF-0.5 membrane is the most fouling-resistant mem-
brane, as it exhibits minimal reduction in surface porosity and
pore size after dam water filtration.

Contaminants accumulating in the pores and surface of the
membranes during filtration cause membrane blockage and
fouling. Blockage and fouling make it difficult for water to pass
through the membrane and cause a decrease in the flux
performance of the membrane.59 When the dam water fluxes are
measured during the removal of Al3+, Ba2+, and Fe2+ from the
dam water of the membranes, the lowest dam water flux among
all membranes belonged to the pure CA membrane. When the
SEM surface images of fouled membranes and the dam water
fluxes of the membranes are compared, it is determined that the
pure CA membrane, which is the membrane most prone to
fouling, had the lowest damwater flux (190.62 ± 15.35 L/m2.h).
The fouling resistance ability and hydrophilic property that CNF
imparts to the membrane contributed to the dam water flux of
nanocomposite CA-CNF membranes (205.27 ± 12.10−365.71
± 18.25 L/m2.h) being higher than the dam water flux of pure
CA membrane during the rejection of contaminants from the
dam water by the membrane filtration. If a higher molecular
weight material had been chosen as themembrane basematerial,
lower water permeation could be achieved, but higher
contaminant removal could be achieved60,61 This is due to the
increased hydrophilicity of higher molecular weight polymers,
which increases the interaction with water molecules and
reduces permeability.62

3.9. Mechanics of the Membranes. 3.9.1. Tensile Test.
The mechanical properties of CA membranes with different
mass fractions of CNF are evaluated under both dry and wet
conditions to understand the influence of CNF on the

composite’s mechanical performance. In Figure 10, stress−
strain curves of the unreinforced and nanocomposite mem-
branes in dry and wet conditions are drawn. From that figure, the
change in the mechanical behavior of membranes concerning
hygrothermal conditions and nanomaterial concentration can be
observed. Figure 10 (a) displays the change in the mechanical
behavior of dry membranes, Figure 10 (b) visualizes the wet
ones. In order to assess the effect of CNF reinforcement on the
mechanical behavior of CA membranes, the measured elasticity
modulus, tensile strength and elongation at break values of
samples tested under dry conditions are given in Table 3, and
samples tested under wet conditions are given in Table 4. The
data shown represents the average of three repeated trials, with
the associated variability of these measurements also included.

The results acquired from the dry samples suggest a notable
rise in the composite’s mechanical properties with CNF
addition. The elasticity modulus, the indicator of stiffness,
shows a significant rise, even with a minimal 0.25 wt.% CNF
addition. It reaches almost eight times the value when pure CA-
NMP is compared to a 1 wt.% CNF-reinforced ones.

The tensile strength of the composites, a measure of
maximum stress-bearing capacity, exhibits a noticeable increase
with CNF inclusion. Remarkably, the highest tensile strength
value is captured for the 0.5 wt.% CNF-reinforced membrane,
thereby pointing it as an optimum amount for achieving
maximum strength increment. However, the tensile strength is
observed to change marginally at 1 wt.% CNF concentration,
which hints at potential issues such as fiber aggregation or
suboptimal fiber-matrix bonding at elevated CNF levels.

On the other hand, elongation at break, a parameter reflecting
a material’s ductility, shows a decrease as CNF concentration
increases. This is consistent with the general idea that
reinforcing rigid nanofibers into amatrix reduces its deformation

Figure 9. Surface morphology of fouled membranes after dam water filtration.
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capability under stress and leads to earlier failure (smaller
elongation at break regions) of the composite as the reinforce-
ments tend to cause localized stress concentrations.63

When the wet samples are evaluated, the results present an
entirely different scenario. Exposure to moisture resulted in an

extensive decrease in the mechanical behavior of the membrane
samples. Since their hydrophilic nature, CNFs interact with
water easily. This interaction causes them to absorb more water,
which surrounds the matrix and weakens the fiber-matrix bond.
Nevertheless, CA-CNF composites, even in their dampened
state, outperformed pure CA-NMP in terms of mechanical
performance, highlighting the stable, beneficial effect of CNF.

The elongation at break for CA-NMP and CA-CNF 0.25%
remained reasonably constant despite a significant decrease in
stiffness and tensile strength in wet conditions. This suggests
that the material maintains its ductility even in the presence of
moisture. However, higher CNF concentrations, i.e., 0.50% and
1%, indicate a marked transition toward earlier failure (smaller
elongation at break regions) when wet.

The reduction in the elasticity modulus and tensile strength of
CNF membranes when wet can be primarily attributed to the
interactions between water molecules and the CNF structure.
When CNF membranes become wet, the water molecules
interact with the cellulose, leading to a plasticization effect that
lowers the mechanical stiffness and strength of the material. This
occurs because water acts as a plasticizer, reducing intermo-
lecular forces and increasing the mobility of the cellulose chains,
thereby decreasing the modulus of elasticity and tensile
strength.64

Moreover, the presence of water can also lead to swelling of
the CNF structure. This swelling alters the physical dimensions
and internal stresses of the material, further contributing to a
decrease in mechanical properties. Swelling due to water uptake
generally disrupts the hydrogen bonding network within
cellulose, which is crucial for its high strength and stiffness in
dry conditions.65

3.9.2. Material Modeling. The Mori-Tanaka mean-field
homogenization method is applied to estimate the mechanical
properties of the membranes, followed by a comparative analysis
with experimental data. Pure membranes serve as the base
matrix phase, with a specific focus on investigating the impact of
reinforcing CNF particles on the composite material. Through
this method, the elasticity modulus values of the composite
membranes are derived. The results are presented as the
analytical output in Table 5 and Figure 11.

Following the analysis, it is determined that the calculated
elasticity modulus values varied under wet and dry conditions
for different weight percentages of CNF-reinforced CA
membrane structures. Specifically, for membranes reinforced
with 0.25% by weight of CNF, the elasticity modulus is 77.207
MPa under wet conditions and 210.41 MPa under dry
conditions. Similarly, for membranes reinforced with 0.5% and
1% by weight of CNF, the elasticity modulus increased to 101.96
and 151.76MPa under wet conditions and to 348.91 and 627.88
MPa under dry conditions, respectively.

Figure 10. Stress−strain curves of the unreinforced and nanocomposite
membranes in dry and wet conditions.

Table 3. Mechanical Properties of CA-CNF Composites
under Dry Conditions

Specimen
Name

Elasticity Modulus
(MPa)

Tensile Strength
(MPa) Maximum Strain

CA Dry 72.27 ± 3.52 3.92 ± 0.21 0.0737 ± 0.0046
CA-CNF-0.25
Dry

221.23 ± 9.32 5.17 ± 0.38 0.0474 ± 0.0028

CA-CNF-0.5
Dry

487.15 ± 19.17 8.51 ± 0.57 0.0324 ± 0.0017

CA-CNF-1
Dry

574.86 ± 31.79 8.17 ± 0.72 0.0426 ± 0.0024

Table 4. Mechanical Properties of CA-CNF Composites
under Wet Conditions

Specimen
Name

Elasticity Modulus
(MPa)

Tensile Strength
(MPa) Maximum Strain

CA Wet 52.52 ± 3.67 1.58 ± 0.06 0.0709 ± 0.0036
CA-CNF-0.25
Wet

86.51 ± 4.12 2.53 ± 0.11 0.0570 ± 0.0022

CA-CNF-0.5
Wet

92.01 ± 5.88 1.86 ± 0.09 0.0220 ± 0.0009

CA-CNF-1
Wet

126.58 ± 6.36 2.20 ± 0.09 0.152 ± 0.0008

Table 5. Experimental and Theoretical Determination of the
Elasticity Modulus of Membranes

Condition Dry Wet

Reinforcement
Ratio

Experimental
Elasticity
Modulus

Mori-
Tanaka
Elasticity
Modulus

Experimental
Elasticity
Modulus

Mori-
Tanaka
Elasticity
Modulus

0.25% 221.23 210.41 86.51 77.20
0.5% 487.15 348.91 92.01 101.96
1% 574.86 627.88 126.58 151.76
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The analysis revealed a consistent trend of increased elasticity
modulus with higher CNF reinforcement levels in the CA
membrane. For instance, adding 0.25% CNF resulted in a 47%
and 191.14% increase in elasticity modulus under wet and dry
conditions, respectively. Similarly, the incorporation of 0.5% and
1% CNF led to more significant enhancements, with elasticity
modulus increases of 94.14% and 188.96% under wet conditions
and 382.79% and 768.8% under dry conditions, respectively.
From these data, it can be concluded that the 1% by weight
CNF-reinforced dry CAmembrane exhibited the highest rigidity
under mechanical loading among the tested membranes.

4. CONCLUSION
In this study, the mechanical behavior of CA composites with
incremental CNF concentrations in both dry and wet conditions
are considered. Under dry conditions, the increase in the mass
fraction of CNF causes an increase in the elasticity modulus of
the CA matrix, even tripling at a mere 0.25% CNF content. This
increment is supported by existing literature highlighting CNF’s
reinforcing capabilities, driven by its high aspect ratio and
inherent rigidity. In terms of tensile strength, the composite with
0.5 wt %CNF exhibits peakmechanical performance, suggesting
an ideal CNF concentration for optimal tensile strength.
However, with CNF concentrations rising to 1%, the tensile
strength begins to show signs of saturation. The material’s
elongation at break regions reduces as CNF concentration
increases, reflecting the trade-off between stiffness and ductility
upon integrating rigid nanofibers.

Contrarily, when the test results under wet conditions are
evaluated, the composites’ mechanical behavior changes slightly
due to CNF’s hydrophilic tendencies facilitating water uptake,
thereby limiting the fiber-matrix bond in the structure. Even
under these dampened conditions, CNF-reinforced composites
show superior mechanical resilience compared to pure CA-
NMP ones, emphasizing CNF’s positive influence. While
elasticity modulus and tensile strength registered a considerable
decrease upon wetting, elongation at break region for CA-NMP
and the 0.25 wt % CNF membrane remained relatively stable.
However, at higher CNF concentrations, there is a marked
increase in elongation at break regions in the wet state.
Mechanical modeling studies also verify the increase in elasticity

modulus with the CNF reinforcement increment in the matrix
both in wet and dry conditions.

To summarize, CNF emerges as a potent reinforcement for
CA and significantly enhances its mechanical behavior. None-
theless, it is imperative to exercise caution in wet working
environments, as CNF’s hydrophilic properties could potentially
compromise the composite’s effectiveness.

CA and CNF-reinforced nanocomposite CA membranes
(CA-CNF) are fabricated and characterized using the phase
separation method. The Fe2+, Ba2+ and Al3+ removal perform-
ances of the membranes from flux and dam water at a pressure of
3 bar are investigated. The results of the study show that the
water content of the membrane, pure water flux performance
and damwater flux performance representing the natural aquatic
environment are significantly improved because of the increase
in the hydrophilicity of the membrane with the addition of up to
1 wt % CNF in CAmembranes. The Fe2+, Ba2+ and Al3+ removal
performance of CA membrane is slightly higher than CNF-
reinforced nanocomposite CA membranes. Tests with dam
water show that the membrane surface becomes more resistant
to fouling at reinforcements of up to 0.5 wt % CNF addition to
the CA membrane. When the characterization and performance
results of the membranes produced in this study are evaluated in
general, a high pure water flux (358.41 ± 18.32 L/m2.h), high
dam water flux (324.23 ± 10.55 L/m2. h), good metal ion
rejection efficiency (85.86 ± 2.25%, 80 ± 1.95% and 50 ± 1.55%
for Fe2+, Ba2+ and Al3+, respectively), and high surface fouling
resistance, it is suggested that the CA-CNF-0.5 membrane is the
most suitable for use in water treatment.

Within the scope of this research, dam water with low metal
concentration is filtered through the produced membranes and
the removal efficiency of metals is investigated. In further
studies, filtering wastewater with high metal concentration and/
or solutions with high metal concentration through CA-CNF
membranes may contribute to a better understanding of the
metal removal mechanism of CA-CNF membranes.
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G.; Veréb, G. Photocatalytic Membrane Filtration and Its Advantages
over Conventional Approaches in the Treatment of OilyWastewater: A
Review. Asia-Pasific Journal of Chemical Engineering 2020, 15, e2533.
(12) Figoli, A.; Ursino, C.; Santoro, S.; Ounifi, I.; Chekir, J.; Hafiane,

A.; Ferjani, E. Cellulose Acetate Nanofiltration Membranes for
Cadmium Remediation. Journal of Membrane Science and Research
2020, 6 (2), 226−234.
(13) Tufekci, M.; Gunes-Durak, S.; Ormanci-Acar, T.; Tufekci, N.

Effects of Geometry and PVP Addition on Mechanical Behavior of PEI
Membranes for Use inWastewater Treatment. J. Appl. Polym. Sci. 2019,
136 (7), 47073.
(14) Wang, K.; Abdala, A. A.; Hilal, N.; Khraisheh, M. K. Mechanical

Characterization ofMembranes.Membrane Characterization 2017, 259.
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Preparation and Characterization of Polysulfone Membranes Re-
inforced with Cellulose Nanofibers. Polymers (Basel) 2022, 14, 3317.
(41)Hołda, A. K.; Vankelecom, I. F. J. Understanding andGuiding the

Phase Inversion Process for Synthesis of Solvent Resistant Nano-
filtration Membranes. J. Appl. Polym. Sci. 2015, 132, 42130.
(42) Ziel, R.; Haus, A.; Tulke, A. Quantification of the Pore Size

Distribution (Porosity Profiles) in MicrofiltrationMembranes by SEM,
TEMandComputer Image Analysis. J. Membr. Sci. 2008, 323 (2), 241−
246.
(43) Hernández, A.; Calvo, J. I.; Prádanos, P.; Palacio, L.; Rodríguez,

M. L.; de Saja, J. A. Surface Structure of Microporous Membranes by
Computerized SEM Image Analysis Applied to Anopore Filters. J.
Membr. Sci. 1997, 137 (1−2), 89−97.
(44) Rabbani, A.; Salehi, S. Dynamic Modeling of the Formation

Damage and Mud Cake Deposition Using Filtration Theories Coupled
with SEM Image Processing. J. Nat. Gas Sci. Eng. 2017, 42, 157−168.
(45) Ezeakacha, C. P.; Rabbani, A.; Salehi, S.; Ghalambor, A.

Integrated Image Processing and Computational Techniques to
Characterize Formation Damage. SPE International Conference and
Exhibition on Formation Damage Control 2018.
(46) Francis, L.; Hilal, N. Electrosprayed CNTs on Electrospun

PVDF-Co-HFP Membrane for Robust Membrane Distillation. Nano-
materials 2022, 12 (23), 4331.
(47) Nurkhamidah, S.; Rahmawati, Y.; Gumilang, R. A.; Riswanda, M.

I.; Fahrizal, Y. E.; Ramadhan, I. H. Enhanced Performance of Celluloce
Acetate/Polyethylene Glycol (CA/PEG) with the Addition of
Functionalized Carbon Nanotube (CNT) Prepared by Wet-Dry
Method. In 34th International Conference of the Polymer Processing
Society; 2019; p 030031.
(48) Meng, H.; Xu, T.; Gao, M.; Bai, J.; Li, C. An Oil-Contamination-

Resistant PVP/PANElectrospinningMembrane for High-Efficient Oil-
Water Mixture and Emulsion Separation. J. Appl. Polym. Sci. 2021, 138
(11), 1−12.
(49) Jin, Y.; Huang, L.; Zheng, K.; Zhou, S. Blending Electrostatic

Spinning Fabrication of Superhydrophilic/Underwater Superoleopho-
bic Polysulfonamide/Polyvinylpyrrolidone Nanofibrous Membranes
for Efficient Oil-Water Emulsion Separation. Langmuir 2022, 38 (27),
8241−8251.
(50) Li, J.; Sun, J.; Ren, L.; Lei, T.; Li, J.; Jin, J.; Luo, S.; Qin, S.; Gao,

C.; Lei, T. Properties and Preparation of TiO2-HAP@PVDF
Composite Ultrafiltration Membranes. Polym. Compos 2023, 44 (11),
7499−7509.

(51) Wei, X.; Kong, X.; Wang, S.; Xiang, H.; Wang, J.; Chen, J.
Removal of Heavy Metals from Electroplating Wastewater by Thin-
Film Composite Nanofiltration Hollow-Fiber Membranes. Ind. Eng.
Chem. Res. 2013, 52, 17583−17590.
(52) Liu, S.; Wang, E.; Lv, X.; Liu, L.; Su, B.; Han, L. High

Performance Internally Pressurized Hollow Fiber Thin-Film Nano-
composite Nanofiltration Membrane Incorporated with Tannic Acid
Functionalized MoS2 Nanosheets for Wastewater Treatment. Desali-
nation 2023, 547, 116227.
(53) Jia, T. Z.; Lu, J. P.; Cheng, X. Y.; Xia, Q. C.; Cao, X. L.; Wang, Y.;

Xing, W.; Sun, S. P. Surface Enriched Sulfonated Polyarylene Ether
Benzonitrile (SPEB) That Enhances Heavy Metal Removal from
Polyacrylonitrile (PAN) Thin-Film Composite Nanofiltration Mem-
branes. J. Membr. Sci. 2019, 580, 214−223.
(54) Nightingale, E. R. Effective Radii of Hydrated Ions.
Phenomenological Theory of Ion Solvation 1959, 63, 1381−1387.
(55) Mohammad Gheimasi, M. H.; Lorestani, B.; Kiani Sadr, M.;

Cheraghi, M.; Emadzadeh, D. Synthesis of Novel Hybrid NF/FO
Nanocomposite Membrane by Incorporating Black TiO2 Nano-
particles for Highly Efficient Heavy Metals Removal. Int. J. Environ.
Res. 2021, 15 (3), 475−485.
(56) Chen, S. C.; Su, J.; Fu, F.-J.; Mi, B.; Chung, T.-S. Gypsum

(CaSO4.2H2O) Scaling on Polybenzimidazole and Cellulose Acetate
Hollow Fiber Membranes under Forward Osmosis.Membranes (Basel)
2013, 3, 354−374.
(57) Li, N.; Zheng, J.; Hadi, P.; Yang, M.; Huang, X.; Ma, H.; Walker,

H. W.; Hsiao, B. S. Synthesis and Characterization of a High Flux
Nanocellulose-Cellulose Acetate Nanocomposite Membrane. Mem-
branes (Basel) 2019, 9, 70.
(58) Kim, C. H.; Youn, H. J.; Lee, H. L. Preparation of Surface-

Charged CNF Aerogels and Investigation of Their Ion Adsorption
Properties. Cellulose 2017, 24, 2895−2902.
(59) Acarer, S. A Review of Microplastic Removal from Water and

Wastewater by Membrane Technologies. Water Science & Technology
2023, 88 (1), 199−219.
(60) Matsuyama, H.; Kobayashi, K.; Maki, T.; Tearamoto, M.;

Tsuruta, H. Effect of the Ethylene Content of Poly(Ethylene- Co -vinyl
Alcohol) on the Formation of Microporous Membranes via Thermally
Induced Phase Separation. J. Appl. Polym. Sci. 2001, 82 (10), 2583−
2589.
(61) Tran, H. Le; Van, L. T. M.; Vuu, M. N. D.; Mai, P. T. Separation

Performance of Poly(Vinyl Alcohol) Based Nanofiltration Membranes
Crosslinked by Malic Acid for Salt Solutions. Science and Technology
Development Journal 2016, 19 (3), 70−78.
(62) Chakrabarty, B.; Ghoshal, A. K.; Purkait, M. K. Effect of

Molecular Weight of PEG on Membrane Morphology and Transport
Properties. J. Membr. Sci. 2008, 309 (1−2), 209−221.
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