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Abstract: In this study, polysulfone/polyvinylpyrrolidone (PSf/PVP, 20 wt%/5 wt%)-based ultra-
filtration (UF) membranes reinforced with different ratios (0.5 and 1 wt%) of cellulose nanocrystals
(CNCs) and cellulose nanofibres (CNFs) were prepared by the phase inversion method. The effect of
CNC, CNF, and CNC-CNF reinforcement on the morphology, roughness, crystallinity, porosity, aver-
age pore size, mechanical properties, and filtration performance of PSf/PVP-based membrane was
investigated. Distilled water and surface water (lake water) fluxes of the membranes were determined
at 3 bar using a dead-end filtration system. The distilled water flux of the fouled–hydraulic cleaned
membranes was determined, and scanning electron microscopy (SEM) images of the fouled–cleaned
membranes were examined. The flux recovery ratio (FRR) and fouling parameters were calculated to
examine the fouling behaviour of the membranes. The mechanical properties of the membranes were
modelled by the Mori–Tanaka, finite element, Voigt–Reuss, self-consistent scheme, and Halpin–Tsai
methods using Digimat and/or analytically. In addition, the von Mises equivalent stress distributions
of the nanocomposites were presented. Among the investigated membranes, PSf/PVP/CNC-0.5
had the highest distilled water flux (475.5 ± 17.77 L/m2.h), PSf/PVP/CNF-1 exhibited the stiffest
behaviour with an elasticity modulus of 70.63 ± 3.15 MPa, and PSf/PVP/CNC-1 had the best or-
ganic matter removal efficiency. The finite element was the most successful modelling method for
estimating the mechanical properties of nanocellulose-reinforced flat sheet membranes.

Keywords: membrane; polysulfone; polyvinylpyrrolidone; cellulose nanocrystal; cellulose nanofibre;
characterisation; water flux; antifouling ability; organic matter; modelling

1. Introduction

Membrane filtration is a modern treatment option widely used in potable water pro-
duction and wastewater treatment due to its superior properties [1]. A reliable and rapid
supply of potable water and high-quality water for agricultural irrigation and industrial
processes has become increasingly important due to the ever-increasing demand for fresh
water [2]. Membrane processes offer a solution for drinking water treatment as well as for
reducing the environmental impact of large volumes of industrial wastewater generated
worldwide due to rapid industrial growth [3]. Membrane processes are good alternatives
for increasing the reusability of process water in industries or treating industrial wastewater
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with high efficiencies [4]. Moreover, the application of membrane processes in the treat-
ment of landfill leachate, which is considered a strong wastewater, minimises the risk of
pollutant release from leachate into the environment [5]. Membrane technologies provide
superior performance in minimising the negative environmental impact of wastewater
by removing parameters such as solids, organic matter, microorganisms, turbidity, heavy
metals, microplastics, oil and grease, nitrogen, phosphorus, and salts from surface water,
wastewater, and landfill leachate with high efficiency [6–10].

The advantages of membrane processes for water filtration applications include high-
quality water production, requiring fewer chemical substances and energy consumption,
low maintenance costs, and easy scale-up [11]. Membranes are mainly categorised into
two groups according to their materials: polymeric membranes and inorganic membranes.
Polymeric membranes are widely used in water filtration due to their easy production,
easy processability, and low cost [12]. Polysulfone (PSf) is widely used in the production
of membranes due to its membrane-forming ability, ability to dissolve in organic solvents
commonly used in membrane production, and superior thermal, chemical, and mechanical
stability [13,14]. PSf membranes are frequently preferred in microfiltration (MF), ultrafil-
tration (UF), and membrane bioreactor (MBR) applications [15–17]. PSf membranes are
also used as sub-layers in membranes [18]. However, the hydrophobic nature of PSf makes
PSf-based membranes prone to fouling, reducing the lifespan and performance of the
membrane [18,19]. Various nanomaterials have been blended into the PSf-based membrane
matrix in many studies to enhance the properties and improve the filtration performance
of the PSf membrane [20–24].

Analysing the mechanical properties of membranes produced for application in water
treatment plays an important role not only in membrane design but also in predicting mem-
brane failures during filtration [25]. Investigating the mechanical properties of membranes
also contributes to determining the maximum pressure that can be applied to the membrane
so that it can be operated without deformation, fracture, or cracking during filtration. Since
both mechanical fatigue and the chemicals used for cleaning the membranes accelerate the
mechanical deformation of the membrane, membranes with good mechanical properties
can be used longer with less risk of deformation [25]. The improved mechanical properties
of the membrane result in a reduction in the potential for deformation under pressure [26],
thereby contributing to the uninterrupted water flux. Additionally, although large pores
allow water to be easily filtered through the membrane, large pores also facilitate the
transfer of contaminants from the feed to the membrane permeate [27]. Since membranes
whose pores expand during filtration due to low mechanical properties cannot provide a
stable water flux and separation performance [28], mechanical properties must be taken
into account in the production of membranes. Therefore, high water flux to reduce energy
demand as well as high mechanical strength to ensure a long lifetime and stable filtration
are essential for membranes used in water treatment [29,30].

Cellulose is a natural, abundant, sustainable, eco-friendly biopolymer [31]. Nanocellu-
lose is a nanomaterial that is derived from cellulose and has high hydrophilicity, biocompat-
ibility, and superior mechanical properties, particularly better mechanical strength [31,32].
Nanocellulose is primarily divided into three classes: cellulose nanocrystal (CNC), cellulose
nanofibre (CNF), and bacterial nanocellulose (BC) [33]. CNCs and CNFs are plant-derived,
hydrophilic nanomaterials containing abundant hydroxyl groups (-OH) [34–36]. CNCs
are a type of nanocellulose obtained through acid hydrolysis [37]. CNFs are nanocellulose
derivatives produced through mechanical and chemical processes [38]. Nanocellulose
obtained from plants is a promising option for enhancing the properties of polymer-based
nanocomposite materials [39].

Recent studies have shown that the incorporation of CNC [40,41] and CNF [42–45] into
polymer-based membranes improves the structural properties and filtration performance
of the membrane. Fahmy et al. obtained CNC by hydrolysing bleached pulp with sulfuric
acid and incorporating CNC into a membrane based on 20 wt% PSf. In the study, the
incorporation of CNC into the PSf membrane increased the pure water flux, oil–water
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separation efficiency, and oil emulsion flux of the membrane [46]. Rasid et al. (2022)
characterised asymmetric nanocomposite membranes produced by incorporating 1 wt%
CNC into a 15 wt% PSf-based membrane, and they reported that CNC incorporation
resulted in changes in pores in the internal structure of the membrane, surface wettability,
porosity, flux performance, and copper removal efficiency [47]. Alasfar et al. investigated
the effect of 0.1–0.5% CNF incorporation on the properties and performance of an 18 wt%
PSf-based membrane. Up to 0.3 wt% CNF incorporation, the porosity and contact angle of
the neat PSf membrane decreased, while the average pore size, flux, elasticity modulus,
and elongation at break increased [45]. In a study by Ding et al., the effect of 0.2–1.2% CNF
incorporation into PSf/polyvinyl pyrrolidone (PVP) membrane based on 18 wt% PSf and
1% PVP was investigated. The results of the study showed that the elasticity modulus
of the PSf/PVP membrane doped with 1 wt% CNF (217 ± 8.31 MPa) was higher than
that of the PSf/PVP membrane (157 ± 13.16 MPa). In addition, the pure water flux of the
PSf/PVP/CNF membrane (~680 L/m2.h) was significantly higher than that of the PSf/PVP
membrane (319 L/m2.h) [48].

The amount and properties of the polymer (molecular weight, hydrophilic/hydrophobic
properties, etc.), the amount and type of solvent, polymer–solvent interaction, and the type
and amount of other additives such as nanomaterials in the membrane casting solution signif-
icantly affect the properties of the casting solution, and kinetic and thermodynamic processes
during phase inversion [49–51]. Furthermore, membrane casting conditions and coagula-
tion bath conditions affect the properties of the final membrane [52]. Since all these factors
lead to different membrane properties and performance, the properties and performance of
polymer-based membranes produced from casting solutions of different compositions need to
be reported in the literature to overcome the problems encountered in membrane processes
and to further improve the performance of membranes.

In this study, CNC (0.5 and 1 wt%)-, CNF (0. 5 wt%)-, and CNC-CNF (0.5 wt%)-reinforced
polymer-based membranes were fabricated by non-solvent (water)-induced phase inversion
method using PSf with a molecular weight of ~35,000 Da as the polymer, dimethyl formamide
(DMF) as the solvent, and 5 wt% PVP as the pore-forming agent, and the characterisation
and performance results of the produced membranes were reported. To the best of the au-
thors’ knowledge, there is no study in the literature investigating the effect of different rates
of CNC and CNF reinforcement on the properties and filtration performance of polymer-
based membranes consisting of 20 wt% PSf and 5 wt% PVP. In this study, the effects on the
morphology, crystallinity, mechanical properties, flux performance, fouling resistance, and
ultraviolet absorbance at 254 nm (UV254) and total organic carbon (TOC) removal efficiency
of PSf/PVP-based membrane were experimentally investigated. In addition, the success
of different modelling techniques in estimating the mechanical properties of nanocellulose
(CNC, CNF, and CNC-CNF)-reinforced nanocomposite membrane was investigated using
the mechanical test results of PSf/PVP-based membrane and the properties of nanomaterials.
This study fills the research gap by experimentally evaluating the effects of CNC and CNF
at different ratios on PSf/PVP membranes and integrating mechanical tests with modelling
techniques to predict membrane performance. This dual focus on experimental and predictive
modelling is unique for polymer-based nanocomposite membranes and provides a compre-
hensive understanding of their potential applications. Furthermore, to the best of the authors’
knowledge, this is also the first study to evaluate the UV254 absorbance and TOC removal
performance of CNC- and CNF-reinforced PSf/PVP membranes and highlight their potential
for advanced water treatment applications.

2. Materials and Methods
2.1. Materials

PSf with an average molecular weight of ~35,000 Da was obtained from Aldrich. DMF
used as solvent was purchased from Carlo Erba. PVP in powder form with an average
molecular weight of 40,000 Da was purchased from Sigma-Aldrich. The width of CNC
and CNF used in nanocomposite membrane production was 10–20 nm. The lengths of
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CNC and CNF were 300–900 nm and 2–3 µm, respectively. All materials were utilised as
received, without any additional purification, during the membrane fabrication process.

2.2. Production of PSf/PVP-Based Flat Sheet Membranes

In this study, flat sheet membranes of PSf/PVP-based membranes were produced
by the previously reported phase inversion method [53]. The PSf, PVP, CNC, and CNF
used in membrane production were kept in an oven (Nuve EN 500) set at 45 ◦C for 2 h to
remove possible existing moisture. To prepare the PSf/PVP membrane casting solution,
75 wt% DMF was added into dry glass bottles, and then DMF was stirred in a heated
magnetic stirrer (Wisd, MSH20A) at 80 ◦C for 5 min. In the next step, 5 wt% PVP was
added to DMF, and stirring was continued until the PVP was completely dissolved. Then,
20 wt% PSf was added to the solution, and the solution was stirred at 80 ◦C for 48 h. After
obtaining a homogeneous solution, the bottles were placed in an ultrasonic water bath
(Weightlab Instruments) at 25 ◦C for 30 min in degassing mode to remove air bubbles from
the solution. In the next step, the solution was poured onto a dry and plain glass plate.
Using a 200 µm thick casting knife (TQC Sheen, VF2170-261), the solution was spread on
the glass plate to obtain a polymeric film. It is worth noting that in the non-solvent-induced
phase inversion method, the casting thickness affects the rate of liquid–liquid exchange in
the coagulation bath, leading to differences in the properties of the final membrane [54].
A 200 µm casting thickness is widely used in the production of flat sheet membranes
using the non-solvent-induced phase inversion method [53,55]. To make the properties
of the membranes produced in this study more comparable with the properties of the
membranes in the literature studies, a casting thickness compatible with the literature
was preferred in the production of flat sheet membranes. Afterward, the glass plate was
immersed in a coagulation bath containing only distilled water at 25 ◦C. As a result of
the liquid–liquid exchange between the solvent (DMF) in the polymeric film and the non-
solvent (distilled water) in the coagulation bath, a flat sheet membrane was obtained in
solid form. The front and back surfaces of the membrane were thoroughly washed with
distilled water to remove impurities from the membrane surfaces produced by the phase
inversion method. The production of CNC-, CNF-, and CNC-CNF-reinforced PSf/PVP
membranes followed the same mixing, casting, and coagulation conditions as those used
for PSf/PVP membranes. All produced membranes were stored in distilled water in
separate containers. Figure 1 shows the main production steps of PSf/PVP-based flat
sheet membranes. Table 1 shows the composition of the casting solutions of PSf/PVP and
nanocomposite PSf/PVP membranes.

Table 1. Composition of casting solutions prepared for the production of PSf/PVP-based flat sheet
membranes.

PSf
(% wt.)

PVP
(% wt.)

DMF
(% wt.)

CNC
(% wt.)

CNF
(% wt.)

PSf/PVP 20 5 75 - -
PSf/PVP/CNC-0.5 20 5 74.5 0.5 -
PSf/PVP/CNC-1 20 5 74 1 -

PSf/PVP/CNF-0.5 20 5 74.5 - 0.5
PSf/PVP/CNF-1 20 5 74 - 1

PSf/PVP/CNC-CNF 20 5 74.5 0.25 0.25

2.3. Membrane Characterisation

The viscosity of the membrane casting solutions was measured by a viscometer at
22 ◦C.

The surface morphology of the membranes was analysed using a scanning electron
microscope (SEM, Philips XL 30S FEG, Tokyo, Japan). Prior to SEM analysis, the membranes
were dried at room temperature for 48 h. The surface of the dry membranes was rendered
conductive through the application of a gold coating, applied at a current of 10 mA for
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a period of 90 s using a coating device (Quorum SC7620 (Woonsocket, RI, USA). The
surface morphology of the produced membranes was examined at 2000× magnification at
5 kV, while the surface morphology of the fouled–cleaned membranes after filtration was
examined at 5000× magnification at 5 kV.
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Atomic Force Microscopy (AFM, Digital Instruments Nanoscope IV, Bedford, TX, USA)
was used to examine the surface roughness of the membranes. AFM analysis was conducted
in contact mode utilising a Bruker silicon nitride probe. Three roughness parameters, mean
roughness (Ra), root mean square roughness (Rrms), and mean difference between the
highest peaks and lowest valleys (Rz), were determined by AFM analysis.

The X-Ray Diffraction (XRD) method was used to determine the crystalline properties
of the membranes. XRD patterns of the membranes were determined using an X-ray
diffractometer (Bruker D8 Advance, Ettlingen, Germany) equipped with Cu Kα (k = 1.54 Å)
radiation (40 kV, 40 mA). XRD patterns were obtained over a diffraction angle range of
2θ = 3–70◦.

The porosity (P) of the membranes was determined by the gravimetric method, and
Equation (1) was used to calculate the membrane porosities [53].

P (%) =
mw − md

A t ρ
× 100 (1)

where mw and md are the wet and dry weights of the membrane (g), A is the membrane
area (cm2), t is the membrane thickness (cm), ρ is the density of water (0.998 g/cm3).

After the porosity of the membranes was calculated, the average pore size (r) of the
membranes was calculated using Equation (2) (Guerout–Elford–Ferry equation) [53].

r =

√
(2.9 − 1.75P)× 8ηlQ

P × A × ∆P
(2)
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where η is the viscosity of water (8.9 × 10−4 Pa.s), l is the membrane thickness (m), Q is the
permeate volume per unit time (m3/s), A is the effective membrane area (m2), and ∆P is
the operating pressure (0.3 MPa).

Stress–strain curve and mechanical properties of membranes (elasticity modulus,
tensile strength, and elongation at break) were determined by tensile test. Tensile tests were
conducted using a universal testing machine (Shimadzu AG-IS 50 kN) (Figure 2). Tensile
tests were conducted under a strain rate of 1% per minute.
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2.4. Water Flux and Rejection Performance of Membranes

The water flux performance of the membranes was performed using a dead-end
filtration system (Tin Mühendislik). Samples with a diameter of 5 cm were cut from the
membranes using scissors. The cut circular membrane samples were placed in the dead-end
filtration system. Following the placement of the magnetic apparatus within the filtration
cell, 300 mL of distilled water was added to the filtration cell. Nitrogen gas (N2 gas) was
used to filter the water through the membrane. Water was filtered through the membranes
at 3 bar using N2 gas. Membrane permeates were collected in clean beakers of 250 mL
volume on an AND EJ-610 precision balance. Using WinCT-RSWeight software (version
6.02), data were transferred to a computer every minute, and a time–weight plot was
generated for 15 min.
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To determine the flux performance of the membranes for surface water, a water
sample was collected from Terkos Lake in Istanbul, Turkey. In the filtration process, the
same conditions applied for distilled water were applied to lake water. The distilled water
and lake water filtered membrane samples were physically cleaned by immersing them in
distilled water for 15 min. The flux performance of the physically cleaned (fouled–cleaned)
membranes was determined for distilled water at 3 bar. The flux performance of clean
membranes for distilled water, flux performance of clean membranes for lake water, and
flux performance of fouled–cleaned membranes for distilled water was measured using
a dead-end filtration technique at 3 bar and room temperature. Equation (3) was used to
determine the flux performance of the membranes [53].

J =
V

A × ∆t
(3)

where J is water flux (L/m2.h). A is membrane area (m2). ∆t is time (h). V is permeate
volume (L).

To determine the UV254 removal efficiency of the membranes from lake water, feed
(lake water) and membrane permeates were analysed at 254 nm wavelength using a UV254
spectrophotometer (Hach-Lange DR5000, Düsseldorf, Germany). TOC analysis in the feed and
membrane permeate was performed using a TOC analyser (Sievers 5310C, Auburn, IL, USA).

2.5. Antifouling Performance of Membranes

To investigate the antifouling performance of the membranes, the total fouling ratio
(Rt), reversible fouling ratio (Rr), irreversible fouling ratio (Rir), and flux recovery ratio
(FRR) of the membranes were calculated using Equations (4)–(7) [53].

Rt (%) =
jw1 − jl

jw1
× 100 (4)

Rr (%) =
jw2 − jl

jw1
× 100 (5)

Rir (%) =
jw1 − jw2

jw1
× 100 (6)

FRR (%) =
jw2

jw1
× 100 (7)

where jw1 is the distilled water flux of the clean membrane. Jw2 is the distilled water flux
of the fouled–cleaned membrane. Jl is the lake water (surface water) flux of the clean
membrane.

2.6. Estimation of Mechanical Properties of Nanocomposite Membranes with Models

The mechanical properties of PSf/PVP-based nanocomposite membranes were esti-
mated by different modelling methods using the data obtained from the mechanical tests
of PSf/PVP membrane and the properties of nanocellulose reinforcements (CNC and CNF).
The model results were compared with the experimental tensile test results of nanocompos-
ite membranes, and the success of the models in estimating the mechanical properties of
nanocomposite membranes was investigated. In this study, the mechanical properties of
membranes were estimated using the Mori–Tanaka mean-field homogenisation method, fi-
nite element method, self-consistent scheme method, Voigt–Reuss method, and Halpin–Tsai
method. Among these five modelling methods, Mori–Tanaka mean-field homogenisation
and finite element modelling studies were carried out using Digimat (version 2024.1), a
piece of software that is used for the mechanical modelling of composite materials. On
the other hand, the self-consistent scheme, Voigt–Reuss, and Halpin–Tsai models were
computationally based.
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In the Mori–Tanaka mean-field homogenisation method, the elasticity modulus ob-
tained from the experimental tensile test of the PSf/PVP membrane was entered into the
Digimat MF tool for the matrix (PSf/PVP) properties. Poisson’s ratio, density, and elasticity
modulus values for nanocellulose reinforcements were entered as 0.25, 1.5 g/cm3, and
80 GPa, respectively [53]. The aspect ratios for CNF and CNF were introduced into the
Digimat MF toolbox as 85–130 and 60–100, respectively. In the Mori–Tanaka mean-field
homogenisation method, both the membrane matrix and nanocellulose reinforcements
were assumed to have a homogeneous and isotropic structure as well as linear elastic
behaviour. CNC, CNF, and CNC-CNF reinforcements were randomly distributed in the
membrane matrix.

In the finite element model, nanocellulose-reinforced, isotropic cubic representa-
tive volume elements (RVEs) were generated in Digimat FE. The RVEs were divided
into tetrahedral elements. In the finite element method, the values for the matrix and
nanocellulose reinforcements were the same as those used in the Mori–Tanaka mean-field
homogenisation method.

Stress along the composite material (membrane) in the Voigt model and strain along
the composite material in the Reuss model were assumed to be constant. An upper
bound (EVoigt) and lower bound (EReuss) were calculated for the modulus of elasticity of the
nanocomposite membrane in the Voigt model and Reuss model, respectively [56]. EVoigt
and EReuss values were calculated using Equations (8) and (9), respectively.

EVoigt = E f Vf + Em

(
1 − Vf

)
(8)

EReuss =
1

Vf
E f

+
1−Vf

Em

(9)

where Ef is the elasticity modulus of the nanomaterials. Em is elasticity modulus of
membrane matrix. Vf is the volume fraction of the nanomaterials in the membrane matrix.

The self-consistent scheme method aims to simulate the micro-level properties of
the composite material and their effects on the macro-scale elastic behaviour. In the self-
consistent scheme method, the reinforcement phase (CNC, CNF, CNC-CNF) and the matrix
(PSf/PVP) phase of the membrane are considered phases that interact in a general structure
but are considered homogeneous in themselves. In this method, the effective modulus of
elasticity (Eeff) was calculated using Equation (10) [57,58].

Eeff = Em

1 +
3Vf

(
E f /Eeff − 1

)
1 + Vf

(
E f /Eeff − 1

)
 (10)

where Ef and Em are the elasticity modulus of the fibres and matrix. Vf is the volume
fraction of the fibres in the membrane.

The Halpin–Tsai model was developed to estimate the mechanical behaviour of com-
posites based on the properties and geometry of their components. Factors such as matrix
and reinforcement properties, matrix-reinforcement interfacial interactions, and reinforce-
ment orientation play an important role in the Halpin–Tsai model. For the Halpin–Tsai
model, the effective longitudinal (Eeff,long) and effective transverse (Eeff,trans) elasticity mod-
ulus were calculated using Equations (11) and (12) [58,59].

Eeff,long = Em

1 +
ηLVf

(
E f /Em − 1

)
1 − ηLVf

(
E f /Em − 1

)
 (11)
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where Em is elasticity modulus of the matrix. ηL is a parameter related to the aspect ratio of
the nanomaterials.

Eeff,trans = Em

1 +
ηTVf

(
E f /Em − 1

)
1 − ηTVf

(
E f /Em − 1

)
 (12)

where the parameter ηT is associated with the transverse aspect ratio of the nanomaterials.

3. Results and Discussion
3.1. Viscosity of Membrane Casting Solutions

In the production of flat sheet membranes via the non-solvent-induced phase inversion
method, the viscosity of the membrane casting solution significantly affects the exchange
rate between solvent and non-solvent [60]. The viscosity of the membrane casting solution
varies depending on the amount of polymer, properties of the polymer, type of solvent,
amount of PVP, properties of PVP, and temperature of the casting solution [49,61–65].
Figure 3 shows the viscosity values of the casting solutions at 22 ◦C prepared to pro-
duce PSf/PVP-based membranes. The casting solution of the PSf/PVP membrane had
the lowest viscosity value of 1.11 ± 0.14 Pa.s. With the inclusion of CNC and CNF in
the PSf/PVP/DMF solution, the viscosity of the solution increased, and the viscosity of
the casting solutions prepared for nanocomposite membrane production varied between
1.25 ± 0.02 and 1.54 ± 0.03 Pa.s. When the amount of CNC and CNF in the membrane cast-
ing solution increased from 0.5 to 1 wt%, the viscosity of the membrane increased further
due to the casting solutions containing more solids. CNF-doped casting solutions had a
higher viscosity than CNC-doped casting solutions at the same concentration. Similarly, it
has been reported that CNC has a lower viscosity than CNF in suspensions at the same
concentration [66].
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3.2. Membrane Surface Morphology

The surface morphology of membranes affects the membrane’s water flux, separation,
and antifouling performances. Figure 4 shows the SEM surface images of PSf/PVP-based
flat sheet membranes produced. The surface porosity and the size of the pores on the
surface of the PSf/PVP membrane (Figure 4a) were higher than those of the nanocellulose-
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reinforced membranes (Figure 4a–f). This can be explained by the low viscosity of the
PSf/PVP membrane casting solution. Lower membrane casting solution viscosity leads
to faster liquid–liquid exchange during phase inversion, while higher viscosity leads to
slower liquid–liquid exchange [67]. Faster liquid–liquid exchange leads to a final membrane
morphology with higher porosity and/or pore size, while slower liquid–liquid exchange
leads to a final membrane morphology with a dense surface [68]. The higher viscosity
of the casting solutions containing nanocellulose compared to the casting solution of
PSf/PVP membrane led to the formation of membranes with denser structures. The
large pores on the upper surface of the PSf/PVP membrane disappeared (Figure 4a),
especially with the addition of high amounts of CNC into the membrane (Figure 4b,c).
As for CNF reinforcement, the surface porosity of the PSf/PVP membrane decreased
significantly with low and high CNF reinforcement in the PSf/PVP membrane (Figure 4d,e).
CNF agglomerates were present on the surface of the PSf/PVP/CNF-1 membrane, which
was related to the poor dispersion of high amounts of CNF in the membrane casting
solution (Figure 4e). Some layers were also observed on the surface of the PSf/PVP/CNF-1
membrane, indicating that high CNF reinforcement prevented the smooth surface formation
of flat sheet membranes produced via the phase inversion method (Figure 4e). Combining
CNC and CNF reinforcement significantly reduced the porosity of the PSf/PVP membrane
(Figure 4f). However, the presence of very small agglomerates on the surface was also
observed (Figure 4f). When the amount of CNC and CNF reinforcement in the membrane
increased, the surfaces of the membranes had a denser structure with less porosity due to
the increased casting solution viscosity. There was no agglomeration on the surfaces of the
PSf/PVP and PSf/PVP/CNC-0.5 membranes. The absence of agglomeration on the surface
of both membranes was related to the fact that the PSf/PVP membrane did not contain
any nanocellulose reinforcement and the low amount of CNC reinforcement was well
dispersed in the PSf/PVP/CNC-0.5 membrane. However, agglomeration occurred on the
surface of the membranes at 1 wt% CNC, 0.5 wt% CNF, 1 wt% CNF, and 0.5 wt% CNC-CNF
reinforcements, indicating that the nanocelluloses were not well dispersed in the membrane
and accumulated on the surface. Moreover, the number of agglomerates on the surface
increased with the increase in the amount of nanocellulose incorporated into the membrane.
In CNC and CNF reinforcements, the number of agglomerates on the membrane surface
increased as the amount of nanocellulose incorporated into the membrane increased. In
casting solutions where hydrophobic polymers are present, hydrophilic nanocellulose such
as CNC and CNF may be poorly dispersed, which may lead to an increase in the total
solid content of the casting solution [69]. The hydrophilic nanomaterials in the membrane
casting solution tend to migrate towards the upper part during the immersion phase of
the non-solvent-induced phase inversion method [41]. Therefore, it is possible to observe
CNC and CNF agglomeration on the surface of the final membrane when a high amount
of nanomaterials is present in the membrane casting solution. PSf/PVP/CNF-1 was the
membrane with the most agglomerates and defects on the surface. Agglomerates and
defects on the membrane surface can lead to clogging of the pores and disruption of water
flow, leading to reduced filtration efficiency.

3.3. AFM Images and Roughness of Membranes

The surfaces of the produced membranes were further characterised by AFM analysis,
and the roughness parameters of the membranes were determined. Figure 5 shows 2D
and 3D AFM images of the membranes, and Table 2 shows the roughness parameters
of the membranes. AFM images of all membranes showed that the membranes had a
“peak-and-valley” structure. In the AFM images, the bright and dark regions are indicative
of the peaks and valleys, respectively, on the surface of the membranes. The PSf/PVP
membrane had the roughest surface, and the surface roughness of the membrane decreased
with the addition of CNC, CNF, and CNC-CNF into the PSf/PVP membrane. Similarly, the
roughness of the PES membrane decreased with the addition of CNC functionalised with
amino acid cysteine to the membrane [70].
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The PSf/PVP membrane had the highest Ra, Rrms, and Rz values, which were 5.94,
7.80, and 31.24 nm, respectively. The high surface porosity of the PSf/PVP membrane
led to the formation of indentations and protrusions on the membrane surface, resulting
in high membrane surface roughness. The Ra, Rrms, and Rz values of nanocomposite
nanocellulose-reinforced membranes varied in the ranges of 1.40–2.59, 1.97–3.24, and
8.15–13.27 nm, respectively. As the proportion of CNC and CNF in the membrane increased
from 0.5 wt% to 1 wt%, cracks and agglomerates increased on the membrane surface,
resulting in an increase in the surface roughness of the membrane by 19.78% and 82.39%,
respectively. The highest Ra, Rrms and Rz values belonged to PSf/PVP/CNF-1 membrane
among the nanocomposite nanocellulose-reinforced membranes. This can be explained
by the presence of more defects and agglomerates on the surface of the PSf/PVP/CNF-1
membrane than the other membranes. The PSf/PVP/CNC-CNF membrane exhibited a
smoother surface due to the lower surface porosity and/or agglomerates on the surface
compared to other membranes.
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Figure 5. (1) Two-dimensional and (2) three-dimensional AFM images of PSf/PVP-based membranes:
(a1,a2) PSf/PVP, (b1,b2) PSf/PVP/CNC-0.5, (c1,c2) PSf/PVP/CNC-1, (d1,d2) PSf/PVP/CNF-0.5,
(e1,e2) PSf/PVP/CNF-1, and (f1,f2) PSf/PVP/CNC-CNF.

Table 2. Surface roughness parameters of membranes.

Ra (nm) Rrms (nm) Rz (nm)

PSf/PVP 5.94 7.80 31.24
PSf/PVP/CNC-0.5 1.82 2.38 10.44
PSf/PVP/CNC-1 2.18 2.97 13.08

PSf/PVP/CNF-0.5 1.42 1.99 8.15
PSf/PVP/CNF-1 2.59 3.34 13.27

PSf/PVP/CNC-CNF 1.40 1.97 8.39

3.4. XRD Patterns of Membranes

The presence of amorphous materials in membranes, the presence of crystalline im-
purities, and the effect of various changes in membrane production on the membrane
structure can be examined with XRD analysis [71].

Figure 6 shows the XRD patterns of PSf/PVP and nanocellulose-reinforced nanocom-
posite PSf/PVP-based membranes. In the XRD patterns of PSf/PVP-based membranes, the
broad peak at 2θ = 9–30◦ showed that the membranes were amorphous. In all PSf/PVP-
based membranes, three peaks were detected in the broad peak at approximately 19◦,
22◦, and 25◦ at 2θ. Previous studies have revealed the amorphous structure of PSf mem-
branes [71–73]. For instance, in a previous study, the broad peak in the range of 17–30◦

at 2θ in the XRD pattern of a pure PSf membrane revealed the amorphous structure of
PSf [73]. In the study, in the PVP-added PSf membrane, unlike the pure PSf membrane,
the peak at 2θ = 21.8◦ in the XRD pattern was attributed to the amorphous structure of
PVP [73]. In this study, the amorphous structure of PSf/PVP-based membranes, which was
elucidated by evaluating the XRD pattern of PSf/PVP-based membranes, was consistent
with other studies.

Semi-crystalline materials are harder, and they have high chemical and thermal re-
sistance [74]. On the other hand, amorphous materials are more flexible, and they have
high impact resistance [74]. The incorporation of 1 wt% CNC, 1 wt% CNF, and 0.5 wt%
CNC-CNF in the PSf/PVP membrane did not lead to any significant difference in the
XRD pattern of the membrane and the intensity of the peaks. The absence of a signifi-
cant change in the position and intensity of the peaks indicated that 1 wt% CNC, 1 wt%
CNF, and 0.5 wt% CNC-CNF reinforcement did not change the crystalline structure of
the membrane, and the existing crystalline structure was preserved. However, it is worth
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noting that PSf/PVP membranes exhibit good water flux performance, mechanical strength,
separation efficiency, and fouling resistance without the significant need for the excellent
resistance and stiffness provided by crystalline nanomaterials [75,76]. The addition of
amorphous PVP [77] into a PSf membrane increases porosity, hydrophilicity, separation
performance, and resistance to fouling of the PSf membrane [78]. Although CNC and
CNF reinforcement did not contribute to increasing the crystallinity of PSf/PVP-based
membranes, amorphous PSf/PVP membranes can be used in water treatment applications
due to their superior performance.
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3.5. Porosity and Average Pore Size of Membranes

Porosity and pore size play an important role in the water flux and separation efficiency
of membranes [79]. Figure 7 shows the porosity and average pore size of the membranes.
PSf/PVP membrane had the highest porosity (33.08 ± 1.32%), and the porosity of the
membrane decreased with nanocellulose reinforcement. The porosity of nanocellulose-
reinforced nanocomposite membranes varied between 15.90 ± 0.56 and 21.45 ± 1.12%.
Consistent with the SEM images, the membrane with the highest surface porosity was
PSf/PVP. High porosity in membranes is a property that offers both advantages and
disadvantages. The increased porosity of the membrane facilitates the passage of water and
thus contributes to the high water flux observed during the filtration process. Furthermore,
the filtration of water through high porosity membranes is facilitated, thus enabling high
water flux at lower pressures [80]. Therefore, high porosity enables an energy-efficient
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filtration process. Conversely, high porosity can reduce the separation efficiency of the
membrane as it increases the potential for contaminants in the water to more easily pass
through the membrane. Furthermore, high porosity causes a reduction in the mechanical
strength of the membrane, as the structural integrity of membranes with high porosity is
less than that of membranes with lower porosity.
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While the average pore size of PSf/PVP membrane was 26.33 ± 0.78 nm, the average
pore sizes of PSf/PVP-based nanocomposite membranes varied between 8.34 ± 0.08 and
18.59 ± 0.56 nm. Since the average pore sizes of PSf/PVP-based membranes were 1–100 nm,
it was determined that the membranes were UF membranes. While the highest average pore
size was in the PSf/PVP membrane, the average pore size of the membrane decreased with
CNC, CNF, and CNC-CNF reinforcement. A low amount (0.5 wt%) of CNF incorporation
outperformed a low amount of CNC incorporation in reducing the porosity and average
pore size of the membrane. Since the viscosity of the casting solution containing 0.5 wt%
CNF was higher than that containing 0.5 wt% CNC, the liquid–liquid exchange during
phase inversion was slower for the CNF-reinforced polymeric film, leading to a denser
surface, lower porosity, and lower average pore size of the membrane.

3.6. Mechanical Properties of Membranes

UF membranes operate under pressure in water and wastewater treatment, and these
membranes must have mechanical strength that can overcome the applied pressure to
serve the filtration process for a long time. Insufficient mechanical strength can lead to
deformation and rupture of the membrane in the filtration process. Sharp particles in water
and wastewater can damage membranes that do not have sufficient mechanical strength.
In this study, the stress–strain curves, elasticity modulus, tensile strength, and elongation
at break of membranes were investigated by tensile testing to investigate the mechanical
properties of the membranes produced. Figure 8 shows the average stress–strain curves
of the PSf/PVP-based membranes. All polymer-based membranes produced exhibited
plastic deformation after elastic deformation. When the slopes of the membranes were
compared in the stress–strain curve, the lowest slope was found for the PSf/PVP membrane,
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while the slopes of the membranes in the stress–strain graph increased with nanocellulose
reinforcement of the membranes.
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The elasticity modulus of the membranes was calculated by the ratio of stress to strain
in the region where the membranes exhibit elastic behaviour in the stress–strain curve.
Figure 9 shows the elasticity modulus and tensile strength of PSf/PVP-based membranes.
The PSf/PVP membrane had the lowest elasticity modulus with 28.06 ± 1.3 MPa, while
the elasticity modulus of the membrane increased with CNC, CNF, and CNC-CNF rein-
forcement. This can be attributed to the fact that the elasticity modulus of CNC and CNF
is higher than the elasticity modulus of the membrane matrix materials [31,78]. As the
amount of CNC and CNF incorporated into the PSf/PVP membrane was increased from
0.5 to 1 wt%, the membrane exhibited enhanced elasticity modulus. CNF performed better
than CNC in increasing the rigidity of the polymer-based membrane. The addition of
0.5 wt% and 1 wt% CNC to the PSf/PVP membrane increased the elasticity modulus of the
membrane by approximately 51% and 133%, respectively, while the addition of 0.5 wt% and
1 wt% CNF increased it by 83% and 152%, respectively. Among the membranes produced,
the PSf/PVP/CNF-1 membrane had the highest elasticity modulus (70.63 ± 3.15 MPa)
and the highest tensile strength (3.69 ± 0.15 MPa). This showed that the PSf/PVP/CNF-1
membrane was the most rigid and could withstand more stress. Figure 10 shows the elon-
gation at break values of membranes. The elongation at break of the PSf/PVP membrane
(6.3 ± 0.3%) decreased with CNC, CNF, and CNC-CNF reinforcement of the membrane.
This indicated that nanocellulose-reinforced nanocomposite PSf/PVP-based membranes
were less flexible and less deformable than PSf/PVP membranes. Similarly, in a study
by Lalia et al. (2014), when 2 wt% nanocrystalline cellulose was added to polyvinylidene
fluoride-co-hexafluoropropylene (PVDF-HFP) membrane, the tensile strength of the mem-
brane increased from 12.6 to 17.2 MPa, while the modulus of elasticity of the membrane
increased from 72 MPa to 105 MPa. On the other hand, in the study, 2 wt% nanocrystalline
cellulose added to the PVDF-HFP membrane decreased the elongation at break of the
membrane from 25 mm to 23 mm [81].
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3.7. Comparison of Experimental Mechanical Properties of Membrane with Model Results

Table 3 shows the elasticity modulus of PSf/PVP-based nanocomposite membranes
obtained from tensile tests and modelling approaches. The finite element was the most suc-
cessful method in estimating the experimental modulus of elasticity values of nanocellulose-
reinforced PSf/PVP-based membranes. Although the results obtained from the finite ele-
ment method were quite close to the experimental data obtained from the tensile test of
the nanocomposite membranes, the mechanical analysis of each membrane with the finite
element approach took longer, approximately 8 h for each membrane. Nevertheless, despite
the necessity for longer analysis times when utilising the finite element method to examine
the mechanical properties of membranes, this approach offers the distinct advantage of
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enabling the visual examination of the equivalent von Mises stress distribution of the
membrane. For instance, Figure 11 shows the equivalent von Mises stress distribution in a
whole RVE, cross-section of the RVE, whole RVE with mesh structure, and cross-section
of the RVE with mesh structure, which were generated for the analysis of the mechanical
properties of the CNC-CNF-reinforced PSf/PVP membrane by the finite element method.
As mentioned before, the density of the mesh structure was increased to perform more
precise calculations in the vicinity of the nanomaterials in the membrane matrix in the
modelling with the finite element approach. The von Mises equivalent stress values were
higher on nanomaterials in both whole RVE and cross-sectional RVE. The nanomaterials
corresponded to lighter colors such as green and yellow, representing higher equivalent
von Mises stresses. This indicated that a significant portion of the load applied to the mem-
brane was carried by the reinforcement materials. The modelling results demonstrated
that the incorporation of nanomaterials (CNC and CNF) into the polymeric membrane
matrix resulted in an enhancement of the membrane’s load-carrying capacity. As for other
modelling methods, the computational Voigt–Reuss method, self-consistent scheme, and
Halpin–Tsai methods were not successful in estimating the elasticity modulus of mem-
branes with a very low error margin. The Mori–Tanaka mean-field homogenisation method
was relatively successful in estimating the experimental elasticity modulus of membranes,
although it did not provide visual results like the finite element method. One of the most
important advantages of the Mori–Tanaka method was that the mechanical analysis of each
membrane took approximately 10 min.

Table 3. Elasticity modulus of PSf/PVP-based membranes: experimental and modelling results.

Membrane Experimental
Result Mori–Tanaka Finite

Element EVoigt EReuss
Self-Consistent

Scheme
Halpin–Tsai
(Eeff,long)

Halpin–Tsai
(Eeff,trans)

PSf/PVP 28.06 - - - - - - -
PSf/PVP/CNC-0.5 42.35 43.5 42.03 42.99 28.15 47.97 43.61 40.68
PSf/PVP/CNF-0.5 51.21 52.52 50.10 54.67 28.15 55.33 52.17 48.51
PSf/PVP/CNC-1 65.24 59.17 66.28 57.97 28.24 56.93 71.23 60.72
PSf/PVP/CNF-1 70.62 77.16 71.58 81.38 28.25 65.68 112.95 92.66

PSf/PVP/CNC-CNF 54.05 48.04 57.37 48.36 28.15 51.89 48.36 44.12
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3.8. Water Flux Performance of Membranes

The water flux performance of membranes is a critical parameter that affects the
efficiency of the filtration process, energy efficiency, and the size of equipment required for
filtration [82,83]. Membranes with higher water flux performance allow more water to be
filtered in less time [53]. Membranes with high water flux performance require less energy
consumption for water filtration, reducing the process’s operating cost [84]. A filtration
process using membranes with high water flux performance requires less membrane surface
area than a filtration process using membranes with lower flux performance, reducing
both the cost of equipment (membranes and equipment) and the space occupied by the
membrane system [85]. Figure 12 shows the water fluxes of PSf/PVP-based membranes.
While the flux of PSf/PVP membrane for distilled water was 433.92 ± 18.69 L/m2.h at
3 bar, the water flux performance of the membrane increased by 9.58% and 3.60% with a
0.5% CNC and 1% CNC reinforcement in the membrane, respectively. Bai et al. (2017) also
reported that while the pure water flux of a polyethersulfone (PES) membrane at 0.5 MPa
was 1240 L/m2.h, the pure water flux of the membrane increased to 3524 L/m2.h with 2 wt%
CNC reinforcement at the same pressure. In another study, 0.5 wt.% CNC reinforcement
yielded a pure water flux increase from 2.5 to 10.6 L/m2.h and from 0 to 2.6 L/m2.h
for membranes based on 20 wt.% PSf and 30 wt.% PSf produced using the immersion
precipitation technique, respectively [86]. On the other hand, the flux of the membrane
for distilled water decreased by 1.32% and 6.30%, respectively, with 0.5% and 1% CNF by
weight reinforcement of the PSf/PVP membrane. The fact that the 0.5 wt% CNC-reinforced
membrane exhibited the highest distilled water flux performance (475.50 ± 17.77 L/m2.h)
among all membranes can be attributed to (1) the high surface porosity of the membrane
(Figure 4b), (2) the agglomerate-free surface of the membrane (Figure 4b), and (3) the
presence of hydrophilic CNCs on the membrane surface that facilitate the passage of water
through the membrane. The flux performance of the membranes decreased due to the lower
surface porosity and smaller pore sizes of highly CNC-, CNF-, and CNC-CNF-reinforced
membranes. In these membranes, the agglomerates of nanocellulose blocked the pores on
the surface, which may have prevented the water from filtering more uniformly through
the membrane under pressure and may have caused the flux reduction.
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The flux performance of all membranes for lake water was lower than that for distilled
water since lake water contains organic and inorganic pollutants and the pollutants in lake
water accumulate in the pores and surface of the membrane. The trend observed for distilled
water flux performance of the membranes was also observed for lake water flux perfor-
mance. While the flux of PSf/PVP membrane for lake water was 391.09 ± 17.54 L/m2.h at
3 bar, the flux of the membrane for lake water increased by 12.87% and 2.01% with 0.5%
and 1% CNC by weight, respectively. However, the flux performance of the membrane for
lake water decreased with CNF addition.

The distilled water fluxes of the membranes cleaned by physical cleaning were higher
than the lake water fluxes of the membranes. However, the distilled water fluxes of the
fouled–cleaned membranes were lower than the distilled water flux of the clean membranes.
This indicated that the pollutants accumulated and/or weakly adsorbed on the membrane
surface and/or pores during lake water filtration could not be completely removed by
physical cleaning, but only a part of them could be removed. While the distilled water
flux of the fouled–cleaned PSf/PVP membrane was 396.90 ± 16.45 L/m2.h, the flux of the
membrane increased with low and high CNC, low CNF, and CNC-CNF reinforcement.
This result indicated that CNC, low CNF, and CNC-CNF reinforcement contributed to
weaker attachment of pollutants in water to the surface/pores of the membrane and more
effective removal of pollutants from the membrane by the hydraulic cleaning method.

3.9. UV254 and TOC Removal Performance of Membranes

During the disinfection process in drinking water treatment, organic matter in the
water interacts with disinfectants such as chlorine and causes the formation of disinfec-
tion by-products that pose a threat to human health [87]; therefore, it is necessary to
effectively remove organic matter from water. Figure 13 shows the UV254 and TOC re-
moval efficiency of PSf/PVP-based membranes from lake water. The UV254 and TOC
values of lake water were 0.148 cm−1 and 6.12 mg/L, respectively. The UV254 and TOC
removal efficiency of PSf/PVP membrane from lake water was low with 28.30 ± 1.58%
and 36.35 ± 4.20% efficiency, respectively. The UV254 and TOC removal efficiencies of
the nanocomposite membranes varied in the ranges of 37.55 ± 1.98%–53.87 ± 2.15% and
46.22 ± 5.20%–65.56 ± 6.44%. The decrease in porosity and pore size of nanocellulose-
reinforced membranes compared to PSf/PVP membranes contributed to the increase
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in organic matter removal efficiency from water. Among the nanocellulose-reinforced
nanocomposite membranes, the PSf/PVP/CNC-1 membrane exhibited the highest UV254
and TOC removal efficiency with 53.87 ± 2.15% and 65.56 ± 6.44%, respectively. The results
revealed that CNC, CNF, and CNC-CNF reinforcement contributed to improving the UV254
and TOC removal performance of the membrane by modifying the physical properties.
Currently, there are no studies on the removal of TOC and UV254 from lake water using
nanocellulose-reinforced polymer-based membranes. Some studies have reported that
BSA [36,88], iron [89], chromium [89], and turbidity [89] removal increased by modifying
polymer-based membranes with nanocellulose.
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3.10. Antifouling Ability of Membranes

To further investigate the resistance of membrane surfaces to fouling, SEM surface im-
ages of membranes physically cleaned for 15 min after lake water filtration (fouled–cleaned
membranes) were examined (Figure 14). The high surface porosity of the fouled–cleaned
PSf/PVP and PSf/PVP-CNC-0.5 membranes and the dense surfaces of other fouled–cleaned
membranes were consistent with the surface images of the clean membranes produced.
Even after the membranes were used in lake water filtration and physically cleaned,
pollutants were observed to accumulate on their surface. Pollutants on PSf/PVP/CNC-
0.5 and PSf/PVP/CNF-0.5 membranes were less than those on PSf/PVP/CNC-1 and
PSf/PVP/CNF-1 membranes. This indicated that the surface of the membranes with a
lower proportion of nanocellulose reinforcement was more resistant to fouling. Among
the nanocellulose-reinforced membranes produced, the PSf/PVP/CNC-0.5 membrane
accumulated fewer pollutants on the surface than the other membranes, and most of the
surface pores of the PSf/PVP/CNC-0.5 membrane were open.
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Figure 14. SEM surface images of fouled–cleaned PSf/PVP-based membranes: (a) PSf/PVP,
(b) PSf/PVP/CNC-0.5, (c) PSf/PVP/CNC-1, (d) PSf/PVP/CNF-0.5, (e) PSf/PVP/CNF-1, and
(f) PSf/PVP/CNC-CNF.
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The FRR, Rt, Rr, and Rir values of the membranes were also calculated to better
understand the membrane fouling behaviour. A higher FRR value indicates that the
membrane has superior resistance to fouling. Figure 15 shows the FRR value and fouling
parameters of PSf/PVP-based membranes. The FRR value of the PSf/PVP membrane was
91.46%, and the FRR value of the membrane increased with CNC and CNF reinforcement in
the PSf/PVP membrane. The FRR of the membranes at lower CNC and CNF reinforcement
ratios was higher than that at higher reinforcement ratios. In a study by Zhang et al. (2018),
the antifouling properties of PES/PVP and PES/PVP/CNC membranes were investigated
after filtration of bovine serum albumin/water solution. In the study, when the amount
of CNC in the PES/PVP membrane increased from 0 to 5 wt%, the FRR value of the
membrane increased from 51% to 90% [88]. Boruah et al. (2023) reported that while the
FRR value of 15 wt% PVDF-based membrane was 40% in filtration using BSA solution, the
FRR value increased to 70% with 0.3 wt% CNC reinforcement in the membrane. The Rt
value of the PSf/PVP membrane was 9.86%, and Rir constituted most of the Rt value of
the membrane. The Rt value decreased with 0.5 wt% CNC reinforcement of the PSf/PVP
membrane, while the Rt value increased to 11.25% with 1 wt% CNC reinforcement. Fouling
parameters and FRR values revealed that among the membranes produced, especially the
PSf/PVP-based membrane with 0.5 wt% CNC reinforcement exhibited better resistance
to fouling. Considering the SEM surface images, FRR values, and fouling parameters of
the fouled–cleaned membranes, the membrane with the best antifouling ability among all
membranes was PSf/PVP/CNC-0.5. A study showed that coating a PES membrane with
CNC or CNF improved the membranes’ antifouling properties and alleviated reversible
and irreversible fouling caused by humic acid and bovine serum albumin [90].
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4. Conclusions

In this study, the effects of two different types of nanocellulose on the properties
(morphology, roughness, amorphous structure, porosity, average pore size, mechanical
properties), water flux performance, organic matter removal efficiency from water, and
antifouling ability of PSf/PVP-based membranes produced by the phase inversion method
were investigated. With CNC, CNF, and CNC-CNF reinforcement of PSf/PVP-based
membranes, the porosity, average pore size, and surface roughness of the membranes
decreased, while the organic matter removal efficiency from water (UV254 and TOC) and
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elasticity modulus of the membrane increased. CNC, CNF, and CNC-CNF reinforcements
did not cause significant changes in the amorphous structure of the PSf/PVP membrane.

The PSf/PVP membrane fluxes for distilled water and lake water were 433.92 ±
18.69 L/m2.h and 391.09 ± 17.54 at 3 bar. CNC reinforcement was more effective in
increasing the water flux performance of the membrane than CNF reinforcement. The flux
performance of the membrane for distilled water and lake water increased by 9.58% and
12.87%, respectively, with 0.5 wt% CNC reinforcement in the PSf/PVP membrane. The
PSf/PVP/CNC-0.5 membrane had the highest distilled water flux (475.50 ± 17.77 L/m2.h)
among all the membranes produced, and its resistance to fouling was the highest.

Nanocellulose-reinforced nanocomposite membranes exhibited higher UV254 (37.55
± 1.98%–53.87 ± 2.15%) and TOC (46.22 ± 5.20%–65.56 ± 6.44%) removal efficiencies than
PSf/PVP membranes. Moreover, nanocellulose reinforcement improved the antifouling
ability of PSf/PVP membranes. The level of foulants accumulated on the surface of
PSf/PVP/CNC-0.5 and PSf/PVP/CNF-0.5 membranes was less than that on the surface of
PSf/PVP/CNC-1 and PSf/PVP/CNF-1 membranes after lake water filtration and hydraulic
membrane cleaning. PSf/PVP/CNC-0.5 was the most fouling-resistant membrane, with a
high FRR and low Rt value.

Different numerical model approaches were evaluated to estimate the mechanical
properties of nanocomposite membranes, and the finite element method was the most suc-
cessful method to estimate the mechanical properties of the membrane. The Mori–Tanaka
mean-field homogenisation method provided good results in estimating the mechanical
properties of nanocellulose-reinforced nanocomposite membranes following the finite ele-
ment method. Before starting the production of nanocomposite membranes with desired
mechanical properties, the mechanical properties of the membranes can be predicted using
software with the finite element and Mori–Tanaka mean-field homogenisation methods.
This saves both time and material waste. Although the finite element method requires
longer times to analyse PSf/PVP membranes, the finite element was the best method
because it offers the advantage of high accuracy in estimating the mechanical properties
of the membranes and visual inspection of the stress distribution in the membrane. On
the other hand, the mechanical properties of PSf/PVP membranes can be estimated in
much shorter times with a relatively low margin of error using the Mori–Tanaka mean-field
homogenisation method. In the analysis of membranes, a choice between the two methods
can be made by considering the factors of margin of error and speed of mechanical analysis.
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55. Acarer-Arat, S.; Pir, İ.; Tüfekci, M.; Güneş-Durak, S.; Akman, A.; Tüfekci, N. Heavy Metal Rejection Performance and Mechanical
Performance of Cellulose-Nanofibril-Reinforced Cellulose Acetate Membranes. ACS Omega 2024, 9, 42159–42171. [CrossRef]

56. Zhang, Y.-F.; Bai, S.-L.; Li, X.-K.; Zhang, Z. Viscoelastic Properties of Nanosilica-Filled Epoxy Composites Investigated by Dynamic
Nanoindentation. J. Polym. Sci. B Polym. Phys. 2009, 47, 1030–1038. [CrossRef]

57. Tüfekci, M. Performance Evaluation Analysis of Ti-6Al-4V Foam Fan Blades in Aircraft Engines: A Numerical Study. Compos.
Part. C Open Access 2023, 12, 100414. [CrossRef]

58. Bisoi, A.; Tüfekci, M.; Öztekin, V.; Denimal Goy, E.; Salles, L. Experimental Investigation of Mechanical Properties of Additively
Manufactured Fibre-Reinforced Composite Structures for Robotic Applications. Appl. Compos. Mater. 2023. [CrossRef]

59. Kaw, A.K. Mechanics of Composite Materials; CRC Press: Boca Raton, FL, USA, 2005; ISBN 9780429125393.
60. Chen, L.; Kim, D.; de Vos, W.M. Enhancing the Separation Performance of Cellulose Membranes Fabricated from 1-Ethyl-3-

Methylimidazolium Acetate by Introducing Acetone as a Co-Solvent. Membranes 2024, 14, 202. [CrossRef]
61. Febriasari, A.; Huriya; Ananto, A.H.; Suhartini, M.; Kartohardjono, S. Polysulfone–Polyvinyl Pyrrolidone Blend Polymer

Composite Membranes for Batik Industrial Wastewater Treatment. Membranes 2021, 11, 66. [CrossRef] [PubMed]
62. Zhang, Z.; An, Q.; Ji, Y.; Qian, J.; Gao, C. Effect of Zero Shear Viscosity of the Casting Solution on the Morphology and Permeability

of Polysulfone Membrane Prepared via the Phase-Inversion Process. Desalination 2010, 260, 43–50. [CrossRef]
63. Anokhina, T.; Raeva, A.; Makaev, S.; Borisov, I.; Vasilevsky, V.; Volkov, A. Express Method of Preparation of Hollow Fiber

Membrane Samples for Spinning Solution Optimization: Polysulfone as Example. Membranes 2021, 11, 396. [CrossRef] [PubMed]
64. Shao, W.; Wu, S.; Hong, Z.; Wang, Q.; Xiong, Y.; Yi, R.; Xie, Q.; Xiao, Z. Preparation and Characterization of Asymmetric

Polyethersulfone Nanofiltration Membranes: The Effects of Polyvinylpyrrolidone Molecular Weights and Concentrations. J. Appl.
Polym. Sci. 2016, 133, 43769. [CrossRef]

65. Matveev, D.; Borisov, I.; Vasilevsky, V.; Karpacheva, G.; Volkov, V. Spinning of Polysulfone Hollow Fiber Membranes Using
Constant Dope Solution Composition: Viscosity Control via Temperature. Membranes 2022, 12, 1257. [CrossRef]

66. Samyn, P.; Cosemans, P. Nanocellulose Grades with Different Morphologies and Surface Modification as Additives for Waterborne
Epoxy Coatings. Polymer 2024, 16, 1095. [CrossRef] [PubMed]

67. Martínez-Izquierdo, L.; Malankowska, M.; Téllez, C.; Coronas, J. Phase Inversion Method for the Preparation of Pebax® 3533
Thin Film Membranes for CO2/N2 Separation. J. Environ. Chem. Eng. 2021, 9, 105624. [CrossRef]

68. Idris, A.; Man, Z.; Maulud, A.; Khan, M. Effects of Phase Separation Behavior on Morphology and Performance of Polycarbonate
Membranes. Membranes 2017, 7, 21. [CrossRef] [PubMed]

69. Geleta, T.A.; Maggay, I.V.; Chang, Y.; Venault, A. Recent Advances on the Fabrication of Antifouling Phase-Inversion Membranes
by Physical Blending Modification Method. Membranes 2023, 13, 58. [CrossRef]

70. Amiri, M.; Jafarbeigi, E.; Salimi, F. Fabrication of Modified Nanofiltration Membranes by Functionalized Cellulose Nanocrystals
with High Anti-Fouling Capability in Removing Dye from Water and Wastewater. Korean J. Chem. Eng. 2022, 39, 616–627.
[CrossRef]

71. Nasirian, D.; Salahshoori, I.; Sadeghi, M.; Rashidi, N.; Hassanzadeganroudsari, M. Investigation of the Gas Permeability Properties
from Polysulfone/Polyethylene Glycol Composite Membrane. Polym. Bull. 2020, 77, 5529–5552. [CrossRef]

72. Alosaimi, A.M. Polysulfone Membranes Based Hybrid Nanocomposites for the Adsorptive Removal of Hg(II) Ions. Polymer 2021,
13, 2792. [CrossRef] [PubMed]

73. Andrade, P.F.; de Faria, A.F.; Oliveira, S.R.; Arruda, M.A.Z.; Gonçalves, M.d.C. Improved Antibacterial Activity of Nanofiltration
Polysulfone Membranes Modified with Silver Nanoparticles. Water Res. 2015, 81, 333–342. [CrossRef] [PubMed]

74. Kılınç, Ö.; Toplan, N. Amorphous Polymers. ALKU J. Sci. 2023, 5, 131–148. [CrossRef]
75. Alkhouzaam, A.; Qiblawey, H. Novel Polysulfone Ultrafiltration Membranes Incorporating Polydopamine Functionalized

Graphene Oxide with Enhanced Flux and Fouling Resistance. J. Memb. Sci. 2021, 620, 118900. [CrossRef]
76. Elhamarnah, Y.; Alkhouzaam, A.; Qiblawey, H.; Nasser, M. Enhancing the Properties and Performance of Polysulfone Ul-

trafiltration Membranes Using Citric Acid Based Deep Eutectic Solvent Additives. J. Environ. Chem. Eng. 2024, 12, 112110.
[CrossRef]

77. Wang, B.; Wang, D.; Zhao, S.; Huang, X.; Zhang, J.; Lv, Y.; Liu, X.; Lv, G.; Ma, X. Evaluate the Ability of PVP to Inhibit
Crystallization of Amorphous Solid Dispersions by Density Functional Theory and Experimental Verify. Eur. J. Pharm. Sci. 2017,
96, 45–52. [CrossRef] [PubMed]

78. Mohamed, N.K.; Kochkodan, V.; Zekri, A.; Ahzi, S. Polysulfone Membranes Embedded with Halloysites Nanotubes: Preparation
and Properties. Membranes 2020, 10, 2. [CrossRef]

79. Mamah, S.C.; Goh, P.S.; Ismail, A.F.; Suzaimi, N.D.; Yogarathinam, L.T.; Raji, Y.O.; El-badawy, T.H. Recent Development in
Modification of Polysulfone Membrane for Water Treatment Application. J. Water Process Eng. 2021, 40, 101835. [CrossRef]

80. Selatile, M.K.; Ray, S.S.; Ojijo, V.; Sadiku, R. Recent Developments in Polymeric Electrospun Nanofibrous Membranes for Seawater
Desalination. RSC Adv. 2018, 8, 37915–37938. [CrossRef] [PubMed]

81. Lalia, B.S.; Guillen, E.; Arafat, H.A.; Hashaikeh, R. Nanocrystalline Cellulose Reinforced PVDF-HFP Membranes for Membrane
Distillation Application. Desalination 2014, 332, 134–141. [CrossRef]

https://doi.org/10.3390/polym13101661
https://www.ncbi.nlm.nih.gov/pubmed/34065285
https://doi.org/10.1021/acsomega.4c03038
https://doi.org/10.1002/polb.21709
https://doi.org/10.1016/j.jcomc.2023.100414
https://doi.org/10.1007/s10443-023-10179-9
https://doi.org/10.3390/membranes14090202
https://doi.org/10.3390/membranes11010066
https://www.ncbi.nlm.nih.gov/pubmed/33477646
https://doi.org/10.1016/j.desal.2010.05.002
https://doi.org/10.3390/membranes11060396
https://www.ncbi.nlm.nih.gov/pubmed/34072022
https://doi.org/10.1002/app.43769
https://doi.org/10.3390/membranes12121257
https://doi.org/10.3390/polym16081095
https://www.ncbi.nlm.nih.gov/pubmed/38675014
https://doi.org/10.1016/j.jece.2021.105624
https://doi.org/10.3390/membranes7020021
https://www.ncbi.nlm.nih.gov/pubmed/28379173
https://doi.org/10.3390/membranes13010058
https://doi.org/10.1007/s11814-021-0952-8
https://doi.org/10.1007/s00289-019-03031-3
https://doi.org/10.3390/polym13162792
https://www.ncbi.nlm.nih.gov/pubmed/34451330
https://doi.org/10.1016/j.watres.2015.05.006
https://www.ncbi.nlm.nih.gov/pubmed/26099831
https://doi.org/10.46740/alku.1299835
https://doi.org/10.1016/j.memsci.2020.118900
https://doi.org/10.1016/j.jece.2024.112110
https://doi.org/10.1016/j.ejps.2016.08.046
https://www.ncbi.nlm.nih.gov/pubmed/27568852
https://doi.org/10.3390/membranes10010002
https://doi.org/10.1016/j.jwpe.2020.101835
https://doi.org/10.1039/C8RA07489E
https://www.ncbi.nlm.nih.gov/pubmed/35558586
https://doi.org/10.1016/j.desal.2013.10.030


Polymers 2024, 16, 3531 30 of 30

82. Ophek, L.; Birnhack, L.; Nir, O.; Binshtein, E.; Lahav, O. Reducing the Specific Energy Consumption of 1st-Pass SWRO by
Application of High-Flux Membranes Fed with High-PH, Decarbonated Seawater. Water Res. 2015, 85, 185–192. [CrossRef]
[PubMed]

83. Chen, W.; Chen, S.; Liang, T.; Zhang, Q.; Fan, Z.; Yin, H.; Huang, K.-W.; Zhang, X.; Lai, Z.; Sheng, P. High-Flux Water Desalination
with Interfacial Salt Sieving Effect in Nanoporous Carbon Composite Membranes. Nat. Nanotechnol. 2018, 13, 345–350. [CrossRef]

84. Cohen-Tanugi, D.; McGovern, R.K.; Dave, S.H.; Lienhard, J.H.; Grossman, J.C. Quantifying the Potential of Ultra-Permeable
Membranes for Water Desalination. Energy Environ. Sci. 2014, 7, 1134–1141. [CrossRef]

85. Kuiper, S.; van Rijn, C.J.M.; Nijdam, W.; Elwenspoek, M.C. Development and Applications of Very High Flux Microfiltration
Membranes. J. Memb. Sci. 1998, 150, 1–8. [CrossRef]

86. Daria, M.; Fashandi, H.; Zarrebini, M.; Mohamadi, Z. Contribution of Polysulfone Membrane Preparation Parameters on
Performance of Cellulose Nanomaterials. Mater. Res. Express 2018, 6, 015306. [CrossRef]

87. Andersson, A.; Lavonen, E.; Harir, M.; Gonsior, M.; Hertkorn, N.; Schmitt-Kopplin, P.; Kylin, H.; Bastviken, D. Selective Removal
of Natural Organic Matter during Drinking Water Production Changes the Composition of Disinfection By-Products. Environ. Sci.
2020, 6, 779–794. [CrossRef]

88. Zhang, D.; Karkooti, A.; Liu, L.; Sadrzadeh, M.; Thundat, T.; Liu, Y.; Narain, R. Fabrication of Antifouling and Antibacterial
Polyethersulfone (PES)/Cellulose Nanocrystals (CNC) Nanocomposite Membranes. J. Memb. Sci. 2018, 549, 350–356. [CrossRef]

89. Palacios Hinestroza, H.; Urena-Saborio, H.; Zurita, F.; Guerrero de León, A.A.; Sundaram, G.; Sulbarán-Rangel, B. Nanocellulose
and Polycaprolactone Nanospun Composite Membranes and Their Potential for the Removal of Pollutants from Water. Molecules
2020, 25, 683. [CrossRef] [PubMed]

90. Bai, L.; Liu, Y.; Ding, A.; Ren, N.; Li, G.; Liang, H. Surface Coating of UF Membranes to Improve Antifouling Properties: A
Comparison Study between Cellulose Nanocrystals (CNCs) and Cellulose Nanofibrils (CNFs). Chemosphere 2019, 217, 76–84.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.watres.2015.08.027
https://www.ncbi.nlm.nih.gov/pubmed/26318651
https://doi.org/10.1038/s41565-018-0067-5
https://doi.org/10.1039/C3EE43221A
https://doi.org/10.1016/S0376-7388(98)00197-5
https://doi.org/10.1088/2053-1591/aae600
https://doi.org/10.1039/C9EW00931K
https://doi.org/10.1016/j.memsci.2017.12.034
https://doi.org/10.3390/molecules25030683
https://www.ncbi.nlm.nih.gov/pubmed/32041154
https://doi.org/10.1016/j.chemosphere.2018.10.219

	Introduction 
	Materials and Methods 
	Materials 
	Production of PSf/PVP-Based Flat Sheet Membranes 
	Membrane Characterisation 
	Water Flux and Rejection Performance of Membranes 
	Antifouling Performance of Membranes 
	Estimation of Mechanical Properties of Nanocomposite Membranes with Models 

	Results and Discussion 
	Viscosity of Membrane Casting Solutions 
	Membrane Surface Morphology 
	AFM Images and Roughness of Membranes 
	XRD Patterns of Membranes 
	Porosity and Average Pore Size of Membranes 
	Mechanical Properties of Membranes 
	Comparison of Experimental Mechanical Properties of Membrane with Model Results 
	Water Flux Performance of Membranes 
	UV254 and TOC Removal Performance of Membranes 
	Antifouling Ability of Membranes 

	Conclusions 
	References

