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Abstract

Polymeric flat sheet membranes are extensively applied in both large-
and small-scale water and wastewater treatment processes. A
straightforward and effective strategy to enhance the performance of
polymer-based flat sheet membranes, particularly their water flux and
treatment efficiency, is the integration of nanomaterials into the
membrane structure. In this research, cellulose nanocrystals (CNC) and
cellulose nanofibrils (CNF) were incorporated into polyethersulfone
(PES)/cellulose acetate (CA) blend membranes, which were produced
using the non-solvent induced phase separation technique. The
prepared membranes underwent comprehensive characterization, and
their water flux and turbidity removal performance were subsequently
evaluated using the classical filtration technique. Morphological,
properties, including porosity, mean pore size, and porg®sj
distribution, were analyzed from SEM images processed in MA

Antifouling behavior (Rt, Rir, Rr, FRR, and FDR) and resistqnicesféldted
(RT, RM, RIR, and RR) parameters were evaluated. Incor, ofati N
A

and CNF improved the hydrophilicity and porosity{of

membranes while simultaneously decreasing averag and
surface roughness. Furthermore, both reinforcements sighificantly
increased the pure water flux of the mem r%fth observed
enhancements of 33.49% for CNC and 37.5 , reaching a
maximum flux of 365.12 L/m?h. Turbidi erformance was
also positively influenced by the prese ahomaterials, with the
PES/CA/CNF membrane achieving the removal efficiency of
98.24%. Overall, CNF was superior, hancing the membrane’s
porosity, hydrophilicity, surfac thness, water flux, turbidity
removal, and fouling resistagic estimated fabrication cost for
PES/CA-based membgane. m 1773 to 2948 TRY.

Keywords: membrane uldse nanocrystal, cellulose nanofibril,
characterization, ulgfafiltragion, water treatment
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Polimerik diiz levha
atik su aritim pr
bazh diiz levha
verimliligini
membran
nanokig

e N biiyiik hem de kiigtik dlcekli su ve

le )yaygin olarak kullanilmaktadir. Polimer

bRgqlarin performansini, ézellikle su akisi ve aritim
n basit ve etkili bir yolu, nanomalzemelerin
entegre edilmesidir. Bu ¢alismada, seliiloz
C) ve seliiloz nanofibriller (CNF), ¢éziicii olmayan
iklenen faz ayirma yontemi kullanilarak iiretilen
Wlfoh (PES)/seliiloz asetat (CA) karistm membranlara dahil
ir. Hazirlanan membranlar kapsamli karakterizasyondan
is ve su akist ile bulaniklik giderme performanslar: klasik

~

el

’)?'iltrasyon teknigi kullanilarak degerlendirilmistir. Porozite, ortalama

gozenek boyutu ve gézenek boyutu dagilimi gibi morfolojik ozellikler,
MATLAB ile islenen SEM gériintiilerinden analiz edilmistir. Antifouling
davranist (Rt, Rir, Rr, FRR ve FDR) ve direncle ilgili parametreler (RT,
RM, RIR ve RR) degerlendirilmistir. CNC ve CNF'nin eklenmesi, PES/CA
membranlarinin hidrofiligini ve porozitesini artirirken, ortalama
gozenek boyutu ve ylizey piirtizliliigiinii azaltmistir. Ayrica, her iki
katki da membranlarin saf su akisint énemli él¢tide artirmis, CNC icin
%33,49 ve CNF icin %37,56 artis gézlemlenmis ve maksimum akis
36512 L/m?*h’ye ulasmistir. Bulaniklik giderme performansi da
nanomalzemelerin varligindan olumlu etkilenmis olup, PES/CA/CNF
membrani en yliksek giderim verimi olan %98,24’e ulasmistir. Genel
olarak, CNF, membranin  porozitesini,  hidrofiligini,  ylizey
puirtizstizIliigiini, su akisini, bulaniklik giderimini ve kirlenmeye karst
direncini artirmada CNCye kiyasla daha listiin performans
gostermistir. PES/CA bazli membranlarin tahmini iiretim maliyeti 1773
ile 2948 TRY arasinda degisim gostermistir.

Anahtar kelimeler: membran, seltiloz nanokristal, seliiloz nanofibril,
karakterizasyon, ultrafiltrasyon, su aritimi

o l\,:' 1 Introduction

§ gNacfess to clean water for all, controlling water
% and ensuring sustainable water management are
amongW¥the global sustainable development goals [1].
Membrane processes are advanced treatment processes that
provide higher contaminant removal efficiency, more space-
saving and more chemical saving compared to conventional
treatment processes [2]. Membrane filtration processes are
commonly applied in diverse fields, including drinking water
treatment, greywater treatment, municipal wastewater

*Corresponding author/Yazisilan Yazar

treatment, seawater treatment, landfill leachate treatment and
treatment of various industrial wastewaters [3-7]. Therefore,
membrane processes play an effective role in ensuring access
to clean water for more people, sustainable use of water
resources, and control of water pollution [8]. Polymeric
membranes are more prevalent in large and small-scale water
treatment applications due to simplicity of manufacturing,
processability, flexible structures, and economic feasibility [9].
Polyethersulfone (PES) is commonly selected as a base material
for membrane fabrication owing to its low fabrication cost and
favorable processing characteristics [10,11]. Although PES is



widely utilized for fabricating porous microfiltration (MF) and
ultrafiltration (UF) membranes, its greatest disadvantage is its
tendency to fouling during filtration [12]. Fouling of polymer-
based membranes such as PES membranes triggers the flux
reduction problem, which is a very common problem during
membrane filtration. Various modification techniques—
including blending, surface grafting, chemical treatment, and
surface coating—are applied to improve the characteristics and
fouling resistance of polymer-based membranes. Blending, one
of the membrane modification techniques, stands out as a
widely used method due to its simplicity, the absence of
complex chemical processes, and its applicability to low-
molecular-weight polymers [13].

Cellulose acetate (CA) is extensively employed in membrane
fabrication owing to its capability to form uniform membrane
structures from renewable raw materials, high hydrophilicity,
biodegradability, solvent resistance, and tolerance to chlorine
concentrations up to 1 ppm [14]. Pure membranes produced
from three different polymers, 16 wt% CA, 16 wt% PES and 16
wt% polyvinylidene fluoride (PVDF), were compared, and it
was determined that the active surface of the CA membrane
was more hydrophilic than the other membranes [18]. A study
found that the pure water flux (PWF) of the CA membrane at 1
bar (462.2 L/m?-h) was significantly higher than that of the PES
membrane (19.2L/m*h) and the PVDF membrane
(79.3 L/m?-h) [15]. Since the hydroxyl groups in the chemical
structure of CA increase its affinity for water, blending more
hydrophobic polymers [13], such as PES, with CA can improve
membrane water flux performance and antifouling capabilities
by improving the hydrophilicity of membranes. For instance, a
study showed that the PWF of PVC/PES membrane increased
from 150.5 L/m2.h to 1482.1 L/m2.h by incorporating 5%-30%
CA into polyvinyl chloride (PVC)/PES blend membrane [16].
mixing CA into the PVC/PES membrane, the contact angle
membrane also decreased, and the membrane surface

more hydrophilic [16]. Similarly, in a study by liti

contact angle of the membrane decre the
hydrophilicity of the membrane improved with 1on of
that for

CA to the PES-based membrane [20]. Liu gtalprepor,
membranes produced by reverse therm& duced phase

separation method, when the amount the casting
solution was 0.5 wt% and th rane formation
temperature was 323K, the PWF vine sebum albumin
(BSA) rejection rate increa 48.9% and 23.6%,
respectively, compared to p embrane [17].

CNCs and CNFs are se species derived from
cellulose, just like CA. evsually produced by strong acid
hydrolysis, while e,produced by mechanical methods
[18]. In addition erence in production methods and
crystallinity b Cs and CNFs, there is also a difference
in size, wit C%) ing longer than CNCs [18,19]. CNCs and
CNFs have bden Wed by many researchers as reinforcement
m ials,in meric membrane structures due to their small
si ect ratio, high specific surface area, high strength
and philic nature. The results of studies revealed that
CNCs and CNFs changed the morphology [20,21], improved the
surface hydrophilicity [20,22], enhanced the flux performance
[20-23], improved the mechanical properties [21,23], and
increased the fouling resistance of membranes [20,23].

In this study, the effect of 0.5 wt% nanocellulose
reinforcements on the polymer matrix consisting of 15 wt%
PES-CA (90/10 wt%) blend was investigated on the structural
properties, flux performance, turbidity rejection percentage,
antifouling ability, and fabrication cost of the membrane. To
increase the affinity of the PES membrane, which is known for

its high hydrophobicity and tendency to fouling, to improve its
flux performance and to increase its resistance to fouling, PES
was blended with cellulose-derived polymer (CA) and
nanomaterials (CNC and CNF) containing abundant hydroxyl (-
OH) groups. The findings from this study may contribute to
further improvements in the performance of PES-based
membranes produced using cellulose-based
materials/nanomaterials in future studies.

2 Materials and methods

2.1 Materials used in the membrane fabricati

PES Veradel 3000P, CA, and 1-Methyl-2-pyr.r 1 MP)
were obtained from Solvay, Sigma Al Merck,
respectively. CNF and CNC were obtain%o Nanografi,
Tiirkiye. Table 1 shows the properti emicals used in

icals were used in
further purification.
ulfuric acid hydrolysis and

membrane fabrication. Purchas C
membrane fabrication studieS\wit
Purchased CNC was produced

cessed after modification

purchased CNF was mechang
by carboxymethylation. awy materials for CNC and CNF
were pine wood and 0 spectively. Figure 1 shows the
scanning electron %e (SEM) images of the powdered
forms of CNC an@ i

s

n the membrane fabrication.
Table 1.

sed in flat sheet membrane fabrication.

al Properties

y . 1Y

N4
PES

Form: Powder
Mw: ~63,000 g/mol

P Form: Powder
Mn: ~50,000 g/mol
CA Impurities: <3% water
NMP Purity: 99.5%

Form: Powder
Color: White
CNF Moisture: ~4 wt.%
Diameter: 0.01-0.02 um

Form: Powder
Color: White/off white

CNC Moisture: <6%
Diameter: 0.01-0.02 um
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Figure 1. SEM images of (a) powderd CNC and (b) powdered
CNF.

2.2  Fabrication of nanocomposite flat sheet membranes

Membranes containing 13.5 wt% PES and 1.5 wt% CA were
fabricated using the non-solvent induced phase separation
technique, which is widely preferred for the preparation of
membranes (Figure 2). The total polymer ratio in the
membranes was 15%. PES and CA accounted for 90% and 10%
of the total polymer content of the membranes, respectively.

2.3 Hansen solubility parameters (HSPs) for membrane
components

Hansen solubility parameters (HSPs) offer a quantitative
framework for assessing the solubility behavior of polymers in
specific solvents [24]. HSPs are based on the principle that
polymers dissolve in solvents with similar properties [25].
HSPs are designed to understand the effect of molecular
structure on solubility [26]. The HSPs approach was applied to
optimize solvent selection, identify the solvent providing the
highest polymer solubility in the casting soluti and
investigate the influence of component interactioni%nal

membrane structure [9,27]. The total solubility - r (8¢)

is the combination of the three componen olecule,

taking into account dispersion force (Jd4,) ROl (6p), and
hydrogen bonding (k) interactions ion 1)728].
6t = (1)

Figure 3 shows the HSPs of p ers (PES and CA), solvents
(NMP, DMF, DMAc, DMSO, and, nd nonsolvent (water).

. . . . ; 42,3

The constituent ratios of the casting solutions used in Water 16
producing polymeric membranes are listed in Table 2. NMP 15,5
(solvent) was added to 250 mL heat-resistant bottles, and the 8
solvent was stirred at 60 °C for 2 min. Then CA and PES were THF
added to the glass bottle, respectively. The PES/CA/NMP 16,8
solution was stirred at 60 °C for 24 h until a homogenous )2
solution was formed. Then, ultrasonic degassing was « DMSO 1661-
performed in a water bath at 25 °C for 30 min. The prepared \ 18,4
solution was cast onto a well-dried glass plate and then spread \ 10,2
onto the glass plate with a thickness of 200 um. Immediately P DMAc ,i 68
following this step, the glass plate was submerged in a distilled ’
water coagulation bath. The temperature of the coagulati 11,3
bath was 25 °C. Membranes were formed by exchange b DMF 3177 4
the NMP and the distilled water. The produced me ?% !
were kept in plastic containers with lids filled Wit il 2
water at room temperature in a light-pro i til NMP ’:iﬂ
membrane characterization studies. The fabrica S/CA-
based membranes blended with CNC and, CNFF was-earried out 11

. - ) CcA 7
with a procedure similar to the fabrlc%rocedure of ' 18,6
PES/CA membranes.

Table 2. The constituent ratios of brane casting PES 9,2
solutio 19,6
0 20 40 60

PES C ‘\ P CNC CNF
(wt.%) Q\ (wt.%) (wt.%) (wt.%)

PES/CA 1 Q};‘ 85 -
PES/CA/CNC 1 5 84.5 05 -
PES/CA/CNF 15 84.5 0.5

T » %

Immersion
I
Figure 2. Membrane fabrication process.

PES/CA membrane

m5h msp mad

Figure 3. HSPs of polymers, solvents, and water [28].
The compatibility of polymer and solvent can be analysed using
the HSP distance (Ra). Rais calculated using Equation 2 [28].

Ra = \/4(5011 —842)% + (5p1 - pZ)Z + (6p1 — On2)? (2)
where Rais the distance between the solvent and the polymers.
d4, Op, and Jxrepresent the hydrogen bonding component, polar
component, and dispersion component of the HSP, respectively.
1 represents the solvent, and 2 represents the other component
(polymer or nonsolvent (water)).
HSPs for a blend membrane (84 piena, Op,piend, and Op piena) are
calculated using the fraction of components and solubility
parameters of pure polymers (Equations 3-5) [29].
84 plena = 8a,1$1 + 84,202 3
8p,blend = 8p,1¢1 + 8p,2¢2 4)




Snblena = On1¢P1 + 8n202 ®)

The symbols ¢; and ¢, define the volume contributions
from component 1 and component 2.

2.4 Membrane characterization

The functional groups of the membranes were investigated by
Fourier Transform Infrared (FTIR) spectroscopy using an FTIR
spectrophotometer.

Prior to SEM imaging, the membranes were air-dried at room
temperature and sputter-coated with a thin layer of gold (10
mA, 90 s). Surface morphology was then examined at
magnifications of 5000x and 20000X.

Atomic force microscopy (AFM) was conducted to
quantitatively assess the membrane surface roughness,
providing measurements Ra, Rg, Rz, and Rmax.

X-ray diffraction (XRD) of membranes were recorded within
the 20 range of 3-70°.

Membrane water content was measured by oven-drying (45 °C,
60 h), short-term immersion in distilled water (1 min), blotting,
and subsequent calculation using Equation 6 based on the wet

(Ww) and dry weights (Wa) of the membranes [30].
Water content = W x 100 (6)

The porosity (P) and average pore size (rm) of the membranes
were calculated using Equations 7 and 8, respectively [30].
— Ww_ Wd
P——Alp x 100 @)
where, 4, [, and p represent the membrane surface area (cm?),

membrane thickness (cm), and density of water, respectively.

m = [T (8)
PXAXAP

where, 7, [, and Q represent the viscosity of water (Pa.s),
membrane thickness (m), and permeate volume per unit tim
(m3/s), respectively. 4 and 4P represent the effecti
membrane area (m2) and operating pressure of the filtgat

system (3 bar), respectively. K
2.5 Evaluation of membrane pore chara rl%y ing
MATLAB

The SEM surface image of the membrane dan be afialyzed in
MATLAB to determine the porosity, por istribution, and
average pore size of the membrane. | dy, the reasons
for analysing the pore structure c
from SEM images witha MATLAB s
(1) MATLARB is capable of pregi
pore size in the image by i
(2) MATLAB's automate%
i

s, yield more precise results by

by image processihg a

reducing the p i r errors inherent in manual

measurement. pid application of image processing
11 EA

g'the SEM images in detail.
rement capabilities, enabled

algorithms i B allows for comprehensive image
analysisin ively short time, thereby saving time. SEM
i ,000x magnification were analyzed with MATLAB
mbrane surface porosity and pore dimensions

In the St stage, Fiji software was used to determine how many
pixels correspond to the scale bar located at the bottom centre
of the original SEM images. The total width of the original SEM
images and the widths of the scale bars representing 1 pm were
determined as 1424 pixels and approximately 231 pixels,
respectively. The ratio of the determined pixel values was used
as a variable in the “resolution” parameter in the MATLAB
script. The MATLAB script was run and visual results of depth
map, binary map, pore segmentation map and pore size
distribution were obtained from the original SEM image for

each membrane. The following steps were performed
respectively in the analysis of the SEM images of the
membranes using the MATLAB script in MATLAB:

Original SEM images: Grayscale SEM images in jpg format with
20000x magnification were used as initial data for the analysis.
In the resolution section of the script, a variable calculated
based on pixels representing the width of the image and the
length of the scale bar was entered.

Depth maps: Maps were created to determine the depth of the
pores in the SEM images by image processing techniques.
Binary maps: The pores in the SEM images were highli din
order to easily analyse the number and size of tlie Po
this purpose, the pores and the solid phase (
of membranes) in the SEM images were se

maps. Pores were visualised in black col d
in white colour. %
a

Pore segmentation maps: Pore se maps contribute
to determining the number and'size of péres. Pores in the SEM
images were segmented. Pore individually identified and
labelled in this map.

Pore size distribution:

solid phase

iameter distribution histograms
show the distribution @f pores by diameter in SEM images of
membranes. At thi or each pore in the segmentation

map, its size C ted and the size of the pores was
presented as h;& ms.

In addition isual results, the porosity value (fraction) of
the menrbr and the average pore size with standard
also calculated in MATLAB.

6 ting of membrane permeation and separation
fficiency

#The water flux performance of the membranes was examined

in a dead-end membrane filtration setup at 3 bar. Figure 4
shows a dead-end membrane filtration setup for filtering
distilled water/lake water through flat sheet membranes.
Nitrogen gas was used as the driving force to supply a pressure
of 3 bar for filtering water through the membranes. No heater
was used in the flux tests, and the tests were carried out at room
temperature. Membrane samples were positioned inside the
dead-end filtration cell. The dead-end filtration cell with a
capacity of approximately 0.3 L was filled with distilled water
or surface water. A magnetic apparatus was also included in the
dead-end filtration cell to ensure continuous mixing. The
filtration cell containing distilled and surface water was
continuously stirred while positioned on a magnetic stirrer.
Membrane permeate weight-time graphs were obtained by
means of a cable connected to the precision balance and
computer, and the RSweight software. The flux values (L/m2.h)
of the membranes were calculated from the weight-time data
obtained. Water flux values of the flat-sheet membranes were
calculated according to Equation 9 [30].
4

] = AxAt (9)
where, J, V, 4 and A4t represent the flux (L/m?-h), permeate
volume (L), membrane area (m?), and filtration time (h).
Distilled water flux (Jwl) and surface water (Terkos Lake
water) flux (Js) of the produced membranes were investigated.
The surface water-filtered membranes (fouled membranes)
were soaked in distilled water for 15 minutes to facilitate
physical cleaning. In the following step, the water flux of the
membranes after physical cleaning (Jw2) was measured using
distilled water.
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Figure 4. Dead-end membrane filtration setup.

The turbidity rejection of the produced membranes from the
Terkos lake water was investigated by a dead-end filtration
setup. Turbidity was measured using a turbidity meter (HACH
2100Q). The membranes’ effectiveness in removing turbidity
from surface water (R, %) was determined using Equation 10,
taking into account the turbidity values in the feed (Cx, NTU)
and permeate (C,, NTU).
_Sr=%

R = ~ (10)

2.7 Calculation of antifouling ability parameters of
membranes

Fouling ratios, flux recovery ratio (FRR) values and flux decay
ratio (FDR) values were calculated to determine the antifouling
ability of the membranes. Jw1, Js and Jw2 values obtained from
the flux tests of the membranes were used in the equations
below (Equations 11-15) [33, 36] to calculate the total fouling
ratio (Rt), irreversible fouling ratio (Rir), reversible fouling

o Jwt ‘.
R, = ’szw—‘l’sxmo c Q 3)

ratio (Rr), FRR value and FDR value of the membranes.
]wl_js
Ri=~"—x1 o (I
€=, X100 o &
Ry = 7wz 100

FRR = jﬂ x 100 (14)

‘}lvlvl_]s ®
FDR = 2% 2100 \ (15)
w1
2.8 Resistance calculation @

istance

(RT), membrane

For the membranes, total hydrauli%
resistance (RM), as well as fo& d resistances—namely

irreversible (RIR) and revetsib R) fouling resistances—
were calculated using E 16-20 [37]. RF is the fouling
resistance. RF value is o the sum of RIR and RR.
= RM + RF (16)
4p
T Jwixny an
= RIR +RR (18)
o ,\, RIR =2 _RM (19)
Jw2xn
% RR=-—2__RIR —RM (20)
Jsxmns
wher ) 1, and 7s represent the pressure applied to the

membrane (Pa), the viscosity of distilled water (Pa-s), and the
viscosity of surface water (Pa-s), respectively.

3 Results and Discussion
3.1 Solvent selection for polymer-based membrane

fabrication

Alow Ravalue indicates a high compatibility between polymer-
solvent, solvent-non/solvent or polymer-nonsolvent pairs,
whereas a high Ravalue indicates a low compatibility between

these pairs. A low Ra value calculated for polymer-solvent
indicates that the solvent is a good candidate to dissolve the
polymer. On the contrary, a high Ra value indicates a lower
dissolving capacity of solvent. Table 3 shows the calculated Ra
values for polymer-solvent and solvent-nonsolvent pairs. The
Ra values of PES-NMP, PES-DMF, PES-DMAc, PES-DMSO and
PES-THF were 4.06, 5.67, 5.73, 6.17 and 7.67 MPal/2,
respectively. This indicated that among the solvents analysed,
NMP had the strongest interaction with PES while THF had the
weakest interaction. The Ra values of CA-NMP, CA-DMF, CA-
DMAc, CA-DMSO and CA-THF were 4, 2.62, 3.88, 3.8 8.42
MPal/2, respectively. Solvents are ranked aeco their
capacity to dissolve CA as follows: DMF > MAc >
NMP > THF. The high Ra values of PES-W CA-Water,
34.49 MPal/z and 32.08 MPal/?, respgetively,«indicate that

water is not a good solvent for PES an e,iPis a nonsolvent.
A solvent with a very low ability tondi he polymer, i.e. a
nonsolvent, is selected to precipitate polymer by solvent

and nonsolvent exchange [33
Since NMP was the best_sol ng the solvent options for
PES, which constituted ity of the 15 wt% polymer
content in the castin ﬁluti planned to be prepared for the
fabrication of memé’ MP was used as the solvent in the
casting solutionsNSin ater has a high Ravalue for both PES
and CA, indica low compatibility of both polymers with
water, onl% was used as a non-solvent in the phase
inversiofl pr s. Also, it is worth noting that the Ra value
NMP-water was higher than the Ra value
for other solvents-water, except THF-water,
Ihdicating that the compatibility between NMP and water was
low™The low compatibility between solvent (NMP) and
nonsolvent (water) indicates that the solubility parameters of
the components are far from each other. This may allow for
rapid exchange of NMP and water when the polymeric casting
solution is immersed in water during phase inversion.
The calculated Ra values for PES/CA-NMP and PES/CA-water
were 3.93 and 34.25 MPa/?, respectively. Similar to the
compatibility between pure polymer-NMP and pure polymer-
water, the Ravalues for the PES/CA blend confirmed that NMP
is a good solvent while water is a poor solvent. The Ra value for
PES/CA-NMP was lower than that for PES-NMP, indicating that
the compatibility for NMP increased with the addition of CA at
the specified ratio to the membrane casting solution and that
the PES/CA blend can be well solubilized in NMP. In addition,
since the Ra value for PES/CA-Water was lower than that of
PES-Water, it was determined that the compatibility of the
polymer mixture in the membrane casting solution with water
increased with the addition of CA, which has the potential to
contribute to an accelerated phase inversion.

Table 3. Ra values for polymer-solvent and solvent-nonsolvent

pairs.
Ra

PES-NMP 4.06

PES-DMF 5.67
PES-DMAc 5.73
PES-DMSO 6.17

PES-THF 7.67
PES-Water 34.49

CA-NMP 4.00




CA-DMF 2.62
CA-DMAc 3.88
CA-DMSO 3.81

CA-THF 8.42
CA-Water 32.08

NMP-Water 35.65
DMF-Water 31.32
DMAc-Water 32.52
DMSO-Water 32.62
THF-Water 3591
PES/CA-NMP 3.93
PES/CA-Water 34.25

3.2 Functional groups of membranes

Figure 5 shows the FTIR spectra. Peaks at about 1580 and 1480
cm! corresponded to the C=C stretching vibration in the
benzene ring. Peaks at 1240 cm-! in the FTIR spectrum of all
membranes indicated ether linkage between phenyl groups.
Peaks at 1100 and 1150 cm-! indicated the sulfone groups of
PES [34]. Peaks at 717 cm! were attributed to the C-H bending
vibration of PES [35]. The FTIR spectrum of PES/CA membrane
showed the presence of -OH originating from CA in the
membrane with a peak at 3500-4000 cm-1[36]. The intensity of
the peak at 2927 cm-L indicating the C-H stretching vibration
increased with CNC and CNF reinforcement of the PES/CA
membrane. Moreover, the enhanced peak intensity in the -OH
stretching vibration region (4000-3500 cm™) resulting, fr
the incorporation of nanocellulose types indicates the prese

of hydrophilic nanomaterials rich in hydroxyl groupg wighifth

membrane structure. ‘Q
-
0.25
———PES/CA )

——— PES/CA/CNC
——— PES/CA/CNF
0.20 -

Absorbance
=
&
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e

=
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Wavenumber {cm™)

Pigirds PR spectra recorded for membranes.

morphology of membranes

Figu shows SEM surface images of PES/CA-based
es. When the SEM surface images at 500x
magnification were evaluated, all of the PES/CA-based
membranes produced by blending PES and CA polymers had
circular collapses on the surface. The circular collapses on the
surface of the PES/CA membrane were roughly in the range of
10-20 um. The size of the circular collapses on the surface of the
membrane decreased with CNC or CNF reinforcement of the
PES/CA membrane. CNC reinforcement increased the number
of circular collapses on the surface of the membrane while CNF
reinforcement decreased it. SEM surface image results showed

that CNF is an effective reinforcement material for reducing the
size and number of circular collapses on the surface of PES/CA
membrane. When the relatively flatter surfaces of the
membranes, which did not coincide with the depression region,
were examined at high magnification, i.e. 20000x magnification,
the surface of the PES/CA membrane was rougher than that of
the nanocellulose reinforced membranes. With CNC
reinforcement of the PES/CA membrane, the surface roughness
of the non-collapse regions of the membrane decreased and the
non-collapse regions of the membrane became relatively
smoother. Among the membranes produced, the ane
with the smoothest surface was PE§/C he
incorporation of CNC and CNF into the memb x led to
a noticeable reduction in the diameter i r surface
defects and contributed to a smooth mbrane surface
morphology. ~ \ b R
o

Y4
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Figure 6. SEM surface images of membranes: (a) PES/CA, (b)
PES/CA/CNC and (c) PES/CA/CNF. (1) and (2) are SEM images
at 500x and 20000x magnification, respectively.

3.4 Analysis of porosity and pore size in membrane SEM
images with MATLAB

The number and size of small pores in high magnification SEM
surface images can be examined in detail using software. The
effect of nanocellulose reinforcements on the number and size
of small pores on the surface of PES/CA membrane, which
cannot be easily observed under low magnification but can be
observed at 20000x magnification, was analyzed in MATLAB
with MATLAB script. Figure 7 (a), (b), (c) shows the original
images, depth maps, binary segmentation maps, pore space
segmentation maps and pore size distribution histograms of
the SEM surface images of the membranes analyzed using
MATLAB script. The analysis results showed that the porosity
of PES/CA, PES/CA/CNC and PES/CA/CNF membranes were
30.84%, 16.891% and 0.10%, respectively. The average pore
radius for PES/CA, PES/CA/CNC and PES/CA/CNF membranes
were 0.6240.40, 0.5540.30 and 0.33+0.05 nm, respectively.
Both porosity and average pore size decreased with CNC and
CNF reinforcement of the PES/CA membrane under high
magnification in the part of the membrane that does not contain
large pores but contains very small pores. Considering the



binary segmentation maps, the porosity in the part of the
membrane containing small pores decreased very significantly
and the solid phase of the membrane increased significantly
with CNF reinforcement of PES/CA membrane (Figure 7 (a)
and (c)). Furthermore, the average pore size of the small pore
sizes observed under 20000x magnification of the PES/CA
membrane was reduced by 50% with CNF reinforcement of the
PES/CA membrane. The pore size scatter plots showed that the
majority of the pores in the section of PES/CA, PES/CA/CNC
and PES/CA/CNF membranes containing small pores under
high magnification were roughly below 2, 1.5 and 0.5 nm. The
results obtained from the analysis showed that: (1) CNC and
CNF significantly reduced both the number and size of small
pores observed under high magnification of PES/CA
membrane, and (2) CNF was more effective than CNC in
reducing the number and size of small pores of PES/CA
membrane.
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Figure 7. Analysis of porosity and pore size from SEM surface
images of membranes in MATLAB: (a) PES/CA, (b)
PES/CA/CNC and (c) PES/CA/CNF

3.5 Roughness Characteristics of Membrane Surfaces

AFM analysis was performed to investigate the surface
roughness of the membranes and to determine the roughness
parameters. Figure 8 shows two-dimensional and three-
dimensional AFM images of the membranes. Light regions and
dark regions show peaks and valleys, respectively, in AFM
images [37]. As seen from Figure 8, the surface of the PES/CA
membrane was quite rough, and the surface roughness of the
PES/CA membrane was significantly reduced by CNC and CNF
reinforcement. The interaction between the membranessurface
and the foulant plays a crucial role in the adhesion (@nts
from the feed onto the membrane surface 8 ble 4
shows the values of the roughness pa & s of the
membranes. PES/CA membrane had the hi Sg? ues for all

roughness parameters. Ra, Rq, Rz, andR es*of the PES/CA

membrane were 5.290, 8.2904 3 %nd 58.895 nm,

respectively. Rough membranegur re 1deal for foulants in
late

the feed to be trapped and acc the valleys [40]. R,
Rg, Rz, and Rmax values of th ane decreased with both
types of nanocellulose rej to the PES/CA membrane.
The membrane with th e lues in terms of all roughness

parameter values w, S/ CA/CNF. Ra, Rq, Rz, and Rmax values
2

for the PES/CA/C ane were 3.356, 4.494, 20.266, and
27.345 nm, res ’k imilarly, the roughness parameters of
CNF-reinfor; VDF membrane were reported to be lower
“reinforced PVDF membrane [41].
The PES d membranes in this study were smoother
tl S membranes. For instance, in a study by
shabakala’ et al. AFM analysis result of 20 wt% PES-based
anes showed that the Ra and Rq values of the flat sheet
embrane were 11.48 and 18.73 nm, respectively [42]. In the
study by Krishnamoorthy and Sagadevan, the Ra value of 15
wt% PES-based flat sheet membrane produced by phase
inversion was 53.76 nm [43]. Since the surface of the PES/CA
membrane is smoother than that of the PES membrane
reported in the literature [42-45], mixing 13.5 wt% PES with a
low amount CA (1.5 wt.%) may contribute to reducing the
potential for attachment of foulants to the membrane surface.
In addition, AFM analysis revealed that especially the CNF type
of nanocellulose is preferable for further reduction of the
roughness of the PES/CA flat sheet membrane.

Figure 8. Two-dimensional (1) and three-dimensional (2) AFM
images of the membranes: (a) PES/CA, (b) PES/CA/CNC and
(c) PES/CA/CNF.

Table 4. Surface roughness characteristics of the membranes.



Membrane Ra Rq Rz Rmax

PES/CA 5.290 8.290 35.227 58.895
PES/CA/CNC 5.033 6.713 26.524 47.020
PES/CA/CNF 3.356 4.494 20.266 27.345

3.6 XRD patterns of membranes

Figure 9 shows the XRD patterns of the membranes. Sharp
peaks in XRD patterns are indicative of the membrane's
crystalline structure, whereas broad peaks correspond to its
amorphous structure. In previous studies investigating the
XRD patterns of PES membranes, it was reported that PES
membranes have amorphous properties [46,47]. Since CA is a
semi-crystalline polymer [48], XRD patterns of flat sheet
membranes produced by mixing PES and CA polymers
prepared in this study showed that the membranes were semi-
crystalline. The XRD analysis of the PES/CA membrane
revealed diffraction peaks at 20 values of 9.45°, 14.08°, 16.94°,
18.54°,25.62° and 28.62°, with the most intense peak observed
at 16.94°. The XRD profiles of membranes reinforced with
nanocellulose exhibited diffraction peaks comparable to those
observed in the PES/CA membrane. Incorporation of CNC into
the PES/CA membrane resulted in the appearance of two
additional sharp peaks of low intensity at 26 = 56.67° and
57.12° in the XRD pattern. The change observed in the XRD
pattern upon CNC addition is attributed to the crystalline
nature of CNC, confirming its presence in the membrane. In
contrast, the addition of CNF to the PES/CA membrane did not
result in the appearance of any new diffraction peaks. The
higher crystallinity of CNC compared to CNF, which contains
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only crystalline regions in its structure, caused a significa® pores within the membrane
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Figure 9. XRD patterns of membranes: (a) PES/CA, (b)
PES/CA/CNC, and (c) PES/CA/CNF.

3.7 Hydrophilicity and pore structure of membranes

Membrane water content, often referred to as water uptake,
serves as an indicator of the hydrophilic properties of
membranes. The PES/CA membrane exhibited a water content
of 63.10 £ 8.58%. Incorporation of 0.5 wt% CNC and 0.5 wt%
CNF enhanced the water content to 66.87 + 5.18% and 70.39 +
2.31%, respectively (Figure 10(a)). The presence of abundant
hydrophilic hydroxyl groups in CNC and CNF enhanced the
interaction between the membrane and water, thereby
increasing the membrane’s water content. The watemgontent
analyses of the membranes showed that the hydr, %’ of
the PES/CA membrane increased with Q CNF
reinforcement. Similarly, Zhang et al d that
incorporating 5 wt% CNC into a membr sed of 15
wt% PES and 2 wt% PVP increased ts cofitent from 54
to 70 wt%, with the hydrophilig C ,%in free hydroxyl
groups, enhancing the membrape’s philicity [49].

The structural characteristicss%@f membranes, particularly
porosity and average pore % jons, play a key role in
determining flux and se % ormance. Membranes with
reduced porosity and 0 pores exhibit lower water
permeability under,i

tical” operating conditions, whereas

those with highe, and larger pores facilitate water
transport mor % . Figure 10(b) presents the porosity
and mean & of the membranes. The base PES/CA
membra %}1 d a porosity of 19.96 + 6.47%, which

to 2833 + 6.41% and 30.29 + 2.15% upon the

increase

addition C and CNF, respectively. This enhancement in
orositycan be explained by two factors. First, incorporating

hyrdr

ophilic nanocellulose into the polymer matrix may
ﬂenerate localized stress points, promoting the formation of
structure [50]. Secondly,
hydrophilic nanocellulose affects the stability of the polymer
solution, accelerating solvent-non-solvent exchange and
thereby influencing pore formation during the phase
separation [22,50]. The formation of fracture points on the
membrane surface and the increase in the liquid-liquid
demixing rate during phase inversion lead to the formation of a
more porous membrane structure. On the other hand, the
average pore size of the PES/CA membrane, which was
12.5243.38 nm, decreased slightly with the addition of CNC and
CNF to the membrane. The average pore size of PES/CA/CNC
and PES/CA/CNF membranes was 11.82+2.26 and 11.49+1.18
nm, respectively. The average pore sizes of the membranes
were greater than 1 nm but smaller than 100 nm, confirming
their classification as ultrafiltration (UF) membranes. Thanks
to their small pore size, UF membranes can remove suspended
solids, turbidity, oil-grease, organic matter, and
microorganisms from water and wastewater with high
efficiency [51]. Therefore, the UF membranes with average
pore sizes smaller than 13 nm produced in this study have the
potential to be used in the physical separation of pollutants
larger than 13 nm by size exclusion mechanism.
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Figure 10. (a) Water content of membranes and (b) porosity
and average pore size of membranes.

3.8 Water flux and turbidity rejection performance
membranes

Membranes with high selectivity as well as, h
performance are ideal for water and wastewat

Membranes with high water fluxes provide m

water (permeate) per unit time. Membranes w water
flux values are also energy efficient, thatyis ume less
energy in the filtration process. Membra!%h higher flux
values contribute to obtaining large v clean water in
less time, especially in large-scale tre t dpplications, such
as water and wastewater trea t\plants serving high
populations.

Reinforcing PES/CA membr CNC and CNF resulted in
higher water flux value , and Jw2) compared to the

unreinforced membra 11). The hydrophilic hydroxyl
groups present in ocellulose enhanced membrane-
water interactions§, oting water permeability. Structural

characteristic icutarly porosity, further facilitated water
transpoyt, %t nanocellulose-reinforced membranes
dlsplay ed porosity relative to the PES/CA membrane.
This n on of improved hydrophilicity and porosity
co % to superior flux performance, with the
PES/CA/CNF membrane demonstrating the highest flux values
of 502.25, 463.72, and 484.31 L/mz-h for Jwl, Js, and Jw2,
respectively.

Consistent with the present results, previous studies have
shown that incorporating CNC or CNF into polymeric
membranes enhances their water flux. For instance, Bai et al.
(2020) observed that adding 0.3 g of CNC (equivalent to 2 wt%
CNC relative to PES) to a PES/PVP membrane increased its
water flux from 185 L/m?-h at 60 kPa to 291 L/m?-h [22]. Lv et
al. (2018) reported that the PWF of an unmodified PVDF

membrane at 100 kPa was 9.8 L/m?h. They found that
incorporating CNF in the range of 0.8 wt% to 4.2 wt%
progressively enhanced the membrane’s water flux, reaching
206.9 L/m?-h for the PVDF membrane reinforced with 4.2 wt%
CNC [50]. In a study investigating the flux performance of
polysulfone-based membranes at pressure values in the range
of 3-7 bar, it was reported that the water flux performance
increased as the CNF addition to the polysulfone-based
membrane increased (from 0.1% to 0.5%) [52].
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Table 5 show Q dity rejection percentage of PES/CA-
om Terkos Lake water. The turbidity
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lake water was 95.46%, 97.82%, and 98.24%,
The turbidity rejection of nanocellulose-
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gincorporation, which hindered the passage of solids present in
lake water. In water treatment applications, achieving both
high flux and high contaminant removal performance in
membranes is highly desirable. Generally, increased porosity
enhances water flux but tends to reduce contaminant removal
efficiency. However, in this study, despite the increased
porosity resulting from the incorporation of nanocellulose into
the PES/CA membrane, the reduced average pore size
contributed to an improvement in turbidity rejection
performance. Consequently, a dual advantage was achieved,
providing both high flux and high removal performance. Among
the membranes produced, the PES/CA/CNF membrane
exhibited high water flux performance as well as high turbidity
removal efficlency from lake water, indicating that
PES/CA/CNF is the most ideal membrane for water filtration
applications.
Table 5. Turbidity rejection percentage of membranes.

Membrane Turbidity rejection
percentage (%)
PES/CA 95.46
PES/CA/CNC 97.82
PES/CA/CNF 98.24

3.9 Antifouling ability of membranes

Figure 12 shows the fouling parameters of the membranes. The
PES/CA membrane exhibited an Rt value of 21.02%, which was
reduced wupon the incorporation of CNC and CNF
reinforcements. Nanocellulose-reinforced PES/CA membranes
had better antifouling performance, as a lower Rt indicates that
the membrane has better antifouling performance. This can be
explained by the lower surface roughness value of CNC and CNF



reinforced nanocomposite PES/CA membranes compared to
PES/CA membrane.

Rir values of PES/CA, PES/CA/CNC, and PES/CA/CNF
membranes were 12.77%, 6.87% and 3.57%, respectively,
while Rr values were 8.24%, 5.21% and 4.09%, respectively.
The Rt (7.67%) and Rir (3.57%) values of the CNF reinforced
PES/CA membrane were lower than those of other membranes.
Furthermore, the analysis of fouling contributions revealed that
the Rir component accounted for the largest proportion of the
Rt in both PES/CA and PES/CA/CNC membranes, whereas the
Rr component was dominant in the PES/CA/CNF membrane.
These results indicate that the incorporation of nanocellulose
enhanced the membranes’ resistance to fouling, with CNF
demonstrating a superior effect in improving the antifouling

performance of the PES/CA membrane compared to CNC.
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Figure 12. Fouling parameters of membranes.

Figure 13 presents the values of the FRR and FDR for
membranes. Membranes with high FRR values experience less
flux loss compared to the initial performance and high FRR

value is an indication of the superior antifouling properties
the membranes. PES/CA membrane had the lowest FRR%
with 87.22%. When CNC and CNF were incorporated iptg t

i
PES/CA membrane, the FRR value increased to 98 k
96.42%, respectively. The addition of CNC toythe
PES/CA membrane enabled the flux loss due % and
clogging of the PES/CA membrane to be recgvered more after
the cleaning process. The higher FRR va CNC and CNF
reinforced nanocomposite PES/CA me compared to
PES/CA membrane showed that th elbranes operated
with a flux performance closer to Q itia performance after
cleaning.
Since the FDR value is an i tonof flux decay, lower FDR
values indicate that the es are more resistant to
fouling. While the FD % the PES/CA membrane was
21.02%, the FDR v thé®membrane decreased to 12.08%
and 7.67% with C F reinforcement, respectively. The
lower FDR nanocellulose reinforced PES/CA
membranes d to PES/CA membrane indicated that
nanoceftulgséretforced membranes were less clogged during
filtzatio the flux performance was more stable.
i e fouling ratio parameters, FRR value and FDR

valueN ag indicators of antifouling ability, PES/CA/CNF
membrane had the most superior antifouling ability.
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Figure 13. FRR and FDR values of @rtes

3.10 Resistance calculations

Figure 14 (a) and Figure 14
resistance calculated for the

of the different types of

respectively. The RM ul ES/CA, PES/CA/CNC and
PES/CA/CNF membra % 3.32 x 1012, 2.49x1012 and
2.42x1012 m! respegti nd their contributions to the total
membrane resis were 78.97%, 87.91% and 92.32%
t that the RM value constituted a significant

respectively. T.

part of the e of the membranes showed that a significant

part of raulic resistance was due to the physical
ies o

s he different types of
ranes and the contribution
to the total resistance,

prop e membranes themselves. The RM value of
P rane decreased by 25.08% and 27.30% with CNC

d reinforcement, respectively. The reduced RM
o d in nanocellulose-reinforced membranes, relative to

gthe PES/CA membrane, can be attributed to their higher

porosity compared to that of the PES/CA blend membrane.
RIR and RR are the resistances caused by irreversible and
reversible fouling, respectively. The RIR values of PES/CA,
PES/CA/CNC and PES/CA/CNF membranes were 4.87x101%,
1.84x101! and 8.95x1010 m-1, respectively, while the RR values
of the membranes were 3.98x1011, 1.59x1011 and 1.11x101t m-
1, respectively. RIR values contributed more to the RT values of
PES/CA and PES/CA/CNC than RR values. However, the
contribution of RR (4.23%) to the RT value of CNF reinforced
PES/CA membrane was higher than that of RIR (3.42%). The
results showed that the effect of fouling resistance on the total
resistance of PES/CA/CNF membrane was lower than other
membranes and could be easily eliminated since most of the
resistance caused by total fouling in PES/CA/CNF membrane
was due to reversible fouling.
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Figure 14 (a) Resistance of membranes and (b) Contribution
of the different types of resistance to the total resistance.
3.11 Membrane fabrication cost

Table 6 shows the cost of chemicals used to produce the
membrane casting solutions and the cost of electrici

Approximately 235.35, 332.46, and 393.97 Turkish lira
of materials were consumed to prepare 100 g®qf€\¢a

s
solution for the fabrication of PES/CA, PE Nand
PES/CA/CNF membranes, respectively.

nsu

consumption used to produce the membranes in this,&ti

Table 6. Cost of chemicals and electricity,co din

membrane fabricatio?l\tt\

Material Cost \‘

PES o.eﬂﬂgl ;v

CA 8 Y/g

NMP Y/mL

CNC 9540 TRY/g

CNF 8.43 TRY/g

Electricity Consumpti >

Magnetic stirrer w\a r 0.6kWx24h=14.4kWh
14.4kWhx2.07 =29.81 TRY
Ultrasonic b 0.08 kW x 0.5 h = 0.04 kWh
° % (for ultrasonic power)
® 0.1 kW x 0.5 = 0.05 kWh (for

% heater)

Total = 0.09 kWh

0.09x2.07 =0.1863 TRY
“Electricity consumption fee is 2.07 TRY for 1 kWh.
15 flat sheet membranes of approximately 5 cm in width and 18
cm in length were produced from 100 g of casting solutions. In
other words, membranes with a total area of 90 cm2 were
produced from 100 g of casting solution. It should be noted that
the casting process in this study was performed manually using
a casting knife. Therefore, to ensure that the casting process
was not interrupted and to guarantee the fabrication of
deformation-free membranes, a large amount of the polymeric

solution was poured onto the glass plate for each membrane
fabrication. If a sufficient amount of polymer solution is not
poured into the glass layer during the membrane casting
process, tears may occur in some parts of the membrane in the
casting process and membranes with less length are produced.
For this reason, the excess casting solution overflowing out of
the glass plate in the casting process was cleaned.

As for the electricity consumption, 14.4 kWh of energy was
consumed when the magnetic stirrer with heater was used for
the mixing of each solution for 24 h. After the stirring process,
a total of 0.09 kWh of energy was consumed the

ultrasonic water bath with both heater and ultr ic\power

was used for 30 min. Therefore, a total of 14. energy

was consumed for the mixing and degassi embrane
Su

casting solution. In Turkey, the electrici tion fee for
r month. Based

249 kWh of energy
bill 29.99 TL. For the
S/CA, PES/CA/CNC, and
rial costs (PES, CA, NMP,
462.66, and 2918.33 TRY,
ibn of 1 m2 membrane, assuming
iflg the prepared casting solutions in
eater and degassing in an ultrasonic
water bath aréytheNsame for 100 g of casting solutions, the

1 kWh is 2.07 TRY, up to a total of 2
on this information, the contribut]

consumption to the electrici
fabrication of 1 m2 flat she
PES/CA/CNF membranes
CNC, and CNF) are

respectively. For the f:
that the condition

f 1 m2 flat sheet PES/CA, PES/CA/CNC, and
membranes is 1773.66, 2492.65, and 2948.32

mbyarie fabrication cost, and electricity consumption is not
basédon industrial pricing. As a recommendation, performing

’the casting process using a device such as an automatic film

applicator instead of manually can prevent the waste of
polymer solution and contribute to the reduction of membrane
fabrication cost. Although the fabrication of PES/CA blend
membranes reinforced with CNC or CNF involves higher costs
compared to unmodified PES/CA membranes, the superior
water flux and enhanced antifouling properties of these
nanocomposite membranes justify the additional expense. The
improved water flux of CNC- and CNF-reinforced membranes
enables the production of a greater volume of clean water in a
shorter time, thereby reducing the energy demand during
membrane operation.

4 Conclusion

In this study, PES/CA, PES/CA/CNC and PES/CA/CNF
membranes were produced by the non-solvent induced phase
separation method. The incorporation of CNC and CNF into the
membranes led to an increase in both porosity and water
content, while simultaneously reducing the average pore size
and surface roughness of the membranes Analysis of high-
magnification SEM images using a MATLAB script revealed that
the addition of CNC and CNF further decreased the size of the
smaller pores, and the local porosity was reduced in regions
containing small pores. In the membrane process operated
using a classical filtration technique, the PWF of the membrane
composed of the PES and CA blend was 365.12 L/m?*h, which
increased to 487.33 L/m?*h and 502.25 L/m?*h with the
incorporation of CNC and CNF, respectively. In addition, the flux
value of the membrane composed of the PES and CA blend for
surface water increased from 288.34 L/m2h to 428.42 and
463.72 L/m2.h with CNC and CNF reinforcement, respectively.
CNC and CNF reinforcement not only improved the flux
performance of the PES/CA membrane but also increased the
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turbidity rejection percentage and antifouling ability of the
PES/CA membrane. Nanocellulose reinforcement decreased
the Rt and FDR values of the PES/CA membrane, while
increasing the FRR value, indicating that the nanocellulose-
reinforced nanocomposite membrane is more resistant to
fouling. CNF reinforcement was more effective than CNC
reinforcement in enhancing the antifouling ability of the
PES/CA membrane, improving flux performance, and reducing
surface roughness. Based on the costs of raw materials and
electricity, the estimated fabrication cost for 1 m? of flat-sheet
membranes was 1773.66 TRY for PES/CA, 2492.65 TRY for
PES/CA/CNC, and 2948.32 TRY for PES/CA/CNF, excluding
VAT. CNC and CNF reinforced PES/CA membranes had a higher
fabrication cost, but it should be underlined that the higher
performance of nanocellulose reinforced PES/CA membranes
in both flux and fouling resistance may contribute significantly
to the reduction of their operating costs.

Certain limitations of the present study also highlight
opportunities for further investigation in future research:

(1) Itis worth noting that the water flow performance, removal
efficiency, and fouling behavior of membranes vary depending
on the feed type. In this study, water from Lake Terkos was
used; therefore, it should be taken into consideration that tests
conducted with different feed compositions may yield different
results. This also presents an opportunity for future research.
(2) Moreover, it is important to note that the short-term
filtration performance of the membranes was investigated in
this study. Future research could focus on evaluating their long-
term performance, which would provide valuable insights into
their applicability.

(3) Another important consideration is that the incorporation
of nanomaterials into polymeric membranes leads to chan

in their chemical and mechanical stability. Therefore,sﬁl‘g

properties (such as stress-strain curve, elastic modtl

studies investigating the chemical resistance and meis‘l
ten

strength, and elongation at break) of CNC- an - ied

PES/CA membranes would represent an import. ward

enhancing their applicability.
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