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Abstract: In this study, we fabricated a nanocomposite polyethersulfone (PES) HF membrane by
blending acid functionalized carbon nanotubes (FCNT) to address the issue of reduced membrane
life, increased energy consumption, and operating costs due to low permeability and membrane
fouling in the ultrafiltration process. Additionally, we investigated the effect of FCNT blending on
the membrane in terms of the physicochemical properties of the membrane and the filtration and
antifouling performance. The FCNT/PES nanocomposite HF membrane exhibited increased water
permeance from 110.1 to 194.3 LMH/bar without sacrificing rejection performance and increased
the flux recovery ratio from 89.0 to 95.4%, compared to a pristine PES HF membrane. This study
successfully developed a high filtration and antifouling polymer-based HF membrane by blending
FCNT. Furthermore, it was validated that blending FCNT into the membrane enhances the filtration
and antifouling performance in the ultrafiltration process.

Keywords: nanocomposite; hollow fiber membrane; carbon nanotubes; functionalization;
ultrafiltration; antifouling

1. Introduction

Membrane-based water treatment has attracted considerable attention because of its
high cost-effectiveness, low energy consumption, low carbon footprint, and easy coupling
with other water treatment technologies [1-4]. Among membrane-based water treatment,
including microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmo-
sis (RO), UF has been greatly studied owing to its wide utilization in the treatment of
drinking water and wastewater, hemodialysis, protein harvesting, and water pretreat-
ment for desalination plants [5,6].

The hollow fiber (HF) membrane configuration has distinct advantages, including a
high surface area per unit module volume, self-mechanical support, and easy scale-up,
compared with other membrane configurations [7]. Owing to their special characteristics,
HF membrane configurations are widely used in various membrane-based separation
processes, including water treatment, desalination, hemodialysis, pervaporation, gas sep-
aration, and organic solvent nanofiltration [8]. The HF membrane configuration is mainly
used in the UF process [9,10].
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Polymer-based membranes such as polyethersulfone (PES), polysulfone (PS), poly-
vinyl difluoride (PVDF), and polyacrylonitrile (PAN) are mainly used in the UF process.
In particular, PES has been highlighted as a membrane material owing to its high mechan-
ical strength, excellent thermal stability, remarkable chemical resistance, easy processabil-
ity, and low cost [1,6,9]. However, despite the many advantages mentioned above, low
permeance and membrane fouling due to the hydrophobic nature of PES causes a reduced
membrane lifespan, increasing energy consumption and creating higher operating costs
[1,11]. Therefore, various methods for increasing hydrophilicity have been studied to
overcome the low permeance and membrane fouling problems, including hydrophilic
material coating, grafting, and blending [12-14]. Among these, the blending of hydro-
philic nanomaterials with polymers to prepare nanocomposite membranes has been ac-
tively researched by academia and industry owing to its feasible processability and easy
scale-up [15,16]. For example, carbon-based nanomaterials such as carbon nanotubes
[17,18], graphene oxide [19,20], and carbon quantum dots [21,22] have been widely used
to improve the permeance and antifouling properties of membranes. Metal [23,24] and
metal oxide [25,26] blended PES membranes also exhibited improved filtration perfor-
mance and antimicrobial properties. In addition, it was recently found that porous nano-
materials such as zeolite [27,28], metal-organic frameworks [29,30], and mesoporous car-
bon [31] increase the filtration performance of PES membranes.

Considering all the aspects mentioned above, nanocomposite PES HF membranes are
expected to have high potential for the UF process. Therefore, in this study, a nanocom-
posite PES HF membrane was fabricated by blending acid functionalized carbon nano-
tubes (FCNT) to improve the filtration and antifouling performance in the UF process.
FCNT were selected as blending nanomaterial owing to their unique physicochemical
properties such as hydrophilicity, negative surface charge, and excellent chemical and
thermal stability [17,18,32]. We systematically investigated the effect of FCNT blending
on the physical and chemical properties of PES HF membranes. Subsequently, the filtra-
tion and antifouling performance of the fabricated PES HF membrane were evaluated to
confirm the effect of FCNT blending on membrane performance. It was found that the
FCNT/PES nanocomposite HF membrane exhibited higher filtration and antifouling per-
formance than a pristine PES HF membrane in the UF process. Therefore, we successfully
fabricated a high permeance and antifouling FCNT/PES nanocomposite HF membrane
and validated that FCNT blending improved the filtration and antifouling performance
of the PES HF membrane in the UF process.

2. Materials and Methods
2.1. Materials

Nitric acid (ACS reagent, 70%) and sulfuric acid (ACS reagent, 95.0-98.0%) were pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA). The raw multi-wall carbon nano-
tubes (abbreviated as CNT, CM-95, 93-97%) were purchased from Hanwha-nanotech
(Seoul, Republic of Korea). PES (Veradel® 3000 P, Brussels, Belgium) with a molecular
weight 62,000-64,000 g/mol, was obtained from Solvay Specialty Polymers. N-methyl-2-
pyrrolidinone (NMP, anhydrous 99.5%) and polyvinylpyrrolidone (PVP) with an average
molecular weight 10,000 g/mol, were purchased from Sigma-Aldrich. Humic acid sodium
salt (HA, technical grade) was purchased from Sigma-Aldrich for filtration and antifoul-
ing performance tests.

2.2. Acid Functionalization of CNT

The CNT were functionalized by the chemical oxidation method described in our
previous report (Figure 1a) [17,32]. First, raw CNT were vigorously stirred in a 3:1 (v/v %)
mixture of nitric acid and sulfuric acid under reflux at 100 °C for 3 h to remove any impu-
rities. Afterward, the mixture with CNT was neutralized with DI water and a 0.45 um
nylon filter was used to filter the CNT. Subsequently, the filtered CNT were dried
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overnight in an oven at 100 °C. After drying, the CNT were immersed in the same acid
mixture, followed by ultrasonication at 90 °C for 3 h to attach carboxylic acid functional
groups onto the CNT. After the reaction, the functionalized CNT were neutralized and
filtered. Finally, the filtered CNT were dried overnight in an oven at 100 °C to obtain
FCNT.

(b) Bore fluid (c) PES FCNT/PES

Spinneret

\
Dope
solution
—
4 «—— Airgap
Bore fluid
Dope solution

v
<«—— Coagulation bath

Bore
Dope

@ <—— Hollow fiber membrane

Figure 1. Schematic illustrations of FCNT/PES nanocomposite HF membrane preparation. (a) Acid
functionalization of CNT. (b) Lab-scale dry-jet wet spinning process. (c) Photographic images of
PES and FCNT/PES nanocomposite HF membranes.

2.3. Preparation of FCNT/PES Nanocomposite Hollow Fiber (HF) Membranes

To prepare the dope solution, the desired amount of PVP was dissolved in NMP.
Subsequently, a predetermined amount of FCNT was dispersed in the PVP/NMP solution
by ultrasonication at 50 °C for 90 min. PES was then added, and the mixture was vigor-
ously stirred at 50 °C for 48 h. The composition of the dope solutions for the preparation
of the FCNT/PES nanocomposite HF membranes is listed in Table 1. The dope solutions
were degassed overnight in an oven at 50 °C and cooled to room temperature before spin-
ning.

Table 1. Composition of dope solutions for FCNT/PES nanocomposite HF membranes.

Membrane PES (wt%) NMP (wt%) PVP 1 (Wt%) FCNT 2 (wt%)
MO 17 83 1 -
M5 17 83 1 0.5
M10 17 83 1 1.0
M20 17 83 1 2.0

! Mass ratio of PVP to total dope solution. 2 Mass ratio of FCNT to PES.

FCNT/PES nanocomposite HF membranes were prepared via a lab-scale dry-jet wet
spinning process (Figure 1b). The bore fluid and dope solution were fed into the inner and
outer channels of a single-layer spinneret, respectively. The two fed fluids met at the tip
of the spinneret. Subsequently, they passed through an air-gap region and entered the
coagulation bath. The spinning parameters for the FCNT/PES nanocomposite HF mem-
branes are presented in Table 2.
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Table 2. Spinning parameters for FCNT/PES nanocomposite HF membranes.

Spinning Parameters

Dope solution pressure (bar) 0.2

Bore fluid DI water
Bore fluid flow rate (ml/min) 2.0
Air-gap length (cm) 5

Take-up speed (m/min) free fall
External coagulation Tap water
Spinneret dimensions (mm) 1.1-0.6
Spinning temperature (°C) 20-25
Humidity (%) 40-60

After spinning, the as-spun HF membranes were soaked in DI water for 48 h to re-
move residual reagents. To prevent membrane shrinkage and pore collapse, the mem-
branes were post-treated with a 50 wt% glycerol aqueous solution for 48 h and dried un-
der ambient conditions (Figure 1c). Finally, the post-treated HF membranes were
mounted onto a module with epoxy potting sealing to evaluate filtration performance.

2.4. Characterization

The microstructure of the CNT, FCNT, and HF membranes was observed using field-
emission scanning electron microscopy (FESEM; Gemini 500, Zeiss, Oberkochen, Ger-
many). Attenuated total reflection—Fourier transform infrared spectroscopy (ATR-FTIR;
Hyperion 2000, Bruker, Billerica, MA, USA) was used to confirm the functional groups of
the CNT, FCNT, and HF membranes. The surface chemical composition of the CNT,
FCNT, and HF membranes was measured using X-ray photoelectron spectroscopy (XPS;
NEXSA, Thermo Fisher Scientific, Waltham, MA, USA) with monochromatic Al Ka radi-
ation.

The pore size and porosity of the inner surface of the HF membranes were investi-

gated by surface FESEM image analysis using Image] 1.53k software [33,34]. The overall

porosity (&) of the HF membranes was determined by the dry—wet method and calculated
using the following equation:
(mw-mg)
£ = Grmg g ©)
Pw P m
where m,, and m, are the weights of the wet and dry membranes, respectively, p,, is
the density of DI water (1.00 g/cm?®), and p,, is the density of the PES polymer (1.37 g/cm3).
The hydrophilicity of the HF membranes was investigated by measuring their water
contact angles using a contact angle analyzer (Phoenix 300, SEO Company, Suwon, Re-
public of Korea). The surface roughness of the inner surface of the HF membranes was
measured in the tapping mode using an atomic force microscope (AFM, XE-100, Park sys-
tems, Suwon, Republic of Korea).

2.5. Filtration and Antifouling Performance

The filtration performance of the fabricated HF membranes was tested using a lab-
scale cross-flow filtration system at room temperature (23 =2 °C). The all-filtration perfor-
mance was measured after membrane stabilization at 4 bar for 30 min. The water flux (J,
Lm™ h' or LMH) and permeance (P, Lm™ h™' bar! or LMH/bar) of each HF membrane
module were determined using the following equations:

I=1m )
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P=21, ©)
where V (L) is the permeated volume, An (m?) is the effective membrane area of the HF
membrane module, At (h) is the filtration time, and AP (bar) is the transmembrane pres-
sure.

The rejection and antifouling performance were evaluated using an HA solution. The
rejection (R, %) of each HF membrane module was calculated using the following equa-
tions:

R= (%) x 100%, )
where Cr and Cy are the HA concentrations of the feed and permeate solutions, respec-
tively. HA concentration was determined using a UV-Vis spectrophotometer (Optizen
POP, Mecasys, Daejeon, Republic of Korea ).

The antifouling performance of the selected HF membranes was investigated using
several processes. First, the membrane was filtered using DI water as the feed solution for
30 min to obtain the pure water flux (Jo) of the virgin membrane. The feed solution was
then exchanged with HA solution for 60 min, and the permeate flux was labeled J. After
filtration, the fouled membrane was cleaned by flushing with DI water for 20 min. Finally,
the pure water flux (Jc) of the cleaned membrane was measured using DI water for 30 min.
The flux recovery ratio (FRR), total resistance (R¢), intrinsic membrane resistance (Rw), re-
versible resistance (Rr), and irreversible resistance (Ri) were calculated using the follow-
ing equations:

FRR = (j—o) x 100%, (5)
Rt=lf—]’;=Rm+Rr+R,-w (6)
R =1 @)

Ry =R~ 8)

Riy == Rm, ©)

where u is the viscosity of permeate.

3. Results and Discussion
3.1. Characterization of CNT and FCNT

The microstructure of the CNT and FCNT was characterized using FESEM (Figure
2a,b). Both CNT and FCNT have 10-15 nm diameter tubular structures with high aspect
ratios. Compared to CNT, FCNT exhibited shorter tube lengths owing to fragmentation
in the acid functionalization process [17,32]. This fragmentation causes open end tips, in-
creasing the surface area and dispersibility of the FCNT in solvents [32,35]. In addition,
after acid functionalization, bulk material, such as metal catalysts and impurities originat-
ing from the CNT production process, clearly disappeared from the FCNT. The ATR-FTIR
spectra of the CNT and FCNT are shown in Figure 2c. After acid functionalization, car-
boxylic acid (-COOH) peaks appeared at 1040, 1570, and 1750 cm™, corresponding to —
CO, -COOr, and —C=0 stretching vibrations, respectively. Moreover, the intensity of the -
OH peak increased slightly in the ATR-FTIR spectrum of the FCNT. To investigate
changes in the chemical composition after acid functionalization of the CNT, XPS analysis
was carried out on CNT and FCNT (Figure 2d). Carbon and oxygen peaks are observed
in both XPS spectra. The oxygen peak can be attributed to impurities and defects in CNT
throughout the production and purification processes [36,37]. After acid



Membranes 2023, 13, 70

6 of 14

Absorbance (a.u.)

functionalization, the oxygen content increased from 2.7 to 4.1% owing to the grafting of
carboxylic acid groups onto the surface of the CNT. Both the ATR-FTIR and XPS results
confirm that the CNT were successfully functionalized by acid treatment.

(e)
CNT in NMP
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— 3
(c) (d) i
FCNT in NMP
! L O-H ~———FCNT Element (at.%)
——CNT ¢ o
v C=C - FCNT 959 4.1
OO 3 CNT 973 27 e
SN b «C1s 1 week
I K 01s FCNT —
1} 1 1 £
a1 1 1
N | CNT
" so-H
4000 36‘00 32"00 28‘00 / 16‘00 12‘00 800 700 GI;U SI;U 4I;0 3(‘)0 2(‘)0 1(‘)0 0
Wavenumber (cm™) Binding energy (eV)

Figure 2. Characteristics of CNT and FCNT. (a,b) Microstructure. (¢) ATR-FTIR spectra. (d) XPS
spectra. (e) Dispersibility and stability.

The dispersibility and stability of the CNT and FCNT were tested by dispersing them
in NMP solvent. A certain amount of CNT and FCNT was added to NMP, and the
CNT/NMP and FCNT/NMP mixtures were treated by ultrasonication for 90 min. Subse-
quently, the mixtures were allowed to stand for one week to compare the dispersibility
and stability of the CNT and FCNT in NMP. As shown in Figure 2e, immediately after
ultrasonication, both CNT and FCNT exhibited good dispersion in the NMP without any
aggregation. After one week, the CNT settled with aggregation due to low stability in
NMP. However, the FCNT still showed good dispersion in the NMP, without any settling
or aggregation. This is due to increased polar—polar interaction between the carboxylic
acid groups of the FCNT and the NMP, and the shortened tube lengths [35,38]. This en-
hancement of dispersibility and stability implies that the FCNT will show good dispersion
and stability during the dope solution preparation and spinning processes.

3.2. Characterization of PES and FCNT/PES Nanocomposite HF Membranes
3.2.1. Microstructure

The microstructure of the HF membranes is shown in Figure 3a—d. All the HF mem-
branes have similar asymmetric cross-sectional microstructures. The membranes consist
of finger-like macrovoids in the inner and outer layers, and large macrovoids and sponge-
like structures in the middle section. Finger-like macrovoids in the inner and outer layers
are formed because of the rapid instantaneous liquid-liquid demixing [35,39,40]. The fin-
ger-like macrovoids in the inner layer are connected to a large macrovoid in the middle
section because the dope solution on the inner layer immediately contacts the bore fluid
after spinning from the spinneret. In contrast, the dope solution on the outer layer passes
through the air-gap region before entering the coagulation bath. Therefore, the different
sizes and lengths of the finger-like macrovoids originate from different coagulation times.
A sponge-like structure in the middle section was also formed owing to delayed demixing
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[39—41]. Compared to the pristine PES HF membrane (MO0), the FCNT/PES nanocomposite
HF membranes (M5, M10, and M20) exhibit larger finger-like macrovoids owing to rapid
demixing during phase inversion [6,17,42]. The FCNT in the dope solution increase the
hydrophilicity of the dope solution, resulting in an increase in its thermodynamic insta-
bility [17,39,40]. As shown in Figure 3¢, all the FCNT/PES nanocomposite HF membranes
contain FCNT inside the membrane; however, aggregated FCNT are observed in M20.
The FCNT/PES nanocomposite HF membranes show a larger surface pore diameter and
higher surface porosity than the pristine PES HF membrane (Figure 3d). As mentioned
above, this result is due to blended FCNT inducing rapid demixing during phase inver-
sion. A detailed analysis of the pore diameter and porosity of the fabricated HF mem-
branes is presented in Section 3.2.3.

(a) Cross-section

\ Crossffsecﬂgn‘\ |
/“nearinner surface

Cross-section
ih the middle

Inner surface

PEY

Ra=4.56 £ 0.23 nm Ra=6.18+0.71 nm Ra =6.20 £ 0.91 nm Ra=6.24 +0.32 nm

Figure 3. Microstructure of PES and FCNT/PES nanocomposite HF membranes. (a—c) Cross-section.
(d) Inner surface. (e) Inner surface roughness.
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The roughness of the membrane surface affects filtration and antifouling perfor-
mance. Therefore, the surface roughness of the fabricated HF membranes was measured
by AFM. Average roughness (Ra) was used as a quantitative parameter to compare the
surface roughness of each membrane. The FCNT/PES nanocomposite HF membranes ex-
hibited higher Ra values than the pristine PES HF membrane because of increased pore
diameter and porosity of the membrane surface [11,43]. The increased roughness may
contribute to a higher flux, owing to the increased surface area [11,44]. However, a higher
membrane surface roughness might increase the fouling potential on the membrane sur-
face because of the foulants accumulating in the valleys [45].

3.2.2. Chemical Properties

MO (pristine PES HF) and M10 (FCNT/PES nanocomposite HF) membranes were se-
lected to investigate the effect of FCNT blending on the chemical properties of the mem-
brane. The ATR-FTIR spectra of M0 and M10 are shown in Figure 4a. The characteristic
peaks of PES are observed at 1149, 1240, 1294, 1484, and 1577 cm™, corresponding to sym-
metric S=0O, C-O-C, asymmetric S=O stretching vibrations, and aromatic C=C stretching,
respectively. Additionally, -C=O and ~OH peaks are observed in both ATR-FTIR spectra
due to residual PVP in the membrane [46,47]. The -C=0O and —OH peak intensities of M10
increase because of the blended FCNT. The surface chemical composition of the M0 and
M10 membranes was determined using XPS (Figure 4b). Compared to M0, M10 exhibits
a higher oxygen content owing to the blended FCNT in the membrane. However, the sul-
fur content decreased. Through ATR-FTIR and XPS analyses of M0 and M10, we can con-
firm that FCNT were successfully blended in the HF membrane.

(a) (b)
”

— M10 Element (at.%)

——Mo v 0-C-0 co c 0 s
- e v M10 733 220 47
3 —
o »O-H 5 MO 732 212 56
~ v C=0 o
3 —~—
c A é‘ Cis
g 0 O1s
e c
o o M10 S2p
] £
o £
<

| Mo '
wx
v S$=0 'k
4000 3600 3200 2800 1600 1200 800 700 600 500 400 300 200 100 0
Wavenumber (cm™) Binding energy (eV)

Figure 4. Chemical properties of PES and FCNT/PES nanocomposite HF membranes. (a) ATR-FTIR
spectra. (b) XPS spectra.

3.2.3. Physical Properties

The pore properties of the fabricated PES HF membranes are shown in Figure 5a,b.
The surface mean pore diameter increased from 9.8 to 12.0 nm as the FCNT concentration
increased from 0 to 1 wt%. This is because as the FCNT concentration increases, the de-
mixing rate increases during phase inversion, resulting in an increase in pore size
[6,11,40]. However, with a further increase in the FCNT from 1 to 2 wt%, aggregation of
FCNT in the membrane becomes the main reason for decreasing pore size [11,17,42].
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Figure 5. Physical properties of PES and FCNT/PES nanocomposite HF membranes. (a) Mean pore
diameter. (b) Surface (blue) and overall (red) porosity. (c) Water contact angle.

The effect of FCNT blending on the hydrophilicity of the membrane surface was in-
vestigated. Hydrophilicity was determined by water contact angle measurements. Typi-
cally, a lower water contact angle implies higher hydrophilicity, and a more hydrophilic
membrane surface exhibits better filtration and antifouling performance [1,44,48]. As
shown in Figure 5c, the water contact angle decreases from 70.2° to 46.6° as the blended
FCNT concentration increases from 0 to 1 wt%. However, when the blended FCNT con-
centration increases over 1 wt%, the water contact angle increases from 46.6° to 62.5° ow-
ing to aggregation of the FCNT, which is consistent with the microstructure analysis re-
sults in Section 3.2.1. The water contact angle measurements confirm that the blended
FCNT enhance the hydrophilicity of the membrane surface. An explanation for this result
is that the blended FCNT spontaneously migrate to the membrane surface during the
phase inversion process, resulting in hydrophilic carboxyl groups on the FCNT surface,
which increase the hydrophilicity of the membrane surface [1,17,35,38].

3.3. Filtration and Antifouling Performance of PES and FCNT/PES Nanocomposite HF
Membranes

3.3.1. Filtration Performance

As shown in Figure 6a, the pure water flux and permeance of the FCNT/PES nano-
composite HF membrane were significantly higher than those of the pristine PES HF
membrane (MO0). The pure water flux and permeance of M0 were 440.4 LMH and 110.1
LMH/bar, respectively, while those for the M10 were 777.3 LHM and 194.3 LMH/bar, re-
spectively. This enhancement is attributed to the increased pore size and porosity, as well
as the enhanced hydrophilicity of the membrane [6,17,42].

(b)
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Figure 6. Filtration performance of PES and FCNT/PES nanocomposite HF membranes. (a) Pure
water flux (blue) and permeance (red). (b) HA rejection.
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The rejection performance of the fabricated HF membranes was evaluated using HA
solutions (100 and 500 ppm) as feed solutions. As shown in Figure 6b, the rejection per-
formance using 100 ppm HA solution as a feed solution was 98.6, 97.0, 98.3, and 98.1% for
the M0, M5, M10, and M20, respectively. Using a 500 ppm HA solution as the feed solu-
tion, all membranes exhibited a slightly higher rejection value of over 99.0%. When a
higher concentration of HA solution is used as a feed, more HA molecules are deposited
on the membrane surface, resulting in increased steric hindrance and increased repulsion
forces by increasing the negative charge on the membrane surface [49,50]. After filtration
using M10, the HA solution became clear and transparent (insert of Figure 6b). The
FCNT/PES nanocomposite HF membranes did not sacrifice any rejection performance,
even though the water permeance was higher than that of the pristine PES HF membrane.
This is due to the improved hydrophilicity and negative charge of the membrane surface
containing FCNT, resulting in HA being more effectively repelled from the membrane
surface [6,45,48].

3.3.2. Antifouling Performance

Based on the filtration performance of the fabricated HF membranes, M10 was se-
lected to investigate the antifouling performance and MO was used as the control mem-
brane. As shown in Figure 7a, the selected membranes were tested using DI water and a
500 ppm HA solution. After replacing the HA solution as a feed solution, both M0 and
M10 exhibited an immediate water permeance decline from 114.7 to 105.0 LMH/bar and
from 189.0 to 165.5 LMH/bar, respectively, due to the deposition and adsorption of HA
on the membrane surface. Subsequently, the water permeance of both membranes contin-
uously decreased to 101.5 and 156.5 LMH/bar for MO and M10, respectively, during HA
solution filtration. Although the water permeance decreased, the permeance of M10 was
still higher than that of M0, owing to its large pore size, high porosity, and hydrophilicity.
After cleaning, the water permeance value of M10 was close to the initial value, whereas
the water permeance of M0 hardly recovered. In addition, the normalized water perme-
ance, FRR, and resistance profiles (i.e., Rt, Rm, Rr, and Rir) were calculated from the HA
filtration test results to investigate the fouling behavior and antifouling properties. As
shown in Figure 7b, the normalized water permeance clearly shows a change in perme-
ance behavior compared to the initial water permeance of each membrane during the foul-
ing test. After replacing the HA solution, M10 exhibited a higher normalized water per-
meance reduction than MO. This is because the larger pore size, higher porosity, and
rougher surface of the membrane indicate a higher fouling tendency [1,51]. However, the
FRR of M10 was higher than that of M0O. As shown in Figure 7c, the FRR values are 89.0
and 95.4% for MO and M10, respectively. Figure 7d shows the resistance profiles of the
membrane and fouling layer. M0 has a higher Rm than M10 because of its smaller pore
size, lower porosity, and hydrophilicity. The resistance of the fouling layer on M0 mainly
consists of Rir, whereas the resistance of the fouling layer on M10 mainly consists of Rr.
The hydrophilic membrane surface forms a hydration layer on the membrane surface ow-
ing to the blended FCNT, which diminishes the adhesion force between the HA and mem-
brane surface, resulting in the fouling layer being washed easily from the membrane sur-
face by the cleaning process [6,11,42,52,53].
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Figure 7. Antifouling properties of PES and FCNT/PES nanocomposite HF membranes. (a) Water
permeance as a function of time. (b) Normalized water permeance as a function of time (P/Po: water
permeance relative to the initial water permeance). (¢) Flux recovery ratio. (d) Resistance profiles.

The FCNT/PES nanocomposite HF membrane exhibited a higher filtration and anti-
fouling performance than the pristine PES HF membrane. As illustrated in Figure 8, the
blended FCNT increase surface pore size and porosity and increase the hydrophilicity of
the membrane, resulting in the formation of a thin hydration layer on the membrane sur-
face. Additionally, the FCNT on the membrane surface increase the negative charge den-
sity on the membrane surface. The resulting water permeance and antifouling properties
are thus improved without sacrificing rejection performance.

PES HF FCNT/PES nanocomposite HF
HA solution HA solution
%
T
Hydration layer
L J e @ L ] eoe L
FCNT
Clean water Clean water

Figure 8. Schematic illustration of filtration and antifouling mechanisms of PES and FCNT/PES
nanocomposite HF membranes.

4. Conclusions

In this study, we developed a high filtration and antifouling PES HF membrane for
the UF process by blending FCNT into the membrane. The FCNT were prepared by acid
functionalization of pristine CNT to increase their hydrophilicity, dispersibility, and sta-
bility. An FCNT/PES nanocomposite HF membrane was fabricated via a dry-jet wet



Membranes 2023, 13, 70 12 of 14

spinning process. The FCNT/PES nanocomposite HF membrane exhibited a larger surface
pore size, and increased surface porosity and hydrophilicity than the pristine PES HF
membrane. As a result, the water performance increased from 110.1 to 194.3 LMH/bar
without sacrificing any rejection performance. Additionally, the FCNT/PES nanocompo-
site HF membrane exhibited an excellent FRR value of 95.4%, which increased from 89.0%
in the pristine PES HF membrane. The results of this study validated that FCNT blending
in a PES HF membrane can improve the filtration and antifouling performance of the
membrane. This study provides a feasible strategy for the development of high perfor-
mance and antifouling PES HF membranes for the UF process.

Author Contributions: Conceptualization, E.Y. and H.C.; methodology, E.Y., S.P., YK, N.Y., and
H.C,; formal analysis, E.Y., S.P., YK, N.Y,, and H.C,; investigation, E.Y., S.P., Y.K, N.Y., and H.C,;
validation, E.Y. and H.C; writing—original draft, E.Y. and H.C.; writing —review and editing, E.Y.,
S.P., YK, N.Y,, and H.C,; funding acquisition, H.C.; supervision H.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
(No. 2020R1A2C2010808) and by the Climate Change Impact Minimization Technology Develop-
ment program (No. 2020M3H5A1081105) of the NRF, both funded by the Ministry of Science and
ICT (MSIT).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Son, M.; Kim, H,; Jung, J.; Jo, S.; Choi, H. Influence of extreme concentrations of hydrophilic pore-former on reinforced polyeth-
ersulfone ultrafiltration membranes for reduction of humic acid fouling. Chemosphere 2017, 179, 194-201.

2. Yanar, N; Liang, Y.; Yang, E.; Park, H.; Son, M.; Choi, H. Electrically Polarized Graphene-Blended Spacers for Organic Fouling
Reduction in Forward Osmosis. Membranes 2021, 11, 36.

3. Wu, M,; Xiang, B.; Mu, P.; Li, J. Janus nanofibrous membrane with special micro-nanostructure for highly efficient separation
of oil-water emulsion. Sep. Purif. Technol. 2022, 297, 121532.

4. Niu, Z.; Luo, W.; Mu, P.; Li, J. Nanoconfined CO2-philic ionic liquid in laminated g-C3N4 membrane for the highly efficient
separation of CO2. Sep. Purif. Technol. 2022, 297, 121513.

5. Loo, S.-L,; Fane, A,; Krantz, W.; Lim, T.-T. Emergency water supply: A review of potential technologies and selection criteria.
Water Res. 2012, 46, 3125-3151.

6. Park, S; Yang, E.; Park, H.; Choi, H. Fabrication of functionalized halloysite nanotube blended ultrafiltration membranes for
high flux and fouling resistance. Environ. Eng. Res. 2019, 25, 771-778.

7. Peng, N.; Widjojo, N.; Sukitpaneenit, P.; Teoh, M.; Lipscomb, G.; Chung, T.-S.; Lai, J.-Y. Evolution of polymeric hollow fibers as
sustainable technologies: Past, present, and future. Prog. Polym. Sci. 2012, 37, 1401-1424.

8.  Huang, Y.; Xiao, C.; Huang, Q.; Liu, H.; Zhao, ]. Progress on polymeric hollow fiber membrane preparation technique from the
perspective of green and sustainable development. Chem. Eng. J. 2021, 403, 126295.

9. Xu, Z.-L,; Qusay, F. Polyethersulfone (PES) hollow fiber ultrafiltration membranes prepared by PES/non-solvent/NMP solution.
J. Membr. Sci. 2004, 233, 101-111.

10. Qin, J.-J.; Oo, M;; Li, Y. Development of high flux polyethersulfone hollow fiber ultrafiltration membranes from a low critical
solution temperature dope via hypochlorite treatment. J. Membr. Sci. 2005, 247, 137-142.

11. Kang, Y.; Obaid, M,; Jang, J.; Ham, M.-H.; Kim, I. Novel sulfonated graphene oxide incorporated polysulfone nanocomposite
membranes for enhanced-performance in ultrafiltration process. Chemosphere 2018, 207, 581-589.

12. Ying, Y,; Ying, W,; Li, Q.; Meng, D.; Ren, G.; Yan, R.; Peng, X. Recent advances of nanomaterial-based membrane for water
purification. Appl. Mater. Today 2017, 7, 144-158.

13. Qu, X,; Alvarez, P.; Li, Q. Applications of nanotechnology in water and wastewater treatment. Water Res. 2013, 47, 3931-3946.

14. Xiang, B.; Sun, Q.; Zhong, Q.; Mu, P.; Li, ]J. Current research situation and future prospect of superwetting smart oil/water
separation materials. |. Mater. Chem. A 2022, 10, 20190-20217.

15.  Yin, J.; Deng, B. Polymer-matrix nanocomposite membranes for water treatment. J. Membr. Sci. 2015, 479, 256-275.

16. Bassyouni, M.; Abdel-Aziz, M.; Zoromba, M.; Abdel-Hamid, S.; Drioli, E. A review of polymeric nanocomposite membranes
for water purification. . Ind. Eng. Chem. 2019, 73, 19-46.

17.  Celik, E.; Park, H.; Choi, H.; Choi, H. Carbon nanotube blended polyethersulfone membranes for fouling control in water treat-

ment. Water Res. 2011, 45, 274-282.



Membranes 2023, 13, 70 13 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Sianipar, M.; Kim, S.; Iskandar, F.; Wenten, I. Functionalized carbon nanotube (CNT) membrane: Progress and challenges. RSC
Adv. 2017, 7, 51175-51198.

Al-Maliki, R.; Alsalhy, Q.; Al-Jubouri, S.; Salih, I.; AbdulRazak, A.; Shehab, M.; Németh, Z.; Hernadi, K. Classification of Nano-
materials and the Effect of Graphene Oxide (GO) and Recently Developed Nanoparticles on the Ultrafiltration Membrane and
Their Applications: A Review. Membranes 2022, 12, 1043.

Subtil, E.; Ragio, R.; Lemos, H.; Scaratti, G.; Garcia, J.; Le-Clech, P. Direct membrane filtration (DMF) of municipal wastewater
by mixed matrix membranes (MMMs) filled with graphene oxide (GO): Towards a circular sanitation model. Chem. Eng. ]. 2022,
441, 136004.

Feng, H.; Liy, J.; Mu, Y.; Lu, N.; Zhang, S.; Zhang, M.; Luan, J.; Wang, G. Hybrid ultrafiltration membranes based on PES and
MOFs@ carbon quantum dots for improving anti-fouling performance. Sep. Purif. Technol. 2021, 266, 118586.

Zhang, B.; Wang, W.; Zhu, L.; Li, N; Chen, X; Tian, J.; Zhang, X. Simultaneously enhanced permeability and anti-fouling per-
formance of polyethersulfone ultrafiltration membranes by structural control and mixed carbon quantum dots. J. Membr. Sci.
2022, 641, 119931.

Patala, R.; Nyoni, H.; Mamba, B.; Liu, D.; Gui, J.; Kuvarega, A. In situ generated silver nanoparticles embedded in polyether-
sulfone nanostructured membranes (Ag/PES) for antimicrobial decontamination of water. ]. Chem. Technol. Biotechnol. 2021, 96,
3185-3195.

Patala, R.; Mahlangu, O.; Nyoni, H.; Mamba, B.; Kuvarega, A. In Situ Generation of Fouling Resistant Ag/Pd Modified PES
Membranes for Treatment of Pharmaceutical Wastewater. Membranes 2022, 12, 762.

Abriyanto, H.; Susanto, H.; Maharani, T.; Filardli, A.; Desiriani, R.; Aryanti, N. Synergistic Effect of Chitosan and Metal Oxide
Additives on Improving the Organic and Biofouling Resistance of Polyethersulfone Ultrafiltration Membranes. ACS Omega
2022, 7, 46066—46078.

Razmjou, A.; Resosudarmo, A.; Holmes, R.; Li, H.; Mansouri, J.; Chen, V. The effect of modified TiO2 nanoparticles on the
polyethersulfone ultrafiltration hollow fiber membranes. Desalination 2012, 287, 271-280.

Alfalahy, H.; Al-Jubouri, S. Preparation and application of polyethersulfone ultrafiltration membrane incorporating NaX zeolite
for lead ions removal from aqueous solutions. Desalin. Water Treat 2022, 3, 28-56.

Wang, T.-X,; Chen, S.-R.; Wang, T.; Wu, L.-G.; Wang, Y.-X. PES mixed-matrix ultrafiltration membranes incorporating ZIF-8
and poly (ionic liquid) by microemulsion synthetic with flux and antifouling properties. Appl. Surf. Sci. 2022, 576, 151815.
Johari, N.; Yusof, N.; Lau, W.; Abdullah, N.; Salleh, W.; Jaafar, ]J.; Aziz, F.; Ismail, A. Polyethersulfone ultrafiltration membrane
incorporated with ferric-based metal-organic framework for textile wastewater treatment. Sep. Purif. Technol. 2021, 270, 118819.
Al-Shaeli, M.; Smith, S.; Jiang, S.; Wang, H.; Zhang, K.; Ladewig, B. Long-term stable metal organic framework (MOF) based
mixed matrix membranes for ultrafiltration. J. Membr. Sci. 2021, 635, 119339.

Orooji, Y.; Faghih, M.; Razmjou, A.; Hou, ].; Moazzam, P.; Emami, N.; Aghababaie, M.; Nourisfa, F.; Chen, V.; Jin, W. Nanostruc-
tured mesoporous carbon polyethersulfone composite ultrafiltration membrane with significantly low protein adsorption and
bacterial adhesion. Carbon 2017, 111, 689-704.

Son, M.; Choi, H.-G.; Liu, L.; Celik, E.; Park, H.; Choi, H. Efficacy of carbon nanotube positioning in the polyethersulfone support
layer on the performance of thin-film composite membrane for desalination. Chem. Eng. |. 2015, 266, 376-384.

Lim, Y.; Goh, K; Lai, G.; Zhao, Y.; Torres, ].; Wang, R. Unraveling the role of support membrane chemistry and pore properties
on the formation of thin-film composite polyamide membranes. J. Membr. Sci. 2021, 640, 119805.

Masselin, I.; Durand-Bourlier, L.; Laine, J.-M.; Sizaret, P.-Y.; Chasseray, X.; Lemordant, D. Membrane characterization using
microscopic image analysis. J. Membr. Sci. 2001, 186, 85-96.

Yin, J.; Zhu, G.; Deng, B. Multi-walled carbon nanotubes (MWNTs)/polysulfone (PSU) mixed matrix hollow fiber membranes
for enhanced water treatment. |. Membr. Sci. 2013, 437, 237-248.

Chinh, V.D.; Speranza, G.; Migliaresi, C.; Van Chuc, N.; Tan, V.M.; Phuong, N.-T. Synthesis of gold nanoparticles decorated
with multiwalled carbon nanotubes (Au-MWCNTs) via cysteaminium chloride functionalization. Sci. Rep. 2019, 9, 1-9.

Chao, M,; Li, Y.; Wu, G.; Zhou, Z; Yan, L. Functionalized multiwalled carbon nanotube-reinforced polyimide composite films
with enhanced mechanical and thermal properties. Int. J. Polym. Sci. 2019, 2019, 9302803.

Zhang, X.; Lang, W.-Z,; Xu, H.-P,; Yan, X.; Guo, Y.-J.; Chu, L.-F. Improved performances of PVDF/PESA/O-MWNTs hollow
fiber membranes and the synergism effects of two additives. |. Membr. Sci. 2014, 469, 458-470.

Wan, C,; Yang, T.; Gai, W.; De Lee, Y.; Chung, T.-S. Thin-film composite hollow fiber membrane with inorganic salt additives
for high mechanical strength and high power density for pressure-retarded osmosis. J. Membr. Sci. 2018, 555, 388-397.

Yang, G.; Zhang, Z.; Yin, C.; Shi, X.; Wang, Y. Boosting the permeation of ultrafiltration membranes by covalent organic frame-
works nanofillers: Nanofibers doing better than nanoparticles. . Membr. Sci. 2022, 661, 120944.

Cheng, Z,; Li, X; Feng, Y.; Wan, C.; Chung, T.-S. Tuning water content in polymer dopes to boost the performance of outer-
selective thin-film composite (TFC) hollow fiber membranes for osmotic power generation. J. Membr. Sci. 2017, 524, 97-107.
Kim, Y.; Yang, E.; Park, H.; Choi, H. Anti-biofouling effect of a thin film nanocomposite membrane with a functionalized-car-
bon-nanotube-blended polymeric support for the pressure-retarded osmosis process. RSC Adv. 2020, 10, 5697-5703.

Roshani, R.; Ardeshiri, F.; Peyravi, M.; Jahanshahi, M. Highly permeable PVDF membrane with PS/ZnO nanocomposite incor-
porated for distillation process. RSC Adv. 2018, 8, 23499-23515.

Alkhouzaam, A.; Qiblawey, H. Novel polysulfone ultrafiltration membranes incorporating polydopamine functionalized gra-
phene oxide with enhanced flux and fouling resistance. ]. Membr. Sci. 2021, 620, 118900.



Membranes 2023, 13, 70 14 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zhang, J.; Xu, Z.; Mai, W.; Min, C.; Zhou, B.; Shan, M,; Li, Y.; Yang, C.; Wang, Z.; Qian, X. Improved hydrophilicity, permeability,
antifouling and mechanical performance of PVDF composite ultrafiltration membranes tailored by oxidized low-dimensional
carbon nanomaterials. ]. Mater. Chem. A 2013, 1, 3101-3111.

Moarefian, A.; Golestani, H.; Bahmanpour, H. Removal of amoxicillin from wastewater by self-made Polyethersulfone mem-
brane using nanofiltration. J. Environ. Health Sci. Eng. 2014, 12, 1-10.

Misdan, N.; Lau, W.; Ismail, A.; Matsuura, T.; Rana, D. Study on the thin film composite poly (piperazine-amide) nanofiltration
membrane: Impacts of physicochemical properties of substrate on interfacial polymerization formation. Desalination 2014, 344,
198-205.

Kong, S.; Lim, M.-Y.; Shin, H.; Baik, J.-H.; Lee, J.-C. High-flux and antifouling polyethersulfone nanocomposite membranes
incorporated with zwitterion-functionalized graphene oxide for ultrafiltration applications. J. Ind. Eng. Chem. 2020, 84, 131-140.
Tang, C.; Kwon, Y.-N.; Leckie, J. Fouling of reverse osmosis and nanofiltration membranes by humic acid —Effects of solution
composition and hydrodynamic conditions. J. Membr. Sci. 2007, 290, 86-94.

Zazouli, M.; Naseri, S.; Mahvi, A.; Gholami, M.; Mesdaghinia, A.; Younesian, M. Retention of humic acid from water by nano-
filtration membrane and influence of solution chemistry on membrane performance. Iran. J. Environ. Health Sci. Eng. 2008, 5, 11—
18.

Tian, M.; Wang, R.; Goto, A.; Mao, W.; Miyoshi, Y.; Mizoguchi, H. Performance enhancement of ultrafiltration membrane via
simple deposition of polymer-based modifiers. |. Water Process Eng. 2020, 33, 101034.

Alkhouzaam, A.; Qiblawey, H. Synergetic effects of dodecylamine-functionalized graphene oxide nanoparticles on antifouling
and antibacterial properties of polysulfone ultrafiltration membranes. J. Water Process Eng. 2021, 42, 102120.

Al-Timimi, D.; Alsalhy, Q.; AbdulRazak, A.; Drioli, E. Novel polyether sulfone/polyethylenimine grafted nano-silica nanocom-
posite membranes: Interaction mechanism and ultrafiltration performance. J. Membr. Sci. 2022, 659, 120784.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(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.



