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ABSTRACT

Tight ultrafiltration (TUF) membrane as a kind of ultrafiltration membrane has great promising
applications in wastewater treatment and molecule separation. We report a facile and scalable tech-
nique for the fabrication of mixed matrix TUF membrane by physical blending of two-dimensional
(2D) molybdenum disulfide (MoS,) with polyethersulfone dope solution. The incorporated MoS,
sheets affected the phase inversion process and changed the membrane structure. Morphology,
molecular weight cut-off, hydrophilicity, and mechanical strength properties of the prepared mem-
branes were investigated. The characterization by field emission scanning electron microscopy con-
firmed that MoS, sheets were successfully embedded in the membranes and transmission electron
microscopy confirmed the well-distribution of MoS, in the membrane matrix. Results demonstrated
that the pore size of membranes was effectively tailored by varying the content of MoS, from 0 to
5.0 wt.% in casting solutions. The modified TUF membranes with MoS, concentration in the range
of 2.5-4.0 wt.% showed an enhanced pure water flux and higher polyethylene glycol (PEG, 10 kDa)
rejection compared to the pristine membrane. An optimized pure water flux of 84.7 L m= h bar™
and a superior PEG 10 kDa rejection of 95.2% were obtained for the membrane modified by MoS,
sheets with a concentration of 3.0 wt.%. Moreover, the as-prepared TUF membrane showed 91.6%
rejection rate for a small molecule (rose bengal, 1,017 g mol™), indicating their narrow pore size.
This work has highlighted the facile physical blending of MoS, and polymeric dope solution, thus
providing a promising application for other polymeric ultrafiltration membranes.

Keywords: Tight ultrafiltration membrane; Molybdenum disulfide; Two-dimensional nanomaterial;
Polyethersulfone

1. Introduction

Ultrafiltration membrane (UF) has been extensively
applied for separation and product recycling such as pro-
tein, fruit juice, and oil-water [1]. However, the pore sizes of
most of UF membranes are approximately between 10 and
100 nm, which results to the ineffective removal of pollut-
ants with a size smaller than 10 nm such as organic micropo-
llutants (including dyes, antibiotics, pesticides, and natural
organic matter (NOM)) [2,3]. To overcome this limitation,
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tight ultrafiltration (TUF) membranes with a smaller pore
size (approximately molecular weight cut-off (MWCO)
1,000-10,000 Da) has been proposed in recent studies [4,5].
Several works have been conducted to examine the feasibil-
ity of TUF membranes for the treatment of various organic
waste and wastewater such as landfill leachate [6], food
waste [7,8], textile wastewater, and dye/salt liquids wastes
[9]. However, compared to ordinary UF membranes, the
water flux of current TUF membranes is relatively low,
which leads to higher energy consumption in the separation
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process [10]. The performance of UF membranes is usually
determined by the pore size of membranes. Therefore, it is
critical to explore the strategies for fine-tuning the pore size
to enhancing the permeability of TUF membranes without
compromising the rejection property.

Polyethersulfone (PES) has excellent thermal stability
(Tg = ~225°C), high mechanical behavior, and good chemical
resistance. It is one of the most common polymer materi-
als for the preparation of UF membranes [11-13]. In order
to prolong the membrane life and reduce the manufactur-
ing costs, modification methods such as blending, surface
modification, and bulk modification are used to improve
permeability, selectivity, and antifouling of the membrane
[14]. Usually, the blending technique is relatively simple
to operate and only requires mild preparation conditions
[15]. Blending with inorganic nanomaterials to fabricate
a mixed matrix membrane was one of the effective meth-
ods used in improving the membrane performance [16,17].
This improvement can be attributed to the two following
effects, first, incorporating an inorganic ingredient into
a polymer matrix to form a new material having expect-
edly the best properties of each material. Another reason is
that the presence of nanoparticles in dope solutions affect
thermodynamically and rheologically, change the phase
transition mechanism when preparing a nanocomposite
membrane by phase inversion method [18]. A variety of
nanomaterials have been introduced into PES matrix to pre-
pare high-performance new membrane, such as silver [19],
carbon nanotube [20], TiO, [21,22], GO [23,24], and so on.

Molybdenum disulfide (MoS,) is one type of 2D materi-
als, which is one of the most studied transition metal dichal-
cogenides (TMDCs) [25]. A single-layer MoS, has a thickness
of ~1.0 nm, and has a sandwich-like structure consisting of
two atomic planes of S and one atomic plane of Mo. The
existing nanopores and interlayer channels, potentially
create transport channels for gas or water molecules. MoS,
membranes have been applied for H,/CO, separation [26],
desalination [27-29], and dye removal [30]. It was recently
reported that the water flux performance of MoS, porous
membranes performs better than the graphene nanopore
membranes recording up to 70% efficiency [27]. However,
membrane fabricated by MoS, faces several challenges
during industrial production. For example, current MoS,
membranes are usually prepared by using single-layered or
few-layered MoS,, which requires complex chemical mod-
ification process or high-energy exfoliation. Moreover, the
membrane size of MoS, membranes is also limited [31].
Doping commercial MoS, nanoparticles in a casting poly-
mer solution and synthesizing the membrane through phase
inversion provides a new strategy for utilizing MoS, in
polymeric membranes. Compared to the complicated chem-
ical functionalization or time-consuming pre-treatment for
MoS, membranes, physical blending by commercial MoS,
was considered to be more reliable and suitable for scale
due to its simplicity, green, and low cost [32,33].

Herein, a series of PES/MoS, mixed matrix TUF
membranes with MWCO less than 10 kDa were prepared
and investigations were carried out by fine-tuning the
membrane pore sizes using varying concentrations of com-
mercial MoS,. Meanwhile, for the first time, we investigated
the influence of the amount of MoS, sheets on the structure

of the TUF membranes. By optimizing the loading of MoS,,
both the pure water flux and the rejection performance of
TUF membranes were significantly enhanced, implying a
potential breakthrough for the trade-off between the per-
meability and selectivity property of membranes. Moreover,
the recorded water flux of PES/MoS, TUF membranes in this
study was higher than TUF membranes with similar MWCO
in other studies. Thus, this work introduces a facile and
scalable method to fabricate PES/MoS, mixed matrix TUF
membranes, which can perform well in continuous or batch
operation, and entirely suitable for industrial application.

2. Experimental
2.1. Materials

Commercial PES (Ultrason E6020P, Mn = 52,000 g/mol)
was purchased from BASF, Germany. Before use, PES was
dried overnight in a 105°C vacuum oven. MoS, (99.5% met-
als basis, <2 um, Aladdin, China), N,N-dimethylacetamide
(DMAc) was bought from Shanghai Jinshan Jingwei
Chemical Co., Ltd., (China). Polyvinylpyrrolidone (PVP
K30), polyethylene glycol (PEG, 2,000; 4,000; 6,000; 8,000; and
10,000 Da), rose bengal (MW1017.64 Da) and direct red 80
(1373.07 Da) were acquired from Sigma Aldrich (Germany).
Deionized (DI) water was used in all experiments.

2.2. Preparation of membranes

The casting solutions were prepared according to the
compositions given in Table 1. Different concentrations of
dry MoS, were added to the DMAc solution and sonicated
for 4 h to make it well-dispersed. Then PVP and PES were
dissolved in the solvent and stirred at 60°C until a uniform
casting solution was obtained. The casting solution was kept
in an oven at 60°C overnight to completely remove air bub-
bles. To fabricate the membrane, the casting solution was
dripped on a piece of non-woven fabric and was cast using
a casting knife gap setting of 200 um at ambient tempera-
ture. After casting, the non-woven fabric was immersed
into a DI water bath immediately. Finally, the prepared
membrane was transferred into fresh pure water for 24 h to
remove residuals then stored in DI water before using.

2.3. Membrane characterization

To verify the existence of MoS, in the PES/MoS, mem-
branes, surface enhanced Raman scattering spectra were
acquired using a Lab-RAM Aramis (HORIBA Jobin Yvon)
confocal micro-Raman system. X-ray diffraction (XRD)
patterns of the prepared samples were measured using
X'Pert PRO at a scanning rate of 10°min™ in the range of
10°-70°. The structures of surface and cross-section of
membranes were observed by field emission scanning
electron microscopy (FE-SEM, HITACHIS-4800, Hitachi,
Japan) at an acceleration voltage of 5.0 kV at various mag-
nifications. Before FE-SEM observation, membrane sam-
ples were sputtered with gold. A further observation of the
cross-sections of membranes was obtained by transmission
electron microscopy (TEM, H-7650, Hitachi, Japan) analyz-
ing. Membrane samples were dried, and then placed in a
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Table 1
Blend composition of mixed matrix PES/MOS2 membranes

Membrane PES (wt.%) PVP (wt.%) DMACc (wt.%) MoS, (wt.%) Viscosity (mpas)

MO 23.0 16.0 61.0 0.0 74,000 +173.21

M1 23.0 16.0 59.0 2.0 93,133.33 + 152.75

M2 23.0 16.0 58.5 25 102,400 + 624.50

M3 23.0 16.0 58.0 3.0 115,200 + 624.50

M4 23.0 16.0 57.0 4.0 113,366.67 + 776.75

M5 23.0 16.0 56.0 5.0 126,800 + 692.82
spur resin for 36 h at 35°C. Samples were transferred to flat 7 _o ., 3)

embedding molds filled with fresh resin and polymerized
for 24 h at 70°C. Leica UC7 ultra-thin slicer was used to cut
the samples into 100 um ultrathin sections, and then dried
the slices. Images were obtained with a TEM [34] and ana-
lyzed with the software Image J to determine the distribu-
tion of MoS, in membranes [35]. The surface roughness of
membranes was determined with atomic force microscopy
(AFM, Bruker-Dimension Edge, USA). The hydrophilic-
ity of the membranes was measured using a contact angle
goniometer (CA, DSA100, KRUSS, Germany). Average
contact angle values were obtained by measuring each
sample at three different locations. The mechanical prop-
erty of prepared membranes was evaluated by using tensile
testing equipment (NTS, LRK-500N). The membrane was
initially fixed at a distance of 55 mm with grips, and then
the movable crosshead with a 500 N load cell was used to
pull the membrane at a constant rate of 100 mm min™ until
the membrane was broken.

2.4. Evaluation of membrane properties

The MWCO, the pore size, and pore size distribution of
TUF membrane were tested by filtrating different molecu-
lar weights of PEG (2,000; 4,000; 6,000; 8,000; and 10,000 Da).
The test was performed using a dead-end filtration cell
(Model 8010, Millipore Corp., USA) at room temperature
(25°C + 1°C). An effective membrane area of 4.1 cm? was
used for the filtration process at 0.1 MPa and 1.0 g L' PEG
solution was used as the feed liquid. The concentration of
the feed and permeate solution was tested by a total organic
carbon analyzer (TOC, TOC-LCSH, Shimadzu, Japan),
respectively [36]. The MWCO of the membranes was defined
using the different PEG retained at 90% [37]. The PEG
rejection was calculated using Eq. (1):

C
R(%):{1—”Jxloo (1)
Cf
where C is the concentration of the permeate solution and
C.is concentrated concentration of the separation solutions.
It has been reported that the mean effective pore size (pp)
of the membrane equals to the stokes diameter (d ) of PEG at
50% rejection, and the stokes diameter (d ) can be calculated
using Egs. (2) and (3) [38]:

r =16.73x107"2 x M%7 @)

PEG

where 7, is the stokes radius and MPEG is the molecular
weights of PEG.

To determine the pore size distribution, the geometric
mean diameter (i) and geometric standard deviation (0)
of the membrane was taken into consideration. The geomet—
ric mean diameter (u ) can be calculated as d_corresponding
to R = 50%, while the geometric standard deviation (0,) can
be determined from the ratio of d_ at R = 84.13% and' 50%.
By ignoring the dependence of solute separation on the ste-
ric and hydrodynamic interaction between solute and pore
sizes, the mean effective pore diameter (1) and the geometric
standard deviation (o ) of the membrane can be considered
to be the same as the value of pu and g, respectively. Hence,
the pore size distribution of the membrane can be mathe-
matically fitted by the following probability density function
[39,40]:

aR(4) 1 o (ind, ~Inp )’
dd, d, Incp\/ﬂ 2(1n0p )2

)

where d_is the pore size of the membrane.

The membrane porosity € (%) is defined as the ratio of
the volume of the pores to the total volume of the membrane,
which is determined by a gravimetric method [41]:

Ww —Wd Dw
(%):(ww(—wd)/nw)éw,/op

x100% )

where ¢ is the porosity of membranes (%), W is the wet
weight of the membrane (g), W, is the dry weight of the
membrane (g), D (0.998 g cm™) is the density of the water,
and D,037g cm™) is the density of polymer.

2.5. Filtration performance of membranes

The water flux was measured by the same dead-end fil-
tration system. Three membrane samples were prepressed
at 0.15 MPa for 30 min. After prepressing, the permeate
weight was recorded by an electronic balance at 0.1 MPa.
The permeate flux (J,) was calculated with Eq. (6):

AV

Jo= AN (6)
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where ], (L m™?h™) is the membrane flux, AV (L) is the volume
of permeated water, A (m?) is the membrane area, and At (h)
is the permeation time.

To investigate the long-term stability of TUF membrane,
the modified membrane M3 (3.0 wt.% MoS,) was tested
with DI water at a pressure of 1.0 bar for 20 h. Collect con-
centrated water and permeated water every two hours to
measure the concentration of the loss MoS,. Before that, the
MoS, was dispersed in water at a known concentration (0,
2.0, 4.0, 6.0, 8.0, 10, 12, and 20 mg L) to draw a standard
curve. The absorbance was measured by ultraviolet visible
(UV-vis) spectrophotometer (Spectra Max M2, Molecular).

To investigate the rejection property of TUF membranes,
varied feed solutions including PEG 10 kDa, rose bengal,
direct red 80, and dye solutions with different concentrations
(10, 50, and 100 mg L) were applied. The concentration of
dye was measured by UV-vis. The permeation flux (J) and
rejection (R) of the dye were calculated by Egs. (1) and (6),
respectively.

2.6. Anti-fouling performance measurement

The permeation flux of water and pollutants alternate
cycle was used to investigate the anti-fouling performance of
the membranes. The stable value of pure water flux (J ) was
recorded for 60 min. PEG 10 kDa (1.0 g L") and rose bengal
(50 mg L) solution were applied as feed solution for another
60 min, respectively. The permeation flux of the PEG 10 kDa
and rose bengal solution was recorded as (]pi)' The “i” was
the cycle time. Then, the filtrated membrane was immersed

in DI water and washed for 30 min. A new pure water flux of
this membrane was recorded as |, in another 60 min. It pre-
sented one filtration cycle has competed. The flux recovery
rate (FRR_ ), the total fouling rate (R,), the irreversible fouling
rate (R,,), and the reversible fouling rate (R ) were calculated
with Egs. (7)-(10), respectively.

i

R, % = [MJ x100

R, %= [wa 100 )
]wi
R % = [M]x 100 (10
Jwi

3. Results and discussion

The morphology of MoS, (after 4 h of sonication) and
MoS,/PES membranes were observed by TEM images
(Fig. 1). It could be observed from Figs. la—c that the MoS,
shows a distinct lamellar morphology and the lateral size of

.
MTTT:

500 nm

Size:454.6 nm

Intensity (%)

,|,| [
200 400 600 800 1000 1200 1400 1600 1800
Size (nm)

Fig. 1. TEM image of few-layer MoS, (a), lamellar morphology of MoS, (b), particle size distribution (c), cross-sectional TEM images
of the M3 membrane (d), cross-sectional TEM images of the M5 membrane (e), and TEM images of few-layer MoS, in PES/MoS,

membrane (f).
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MoS, was around 450 nm. Figs. 1d and f exhibit that MoS,
were successfully embedded and dispersed evenly in the
PES matrix of the M3 and M5 membranes. A high-resolution
TEM image (Fig. 1f) indicated that MoS, were bonded with
the polymer firmly. The loading of MoS, in the M3 and M5
membranes was roughly analyzed through Image J software
by comparing the area of MoS, and the total membrane area
shown in TEM images. Fig. 2 shows that the total loading
of MoS, in the M3 was 2.9% and in the M5 was 4.7%. In the
M3 membrane, MoS, in the top-section was 2.4%, the mid-
dle-section was 2.9%, and the bottom portion was 3.9%. In
the M5 membrane, the MoS, in the top-section accounted
for 7% and the loading in the middle portion was 2.9% and
in the bottom portion was accounted for 4.6%. The result
indicated that MoS, were more evenly distributed in the
M3 membrane. The MoS, tended to aggregate at excessive
loading. Fig. 2 shows the obvious sheet agglomeration in the
upper portion of the M5 membrane. Thus, the higher load-
ing was not desirable.

Raman spectra of MoS, powder, PES membranes, and
PES/MoS, membranes are depicted in Fig. 3a. In compari-
son with the MO membrane, three new characteristic peaks
appeared at 378, 402, and 452 cm™ on the curve of the M3
membrane, which were associated with the existence of
MoS, materials [42,43]. The crystallinity of the controlled
MO membrane and PES/MoS, membranes were character-
ized by XRD as shown in Fig. 3b. The peaks and high inten-
sity from XRD were associated with the crystallinity of the
material. All the membranes showed peaks in 20 at 17.6°,
22.6° and 25.9°, indicating the amorphous region of PES
[44]. Compared to the MO membrane, there were new peaks
in the PES/MoS, membrane (M3). Peaks at 14.3°, 29°, 39.6°,
44°, 49.8°, and 60.1° were associated with MoS, sheets, which
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can be assigned to (002), (004), (103), (104), (105), and (110)
planes, respectively [45,46]. These results revealed that MoS,
had been successfully blended in PES/MoS, membranes.
The morphology of membranes was investigated by
SEM asillustrated in Fig. 4. The influence of added MoS, on the
casting solution could be noticed with increasing concentra-
tion of MoS, on the photograph of the fabricated membranes.
During the phase inversion process, the MoS, migrated from
PES matrix to the water bath and exposed on the membrane
surface. By observing the top surface of membranes, it could
be found that the unmodified membrane had a smooth sur-
face. By adding MoS, into the casting solution, the surface
roughness of the M3 and M5 membranes increased which
was due to the existence of MoS, on the membrane surface.
The casting solution in this work contained 23 wt.% of
PES, 16 wt.% of PVP. The role of PVP in the as-prepared casting
solution was to adjust pore size and porosity. Although a
small amount of PVP is commonly used as pore-forming
agent in membrane fabrication, nevertheless, it has also been
reported that higher concentration of PVP can decrease the
macro-porosity of membranes [47,48]. Therefore, it could
be observed that the MO membrane was full of spongy-like
structures, which was not the case in PES/MoS, membranes.
The finger-like microvoids structures observed in PES/MoS,
membranes were due to the presence of MoS, in the cast-
ing solution. The phase inversion mechanism of thermo-
dynamics and rheology can be influenced by the presence
of nanoparticles in the casting solution. With the different
concentrations of nanoparticles, the phase inversion mech-
anism would be changed [49]. With the increase of MoS,
load, the spongy-like structures of the membrane become
denser, as shown in the enlarged view of the internal struc-
ture of the section. The commercial MoS, has a contact angle

Membrane Top-section Middle-section Bottom-section

M3 ! 2.9% 2.4% '- 2.9% [k n e 3.99
o : F | : ety : : 4
- ? et ' il

gl e % 1 gt 1y .
-
A
2pm -

M5 A
_-'_'_._

" -|. ] * L] s

|- LR 'L e 4 i ' Y ifl e -SETRLTE I o ik s "
Fam 2um x r : L, i - ]P- 2um ." y A i L 2pm t i ‘m2Um A W |

Fig. 2. With 8-bit format converted cross-sectional TEM images of the M3 and M5 membranes (Figs. 1d and e) and its equivalent
drawings for calculation of MoS, area fraction in the top, middle, and bottom of the membrane.
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Fig. 3. Raman spectra of MoS,, PES, and PES/MoS, membrane (a) and XRD patterns of PES membrane and PES/MoS, membrane (b).

Photograph

Top-surface

Cross-section

Fig. 4. SEM images of the surface and cross-sectional of PES and PES/MoS, Membranes.

of 80.2° + 2.3°, which belongs to hydrophilic additive. The
addition of MoS, increases the diffusion rate between sol-
vent and non-solvent, increases the phase separation veloc-
ity, thereby, promoting the formation of finger-like macro
voids in the sub-layer [50]. As shown in Fig. 4, the macro
voids of M3 were closer to the skin layer. However, when
containing a higher content of MoS, (5.0 wt.%), a relatively
serious aggregation of MoS, occurred in the polymer matrix
of the M5 membrane. The agglomeration of MoS, sheets
would block the pores and make the water flux reduced.

When the content of MoS, sheets was 5.0%, the high viscosity
delayed phase inversion, resulting in the dense membrane
and the macro voids move away from the dense skin layer.
The AFM was used for further analysis of mem-
brane surface roughness. The 3D images scanning area of
10 um x 10 pm are shown in Fig. 5. Result indicated that the
MO membrane displayed a smooth surface with an average
roughness (R ) value of 3.44 nm. However, the presence of
MoS, in PES/MoS, membranes created rougher surfaces,
and the roughness increased with the concentration of MoS,.
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10 um

Ra=3.44+0.25 nm

Fig. 5. AFM images of the M0, M3, and M5 membranes.

The increase of membrane surface roughness was consistent
with the observation of SEM. The increase of surface rough-
ness led to the increase of effective filtration area, which
could be good to improve permeation performance.

The water contact angle was measured to investigate
the hydrophilicity of as-prepared TUF membranes. The
contact angle of MoS, was 80.2° + 2.3° (77.7°-83.3°). When
blending with PES and PVP, MoS, changed the hydro-
philicity properties of the membrane. The control mem-
brane was approximately 58.5° + 2.1°as shown in Fig. 6a.
The CA values of the composite membranes rose gradu-
ally M1 = 71.8° + 0.8°, M2 = 75.1° + 2.0°, M3 = 78.3° + 1.3°,
M4 =79.3° + 1.4°, and M5 = 79.1° + 1.2° with the increase in
the concentration of MoS,.

Tensile strength and elongation at break were tested to
represent the mechanical strength properties of fabricated
membranes. It can be observed from Fig. 6b that the tensile
strength of the M0 membrane was 42.85 MPa and the elon-
gation at break was 8.17%. By blending 3.0 wt.% of MoS,,
the M3 membrane showed an increase in tensile strength
(56.32 MPa) and the elongation at break (10.55%). This result
confirmed that a moderate content of MoS, can improve the
mechanical strength of membranes, which was in line with

q 85
80 1 é é
é/ | —
& 754 §/
N /
5
27 MoS, 0-833°
S 654
S
8 60-
S 7 %
55
MO Ml M2 M3 M4 M5

Ra=27.65+2.76 nm

99

M5

10 um

10 um

Ra=36.40+1.27 nm

other studies about MoS, mixed matrix membranes [51].
In the mixed matrix membrane, MoS, sheets can be well
compounded with the PES matrix, which increased the
rigidity of polymeric chains and consequently improved the
mechanical strength of mixed matrix membranes. However,
the M5 membrane has lower tensile strength compared to
the M0 and M3 membranes which were potentially due
to the poor dispersibility of MoS, sheets in the M5 mem-
brane. As shown in Figs. 1e and 2 (M5) the relatively worse-
dispersive MoS, sheets in the M5 membrane potentially
caused the aggregation of sheets and created more defects in
the membrane. Moreover, cavities between the MoS, sheets
and the polymer matrix were relatively enlarged when the
concentration of MoS, increased to 5.0 wt.%, as shown in
Fig. 4. Therefore, the tensile properties of the hybrid mem-
brane were weakened. Another major reason for the reduced
tensile strength of the M5 membrane was associated with the
longer and wider finger-like structure in the membrane [52].

As shown in Fig. 7, the fabricated membranes exhib-
ited different MWCO, ranging from 8.69 to 9.77 kDa, which
indicated that these membranes were TUF membranes
[53]. The pore size of membranes was effectively tailored
between 3.45 and 3.87 nm by varying the content of the

oy

Tensile stress (MPa)

12

Strain (%)

Fig. 6. Pure water contact angles of PES and PES/MoS, membranes (a) (insert figure show contact angle of MoS,), stress-strain

behaviors of M3, and M5 membranes (b).
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Fig. 7. MWCO and pore size distribution (insert figure) of membranes.

two-dimensional (2D) MoS, (0-5.0 wt.%). In general, with
a decrease of MWCO, the pore radius declines. It can be
observed that the mean effective pore size (pp) and the
MWCO of the M1, M2, M3, and M4 membranes dropped
gradually when the concentration of fillers increased from
2.0% to 4.0 wt.% [54,55]. However, when compared to the
MO membrane, the M1 and M2 membranes had larger
pore sizes, while MWCO variation trends were different.
This is probably because in the MoS,/PES mixed matrix
membrane, the free volume cavities in polymer chains, the
organic-inorganic network structures, and the interlayer

galleries between MoS, produced the molecules transfer
channels [56]. When the content of MoS, was 2.0 wt.%,
the MoS, dispersed uniformly in the interior of the mem-
brane matrix, disturbed the PES chains, and increased
the free volume cavities. These transport channels were
more conducive to PEG molecules through the membrane.
When the content of MoS, was 2.5-4.0 wt.%, the MWCO
reduced from 9.77 kDa (M1) to 8.69 kDa (M4), the pore
size reduced from 3.87 nm (M1) to 3.45 nm (M4). These
are probably attributed to the compact organic-inorganic
network structures and the number of interlayer galleries
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increased (Fig. 4, M3). In addition, the presence of two dif-
ferent atoms, Mo and S, in MoS,, increasing the flexibility
of organic—inorganic network structures in the membrane
[57]. On the other hand, when the amount of MoS, sheet
was added, some of them form on the surface, MoS, stack in
a disordered manner and construct transfer channels [58].
By further increasing the amount of MoS, sheet in casting
solutions, the M5 membrane had a larger pore size and
higher MWCO compared to the M4 membrane. This might
be as a result of the aggregation of MoS, in the inner mem-
brane and membrane surface. Another influence of MoS,
on the structure of the membrane is the reduced porosity
of membranes. The porosity of the MO was 54.54% = 0.78%.
The porosity of the M1 membrane fell to 50.94% = 0.87%.
With the increase of MoS, loading, the porosity of the
membrane decreased gradually and the M5 membrane
showed that the porosity reduced up to 46.79% + 1.12%
with blending 5.0 wt.% MoS,.

The pure water flux and PEG 10 kDa rejection properties
of the fabricated TUF membranes were investigated, and
the results are displayed in Fig. 8. The pristine membrane
with MWCO of less than 10 kDa (pore size 3.58 nm) and a
high water flux (76.16 L m? h™) was prepared. Compared
to other solvents used for the preparation of similar mem-
branes, such as Alibakhshi et al. [59] reported that N-methyl
pyrrolidone (NMP) could be an appropriate solvent in
casting solution to achieve high water flux and BSA rejec-
tion. They prepared membrane pore size between 5 and
10 nm and the pure water flux was 1.16-14.65 L m? h™ bar™
when the PES content was between 16% and 24% [59].
In our formulas, 23 wt.% of PES and 16 wt.% of PVP dis-
solved in DMAc. Such excellent water and flux rejection
performance could be due to the two reasons, one is that
the average interdiffusion coefficient of DMAc-water sys-
tem is higher than that of NMP-water system. By increas-
ing the diffusion rate between solvent and non-solvent,
instant desorption can be achieved, thereby increasing the
porosity of the top and support layer [12]. Another is that
the high concentration of PVP increases the viscosity of the
casting solution resulting in the reduction of solvent and
non-solvent exchange rate and delayed demixing occurred.
Consequently, a membrane would be formed with less fin-
ger-like pore and lower mean pore size.

When the MoS, was introduced into the formula, the
pure water flux increased from 76.16 to 84.41 L m=2 h™! bar,

N
I
§90- ______ L 80 i;
gilline

Fig. 8. Pure water flux and PEG 10 kDa rejection of membranes.

while the PEG 10 kDa rejection decreased from 93.28% to
91.72%, which was the result of the increased pore size in
the M1 membrane. The increased pore size can be attributed
to the domination of thermodynamic features when the
content of MoS, was below an optimum concentration.
Compare to the M1, when the content of MoS, sheets was
2.5-5.0 wt.%, the water flux reduced, which was due to
the increased load of MoS,, the main viscosity effect in the
polymer solution was generated, resulting in dense, and
less porosity of the membrane. This can be due to the dom-
ination of rheological features [50]. When the concentration
of MoS, was between 2.5 and 4.0wt.%, the modified TUF
membranes showed 8.84% to 11.25% higher water flux than
the pristine membrane. Moreover, the modified membranes
have a better PEG rejection property compared to the MO
membrane. These results indicated that moderated MoS,
broke the trade-off between the permeability and rejection
property of membranes, and comprehensively improved
the separation performance of TUF membranes. The major
reason for this result was based on the increased number of
transfer channels in PES/MoS, matrix. The steric hindrance
and electrostatics affect the dispersion of nanoparticles and
the pore channels [60-62]. An appropriate amount of MoS,
showed a well distribution in the polymer matrix, and this
brought more effective water channels. However, when
the content of MoS, sheets was 5.0 wt.%, the water flux
reduced, which was due to the declined hydrophilic nature
and porosity of the membranes. In the M5 membrane, an
excessive dose of MoS, sheets in the membrane played as a
hindrance to the passage of water molecules. As shown in
Fig. 1e (M5), a further increase of MoS, resulted in a rela-
tively serious aggregation, leading to more irregular com-
binations and permutations of MoS, near the skin layer in
the membrane. The above results indicated that by optimiz-
ing the concentration of MoS, in the casting solution, the
filtration performance of TUF membrane can be effectively
enhanced. Table 2 summarizes the water flux of the PES/
MoS, membranes and other TUF membranes with similar
MWCO. The result indicated that the PES/MoS, membranes
fabricated in this study show higher water flux than other
TUF membranes.

Considering the blending with inorganic material and a
polymer matrix, it is necessary to evaluate the loss of MoS,
nanosheets from mixed matrix membrane in a dynamic con-
dition. A long-term filtration was carried out to assess the
loss of MoS, from the M3 membrane. The standard curve
Fig. 9a shows that the optical absorbance of MoS, after
background subtraction scaled linearly with the different
MoS, concentrations in water. Fig. 9b shows that the con-
centration of MoS, in both permeated water and concen-
trated water is quite low. The result showed that MoS, was
relatively stable in the PES matrix.

To evaluate the rejection performance of the mem-
branes rose bengal (estimated size: 1.45 nm) [72] and direct
red 80 (estimated size: 3.91 nm) [73] were selected as the
sample dyes for further investigating the rejection property
of fabricated TUF membranes. Results in Fig. 10a indicates
that all the prepared membranes had excellent separation
performances of rose bengal at 10 mg L. With the increase
of rose bengal concentration from 10 to 100 mg L7, the
membrane removal efficiency was significantly reduced.



102

Table 2

H. Tian et al. / Desalination and Water Treatment 204 (2020) 93-106

Comparison of water flux, MWCO, and pore size of PES/MOS, membranes with literature reported TUF membranes

Membranes Water flux (L m?h™ bar™) MWCO/pore size Reference
PES/MoS, 68.6-84.7 8.7-9.8 kDa (3.45-3.71 nm) This work
PES-9 37.5 9.0 kDa [63]
PES-6 15.0 6.0 kDa [64]
PES 20 12.0 10.0 kDa [65]
PES 2.5-5.2 4.53-5.13 nm [12]
PES-TiO, 0.7-1.44 2.0-2.9 nm [21]
PES-TiO,-MWCNTs 0.74-1.13 2.17 nm [22]
Polyamide 21.3 8.0 kDa [66]
Regenerated cellulose 35.8 10.0 kDa [66]
PLGC 21.67 10.0" kDa [67]
PAEK-COOH 29.5 9.3 kDa [68]
MT68 16.7 8.0 kDa [69]
FS10 37.5-40.0 6.0-8.0 kDa [70]
PAN/SiO,-25 58.7 6.0 kDa [71]

“‘Information supplied by Millipore.
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Fig. 9. Absorbance of different concentrations of MoS, of dispersed in DI water under 674 nm wavelength (a) and total loss amount
of MoS, on M3 with time during operation (b) (pure water is the feed water and the operation press is 1.0 bar).

This was possibly due to the increase in impurities (i.e., CI;,
SO%, and HCO;) as the dye concentration increase. The
increasing of these ionic can intensify the electrostatic
shielding, thus reduced the rejection of rose bengal [74].
Specifically, when the concentration of rose bengal was
100 mg L, the variation trend of dye retention rate was
closely related to the pore size of membranes. The pore
size of the M1 membrane was 3.87 nm which was larger
than that of the MO membrane (3.58 nm), therefore the rose
bengal rejection reduced from 83.29% to 79.93%. When the
concentration of MoS, sheets was between 2.5 and 4.0 wt.%,
the rejection performance of modified TUF membranes
increased gradually due to the decreasing membrane
pore size. The results indicated that 3.0 wt.% MoS, mod-
ified TUF membranes showed improved rejection prop-
erty of rose bengal from 79.93% to 91.60%. Fig. 10b shows
that all the prepared membranes had excellent separation

performances of direct red 80 in every different concentra-
tion. When the concentration was 100 mg L, the rejection
of the MO membrane was 99.60% and M3 was 99.89%. This
further confirmed that the pore diameter of all modified
membranes were smaller than the size of direct red 80.
The rose bengal concentration reduce the rejection of the
membrane obviously because the size of the rose bengal is
smaller than the membrane pore size, and might lead to
adsorptive fouling. Considering adsorptive fouling that
may occur during membrane separation, a higher initial
feed concentration (50 mg L) was introduced to compare
the membrane flux changes of the MO and M3 membranes.
Figs. 10c and d show that M3 membrane experienced
a further flux decline and the permeation of rose Bengal
dropped faster than direct red 80.

Fig. 11a shows that the permeation flux of MO and M3
decreased gradually with feed solution changing from pure
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water to PEG 10 kDa solution. This due to the PEG 10 kD
linear molecule blocked in the membrane pores or trapped
on the membrane surface. Therefore, the membranes cannot
be recovered to their original water flux value after circu-
lating filtration. In addition, the normalized permeation of
the MO was higher than that of the M3 in the first cycle. The
normalized permeation of the M3 was equal to that of MO0
in the third cycle, this was mainly because of their different
membrane roughness and hydrophilicity. Fig. 11b shows
that the FRR decreased from 91.87% of MO to 77.71% of
M3. This indicated that MO had better PEG antifouling per-
formance than M3 due to the hydrophilic surface. Fig. 11c
reveals the rose Bengal dye normalized permeation flux of
MO and M3. In the first two cycles, the normalized perme-
ation of the MO decreased faster than M3. However, after
cleaning, M3 restored better. In the third cycle, both M0 and
M3 have similar normalized permeation values. In addition,
the FRR of MO decreased from 84.50% of the first cycle to
80.01% of the third cycle. While Fig. 11d shows that FRR of
the M3 decreased from 93.81% of the first cycle to 81.14%
of the third cycle. This mainly because of the adsorption
fouling of the rose Bengal dye molecule in the membrane
surface and pores. The result indicated that further study
on the improvement of the anti-fouling property of 2D
MoS, modified TUF membranes was critical.

4. Conclusion

In this work, MoS, sheets were blended into the PES
matrix to fabricate PES/MoS, mixed matrix TUF mem-
branes. The results revealed that MoS, sheets impacted the
structure and properties of TUF membranes by facilitating
the growth of finger-like macro voids and controlling the
membrane pore size. Moreover, compared with the pristine
membrane, the PES/MoS, membranes showed improve-
ments in both the water flux and the PEG (10 kDa) rejection
property, when the concentrations of MoS, was between 2.5
and 4.0 wt.%, which overcomes the typical trade-off phe-
nomenon in membranes. The as-prepared membrane also
showed excellent separation performance for rose bengal
and direct red 80. Therefore, the PES/MoS, mixed matrix
membrane presents an effective approach to coordinate the
“trade-off” effect of mixed matrix membranes. Specifically,
the MoS, sheets applied in this study was commercial grade,
without further time-consuming modification. Therefore,
this study also provides a method of high-quality TUF
membranes which is facile and can be easily applied in
industrial membrane fabrication producing.
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