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ABSTRACT

In order to improve the separation performance of the nanofiltration (NF) membranes, numerous
inorganic components have been introduced into polymer membranes. Molybdenum disulfide
(MoS,) is an emerging graphene-like nanomaterials, which has many advantages, and expected to
have novel applications in the NF fields. Herein, this work the PDDA modified MoS, nanosheets were
prepared, which showed better dispersion in aqueous solution, and the modified PDDA@MoS, dis-
played higher compatibility with the polyelectrolyte. Then, the prepared PDDA@MOoS, nanosheets
was introduced into polyelectrolyte membrane through LbL self-assembled method to get an
organic/inorganic composite NF membrane with ceramic tube as substrate. The membrane was
used to NF separation of dyes from aqueous solution. The results suggested that the membrane flux
increased first and then decreased with increasing PDDA@MoS, nanosheets concentration, while
the rejection remained almost constant. Specifically, under optimum condition, the prepared (PSS/
PDDA-MoS,), , ceramic composite membrane showed 97.2% of rejection for 0.20 g/L methyl blue dye
solution, along with flux of 163.2 L-m*h"'-MPa™, which was ~2.4 times compared with pure (PSS/

PDDA), ;membrane without sacrificing rejection.
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1. Introduction

While the global water resource is faced with water
shortage, the pollution from the waste water is becoming
more serious due to population growth, industrialization
and urbanization [1-4]. Nanofiltration (NF) technology has
attracted growing concern due to its advantages, such as
high efficiency, energy savings and being environmentally
friendly [5]. Presently, most of nanofiltration membranes
are mainly prepared by organic polymers, including cel-
lulose acetate, polyamide, sulfonated polyethersulfone,
sulfonated polysulfone, polyvinyl alcohol, polyphenylene
oxide, polyethylenimine, polyacrylonitrile, and so on [6-8].
Although these membranes show good rejection toward
various molecules, the performances are still unsatisfactory
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for industrial application because of the poor mechanical
strength and intolerance with acid and alkali [9,10]. The
inorganic ceramic membranes are particularly suitable for
the purification of contaminated water since they possess
high thermal, chemical and mechanical stabilities [11].
Some of nanofiltration membranes have been fabricated on
ceramic substrates and exhibited relatively high rejection
towards dyes molecules in aqueous solution, but there is
still necessary to improve the permeable flux for the exten-
sive utilization [12,13].

Molybdenum disulfide (MoS,) as an emerging graphene-
like nanomaterials has shown superiority in performance
enhancement of NF membrane. In our previous work [14],
the polyelectrolyte modified PDDA@MoS, nanosheets have
been prepared and incorporated into polyelectrolyte multi
layers (PEMs) through layer-by-layer (LbL) method to get
a PDDA@MoS,-PDDA /PSS hybrid membrane on poly-
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acrylonitrile (PAN) substrate. The obtained hybrid mem-
brane displayed 2.3 times flux than that of pure PDDA/
PSS polyelectrolyte membrane without sacrificing the rejec-
tion. Also, due to the good dispersive stability in aqueous
solution, the modified PDDA@MoS, nanosheets have good
compatibility with the polyelectrolytes, thereby the hybrid
membrane showed excellent operation stability in NF sepa-
ration of dyes from water.

The tubular ceramic membrane composited by a hybrid
active layer is a more attracting strategy to a high NF per-
formance membrane. In this work, a composite MoS, /poly-
electrolytes ceramic membrane was fabricated with tubular
ceramic as substrate. The prepared membrane was used for
nanofiltration separation of dye, such as methyl blue (MB),
from water solution. Such ceramic composite membranes
exhibited great potentials in practical applications of water
purification through nanofiltration process.

2. Experimental section
2.1. Materials and chemicals

Tubular ceramic substrate with 42.0 mm long and
8.5 mm inner and 13.5 outer diameters were supplied by
Jiexi Lishun Technology Co., Ltd. (Guangdong, China).
Poly (diallyldimethylammonium chloride) (PDDA, M
= 750,000), Poly (sodium 4-styrenesulfonate) (PSS, M
= 1,000,000), silane coupling agent (3-aminopropyl-tri-
methoxysilane), ammonium molybdate tetrahydrate
((NH,),Mo,0,,-4H,0), and thiourea (CH,N_S) were all pur-
chased from Sigma-Aldrich Co. (USA). NaOH, ethanol and
methyl blue (MB) were obtained from Beijing Chemical
Factory (Beijing, China). De-ionized (DI) water with a resis-
tance of 18.2 MQ was used in all experiments. The chemi-
cals were used as received without further purification.

— 9 e

C— -:i:_,:fij
. Do
& {a) PSS depeition '\‘ "_'i

o P | (irime = ;T
g |y

® B, —I

[ ] Tt }“;

o _.__,J

Cermmid subsiraie

|

8T o W oy ¥

PG W e~ T A

2.2. Synthesis of PDDA modified MoS, (PDDA@MoS,)
nanosheet

PDDA modified MoS, (PDDA@MoS,) nansheets were
prepared according to our previous method [14]. Briefly,
the mixed aqueous solution of 8.0 mL 62.5 g/L of ammo-
nium molybdate tetrahydrate ((NH,),Mo,0,,-4H,O)
and 125.0 g/L of thiourea (CH,N,S) was added to 10 mL
100.0 g/L of PDDA aqueous solution under continuous
stirring for 24 h. After that, the mixed solution was trans-
ferred into a 25 mL Teflon-lined stainless steel autoclave
and maintained at 220°C for 18 h. The reaction system was
then allowed to cool to room temperature. The product was
taken out and thoroughly washed with water and absolute
ethanol, and dried at 60°C to get PDDA@MOoS, nanosheets.

2.3. Preparation of PDDA@MoS, polyelectrolyte composite
membrane on ceramic tube

The tubular ceramic substrate was first pre-treated
using the method of references [15-17], which is the general
way to pre-treat the ceramic tubular substrate. Specifically,
the tube was immersed in a mixture of 8.0 g/L silane cou-
pling agents and 95 wt. % ethanol aqueous solution. Then,
as shown in Fig. 1, the pre-treated tubular ceramic substrate
was immersed into 3.0 g/L PSS solution for 20 min, after
taken out and rinsed by de-ionized water. Subsequently,
the membrane was immersed into 3.0 g/L PDDA solu-
tion which contained 0.2 g/L of PDDA@MoS, nanosheets
for 20 min. The membrane was taken out and rinsed with
de-ionized water again. The steps were repeated for three
times to obtain the (PSS/PDDA-MoS,), . ceramic composite
membrane. As a comparison, the (PSS/ PDDA), , polyelec-
trolytes membrane was prepared using the similar method
on the tubular ceramic substrate [18,19], but none of the
PDDA@MOoS, nanosheets were added.
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Fig. 1. Schematic illustration of the preparation of (PSS/PDDA-MoS,) 4.5 composite membrane on tubular ceramic substrate.
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2.4. Characterizations

The scanning electron microscope (SEM) images were
observed on a SU8020 instrument (Hitachi, Japan), prior to
observations, all samples were coated with gold nanopar-
ticles in vacuum to increase their conductivity. Elemental
compositions of the membranes were analyzed using an
energy dispersive spectroscopy (EDS) apparatus along
with SEM. The water contact angle was measured using a
contact-angle measurement apparatus (DSA-100, KRUSS,
Germany) based on the sessile-drop method. To minimize
investigation error, five random locations of each mem-
brane were measured and the average value was recorded.

2.5. Nanofiltration performance

Nanofiltration performance was evaluated using a cross
flow NF system which contained membrane cell, plunger
pump, pressure gauge, and solution vessel as our previous
work [8]. The nanofiltration membrane was loaded into the
membrane cell for filtration with effective membrane area
of 9.6 cm?. The feed solution was pressurized with a plunger
pump. The filtration pressure was maintained at 0.20 MPa.
During the NF process, the concentrate was recirculated to
the feed vessel while permeate was collected in permeate
vessel. The flux | (L/m?h-MPa) was calculated by: ] = V/t x
A x P, where V (L) is volume of the permeate sample, ¢ (h)
is time for collecting sample, A is the membrane area (m?),
P is operation pressure (MPa). The solute rejection rate R
was calculated by: R = (1 - C,/C,) x 100%, where Cp is the
solute concentration in the permeate and C, represents sol-
ute concentration in the feed. The dye concentrations were
measured by an ultraviolet-visible spectrophotometer (UV-

3200, Shanghai Mapada Instruments Co. Ltd., China) at the
maximal absorption wavelength of the dye. In all filtration
experiments, at least three membrane samples were taken.

3. Results and discussion

3.1. The morphology and wettability of the PSS/PDDA-MoS,
composite membrane

The PSS/PDDA-MoS, composite membrane was pre-
pared on tubular ceramic substrate through a typical LbL
self-assembly method. The surface morphology and com-
position of the (PSS/PDDA-MoS,),, composite membrane
were characterized by SEM and EDS. As shown in Fig. 2a,
the bared tubular ceramic substrate displayed porous sur-
face composed of uniformly ALQO, crystalline particles.
After the PSS/PDDA-MoS, was assembled on the tubular
ceramic substrate, the SEM image in Fig. 2b indicated that
the porous substrate was fully covered by much denser
(PSS/PDDA-MoS,), ; composite layer, and there was no
obvious defects on the surface. The existence of Mo element
was confirmed by EDS mapping image (inset of Fig. 2b),
which indicated that the PDDA@MoS, nanosheets were dis-
persed uniformly in polyelectrolytes multi layers.

The water contact angle (WCA) are widely used to
assess the wettability of membrane surfaces. Fig. 2c indi-
cated that the WCA of the (PSS/PDDA), . membrane on
ceramic substrate was 31.1°, while that of the (PSS/PDDA-
MoS,), ; composite membrane in Fig. 2d was 43.2°, suggest-
ing that the MoS, nanosheets weakened the hydrophilicity
of the polyelectrolyte membrane. This was due to that the
introduction of PDDA@MoS, nanosheets into PEMs would

Fig. 2. SEM images of surface morphologies of a) ceramic substrate, b) tubular hybrid membrane. Inset of (b) was EDS mapping
image of Mo element; The corresponding water contact angles of c) (PSS/PDDA)4.5 polyelectrolyte membrane, d) (PSS/PDDA-PD-
DA@MOoS,) 4.5 ceramic composite membrane (Preparation conditions: PDDA of 4.0 g/L, PSS of 3.0 g/L, PDDA@MoS, of 0.20 g/L).
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have stronger interaction with hydrophilic groups of poly-
electrolyte chains, leading to a more compact surface and a
decreased water contact angle.

3.2. Nanofiltration performance of PDDA@MoS, hybrid
membranes

The as-prepared PSS/PDDA-MoS, ceramic compos-
ite membrane were used in NF separation of 0.20 g/L
methyl blue (MB) aqueous solution at room temperature.
The effect of bilayer number on the NF performance of the
hybrid membrane is shown in Fig. 3. It was noted that the
rejection of MB increased while the flux decreased with
increasing the number of bilayer, indicating a trade-off
effect. When 1.5 bilayer of (PSS/PDDA), .-MoS, mem-
brane was assembled, the flux was 258.4 L-m=2-h!-MPa™
and the rejection was 85.5%. With the assembled bilayer
increasing to 4.5, the rejection of MB increased to 97.8%,
along with flux of 163.2 L-m*h™"-MPa™. When the assem-
bled bilayer was further increased to 5.5, but the flux
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Fig. 3. Effect of number of bilayer on the NF performance (Mem-
brane preparation condition: PDDA of 3.0 g/L, PSS of 3.0 g/L,
0.20 g/L of PDDA@MOoS,; NF operating condition: 0.20 MPa, 0.20
g/L MB aqueous solution).
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drops to 68.0 L-m~*h~*MPa™, while the rejection showed
almost unchanged. This was attributed to that the thick-
ness of the active layer increased with increasing the
number of bilayer leading to a larger transport resistance
and decreased flux. Therefore, 4.5 bilayers was chosen for
preparation of subsequent PSS/PDDA-MoS, ceramic com-
posite membrane.

Then, the effects of PSS and PDDA concentration on
NF performance was investigated as shown in Fig. 4. It
can be seen from Fig. 4a that with increasing PSS concen-
tration from 1.0 g/L to 5.0 g/L, the flux of (PSS/PDDA-
MoS,),. composite membrane dramatically decreased
from 250.2 L-m=2-h'-MPa™ to 65.3 L-m2-h'-MPa™;, while
the rejection of MB increased from 95.33% to 98.87%. In
addition, the NF performance of the membrane with dif-
ferent PDDA concentrations shown in Fig. 4b indicated
that the rejection of MB increased from 95.5% to 98.4%,
while the flux decreased from 190.4 L-m2h'-MPa™ to
127.1 L-m=h"-MPa™ with increasing PDDA concentra-
tion from 1.0 g/L to 5.0 g/L. This was due to that the
higher polyelectrolytes concentration would induce
in much denser and thicker active layer, leading to a
reduced flux and enhanced rejection.

Under the optimum LbL assembly conditions, the
effect of PDDA@MoS, concentration on NF separation
performance is shown in Fig. 5. It can be found that the
rejection and flux of the (PSS/PDDA), , polyelectrolyte
membrane were 97.6% and 68.0 L-m=-h™"-MPa™!, respec-
tively. The flux of the membrane showed obviously
increased after introduction of PDDA@MoS, nanosheets
into membrane. When the concentration of nanosheets
was 0.2 g/L, the flux of the membrane significantly
increased to 163.2 L-m2-h-MPa!. But the flux decreased
to 135.6 L-m=-h™-MPa™ with further increasing PDDA@
MoS, concentration from to 0.40 g/L, meanwhile, the
rejection of membranes almost remained at 97.6%. The
flux of the (PSS/PDDA-MoS,),. composite membrane
with 0.20 g/L of PDDA@MoS, was at least 2.4 times
than that of the (PSS/PDDA),, polyelectrolytes mem-
brane. This was consistent with the result of our previous
PDDA@MOoS,-PDDA/PSS hybrid membrane on poly-
acrylonitrile (PAN) substrate [14]. This was due to that
the widened interlayer spacing and plenty of defects of
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Fig. 4. Effect of (a) PSS and (b) PDDA concentration on NF performance (Preparation conditions: 4.0 g/L of PDDA and 0.40 g/L of
PDDA@MOoS, for (a); 3.0 g/L PSS and 0.20 g/L PDDA@MOoS, for (b); operating condition: 0.20 MPa, 0.20 g/L MB aqueous solution).
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Fig. 6. The consecutive running stability of tubular PDDA@
MoS, hybrid membrane. (Preparation conditions: PSS concen-
tration 3.0 g/L, PDDA concentration 1.0 g/L, PDDA@MoS, con-
centration 0.20 g/L; Operating conditions: 0.20 MPa, 0.20 g/L
MB aqueous solution).

Table 1

PDDA@MOoS, contributed to the improved NF perfor-
mance of the hybrid membranes [14,20]. The enlarged
interlayer spacing of PDDA@MoS, was 11.2 A, leaving
a gallery height of 8.03 A, which was spacial enough for
water molecules to transport leading to an enhanced flux.
However, further increasing the content of PDDA@MoS,
nanosheets to more than 0.20 g/L, the stronger inter-
action of the inorganic nanosheet and the hydrophilic
groups of polyelectrolyte chains would induce in much
denser layer of the membrane resulting in reduced flux.

3.3. The consecutive NF performance of the
(PSS/PDDA-MoS,), , composite membrane

The consecutive running stability of the (PSS/PDDA-
MoS,),. ceramic composite membrane was evaluated
using 0.20 g/L MB aqueous solution. As shown in Fig. 6,
the flux of the membrane remained around 190.0 L-m>h"
MPa™ without almost no fluctuation even after washed
with HCl water solution at pH of 2; while the rejection was
maintained at about 95.7% during the running time of 39 h,
indicating that the resulted (PSS/PDDA-MoS,), . ceramic
membrane showed good stability. This was ascribed
to that the higher compatibility between the modified
PDDA@MoS, nanosheets and the polyelectrolytes induced
in the dispersion of PDDA@MoS, nanosheets in the poly-
elelctolytes uniformly, and that the stronger interaction
between PDDA@MOoS, and the polyelectrolytes ensured
the good stability. Therefore, different with that of Brug-
gen’s work [21], in which there occurred loss of MoS, in
the initial 2 h filtration, the (PSS/PDDA-MoS,), ; ceramic
composite membrane displayed a high stability during 39
h of running time.

For comparison, the dye removal performances in other
membranes reported in the literature are summarized in
Table 1. It can be noted that the nanofiltration performances
of our (PSS/PDDA-MoS,),, ceramic membrane showed
comparable rejection of dyes and much higher flux. Due to
the low toxicity of MoS, nanosheets [29], the introduction of
MoS, nanosheets provided an efficient strategy to enhance
membrane performance.

Comparison of the NF performance of dye removal with other works reported

Membrane Feed solution F (L-m2h'-MPa™) R (%) Ref
(PDDA/GO), ,/PAN Methyl blue 140.8 98.2 [22]
(PDDA/GO), ,/PAN Congo red 58.4 99.0

PEI-GO/PAA/PVA/GA Methyl blue 8.7 99.3 [23]
ZIF-8/PES Rose bengal 13.0 98.9 [24]
PVDF-SAN-60 Congo red 95.0 97.7 [25]
(PSS/PAH),, Glutamine 132.0 86.2 [26]
PAA/PVA/GA Congo red 42.0 96.0 [13]
(PSS/PEI), ,/PAN Humic acid 66.3 96.5 [27]
PEI/CMCNa/PP Congo red 57.0 99.4 [28]
PDDA /PSS Methyl blue 82.5 92 [12]
(PSS/PDDA), Methyl blue 82.7 98.4 This work
(PSS/PDDA-MOoS2), Methyl blue 194.5 98.4 This work
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4. Conclusions

In conclusion, a tubular (PSS/PDDA-MoS,), ; ceramic
composite membrane was fabricated through LbL self-as-
sembly method. It was found that the composite membrane
has excellent NF performances for the dye removal from
water. Under optimized conditions the prepared membrane
represented a flux of 163.2 L-m>h"-MPa™ and rejection of
97.8% toward nanofiltration separation of MB from water.
Furthermore, the flux of the membrane remained around
190.0 L-m>h"-MPa™, while the rejection was maintained at
about 95.7% during 39 h running time. Combine with the
advantages of the tubular ceramic module, this ceramic
composite membrane has a great potential for NF treatment
of dye effluents.
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