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Conventional nanofiltration (NF) membranes had a relatively low flux. In this paper, two mesogenic com-
pounds were grafted to chitosan in order to change the structure, hence the performance of the NFmembrane.
A series of novel composite NF membranes were prepared by over-coating the polysulfone ultrafiltration
membrane with the mixture of chitosan and mesogenic compounds modified chitosan. The two mesogenic
compounds and their chitosan derivatives were characterized by infrared spectrophotometer (IR), differential
scanning calorimetry (DSC), polarized optical microscope (POM); the structure of the membrane was charac-
terized by scanning electron microscopy (SEM). The composite NF membrane's rejection rate and flux were
strictly related to the mesogenic compound grafted to chitosan and its composition. Extremely high flux,
2543.3 lm−2 h−1 was observed with P2–4 composite NF membrane, and the rejection remained to be as
high as 66.3% at 0.4 MPa with 1000 mg/L NaCl. These results, together with SEM and infrared images of the
composite NF membrane, indicated that the mesogenic compound structure was crucial for the structure
and function of the composite membrane.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nanofiltration (NF) membrane, a new type of separation membrane
between reverse osmosis (RO)membrane and ultrafiltration (UF)mem-
brane, has been actively developed in the recent years. Due to its high
separation efficiency and low energy expenditure required in operation,
NF has been applied alone or in combination with other separation pro-
cess in many fields including water softening treatment of waste water,
oil industry, food processing, etc. [1–3]. Themajor limitation of currently
NFmembrane ismembrane fouling. A severe decline of flux over extend-
ed period of operation is the direct result. Many recent literature have
reported different approaches to solve the problem [4]. High flux can
be achieved by improving membrane preparation process or altering
the membrane properties. This article is focusing on the latter approach
to achieve high flux by adjusting the membrane hydrophobicity and
surface charge. Chitosan, a cationic polysaccharide obtained by alkaline
N-deacetylation of chitin, has been routinely used inmembrane prepara-
tion due to its abundance, hydrophilicity andenvironmental benignancy.
By hydroxylation and amination reactions, chitosan can be modified
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[5–10]. Employing chitosan and its modified derivatives, various NF
membranes were reported by surface cross-linking, blending and ultra-
violet irradiation preparation methods [7–11].

Composite NF membrane based on multi-layer composite structure
was designed in this paper, with polysulfone UF membrane as the base
to provide mechanical strength and the modified chitosan/chitosan
mixture as the top layer to provide filtration function, aiming to achieve
high rejection with high flux. As both rigid stripe structures and the
helical structures existed in liquid crystal [12–16], twomesogenic com-
pounds with such structures were grafted to chitosan through hydrox-
ylation in this paper to provide the change of the structure, hence
performance of the NF membrane [17–19]. A series of NF membrane
were prepared with this design. The rejection rate of conventional
chitosan nanofiltration membrane was about 40–60% for NaCl, in
which flux was about 5–20 lm−2 h−1 [20–22]. In this paper, the rejec-
tion of one particular NF membrane for NaCl solution was slightly
higher than the reported value of nanofiltration membrane based on
chitosan, more important the flux was about three orders of magnitude
higher than other conventional chitosan nanofiltration membranes.
This unique property, which has not yet been reported before, was
believed to be the result of its structure at molecular level (i.e. the
modification of chitosan with the right compositions). This result
encourages further study of the structure–property relationship in
future. In general, the novel NF membrane designed and prepared in
this paper had high flux and low energy expenditure in operation,
which potentially would have broad applications in different fields.
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Fig. 2. The structure of monomer M1.

Fig. 3. The structure of monomer M2.
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2. Experimental

2.1. Materials and methods

A self-made test equipment was adopted for the membrane perfor-
mance test, as shown in Fig. 1. DDS-307 conductivity meter (Shanghai
Leici Instrument Factory) was used to evaluate the conductivity of solu-
tion; Spectrum One infrared spectrometer (PerkinElmer) was used to
test the chemical composition of monomers and polymers; differential
scanning calorimetry (DSC) analytical meter (NETZSCH DSC-204) was
used for the measurement of thermal transition properties of mono-
mers; Polarized Optical Microscopy (POM) (Leica) was used for the ob-
servation of the texture of monomers; SSX-550 type scanning electron
microscope (Shimadzu) was used for the observation of the morpholo-
gy of NF membrane; and Spotlight 300 infrared imaging system
(PerkinElmer) was used to measure the distribution of the functional
layer on the surface of the substrate layer.

Chitosan [Mw≥20,000 Da, degree of deacetylation (DD≥90%)];
4-methoxybenzoic acid, N-methyl pyrrolidone and polyvinylpyrrolidone
were all analytical grade purchased from Sinopharm Chemical Reagent
Co. Ltd; hexanedioic acid, acetone, glutaraldehyde and polyvinyl al-
cohol were obtained from Shenyang Xinxi Reagent Factory; 4,4′-
dihydroxybiphenyl was purchased from Beijing Chemical Plant; choles-
terol was purchased from Henan Xiayi Bell Biological Products Co. Ltd;
and polysulfone was purchased from Shanghai Shuguang Chemical
Plastics Industrial Corporation.

2.2. Preparation of modified chitosan

The structure of mesogenic compound M1, M2 is shown in Figs. 2
and 3.

Chitosan was grafted polymerization with two monomers in dif-
ferent ratios. The polymerization schemes are shown in Figs. 4 and 5.

General procedure for mesogenic compounds modified chitosan
preparation:

(1) M1 and M2 compound acid chloride derivatives were prepared
by reacting M1 and M2 with SOCl2 into at 50 °C for 6 h. The
products were purified by distillation.

(2) The acyl chlorides obtained from last stepwere dissolved in chlo-
roform and added to the chitosan methanesulfonic acid solution
dropwise over 3.5 h. The ratio between chitosan andM1, M2 acyl
chloride is listed in Table 1. Once the reaction was over, the reac-
tion mixture was cooled down to 4 °C for 10 h before acetone
precipitation treatment. The products were then filtered twice
and allowed to dry under vacuum.

2.3. Preparation of UF membranes

The polysulfone UF membrane was prepared by phase inversion,
process was as follows [23–26]:

(1) 4.2 g polysulfone was dissolved in 25.7 g N-methylpyrrolidone.
To this solution 0.12 g acetone and 0.075 g polyvinylpyrrolidone
Fig. 1. Diagram of experimental apparatus for testing of the rejection and flux.
(PVP)was added to form the casting solution, whichwas filtered
through a G2 sand filter to remove the undissolved impurities.
The solution was then deaerated by standing for 10 h.

(2) The casting solution was applied to a piece of gauze (80 hole)
tiled on the glass. The solvent in the membrane was first
partially evaporated at ambient temperature for a minute,
then the membrane was transferred to a water bath to set.

2.4. Preparation of composite NF membranes [27–31]

(1) The mixture of mesogenic compound modified chitosan and
chitosan was dissolved in 2.5 ml 4% acetic acid solution with
0.04% polyvinyl alcohol (porogen). The casting solution was
obtained by deaerating the above solution.

(2) The polysulfone UF membrane was fixed on the glass. The cast-
ing solution was then applied to coat the UF membrane. The
newly formed membrane was vaporized for 60 s at room tem-
perature, then cross-linked by 1% glutaraldehyde. The compos-
ite membrane was ready after 16 h at ambient temperature.

2.5. Permeation experiment

Flux and rejection were calculated based on the Eqs. (1) and (2).

F ¼ V=At ð1Þ

where: F is the flux; V is the volume of the permeating fluid passing
through the membrane; A is the effective area of membrane
(0.93 cm2); and t is the time for permeation.

R ¼ 1−Cp=C0

� �
� 100% ð2Þ

where: R is the rejection; and Cp and C0 are the concentrations of the
permeated fluid and feed respectively.

The concentration was replaced by the conductivity of salt solu-
tions because the 1000 mg/L NaCl solution was a very dilute solution
in this study.
Fig. 4. Scheme of polymer P1 synthesis.



Fig. 5. Scheme of polymer P2 synthesis.
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3. Results and discussions

3.1. The characterization of the mesogenic compounds and the chitosan
derivatives

3.1.1. Infrared analysis
Spectrum One infrared spectrometer was used to test the chemical

compositions of themesogenic compounds and the chitosan derivatives.
The infrared spectrum of M1 is shown as Fig. 6. The absorption band

at 3079 cm−1–2854 cm−1 was associatedwith the stretching vibration
of association hydroxyl of carboxylic acid; the absorption band at
1757 cm−1–1700 cm−1 was associated with the stretching vibration
of carbonyl; the absorption band at 1604 cm−1–1493 cm−1was associ-
ated with the stretching vibration of benzene; and the absorption band
at 1257 cm−1–1168 cm−1 was associatedwith the stretching vibration
of ether linkage.

The infrared spectrum of M2 is shown in Fig. 7. The absorption
band at 3433 cm−1 was associated with the stretching vibration of
hydroxyl of carboxylic acid; the absorption band at 2943 cm−1 and
2867 cm−1 was associated with the stretching vibration of the methyl
and the methylene; and the absorption band at 1722 cm−1 and
1694 cm−1 was associated with the stretching vibration of carbonyl.

The infrared spectrums of polymers P1 and P2 are shown in Figs. 8
and 9. The conclusion could be drawn: comparing with the raw chito-
san, the ester carbonyl absorption peak appeared at 1730 cm−1, and
the absorption peak of ester carbonyl increased with the ratio in-
crease of monomer and primary hydroxyl of chitosan from bottom
to top. M1 and M2 were successfully grafted to chitosan respectively.
Wavenumbers(cm-1)

Fig. 6. IR spectrum of M1.
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3.1.2. Thermal analysis
The phase transitions and corresponding enthalpy changes of the

mesogenic compounds were characterized by differential scanning
calorimetry (DSC).

The DSC curve of monomer M1 is shown in Fig. 10. The heating
curve had two endothermic peaks, respectively, representing the melt-
ing transition (Tm=187 °C) and the clearing transition (Ti=361 °C),
Table 1
Polymerization feeding.

Polymer mcts/g mM1/g mM2/g B

Pn−0 1.09 0 0 0
Pn−1 1.09 0.022 0.026 0.01
Pn−2 1.09 0.045 0.051 0.02
Pn−3 1.09 0.112 0.129 0.05
Pn−4 1.09 0.224 0.257 0.1
Pn−5 1.09 0.448 0.514 0.2
Pn−6 1.09 1.120 1.258 0.5
Pn−7 1.09 1.792 2.056 0.8
Pn−8 1.09 2.240 2.57 1.0

Note: n=1, 2 represent respectively M1, M2 as the monomer polymerized with
chitosan; B: the molar ratio of primary hydroxyl and monomer.
the endothermic enthalpy of which were ΔHm=98.23 J/g and
ΔHi=2.46 J/g.

The DSC curve of monomerM2 is shown in Fig. 11. The heating curve
had two endothermic peaks, respectively, representing themelting tran-
sition (Tm=137 °C) and the clearing transition (Ti=147 °C), the endo-
thermic enthalpy of which were ΔHm=72.37 J/g and ΔHi=1.15 J/g.

3.1.3. Textures analysis
The optical textures of the mesogenic compounds were studied

by the polarized optical microscope (POM) with a hot stage under a
nitrogen atmosphere.
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Fig. 7. IR spectrum of M2.
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Fig. 8. IR spectrum of polymer P1.
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Fig. 10. Heating DSC curve of M1.
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The mesomorphism and textures of monomer M1 are shown in
Fig. 12. The visual observations under POM revealed that M1 exhibited
an enantiotropic schlieren texture and droplet texture during its
heating and cooling cycles. When M1 was heated to about 187 °C, it
began to melt. At 305.9 °C, the schlieren texture of the nematic phase
appeared as shown in Fig. 12(a), and the birefringence totally dis-
appeared at 361 °C.When cooled to 238.9 °C from isotropic, the nemat-
ic droplet texture displayed, as shown in Fig. 12(b). The DSC and POM
results indicated that M1 was nematic thermotropic enantiotropic
liquid crystal.

The mesomorphism and textures of monomer M2 are shown in
Fig. 13. The polarized optical micrograph of monomer M2 revealed
that M2 exhibited an enantiotropic oily streak texture and a broken
focal conic texture during its heating and cooling cycles. When M2

was heated to about 137 °C, it began to melt. At 142.7 °C, the oily
streak texture of the cholesteric phase appeared as shown in
Fig. 13(a), and the birefringence totally disappeared at 147 °C.
When cooled to 144.9 °C from isotropic, the broken focal conic tex-
ture was displayed, as shown in Fig. 13(b). It was typical cholesteric
liquid crystal monomer.

The conclusion could be drawn from the analysis: M1 and M2 were
grafted to chitosan respectively. M1 was a nematic mesogenic com-
pound with a rigid stripe structure; M2 was a cholesteric mesogenic
compound with a helical structure [14–16].
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Fig. 9. IR spectrum of polymer P2.
3.2. Effect of the degree of modified chitosan by different monomers on
the rejection and flux of composite NF membrane

The test of two series of composite nanofiltration membrane was
conducted after a pre-pressure at 0.4 MPa for 0.5 h. The relationships
between grafting degree and membrane performance are shown in
Figs. 14 and 15. The rejection of the nanofiltration membrane modi-
fied with mesogenic compoundM1 first increased and then decreased
before it stabilized at a certain level with the increasing of M1 grafting
degree on the chitosan as shown in Fig. 14. In the case of the flux, it
rose to 68,705 lm−2 h−1 while the rejection was quite low, which
was only 13.5%. This observation suggested M1 modified chitosan
and chitosan formed a large network structure. The rigid and bulk
structure of M1 caused the increased size of apertures comparing to
chitosan alone. As a result the flux increased, while the rejection de-
creased. With mesogenic compoundM2, the rejection and flux both in-
creased till 5% with P2–3 composite membrane. The rejection reached
the maximum of 64.4% and corresponding flux was 2133 lm−2 h−1

with P2–4 composite membrane when the grafting degree of M2 to
chitosan was 10%. When the grafting degree was higher than 10%, the
rejection dropped and flux increased, indicating the filtration perfor-
mance deteriorating. The data indicated the structure of M2 and its
appropriate composition in the chitosan derivative were crucial for
the composite membrane performance. The reason may be as follows:
with the right grafting degree, the helical structure of M2 made the
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Fig. 11. Heating DSC curve of M2.



a b

Fig. 12. Polarized optical micrograph of M1.

a b

Fig. 13. Polarized optical micrograph of M2.
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tortuosity of the pore increase, while the pore became larger when the
percentage ofM2 exceeded 10%,whichmight result from the bulk ofM2.
Comparing with other conventional NF membrane, this membrane
operated at low pressure with high flux [4,21,32,33], which had low
energy expenditure and could be useful for water softening and the
treatment of waste water. As the aim of the study was to obtain NF
membrane with high rejection and high flux, P2–4 was selected as the
casting material for further optimization.

3.3. Effect of the membrane preparation conditions on the performance of
nanofiltration membrane

3.3.1. Effect of glutaraldehyde concentration on the rejection and the flux
of composite NF membrane

The NF membranes were prepared with different concentrations
of glutaraldehyde solution 0.1%, 0.2%, 0.5%, 0.75%, 1%, 1.25%, 1.5%,
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Fig. 14. Effect of the degree of the P1 graft on the rejection and flux of the composite
membrane.
1.75% and 2% as cross-linking agent. The effect of glutaraldehyde con-
centration on the performance of the composite membranes is shown
in Fig. 16. The increase of the rejection with decrease of flux was ob-
served as the concentration of glutaraldehyde increased from 0% to
1%. Once the concentration was higher than 1%, a sharp drop of rejec-
tion and a substantial increase of flux were the results. This phenom-
enon suggested at the beginning, that the cross-linking reaction
occurred at the surface, which made the surface of membrane com-
pact. When the glutaraldehyde concentration increased to 1%, the
cross-linking reaction occurred in the entire active layer, which
resulted in the formation of the larger network structure and increas-
ing the size of pores buried in the active layer, thus the rejection de-
creased and the flux increased [21,34]. The maximum rejection was
64.4% with the flux as 2133 lm−2 h−1 at the optimum concentration
of the glutaraldehyde of 1%.
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Fig. 15. Effect of the degree of the P2 graft on the rejection and flux of the composite
membrane.
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membrane.
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3.3.2. Effect of polyvinyl alcohol concentration on the rejection and flux of
composite NF membrane

The membranes were prepared with a range of concentrations of
polyvinyl alcohol solution 0.01%, 0.02%, 0.04%, 0.06%, 0.08%, 0.1% and
0.12%. The effect of polyvinyl alcohol concentration onmembrane rejec-
tion and flux is shown in Fig. 17. The impact of polyvinyl alcohol con-
centration on rejection was not very significant. With 0.06% of
polyvinyl alcohol, the flux reached as high as 2642 lm−2 h−1, while
maintaining good rejection of 64.3%. Pore ratio increased along with
the increase of the concentration, which led to enhanced fluxwith less-
ened rejection. However polyvinyl alcohol was not dissolved complete-
ly when its concentration exceeded 0.06%. Therefore, polyvinyl alcohol
concentration 0.06% was selected.

3.3.3. Effect of acetic acid concentration on the rejection and flux of
composite NF membrane

Different concentrations of acetic acid (1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%
and 9%) were used in the membrane preparation process. As illustrated
in Fig. 18, the effect of acetic acid concentration on rejection and flux
was in opposite trend as expected.With optimal concentration of acetic
acid being 6%, both rejection (64.6%) and flux (2604 lm−2 h−1) were
high. Because chitosan was soluble in acetic acid but not in water, the
chitosan was dissolved gradually along with the increase of the acetic
acid concentration, which led to the forming of more compact film
with decreased flux with increased rejection. When the acetic acid
0.00 0.02 0.04 0.06 0.08 0.10 0.12

64.2

64.3

64.4

64.5

64.6

64.7

 R
 F

C(poly vinyl alhohol)/%

R
ej

ec
tio

n/
%

1800

2000

2200

2400

2600

2800

F
lux/L.m

-2.h
-1

Fig. 17. Effect of polyvinyl alcohol concentration on the rejection and flux of composite
membrane.
concentration reached to 6%, chitosanwas dissolved completely. Higher
concentration of acid might lead to the decomposition of chitosan's de-
rivatives, which caused the porosity to increase. So the flux increased
and rejection decreased instead.

3.3.4. Effect of cross-linking time on the rejection and flux of composite
NF membrane

Cross-linking time influence on NF composite membrane function
was also investigated. A series of membranes were prepared by cross-
linking from 10 h up to 26 h with a 2-hour increase. Rejection and
flux are shown in Fig. 19, the rejection increased firstly, then de-
creased before it stabilized at a certain level whereas the flux de-
creased firstly, then increased before it stabilized at a certain level.
The maximum rejection was 65%, and the corresponding flux was
2602 lm−2 h−1. Because the pore contraction and the tortuosity in-
creased with prolonged cross-linking time, the increased rejection
with the decrease of flux was observed. However when the cross-
linking was longer than 14 h, the Schiff base might be decomposed,
which was consistent with the literature [20,22]. Therefore, the opti-
mal cross-linking time was 14 h.

3.3.5. Effect of ratio between P2–4 and the chitosan on the rejection and
flux of composite NF membrane

A series of composite NF membranes were prepared with P2–4 and
the chitosan at the ratio of 0:9, 1:8, 2:7, 3:6, 4:5, 5:4, 6:3, 7:2 and 8:1.
As shown in Fig. 20, the rejection increased first, then decreased and
the flux showed the opposite trend. Because the P2–4 was water
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Fig. 19. Effect of cross-linking time on the rejection and flux of composite membrane.



0 2 4 6 8

0

10

20

30

40

50

60

70

 R
 F

Ratio (P2-4/Chitosan)

R
ej

ec
tio

n/
%

0

10000

20000

30000

40000

50000

60000

F
lux/L.m

-2.h -1

Fig. 20. Effect of ratio between P2–4 and the chitosan on the rejection and flux of com-
posite membrane.

Fig. 22. Infrared imaging of composite membrane surface.
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soluble with relative large volume, it might attach to the wall of pore
at beginning. This led to the flux decline and the rejection increase.
With the proportion of P2–4 increasing, it was hard to film on the
basement membrane. The size of pore was at the level of ultrafiltra-
tion, so the flux increased and the rejection decreased. When the pro-
portion of P2–4 increased continuously, it could not form a film on
polysulfone surface. The phenomena of adsorption would no longer
occur and the aperture size remained the same. The flux and rejection
stabilized at the same level. Therefore, the optimal ratio was 4:5.

Based on the above results, the best experimental conditions of
composite membrane preparation were as the following: glutaralde-
hyde concentration was 1%; polyvinyl alcohol concentration was
0.06%; acetic acid concentration was 6%; cross-linking time was 14 h
at room temperature; and the ratio of P2–4 and the chitosan was
4:5. The rejection of compared NF membrane was 66.3%, the flux of
which was 2543.3 lm−2 h−1 with the 1000 mg/L of NaCl.

3.4. Structure characteristic of composite membrane

The cross-section and surface of this membrane were character-
ized by a SSX-550 scanning electron microscope as shown in Fig. 21.
The composite membrane surface was magnified 30,000 times as
shown in Fig. 21(a), and (b) was 1000 times magnification of the
cross-section of the membrane. The surface of composite membrane
was compact with some elevated area, which indicated that the
surface was not completely smooth but with small gel particles in it.
They formed the active layer of composite membrane. The cross-
section of composite membrane had two layers. The upper was the
thin and dense cross-linking layer; the lower was the polysulfone
support layer with a sponge-like structure. The combination of the
top dense function layer and the loose supporting layer allowed the
composite membrane maintaining high rejection with high flux.
a b

Fig. 21. The surface (a) and cross-section (b
3.5. Infrared imaging analysis of composite membrane surface

The composite NF membrane was also analyzed using IR imaging
technology. It is shown in Fig. 22, that the green zone represented the
polysulfone membrane layer corresponding to the characteristic peak
of 1252.50 cm−1, the dark purple represented chitosan corresponding
to the characteristic peak of 1653.88 cm−1, and light purple represen-
ted modified chitosan, corresponding to the characteristic peaks to
1731.32 cm−1. The modified chitosan and chitosan are distributed
evenly on the surface of the polysulfone membrane.

4. Conclusions

The composite nanofiltration membrane reported in this paper
was structured with two layers: the upper was the thin and dense
cross-linked layer, which played a crucial role in separation; and the
lowerwas the polysulfone support layer,with a sponge-like porous tex-
ture. The upper layer was prepared with a homogenous mixture of
mesogenic compounds modified chitosan and chitosan. With the opti-
mal composite membrane preparation conditions (1% glutaraldehyde
concentration, 0.06% polyvinyl alcohol concentration, 6% acetic acid
concentration, 14 h cross-linking time at room temperature, the ratio
between P2–4 and the chitosan 4:5), the rejection of the membrane
was 66.3% with flux as high as 2543.3 lm−2 h−1 with the 1000mg/L
of NaCl at 0.4 MPa. This excellent high flux was the result of the mem-
brane structure and function modification through the introduction of
mesogenic compounds. These two compounds, M1 and M2, both had
distinct structures. Increasing flux with relatively low rejection was
observed with M1 modified chitosan composite membrane due to the
porous function layer caused by the introduction ofM1. The best perfor-
mance was achieved with composite membrane with P2–4. The unique
structure of mesogenic compound M2 allowed extra high flux with
very good rejection. Further study of this uniquemembrane is ongoing.
This workmight open the possibility to improve NF membrane proper-
ties by introducing novel compounds.
) images of the composite membrane.
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