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N-phthaloylchitosan (CS) was synthesized by the reaction of chitosan with phthalic anhydride in dimethyl
formamide. Different compositions of polysulfone (PSf) and N-phthaloylchitosan were used to prepare novel
polysulfone/N-phthaloylchitosan (PSf/CS) composite membranes by phase inversion method. The compo-
sition ratios between the former and the latter were 80:20, 85:15, 90:10, and 95:5. Water flux results revealed
that, PSf:CS 80:20 membrane is found to have greatest effective pore area while PSf:CS 95:05 membrane has
the smallest value. The pore area is found to be larger with the increase in CS composition. In addition, its
water swelling property increases with the increase of CS composition. Water flux results are in consistent
with dielectric constant value. Use of known molecular weight of polyethylene glycol rejection study,
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Water flux revealed that, PSf:CS 95:05 membrane possessed the smallest pore size among these membranes. In
PEG rejection conclusion, change of ratio between PSf and CS, considerably affects membrane pore size and hydrophilicity.
FT-IR analysis For salt filtration, membrane PSf:CS 95:05 showed 93%, 76.11% and 70.12% rejection of MgSQ,, Na,SO,4, and

Salt rejection Nadl, respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Conventional desalination and water purification using membrane
technology have grabbed researchers' interest for many years. Separation
at solid/liquid interface can be carried out continuously under mild
conditions with low energy consumption [1]. Membrane properties are
variable and pore size can be adjustable according to their applications
[2]. Membrane technology is widely applicable in many areas such as,
chemical and biochemical processes, stream separation, sea water
desalination, removal of heavy metals from waste effluents, and
purification of potable water [3-7]. With the emerging research in
nanotechnology, nanofiltration membranes play important role in nano-
safety, to remove toxic nano-particles (<100 nm) from the environment.

Transport mechanism of porous membrane is not yet completely
understood. Several models have been proposed to explain the
transport mechanism of the porous membrane using Teorell-Meyer-
Sievers model (TMS) [8], the space-charge model [9], and the
extended Nernst-Plank equation [10]. Continuation by Nernst-Plank
equation coupled with Donnan equilibrium has been used to describe
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the separation performance of amphoteric pores membrane based on
convection, diffusion, and electromigration [11,12]. However, current
work [13,14] reveals that dielectric effects are also not to be neglected
in the complex separation mechanisms.

Polysaccharides, as in chitosan, are hydrophilic in nature having
many hydroxyl groups and generally have relatively good biocompat-
ibility. It contains primary amino groups obtained by N-deacetylation
of a natural polymer chitin and noteworthy as non-toxic, biocompat-
ible and non-immunogenetic polysaccharide [15,16]. Therefore chit-
osan has wide variety of the applications. Also, highly reactive primary
amino groups of the chitosan are convenient for chemical modifica-
tion, having better solubility in organic solvent so it is easier to
compose with other polymer to get a homogenous membrane. Zheng
et al. [17] reported the synthesis of N,0-carboxymethyl chitosan
(NOCC) and cellulose acetate blend film. The NOCC, a water-soluble
chitosan derivative, is a carboxylated chitosan having carboxymethyl
substituents on some of the both amino and primary hydroxyl sites of
the glucosamine units of the chitosan structure [18]. In addition, it is
hydrophilic and a typical kind of amphoteric polyelectrolyte with
anticancer and antibacterial [19] property. At the same time, it is found
to be a potential candidate for microfiltration [20] and pervaporation
[21] by appropriate modification.

Ohya et al. [16] reported graft styrene polymerisation of chitosan,
where N-phthaloylchitosan was employed for chemical modification.
Its 6-O-trityl protection of chitosan through N-phthaloylchitosan
[22,23] is another effective method to achieve homogenous chitosan
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modification at the amino group with good yield. N-phthaloylchitosan is
soluble not only in a weak acid, but also in some organic solvents, so it is
very useful to prepare the composite membranes with polysulfone.
However, to our knowledge until now, there is no any proper literature
on composite porous membranes using N-phthaloylchitosan.

In this work, N-phthaloylchitosan was synthesized by reacting
chitosan with phthalic anhydride in dimethylformamide. The mixture of
polysulfone and N-phthaloylchitosan in different compositions was
used to prepare polysulfone/N-phthaloylchitosan (PSf/CS) novel com-
posite membranes. Further they were verified by means of water flux
study, dielectric constant, and filtration using mono- and divalent salt
solutions. Rejection of polyethylene glycol (PEG) was also investigated
to estimate types of these novel filtration membranes.

2. Materials and methods
2.1. Materials

Chitosan (MW 5.4x 105, 91% degree of deacetylation) and
polysulfone (PS) (MW 35000 Da) were purchased from Seafresh
Company Ltd., Thailand and Sigma Aldrich, respectively. Phthalic
anhydride and NMP (N-methylpyrrolidone) were of analytical grade
and used without further purification. The G4 sand filters were
purchased from local market of Hat-Yai, Thailand for the filtration of
casting solution. Deionised water was used for membrane preparation
and permeation experiments. Salt solutions of NaCl, Na,SO4 and
MgSO, were used for feed and permeate was determined using
conductivity meter. The IR spectra were recorded on an Avatar 360 IR
spectrophotometer.

2.2. Preparation of the N-phthaloylchitosan

Chitosan modification was done according to the procedure reported
by Yoksam and Chirachanchai [24]. In brief, 23.7 g chitosan (MW
54x10° 91% degree of deacetylation) was reacted with 64.5¢
phthalic-anhydride in 100 mL DMF (dimethylformamide) at 130 °C for
5 h, under nitrogen atmosphere. The reaction mixture was poured into a
large amount of ice-cold water to precipitate N-phthaloylchitosan. It was,
then filtered and purified by ethanol and ethyl ether to obtain yellow solid
with 80.6% yield. The FT-IR spectra of N-phthaloylchitosan was recorded
using KBr pellets in the range of 4000-400 cm ™ ! to confirm the structure.
The synthetic route for the same has been presented in Fig. 1.

2.3. Preparation of composite membranes

Membranes were prepared by phase inversion method [25].
Polysulfone (Sigma Aldrich, 35000 Da) and the prepared N-phtha-
loylchitosan, of different ratio were dissolved in NMP (N-methylpyr-
rolidone) at 60 °C for 24 h to get clear solution. The so obtained
viscous solution was filtered by G4 sand filter before casting. The
membrane was prepared by casting viscous solution on a glass plate.
The thickness of the wet membrane was maintained at 0.2 mm. It was,
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| DMF
Il Phthalic anhydride

Fig. 1. Schematic representation of the synthesis of N-phthaloylchitosan.

then, evaporated at 25+ 1 °C for 30 seconds, and immersed in a
coagulation water bath for 30 min. In the coagulation bath containing
distilled water, demixing of solvent takes place. Hence it necessary to
change the distilled water. Finally the membrane was washed and
stored in distilled water for further characterization.

2.4. Membrane characterization

ATR-IR of the membrane was recorded using Avatar 360 IR
spectrophotometer in the range of 4000-400 cm ™.

Hydrophilicity of the membrane was determined by swelling
behavior and contact angle measurement. The former was studied by
weight change during swelling in distilled water. The several pieces of
membranes having 1 cm? area were thoroughly rinsed with distilled
water, and then dried in desiccator for 24 h. These dried membranes
were later immersed in distilled water for at least 24 h. The swollen
membranes were taken out at a series of time, and excess water on the
surface was gently removed by a blotter. Then the swollen weights of
membranes were quickly measured. Later, membranes were again
dried under vacuum desiccator for 24 h and weighed. Degree of
swelling was calculated using the equation
9 : _ Ww _Wd
Zswelling = <Td> x 100,
where W,, and Wy are the weight of wet and dried membranes,
respectively.

Contact angle of the membrane surface was measured with a
measurement apparatus (OCA 15 EC, Germany). The measurement
was done according to the sessile droplet method. In brief, a water
droplet was deposited on a flat homogenous membrane surface and
the contact angle of the droplet with surface was measured. The value
was observed until there was no change in contact angle during short
measurement period. Each contact angle was measured three times at
different points of each membrane sample and an average value was
calculated using standard deviation curve.

Dielectric constant of the membrane was determined by using
Precision LRC meter Agilent 4258A with 16451b dielectric test fixture
at various frequencies 75 kHz to 30 MHz with 1 MHz steps.

2.5. Permeation experiments

2.5.1. Hydraulic permeability coefficient of the membrane

Water flux study has been done by using dead end flow cell. The
effective area of the membrane was 50 mM. Hydraulic permeability of
the membrane (L,) was estimated from slope between water flux and
the applied pressure L, = slopex2.77x 107 '°.

2.5.2. Rejection study of membranes

The rejection experiment was carried out as same as water flux
study. PEG of several molecular weights (6000-10000 Da) at 50 ppm
was filtered in a dead end unit and permeate was estimated using
spectrophotometer [26]. 4 mL of permeate sample solution was added
to 1 mL of reagent A (5% (w/v) BaCl, in IN HCl) and reagent B (1.27 g I,
in 100 mL 2% KI (w/v) solution). This mixture was allowed to develop
the color for 15 min at room temperature and absorption was measured
using a spectrophotometer at 535 nm against a blank reagent.

Feed of 1000 ppm of Na,SO,4, NaCl and MgSO,4 solutions was used
as inorganic electrolytes. Salt concentration was filtered with the
composite membranes, and the content in feed and permeate was
measured using a conductivity meter. Rejection of both PEG and salt
was calculated with

C
%R = (1—”) x 100
G



M. Padaki et al. / Desalination 279 (2011) 409-414 411

where C, and Gy represent the concentrations of permeate (p) and feed
(f), respectively. The presented data are the average of three measure-
ments conducted on two pieces of membranes cut from a single sheet.

3. Results and discussion

FT-IR spectra of the N-phthaloylchitosan were measured for
confirmation of the product by KBr pellet method [8]. Fig. 2, shows

the peaks at 3447 cm~! of the OH group, 2922 cm~! of the C—H
group, 1703 cm ™! of the imide CO, 1381 cm~! C—N group,
1058 cm ™! of the C—OH group and 714 cm™ ! of the aromatic C C
group. Fig. 2b represents the ATR-IR spectra of the membranes. The
characteristic peaks of the N-phthaloylchitosan at 3345cm™ !-
3361 cm™! of the OH group, 2965 cm™ '-2968 cm ™' of the C—H
group and CO peak shifted to the lower side of 1664 cm™ !-

1679 cm™'. C—N and C—OH groups shifted to the 1013 cm™' to

a ;
100
95 4
90 ;
85
80
75 1
70 1 oK
] | ~
2 65 o o
5w : d
§ 55 ] z 3
& 50 z < ~ 2
— o E
R 45 a i
40 - z -
3 | g
30 S
it
25 < =)
20
15 4
10 |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)
b
Scientific Equipment Center , PSU.
@ 3 L1 LT 1 Ly el
g 233 g3 8 8382 g2y 8 33 3¢
r~ - o B =
E §§§ psf:cs 80:20 tg % § ééa E ":-g: e g‘% N
2 B
« w
s F
T o
S, 87 I e b | e 11
© 8 88 6 8 858 3388 e 8k
g § §§ psfics 85:15 @% ‘% gg‘ﬂ_ E %?g Bé 2
s T o @
= s @
E 2 &
w
g
= 87 o T 7 iy T NI
2 3 8§ g8 833 g 888 3R 38
ﬁ §§ psf:cs 90:10 E :é :§_§§ E E“g_: § g%ghg
3 8
(3] w
8 &
8 I RN mo I
§= 2® RZo 824 4 23 8 3z 89
gg psfics 95:05 Eg §§§ §,‘$_’§ E Eg ‘8_ Eﬁ l»-%
g F
FT-IR Spectroscopy

Wavenumber cm-1

Fig. 2. a. FT-IR spectrum of the N-phthaloylchitosan. b. ATR-IR spectrum of the membranes.
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Fig. 3. a. Cross section image of PSf:CS 80:20. b. Cross section image of PSf:CS 85:15. c. Cross section image of PSf:CS 90:10. d. Cross section image of PSf:CS 95:05.

1041 cm~ ' and 737 cm™ ' to 738 cm ! respectively. The presence of
strong peak at 1241 cm™ ! to 1243 cm ™! is assigned to the ether
C—O0—C stretch of the polysulfone moiety and the peak at 1169 cm !
to 1170 cm ™! due to O S O stretching.

Membranes could not withstand high temperature and hence it
was not possible to prepare SEM micrograph of surface. Cross section
images were taken in lower magnification. Fig. 3a to d represents the
cross section images of the membranes. Increase of CS concentration
results in diminishing of finger-like structure, however formation of
thick sponge like structures. It can be explained by phase separation
process. In this case the increase of CS concentration decreases the
exchange between inner casting solution and water, and thereby
weaker stress derived from the shrinkage of polymer-rich phase.
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Fig. 4. Water flux of the composite membranes.

Hence, phase separation was limited. Therefore, there is decrease in
finger-like pores and the sponge-like structure was more dominant.

Pure water permeability was obtained by measuring the flux for
pure water against operating pressure. As shown in Fig. 4, the flux
increases linearly with the operating pressure. The composition of the
PSf:CS 95:5 shows the lowest flux and PSf:CS 80:20 shows the highest
flux. This relation is close to pure water permeability according to the
Spiegler-Kedem model [27]. The hydraulic permeability coefficient of
the membrane has been shown in Table 1. The increasing CS
composition in the membrane increases the water flux and, hence,
hydraulic permeability coefficient.

Fig. 5 represents the dielectric spectrum, which is independent of
the frequencies between 4x10% and 7x10°Hz. Among the four
compositions, the membrane PSf:CS 80:20 possesses the smallest
dielectric constant. Both membrane PSf:CS 95:05 and PSf:CS 90:10
possess the same dielectric values and being the maximum value. As
discussed in Ref. [28], the maximum dielectric constant represented
the smallest void area of the membrane, and this was verified by the
minimum water flux shown in Fig. 4.

Fig. 6 shows the water swelling study under different pH. pH
variation was done by using conc. HCI and 4% NaOH solution.

Table 1
Contact angle and hydraulic permeability coefficient of the membranes.

Membrane Contact angle Ly in (m/sPa)
PSf:CS 95:05 8942 8.48x 1012
PSf:CS 90:10 8642 0.11x107 12
PSf:CS 85:15 7542 0.12x10~ 2
PSf:CS 80:20 7342 0.14x10~ 12
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Fig. 5. Dielectric constant of the membranes.

The membrane PSf:CS 80:20 shows the greatest water swelling
than the other for all pH used. It is interesting to observe that, all
membranes perform similar pattern changes in the swelling percent-
age. The greater swelling percentage is related to the greater CS
content. As a consequence, contact angle was studied and the results
are shown in Table 1. As expected, the membrane PSf:CS 80:20
showed the smallest contact angle while the opposite is the case for
the PSf:CS 95:05 one, since PSf is hydrophobic material and the
addition of CS reduced the property, and resulted in decrease of the
contact angle. In the pH range of 4-5, membranes showed the highest
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Fig. 6. Effect of pH on water swelling property.
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Fig. 7. PEG rejection of the membranes.

water swelling. This is due to the amide bond in N-phthaloylchitosan,
which readily undergoes protonation and leads to higher water
swelling whereas, in higher pH 3, the unstable amide bond breaks and
resulted in low water swelling. In neutral and basic pH, there is no
sign of protonation and hence, the water swelling decreases.

The prepared membrane was further investigated by filtering
known molecular weight PEG solution. Fig. 7 represents rejection of
PEG according to the MW used. The membrane PSf:CS 95:05 showed
PEG (6000 Da) rejection of 80%, while for PEG (10000 Da), it was
found to be nearly 90% rejection. The remaining membranes possess
larger pore size and hence exhibit less PEG rejection in order with the
CS content. Hence the membrane PSf:CS 95:05 is nanofiltration
membrane and the remaining are ultrafiltration membranes.
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Salt rejection of the membranes is presented in Fig. 8(a-c). It is
interesting to observe that, there is a tendency of a decline in salt
rejection under higher applied pressures in all cases. It might be due
to some convection flow, leading to an increase in permeate salt
concentration. While comparing among electrolyte used, the rejection
of electrolyte solution decreases in the following order MgS0,, Na,SO4
and NaCl as shown in Fig. 8(a-c). Higher rejection of MgSO4 over NaCl
can be explained using size exclusion principle, as SO4 is larger in size
than that of C17, so it showed greater rejection. The membrane PSf:CS
95:05 showed the greatest rejection for MgSO, at about 93%, and that
for Na,SO,4 and NaCl are 76.11% and 70.12%, respectively. The PSf:CS
80:20 shows the smallest rejection for MgSO,4, Na,SO4, and NaCl at
about 28.5%, 22.5% and 13.6%, respectively. These results confirmed
that the membrane PSf:CS 95:05 possessed the smallest pore size,
compared to the others. In addition, it implies that, the smallest
effective pore area in Figs. 4 and 5 directly indicates the smallest pore
size and also MWCO study, in that PSf:CS 95:05 shows the lowest
MWCO as compared to other membranes.

It is interesting to point out that greater MgSO, rejection in
membrane PSf:CS 95:05 than membrane PSf:CS 90:10 indicated that
the former has smaller pore size than the latter, whereas the
comparative pore size between these two membranes could not be
distinguished if NaCl was used for testing.

4. Conclusions

FT-IR analysis confirmed the formation of N-phthaloylchitosan.
Composite membranes performed a range of nano- to ultra-filtration
according to the CS content. The increase in CS content induced
membrane hydrophilicity, leading to water swelling and membrane
pore size enlargement. In addition, the membrane swelling property
is pH dependent. The smallest swelling occurred at pH 3 and was
maximized to 65% at pH 5-6. Membrane PSf:CS 95:05 and 90:10
performed nano-filtration with 95% of MgSO, rejection, 78% of Na;SO4
rejection and 75% of NaCl rejection, respectively. The PSf:CS 85:15 and
80:20 were classified as ultra-filtration membranes with much
smaller rejection for the above salts.
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