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Abstract

Chitosan/Cellulose (CTS/CL) composite membranes were prepared by cross-linking reaction with 3-methy-
lglutaric anhydride (3MGA). The cross-linked membranes with CTS/CL were obtained at different CTS con-
tents in variations from 50 to 100 wt%, and these membranes were applied in the dehydration of ethanol/wa-
ter mixtures. Especially, it was observed that in the case of a composite membrane containing chitosan 80%
(CTS/CL-80/20) showed a performance with a separation factor of a = 17.1 and a total permeation flux of J
=326 g/(m*h). It was observed that the total permeation flux decreased when the cross-linking increased and
the increase in the ethanol content in the feed solution showed an increase in the separation factor. The CTS/
CL-80/20 showed excellent performance with good mechanical strength and dehydration performance in the

ethanol/water mixture separation.
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1. Introduction

It is known that pervaporation (PV) is a potential method
for separation of liquid mixtures in membrane processes.
It is used for dehydration process of mixtures with orga-
nic components which have close boiling points. PV has

been proven as a highly efficient separation process [1-4].

In recent years, a major advantage of this process is the
ability to separate azeotropic mixtures as an economical
and simple alternative to conventional energy-intensive
technologies, especially water-ethanol systems [5]. As an
important application in industrial dehydration processes,
several PV studies have been reported for the separation
of aqueous/organic mixtures [6-11] using hydrophilic
dense membranes. Among them, blended polymer mem-
branes have been extensively studied resulting in increa-
sed flux and selectivity values. For example, the blended
membranes of two oppositely charged polymers formed
high density membrane structure and could result in high
selectivity in the membranes [12]. In blended polyelec-
trolyte membranes for PV dehydration of alcohols, blen-
ded chitosan and polyacrylic acid membranes have been
used [12,13], as well as blended chitosan and sodium al-
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ginate membranes [14]. It was furthermore studied that
synthetic polymer membranes were also widely applied
in PV separation [15-19]. We noted that, by the applica-
tion of such blending techniques, the properties of the
resultant polymer membranes could demonstrated supe-
rior changes in the intrinsic chemical, physical, mechan-
ical, and morphological properties, as compared to non
blended membranes. In addition, as biopolymers are be-
ing used, CTS is a material that can be found in crusta-
cean shells, which is usually wasted from seafood indus-
tries. Therefore, as a suitable biopolymer, their applica-
tions for blended and composite membranes have been
reported [12-14]. It is known that CTS is a cyclo-alipha-
tic polymer that contains both active amino groups and
hydroxyl groups (Figure 1). By using CTS cross-linked
membranes by several chemicals such glutaraldehyde
[17,20-22], formaldehyde [16,19,23,24], sulfuric acid
[19,23,25]. Therefore, the CTS membranes PV perfor-
mance in blended chitosan and polyvinyl alcohol mem-
branes for dehydration of isopropanol was investigated
[26].

On the other hand, cellulose (CL) which usually has
high molecular weights due to long chains of d-glucose
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Figure 1. Schematic procedure of preparation of CTS/CL
membrane.

units joined together by B-1,4-glucosidic bonds (Figure
1) is the most widely available organic biopolymer. It is
nontoxic, renewable, biodegradable and modifiable to
have great potential as an excellent industrial material
[27,28]. More recently in PV processes, we have repor-
ted that vulcanized cellulose membranes showed very
good dehydration performance in alcohol/water mixtures
[Truong T. Cam Trang, Kobayashi Takaomi: Journal of
Applied Polymer Science, DOI #33258]. Due to such ex-
cellent properties of CL membrane, the present work
addersses the continuing efforts to develop new biopoly-
mer membranes for PV separation of aqueous-organic
mixtures by combining both CTS and CL in order to im-
prove the membrane performance. In the present investi-
gation, attempts to examine the applicability of CTS/CL
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composite by using the cross-linker 3-metylglutaric an-
hydride were made for the purpose of dehydrating etha-
nol/water mixtures. The present work also explores the
effect of polymer swelling and sorption selectivity in ad-
dition to the PV performance by varying ethanol/water
contents from 10 to 90 wt%.

2. Experimental

2.1. Materials

Chitosan, having a degree of deacetylation of 80%, was
purchased from Wako (Osaka, Japan) and 3-methylglu-
taric anhydride was purchased from TCI, Tokyo, Japan.
Cellulose was received from Hokuetsu Paper Mills (To-
kyo, Japan). Ethanol was purchased from Nacalai Tesque.
Inc. Water was deionized and distilled before use.

2.2. Membrane Preparation

Figure 2 shows the schematic procedure for the prepara-
tion of the CTS/CL membranes. The membranes were
obtained as follows: CTS was dissolved in de-ionized
water with 2 wt% acetic acid to be 1 wt% in concentra-
tion. The CTS solution was filtered in order to remove
un-dissolved parts and impurities before preparation of
the CTS/CL membranes. In the raw CL (15 g), 120ml of
water were mixed and the mixture was crushed using a
mixer stirring at 250 rpm. After the process was finished,
the CL water mixture were mixed with the CTS solution
under stirring at 250 rpm and kept for 36h in order to be
sure it was completely homogeneous. For the cross-lin-
king process, 5 ml of 5 wt% 3MGA in de-ionized water
was added and mixed. The CTS/CL solution was poured
into a flat glass plate and the CTS/CL membranes were
formed after dried at 40°C for 36 h to then be removed
from the glass plate. The membranes were washed and
rinsed repeatedly with de-ionized water and then dried at
room temperature for 24 h. Six different membranes for
the CTS/CL mixtures were prepared as weight ratio of
100/0, 85/15, 80/20, 75/25, 60/40 and 50/50 and were
denominated as CTS/CL-100/0, CTS/CL-85/15, CTS/CL-
80/20, CTS/CL-75/25, CTS/CL-60/40 and CTS/CL-50/50,
respectively. The thickness of each membrane was mea-
sured using a micrometer screw gauge and found to be of
about 100-150 um.

2.3. CTS/CL Membranes Characterization

In order to characterize the CTS/CL membranes, scan-
ning electron microscopy (SEM) was used to observe the
morphology of the surface and the cross-section of the
resultant membranes. Samples of CTS/CL were fractured
in liquid nitrogen before the SEM measurements. The
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Figure 2. Structure of (a) Cellulose; (b) 3-methylglutaric anhydride and (c) Chitosan.

fractured section of the CTS/CL membrane was coated
with a gold conductive sputtered layer. The surface and
the cross-section of CTS/CL membranes were observed
by a JSM-5300LV (JEOL, Japan).

The tensile strength of the CTS/CL membranes was
measured using a LTS-500N-S20 (Minebea, Japan). Cro-
ss-sectional area of samples of known width (10 mm)
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and thickness (0.1 mm) were used in the calculations.
The value of the tensile strength was calculated by using
the following equation:

max imum load (N i’ )

tensile strength = -
cross-sectional area

Chemical properties of the CTS/CL membranes were
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analyzed by FT-IR method. All of FT-IR spectra were
obtained by using a FT-IR spectrophotometer (Model-
8201; Shimadzu Corp) in transmission mode.

Surface areas of the CTS/CL membranes were meas-
ured using a Flowsorb 2300 (Shimadzu, Japan) and con-
tact angle of the aqueous ethanol solution on the mem-
brane surface was determined using a DropMaster100
contact angle meter (Kiowa Interface Science Co. LTD)
at room temperature.

For observing the swelling of the CTS/CL membranes,
dried membranes were immersed in 10 wt% to 90 wt%
of ethanol aqueous solution in a sealed vessel at room
temperature for 96 h. The membranes were taken out of
the solution rapidly, wiped with filter paper and then
measured in the length and thickness quickly in addition
with its weight. Solvent content was determined from the
difference in the weight of the membranes before and af-
ter immersion in aqueous solutions. The solvent content
(SC) was expressed as:

SC=[(W,-W,)/W, |x100% (1)

where Wy and W, denote the weight of the films before
and after immersion in the solution , respectively.

The degree of swelling (DS) of the CTS/CL mem-
branes was calculated by comparing the volume of the
membranes before (V) and after (V,) immersion in the
solution:

DS=V,/V, )
2.4. Pervaporation Experiments

A schematic diagram of the PV apparatus is shown in
Figure 3. The permeation experiment was performed by
using a common film cell, which was connected using a
magnetic holder to fit the films (® = 46 mm) having an
effective film area of 17 x 10* m’. The membrane cell

Feed solution

CTS/CL membrane

N Filter holder

Press gauge-[ ]

Vacuum pump

Cold trap em——

Figure 3. Schematic diagrams of the PV apparatus.
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inside was filled with alcohol/water solution up to 150
ml. Here, the solution was exposed to atmospheric pres-
sure on the upper side and the solution amount was fed
by addition of alcohol-water solution from the upper side
by means of a feed pump. In the bottom of the membrane
cell, a stainless tube having an inner diameter of 58 mm
was connected to a cold trap and a vacuum pump (UL-
VAC, DA-20D, Tokyo, Japan). Then, the inside pressure
was kept at 124 (+ 0.5) Pa by using the vacuum pump
through the cold trap. The inside pressure was measured
with a pressure gauge (MKS Baratron, 122A). For the PV
process, all the experiments were performed at 25°C and
variable feed of alcohol in the range of 10 to 90 wt% in
the feed solution. The permeated stream was condensed
downstream and collected in a cold trap by freezing with
liquid nitrogen after the pumping was started. The con-
densed sample was collected at a given period of time
and then weighed. In order to evaluate alcohol and water
concentrations in the permeated sample solution, a gas
chromatography equipment (Shimadzu TC-14B) was
used with Helium as the carrier gas in a pack column
(Poly A-135) at 140°C.

The permeability of the membranes for alcohol/water
was calculated by the separation factor () defined as

aw/a :(yw/ya)/(xw/xa) (3)

where x and y were the weight fractions of the species in
the feed and the permeate, respectively. For the descrip-
tion of alcohol and water, the subscripts a and w were
used, respectively.

Permeate flux, J was calculated by using the following
Equation (4)

J=Q/At “)
where Q (g) was the total mass of permeate for t hours
and A (m?) denoted the effective area (17 x 10* m?) of
the membrane.

3. Results and Discussion
3.1. Characteristics of CTS/CL Membranes

As mentioned in the experimental section, membranes
consisting of CTS and CL were prepared with different
amounts of CTS and CL for CTS/CL = 100/0, 85/15,
80/20, 75/25, 60/40 and 50/50. Each membrane was
cross-linked using 3MGA. Figure 4 shows the resultant
SEM images of the CTS/CL membranes with and with-
out the cross-linking treatment. In the pictures (Figures
4(g) and (h)), the cross section of the obtained mem-
branes had about 120um thickness in the untreated
membrane consisting of 80/20 of the CTS/CL. It was
clear that the membrane presented many cellulose fibers
having about 10 pm in diameter. It could be observed
that the morphological structure of the surfaces of the
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Figure 4. SEM images of CTS/CL blended membranes: (a)
surface of membrane CTS/CL-100/0; (b) Cross-section of
membrane CTS/CL-100/0; (c) Surface of membrane CT-
S/CL-80/20; (d) Cross-section of membrane CTS/CL-80/20;
(e) Surface of membrane CTS/CL-50/50; (f) Cross-section
of membrane CTS/CL-50/50; (g) Surface of CTS/CL-80/20
mem-brane without cross-linking; (h) Cross section of CTS/
CL-80/20 membrane without cross-linking.

four membranes in the pictures (a ~ h) was obtained with
the cross-linking treatment and had a difference in the
membrane thickness and number of CL fibers. With the
increasing in the cellulose contents in the CTS/CL mem-
branes, the cross-section which was of lower cellulose
content became denser.

Figure 5 shows the FT-IR spectra of CL sample (@),
CL/3MGA sample (b), CTS sample (c), CTS/3AMGA
sample (d), CTS/CL-80/20 without cross-linking treat-
ment, (f) CTS/ CL-80/20 with cross-linking treatment. In
the FT-IR spectrum (&) of CL had the IR bands of OH
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Figure 5. IR-FR spectra of the CTS/CL blended membranes.

stretching at 3425, 1664, 1346 and 1124 cm’!, 2924,
1382 and 906 cm™ of CH stretching, 1440 cm™ of CH,
blending, 1172 and 1074 cm™ of C-O-C stretching were
confirmed [26,29]. In the (b), the FT-IR spectrum of the
CL/3MGA membrane treated by cross-linked showed
that, the appearance of IR bands at 1714 cm™' (C = O)
and the absence of the bands at 1440 cm™'(CH,), 1346
and 1124 cm™ (OH) could be confirmed. In the spec-
trum of CTS (c), the characteristic absorption bands
were observed at 3448 and 1332 cm ™' (OH), 1670 cm™
(amide I), 1587 cm™' (amide II), 1438 cm ' (—CH,
bending), 1386 cm™' (CH), 1160 cm™' (C-O-C), 1090
and 1040 cm™' (C—O stretching). In a similar manner to
the CL/3MGA sample, the cross-linked treatment of
3MGA was carried out in the CTS/3MGA sample for
(d). The IR bands at 1714 cm™' (C = 0), 1573 cm™
(Amide 1I) and the absence of the bands at 1438 cm™'
(—~CH,) and 1332 ¢m™ (OH) could be confirmed in the
spectrum. For the 3MGA treatment, the membranes had
IR bands at 1717cm™ for the C = O group of 3MGA.
This seemed to be explained due to the cross-linking
reaction forming ester groups of 3MGA and OH groups
of CL occurred in the CTS/ 3MGA membranes. Fur-
thermore, (€) shows the FT-IR spectrum of the CTS/CL
membrane. When a comparison was made between CL
(a) and CTS (c), the IR bands presented a shift in the
amide I and amide II of the CTS from 1670 cm ™' and
1587 cm ™' to 1651 and 1576 cm™', respectively. Also,
the disappearance of band at 1124 cm™ (OH) was ob-
served. Moreover, in the CTS/CL/ 3MGA membrane (f),
both 1651 cm™' (amide I) and 1576 cm™' (amide II)
bands were observed in addition with the appearance of
1714 cm™' for the C = O of 3MGA and the disappear-
ance of 1124 cm™ for OH group of CTS and CL.
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As characteristic of these CTS/CL membranes, the va-
lue of tensile strength and elongation of the membrane
are given in Table 1. From these results, it could be ob-
served that the CTS/CL-80/20 membrane exhibited high
tensile strength of 89.2 N/mm?”. With the increase of the
CL contents in the CTS/CL membranes, the CTS/CL
membranes became brittle. Table 1 also shows the sur-
face area and the contact angle of water for the CTS/CL
membranes. There was tendency for the CTS/CL mem-
branes to show a high surface area at CTS/CL = 80/20.
The data of the contact angle decreased with the increase
in the weight of ratio CTS/CL. This was due to a high
affinity of the water molecules with the CTS segments in
the CTS/CL membrane.

3.2. Separation of Ethanol and Water by PV
Process

The separation performance of ethanol/water mixtures by
the CTS/CL membranes was investigated using PV ap-
paratus (Figure 3). In the dehydration process of the
mixture, the feed composition of ethanol and water was
changed in the range of 10 wt% to 90 wt% of ethanol.
Then the total permeation flux and separation factor was
obtained. In order to understand clearly the PV characte-
ristics, the effect of ethanol composition on the total per-
meation flux was determined in Figure 6(a). As the etha-
nol concentration in the feed solution was increased, the
value of the total permeation flux considerably decreased.
Especially, the tendency of the decline was more signifi-
cant between CTS/CL = 80/20 and 85/15. When the CL
content was increased in the films, there was a tendency
for the values of total permeation flux to increase.

Figure 6(b) shows separation factor (o) for each CTS/
CL membrane. When the ethanol concentration increa-
sed from 10 to 90 wt%, there was a tendency for the va-
lue of a to increase from 2.1 to 5.9 for the CTS/CL-75/25,
from 5.6 to 17.1 for CTS/CL-80/20 and from 5.8 to 17.3
for the CTS/CL-85/15. In the CTS/CL-100/0 membrane
the values were 5.9 and 17.9 at 10 wt% and 90 wt% of
ethanol solution. It was noted that a reverse tendency
could be seen in the data of the permeation flux and o.
With the increase in ethanol concentration in the feed so-

lution, the separation factor increased, but also lower
permeation flux is obtained. In the case of the CTS/CL
without cross-linking treatment, the mechanical proper-
ties were not good for the PV experiments, but the value
of the faster total permeation flux was observed in the
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Figure 6. Effect of ethanol concentration on (a) Total per-
meation flux; (b) Separation factor.

Table 1. Physical properties of CTS/CL membranes.

Thickness (um)

Tensile strength (N/mm2)

Elongation(%)  Surface area (m2/g)  Contact angle (degree)

CTS/CL-100/0 100 55.8
CTS/CL-85/15 120 75.2
CTS/CL-80/20 120 89.8
CTS/CL-75/25 120 55.6
CTS/CL-60/40 120 25.6
CTS/CL-50/50 120 24.3
CTS/CL without cross linking 120 21.5

7.6 78.0 80.2
43 81.0 74.1
4.5 98.0 60.4
4.7 72.0 52.7
255 45.0 435
27.1 432 47.6
23.1 42.5 575
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range 90~165 g/m”.h and the separation factor was shown
in the range of 2~6.2.

As plotted in Figure 7, both the relationship of the to-
tal permeation flux and separation factor is clearly indi-
cated. That is, the increase of the total permeation flux
led to a decline in the value of separation factor. Among
them, it was noted that the CTS/CL-80/20 membrane
showed a high PV performance compared to other CTS/
CL membranes, although the value of total permeation
flux was 500 g/m’h and separation factor was about 18.
It was also indicated that, the PV performance of untrea-
ted cross-linked film and CTS/CL-100/0 film resuted in
low total permeation flux and high separation factor.

In order to have further information of the resultant
membranes, as shown in Figure 8, the effect of different
ethanol concentrations on (a) the solvent content (SC)
and (b) the degree of swelling (DS) were examined. The
CTS/CL membranes showed a decrease in SC in all
membranes when the ethanol concentration increased.
This meant that, due to the affinity of the CTS/CL mem-
brane for water, the increase of water adsorbed in the
membrane was obtained. It also could be seen that, a high
swelling of all the CTS/CL membranes was observed at
lower ethanol concentrations. The tendency changed to
become lower when the content of CTS was decreased.
This resulted in a decrease of the CL content in the mem-
brane, since the value of DS decreased. This fact might
be due to the presence of hydroxyl groups in the CL and
to be easily adsorbed with water molecules. As listed in
in Table 1, the value of water contact angles also sup-
ported that the CTS/CL membranes containing lower CL
contents showed water resistance. That is, the cellulose
segments in the film behaved so that they increase the
penetration of water molecules into the membranes.

In order to know the PV performance of the present

20
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Figure 7. Plots of separation factor and total permeation flux.
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Figure 8. Solvent content (a) and degree of swelling (b) of
the blended membranes observed at different ethanol con-
centration.

membranes, a comparison was made to the references for
several polymeric membranes of (1) chitosan-silica com-
plex [30] and (2) chitosan-HEC [31] and (3) chitosan-
polyacrylic acid [10] in dehydration of ethanol. These
processes of (1), (2) and (3) showed an excellent separa-
tion performance of a = 234, 10.5 and 2216 with 234,
112 and 33 g/(m’h), for ethanol/water mixture, when the
ethanol concentration was 90 wt%. In the present work,
the composite CTS/CL membrane showed permeable
and separation performance with 326 g/(m’h) and o =
17.1 for the ethanol/water mixture. The CTS/CL mem-
branes system in the present work therefore could dem-
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onstrate a higher permeation flux, even though the sepa-
ration factor was somewhat lower than that of chitosan-
HEC blended film [31]. We also expected that the CTS/
CL membranes were totally made of CTS and CL which
were typical biopolymers. This was of advantage in the
case of CTS/CL membranes for sustainable materials and
firstly reported in the present work. It could be conclu-
ded that the film of CTS and CL with 3-MGA treatment
would become promising because of the proper alcohol
concentration by PV process. Therefore, the CTS/CL bi-
odegradable composite membranes were applicable with
high permeation flux and stable operation for separation
of ethanol/water mixtures in food and medical industrial
uses.

4. Conclusions

In the present study, membranes of cellulose and chito-
san were prepared with 3-methylglutaric anhydride as a
cross-linking agent and applied for the PV experiments
for the separation of ethanol/water mixtures. The separa-
tion process of ethanol/water mixtures was studied in dif-
ferent ethanol concentrations. The CTS/CL-80/20 mem-
brane showed great performance in the PV process with
a total permeation flux, 326 g/m’h by separation factor,
17.1. The CTS/CL membranes also showed a very good
stability with benefits in the separation of azeotropic
mixtures such as ethanol in aqueous solution by PV pro-
cess.
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