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ABSTRACT

To improve caprolactam pervaporation (PV) separation dehydration process, composite
membrane was investigated using chitosan (CS) and poly (acrylic acid) (PAA) blending
membrane as active layer and a polyacrylonitrile (PAN) ultrafiltration membrane as sub-
strate. The composite membranes were characterized by FTIR, SEM, and XRD measurements
to assess the intermolecular interactions membranes of morphology, and observe the crystal-
linity, respectively. The effect of the ratio of PAA and CS in the composite membranes on
the PV performance was investigated. The flux was decreased and the separation factor was
increased by the PAA content increase in the range of 10-30 wt.%. Besides, operating temper-
ature and feed composition on PV performances were investigated. Data showed that PAA/
CS composite membranes displayed good swelling and PV performance, and the composite
membranes had superior separation performances for dehydration of e-caprolactam solution,
that the highest separation factor could reach 7,804 at 313K, for 70wt.% caprolactam. The
evaluated results revealed that the separation performances of CS/PAA composite mem-
branes were strongly related to their reaction degree and intrinsic structure as well as the

operating parameters.
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1. Introduction

Pervaporation (PV) technique is an eco-friendly
and economical separation method compared to con-
ventional separation processes for close-boiling, azeo-
tropic, isomeric, or heat-sensitive liquid mixtures in
the chemical industry [1-6]. Traditional separation
techniques for the s-caprolactam (CPL) purification,
such as crystallization, thin-film distillation, and melt
crystallization by suspension, have many disadvan-
tages, especially low heat transfer coefficient, a large
amount of middle pressure steam consumption from
steam containing considerable CPL. Therefore, our
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group introduced PV technique into the CPL purifica-
tion using polyvinyl alcohol (PVA) membrane [7]. But
PVA is a linear chain structure polymer, has high
crystallization and high orientation, limited further
improvement in the separation factor [8].

Chitosan (CS) is the most abundant biopolymer in
the nature [9-11]. CS has both reactive amino and
hydroxyl groups that have a good hydrophilic nature.
It also has good film-forming properties, chemical
resistance and high selectivity for water solution. CS
was widely used in PV separation of aqueous-organic
mixtures [12,13]. In previous works, we found that
CS-PVA blending composite membranes used in
CPL-water system on PV had better separation factor
than PVA membranes [14,15]. Poly (acrylic acid)
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(PAA) is an anionic polymer applied to membrane
separation processes beginning in the 1960s [16-20].
Nam and Lee blends of PAA and CS for composite
membranes in the PV the dehydration of alcohols [21].
Electrostatic interaction has to be formed by mixing of
positively and negatively charged polyions in aqueous
medium. This property of PAA may improve the CS
membrane separation factor.

The present work explores the performance of these
PAA-CS composite membranes of different blending
ratios for the separation of CPL-water mixtures. The
morphological structure, thermal stability, and
mechanical properties of the modified films character-
ization were carried out using infrared (IR), wide-angle
X-ray diffraction (XRD), derivative thermogravimetric
curve (DTG), scanning electron microscope (SEM), and
swelling test. The relationship between the structure
and their physicochemical properties has been dis-
cussed. The effect of PV operating parameters such as
temperature and feed concentration has been evalu-
ated. In addition, the work also sought to find out
whether PAA-CS composite film in the paper would
have the desired separative duty for CPL solution.

2. Experimental
2.1. Materials

CPL (industrial grade) was supplied by Baling Pet-
rochemical Co. Ltd (SINOPEC, China); PAA of molec-
ular weight 1,000 and CS having an average
molecular weight 500,000 were purchased from
Guoyao Chemicals Co., Ltd (Si Chuan, China). The
degree of deacetylation of CS was found to be 91%.
Other chemicals were of reagent grade and used with-
out further purification.

Porous ultrafiltration membrane of polyacryloni-
trile (PAN) (Cut-off MW 5 x 10%) was supplied by the
Development Center of Water Treatment Technology
(China). Deionized water was used in preparing the
aqueous feed solutions for the PV experiments.

2.2. Preparation of crosslinked composite membranes

CS was dissolved in deionized water to prepare a
concentration of 1wt.% solution. To this solution, ser-
ies amount (10, 20, and 30 wt.% of the solute) of PAA
was added and the reaction lasted for 24 h. The result-
ing homogeneous solution was used for the sequent
process after degassing.

The coated membranes, hydrolyzed PAN micropo-
rous membranes, were prepared by immersing PAN
ultrafiltration membrane in 5wt.% NaOH aqueous
solution at 50°C for 1h, washed thoroughly with

deionized water until neutral and then immersed in
1N HCI aqueous solution for 20min, and washed
with water until neutral [14]. Then, the prepared solu-
tion was cast on the porous PAN substrate mem-
branes held on a glass plate. The composite
membranes in the gelatination state were allowed to
evaporate slowly in a dust-free atmosphere till dried
at ambient temperature. Finally, the composite mem-
branes were treated in an air-circulating oven to effect
thermal crosslinking structure. This chemical cross-
linking reaction is displayed in Fig. 1. The membranes
in different PAA mass ratio (10, 20, and 30 wt.% of the
total solute) were designated as M1, M2, and M3,
respectively, as Table 1.

2.3. Swelling experiments

Equilibrium swelling experiments on all mem-
branes were performed in feed mixtures of CPL/
water with compositions ranging from 30 to 70 wt.%
water at 40°C. The masses of dry membranes were
first determined and these were equilibrated by soak-
ing in different compositions of feed mixture in a
sealed vessel for 48h. All the experiments were per-
formed at least three times and the results were aver-
aged. The percent degree of swelling (S) was
calculated by the following equation:

S(%) = (Ws — Wa)/Wa x % (1)

where W4 and W, are the weights of dry membrane
and swollen membrane, respectively.

2.4. Characterization
2.4.1. Fourier transform infrared (FT-IR) spectroscopy

The crosslinking reaction of CS/PAA with GA was
confirmed by the FT-IR spectroscopy. The FI-IR spec-
tra of various composite membranes were scanned
using Nicolet AVATAR 360 FT-IR spectrometer.

2.4.2. Scanning electron microscopy

The morphology of the various composite mem-
branes was examined by SEM. All specimens were
coated with a conductive layer of sputtered gold. The
morphologies of the CS/PAA composite membranes
were observed with SEM (FEI Quanta 200, Holland).

2.4.3. XRD analysis

XRD measurements were analyzed using a Shi-
madzu XRD-6000 (Japan) diffractometer equipped
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Fig. 1. The chemical crosslinking reaction of CS and PAA.

with graphite monochromatized Cu Ko radiation 2.4.5. PV experiments
(A=1.54060A) at 40kV and 30mA with a scan rate
of 4°/min. The angle of diffraction was varied from
5° to 45° to identify any changes in the crystal
structure.

The tested membrane was allowed to equilibrate for
about 1-2h at the corresponding temperature before

Table 1
Typical sample preparation and designation of CS-PAA

2.4.4. Thermal gravimetric analyses .
composites membrane

Thermal gravimetric analysis was conducted
with SETSYS 16 instrument (France) under a nitro-
gen atmosphere with a flow capacity of 50mL/ cs PAA
min. The scan was carried out at a heating rate of M1 90 10
10°C/min from 20 to 600°C. The sample weight M2 80 20
was about 5-10mg and analyzed using an a-Al,Os;

_ M3 70 30
crucible.

Membranes Concentration (wt.%)
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performing the PV experiment with fixed compositions
of the feed mixture. After establishment of a steady
state, the permeate vapor was collected in a trap
immersed in the liquid nitrogen jar on the downstream
side at a fixed time of intervals. The feed mixture was
varied from 30 to 70wt.% CPL and PV experiments
were conducted in the range of 40-60°C [14].

From the PV data, separation performance of
membranes was assessed in terms of flux (J) and sepa-
ration factor (). These were calculated, respectively,
using the following equations:

o= ywaPL/ XwlcprL (2)

J=W/At (3)

Where in Eq. (2) x,, yw are the mole fractions of water
in the feed and permeate, and xcpr, ycpr, are the mole
fractions of CPL in the feed and permeate; in Eq. (3),
W(g), A (m?) and t (h) are the weight of permeates,
effective membrane area, and time, respectively.

3. Results and discussion
3.1. Membrane characterization
3.1.1. FT-IR analysis

FT-IR spectra presented in Fig. 2 were the com-
posite membranes prepared by blending CS and
PAAc in various ratios. From this spectrum of pure
CS (Fig. 2(a)), it can be seen that the absorption
band of the stretching of -OH groups was at
3388cm™' and the band at 1,650 predominantly
arose from -NH, groups’ asymmetric stretching.
[22]. The adsorption peak at 1,064 cm ™! provided the
evidence of characteristic absorption band of C¢—OH.
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Fig. 2. FTIR spectra of
membranes M1(b), M2(c),
contents.

pure CS (a) and composite
M3(d) with different PAA

The peak at 1,727cm ' was dominated by the
stretching of the C=O in the carbonyl of acetyl
groups. From Fig. 2(b) to Fig. 2(d) a new peak at
1,550cm ™" in the spectra of the composite mem-
branes can be evidenced. This may be assigned to
the symmetric NH;, deformation resulting due to —
NH, in CS reacting with -COOH groups in PAA.
Broad peaks appearing at 1,800cm ' in the compos-
ite membranes also confirm the presence of COO™
as in PAA. The negatively charged carboxylate ion
(COO™) and positively charged NHj, coexist in CS-
PAA composite membranes [22]. Thus, the results of
FT-IR analysis clearly prove the formation of the
polyion composite membranes of the acid-base reac-
tion. Compared with pure CS, it can be seen that
the absorption band of the stretching of -OH groups
in crosslinked membranes was narrower and the
absorption frequency shifts to a lower wavenumber.
It is suggested that the interaction between cross-
linking agent and CS reduced the number of -OH
groups, which can be also seen in the change of the
peak at 1,635cm ™', indicating that crosslinking reac-
tion reduced the number of hydrogen bonds [14].
FTIR results confirmed the crosslinking in the
polymers.

3.1.2. SEM analysis

Fig. 3 shows the SEM micrographs of cross-section
morphology for CS-PAA film. The multilayer structure
of membrane was observed very clearly: an active
layer and a supported porous layer, which was similar
to the membrane studied by our former work [8]. It
can be seen that the surface of active layer was smooth
and compact without any cracks. The aperture of por-
ous layer was also arranged very regularly, which was
of benefit for the osmosis of the membranes and
improvement of the flux [8]. The smooth surface of the
film exhibited that a uniform CS-PAA thin dense layer
with a thickness of about 10 pm is properly cast on the
top of the PAN substrate in Fig. 3(a) and (b).

3.1.3. XRD analysis

The XRD patterns of the CS/PAA composite mem-
branes are given in Fig. 4. As can be seen, XRD pat-
terns of all the membranes indicate semicrystalline
behavior. CS (Fig. 4(a)) exhibits a typical peak at
20=12° and 20° [23]. These two peaks are related to
two types of crystals. The peak at 12° has notability
effect on the properties of separation [24]. From these
patterns, it is clear that the crystallinity has decreased
with increasing PAA contents in the composition
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Fig. 3. The cross-section morphology of the C5-PAA composite membrane M1.
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Fig. 4. XRD pattern of the CS-PAA composite membrane:
(a) pure CS; (b) M1; (c) M2; (d) M3.

membranes. This result implies that the change in the
ratio of PAA and CS content changed the crystallinity
of the membrane after reaction, whereas the CS/PAA
composite membrane appeared to have greater amor-
phous morphology [22]. This may be due to the acid-
base reaction resulting in blending the two polymers,
which causes the destruction of hydrogen bonding
between amino groups and hydroxyl groups in CS.
Then the structure of the polymer was significant
prior to water penetration through the membrane on
PV. It was because the decrease of crystallinity
reduced the diffusion resistance and increased free
volume, helping to improve the penetration flux of
each component [25]. In general, this result of XRD
was in agreement with the result of FT-IR.

3.1.4. Thermal analysis

Thermal stability analysis of polymer material is
helpful in the selection of materials with the best
properties for specific used. Fig. 5 shows the thermal
stability of CS/PAA composite membranes. M1
showed two main stage degradation peaks within the

DTG
-

0 150 300 450
TemperatureC)

600

Fig. 5. DTG thermograms of the CS-PAA composite
membranes: (a) M1; (b) M2; (c) M3.

range of 100 and 300°C. Compared with M1, the deg-
radation peaks of M2 and M3 in the range of 100
and 300°C reduce and the degradation thermal
decomposition process moved to a high temperature
zone, and along with the ratio increasing of PAA in
the films. This is because the reaction between the CS
with amino group and the PAA with carboxyl groups
formed the acylamide bond that had better thermal
stability. Compared with the M1 composite mem-
branes used in the same system, increase of PAA in
CS enhances the thermal stability of PV membranes
[26].

3.2. PV characteristics
3.2.1. Swelling experiments

Fig. 6 shows the degree of swelling obtained by
soaking the CS-PAA composite membranes in the dif-
ferent CPL concentration solution at 40°C. Sorption
mechanism is an important factor for membrane
swelling in PV process, as it controls the transport of
permeating molecules under the chemical potential
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Fig. 6. Degree of swelling of the CS-PAA composite
membranes at 40°C: mM1; ®M?2; AM3.

gradient. This section is to determine the influences of
the degree of swelling in PV performance. Therefore,
to study the effects of PAA ratio on membrane swell-
ing, the degree of swelling was plotted with respect to
different mass percent of CPL from 30 to 70% in the
feed, we chose the data at 40°C as shown in Fig. 6.

It is noticed that the degree of swelling of the
membranes Mland M2 decreased when the CPL
content in the solution increased. This is due to the
fact those membranes were hydrophilic and showed
an increase of strong interaction between water mole-
cules and the membrane containing -OH groups and
NH, groups [22]. But the degree of swelling of the
membrane M3 was found to be negligible in the dif-
ferent CPL concentration solutions. And at the same
concentration solution, the degree of swelling
reduced for the composite membranes with more
PAA, due to the strengthened reaction with CS and
PAA. More reaction between NH, groups and COOH
groups formed more amide bonds, so that the activ-
ity of molecular chains reduced step by step, increas-
ing the mechanical strength of the membranes but
reducing the hydrophilic [8]. This means that when
solvent molecules were absorbed with difficulty, it
would reduce the degree of swelling of membranes
sharply.

3.2.2. Effect of the operating temperature and content of
PAA

The PV total flux and separation factor are influ-
enced by the change in temperature sensitivity [27].
So we have typically chosen the condition of 30 wt.%
of CPL in feed to study the temperature effects, and
the resulting values are presented in Fig. 7.

1400 — = ralt
N—; 1200 K B e g
&
S 1000 \ 1200 <
X g
2 80| - £
- ]

= 800
S 600 :}Q 3
Q O
= 400 / 7!

400

200

40 45 50 55 60
Temperature ('C)

Fig. 7. Effect of the operating temperature on the PV
performances in terms of total flux and separation factor at
30wt.% CPL aqueous solution.

The operating temperature range was chosen from
40 to 60°C [28]. As was reflected from the Fig. 7, it
could be due to the fact that the total fluxes always
increase with the increase of feed temperature, and
this “trade-off” phenomenon may be traditionally
explained by the increase in frequency and amplitude
of polymer chain thermally induced expansion of the
free volume in membranes [29]. The internal struc-
tures of the polymer highly influenced the free vol-
ume in the matrix and eventually affected the
separation factor of the membranes [22]. Increase of
smaller molecules penetrant diffusivities was the
other source of this behavior. While the total fluxes
showed an upward tendency following the tempera-
ture rising, the separation factor decreased synchro-
nously (Fig. 7). It is because induced expansion of the
free volume in membranes, permeants molecular
passed easily [30]. In addition, with increasing feed
temperature, the vapor pressure in the feed compart-
ment increased, but the vapor pressure at the perme-
ate side was not affected. These resulted in an
increase of driving force with increasing temperature.
Therefore, the permeation of diffusing molecules and
the associated molecules through the membrane
became easier, leading to an increase of total perme-
ation flux, while suppressing the separation factor.
Compared with PVA membranes [8], it could be
found that CS-PAA composite membranes have a
lower flux and higher separation factor under the
same condition, with more PAA reacting with CS,
due to the fewer active groups of unit mass and den-
ser network structure, total flux lower more and sepa-
ration factor more excellently. These results were
simulation agree well with the test of FTIR and XRD.
So the membranes of M1 have the best flux and M3
have the best separation factor. These results were
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simulation agree well with the test of the degree of
swelling.

3.2.3. Activation energy analysis

Temperature-dependent flux data have been fitted
to the Arrhenius relationship to estimate the activation
parameters. The Arrhenius relationship is expressed
in Eq. (4).

J = Joexp(=Ep/RT) (4)

where |, g/ (m?h), is the permeation flux; E, kJ/mol, is
the activation energy for permeation; Jo, g/(m?h), is the
permeation rate constant; T is the absolute temperature;
and R is the molar gas constant. The activation energy
(AE,) of water and CPL permeates through the M1, M2,
and M3 membranes with 40 and 50% CPL concentra-
tions are calculated on the basis of the Arrhenius for-
mula as shown in Fig. 8, and their results were

Table 2
Activation energy data of M1, M2, and M3 in PV at 40 wt.
% and 50 wt.% CPL aqueous solution

Feed Membrane type
concentration AE, activation energy
(kJ/mol)
E; Ew EcpL
40wt.% M1 45.87 45.83 99.55
M2 52.65 52.63 97.31
M3 52.41 52.38 100.703
50 wt.% M1 46.22 46.20 83.30
M2 53.21 53.20 76.41
M3 56.16 56.14 84.22

summarized in Table 2. It could be found that activa-
tion energies of total flux and water permeations were
nearly in each same membrane at the same feed con-
centration. It suggested water flux had a control of total
flux. In addition, the activation energy for CPL perme-
ation was higher than that for water permeation. It
implied that water consumes less amount of energy for
permeation and had higher permeability than CPL. It
suggested that higher separation factor needs lower
energy. The two activation energies of M1 were obvi-
ously lower for other membranes in this study. That
fact proved M1 was the most easily permeation mem-
brane at this concentration range.

3.2.4. Effect of feed composition

Feed composition effect of flux and separation fac-
tor results are displayed in Fig. 9. Fig. 10 shows the
effect of feed concentration on the total permeation
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Fig. 9. Total flux and temperature vs. concentration of CPL
(m70wt.%; ®60wt.%; AS0wt.%; v40wt.%; €30wt.%)
in the feed for M1, M2, and M3 membranes.
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Fig. 10. Total flux and temperature vs. concentration of
CPL (m70wt.%; ®60wt.%; AS0wt.%; V40wt.%; 30 wt.
%) in the feed for M1 membranes.

flux and separation factor vs. concentrations of 30-
70wt.% CPL in feed at different temperatures with
M1 membranes. These figures indicate that flux and
separation factors are also strongly dependent on the
feed composition. It can be seen that the flux of M1
increased from 792 to 1,327 g/(m2 h) for feeds contain-
ing 30-70 wt.%. The superiority of flux in lower CPL
feed concentration and separation factor in higher
CPL feed concentration were quite obvious. It is
observed that the total permeation flux increased for
the increase of mass percent of water in the feed. This
behavior is same with the previous reports in the
dehydration of aqueous organic mixture through
blending polymer membranes [31,32]. Such flux
results are due to the membranes swelling greatly at a
higher concentration of water in the feed, increasing
flux. As a result, the separation factor decreased grad-
ually at a higher concentration of water in the feed.
The trend is the same as in our former work [8,14]
and CS/PAA membranes have the obvious advantage
in separation factor. This phenomenon can be
explained by the water concentration in the feed
increasing, the amorphous regions of the CS/PAA
crosslink structure becoming more flexible and more
swollen, both water and CPL molecules bringing
about diffusion more easily across the membranes. So
the flux increased and the separation factor decreased.
This is known as the trade-off rule that was generally
observed in other PV processes [33,34].

4. Conclusions

CS/PAA composite membranes were prepared
and the PV dehydration experiment was conducted.
The introduction of PAA changed the structure of the
CS polymer chain, and then affected the PV perfor-
mance of the composite membranes. FTIR spectra and

XRD curves showed the changes of structure, and
SEM displayed the morphology of the composite
membranes. The reaction of PAA and CS decreased
the membranes’ hydrophilicity and increased the ther-
mal stability of the membranes. With increasing the
PAA content, the permeation separation factor
increased with a drop of flux. With increasing of both
temperature and feed water concentration, the total
flux increased and the separation factor decreased.
Swelling results followed the same trends. Meanwhile,
the application of CS/PAA composite membranes in
CPL/water system on PV was successful. The data
showed that the improved separation factor for CPL/
water. The experimental results also indicated that the
CS/PAA composite membrane had superior dehydra-
tion performances for caprolactam solution.
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