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a  b  s  t  r  a  c  t

Novel  membrane  of inorganic–polymer  hybrid  membrane  was  prepared  by incorporation  of the  nano-
TiO2 into  regenerated  cellulose  (RC).  The  resulting  membrane  was  characterized  by  AFM,  SEM,  and  XRD.
TiO2 particles  formed  on  the  surface  and  in the  interior  of  the hybrid  membrane  due  to the TiO2 con-
glomeration,  and  the  surface  roughness  of  the hybrid  membrane  increased  linearly  with  increasing  TiO2

content.  The  membrane  was  tested  for their  ability  to  separate  caprolactam–water  mixtures  by  perva-
eywords:
egenerated cellulose
ano-TiO2

norganic–polymer hybrid membrane
ervaporation

poration.  Among  all the  prepared  membranes,  RC-TiO2 inorganic–polymer  hybrid  membrane  containing
5  wt.%  TiO2 exhibited  the good  pervaporation  performance  with a flux  of  1787.3  g  m−2 h−1 and  separa-
tion  factor  of  55091.7  at 328  K  for 50  wt.%  caprolactam.  Besides,  the  normalized  permeation  fluxes  in
terms  of water  permeance,  caprolactam  permeance  and selectivity  were  also  introduced  to  evaluate  the
membranes  performance.  The  activation  energies  were  calculated  using  Arrhenius  equation.
aprolactam–water solutions

. Introduction

Cellulose, obtained from wood pulp and cotton, is considered as
eing the richest and useful renewable material. Regenerated cel-

ulose (RC) membranes were prepared from cotton, which have
een widely applied to membrane separation techniques such
s dialysis, ultrafiltration and purification of mixtures, due to
ydrophilicity, solute permeability and solvent resistant (Chang,
hang, Zhou, Zhang, & Kennedy, 2010; Ruan, Zhang, Mao, & Zeng,
004). The RC membrane exhibits a high hydrophilicity, so it is a
ood candidate for pervaporation (Nagy, Borla, & Ujhidy, 1980).
his membrane with higher permeation flux was  used in pervapo-
ation for separation ethanol–water mixtures (Yang, Zhang, Peng,

 Zhong, 2000).
Pervaporation (PV) has attracted considerable attention cur-

ently because it can be operated at lower temperatures than
ther separation methods. Over several decades, PV was  mainly
ocused on separation of aqueous–organic azeotropes, closely boil-
ng mixtures, isomers, and now it has emerged as a good choice
or separating heat sensitive products (Anjali Devi, Smitha, Sridhar,
 Aminabhavi, 2006; Nunes & Peinemann, 2001). Caprolactam
C6H11NO) is a very heat-sensitive substance, which is synthesized
ia the cyclohexanone oximation and Beckmann rearrangement

∗ Corresponding authors. Tel.: +86 27 68752511; fax: +86 27 68752511.
E-mail addresses: yuping@whu.edu.cn (P. Yu), chihuang@whu.edu.cn (C. Huang).
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route using highly concentrated sulfuric acid and neutralizing the
reaction mixture with aqueous ammonia (Mao  & Wu,  2007). Water
is the most important impurity in the final caprolactam purification
because the existence of water can hinder the growth of molecular
weight (Ragaini, Guaita, & Pirola, 2007). To prevent decomposition,
various separation processes (i.e. thin-film distillation, crystal-
lization under reduced pressure, distillation through triple-effect
evaporation sets and melt crystallization by suspension) are usually
employed for dehydration of caprolactam (Poschmann & Ulrich,
1996). But these processes suffer from high operating costs and
high energy consumption. Moreover, the pollutants are transferred
from one phase to another. Therefore, it is necessary to develop a
new dehydration process for the concentrate of caprolactam–water
mixtures. The application of PV as a means to achieve dehydration
of caprolactam has been studied by Zhang, Yu, and Luo (2007a),
who tried to remove the water from caprolactam–water mix-
tures through a poly(vinyl alcohol) membrane crosslinked with
glutaraldehyde. A good permeation flux was  obtained though the
separation factor was  not very good.

As for caprolactam–water mixtures, water is more hydrophilic
and polar than caprolactam due to dipole moment of hydroxyl
group. Furthermore, the molecular size of water is smaller than
caprolactam. So water is both preferentially sorped and trans-
ported in the hydrophilic membranes. Accordingly, the molecular

size and polarity difference should be a key factor to obtain
a higher permselectivity (Chen, Liu, & Fang, 2007). So the RC
membrane is a good choice for PV dehydration of caprolactam.
However, the wide application of RC membrane is limited by lack

dx.doi.org/10.1016/j.carbpol.2011.08.088
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:yuping@whu.edu.cn
mailto:chihuang@whu.edu.cn
dx.doi.org/10.1016/j.carbpol.2011.08.088
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Nomenclature

Ji [g m−2 h−1] permeation flux of component i
J [g m−2 h−1] pervapor2ation permeation flux
Di [m2/s] diffusion coefficient of component i
Si [mol/(m3 Pa)] adsorption coefficient of component i
ı [m]  membrane thickness
pi,feed [kPa] vapor pressure of component i in feed
pi,permeate [kPa] vapor pressure of component i in permeate
Pi [g/(m2 h kPa)] membrane permeance component i
xi [–] mole fraction of component i in the feed
yi [–] mole fraction of component i in the permeate
p0

i,feed[kPa] saturation vapor pressure of pure i in the feed
liquid temperature

ppermeate [kPa] permeate pressure
J0 [g m−2 h−1] pre-exponential factor of the permeation flux

from the Arrhenius equation
EJ [kJ/mol] apparent activation energy of the flux (kJ/mol)
EP [kJ/mol] apparent activation energy of the permeance

(kJ/mol)
ED [kJ/mol] activation energy of the diffusion (kJ/mol)
R [J mol−1 K−1] gas constant
T [K] absolute temperature
A [m2] effective membrane area
W [g] weight of penetrant
t  [h] permeation measuring time

Greek letters
ˇmembrane [–] membrane selectivity

 ̨ [–] pervaporation selectivity
� i [–] activity coefficient of component i in the feed

Subscript
i [–] component i, either water or caprolactam
1 [–] water
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2 [–] caprolactam

f good separation factor. Inorganic–polymer hybrid membranes
ave attracted considerable attention as potential “next genera-
ion” membrane materials (Adoor, Sairam, Manjeshwar, Raju, &
minabhavi, 2006; Bhat, Mallikarjuna, & Aminabhavi, 2006a; Bhat
t al., 2006b; Bhat & Aminabhavi, 2006c; Naidu & Aminabhavi,
005; Patil, Veerapur, Patil, Madhusoodana, & Aminabhavi, 2007;
airam, Naidu, Nataraj, Sreedhar, & Aminabhavi, 2006a),  because
hey have the synergistic to combine the desired properties of
rganic and inorganic systems (Chen, Liu, & Zhu, 2008). Recently,
he inorganic materials including SiO2 (Razavi, Sabetghadam,

 Mohammadi, 2011), carbon nanotube (Liu, Chen, & Chang,
009; Shirazi, Tofighy, & Mohammadi, 2011), H14[NaP5W30O110]
Magalad, Gokavi, Nadagouda, & Aminabhavi, 2011), Al-MCM-
1 (Magalad, Supale, Maradur, Gokavi, & Aminabhavi, 2010a),
iO2 (Aminabhavi & Patil, 2010; Reddy et al., 2007; Sairam, Patil,
eerapur, Patil, & Aminabhavi, 2006b)  were incorporated into poly-
er. Nano-TiO2 as an active nano-material has many advantages

uch as innocuity, resisting and decomposing bacterias, UV resis-
ance and super hydrophilicity (Yang, Zhang, Wang, Zheng, & Li,
007). Moreover, TiO2 can also be used in harsh conditions for its
igh chemical and thermal stability. The nanoparticles can create
referential permeation pathways for selective permeation while
osing a barrier for undesired permeation in order to improve sep-

ration performance (Jadav & Singh, 2009).

In this paper, novel inorganic–polymer hybrid membranes via
ybridization of cellulose with nano-TiO2 were prepared by the
hase inversion method. The aim of this work was to improve the
mers 87 (2012) 901– 909

performance of RC membrane effectively with the addition of nano-
TiO2 particles. Nano-TiO2 particles dispersed in the membrane will
favor the diffusion of penetrant. The effect of nano-TiO2 content
on the swelling and PV characteristics was studied. Particularly,
the normalized permeation fluxes in terms of water permeance,
caprolactam permeance and selectivity were calculated to evaluate
the membranes performance.

2. Experimental

2.1. Material

The cellulose (cotton linter pulp) was  provided by Hubei Chem-
ical Fiber Group Ltd. (Xiangfan, China), and the �-cellulose content
was more than 95%. The cellulose was used without further
purification and its viscosity–average molecular weight (M)  was
determined to be 10.1 × 104. The pulp sheets of cellulose were
shredded and dried for 8 h in a vacuum oven, stored in a desiccator
until used. Nano-titanium dioxide (TiO2, around 21 nm)  was pur-
chased from Germany. Caprolactam (chemical pure) was obtained
from Baling Petrochemical Co. Ltd (SINOPEC, China). All the chem-
icals were used without further purification. Deionized water was
used in preparing the aqueous feed solutions for the pervaporation
experiments.

2.2. Preparation of nano-TiO2 filled regenerated cellulose
membranes

The TiO2–cellulose hybrid membranes were prepared by the
phase inversion method. Firstly, for preparing cellulose solution,
0.6 g of cotton linter and different concentrations (0, 1, 3, 5,
and 7 wt.%) of TiO2 nanopowder were added in 19.4 g of 7 wt.%
NaOH/12 wt.% urea aqueous solvents and stirred for 5 min  to obtain
a slurry according to Cai et al. (2004).  The polymer slurry was stored
in a refrigerator (−10 ◦C) for about 24 h. The frozen solid was  then
melted at room temperature along with full stirring to obtain a
uniform casting suspension. The suspensions were cast uniformly
onto a glass plate by means of a hand-casting knife and then were
immediately immersed in a 5 wt.% H2SO4 aqueous bath (15 ◦C). The
nonporous structure of RC membrane is optically observed (see
Fig. 1) when the temperature of coagulation bath is lower than
20 ◦C, owing to that the low temperature of coagulant interferes the
coagulation rate. After complete coagulation, the regenerated cel-
lulose (RC) membranes were peeled off and subsequently washed
thoroughly with deionized water to remove residual solvent until
neutrality. Finally, the membranes dried in air on a clean Plexiglas
with the thickness of 40 �m.  The RC-TiO2 membranes according to
the different concentrations (0, 1, 3, 5, and 7 wt.%) of TiO2 nanopow-
der in membranes were designated as RC-0 to 7, respectively.

2.3. Particle size measurement of TiO2

The size distributions of TiO2 were recorded by means of
dynamic light scattering method on a ZetaSizer (Model Nano ZS,
Malvern, UK). TiO2 particles were dispersed in water. After soni-
cating for 1 h, the solution was  taken in a cuvette subjected to laser
beam radiation. The equipment can measure particles from 0.6 nm
to 6 �m with a detector at position 173◦ to measure the intensity
of the scattered light.

2.4. Characterization of membranes
2.4.1. Atomic force microscope (AFM)
The surface roughness of the membranes was  determined by

AFM analysis (SPM-9500J3, SHIMADZU, Kyoto, Japan), quantified
by root mean square (RMS) roughness. RMS  was determined over
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Fig. 1. Molecular structure of cellulose, the size distribution of dispersion TiO2 and photographs of cotton and TiO2 filled cellulose membrane. (a) Cellulose, (b) TiO2, (c)
c nd RC

a
l

2

b
s
b

2

b
r
a

otton,  (b and d) TiO2 filled cellulose membrane, (e and f) 3D AFM images of RC-0 a

n area of 4 �m × 4 �m.  All the roughness parameters were calcu-
ated by the software.

.4.2. Scanning electron microscopy (SEM)
SEM was used to study the morphology of the hybrid mem-

ranes. All specimens were coated with a conductive layer of
puttered gold. The morphologies of nano-TiO2 filled RC mem-
ranes were observed with SEM (FEI Quanta 200, Holland).

.4.3. X-ray diffraction (XRD)

The XRD patterns of the membrane samples were characterized

y a Germany Bruker D8 Advance X-ray diffractometer using Cu K�
adiation. The angle of diffraction was varied from 8◦ to 40◦ using

 step size of 0.02◦.
-3 membranes.

2.5. Swelling experiments

The dry TiO2–RC hybrid membranes were weighed before being
immersed in feed mixtures of caprolactam–water at 40 ◦C in a ther-
mostatic bath. The swollen membrane sample was taken out from
the solution, wiped with filter paper to remove the surface liquid,
and then quickly weighed. The membranes were placed on a single-
pan electronic balance (model EL204, METTLER Toledo) sensitive to
±0.1 mg.  All experiments were repeated at least three times. The
results were averaged.

The degree of swelling (DS) was calculated by

(W − W )

DS = s d

Wd
(1)

where Wd and Ws were the weights of the dried and swollen mem-
branes, respectively.
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.6. Pervaporation experiments

The experimental pervaporation set–up was used as reported
n our previous article (Zhu, Luo, Lin, Li, & Yu, 2010). The mem-
rane was installed in a stainless-steel membrane cell with the
ffective surface area of 51.53 cm2 in contact with the feed mix-
ure. The feed solution was continuously circulated from a feed
ank at a relatively high flow rate of 200 L/h to the upstream side
f the membrane in the cell at the desired temperature by a pump.
he feed temperature in the range of 40–60 ◦C was  monitored by

 digital vacuometer. Pervaporation experiments were carried out
y maintaining atmospheric pressure on the feed side while on the
ermeate side about 10 mbar within ±1 mbar with a vacuum pump.
pon reaching steady-state conditions which was obtained after
bout 1 h throughout the experiments, permeate vapor was  col-
ected in liquid nitrogen traps with certain intervals, and weighted
o calculate the permeate flux. The composition of permeate was
etermined by GC to calculate the separation factor. Here the com-
osition of the condensed liquid was analyzed by a SP3400 gas
hromatography with a FID detector (made in China) under the
ollowing conditions: PEG-20 M capillary column, 2 m × 6 mm i.d.;
emperature, 170 ◦C; carrier gas, nitrogen; flow rate, 30 mL  min−1

Zhang et al., 2007a).  The compositions of the liquid feed mix-
ures were analyzed by measuring the refractive index within an
ccuracy of ±0.0001 units using high-precision Abbe Refractometer
Atago NAR-3T, Japan), which can be calculated by using previously
stablished standard graph of refractive index versus known mix-
ure composition (ycaprolactamn = 0.1704water + 1.3303, R2 = 0.9999).
he refractometer prism was maintained at 25 ± 0.1 ◦C.

The permeation flux (J, g m−2 h−1) was defined as follows:

(g m−2 h−1) = W

(A × t)
(2)

here W(g) is the weight of penetrant, A(m2) is the effective mem-
rane area and t(h) is the measuring time.

The separation factor  ̨ was calculated by:

 =
(

ywater/ycaprolctam

xwater/xcaprolctam

)
(3)

here xwater, xcaprolactam and ywater, ycaprolactam are the mole fraction
f water and caprolactam in the feed and permeate, respectively.

In order to distinguish between the intrinsic membrane prop-
rties and the influence of the experimental operation conditions,
ormalized permeation flux (permeance) and membrane selectiv-

ty were proposed and evaluated to clarify the contribution by the
ature of the membrane to separation performance. The driving

orce in pervaporation is a gradient in chemical potential across the
embrane, which can be expressed in experimentally measurable

uantities such as partial pressures. The permeate side is consid-
red to be negligible if the downstream pressures applied are close
o vacuum. The basic transport equation for pervaporation can be
ritten as (Wijmans, 2003):

i = (DiSi)
ı(pi,feed − pi,permeate)

= Pi(pi,feed − pi,permeate) (4)

n the basis of Raoult’s law (feed side) and Dalton’s law (permeate
ide) it is equal:

i = Pi(xi�ip
o
i,feed − yippermeate) (5)

here Ji is the permeation flux, Pi is the permeance of the mem-
rane for i (which equals the permeability coefficient divided by

he membrane thickness), xi, yi are the mole fraction of i in the feed
nd the permeate, respectively, � i is the activity coefficient of i in
he feed liquid and po

i,feed is the saturation vapor pressure of pure i
n the feed liquid temperature, ppermeate is the permeate pressure.
mers 87 (2012) 901– 909

The activity coefficient of water (�1) and caprolactam (�2) can
be calculated by using Van Laar equation:

Ln (�i) = [A1A2x2x1/(A1x1 + A2x2)]2

(x2
i

× Ai)
, (i = 1, 2) (6)

where A1 = −1.5810 and A2 = −1.0429.The p0
i,feed is determined from

the Antoine equation:

Log (p0
i,feed) = A0 − B0

T + C0
(7)

where T is degree Celsius (◦C). Coefficients for the Van Laar
equation of po

1,feed (water) used in the calculations: A0 = 8.07131,
B0 = 1730.630 and C0 = 233.426, while for po

2,feed (caprolactam):
A0 = 6.78000, B0 = 2344.000 and C0 = 273.150.

The membrane selectivity (ˇmem) is an intrinsic property of the
membrane material, which is defined as the ratio of the water per-
meance over the caprolactam permeance.

ˇmembrane = Pwater

Pcaprolactam
(8)

3. Results and discussion

3.1. Membrane characterization

3.1.1. Photographs and 3D AFM analysis
Fig. 1(a–f) illustrates molecular structure of cellulose, the size

distribution of dispersion TiO2 and photographs of RC membrane
by the incorporation of TiO2. It can be seen from Fig. 1(b) that zeta
average diameter of TiO2 particles is around 21 nm.  Fig. 1(d) shows
that the optical transparency of hybrid membranes decreased grad-
ually with increasing TiO2 content. Fig. 1(e and f) shows the AFM
images of the surface topography of the pure RC and its hybrid
membranes with 3 wt.% of TiO2. The surface of the pure RC mem-
brane (Fig. 1(e)) is very regular because the polymer matrix shows
minor undulations of the chains. While the polymer matrix sur-
rounds the particle in the hybrid membrane (Fig. 1(f)) showing
irregular surface topography (Al-Sagheer & Merchant, 2011). So the
roughness of the hybrid membrane surface is higher than that of
the RC-0 membrane because the TiO2 dispersed on the surface and
in the interior of the hybrid membranes due to the TiO2 conglomer-
ation. These rough surfaces will be in contact with the feed during
pervaporation processes, which favors the feed diffusion (Zhang,
Liu, Shi, & Xiong, 2008).

3.1.2. SEM analysis
Fig. 2 shows the SEM images of the top surface and cross-

sectional views of the nano-TiO2, pure RC and its nano-TiO2 filled
hybrid membranes. There are no flaws on the surface of the pure
RC membrane. The nonporous structure of dense membrane is
observed from the cross-section of the membrane. The thickness
of membrane was found about 40 �m.  It is clearly observed from
Fig. 2(a) and (d–f) that the TiO2 particles formed on the surface due
to the TiO2 conglomeration. The distribution of TiO2 increased from
membrane RC-3 to RC-7 with increasing the content of TiO2. These
findings indicate that the addition of TiO2 nanoparticles has a large
effect on membrane structure which might provide extra free vol-
umes to the polymer chains, consequently to offer spaces for water
molecules to permeate through the membranes.

3.1.3. XRD results

XRD curves of nano-TiO2 powders, RC membrane and TiO2–RC

inorganic–polymer hybrid membranes are shown in Fig. 3. The
pattern of TiO2 crystal powders has two  crystalline characteristic
peaks at 2� of 25.30◦ and 37.85◦ which agree with the literature
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Fig. 2. Surface and cross-section SEM photographs of (a) RC-0, (b) TiO2, (c and d) RC-3, (e) RC-5 and (f) RC-7 hybrid membranes.

Fig. 3. XRD of pure RC membrane, RC-1 and RC-5 hybrid membranes.
report (Park et al., 1999). The pattern of TiO2–RC hybrid mem-
branes have a crystalline characteristic peak at 2� = 25.62◦ that is
analogous with the characteristic peak of TiO2 crystal powders.
However its location occurs slight shift, compared with the pattern
of TiO2 nanoparticles. But the location of the peaks at 2� = 37.85◦

did not appear due to very small amount of TiO2 present in RC
matrix. It is clear that the peak intensity of the typical diffraction
peak at 2� of 14.19◦ and 17.03◦ due to the RC crystalline planes
(Mao  et al., 2010) increases with the introduction of the inorganic
component.

3.2. Swelling characteristics

Fig. 4 displays swelling behavior of the hybrid membranes in
different feed mixtures at 40 ◦C. Among all the membranes, RC-
TiO2 inorganic–polymer hybrid membrane containing 1 wt.% TiO2
gave a slightly higher swelling. It is also observed that the addi-

tion of nano-TiO2 particles into RC membranes attributed to a little
lower swelling (Aminabhavi & Patil, 2010). When TiO2 content was
greater than 3 wt.%, a thicker skin layer was produced resulting
in decrease the degree of swelling of the hybrid membranes. It
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ig. 4. Effect of TiO2 content on the degree of swelling of RC-TiO2 hybrid membranes
or  different caprolactam aqueous solutions.

lso can be observed from the Fig. 4 that the degree of swelling
ncreased with increasing water concentration. Since water has a
etter affinity towards the membranes than caprolactam.

.3. PV performance results

.3.1. Effect of TiO2 content and feed concentration on PV
erformance
As shown in Fig. 5(a) and (c), the total flux and water perme-
nce of the membrane increase initially and then decreases with
he increase of TiO2 content. It has a maximum flux and water per-

eance when TiO2 content is 5 wt.%. The facts should be attributed

ig. 5. Effect of TiO2 content and the feed concentration on the pervaporation performa
ermeate; (c) water and caprolactam permeance; (d) selectivity.
mers 87 (2012) 901– 909

to an increased selective interaction between water molecules and
the membrane, since RC membranes contain –OH groups, which
are capable of forming hydrogen bonds with the water molecules
(Kariduraganavar, Varghese, Choudhari, & Olley, 2009). The facts
should be attributed to an increased selective interaction between
water molecules and the membrane, since RC membranes contain
–OH groups which are capable of forming hydrogen bonds with the
water molecules (Adoor, Manjeshwar, Bhat, & Aminabhavi, 2008;
Patil & Aminabhavi, 2008; Veerapur, Patil, Gudasi, & Aminabhavi,
2008; Veerapur, Gudasi, & Aminabhavi, 2008). Moreover, the TiO2
particle might provide preferential permeation pathways to the
polymer chain increasing the permeabilities and diffusion coeffi-
cients. Consequently, the TiO2 particles offer spaces for water and
caprolactam molecules to permeate through the membranes. How-
ever high TiO2 filler concentration (>5 wt.%) forms a thicker skin
layer on the membrane surface (Yang et al., 2007), which slows
down the sorption rate, resulting in a negative effect on the perme-
ability.

The separation factor indicated by the water composition in per-
meate, increased with an increase in TiO2 loading up 0 to 5 wt.% and
then dropped when the TiO2 content reached 7 wt.% (Fig. 5(b)). But
the membrane selectivity (Fig. 5(d)) increases continuously with
increasing amounts of TiO2. The overall selectivity of a membrane is
generally explained on the basis of interaction between membrane
and the permeating molecules and the molecular size of the per-
meating species. The separation factor initially increased because
the addition of TiO2 creates some interfacial channels between the
polymer chain and the TiO2 exterior for selective permeation of
water while posing a barrier for caprolactam. Another factor could
be the intrinsic structure of membrane with the dense structure,

which blocks the passage of caprolactam with a bulky group and
collision diameter of 5.6 Å compared with water with a collision
diameter of only 3.0 Å. However at higher concentration (>5 wt.%),
the formation of large pores on the membrane surface caused by

nces at different feed mixtures at 328 K: (a) total flux; (b) water concentration in



T. Zhu et al. / Carbohydrate Polymers 87 (2012) 901– 909 907

) perm

n
e
R
w
r

b
d
3
t
c
t
t
t
i
t
c
b
t
m
r
e
s
a
o
S
t
o
h
h
h
I
i
t
p
i
t
2

T
A

Fig. 6. Temperature dependence of (a) flux and (b

anoparticles aggregate results in the decline of retention (Zhang
t al., 2008). A promising result achieved for the TiO2-incorporated
C membranes was that both the permeation flux and selectivity
ent up simultaneously with the increase of TiO2 content in the

ange of 0–5 wt.%.
These figures indicate that not only the flux and permeance

ut also the separation factor and selectivity are strongly depen-
ent on the feed composition. The feed concentration range from
0 to 70 wt.% of water was chosen by considering the concentra-
ion changes from the triple-effect evaporation sets. In addition,
aprolactam aqueous solution becomes stiff and saturated when
he caprolactam content in feed solution is above 70 wt.% at room
emperature (Zhang et al., 2007a). It can be seen from Fig. 5(a)
hat with the water concentration from 30 to 70 wt.% the total flux
ncreased. The higher fluxes can be explained by the strong interac-
ion between water molecules and the membrane, since cellulose
ontains active groups which are capable of forming hydrogen
onds with the water molecules. As the water concentration in
he feed increases, the amorphous regions of the membrane are

ore swollen and the polymer chains become more flexible. This
esults in both water and caprolactam molecules more easily pen-
trate through membranes. So the total flux was increased. But the
eparation factor indicated by the water composition in perme-
tes (as shown in Fig. 5(b)) decreased. This trade-off was generally
bserved in pervaporation processes (Hyder, Huang, & Chen, 2009;
ingha, Parya, & Ray, 2009). It also can be seen from Fig. 5(c) that
he permeances of both water and caprolactam increase continu-
usly with increasing water feed concentration. This implies the
ighly hydrophilic cellulose membrane material, resulting in the
igher degree of swelling (Fig. 4). The sorption of the TiO2–RC
ybrid membrane increases with increasing amounts of water.

t is interesting that caprolactam permeance also increases. This
ncrease of caprolactam permeance with water feed concentra-
ion reveals a coupling effect between caprolactam and water

ermeation through the membrane. So the membrane selectiv-

ty values (Fig. 5(d)) decreased considerably, but are still higher
han that observed for RC-0 (Magalad, Gokavi, Raju, & Aminabhavi,
010b).

able 1
ctivation energy data for RC-5 and RC-7 pervaporation membranes at 60 wt.% caprolacta

Membrane Activation energy (kJ/mol) 

EP EJ

Water Caprolactam Water 

RC-5 −18.48 −13.98 31.97 

RC-7  −19.59 −15.30 30.92 
eance for RC-5 and RC-7 at 60 wt.% caprolactam.

3.3.2. Activation energy
The temperature dependence of the pervaporation flux and per-

meance can be expressed by Arrhenius equations (Feng & Huang,
1996; Wang, Li, Lin, & Chen, 2009):

Ji = J0exp

(
− EJ

RT

)
(9)

Pi = P0exp
(

− EP

RT

)
(10)

where J0, P0, EJ and EP are the pre-exponential factor, apparent
activation energy of the permeation flux and the membrane per-
meance, respectively. R indicates the gas constant (J mol−1 K−1) and
T is absolute temperature (K).

The difference between EJ and EP is the molar heat of vaporiza-
tion �HV, expressed as follows.

�HV = EJ − EP (11)

Fig. 6 shows Arrhenius plots (ln J and ln P versus 1/T)  through
TiO2–RC hybrid membranes according to Eqs. (9) and (10). It can be
found that the temperature dependence of the pervaporation per-
meance agrees well with the Arrhenius relationship. The evaluated
values EJ, EP and �HV are presented in Table 1.

The negative value of activation energy of permeation EP is
observed from Table 1. This has been found to be the case for
ethanol/water permeation through a polyion membrane, where
the EJ values are 25.9 and 38.5 kJ/mol for water and ethanol,
respectively, whereas their corresponding EP values are −15.9 and
−2.5 kJ/mol (Karakane, Tsuyumoto, Maeda, & Honda, 1991). EP is
the sum of the activation energy of diffusion ED and the enthalpy
of sorption �H. While ED is generally positive, �H is usually neg-
ative for the exothermic sorption process. When the negative �H
dominates over the positive ED, negative value of EP occurs, indi-
cating that the membrane permeability coefficient decreases with

increasing temperature (Feng & Huang, 1996).

As can be seen in Table 1, absolute value of EP of both water and
caprolactam is observed to be increasing, compared with the hybrid
membrane of RC-5 with RC-7. These results suggest that the energy

m.

�HV (kJ/mol)

Water Caprolactam

Caprolactam �E

32.55 0.58 50.45 46.53
31.00 0.08 50.51 46.30
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Table 2
Comparison of hybrid membrane separation performance with literatures.

Membranes Thickness (±�m) Caprolactam
in feed
(wt.%)

Temperature
(◦C)

Total flux
(g m−2 h−1)

Separation
factor

Reference

PVA cross-linked with 0.5 wt.% Gal 25–35 50 50 900 575 Zhang, Yu, and Luo (2006)
PVA/PAN  composite membranes 80–100 50 55 1802 890 Zhang et al. (2007a)
PVA/PES composite membranes 110 ± 5 50 55 790 200 Zhang, Yu, and Luo (2007b)

b
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m
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t

e
c
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t
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m
t
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w
e
w
o
m

3
l
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i
p
d
p
s

4

b
T
i
A
p
t
v
p
l

(

CS/PVA(1:3)/PAN composite membrane 100 50 

GA  cross-linked NaAlg–PVP composite membrane 80–100 50 

RC-5  membrane 40 50

arrier for both water and caprolactam has increased. And then
hese two molecules can be more difficult to transport through the

aterial. The penetrant permeance has become more temperature-
ependence. The EP of water of the RC-5 is lower than that of the
C-7, indicating that the water can be more readily transported
hrough the RC-5 hybrid membrane.

Also in Table 1, the activation energies of water calculated from
ither the flux (EJ) or the permeance (EP) are lower than those of
aprolactam. Therefore, more energy is required for caprolactam
olecules to transport across the membrane at the same condi-

ions. The lower activation energies of water than caprolactam
re reflected by the intrinsic properties of hydrophilic membrane
aterials. The positive value �E  of (Ecaprolactam Ewater) indicates

hat  ̨ decreases with an increase in temperature (Harogoppad &
minabhavi, 1991).

As shown in Table 1, the molar heat of vaporization �HV for
ater or caprolactam are almost the same between the two differ-

nt blend membranes or caprolactam concentrations investigated,
hich is consistent with the previous reports in the dehydration

f aqueous alcohol systems through filled-hydrophilic polymeric
embranes (Huang, Guan, Tan, Qiao, & Kulprathipanja, 2006).

.3.3. Comparison of present membrane performance with the
iterature

The total flux and selectivity from the present study (for
0 wt.% caprolactam at 50, 55 ◦C were compared with other

norganic–polymer hybrid membranes reported in literatures and
resented in Table 2. Although the membranes are made from
ifferent material and preparation techniques, the dehydration
erformance of the nano-TiO2 filled RC membrane prepared in this
tudy shows a comparable, good flux and higher selectivity.

. Conclusions

In this paper, TiO2–cellulose inorganic–organic hybrid mem-
ranes were successfully prepared by phase-inversion method.
he morphologies and properties of the resulting membrane were
nvestigated using AFM, SEM and XRD characterization techniques.
dding TiO2 to polymer casting solution greatly affected the mor-
hologies and properties of the resulting membrane. Furthermore,
hese membranes were applied in caprolactam dehydration by per-
aporation. The effects of nano-TiO2 particles on pervaporation
erformances were investigated. The main conclusions are as fol-

ows:

1) The structure of the RC membrane was changed by the incor-
poration of nano-TiO2 particles. The AFM and SEM images
revealed that the TiO2 dispersed on the surface and in the inte-
rior of the RC membranes due to the TiO2 conglomeration and

the distribution of TiO2 increased with increasing the content
of TiO2. With increasing TiO2 nanoparticles concentration, XRD
confirmed that crystallinity of membranes increased, which
benefited to enhance the membrane selectivity.
50 757 443 Li, Yu, Zhu, and Zhang (2010)
50 1634.4 1610.6 Zhu et al. (2010)
55 1787.3 55091.7 Present work

(2) The performance of the RC membrane was improved by the
addition of nano-TiO2 particles. An increase of TiO2 content in
the membrane matrix results to a simultaneous increase of both
permeation flux and selectivity. The TiO2 particle might provide
some interfacial channels between the polymer chain and the
TiO2 exterior leading to the enhanced permeabilities and dif-
fusion rate, size discrimination and sorption capacity of water
over caprolactam. The RC-5 exhibited the highest separation
selectivity of 55091.7 with a flux of 1787.3 g m−2 h−1 at 328 K
for 50 wt.% of water in the feed.

(3) Negative value of EP was  obtained, indicating that the
membrane permeability coefficient decreases with increas-
ing temperature. The lower activation energies of water
than caprolactam are reflected by the intrinsic properties of
hydrophilic membrane materials.
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