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A procedure for synthesis of pure and composite membranes based on cellulose dissolved in NaOH-urea/
thiourea solutions was developed. The phase inversion method was employed for cellulose solution
conversion to supported and non-supported membranes. The use of tetraethyl orthosilicate (TEOS) as
precursor in synthesis of composite cellulose membranes produced significant changes in their structure
and pervaporation behaviour. The obtained membranes were tested for the pervaporation of ethanol-water
system. Pervaporation performances, which were evaluated in terms of total permeate flux, separation
factor and pervaporation separation index, strongly depended on TEOS loading, ethanol concentration and
operation temperature.
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Pervaporation (permeation + evaporation) refers to the
permeation of a liquid mixture through a membrane
followed by species evaporation at the permeate side [1,2].
It is considered a feasible, economical and simple
alternative to other methods (e.g., distillation, solvent
extraction), especially for separation of aqueous-organic
systems. A classical example of aqueous-organic system
separation via pervaporation is the alcohols dehydration
[3-5]. The pervaporation is often coupled with chemical/
biochemical reaction in order to control the reaction
efficiency. The removal of water from esterification
reactions [6], of ethanol from fermentation broths [7-8] or
of acetone, butanol and ethanol (ABE) from their
biosynthesis media [9-11] are the most known examples
of coupled processes.
Pure and composite membranes based on polymer/
biopolymer or zeolites are widely employed to separate
aqueous-organic systems. The polymeric materials used
as membrane precursors can be classified into three
categories, i.e., glassy, elastomeric (rubbery) and ionic.
Generally, due to their highly controllable properties
according to the cross-linking degree and counter-ions
charging, the glassy and ionic polymers are more suitable
for preparing water-selective membranes applied to
dehydration, whereas the elastomeric ones are precursors
of membranes used for removal of organic compounds
from aqueous streams [12-14].
Repeat units characterizing the structure of some pure
membranes widely employed for pervaporation of
organics (hydrophobic membranes) or water (hydrophilic
membranes) from organics-water mixture, especially from
ethanol-water system, are shown in Fig. 1. In order to obtain
very concentrated ethanol by pervaporation, pure and
composite hydrophilic membranes based on polyvinyl
alcohol [15-21], chitosan [22,23], sodium alginate [24-27],
cellulose/bacterial cellulose [28-31] and zeolites [19,3234] were successfully tested for water removal from
ethanol-water mixture. On the other hand, relevant results
have been reported concerning the removal of ethanol from
dilute media via pervaporation using pure or composite

hydrophobic membranes based on various polymers, e.g.,
polydimethylsiloxane, polytetrafluoroethylene, ethylenepropylene-diene terpolymer, polyurethane-urea, polyether
block amide, poly(1-trimethylsilyl-1-propyne), natural or
silicone rubber [35-38], as well as on zeolites [39].

Fig. 1. Repeat units of some typical pervaporation membranes:
(a) polydialkylsiloxane (hydrophobic), (b) polyvinyl alcohol
(hydrophilic), (c) cellulose (hydrophilic), (d) cellulose triacetate
(hydrophilic)

Pervaporation performances are usually evaluated in
terms of membrane productivity and selectivity. Commonly,
productivity is expressed as total or/and partial permeate
flux and selectivity as separation factor. Pervaporation
separation index, taking into account effects of both total
permeate flux and separation factor, may be used to
estimate the membrane ability of pervaporation separation
[28,40].
Composite organic-inorganic membranes based on
TEOS (Si(OCH2CH3)4) as an inorganic precursor have been
widely applied to separate aqueous-organic systems
[40,41]. Silanol groups (–Si–OH) obtained by TEOS
hydrolysis form siloxane bonds (–Si–O–Si–) by dehydration
reaction with other silanol groups or dealcoholysis reaction
with ethoxy groups (–Si–O–CH 2CH 3). For cellulose
membranes, siloxane structures are dispersed among
cellulose chains resulting in a more open network of hybrid
membrane, i.e. , exhibiting a larger free-volume [41].
Hydrogen and covalent bonds can be formed between
characteristic silanol groups of siloxane structures and –
OH groups of cellulose, leading to a decrease in the
flexibility of cellulose chains. Composite membranes may
have a weakly or strongly hydrophilic character depending
on the number of free and bonded silanol groups.
Accordingly, if the free silanol groups are predominant, the
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membrane is strongly hydrophilic, otherwise it is weakly
hydrophilic or even hydrophobic.
The present study has aimed at preparing and
characterizing cellulose based membranes as well as at
their testing for pervaporation separation of ethanol-water
system. TEOS was used as an inorganic precursor in the
synthesis of composite cellulose membranes. The effect
of TEOS loading, ethanol concentration and operation
temperature on pervaporation performances, expressed
as total permeate flux, separation factor and pervaporation
separation index, was evaluated.
Experimental part
Materials
Cotton cellulose powder (50 mm diameter, 0.600 g/cm3
density), TEOS min 98 % as well as crystals of urea
(C2H4N2O) and thiourea (C2H4N2S) were supplied by SigmaAldrich Chemie (Germany). NaOH pellets were purchased
from Merck (Germany). All reagents were used without
further purification. A paper support was used to prepare
supported pure and composite membranes.

Casting solution preparation
For the synthesis of pure cellulose membranes, a casting
solution was prepared according to the following
procedure: (i) an alkaline solution containing 9 wt. % NaOH
and 5 wt. % ureea/thiourea was selected as solvent for
cellulose; (ii) cellulose powder was added to the alkaline
solution forming a slurry with 8.5 wt. % cellulose, which
was stirred for 3 hours at a temperature up to 30 °C; (iii) the
stirred slurry was frozen at about -18 °C for 24 h; (iv) the
frozen solution was thawed at room temperature and a
hydrogel (casting solution) was obtained. For the synthesis
of composite cellulose membranes, the casting solution
prepared conforming to (i)-(iv) steps was mixed with TEOS
for 10 min. Casting solutions with and without TEOS were
prepared at 4 values of TEOS loading (0 , 10 , 30 , 50%)
expresses as TEOS mass percentage relative to the total
mass of cellulose and TEOS.
Membrane preparation
Supported and non-supported composite/pure cellulose
membranes were synthesized by the phase-inversion
method, as follows: (i) the casting solution with/without
TEOS was spread as a thin film onto a glass plate (for nonsupported membranes) or a paper support (for supported
membranes) and then exposed to ambient air for 24 h; (ii)
NaOH and urea/thiourea were removed from the film by
treating with 1M HCl solution and rinsing with distilled
water to a neutral pH; (iii) the rinsed membrane was kept
in distilled water for 24 h and further dried at room
temperature.
Casting solution characterization
Optical Microscopy (OM)
Casting solutions with/without TEOS were analyzed by
means of IOR ML-4M optical microscope (IOR, Romania).
Rheological tests
Dynamic viscosity of casting solution with/without TEOS
was estimated based on rheological measurements
performed using a Rheotest 2 rotary viscosimeter (MLW,
Germany) equipped with coaxial cylinders.

Non-supported membrane characterization
Scanning Electron Microscopy (SEM)
Surface morphology of pure and composite nonsupported cellulose membranes was examined by an
REV.CHIM.(Bucharest) ♦ 67 ♦ No.1♦ 2016

AURIGA scanning electron microscope (Carl Zeiss,
Germany) operated at 25 kV. The samples were gold coated
prior to SEM analysis.
X-ray diffraction (XRD)
XRD patterns of non-supported cellulose based
membranes were obtained with a D/Max-2550 PC X-ray
diffractometer (Rigaku, Japan) using Cu Kα radiation,
operation voltage of 40 kV and current of 300 mA.

Supported membrane testing
Swelling tests
Supported membrane swelling caused by the sorption
of liquids was determined based on a gravimetric
procedure. Swelling degree of a membrane, SD, was
calculated using eq. (1), where me is the equilibrium mass
of swollen membrane and m0 the mass of dry membrane.
The mass of dry membrane was obtained by drying a
membrane sample in an oven at 70°C for 9 h. The dry
sample was then put in 30 cm3 of ethanol-water solution
and kept for 48 h until the equilibrium state was reached.
The samples were weighed using a Kern ABS-N analytical
balance (Kern & Sohn, Germany) with an accuracy of
0.0001 g.
DS =

(me − m0 ) × 100

(1)

m0

Pervaporation tests
Pervaporation experiments were carried out in a batch
stirred cell operated under vacuum. The supported
membrane was put on a sintered steel disk, 5 µm average
pore diameter, welded to the top of the lower compartment.
The upper compartment containing the feed ethanol-water
mixture was closed in order to stop any loss from feed.
Before starting an experiment, the membrane was
equilibrated for 30 min with a liquid mixture of the same
composition as that of the feed. The swollen membrane
was then placed in the pervaporation device and the feed
liquid was charged to the upper compartment, wherein a
magnetic stirring was used to mix the ethanol-water
solution. This stirring aimed at minimizing the mass
transfer resitance between the feed liquid and membrane.
A vacuum of 100 mbar was applied to the lower
compartment by means of a vacuum pump (Sartorius,
Japan) and the permeate was collected in an ice trap.
The liquid temperature in the feed compartment and
the system mass were measured before starting (ti , mi)
and after finishing ( t f , m f) an experiment. Total
pervaporation flux, Jp, was estimated using eq. (2), where
m is the mass of the permeate collected during the
pervaporation time, ∆τ, and A the effective membrane
area.
mi − m f
m
Jp =

A∆ τ

=

A ∆τ

(2)

Ethanol concentrations in the permeate and feed
samples were estimated using an Atago Abbe
refractometer (Atago, Japan). Separation factor relative to
water and ethanol, αw/eth, was calculated with eq. (3),
where X and Y represent the mass fractions of species in
the feed and permeate, respectively.

α w / eth =

(Yw / Yeth )

( X w / X eth )

(3)

Pervaporation separation index, PSI, was determined
depending on Jp and αw/eth with eq. (4).
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PSI = J p ( α w / eth − 1 )

(4)
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Fig. 3. XRD pattern of pure (sample 3) and 10 % TEOS composite
(sample 5) cellulose membranes.

Fig. 2. SEM images of pure and composite membranes prepared
from a casting solution with: (a) urea; (b) thiourea; (c) thiourea
and 10 % TEOS; (1) 1 µm scale bar; (2) 10µm scale bar.

Results and discussions
SEM measurements
Representative SEM micrographs illustrating the surface
morphology of pure and composite cellulose membranes
are shown in figure 2. A pure cellulose membrane (PC)
prepared by dissolving the cellulose in urea alkaline solution
exhibits a non-homogenous surface with large (10-20 µm
diameter) and small (1-2 µm diameter) concavities (fig.
1a). These concavities, covering more than 50 % from total
surface, are caused by an incomplete cellulose dissolution.
A PC membrane synthesized using thiourea instead of urea
has a very homogenous and dense surface (fig. 1b),
probably due to a higher dissolution power of thiourea
alkaline solution. A composite cellulose membrane
obtained from a casting solution with thiourea and 10 %
TEOS (10CC) presents a more open network (fig. 1c), as
effect of siloxane structures dispersed among cellulose
chains. Casting solutions with thiourea were further
analyzed and used to prepare pure and composite
membranes.

XRD measurements
XRD analysis for PC and 10CC membranes aimed at
obtaining quantitative data on their crystallinity. Results
presented in figure 3 and table 1 for dry membranes
emphasize that 10CC membrane has a cristallinity larger
than that of PC, i.e., 73.5 % vs. 53 %. These values are lower
than those of dry bacterial cellulose membranes (usually
over 95% [42]), which were successfully tested for
pervaporation separation of ethanol-water system [28].
OM measurements

Fig 4. OM images (50x magnification) of casting solutions with and
without TEOS: (a) without TEOS; (b) 10 % TEOS; (c) 30 % TEOS;
(d) 50 % TEOS.

OM images of casting solutions with and without TEOS
which are shown in figure 4 indicate the appearance of
some local microstructures depending on TEOS content.
It seems that an increase in TEOS loading led to an increase
in solution dynamic viscosity.

Rheological measurements
Rheological tests of casting solutions with and without
TEOS were conducted at two values of operation
temperature (25 and 40 °C), four levels of TEOS loading (050 %) and a shear rate ranging from 0.5 to 122 s-1.
Plots in figure 5, describing the variation of shear stress,
τ (Pa), depending on shear rate, γ (s-1), emphasize the
following aspects: (i) for pure cellulose and 10 % TEOS
casting solution at 25 °C, the dependency between τ and γ
is linear (eq. (5)) and the intercept (η0) is about 0 Pa,
corresponding to a newtonian fluid whose dynamic
viscosity is equal to the line slope (η); data presented in
figure 5 and table 2 highlight similar values of viscosity, i.e.,
0.476 Pa×s and 0.518 Pa×s, respectively; (ii) for pure
Table 1
XRD ANALYSIS RESULTS
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cellulose solution at 40 °C, the dependency between τ and
γ is linear (eq. (5)) with the slope η = 0.462 Pa×s and the
intercept τ0 = 7.422 Pa, corresponding to a Bingham plastic
fluid with a dynamic viscosity of 0.462 Pa×s and a yield
stress of 7.422 Pa; (iii) for the other experiments, τ varies
with γ according to a power law, i.e., Ostwald de Waele
relationship (eq. (6)), where K (Pa×s n) is the flow
consistency index and n the flow behaviour index; results
shown in figure 5 emphasize a characteristic behaviour of
pseudoplastic fluid characterized by n < 1, whose apparent
viscosity, ηapp (Pa×s), was calculated depending on γ using
eq. (7); curves depicted in figure 5 and data summarized
in table 2 reveal a decreasing variation between ηapp and γ
as well as an increase in ηapp with temperature and TEOS
mass loading.
(5)
(6)
(7)

Swelling tests
Because there is a strong dependence between the
pervaporation performances and membrane swelling, the
establishment of the effect of operational parameters on
the swelling degree, SD, is an important issue. Swelling

experiments were conducted at 7 values of water mass
percentage in the feed, cw (17.2-80.6 %), 4 values of TEOS
mass loading, cTEOS (0-50 %) and 2 values of operation
temperature, t (25 °C and 40 °C). Results presented in table
3 and figure 6 show the variation of SD with operational
parameters.
Excepting the membrane with the highest TEOS loading
(cTEOS = 50 %), it is noticed an increase in SD with cw and
cTEOS. Increasing variation of SD with cw might be an effect
of a larger number of water molecules at the feed side, of
a small size of water molecule, as well as of a hydrophilic
character of cellulose based membranes resulting in strong
interactions between water molecules and reactive –OH
groups of membrane matrix. Data depicted in figure 6
highlight that SD varies more sharply with the feed water
content for pure cellulose membrane, possibly owing to
its more flexible cellulose chains. Moreover, SD increases
with TEOS loading, especially for low water concentrations
(cw = 17.2-38.4 %), mainly due to a more open network of
dry hybrid membrane. The membrane containing 50 %
TEOS has an atypical behaviour, i.e., SD is almost constant
( cca. 54 %) for c w = 23.8-64.1 %. This might be a
consequence of a significant loss in the flexibility of
cellulose chains due to the hydrogen and covalent bonds
formed between silanol groups of siloxane structures and
–OH groups of cellulose chains. Data summarized in table
3 highlight a slow increase (up to 10 %) in SD with the
operation temperature for all membrane types, possibly

Fig. 5. Shear stress, τ, vs. shear rate, γ, at 25 °C (a) and 40 °C (b) for casting solutions with and without TEOS.

Table 2
DYNAMIC VISCOSITY OF CASTING
SOLUTIONS DEPENDING ON PROCESS
PARAMETERS

Table 3
DEPENDENCE OF SWELLING DEGREE (%) ON WATER MASS
PERCENTAGE IN THE FEED, cw, TEOS MASS LOADING AND
OPERATION TEMPERATURE
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Fig. 6. Swelling degree,
SD, vs. water mass
percentage in the feed,
cw, at 25 °C and various
values of TEOS mass
loading
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Table 4
THE EFFECT OF WATER MASS PERCENTAGE IN THE FEED, cw, AND
TEOS MASS LOADING ON ACTIVATION ENERGY, Ep, AND PERMEATION
RATE CONSTANT, Jp0

Fig. 7. Total pervaporation flux, Jp, vs. water mass percentage in the
feed, cw, at various values of TEOS mass loading and pervaporation
temperature

caused by an enhancement of plasticization effect at
higher temperatures.
Pervaporation tests
Pervaporation performances have been expressed in
terms of total permeate flux, Jp, separation factor, αw/eth,
and pervaporation separation index, PSI. Experiments were
performed at 7 values of water mass percentage in the
feed, cw (17.2-80.6 %), 3 values of TEOS mass loading,
cTEOS (0-30 %) and 3 values of operation temperature, t (2545 °C).
Results presented in figure 7 emphasize an increase in
Jp with all operational parameters. According to data
summarized in table 3, an increase in each parameter
determined an increase in SD, resulting in an enhancement
of molecular diffusion of permeate species. Moreover,
higher temperatures determined larger values of species
diffusion coefficient.
The dependence between Jp and t was expressed by
Arrhenius equation (eq. (8)), where Jpo is the permeation
rate constant, Ep the activation energy of the process, R the
gas constant and T the absolute temperature. Values of Ep
and Jp0, which were estimated based on experimental data
( J p vs. 1/ T ) under various operation conditions, are
summarized in table 4. Characteristic values of Ep are in a
good agreement with those reported by other researchers
[40,43,44]. Statistical analysis of tabulated data led to eq.
(9) expressing the dependency between activation energy
and operational parameters, i.e., water mass fraction in
the feed, ωw, and TEOS mass fraction, ωTEOS. A root mean
square error of 1.74 relative to experimental (Ep) and
calculated (Ep,c) values of activation energy (fig. 8) was
obtained.
The effect of operational parameters on separation
factor, αw/eth, is shown in figure 9. It is observed that αw/eth is
strongly dependent on cw and cTEOS. For PC membrane
αw/eth drops from 11.9-13.5 to 4.2-5.1, for 10CC membrane
from 10.5-11.5 to 3.5-4.7, whereas for 30CC it increases
from about 1.1 to 1.8-2.6. Accordingly, for PC and 10CC
membranes, αw/eth decreases as cw and cTEOS increase,
whereas for 30CC membrane, α w/eth increases as c w
increases and cTEOS decreases. This behaviour suggests
that 10CC membrane is strongly hydrophilic and 30CC
membrane has a weakly hydrophilic character.
Consequently, the following configurations can be assumed
for the composite cellulose membranes (fig. 10): (i) 10CC
membrane contains siloxane structures with low molecular
mass whose silanol groups are rather free than bonded by
–OH groups belonging to cellulose chains, leading to a
hydrophilicity similar or higher than that of pure cellulose
and a lower chain flexibility; (ii) on the contrary, 30CC
membrane includes siloxane structures with higher
molecular mass and silanol groups which are
predominately bonded by –OH groups of cellulose chains,
resulting in a structure with weak hydrophilicity and less
154

flexible chains. For both more hydrophilic membranes, an
increase in cw determines an enhancement of membrane
swelling which has a negative influence on αw/eth, this
unfavourable effect being more important for 10CC
membrane which exhibits a higher swelling. Accordingly,
the swollen hydrophilic membrane allows some ethanol
molecules to penetrate and to diffuse together with water
molecules through the membrane determining a decrease
in αw/eth. On the other hand, for 30CC less hydrophilic
membrane, an increase in SD with cw leads to an increase
in αw/eth. However, conforming to data shown in figure 8,
characteristic values of αw/eth for 30CC membrane are less
than those of PC and 10CC hydrophilic membranes.
(8)
(9)

For PC and 10 CC membranes, results presented in
figures 6, 7 and 9 reveal that an increase in SD has an

Fig. 8. Parity diagram between experimental (Ep) and calculated
(Ep,c) values of activation energy

Fig. 9. Separation factor,αw/eth, vs. water mass percentage in the
feed, cw, at various values of TEOS mass loading and pervaporation
temperature.
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Fig. 10. Possible structures of pure and
composite cellulose membranes

Table 5
PERFORMANCES OF LIQUID
MIXTURE PERVAPORATION USING
HYDROPHILIC MEMBRANES

Fig. 11. Pervaporation separation index, PSI, vs. water
mass percentage in the feed, cw, at various values of
TEOS mass loading and pervaporation temperature.

favourable effect on Jp as well as an unfavourable one on
α w/eth . Accordingly, for operation of PC and 10 CC
membranes under experimental conditions considered in
this study (cw = 17.2-80.6 %, t = 25-45 °C), an increase in
SD from about 18 to 73 % has produced an increase in Jp
from 45.2 to 123.9 g/(m2×h) and a decrease in αw/eth from
13.5 to 3.5, respectively. These data are compared in Table
5 with results reported in the literature, which present the
same opposite variation trend of Jp and αw/eth [40,41,4347].
In order to select membranes with maximum
performances related to both Jp and αw/eth, a pervaporation
separation index, PSI, was estimated with eq. (4). The
dependency of PSI on operational parameters illustrated
in figure 11 reveals that: (i) 30 CC membrane has the
lowest PSI (up to 200 g/(m 2×h)); (ii) PC and 10 CC
membranes operated at 35 and 45 °C have almost similar
values of PSI (from 310 to 934 g/(m2×h)) and the highest
values of PSI, i.e., from 738 to 934 g/(m2×h), correspond
to cw = 17.2-38.4 %. According to results presented in tables
6 and 8 related to PC and 10 CC membranes operated at
35°C and 45°C, an increase in c w from 17.2 to 38.4 %
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determines an increase in Jp from 65.3 to 100.6 g/(m2×h)
and a decrease in αw/eth from 13.5 to 10.1, respectively.
Conclusions
Cellulose based membranes were synthesized,
characterized and tested in pervaporation of water-ethanol
mixtures. Pure cellulose membranes were prepared by
phase inversion procedure starting from a casting solution
resulted from cellulose dissolving in urea or thiourea
alkaline media. Experimental attempts proved that
cellulose dissolution was improved in the presence of
thiourea. Composite membranes were obtained based on
a casting solution wherein TEOS was added. Characteristic
SEM and XRD measurements of obtained membranes
highlighted that these are similar to other membranes
commonly used for pervaporation of ethanol-water system.
Swelling and pervaporation tests of pure and composite
cellulose membranes were performed under various
operation conditions. The effect of operational parameters
(water mass percentage in the feed, cw = 17.2-80.6 %,
TEOS mass loading, c TEOS = 0-50 %, and operation
temperature, t = 25-45 °C) on swelling degree, SD, and
pervaporation performances (total permeate flux, Jp,
separation factor, αw/eth, and pervaporation separation index,
PSI) was studied. Experimental results revealed an increase
in SD and J p with all operational parameters. The
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dependence between Jp and t was expressed by Arrhenius
equation and values of activation energy ranging between
9.9 and 25.2 kJ/mol were obtained, conforming to results
reported in the literature. An empirical correlation linking
the activation energy to feed water concentration and
TEOS loading was obtained by statistical analysis.
For pure cellulose (PC) membrane and 10 % TEOS
composite cellulose membrane (10CC), an increasing
variation of SD with cw and t was obtained. Moreover, an
increase in SD from about 18 to 73 % determined an
increase in Jp from 45.2 to 123.9 g/(m2×h) and a decrease
in αw/eth from 13.5 to 3.5, respectively. The highest values of
PSI, i.e., from 738 to 934 g/(m2×h), were obtained for
dehydration of ethanol solutions containing 17.2-38.4 %
water via pervaporation through PC and 10 CC strongly
hydrophilic membranes at 35 °C and 45 °C. On the contrary,
30CC weakly hydrophilic membrane had the lowest values
of PSI (up to 200 g/(m2×h)) and αw/eth (up to 2.5). These
results emphasize that PC and 10 CC membranes might
be successfully applied to dehydrate ethanol solutions over
60 wt% at temperatures larger than 35 °C.
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