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Abstract

In order to improve the performance of sodium alginate (SA) membrane for dehydration of ethanol, a new
method for preparing SA-silica membranes using sol-gel was proposed. The hybrid pervaporation membranes
were prepared by hydrolysis and condensation of tetraethyl orthosilicate (TEOS) within SA aqueous solution.
The obtained membranes were characterized by scanning electron microscope (SEM), energy-dispersive X-ray
spectroscopy (EDX), Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Atomic Force
Microscope (AFM), thermogravimetry (TG) and differential scanning calorimetry (DSC). Then the membranes were
tested by pervaporation dehydration of ethanol. FTIR indicated that -Si-O-C bonds were obtained. XRD showed
the SiO, particles were generated in the SA matrix. The thermal stability of hybrid membranes was enhanced after
incorporating TEOS into SA from the DSC results. The tensile strength of SA-40 membrane was improved after
incorporating TEOS into SA. The effect of mass ratio of TEOS to SA on the separation performance was investigated.
The permeate flux was improved with increasing mass ratio of TEOS to SA. And the result showed that the permeate
flux reached 274 g'm2.h-" with a high separation factor 17990 when the amount of water in feed was 10 wt% at 50°C.
The Arrhenius apparent activation energy for permeation has been estimated from the temperature dependence of
permeation values. The activation energy for permeation was 15.1 kJ/mol.

Keywords: Sodium alginate; Tetraethyl orthosilicate; Pervaporation;
Ethanol; Dehydration

Introduction

Pervaporation (PV) hasattracted growing interests in the separation
process because of its energy-saving characteristics and high separation
performance compared to traditional techniques [1,2]. It’s widely used
in dehydration of ethanol, methanol and isopropanol. Sodium alginate
(SA), a kind of polysaccharides extracted from seaweed, is considered
as a prospective dehydration membrane material for its intrinsic
properties such as good hydrophilicity, outstanding water solubility
and good film-formation characteristics [3,4]. The development of SA
membrane has been focused on for the decades. The performance of
pure SA membrane is not so good to dehydrate organics. In order to
improve the separation performance of SA membrane, modification
methods such as blending, cross-linking and adding fillers have been
applied. Dong et al. [5] blended SA with poly-(vinyl alcohol) (PVA)
for separating ethanol aqueous solutions. The prepared membranes
showed better pervaporation performance for ethanol aqueous solution
with a permeate flux of 384 gm=.h' and a separation factor of 384 for
90 wt% ethanol aqueous solution at 45°C. Pan et al. [6] incorporated
reduced grapheme oxide into SA matrix. The hybrid membranes
exhibited optimum separation performance with a separation factor
of 1566 and a permeate flux of 1699 gm=2h"'. Generally, metal oxides
were added into the SA membrane for higher mechanical property
and permeability. Organic-inorganic hybrid materials may be a proper
candidate for having the advantages of organic moiety and inorganic
moiety which have been recognized in various fields [7-9]. Inorganic
particles have a good thermal stability as well as high mechanical
strength. The separation performance of the membranes can be
improved by incorporating inorganic particles into PV membranes
[10-15]. Blending inorganic particles into polymer matrix is a simple
way to prepare organic-inorganic hybrid membranes.

However, the inorganic particles often behave serious aggregation.
In order to improve the dispersion performance of inorganic particles

in casting membrane solution, in situ generation of inorganic particles
via sol-gel method in polymer matrix is focused on. The generated
inorganic particles can be dispersed in the organic membranes
homogeneously. Kariduraganavar et al. [16] prepared chitosan
based hybrid membranes by incorporating 2-(3, 4-epoxycyclohexyl)
ethyltrimethoxysilane into chitosan matrix using a sol-gel technique.
And the developed hybrid membranes could be effectively used to break
the azeotropic point of water-isopropanol mixtures with separation
selectivity of 17990 and a flux of 29.2 gm=h at 30°C for 10 mass%
of water. Jiang et al. [17] incorporated TiCl4 into CS membrane, the
membrane exhibited the optimal pervaporation performance with a
permeate flux of 1403 gm=2.h" and a separation factor of 730 for 90 wt%
ethanol aqueous solution at 77°C. The sol-gel reaction is helpful to the
hybridization of organic and inorganic components which can form
covalent bonds and hydrogen bonds between the polymeric phase and
inorganic phase [18-20]. Clearly, it is efficient to hybridize the organic
and inorganic components homogeneously.

The aim of this work is to attempt preparation of a SA-silica
hybrid membrane with high water selectivity via sol-gel technique
for dehydration of ethanol. The proposed preparation method of the
hybrid SA-silica membrane via sol-gel was rarely reported, and the
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latest report about hybrid membranes prepared by incorporating
silica precursors into alginate matrix was study by Choudhari [21].
Here, we try to investigate the membrane preparation parameters and
characterization of the separation characteristics for PV of ethanol
solution.

Experimental
Materials
Sodium alginate, tetraethyl orthosilicate, ethanol (99.7%),

glutaraldehyde solution (25%) and sulfuric acid were supplied by
Sinopharm Chemical Reagent Co., Ltd. Deionized water was produced
by a Milli-Q system (Millipore, US).

Membrane fabrication

The 3wt% SA solution was prepared by dissolving SA in deionized
water with stirring for 3 h at 60°C. Then a known amount of TEOS was
added to the SA solution. Subsequently, quantitative of glutaraldehyde
and sulfuric acid were added into the mixtures which were used as
cross-linking agent and catalyst, respectively. Then the solution was
stirred for 24 h. After that the solution was cast onto an organic glass
plate with the aid of automatic film blowing machine. Dried membranes
were peeled off from the glass plate. The mass ratio of TEOS to SA was
varied as 0, 10, 20, 30, 40 and 60%, and the resulting hybrid membranes
were designated as SA, SA-10, SA-20, SA-30, SA-40 and SA-60.

Membrane characterization

The interaction properties among different chemical groups of the
hybrid membranes were characterized by Fourier Transform Infrared
Spectroscopy (FTIR) spectrometer (AVATAR360, Thermo Nicolet,
USA). The morphologies of membranes were conducted with a field-
emission scanning electron microscopy (FESEM) (S-4800, Hitachi,
Japan). The silicon element was recorded by energy-dispersive X-ray
spectroscopy (EDX) equipped on (FESEM). The crystalline structure
of membrane was investigated using an X-ray diffraction (XRD)
(Miniflex 600, Rigaku, Japan) in the range of 6-80° at the scan rate of
15° min™". Tensile strength of the SA, SA-10, SA-20, SA-30, SA-40 and
SA-60 matrix membranes were measured using the universal testing
machine (CMT-6203, MTS SANS, China). Thermogravimetric (TG)
and differential scanning calorimetry (DSC) analysis were conducted
by a thermoanalyzer (Sta 449 F3, Netzsch, Germany) at a heating
rate of 10°C/min under nitrogen atmosphere to analysis the thermal
stability of all membranes. The membrane thickness was determined
by a field-emission scanning electron microscopy (FESEM) (S-4800,
Hitachi, Japan). The increase in surface area and surface roughness was
calculated by Atomic Force Microscope (AFM) (XE100, Park systems,
Korea).

Swelling experiments

The dry membrane was weighed as W @ and then it was immersed
into 10wt% water-ethanol solutions for 24 h at room temperature to
achieve equilibrium. The swollen membranes were taken out carefully
and the solution on the membranes surface was wiped off by tissue
paper, and then weighed as quickly as possible. The mass of the swollen
membranes was measured as Ws (supplementary Table 1). The degree
of swelling (DS) was calculated by the following Eq. (1).

psewy =i 100 (1)
w,
Where W P and W are the mass of the dry and swollen membranes,

respectively.

Pervaporation experiments

PV experiments were carried out using an indigenously designed
apparatus. The feed temperature was controlled by constant
temperature oil bath. The effective membrane area was 0.0011 m? The
permeated solution was condensed downstream by liquid nitrogen. A
vacuum pump in the downstream maintained the pressure at about
300 Pa. The permeate flux was defined by Eq. (2).

W
Axt

Where W represents the mass of permeate over a certain time
interval t, A represents the effective membrane area.

2

The compositions of feed and permeate were determined by gas
chromatograph (GC-2014, Shimadu, Japan) which was equipped with
a thermal conductivity detector (TCD). The length of PORAPAK' Q
(mesh 50-80) column was 2 m. Helium (99.9999%) was used as the
carrier gas. Both the injector and detector temperatures were 200°C
and the column temperature was 180°C. The bridge current was 90
mA. The separation factor (a) was defined by Eq. (3).

Y, /Y,

a= W/ E 3)
XW/XE

Where X, X, Y, and Y are the weight fractions of water and

alcohol in the feed and permeate, respectively.
Results and Discussion
Membrane characterization

FTIR spectra analysis: Silanol groups were obtained by
hydrolyzing TEOS. The silanol groups yielded siloxane bonds due
to the dehydration or dealcoholysis reaction with other silanol or SA
during the membrane drying [22]. Figure 1 shows the FT-IR spectra of
SA membrane and hybrid membranes. A characteristic band at around
3243 cm™ in SA pristine membrane spectra corresponds to -OH
stretching vibrations. The peaks at 1591 cm™ and 1406 cm™ correspond
to asymmetric and symmetric stretching of carboxyl group of SA,
respectively. Peaks appeared at around 1010-1030 cm™ are assigned
to -C-O-C stretching of SA membrane. However, the intensity of
these bands for the hybrid membranes increased which suggested the
formation of -Si-O-C bonds [23]. That’s because -Si-O stretching also
appears at the same wave numbers of -C-O stretching.

XRD analysis: The XRD patterns of SA membrane and hybrid
membranes are shown in Figure 2. The SA membrane exhibited a broad
peak around 13° [24], which is attributed to the presence of amorphous
region in the polymer. After incorporating TEOS into SA matrix, broad
peaks of SiO, at around 21° appeared in hybrid membranes [25]. It’s
clear that the generated SiO, particle was in an amorphous form. The
intensity of the SiO, peaks increased gradually from SA-10 to SA-60
membrane with increasing mass ratio of TEOS to SA. This is because
more SiO, particles were generated upon increasing TEOS content.

Membrane Tensile strength (MPa)
SA 26.8
SA-10 26.9
SA-20 16.8
SA-30 16.1
SA-40 28.8
SA-60 31.9

Table 1: Mechanical strength data of SA and hybrid membranes.
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Figure 1: FT-IR spectra of SA membrane and hybrid membranes.
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Figure 2: X-ray diffraction patterns of SA and hybrid membranes.

TG and DSC analysis: The thermal stability of the hybrid
membranes was evaluated by TG and DSC under nitrogen flow. The
results are shown in Figure 3. The membranes had three stages of weight
loss from Figure 3a. The first weight loss of 20% occurred between
ambient temperature and 200°C corresponds to the physically absorbed
water molecules. The second thermal event occurring in the range
of 200-250°C, which is attributed to the decomposition of SA matrix
and the weight loss was about 25%. The third stage, for temperature
higher than 250°C, corresponds to the residual decomposition
reactions. What’s more, it can be clearly seen that the decomposition
temperature of hybrid membranes were higher than the SA membrane
in the DSC patterns (Figure 3b). It indicated that the thermal stability
of membranes was virtually improved after hybridization, which is
mainly due to a hindrance of chain mobility of SA by the generation of
SiO, and the hydrogen bonding between SA and SiO,.

SEM and EDX characterizations: Figure 4 illustrates the SEM
and EDX photographs of hybrid membranes. The surface view of SA
membrane was smooth. But the surface of hybrid membranes became
rougher with increasing mass ratio of TEOS to SA. From the EDX
pictures, it can be seen that the SA membrane had no silicon element.
However, the silicon element was obtained from the hybrid membranes,
suggesting that the generation of SiO, particles. This is agreement with
the XRD results, because the formation of SiO, particles was also verified
by XRD analysis. The EDX Si-mapping of the SA-40 membrane in Figure
4e-3 showed that silicon element was distributed uniformly in the SA
matrix which indicated the homogeneous hybrid structure.

Tensile strength test: The maximum tensile strengths of all
membranes are given in Table 1. The tensile strengths of SA, SA-10,
SA-20, SA-30, SA-40 and SA-60 membrane were 26.8 MPa, 26.9 MPa,
16.8 MPa, 16.1 MPa, 28.8 MPa and 31.9 MPa, respectively. These data
indicated higher mechanical strengths for the hybrid membranes
expect SA-20 and SA-30 membrane as compared to SA membrane.
The decrease of tensile strengths of SA-20 and SA-30 membranes may
be because of the uniform dispersion in SA matrix as can be observed
in the SEM images. The tensile strengths of the other membranes
were improved by incorporating TEOS into SA matrix. It is due to the
hydrogen and covalent bonds between SiO, and SA.

Swelling behaviors

Membrane swelling plays a key role in separation property of the
membrane which depends on the membrane structure. Figure 5 shows
the effect of the mass ratio of TEOS to SA on the degree of swelling for
hybrid membranes in 10wt% water-ethanol mixtures at 25°C. It can
be seen that the degree of swelling was enhanced with increasing mass
ratio of TEOS to SA. This is attributed to increased hydrophilic nature
of the hybrid membranes owing to the presence of SiO, particles. And
thereby adsorption of water and ethanol molecules increased resulting
to degree of swelling.

Pervaporation performance

TG and DSC analysis: In general, the diffusion of pervaporation
process plays an important role in permeate flux and the diffusion is
influenced by membrane thickness. Table 2 illustrates that the permeate
flux decreased with increasing membrane thickness. That’s because the
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Figure 3: TG(a) and DSC(b) curves of hybrid membranes.
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Figure 4: SEM images of hybrid membranes: surface images of SA to SA-
60 membranes (a-1, b-1, c-1, d-1, e-1,f-1); EDX of SA to SA-60 hybrid
membranes (a-2, b-2, ¢-2, d-2, e-2,f-2,e-3(Si distribution)).
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Figure 5: Effect of mass ratio of TEOS to SA on the degree of swelling of
hybrid membranes (12 pm).
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S

Membrane Thickness(um) Flux(g-m2-h"") Wat:;:::;f:t in
10 274 99.95
15 248 99.96
20 169 99.96
26 137 99.94

Table 2: Influence of membrane thickness on pervaporation performance (SA-40
membrane, 10 wt% water in the feed, 50°C).

increased mass transfer resistance led to reduced diffusion rate. The
upstream side of the membrane was swollen and plasticized due to
adsorbed liquid molecules and allowed unrestricted transport of feed
components [26]. However, the downstream side of the membrane
was dry in vacuum condition, which allowed smaller sized molecules
to pass through. It’s notable that the water content of permeate side was
nearly 100wt%.

Effect of mass ratio of TEOS to SA: As shown in Figure 6, Tables
3 and 4, the generated SiO, particles can improve the roughness of
membrane surface, and the permeability is influenced by membrane
roughness. Pervaporation experiment was carried out to study the
effect of mass ratio of TEOS to SA on the dehydration performance of
10 wt% water in the feed at 50°C. The membrane thickness was 12 pum.
Figure 7 demonstrates that the permeate flux increased with increasing
mass ratio of TEOS to SA. The permeate flux increased from 225 to
282 gm>h” when the mass ratio increased from 0% to 60%. This is
mainly due to increased interaction between water molecules and
membrane. The free-volume in membrane matrix increased because of
generated SiO, particles [27]. The water content of permeate side was
nearly 100wt% when the mass ratio of TEOS to SA was lower than 30%
and decreased slightly over 30%. It may be that the interaction between
water molecules and membrane matrix becomes weak because of slight
agglomeration of SiO, particles.

Effect of feed temperature: Effect of feed temperature ranging
from 30°C to 50°C on the PV performance for water-ethanol
mixtures was studied using SA-40 membrane at 10wt% water in the
feed, and the results are presented in Figure 8. It’s observed that the
permeate flux increased with increasing feed temperature which can
be explained by solution-diffusion mechanism. With the increase of
temperature, the vapor pressure difference increased between the
upstream and downstream side of the membranes, which resulted in
the enhancement of the driving force of transport. Higher temperature
leads to higher molecular diffusivity [28]. Permeation of diffusing
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Figure 6: AFM surface images of hybrid membranes: SA(a), SA-10(b), SA-
20(c), SA-30(d), SA-40(e), SA-60(f).

Membrane T(°C) | Flux(g-m?h') Separation factor | Reference
PVA-SA/PS 45 384 384 [5]
NaAlg-zeolite beta 50 166 465 [8]
NaAlg-zeolite beta 30 132 1598 18l
CS-TEOS 80 284 460 [18]
NaAlg-mPTA10 50 393 2423 [29]
NaAlg-mPTA10 30 316 8991 [29]
SA- heteropolyacid 30 570 14991 [11]
SA-40 30 189 7013 This study
SA-40 50 274 17990 This study
SA-60 50 282 4496 This study

Table 3: Comparisons of pervaporation performance for dehydration of ethanol/
water mixtures with 10 wt% water in the feed.

Membrane Increase in surface area (%) Surface roughness(Ra) (nm)
SA 0.59 3.63
SA-10 1.19 11.33
SA-20 2.88 112.82
SA-30 3.50 63.34
SA-40 0.76 31.68
SA-60 9.36 90.81

Table 4: The increase in surface area and surface roughness of SA and hybrid
membranes calculated by AFM.

molecules pass through the membrane becomes easier, therefore, the
mass transport is faster and the total flux increases. What’s more, as
the temperature increased, the thermal mobility and the free volume
of polymer were elevated, which led to the increase of the solubility
of solution on the surface [29,30]. Meanwhile, the activation energy
for permeation through the membrane can be described by Arrhenius
relationship in Eq. (4).
L, (4)
RT

Where ] is the permeate flux, JO is the pre-exponential factor, EP
refers to the activation energy for permeation, R and T are the gas

J =J,exp(

constant and the operating temperature, respectively. Figure 9 was
the normalized Arrhenius plot. From Figure 9, the activation energy
for permeation through the SA-40 membrane was calculated from the
slope of the fit liner and its value was 15.1 kJ/mol [30].

Effect of feed water composition: Feed water composition exhibits
a considerable effect on membrane performance. Figure 10 shows the
permeate flux against the feed water composition of ethanol/water
system, and the SA-40 membrane was used. The total flux increased
from 161 to 985 gm=h"' with increasing water content in the feed.
This can explain that an increase of feed water concentration may lead
to enhancement of membrane swelling. The surface of the membrane
became more compact, which led to a positive impact on flux.

Comparisons with literature data: The present PV data compared
with former results provided by other researchers are listed in Table 3.
It shows that the SA-40 membrane had higher separation factor with
good permeate flux for separation of ethanol-water mixtures compared
to similar data published in the literature.

Conclusions

The SA-Silica hybrid membranes were fabricated using sol-
gel method for pervaporation dehydration of ethanol aqueous
solution. The XRD characterization and SEM images indicated that
SiO2 inorganic particles were generated by in situ hydrolysis and
condensation of tetraethyl orthosilicate (TEOS) within SA aqueous
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Figure 10: Effect of water content in the feed on pervaporation performance
(SA-40 membrane, 50°C, 12 ym).

solution. The thermal stability of hybrid membranes was improved
after incorporating TEOS into SA. The tensile strength of SA-40
membrane was enhanced compared to SA membrane. The permeate
flux was improved after incorporating TEOS into SA matrix. When the
mass ratio of TEOS to SA was 40%, permeate flux reached 274 gm-
2h! while the water content of permeate side was nearly 100wt% with
separation factor 17990.
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