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ABSTRACT

A pervaporation separation active layer by emulsion polymerization was prepared by using
acrylate monomer and nano silica sol solution. Porous polyacrylonitrile substrate was used to
construct composite pervaporation membranes. We used CPL/water mixture system (caprolactam
(CPL)) to analyze the pervaporation separation performance of composite membranes, and stud-
ied the morphology and properties of the membranes by scanning electron microscopy, Fourier
transform infrared, thermogravimetric analysis, X-ray diffraction, and contact angle. Given the
formation of composite structures, the thermal stability of the nano silica/polyacrylate composite
membrane is enhanced. A pervaporation transport equation was introduced to the permeation
flux of normalized emulsion polymerization composite membranes. This equation relates to water
permeability, CPL permeability, and membrane selectivity to assess pervaporation performance and
potential mechanisms. The results show that the maximum total permeate flux of the CPL/water sys-
tem reaches 1,138 g/(m*h) with a separation factor of 353, which was remarkable compared with pre-
vious research. Membrane materials obtained by emulsion polymerization can be introduced to the
field of pervaporation, providing a novel way to obtain excellent pervaporation membrane materials.
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1. Introduction

Pervaporation membrane needs different characteristics
for different mixture systems. In order to obtain the best
separation effect, it is an efficient way to adjust the flexi-
bility and the swelling degree of the separation membrane.
The nano silica/polyacrylate composite material was obtained
by emulsion polymerization, and the method of pouring
into pervaporation membrane can meet these requirements
at the same time [1]. According to the requirements of the
application system, the monomer ratio of short branched
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methyl methacrylate (such as methyl methacrylate) and
long branched acrylate (such as butyl acrylate) can be
adjusted, and different flexible polyacrylate membrane
can be obtained easily through emulsion polymerization [2].

In the emulsion polymerization of polyacrylate mono-
mer, the addition of nano silica can achieve two improve-
ments: initially, the nano silica/polyacrylate composite
prepared by emulsion polymerization has excellent com-
patibility [3]. The composite emulsion has low viscosity
and good membrane forming property. After membrane
formation, nano silica can improve the mechanical strength
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and durability of the membrane, making it have attractive
chemical stability and thermal stability [4]. Secondly, due to
the existence of silica and silanol type hydroxyl, the surface
of nano silica is negatively charged, which makes its sur-
face highly hydrophilic. By controlling the content of nano
silica, the permeability and separation effect of the compos-
ite membrane can be easily adjusted, and the appropriate
separation flux and separation factor can be obtained. In
addition, emulsion polymerization generally takes water
as solvent, and has the advantages of fast polymerization
speed, low dispersion, environmental friendliness, easy
to heat dissipation, safety, low price, and easy batch pro-
duction. Therefore, nano silica/polyacrylate composite
has potential pervaporation value. However, the material
has never been used for pervaporation dehydration and
purification of e-caprolactam (CPL).

CPL (C,H, NO) is a monomer of nylon-6, an industri-
ally important organic chemical material widely used in
the production of polyamide fibers and engineering plas-
tics. The most common industrial process for CPL pro-
duction is the Beckman rearrangement of cyclohexanone
oxime. The most important impurity to be removed in the
CPL is water, which is typically removed by distillation.
CPL is unstable at high temperatures, so several traditional
separation techniques, such as ion-exchange beds, elec-
trodeionization [5], and solvent extraction [6], have been
suggested to address this problem [7]. Three-effect evapora-
tion processes are commonly used to produce high quality
caprolactam. Conventional processes have disadvantages
such as low heat transfer coefficient, high medium pres-
sure steam consumption, and steam condensation with
high CPL levels. Therefore, we investigated whether dehy-
dration purification can be conducted by pervaporation
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[8-11]. However, our former attempts using pure polymer
membranes by blending—casting process did not immedi-
ately reach a high flux, limiting the value of application.
Further studies are necessary to enhance the application of
pervaporation on the dehydration of CPL. We used in-situ
emulsion polymerization to obtain a nano silica/polyacry-
late composite with desired qualities and cast this composite
emulsion for a PV membrane active layer, and dehydrated
the caprolactam-water mixture through the pervaporation
process (illustrated in Fig. 1).

2. Experimental
2.1. Materials

The industrial grade CPL is provided by Baling Petro-
chemical Co., Ltd., (China Petroleum and Chemical
Corporation). Methyl methacrylate (MMA) and n-butyl
acrylate (BA, industrial grade) were distilled before use.
Silica sol (15 nm diameter) was purchased from Hubei
Wuhan University Silicone New Material Co., Ltd. Sodium
dodecylbenzenesulfonate (SDS, analytical reagent grade)
was purchased from Sinopharm Chemical Reagent Co.,
Ltd. Polyacrylonitrile porous ultrafiltration membrane (cut-
off molecular weight 5-10 x 10*) was supplied by Shanghai
Materials Research Institute (China). An aqueous feed solu-
tion for pervaporation experiments was prepared using
deionized water.

2.2. Preparation of emulsions

Polyacrylate/SiO, emulsions were prepared by in-situ
polymerization (Table 1). We added SDS, distilled water, and
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hybrids active layer
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Fig. 1. Preparation and application of nano silica/polyacrylate PV membrane by emulsion method.
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Table 1
Prescription of various silica sol/polyacrylate composite emulsions
Membrane MMA BA SDS APS Silica sol Water
(8) (8) (8) (®) (25 wt.% in the solution) (8)
MO 20 20 1 0.32 0 200
M1 20 20 1 0.32 0.8 200
M2 20 20 1 0.32 32 200
M3 20 20 1 0.32 6.4 200
M4 20 20 1 0.32 16 200

nano silica sol to a 500 mL four-necked flask equipped with a
stirrer, reflux condenser, and thermometer. The mixture was
stirred for 2 h at a stirring rate of 400 rpm, and then MMA
and BA were added. When the reaction temperature was
heated to 75°C, amine persulfate dissolved in 8 g of distilled
water was added to the mixture, which was then stirred at
an agitation rate of 400 rpm for 3 h. After cooling the mix-
ture to room temperature naturally, it was filtered to obtain
the emulsion. The pure polyacrylate latex was prepared
with the same procedure. It can be seen from Fig. 2a that
the silica sol of the raw material is spherical particles with
a particle size of 10-20 nm, and the latex particles obtained
by emulsion polymerization are also spherical (Fig. 2b), and
the particle size is smaller than 100 nm.

2.3. Preparation of nanosilica/polyacrylate composite membranes

The PAN ultrafiltration membrane was immersed in
a 1.25 mol/L NaOH solution at 50°C for 60 min, and the
membrane was repeatedly washed with deionized water to
neutrality, and the membrane was immersed in a 1 mol/L
HCI aqueous solution for 20 min, and washed with water
to the neutral, obtained a hydrolyzed PAN microporous
support membrane [12]. The porous PAN support mem-
brane was fixed on a glass plate, and the prepared emul-
sion was brushed on the support membrane, and the
water was slowly evaporated in a room temperature dust-
free atmosphere until it was completely dried. Finally, the
composite membrane was heat treated at 100°C in an air

circulating oven. The pure polyacrylate is abbreviated as
MO, and the polyacrylate hybrid membrane is abbreviated
as M1-M4 according to different silica sol contents.

2.4. Swelling experiments

We performed an equilibrium swelling experiment using
a M0-M4 membrane under the conditions of a 70 wt.% CPL
solution at 30°C-60°C (same as the feed mixture). The dry
membranes quality W, was first weighed and immersed
for 48 h at different temperatures in a sealed container to
balance it. The membranes were taken out and the sur-
face solution was wiped with a tissue paper and weighed
as W_. All experiments were performed at least three times
and the results were averaged. The percentage of swelling
(S) is calculated as:

s(%):wxmo 1)

d

where W, is the weight of the dry membrane and W._ is
the weight of the swollen membrane.

2.5. Characterization
2.5.1. Fourier transform infrared spectroscopy

The emulsion nano silica/polyacrylate composite mem-
branes were confirmed by Fourier transform infrared

300.00nm
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Fig. 2. (a) TEM spectra of silica sol and (b) nano silica/polyacrylate emulsions (10 wt.% nano silica).
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(FT-IR) analysis. The FT-IR spectra of composite membranes
MO0-M4 were obtained using a Nicolet AVATAR 360 FT-IR
spectrometer.

2.5.2. Scanning electron microscopy

The morphology of the composite membranes M0-M4
were examined by SEM (FEI Quanta 200, Holland). A layer
of conductive gold is applied to all specimens.

2.5.3. X-ray diffraction analysis

The crystal structure of the composite membranes
MO0-M4 was analyzed by XRD measurement at a diffrac-
tion angle of 5° to 60° at a rate of 4°/min. The Shimadzu
XRD-6000 (Japan) diffractometer is equipped with 40 kV
and 30 mA graphite monochromatic Cu Ka radiation
(A =1.54060 A) at 40 kV and 30 mA.

2.5.4. Thermal analyses

Thermal gravimetric analysis was carried out by plac-
ing a 5-10 mg sample in an ALO, crucible, scanning from
20°C to 600°C at a heating rate of 10°C/min, and flow-
ing at a flow rate of 50 mL/min in a nitrogen atmosphere.
The instrument used is SETSYS 16 (France).

2.5.5. Contact angle analyses

The water contact angles on the surfaces of the com-
posite membranes M0-M4 were measured at 25°C using a
contact angle meter (Erma, model G-I). The contact angle
0 was calculated with Eq. (2) [13]:

o (cos@ﬂ + cosey)
6 =cos — 2)

where 0, is the advancing contact angle and 0, is the reced-
ing contact angle.

2.5.6. Pervaporation experiments

The PV experiment of the membranes were carried
out as follows: (1) The fixed feed mixture was 70 wt.%
CPL. (2) The test temperature range is 27°C—-47°C. At each
temperature point tested, the membrane to be tested is
equilibrated at the corresponding temperature for 1-2 h.
(3) When the state is stable, at a fixed time interval, the
permeate vapor is collected in a cold trap immersed in the
liquid nitrogen jar on the downstream side.

On the basis of the PV data, the separation performance
of the membrane was evaluated using PV flux (J) and sep-
aration factor (a). These two parameters are calculated
using the following equations:

o= (yw /yCI’L)

(xw /xCPL) (3)
w
J=" )

In Eq. (3), -, and x_ are the mole fractions of CPL and
water in the feed, respectively; y,, and y _are the mole frac-
tions of permeate CPL and water, respectively. In Eq. (4),
W (g) is the weight of the permeate, A (m?) is the effective
membrane area, and f (h) is the collection time.

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

The FT-IR spectra of pure polyacrylate, nano silica, and
nano silica/polyacrylate composite membranes are illus-
trated in Fig. 3. The spectrum of pure polyacrylate shown
in Fig. 3a shows that the characteristic bands at 2,887 cm™
were attributed to C-H asymmetric stretching in the meth-
ylene of polyacrylate. The peaks at 1,452 and 1,391 cm™
were due to the distortion vibration of CH,. A strong and
broad band at 1,727 cm™ corresponded to the C=O stretch-
ing vibrations of carbonyl groups. In Fig. 3b, a peak at
1,118 cm™ resulted from Si-O-Si asymmetric stretch-
ing vibration [14], and that at 475 cm™ was attributed to
Si—O-Si skeleton vibration and wagging vibration.

The spectra of nano silica-filled polyacrylate compos-
ite membranes (M1-M4) are displayed in Figs. 3c-3f. The
characteristic absorption peak of the Si-O-Si skeleton at
475 cm™ showed an increase in intensity compared with
that of the unfilled M0 membrane in Figs. 3d—f. This finding
indicated that the nano silica was enclosed in a polyacrylate
matrix. Thus, nano silica particles were incorporated in the
polyacrylate composite by in-situ emulsion polymerization.

3.1.2. SEM analysis

Fig. 4 shows the surface and cross-section morpholo-
gies of pure polyacrylate membranes. The outer surfaces of
the membranes were dense and smooth. The cross-section
pictures show that the pure polyacrylate active layer was
tightly cast on the PAN porous support membrane. The
thickness of the active layer was in the range of 2.5-3.5 um,
whereas the PAN porous support layer showed a thick-
ness of 120 pm. Fig. 5 shows the surface and cross-section
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Fig. 3. FT-IR spectra of pure polyacrylate MO (a) and original
nano silica (b), nano silica/polyacrylate composite M1-M4 (c—f).



W.H. Lin et al. / Desalination and Water Treatment 208 (2020) 125-135 129

Fig. 4. External surface and cross-section morphologies of
(A-D) pure polyacrylate membrane (MO).

morphologies of nano silica/polyacrylate composite mem-
branes. SiO, nanoparticles were dispersed on the active
layer. The surfaces of the composite membranes with low
SiO, nanoparticle content (2 wt.%) were rough but did not
show serious aggregates of SiO, nanoparticles on the sur-
faces of the membranes. These results may cause a decrease
in water contact angle, increase in permeation flux, and
decrease in separation factor.

3.1.3. XRD analysis

XRD analyses were conducted on the flat-sheet films
to investigate the influence of emulsion and incorporation
of nano silica particles on the crystalline structure of the
polyacrylate. As shown in Fig. 6, all samples show broad
amorphous halo at 20 = 18°, typical for lack of crystallinity.
It is generally believed in the literature that adding a small
amount of other particles to the ordered polymer will
increase the amorphous degree of the composite, which is
the same as our result [15,16]. The structure of the composite
in the membrane is helpful for preferential penetration
of water. This result is due to a decrease in crystallinity,
which reduces the diffusion resistance and increases the
free volume, thereby increasing the permeation flux of
each component [17,18].

3.1.4. Thermal analysis

Fig. 7 compares the thermal stability of pure polyacry-
late and nano silica/polyacrylate composite membranes
using a decomposition curve. The thermal stability of
the composite membrane is reduced by the order of
M4 > M3 > M2 > M1 > MO. This phenomenon was attributed
to the influence of nano silica dispersion in composite emul-
sion casting solution. Meneghetti and Qutubuddin [19]
observed almost the same result when they prepared silica/

Fig. 5. (E-H) External surface and cross-section morphologies of
nano silica/polyacrylate composite membrane (M2).

polyacrylate nanocomposites by emulsion polymerization.
Enhanced thermal resistance may be due to silica sol acting
as an inorganic particle, forming a network structure when
polymer was decomposed, trapping polymer chains in silica
net, limiting its movement, and hindering further thermal
decomposition. Moreover, nano silica was well dispersed
in the polyacrylate matrix, acted as a gas barrier, prevented
the diffusion of volatile gas from thermal decomposition
process, and reduced the permeability of volatile gas [20].

3.2. Pervaporation characteristics
3.2.1. Swelling experiments

The study of the adsorption mechanism is important
for controlling the pervaporation process of the membrane
because it controls the chemical potential of the permeate
molecules transported in the membrane. In pervapora-
tion, the permeation flux and selectivity of the membrane
depend on the degree of swelling of the active layer due to
the interaction between the membrane and the CPL solu-
tion and the interaction between the CPL molecule and the
water molecule. This section discusses the effects of sorp-
tion in pervaporation. To analyze the influence of nano silica
on membrane swelling, we plotted the degree of swelling
with different temperatures from 30°C to 60°C in a mass
percent of CPL of 70 wt.% feed, as shown in Fig. 8.

The swelling degree of the membrane raised when the
temperature increased but decreased as the nano silica level
dropped. However, high nano silica contents in polyacry-
late led to a low degree of swelling. XRD results confirmed
that a high nanosilica concentration resulted in a compact
amorphous region in the membranes (Fig. 6). Therefore,
nano silica interfered with the array of polyacrylate molec-
ular chain and increased the swelling degree. High levels of
nanosilica resulted in a decrease in the degree of swelling
because redundant nano silica could penetrate the membrane
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and form a network structure; an increase in the network
structure usually reduces the free volume of the mem-
brane [11]. Thus, many nano silica composites result in low
chain mobility and decreased degree of swelling.

3.2.2. Contact angle experiments

The contact angles are shown in Table 2. The con-
tact angle reveals the surface properties. The SEM results
revealed that the pure polyacrylate membranes demon-
strated relatively smooth surfaces. Table 2 shows the change
in wettability of the surface of the membranes after the addi-
tion of nano silica. The decrease in contact angle indicates
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Fig. 6. XRD patterns of the pure polyacrylate membrane
MO (a) and nano silica/polyacrylate composite membranes
M1-M4 (b—e).

Table 2

an increase in surface hydrophilicity due to the interaction
between the polyacrylate chain and the silanol of nano sil-
ica. Thus, water molecules easily dissolved on the surface
of composite membranes. However, the change in contact
angle is not linear with the nano silica content [21]. Few
nano silica might react with the polyacrylate chain, result-
ing in a surface with increased hydrophilicity. Meanwhile,
the composite membrane surface showed increased nano
silica roughness and hydrophilicity and decreased contact
angle. The SEM and contact angle results demonstrated
good agreement. Our findings were validated by XRD
experiments in Fig. 6 and swelling measurements in Fig. 8.

3.2.3. Influence of operating temperature

The effect of different feed temperatures on the pervapo-
ration permeation flux and separation factor of the nano
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Fig. 7. TGA results of pure polyacrylate membrane MO (a) and
nano silica/polyacrylate composite membranes M1-M4 (b—e).

Contact angles of water on pure polyacrylate membrane and nano silica/polyacrylate composite membranes

Abbreviations Proportion in the membrane (wt.%) Contact Photos
MMA BA Nano silica angle (%)

MO 50 50 0 76 +1 .

M1 49.75 49.75 2 71+1

M2 49 49 2 71+1 .

M3 48 48 4 70+1 l

M4 455 45.5 9 70+1 .
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Fig. 8. Degree of swelling for 70 wt.% CPL solution in pure

polyacrylate membrane and nano silica/polyacrylate composite
membranes at different temperatures.

silica/polyacrylate composite membrane was investigated
under 70 wt.% CPL feed conditions, as shown in Figs. 9
and 10. The nano silica/polyacrylate composite membranes
demonstrated excellent thermal stability during pervapora-
tion tests. Considering that CPL is a heat sensitive material,
the operating temperature ranged from 27°C to 47°C. CPL
aqueous solution became slightly light brown at 47°C,
possibly due to a small amount of CPL in the feed liquid
resulting from self-opening polymerization or oxidative
degradation at high temperatures.

From 27°C to 47°C, the permeate flux increases, while
the separation factor changes in the opposite direction. This
is consistent with our previous work and trends reported
in the literature [8,11]. The increase in feed temperature
increases the solubility of the permeate in the membrane, the
free volume in the composite membrane increases, and the
movement of the permeate molecules accelerates, and the
interaction between the permeate components becomes
weak. The separation factor of all five selected membranes
was opposite to the trend of temperature.

As the feed temperature increases, the diffusion rate
of water and CPL molecules, the vibration frequency
and amplitude of the polymer chain, and the free vol-
ume between the chains increase [22]. Separation factors
decreased as the temperature increased, as shown in Fig. 10.
The rise in temperature increased the swelling of the poly-
acrylate matrix, thereby facilitating the transport of CPL
molecules and decreasing the separation factor. The cor-
relation of the separation factor with temperature can be
supported by the swelling experiment shown in Fig. 8.
Each membrane underwent more than 10 h of PV experi-
ments. After the test, the membrane can be removed intact,
and has good elasticity and strength.

3.2.4. Activation energy analysis

The classical solution diffusion model expresses the
permeate flux (J) as follows:
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Fig. 9. Effect of nano silica content on pervaporation flux of
composite membrane in 70 wt.% CPL aqueous solution at
different temperatures.
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Fig. 10. Effect of nano silica content on separation factor of
composite membrane in 70 wt.% CPL aqueous solution at
different temperatures.

The permeability coefficient Q is defined as the differ-
ence between the permeation flux | divided by the partial
vapor pressure P of each component, and the difference
in vapor pressure is the driving force of pervaporation.
The vapor pressure of the membrane feed side water and
CPL can be calculated using Wilson’s equation [11]. Based
on the driving force in Egs. (5) and (6), the permeation com-
ponent transfer equation of the pervaporation process is
defined according to the solution—diffusion model [23-25]:

feed 0

pwater/CPLXiYipi/feed (7)
permeate

pwater/Cl’L - yippermeate (8)

Two parameters in the driving force: the tempera-
ture sensitivity of the permeate activity coefficient (y,) and
the saturated vapor pressure (p),.) are different. When
the temperature is raised, the activity coefficient (y,) of the
permeate does not change much, but the saturated vapor
pressure (p),,.,) on the feed side increases rapidly, and the
pressure is extremely low in the downstream under the
action of vacuuming. Therefore, the saturated vapor pres-
sure (p.,) of the saturated vapor pressure on the feed
side determines the driving force. The change in perme-
ances is due to the combined effects of permeate flux and
driving force. Membrane selectivity ((3) is the ratio of the
permeability of the two components [26].
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The temperature dependence of the pervaporation flux
and permeance can be expressed by Arrhenius equations.
The correlation between flux, permeance, and tempera-
ture is in accordance with the Arrhenius equation [23,28]:

_E]
J. =], exp v (10)

-E
Q =Q exp [RTQ] (11)

where |, and Q, are the pre-exponential factors; E, and E
are the activation energy of the permeation flux and the
membrane permeance, respectively; R is the gas constant
(J mol* K'"); and T is the absolute temperature (K).

The activation energies of permeates through the com-
posite membrane can be estimated by measuring the
slope of the lines in the diagrams. The difference between
E and E is the molar heat of vaporization AH,,

Using the pervaporation flux and membrane permeance
at different temperatures, combined with the absolute
temperature T (K) and the gas constant R (J mol™® K™),
the permeation flux activation energy E and mem-
brane permeance activation energy E_, can be obtained
by measuring the slope of the line in the graph accord-
ing to the Arrhenius equation. The molar heat AH  of

pervaporation can also be obtained by calculating the differ-
ence between E, and E, which is expressed as [27]:
AH,=E -E, (12)

Figs. 11 and 12 shows that the linear relationship
between the logarithm of pervaporation flux and per-
meance and the reciprocal of temperature is good, which
satisfies the Arrhenius equation. The activation energy
values thus calculated are shown in Table 3. The total acti-
vation energy calculated from the total flux is 22.99 and
44.21 KkJ/mol, respectively. Due to the influence of trace
nano silica on the membrane structure, the latter is signifi-
cantly higher than the former. Therefore, when the tem-
perature is slightly increased in the composite membrane,
the flux is significantly increased.

It can also be seen from Table 3 that the flux activation
energy (E) of CPL is significantly higher than that of water,
indicating that the transfer of CPL molecules on the mem-
brane is more difficult than water. Compared with CPL, the
activation energy of water is low, reflecting that nano silica/
polyacrylate membrane is more suitable for dehydration
of CPL/aqueous solution by pervaporation.

The physical structure and chemical composition of the
membrane determine the permeance and selectivity, but
the external conditions such as temperature have a great
influence on the flux and separation factor [26]. It can be
seen in Table 3 that the flux activation energy (E)) is higher
than the permeability coefficient activation energy (E,),
which is consistent with the report in the literature: flux
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Fig. 11. Correlation between pervaporation total flux (a), water flux (b), CPL flux (c), and temperature for 70 wt.% CPL aqueous

solution.
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and separation factor are sensitive to feed temperature,
while membrane permeance and selectivity are weak to
temperature.

As shown in Table 3, when the downstream pres-
sure (pre™ee) is very low compared to the upstream pres-
sure (p*), the AH (Eq. (13)) value of water calculated by
(In(pfeed — prermeatey v 1/T) is substantially the same, and the
AH, value of the CPL is also the same. The fluctuations
caused by temperature effects are basically negligible.
Therefore, the saturated vapor pressure (pd) of the feed
solution determines AH, and it was near the phase transi-
tion enthalpy, as confirmed by our former work [11].

-AH
(pfeed _ ppermeate) _ Ag exp[ RTv j (13)

The comparison from Figs. 9-12 also shows that the
effect of feed temperature on membrane permeances and
selectivity is much weaker than on total flux and sepa-
ration factor. This is because the membrane permeances
and selectivity simply reflect the inherent separation per-
formance of the membrane (Fig. 13), and the experimental
operating conditions have little effect. The flux and separa-
tion factor parameters are not only dependent on the nature
of the membrane, but also on the control of experimental
operating conditions [28].

Table 3

w
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Fig. 13. Temperature dependence of membrane selectivity.

3.2.5. Effect of silica sol content

The effect of nano silica content on the pervapora-
tion performance of the composite membrane is shown
in Fig. 14. Surface modification is usually performed in
optimal conditions [29]. In the present study, the surface
of polyacrylate membranes treated with 0.5 wt.% nano sil-
ica showed the best flux performance. This result might

Activation energy and molar heat AH  of pervaporation data for nano silica/polyacrylate composite pervaporation membranes

Membrane Activation energy (kJ/mol) AH_ (kJ/mol)

Total E, E, Water CPL

Water CPL Water CPL

MO 22.99 22.88 106.71 —20.50 61.84 43.38 44.87
M1 4421 43.85 96.19 0.47 51.31 43.38 44.88
M2 39.83 39.59 114.52 -3.79 69.65 43.38 44.87
M3 17.80 17.68 51.41 -25.70 6.53 43.38 44.88
M4 21.76 21.63 53.64 -21.74 8.77 43.37 44.87
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Table 4

Comparison of separation performance of pervaporation membranes in literature

Membrane Water content T (K) Flux Separation Reference
(wt.%) (g/m?/h) factor
PVA 30 328 900 1,500 11
PVA 40 318 650 1,600 11
PVA 40 313 450 2,000 11
PVA-CS 30 323 600 1,800 8
PVA-PAN 40 323 800 1,400 10
PVA-PAN 30 328 600 1,050 10
Composite M1 30 320 1,138 353 Present work
Composite M2 30 320 977 450 Present work
1200 o0 silica at 47°C were obtained with the pervaporation flux
J=1,138 g/(m? h) and separation factor = 353.
o Leso = All differences in the structural properties of composite
NE 10001 . g membranes, surface morphology, and PV performance of
o Lo S membranes were attributed to interactions between nano
200 = silica and the polymer matrix. These interactions interfered
é Lao [ © with the array of polyacrylate molecular chain. The com-
&= § posites’” structure was remarkable prior to water penetration
T o 8 through the membrane in pervaporation. The membrane
®) O material obtained by emulsion polymerization may be
= 400 - Fao U introduced to the pervaporation field, thereby providing

MO M1 M2 M3 M4

Fig. 14. Separation factor and total flux of pervaporation at 47°C
using nano silica/polyacrylate composite membrane (70 wt.%
CPL aqueous solution).

be attributed to the efficiency of silanol groups. However,
water permselectivity decreased, which was in accor-
dance with contact angle measurements. These effects
contributed to the excellent hydrophilicity and plasti-
cization effect of nano silica, and some formed intervals
between polymer chains; however, additional nano silica
may create a new regular structure, impeding the move
of molecular materials, and negatively affecting the flux
performance of composite membrane [29,30]. Our con-
clusions were validated by XRD experiments (Fig. 6) and
swelling measurements (Fig. 8).

4. Conclusions

We prepared pure polyacrylate pervaporation mem-
brane and nano silica/polyacrylate composite pervapo-
ration membranes by in-situ emulsion polymerization.
Characterization via FT-IR, TGA, and XRD revealed that
nano silica modified the structure of polyacrylate. SEM
demonstrated that the composite membranes’ surface
roughness and morphology differed from those of the
pure polyacrylate membrane. Pervaporation results exhib-
ited the high pervaporation flux performance of the nano
silica/polyacrylate composite membranes compared with
the pure polyacrylate pervaporation membrane and PVA-
modified membranes (Table 4). The best performances of
the composite membrane prepared with 0.5 wt.% nano

an opportunity to find excellent pervaporation membrane
materials for practical application.
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