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Abstract

The effects of silica and silane modified silica fillers on the pervaporation properties of poly(2,6-dimethyl-1,4-phenylene oxide) (PPO)

dense membranes have been studied. Crystallinity, thermal and mechanical properties of unfilled and filled PPO membranes with silica and

silane modified silica nanoparticles were investigated. The surface energy together with the solubility parameters of the membranes and the

nanoparticles were determined. Pervaporation separation of methanol/methyl tert butyl ether (MTBE) mixtures over the entire range of

concentration were carried out using both filled and unfilled membranes. The results are discussed in terms of the solubility and the diffusivity

of each liquid component in the membranes. Flory–Huggins theory was used to predict the sorption methanol selectivity. Compared to the

unfilled PPO membrane, the filled PPO membranes exhibit higher methanol selectivity and lower permeability. For methanol concentration

in liquid feed mixture lower than 50 wt%, methanol selectivity of the filled PPO membranes with silane modified silica is better than that of

the silica filled and unfilled PPO membranes.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Inorganic particles have been dispersed in polymeric

matrix for preparation of dense or porous composite

membranes [1–8]. The obtained membranes have con-

trollable physical properties, which are achieved by

combining the properties of both organic polymers and

inorganic dispersed particles. These membranes have been

used in gas and liquid separation processes [1–8]. Various

types of inorganic fillers have been dispersed in different

polymer matrixes [1–8]. In this study, poly(phenylene

oxide), PPO has been used as substrate for preparation of

dense filled membranes by silica and silane modified silica
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nanoparticles, because of its low separation performance in

pervaporation and gas separation [9–12].

PPO has been modified by various methods including

bromination, sulfonation, nitration, and carboxylation, to

improve its selectivity [9]. Thin film composite PPO and

modified PPO membranes have been applied in liquid

separation such as reverse osmosis, pervaporation and

nanofiltration and in gas separation [9–12]. In the present

study, permeation experiments using unfilled PPO and filled

PPO membranes with silica and silane modified silica

nanoparticles were conducted using the separation process

pervaporation (PV). In this process, a liquid mixture is

brought in direct contact with the feed side of the membrane

and the permeate is removed as vapor from the other side of

the membrane. The mass flux is driven by maintaining the

downstream partial pressure lower than the saturation

pressure of the liquid feed solution. In PV, the transport of

liquids through the membranes differs from other membrane

processes using dense membranes such as gas separation,
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because the permeants in PV usually show high solubility in

polymeric membranes.

Among the various liquid mixtures used, methanol/-

methyl tert butyl ether (MTBE) is one of the most

interesting and important mixtures to be separated by PV.

MTBE has gained great attention as a gasoline additive,

octane enhancer, to replace lead additives. The octane

enhancers increase the octane index of gasoline and are

excellent oxygenated fuel additives that decrease carbon

monoxide emissions. For this reason, the production of

MTBE has been increased dramatically during the last

years. MTBE is produced by the reaction of methanol and

isobutylene (2-methyl-1-propene) in the liquid phase over a

strongly acidic ion exchange resin catalyst. It is often

desired to add methanol in up to 20% to improve the

reaction conversion. However, the use of excess methanol

causes a purification problem because methanol forms an

azeotrope with MTBE, which is difficult to separate by

distillation. PV, which is a more energy efficient and lower

cost process, has been used to break this azeotrope using a

series of polymeric and inorganic membranes [13–22].

The objective of this study is to investigate the PV

performance of filled PPO membranes with silica and silane

modified silica nanoparticles to separate methanol/MTBE

mixtures. The prepared membranes were first characterized

by different physical techniques. Swelling experiments and

PV separation of methanol from its mixture with MTBE

over the entire range of concentration, 0–100%, were

carried out.
2. Experimental

2.1. Materials

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) powder

of intrinsic viscosity 1.57 dl/g in chloroform at 25 8C, and

density 1.04 g/cm3 was supplied by General Electric (GE).

Analytical grade (AR) chloroform was purchased from

Aldrich Chemicals and used as solvent for the preparation of

the membranes. The silica nanoparticle used in this study is

Ultrasil VN3 provided by Degussa Hüls AG (Frankfurt,

Germany). The silane used for modification of the silica

nanoparticle is bis(triethoxysilylpropyl) tetrasulfane (Si69)

manufactured by Degussa Hüls AG (Bitterfeld, Germany).

Toluene (Merck, 99.9%), diethyl oxide (Panreac Quı́mica

S.A.) and petroleum ether 40–60 8C (Panreac Quı́mica S.A.)

were used to conduct silanization reaction. Methanol

(MeOH, Panreac Quı́mica S.A., 99.8%) and methyl tert

butyl ether (MTBE, Panreac Quı́mica S.A., 99%) were

employed in pervaporation experiments.

2.2. Silanization reaction

Silane modified silica nanoparticles were prepared using

the following reaction: 25 g of silica was first added into
150 ml of toluene and then 7.5 g of silane was poured into

the solution under vigorous stirring for a period of 6 h at a

temperature of 80 8C. Fig. 1 shows a schematic represen-

tation of the silanization mechanism. The precipitated was

collected on a clock filter and washed with diethyl oxide and

petroleum ether until no silane was detected. Finally, the

samples were dried at 70 8C for 8 h in vacuum.

The surface modification of silica with the organosilane

reduces the number of the superficial silanol groups, and

grafts molecules with an organic nature. A couple of

reactions will take place: (1) between the silanol groups of

the silica and the triethoxysilyl groups of the silane via

hydrolysis with loss of ethanol, and (2) condensation

reactions and crosslinking between pairs of neighboring

silane molecules, which are already bound to the silica

surface.
2.3. Characterization of modified and unmodified silica

nanoparticles
2.3.1. Environmental scanning electron microscopy

(ESEM)

The distribution of the superficial silanization of silica

nanoparticles was studied by environmental scanning

electron microscopy (ESEM) using a Philips XL30 under

a 15 kV voltage, 2 8C temperature and 5 Torr pressure. In

this case, solid compact disk samples of both unmodified

and modified nanoparticles were prepared by applying a

pressure of about 10 tons over a cylindrical ring filled with

these nanoparticles. The micro-drops formed on the sample

will give information not only about the proportion of

organo-modification, but also about the distribution of the

grafted molecules on the surface of the silica.
2.3.2. Surface area measurement

Nitrogen adsorption isotherms were obtained at 77 K

using a static volumetric Micromeritics Gemini 2360

apparatus. The samples were first degassed, at 140 8C, for

about 12 h in a Micromeritics FlowPrep 060. To determine

the surface area of the unmodified silica and silane modified

nanoparticles, the molecular cross section of nitrogen used

in the BET data analysis was 16.2 Å2.
2.3.3. Contact angle measurement:

Advancing contact angles of both unmodified and

modified silica disk samples were measured at 25 8C on

an optical contact angle meter CAM 200 equipped with a

CCD camera, frame grabber and image analysis software.

Distilled water (W), ethylene glycol (ETG, Normapure

AR, 99.7% purity) and diiodomethane (DIM, Aldrich, 99%

purity) were used. Contact angles were obtained by placing

the tip of the syringe near the sample surface and depressing

the syringe to produce a constant drop volume of about 2 ml.

Five to six drops per sample and 20 reading per each drop

were carried out with 1 s settling time. For each sample, the



Fig. 1. Schematic representation of the silanization mechanism of the silica nanoparticle (S4 refers to the tetrasulfane group).
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average value together with their standard deviation were

calculated and reported in this study.

2.4. Membrane preparation

The method used for preparation of PPO membranes was

similar to that described in detail elsewhere [11,12]. In this

study, the PPO content in chloroform is 4 wt% and the used

concentration of silica and silane modified silica nanopar-

ticles in the polymer solution is 5 and 10 wt%. The so

prepared membranes are named hereafter PPO for the

unfilled membrane, SPPO1 and SPPO2 for the filled PPO

membranes with 5 and 10 wt% unmodified silica, respect-

ively; and MSPPO1 and MSPPO2 for the filled PPO

membranes with 5 and 10 wt% silane modified silica

nanoparticle, respectively.

The thicknesses of the membranes, measured by a

Millitron micrometer (Mahr Feinpruf, type 1202 IC), were:

49.1G2.2, 50.8G3.2, 47.4G3.2, 48.9G3.4 and 51.7G
3.7 mm for the membranes PPO, SPPO1, SPPO2, MSPPO1

and MSPPO2, respectively.

2.5. Membrane characterization

2.5.1. Contact angle measurements

The procedure used for contact angle measurements of

the membranes is similar to that mentioned previously. The

contact angles of the three liquids distilled water (W),

ethylene glycol (ETG) and diiodomethane (DIM) are also

measured.

2.5.2. X-ray diffraction

X-ray diffraction spectra of both filled and unfilled

membranes were obtained using a Philips PW 1830 X-ray

diffractometer. The diffractograms were measured at 2q in

the range of 2–408 using Cu Ka radiation (lZ1.54 Å)

monochromated by means of a nickel filter, a tube voltage of

40 kV and tube current of 25 mA.
2.5.3. Thermal gravimetric analysis (TGA)

Thermal degradation measurements of the membrane

samples were performed using a Mettler Toledo thermo-

gravimetric analyzer (TGA, model SDTA 851). Tempera-

ture programs were run from 30 to 600 8C at a heating rate

of 10 8C/min. Nitrogen flow of 20 ml/min was utilized in

order to remove all corrosive gas involved in the

degradation and to avoid thermoxidative degradation.
2.5.4. Mechanical tests

Tensile testing was performed at room temperature on an

Instrom dynamometer model 4301, according to ASTM D

638M (standards). Tests were carried out with a crosshead

speed of 50 ml/min at break. At least five measurements

were performed for each membrane sample and the average

values are reported in this study.
2.5.5. Swelling measurements

Dry membrane samples were first weighted and then

immersed in MeOH, MTBE or in a mixture of these solvents

of various concentrations. The samples were allowed to

equilibrate for more than 72 h at a temperature of

approximately 25 8C. Swollen membranes were taken out

from the solutions, wiped carefully with filter paper and

weighted again. Finally, the overall solubility was calcu-

lated from the weight of the swollen and the dry membrane

sample according to the following expression.

S Z
mWKmD

mD

(1)

where mW and mD are the masses of the swollen and dry

membrane, respectively.
2.5.6. Pervaporation experiments

The experimental pervaporation apparatus used in this

study was described in a previous paper [23]. The

membrane is installed in the stainless steel pervaporation

cell equipped with a heating jacket and the feed liquid
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containing MeOH, MTBE or a mixture of both was

circulated through the pervaporation cell, in a direct contact

with the feed side of the membrane. The feed reservoir was

maintained at a temperature of 25 8C. The pressure at the

downstream side was kept at approximately 1 mm Hg by

means of a vacuum pump. The permeate fluxes were

determined by measuring the weight of the liquid collected

in the cold traps cooled by liquid nitrogen during a certain

time, at steady-state conditions. The feed and permeate

compositions were analyzed at approximately 25 8C by

measuring the refractive indexes with an Abbey-type

refractometer Model 60/ED (BellinghamCStanley Ltd).
3. Results and discussion
Fig. 2. ESEM images of water drops formed on disk samples of the

unmodified silica (a) and the silane modified silica (b).
3.1. Characteristics of unmodified and silane modified silica

nanoparticles

As stated earlier both modified and unmodified silica

nanoparticles were characterized by means of contact angle

measurements, nitrogen adsorption and ESEM technique.

The results are given in Table 1 and in Fig. 2. It can be

observed differences in contact angles (Table 1), surface

area and water drop distribution (Fig. 2) between the

unmodified and the silane modified silica samples. The

silane modified silica are more hydrophobic than the

unmodified silica (i.e. water contact angle of the unmodified

silica is found to be 30.48 while that of the silane modified

silica is higher, 67.58), and the surface area of the silica

nanoparticles decreases from 164 m2/g for the unmodified

silica to 72 m2/g for the silane modified silica. These facts

confirm the surface modification by silanization reaction

(Fig. 1), which reduces the number of superficial silanol

groups, and grafts molecules with organic nature forming

silane stable network on silica surface. Thus, the hydrophilic

inorganic silica nanoparticle is surface modified to a

hydrophobic organic–inorganic nanoparticle.

ESEM technique permits the direct visualization of

micrometric water drop distribution over the top surface of

the samples without further metal coating. Fig. 2(a) and (b)
Table 1

Contact angles (water, qW, ethylene glycol, qETG, diiodomethane, qDIM), surface e

(d) of unmodified silica, silane modified silica, unfilled PPO and filled PPO mem

Membrane PPO SPPO1 SPPO2 M

qW (8) 88.3G2.0 83.9G1.8 81.9G2.3 8

qETG (8) 69.6G0.9 58.2G1.8 51.9G2.8 5

qDIM (8) 47.6G1.9 43.3G2.4 43.2G1.9 4

gLW
s (mJ/m2) 35.58 37.92 37.95 3

gAB
s (mJ/m2) 2.07 0.26 1.67 1

gC
s (mJ/m2) 0.19 0.003 0.15 0

gK
s (mJ/m2) 5.50 4.92 4.57 1

gtotal
s (mJ/m2) 37.65 38.19 39.62 4

ecoh (106 J/m3) 355.69 363.30 383.92 3

d (103 J1/2/m3/2) 18.86 19.06 19.59 1
shows the ESEM images of the unmodified silica and the

silane modified silica, respectively. A difference in shape,

volume and distribution of water drops formed over each

sample can be detected. This also demonstrates the surface

changes on the silica by silanization reaction. Unmodified

silica sample (Fig. 2(a)) shows different shapes and volumes

of water drops. This is due to the fact that water spread more

easily over this surface and irregular forms of water drops
nergy components, cohesive energy density (ecoh) and solubility parameter

branes (SPPO1, SPPO2, MSPPO1, MSPPO2)

SPPO1 MSPPO2 Umodified silica Modified silica

6.4G2.5 84.0G2.1 30.4G1.9 67.5G2.1

0.46G1.1 51.0G2.2 21.3G1.7 47.1G1.9

1.4G2.5 37.3G2.0 38.4G2.0 41.2G2.2

8.91 40.97 40.41 39.00

.50 1.13 4.42 1.32

.31 0.11 0.09 0.03

.80 2.91 52.46 16.23

0.41 42.10 44.83 40.32

95.45 420.61 462.12 394.21

9.89 20.51 21.50 19.85
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appear, indicating greater affinity of silica to water, and

minor contact angles are expected. In contrast, in Fig. 2(b), a

more homogenous surface with almost spherical and regular

water drops can be observed suggesting higher cohesion

force than adhesion one. In other words, water drops show a

weak interaction with the silane modified silica surface

indicating higher water contact angle than the unmodified

silica. These observations are in line with the corresponding

contact angle values summarized in Table 1. More

explanation related with the compatibility of these

nanoparticles with PPO polymer will be discussed later on.

3.2. Physical and mechanical characterization of the

membranes

The crystallinity, the thermal and the mechanical

properties of both unfilled and silica filled PPO membranes

were studied by means of the physical techniques outlined

previously. According to Wijmans et al. [24], PPO is a

semicrystalline polymer and contains a very low crystalline

content after membrane formation. This statement is in

accordance with the obtained X-ray diffraction (XRD)

spectra of all membranes tested in this study. Furthermore, it

is generally believed that the unit cell of PPO crystallization

changes according to the solvent used and the membrane

preparation conditions [25]. In this study, both filled and

unfilled PPO membranes exhibit five broad peaks in the

XRD spectra. The diffraction angles together with the

corresponding d-spacings are summarized in Table 2 for

each membrane. Almost no change in d-spacing can be

observed between the unfilled and the filled PPO

membranes. Moreover, it is obvious that the membrane

samples examined have very small particle sizes because of

their broad peaks. From Table 2, it may be stated that the

incorporation of unmodified and modified silica hardly

varies the crystalline structure of PPO. In addition,

following the statement described by Khulbe et al. [25],

the peaks d3 (110) and d4 (200) can lead to an orthorhombic

model for packing of macromolecules in the a–b plane,

while d5 (211) will give a value of the repeat distance of two

monomers in zigzag along the c-axis. The parameters of the

packing of PPO chain molecules were determined by

application of crystallographic formulae for interplanar

spacings of the orthorhombic crystal system. The results,

also summarized in Table 2, were found in accordance with

those reported by Khulbe et al. [25].

The thermal decomposition expressed in terms of weight

loss as a function of the temperature for the unfilled and the

filled PPO membranes is reported in Table 3. The

decomposition of all membranes is characterized in only

one step with approximately a 70% loss weight. It is of

interest to note that a higher thermal stability is attained for

the filled PPO membranes, which exhibit higher decompo-

sition temperature than the unfilled PPO membrane. That is,

the incorporation of modified and unmodified silica shows

an enhancement of the thermal stability of PPO membrane.



Table 3

Thermal properties of the unfilled and the filled PPO membranes with the

unmodified silica and the silane modified silica nanoparticles

Membrane Decomposition temperature (8C) Carbonaceous residues

(%)

PPO 446G1.0 29.9G0.1

SPPO1 454G1.0 31.8G0.1

SPPO2 454G1.0 35.3G0.1

MSPPO1 454G1.0 31.0G0.1

MSPPO2 454G1.0 35.1G0.1
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The mechanical properties of the membranes are

summarized in Table 4. The tensile properties are given in

terms of Young’s modulus, maximum strength and the

percent elongation at break. It can be seen that the addition

of the unmodified and the silane modified silica hardly

affects the mechanical properties of dense PPO membranes,

since the amount of filler used in the preparation of the

membranes is relatively low and PPO membrane itself

possesses excellent mechanical properties.
3.3. Contact angle analysis

Table 1 shows the distilled water (W), ethylene glycol

(ETG) and diiodomethane (DIM) contact angles of unfilled

and filled PPO membranes together with their standard

errors. For all membranes the contact angle values are

higher for water, followed by those of ethylene glycol and

then those of diiodomethane. It can be observed that, for the

three liquids used, the contact angle of PPO membranes are

higher than those of the filled PPO membranes. Because the

contact angles of the polar liquid water is quite high on all

membranes, the contact angle of water do not appear to be

significantly affected by the addition of silica and modified

silica nanoparticles in PPO membranes.

The surface energy components of the membranes were

determined from contact angle measurements using the

Lifshitz-van der Waals (LW) method also known as acid–

base (AB) approach or van Oss, Good, and Chaudhury

method [26,27]. The theory behind this method of

estimating the solid surface free energy and its components

has been extensively described in the literature. van Oss et

al. [26,27] divided the surface tension into different

components, i.e. the Lifshitz-van der Waals (LW), acid

(C) and base (K) components.
Table 4

Mechanical properties of the unfilled and the filled PPO membranes with

the unmodified silica and the silane modified silica nanoparticles

Membrane Young’s mod-

ulus (MPa)

Maximum

strength (MPa)

Deformation at

break (%)

PPO 2524G87 48G3 17.1G0.9

SPPO1 2595G93 52G3 5.1G0.6

SPPO2 2608G92 52G4 4.9G0.5

MSPPO1 2470G85 48G3 8.7G0.7

MSPPO2 2502G88 48G3 8.5G0.6
gi Z gLW
i CgAB

i Z gLW
i C2

ffiffiffiffiffiffiffiffiffiffiffiffi
gC

i gK
i

q
(2)

where i denotes either the solid or the liquid phase. The

acid–base component ðgAB
i Þ takes into account the electron-

donor ðgK
i Þ and the electron-acceptor ðgC

i Þ interactions. The

following expression was given for solid–liquid systems

[26,27].

ð1 Ccos qÞgl Z 2ðgLW
s gLW

l Þ1=2 C2ðgC
s gK

l Þ
1=2

C2ðgK
s gC

l Þ
1=2 (3)

where the three components of the surface free energy of the

solid, gLW
s , gC

s and gK
s can be determined from the contact

angle measurements of three testing liquids with known

surface tension components.

The calculated surface energy components and the total

surface energies are also presented in Table 1. The contact

angles of diiodomethane, for which the LW components of

the surface energy dominates, are different on PPO and

filled PPO membranes. It can be seen that the LW surface

energy component of PPO membrane is lower than those of

the filled membranes, whereas the AB surface energy

component of PPO membrane is higher. This is mostly due

to the electron-donor ðgK
s Þ contribution, which is greater for

PPO membrane. For all membranes, gK
s is higher than gC

s .

Moreover, gK
s is lower for the filled PPO membranes with

silane modified silica than with the unmodified silica filled

PPO membranes and unfilled PPO membrane.

A significant decrease in gK
s was detected with silanization

reaction of silica nanoparticles. This may be due to the fact

that the triethoxysilyl groups of the silane react with silanol

groups present on the silica surface and to the crosslinking

between neighboring silane molecules. This forms a more

stable network of silane on silica surface and leads to an

increase in the contact angles of the three liquids used in this

study. Silica was modified with organosilanes to change the

inorganic and hydrophilic nature of the silica into organic and

hydrophobic nanoparticle. Furthermore, the modification of

silica with silane groups decreases both gC
s and gK

s

parameters of the surface tension. Hence, other than the

hydrophobicity, the polarity of silica surface is decreased by

silanization reaction.

For all tested membranes, the AB surface energy

component is relatively small compared to the LW surface

energy component. This was observed also for unmodified

silica and silane modified silica nanoparticles. It must be

stated that the total surface energy of PPO is low compared

to that of the filled membranes. As can be seen in Table 1,

both the LW and the total surface energy show the following

order: PPO!SPPO1!SPPO2!MSPPO1!MSPPO2. In

other words, the filled PPO membranes with silane modified

silica nanoparticles exhibit higher total surface energy than

the unfilled and silica filled PPO membranes.

In addition, the solubility parameter, d, of the membranes

and the nanoparticles was calculated from the following
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relation [28].

d Z ðecohÞ
1=2 (4)

where ecoh is the cohesive energy density, which was related

to the surface free energy, gs, as follows.

ecoh Z
gs

0:75

� �2=3

(5)

where ecoh is in 106 J/m3 and gs is in mJ/m2.

The estimated values of ecoh and d are also displayed in

Table 1. Both ecoh and d increase in the following order,

PPO!SPPO1!SPPO2!MSPPO1!MSPPO2. The solu-

bility parameter of MeOH is 29.7 mJ/m2. Therefore, from

the solubility parameter approach, it is expected that the

swelling degree (i.e. total equilibrium sorption) toward

MeOH should be higher for the filled PPO membranes with

silane modified silica nanoparticles, followed by silica filled

PPO membranes and then unfilled PPO membrane [29].

It is worth quoting that the cohesive energy density and

the solubility parameter of the unmodified silica is greater

than that of the silane modified silica nanoparticles, which is

closer to the solubility parameter of PPO polymer. Based on

the solubility parameter approach [29], the solubility

parameter difference, Dd, between each nanoparticle and

PPO is found to be lower (0.99) for the silane modified silica

nanoparticle than for the unmodified silica nanoparticle

(2.64). This indicates that silane modified silica nanoparti-

cles have stronger affinity and enhanced compatibility with

PPO polymer than the unmodified silica nanoparticles

suggesting that the silane modified silica nanoparticles will

be better dispersed in PPO polymer matrix.

3.4. Sorption

According to the solution–diffusion theory, mass

transport in pervaporation consists of sorption of the

permeants at the liquid side of the membrane, diffusion of

these permeants through the membrane and desorption at

the low pressure side of the membrane. Sorption in

pervaporation produces membrane swelling and causes

loosening of the polymer matrix facilitating diffusion of the

permeants. The overall solubility was determined as stated

in Section 2.5.5. Table 5 shows the overall solubility of

MeOH/MTBE mixtures in PPO and filled PPO membranes

at 25 8C in all range of concentration mixture. When pure

liquids are considered, both MeOH and MTBE are sorbed

by the membranes and MTBE sorption is lower than that of

MeOH, for all the membranes tested. In other words, MeOH

is sorbed more preferentially than MTBE by PPO and filled

PPO membranes. By using the solubility parameter of the

membranes determined previously (Table 5), when pure

MeOH is considered, solubility parameter difference, Dd,

between each membrane and MeOH follows the same order

observed previously in swelling experiments: MSPPO2!
MSPPO1!SPPO2!SPPO1!PPO. That is, the swelling

degree toward MeOH is higher for the membranes showing
a solubility parameter close to MeOH. Furthermore, from

Table 5, it can be seen that, for each membrane, the total

equilibrium sorption increases with the MeOH content in

the liquid mixture. On the contrary, when pure MTBE is

considered, no clear tendency in the overall solubility can be

observed for the different membranes. This may be

attributed to the fact that sorption of a solvent not only

depends on polarity and solubility parameters, but also on

the free volume of the membrane, the extent of amorphous

regions available in the membrane, the mutual interaction

between the molecules of the mixture and the size of the

penetrants [29]. MTBE is much greater than MeOH. The

diffusional cross section of MeOH is 17.6 Å2 while that of

MTBE is 40.0 Å2. Therefore, it seems that solubility is the

predominant parameter when the smaller size molecule

MeOH is considered, whereas diffusion of the larger

molecule MTBE impart some effects on the overall

solubility at high MTBE concentration in liquid mixture.

Furthermore, the extent of the mutual interactions seems to

be strong near the azeotropic point where the MeOH

concentration in the sorbed liquid is low (Fig. 5). For higher

MeOH concentration in the liquid mixture, mutual

interactions between MeOH and MTBE becomes weaker

and interactions between MeOH and membrane become

predominant. Therefore, MeOH molecules replace the

MTBE ones inside the membrane polymer chain and,

consequently, the MeOH concentration in the sorbed liquid

increases.

From the overall solubility, the preferential sorption of

the binary liquid mixture MeOH/MTBE into the membranes

can be described by the following expression, which has

been derived from the Flory–Huggins thermodynamics [30].

ln
41

42

� �
Kln

v1

v2

� �

Z ðlK1Þln
42

v2

� �
Kg12½ðv1Kv2ÞC ð42K41Þ�

K43ðc13 Klc23Þ (6)

where the indexes 1 and 2 refer to the binary liquid

components (1 for MeOH and 2 for MTBE) and index 3

refers to the polymer membrane; vi represents the volume

fraction of liquid i in the binary liquid mixture; l is the ratio

of molar volume fractions of MeOH and MTBE (i.e. n1/n2)

and the volume fraction of component i in the ternary

polymeric phase is denoted by 4i (41C42C43Z1). The

binary interaction parameters between MeOH and the

polymer (c13) and between MTBE and the polymer (c23)

were assumed to be concentration independent and were

calculated from the single liquid sorption data using the

following expression in the case of equilibrium sorption of

pure solvent in a polymer [30].

ci3 Z
Kln 4iK43

43

(7)



Table 5

Overall solubility (S) and volume fractions of methanol (u1) and MTBE (u2) in the liquid sorbed in the membranes (PPO and filled PPO membranes: SPPO1,

SPPO2, MSPPO1 and MSPPO2) at 25 8C as a function of methanol weight fraction in feed liquid mixture

MeOH in feed (wt%) PPO SPPO1 SPPO2 MSPPO1 MSPPO2

S (%)

0 12.12 9.09 10.35 12.50 10.00

15.9 15.14 13.46 16.67 16.07 16.13

26.3 17.19 17.74 19.70 17.74 19.23

51.7 17.74 20.83 20.46 19.05 20.00

76.2 19.35 20.37 20.97 21.15 21.43

90.6 18.75 18.18 20.31 20.83 21.88

100 19.35 20.83 21.21 22.50 23.08

u1 Z41=ð41 C42Þ

0 0 0 0 0 0

15.9 0.43 0.39 0.38 0.42 0.38

26.3 0.50 0.43 0.44 0.49 0.44

51.7 0.61 0.52 0.55 0.60 0.54

76.2 0.71 0.64 0.66 0.70 0.65

90.6 0.83 0.78 0.79 0.82 0.78

100 1 1 1 1 1

u2 Z42=ð41 C42Þ

0 1 1 1 1 1

15.9 0.57 0.61 0.62 0.58 0.62

26.3 0.50 0.57 0.56 0.51 0.56

51.7 0.39 0.48 0.45 0.40 0.46

76.2 0.29 0.36 0.34 0.30 0.35

90.6 0.17 0.22 0.21 0.18 0.22

100 0 0 0 0 0

Fig. 3. Pervaporation flux of PPO and filled PPO membranes (SPPO1,

SPPO2, MSPPO1, MSPPO2) at 25 8C as a function of the concentration of

methanol in the feed liquid mixture.
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where 4i is the volume fraction of the solvent (1 for MeOH

and 2 for MTBE) in the polymer, and 43 is the volume

fraction of the polymer. The calculated values c13 (for

MeOH) were smaller than c23 (for MTBE). As the affinity or

interaction between the polymer and the penetrants

increases, the amount of liquid inside the polymer increases

and ci3 decreases. This indicates that MeOH is more soluble

than MTBE in both PPO and filled PPO membranes.

The binary interaction parameter, g12, between MeOH

and MTBE was calculated from the following equation [30].

g12 Z
1

x1u
x1 ln

x1

u1

� �
Cx2 ln

x2

u2

� �
C

DGE

RT

� �
(8)

where x1 and x2 are the mole fractions of MeOH and MTBE

in the mixture, respectively, and the excess free energy of

mixing, DGE, of the system MeOH/MTBE has been

calculated using the data given elsewhere [31].

Finally, from Eqs. (6)–(8), the composition of the sorbed

liquid in each membrane can be determined. The volume

fraction of MeOH in the liquid mixture sorbed in the

membrane, u1Z41=ð41C42Þ, and the volume fraction of

MTBE in the liquid mixture sorbed in the membrane,

u2Z42=ð41C42Þ, were calculated for each liquid mixture

and for each membrane. The results are also given in

Table 5. It can be seen that u1 increases with the

concentration of MeOH in feed, while u2 decreases. For

MeOH/MTBE liquid mixture higher than 26.3 wt%, MeOH

content in the sorbed liquid (u1) becomes higher than that of

MTBE (u2). This is in accordance with the discussions

stated previously in this section.
3.5. Pervaporation experiments

Fig. 3 shows the total permeation flux at 25 8C of both

unfilled PPO and filled PPO membranes as a function of the

MeOH concentration in the feed mixture. With increasing

MeOH concentration in the feed solution, the total

permeation flux of all membranes increases. According to

the swelling experiments (Table 5), the overall solubility of

the membranes increased with the increase in MeOH

concentration. Therefore, it may be stated that the overall

solubility is the responsible of the increase in the permeation

flux. Compared to the permeation flux of PPO membrane,

the fluxes of all filled PPO membranes are lower. It can be

seen that the permeation flux of the filled PPO membranes
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with silane modified silica is lower than that of silica filled

PPO membranes, especially at high MeOH concentration in

feed mixture. Because the overall solubilities of the filled

PPO membranes are similar, the low permeation flux

observed for the filled PPO membranes with silane modified

silica may be attributed to the higher potential of silane

modified silica nanoparticles to be dispersed in PPO

polymer, as explained earlier, generating in this case more

tortuous pathways throughout the thickness of these

membranes than in the unmodified silica filled PPO

membranes. Consequently, the diffusion of both MeOH

and MTBE in the filled PPO membranes with silane

modified silica should be smaller than in the unfilled PPO

and in the filled PPO membrane with silica.

The flux of MeOH and MTBE were calculated from the

composition of the permeate. The results are plotted in

Fig. 4(a) and (b) as function of MeOH concentration in the

feed. The MeOH permeation flux is much higher than that of

MTBE for all membranes. This may be attributed in part to

the preferential sorption of MeOH molecules in both PPO

and filled PPO membranes. In addition, the behavior of the

MTBE permeation flux is different from that of the MeOH

one. The permeation flux of MeOH increases with MeOH

concentration in the feed while that of MTBE decreases. In

comparison to the PPO membrane, the filled membranes

exhibit lower MeOH flux (up to 44.3% for MSPPO2

membrane) and much lower MTBE flux (up to 90.1% for
Fig. 4. Methanol (a) and MTBE (b) permeation flux of PPO and filled PPO

membranes (SPPO1, SPPO2, MSPPO1, MSPPO2) at 25 8C as a function of

the concentration of methanol in the feed liquid mixture.
MSPPO2 membrane). Again, it can be seen lower MeOH

and MTBE fluxes for the filled PPO membranes with

modified silica than the corresponding fluxes of the filled

PPO membrane with the unmodified silica nanoparticles.

Fig. 5 presents the separation performance of PPO, silica

filled PPO and silane modified silica filled membranes, at

25 8C, where the concentration of MeOH in permeate

obtained in the PV experiments has been plotted against the

concentration of MeOH in the feed mixture. The vapor–

liquid equilibrium diagram (VLE) and the variation of

MeOH concentration of the sorbed liquid in PPO membrane

(i.e. MeOH sorption curve), with MeOH feed concentration,

are also shown for comparison [31]. From this figure, it is

clear that all the tested membranes are MeOH selective

and the PV permeate/feed compositions diagram is

different from the VLE diagram of MeOH/MTBE mixture.

The MeOH selectivity of PV is higher than that of

the distillation, indicating a greater separation potential of

PV. This demonstrates the relative merits of PV against

distillation of MeOH/MTBE mixtures. The membrane

permeates MeOH preferentially and the MeOH concen-

tration in the permeate overcomes the azeotropic limitation

of distillation. Furthermore, the PV feed-permeate compo-

sition lines are above the sorption line of PPO taken

as reference. This may be due to much greater diffusion of

the much smaller size molecule, MeOH, through the

membranes. This fact puts in evidence also the important

role of diffusion through the PPO and filled PPO

membranes.

At MeOH feed concentration higher than 50 wt%, the

MeOH concentration in permeate is almost the same for

all filled PPO membranes. However, at MeOH concen-

tration values in feed mixture lower than 50 wt%,

permeation selectivity for MeOH follows the trend:

MSPPO2OMSPPO1OSPPO2OSPPO1OPPO. From the

overall solubility and the preferential sorption results

summarized in Table 5, no clear tendency was observed

between these membranes indicating that silica and silane

modified silica nanoparticles affect predominantly diffu-

sion selectivity since permeation in PV is a combination of

both sorption and diffusion. It must be stated that there is

no significant increase in the permeate MeOH concen-

tration when the concentration of silica or silane modified

silica in filled PPO membranes was increased from 5 to

10 wt%.

From the MeOH and MTBE permeation fluxes and the

sorption data reported in Table 5, the diffusion coefficients

of both MeOH and MTBE were determined by using the

theoretical approach reported elsewhere [32] and summar-

ized in Appendix A. A numerical analysis of the

experimental fluxes and sorption data given in Table 5

was carried out. Table 6 shows the diffusion coefficients of

MeOH and MTBE through the membranes at infinite

dilution. For all considered membranes, the diffusion

coefficient of MeOH is much higher than that of MTBE.

In fact, the relative diffusion depends mainly on the



Fig. 5. Variation of the concentration of methanol in the permeate and in the membrane with its feed concentration of methanol in the mixture at 25 8C.
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diffusional cross section of the permeants, which is smaller

for MeOH. The diffusion of both MeOH and MTBE

decreases following the order: PPOOSPPO1OSPPO2O
MSPPO1OMSPPO2. The lower diffusion coefficients of

the PPO membranes filled with silane modified silica

nanoparticles may be attributed to the fact that the silane

modified silica is more compatible with PPO polymer than

the unmodified silica and the latter nanoparticles are better

dispersed throughout the PPO membrane matrix creating

more tortuous path for the passage of both MeOH and

MTBE. On the other hand, a possible reaction may take

place between silanol superficial groups of the silica

forming ethoxy groups by elimination of water. This effect

seems to be minor compared to that of the diffusion as

MeOH selectivity is higher than that of the unfilled PPO

membrane. In addition, the diffusion selectivity of MeOH

was also calculated from the ratio of the diffusion

coefficients of MeOH and MTBE. The results are also

given in Table 6. It was found that MeOH selectivity at

infinite dilution follows the same order given previously for

permeation selectivity when MeOH concentration in feed

mixture is lower than 50 wt% (MSPPO2OMSPPO1O
SPPO2OSPPO1OPPO). This confirms that the fillers silica

and silane modified silica nanoparticles affect predomi-

nantly diffusion selectivity.
Table 6

Diffusion coefficients of MeOH (D0,1) and MTBE (D0,2) and diffusion

selectivity of MeOH (D0,1/D0,2) of all membranes at infinite dilution

Membrane D0,1 (10K12 m2/s) D0,2 (10K13 m2/s) D0,1/D0,2

PPO 1.98 6.56 3.02

SPPO1 1.76 3.19 5.53

SPPO2 1.64 3.12 5.24

MSPPO1 1.37 2.27 6.03

MSPPO2 1.35 2.06 6.55
4. Conclusions

The surface modification of the hydrophilic inorganic

silica nanoparticles with organosilanes reduces the number

of the superficial silanol groups, and grafts molecules with

organic nature forming silane stable network on silica

surface. This was investigated by means of contact angles

and environmental scanning electron microscopy (ESEM).

The X-ray diffraction spectra and the mechanical strength

of the unfilled and the filled poly(2,6-dimethyl-1,4-phenylene

oxide) (PPO) dense membrane with silica and silane modified

silica nanoparticles were found to be similar, whereas the filled

PPO membranes exhibit higher decomposition temperature

than the unfilled PPO membranes.

The overall solubility, increases with the increase in

methanol concentration in methanol/methyl tert butyl ether

(MTBE) mixture. This overall solubility is slightly lower for

the unfilled PPO membranes and similar for all the filled

membranes.

All filled and unfilled PPO membranes exhibit greater

affinity to methanol than to MTBE and are methanol

selective when pervaporation experiments are performed

using methanol/MTBE mixtures. However, the methanol

selectivity is higher for the filled PPO membranes with

silane modified silica, followed by that of the filled PPO

membrane with the unmodified silica and then the unfilled

PPO membrane. This was attributed mainly to the

predominant effect of the diffusion over sorption effect,

which was found to be practically the same for all

membranes.

The modified silica nanoparticles have stronger affinity

and enhanced compatibility with PPO polymer than the

unmodified silica nanoparticles. This generates more

tortuous pathways in PPO dense membrane matrix, reduces

the diffusion of both methanol and MTBE, and conse-

quently the pervaporation permeation flux decreases.
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Appendix A

Mass transfer through a dense membrane in pervapora-

tion occurs by a solution–diffusion mechanism. The

permeants interact with the membrane as well as with

each other. The permeate flux of the component i is given by

Fick’s first law as [32]:

Ji ZKrmDi

dwim

dL
(A.1)

where rm is the membrane density, Di is the diffusion

coefficient of the component i, wim is the membrane phase

mass fraction of the component i and L is the membrane

thickness.

The diffusion coefficient is not constant along the

membrane thickness and depends on temperature, concen-

tration of the permeants components and their mutual

coupling effect. Assuming a constant temperature, the

diffusion coefficient for the component i can be described

by Eq. (A.2) as reported in [32]:

Di Z Di0 expðwim CswjmÞ (A.2)

where Di0 is the diffusion coefficient of i at infinite dilution,

wjm is the membrane phase mass fraction of the component j

and s is the plastization factor for component j.

By substituting Eq. (A.2) in Eq. (A.1) and integrating

over the membrane thickness yields to:

ðL

0

JidL ZKrmDi0

ðwimp

wimf

expðwim CswjmÞdwim (A.3)

where wimf and wimp are the membrane phase mass fraction

at feed and permeate side, respectively.

The concentration of the permeating components on the

downstream side may be considered zero due to the very

low pressure, and thus Eq. (A.3) for the ith component

reduces to:

Ji Z
rmDi0

L
½expðwimf CswjmfÞK1� (A.4)

Similar procedure may be used to determine the flux of the

jth component:

Jj Z
rmDj0

L
½expðwjmf CmwimfÞK1� (A.5)

where m is the plastization factor for component i.
From the obtained permeation fluxes, Ji and Jj, and the

sorption data given in Table 5 a numerical analysis was

carried out to determine Di0 and Dj0.
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