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a b s t r a c t
A propyl-functionalized silica membrane (PrFS membrane) was prepared to remove volatile organic 
compounds such as ethyl acetate (EA), methyl ethyl ketone from aqueous solutions by pervaporation. 
The effects of feed organic concentration (3–7 wt%) and temperature (295–325 K) on the flux and 
separation factor were confirmed. Based on these results, the simple calculation equation was 
developed by using the organic concentration, temperature and Hansen solubility parameters. The 
flux values calculated using this equation showed excellent agreement with the measured fluxes with 
coefficient of determination (R2) of 0.92.
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1. Introduction

Pervaporation is an important technique that involves 
the use of membranes to separate and recover vola-
tile organic compounds from liquid mixtures as vapors. 
Ceramics, polymers, metal organic frameworks and these 
composites were reported as membrane materials for 
pervaporation [1–8]. Inorganic membranes are generally 
inferior to polymeric membranes in terms of formability and 
cost. However, inorganic membranes have received consid-
erable interest in terms of their application to pervaporation 
because of their high chemical and heat-resistance proper-
ties. Further development of inorganic membrane is required 
to reduce the energy consumption and membrane area. It is 
necessary to perceive the key factor that affects the perme-
ance for the development of the performance of membrane.

Pervaporation transport through the pores of an 
inorganic membrane is usually described in terms 
of an adsorption-diffusion mechanism based on the 
solution-diffusion model for polymeric membranes [9,10]. 
According to this mechanism, permeate materials in the 

liquid-phase on the feed side would be adsorbed on the pores 
of the inorganic membrane. These materials would diffuse 
through the membrane, and then be desorbed into the vapor 
phase on the permeate side due to the concentration gradient. 
Therefore, the key factors of pervaporation transport include 
the affinity between permeate materials and membrane 
materials, pore structure of the membrane and the phys-
icochemical properties of permeate materials. Although 
there are many reports concerning transport mechanisms of 
organic and inorganic membranes, mostly the mechanisms 
are used for explanations of the permeation results.

As a predictive model, Mujiburohman et al. [11] reported 
the empirical formula based on dimensionless numbers that 
they used as a predictive model to estimate the flux of per-
vaporation using polymeric membranes. Bowen et al. [10] 
reported that the correlations observed between the separa-
tion factors and the feed fugacities could be used to predict 
pervaporation. However, some experiments of pervaporation 
are required to accurately define the relationships between 
the separation factors and the feed fugacities. In other words, 
it is difficult to predict the most suitable membrane materials 
for the separation of certain substances. 
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In a previous study, we prepared hydrophobic silica 
membranes with methyl, propyl, iso-butyl, n-hexyl or phenyl 
groups, respectively, to separate and recover volatile organic 
compounds (VOCs) such as ethyl acetate (EA), methyl ethyl 
ketone (MEK), acetone and 1-butanol (1-BtOH) from aqueous 
solutions [12]. These membranes have similar average pore 
size and membrane thickness regardless of the difference in 
their functional groups. Therefore, diffusivities of the organic 
compounds through the membranes were considered to be 
the same. In other words, the permeance was dictated by the 
affinities of the organic compounds for the membrane mate-
rial. We used the Hansen solubility parameter (HSP) to esti-
mate the affinity between the organic compounds and the 
membrane materials. HSP values are based on the three cohe-
sive energies per unit molar volume and can be used to esti-
mate the compatibility and the dispersibility [13–17]. The HSP 
consists of several components, including the dispersion force 
(δd [MPa1/2]), the dipole interaction force factor (δp [MPa1/2]) 
and the hydrogen-bonding force factor (δh [MPa1/2]). The com-
patibility between substance A and B can be generally esti-
mated by Ra, which is the distance between the HSPs of two 
substances in a three-dimensional HSP diagram. 

Ra = [4(δdA − δdB)2 + (δpA – δpB)2 + (δhA – δhB)2]1/2  (1)

We found that there was a linear relationship between 
the logarithms of the fluxes and the Ra values regardless 
of the membrane materials and the organic compounds.

Jorganic = a × M × e(b × Ra) (2)

where Jorganic is the flux of the organic compound (kg m–2 h–1), 
M is the molecular weight (g mol-1), and a (kmol m–2 h–1) 
and b (MPa–1/2) are constants. This semi-empirical equation 
based on the HSP could be used to identify suitable mem-
brane materials and estimate the permeation flux of certain 
organic compounds. On the other hand, this equation is 
limited at 5 wt% in the feed solution at 295 K. In other words, 
the dependent properties of feed concentration and tempera-
ture on this equation are not clear. Therefore, we measured 
pervaporation properties of a hydrophobic silica membrane 
with propyl groups, which showed high organic fluxes 
and separation factors [12], for EA, MEK, acetone, 1-BtOH, 
tetrahydrofuran (THF) and methyl acetate (MA) at feed 
concentrations ranging from 1 to 7 wt% and the temperatures 
ranging from 295 to 325 K. 

2. Materials and methods

2.1. Membrane preparation

A propyl functionalized silica membrane (PrFS 
membrane) was prepared on an alumina support 
with the γ-alumina layer by a sol-gel method using 
n-propyltrimethoxysilane (PrTMS) [12]. The α-alumina 
supports (outer diameter: 10 mm, inner diameter: 6 mm, 
length: 35 mm) had an average pore size 0.15 µm with 
average porosity: 40%. Cetyl-trimethylammonium bromide 
(0.008 mol), PrTMS (0.1 mol) and 7.5 mL of 1 mol L–1 HNO3 
were added in 25 mL of ethanol, and then the mixture was 
stirred at room temperature for 3 h. The alumina support 

was immersed in the sol for 60 s and then calcined at 453 K 
after drying at room temperature. The PrFS membrane was 
characterized by the permporometry and field emission 
scanning electron microscopy (FE-SEM). 

2.2. Pervaporation 

The pervaporation properties of the PrFS membrane 
were measured by using a home-made pervaporation appa-
ratus. EA, MEK, acetone, 1-BtOH, THF and MA were used 
as the organic compounds, each at the organic concentration 
from 1 wt% to 7 wt% in feed solution. The PrFS membrane 
was immersed in the aqueous solution at temperature rang-
ing from 295 to 325 K. Pressure of inner side of membrane 
decreased to about 3 Pa by a vacuum pump. Permeated gas 
was condensed to recover for 1 h by liquid nitrogen. The flux 
(J) and separation factor of the organic compound to water 
(α) were calculated by the following equations, respectively, 
based on the mass and composition of the permeate mea-
sured using a Karl Fischer water meter (AQV-2100, Hiranuma 
Industry, Japan). When the permeated mixture is separated to 
two phases, a certain amount of ethanol was added to form 
a homogenous solution. Standard deviations of feed and 
permeate concentrations are 0.44 and 0.34 wt%, respectively.

J = W/At  (3)
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where J is the flux (kg m–2 h–1), W is the permeate mass (kg), A 
is the membrane area (m2), t is the measurement time (h), and 
x and y are the amount of substance or mass fractions of water 
and organic compound in the feed (x) and permeate (y).

2.3. Correction of the HSPs to the temperature

The HSP values of the organic compounds were corrected 
for temperature because the HSP values at 25°C are listed 
in the literature [13]. The following equations were used to 
correct the HSP values for temperature [18].
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where V is the molar volume, T is the temperature (K) and 
a subscript of 298 indicates a value determined at 298 K. 
The densities of the different organic compounds at each 
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temperature were measured to obtain the molar volume by 
using density meter (DMA4500, Anton Paar, Austria). The 
HSP of the PrFS membrane was not corrected based on the 
assumption that any changes in the volume of the PrFS mem-
brane would be negligible.

3. Results and discussion

3.1. Characterization of PrFS membrane

The result of permporometry using ethyl acetate as 
condensed gas for the PrFS membrane is shown in Fig. 1. 
The average pore diameter was about 1.1 nm. Although the 
pores with diameters >2 nm were observed, the pores with 
diameters <2 nm was made up of a majority of the PrFS 
membrane. This pore structure was similar with that of pre-
vious work [12]. Cross-sectional FE-SEM image is shown 
in Fig. 2. Three layers of PrFS, γ-alumina and α-alumina 
support was clearly observed and show excellent adhesion 
and no detectable pinholes or cracks. The thickness of the 
PrFS layer was about 1 µm which is also in a good agreement 
with the previous work [12].

3.2. Pervaporation 

The effects of feed organic concentration (3–7 wt%) and 
temperature (295–325 K) on the flux and the separation factor 
were confirmed for the organic aqueous solutions of EA, ace-
tone, 1-BtOH, MEK, THF and MA. The effects of concentration 
of organic compounds in aqueous solution on fluxes of water 
and organic compounds, as well as the separation factors of 
these mixtures at 295 K through the PrFS membrane are shown 
in Fig. 3. As shown in Fig. 3(a), the EA flux increased consid-
erably from 0.2 to 0.9 kg m–2 h–1 for the EA/water system at EA 
concentration ranging from 1 to 7 wt%. The other systems also 
showed the increase of organic fluxes with the concentrations. 
This will be due to the increase of driving force with concentra-
tion of organic compounds in feed solutions. On the other hand, 
water fluxes were almost the same value of about 0.15 kg m–2 h–1 

regardless of organic compounds and concentration in feed. In 
addition, the water flux for the pervaporation of pure water 
through the PrFS membrane was 0.17 kg m–2 h–1, which is almost 
identical to those of the organic compound mixtures. Bowen 
et al. [10] reported that the water flux for the pervaporation of 
aqueous mixtures of organic compounds through a Ge-ZSM5 
membrane decreased significantly as the kinetic diameter of 
the organic compounds increased. This result was suggested 
that the adsorbed organic compounds could inhibit the water 
permeation through the zeolite pores. The differences observed 
in the of water fluxes through the PrFS membrane and zeolite 
membranes could, therefore, be attributed to the differences in 
the pore structures of these materials. The pore structure of zeo-
lite is rigid, and the pore size is uniform. On the other hand, the 
PrFS membrane has amorphous structure and a broad pore dis-
tribution. In addition, Si-O-based rings have a pore size around 
0.3 nm [19]. With this in mind, we concluded that the water 
molecules were permeating through the Si-O-based rings of the 
amorphous silica network instead of permeating through pores 
with propyl groups that would allow for the permeation of the 
organic compounds.

The effects of temperature on the fluxes of the organic 
compounds and water, as well as the separation factors 
were confirmed using aqueous mixtures containing 5 wt% 
of the different organic compound (Fig. 4). Both the organic 
compounds and the water fluxes increased with temperature, 
and the separation factors for all systems slightly decreased 
with the temperature. Especially, the EA flux showed the 
high value of about 2.2 kg m–2 h–1 at 325 K. These results were 
due to the increases of driving force and diffusibility through 
the membrane with increasing feed temperature regardless 
of the type of permeated materials [20]. In addition, the water 
fluxes at each temperature showed similar values regardless 
of organic compounds.

3.3. Modeling of fluxes

The relationships between the logarithms of the organic 
fluxes and the Ra values at 295 K are shown in Fig. 7. The 
coefficient of determination R2 was greater than 0.94 for all 
feed of the concentrations ranging from 1 to 7 wt%. This 
result, therefore, indicated that the logarithms of the organic 
fluxes were strongly correlated with the Ra values for the 

Fig. 1. Dimensionless permeability of He as a function of the 
kelvin diameter for PrFS membrane. Fig. 2. FE-SEM image of cross-section of PrFS membrane.
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feed concentration ranging from 1 to 7 wt%. Interestingly 
the b value in Eq. (2) was about –0.2 MPa–1/2 regardless of 
feed concentration, whereas the a value showed a linear 
relationship with the feed concentration. These results sug-
gested that the concentration could be expressed as the driv-
ing force. 

Fig. 5(b) shows the relationship between the Ra values and 
the logarithms of the organic fluxes at each temperature for 
5 wt% of organic compounds in water. Although the R2 values 
decreased compared with those of Fig. 5(a), the logarithms of 
the organic fluxes correlated with Ra with R2 values greater 
than 0.86. Generally, the adsorption decreased with increasing 
temperature. However, this result suggested that the affin-
ity between the membrane and the organic compounds was 

considerably affected by the organic flux at temperature up 
to 325 K. The b value was about –0.2 MPa-1/2 regardless of 
the temperature. Amazingly, there was no large dependency 
between the b value and concentration and temperature.

Based on these results, Eq. (2) was developed to the 
following equation. 

J M x e
RTRa
RT

organic = × ⋅ ⋅
− − ×

7 11 103
0 205 24 7 103

.
. .

 (8)

where Jorganic is the organic flux (kg m–2 h–1), T is the tempera-
ture (K), M is the molecular weight (g mol–1), R is the molar 
gas constant (J K–1 mol–1) and x is the organic mass fraction. 

Fig. 3. Relationship between the organic feed concentration and the pervaporation properties for the organic compounds/water 
solutions of (a) EA, (b) THF, (c) MA, (d) MEK, (e) acetone and (f) 1-BtOH at 295 K.
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Fig. 4. Relationship between the temperature and the pervaporation properties for the organic compound (5 wt%)/water solutions of 
(a) EA, (b) THF, (c) MA, (d) MEK, (e) acetone, and (f) 1-BtOH.

Fig. 5. Effects of (a) the organic concentration and (b) the temperature on the relationship between Ra and logarithms of flux.
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This equation form is similar with the following equation 
based on the adsorption–diffusion model in the case of gas 
permeation through a microporous membrane at a certain 
pressure difference [21]. 

J J eg

H E
RT
a

=
∆ −∆

0
 (9)

where Jg is the gas flux (kg m–2 h–1), J0 is the pre-exponen-
tial factor (kg m–2 h–1), ΔHa is the adsorption heat (J mol–1) 
and ΔE is the activation energy (J mol–1). Therefore, the value 
of 24.7 kJ mol–1 corresponds to the activation energy and 
–0.205 RTRa is likely to correspond to the adsorption heat. 

Fig. 6 shows the relationship between the organic flux 
values for organic concentration ranging from 1 to 7 wt% at 
temperature ranging from 295 to 325 K and the calculated 
flux values, which were determined by Eq. (8). The R2 value 
between the measured and the calculated flux values was 
0.92, thereby confirming that our equation can be used accu-
rately to calculate the flux values of different organic com-
pounds over a wide range of organic concentrations and 
temperatures.

As described previously, the water flux depended on 
the feed temperature and did not depend on the type of the 
organic compounds and concentrations. The relationship 
between logarithms of the water flux and the reciprocal of 
temperature is shown in Fig. 7. The least squares method to 
correlate water flux is as shown in Eq. (10). This equation 
was used for water concentrations ranging from 93 wt% to 
100 wt% because no relationship between the water flux and 
the water concentration was observed, as shown in Fig. 3.

J e RT
water = × − ×5 36 105 37 0 103. . /  (10)

where Jwater is the water flux (kg m–2 h–1) and T is the tempera-
ture (K). This equation showed a strong correlation with the 
measured fluxes with R2 values of 0.97.

On the other hand, we have already known that Eq. (2) 
can estimate the organic flux regardless of the functional 
groups of the hydrophobic silica membranes if the same 
membrane preparation procedure and the same porous sup-
port were used [12]. The relationship between calculated 
fluxes and measured fluxes for the vinyl-functionalized silica 
membrane are also shown in Fig. 6 [22]. These relationships 
lied within the range of variation. Therefore, these equations 
can be used to estimate the organic flux and separation fac-
tor values of organic compounds for organic concentrations 
ranging from 1 to 7 wt% at temperatures ranging from 295 to 
325 K without conducting any experiments for the pervapo-
ration using the hydrophobic silica membranes to separate 
organic compounds from aqueous solutions. 

4. Conclusions

In this study, we have determined the fluxes and separa-
tion factors of aqueous solutions containing 1–7 wt% of EA, 
MEK, acetone, 1-BtOH, THF and MA for the pervaporation 
through the PrFS membrane at temperature in the range of 
295–325 K. All of the organic fluxes increased with increas-
ing the organic concentration and temperature. In contrast, 
the water flux was independent of the type of organic com-
pounds and concentration although the water flux increased 
with increasing temperature.

The relationship between the logarithms of the organic 
fluxes and the Ra values moved in parallel according to the 
organic concentration and the temperature. In other words, 
the gradient of each slope was similar regardless of the 
organic concentration or the temperature, whereas the inter-
cept changed depending on both of these factors. A correla-
tion equation based on these results showed good agreement 
with the measured values with a correlation coefficient of 
0.92. This equation could, therefore, be used to estimate 
the organic flux of different organic compounds for certain 
concentration and temperature values for the pervaporation 
using the hydrophobic silica membranes to separate organic 
compounds from aqueous solutions. 

Fig. 7. Relationship between the temperature and the water flux 
for the pervaporation of the organic compound (5 wt%)/water 
solutions.Fig. 6. Relationship between the estimated and the measured 

fluxes.
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