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Abstract

In this work, membrane evaluation, gas permeation properties and characte-
risation have been presented. A silica composite membrane was prepared,
characterized and used for the permeation tests with four carrier gases to de-
termine the most suitable carrier gas for enhancing the analysis of esterifica-
tion product with gas chromatograph. The carrier gases used for the permea-
tion tests were carbon dioxide (CO,), argon (Ar), helium (He) and nitrogen
(N,). The permeation analysis was carried out between the gauge pressure
range of 0.10 - 1.00 bar and temperature of 60°C. The gas flow rate was found
to increase with respect to gauge pressure. The order of the gas flow rate with
respect to the gauge pressure was Ar > CO, > He > N,. The surface morphol-
ogy and elemental composition of the membrane were analysed using scan-
ning electron microscopy coupled with energy dispersive analysis of x-ray (the
Zeiss EVO LS10). The SEM results exhibited a defect-free surface while the
EDAX results identified different elements on the spectra including titanium
(Ti), silicon (Si) and oxygen (O). Liquid nitrogen adsorption method (Quan-
tachrome 2013 model) was used for the surface area and pore size distribution
analysis. The Brunauer-Emmette-Teller (BET) surface area results of the 5"
and 6™ dip-coated membranes were 1.497 and 0.253 m?/g respectively, while
the Barrette-Joyner-Halender (BJH) curves gave a pore size of 4.184 and 4.180
nm respectively for the 5* and 6™ dip-coated membranes indicating a meso-
porous structure. The BET curve exhibited a type IV isotherm. The BJH curve
of the 6™ dip-coated membrane showed a significant reduction in flow rate
after the modification process. The membrane recorded a permeance in the
range of 1.03x10° to 9.32x10" mol-m™?-s*.Pa™'. The permeance rela-
tionship with the inverse square root of the gas molecular weight showed a li-
near proportionality with the flow of carrier gases confirming Knudsen flow
mechanism of gas transport.
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1. Introduction

Membrane technologies have found application in diverse industrial applica-
tions including biotechnology, food and pharmaceutical industries. They can al-
so be used for the treatment of industrial effluents. Membranes are also used in
different processes such as microfiltration, nanofiltration, and ultrafiltration of-
fering a range of separations which may be used to recover, purify and concen-
trate valuable solvents in industry [1]. Although membranes possess numerous
advantages, they also exhibit a major drawback such as fouling. Fouling is the
major problem in membrane process as it reduces the membrane performance
resulting in high running costs, which are largely the biggest costs in the mem-
brane industrial plant [1]. In order to reduce the influence of fouling on mem-
branes, different methods including mechanical and chemical cleaning process
have been designed. When characterising the membrane, the pore size distribu-
tion are normally obtained using liquid nitrogen adsorption/desorption analysis
while the morphological characteristics could be obtained using scanning elec-
tron microscopy method [1] [2]. Other information could also be obtained from
the gas permeability measurement. Membranes may be classified into organic
and inorganic categories and the different configurations include: Dense, porous
and composite membranes [3]. Currently, ceramic porous inorganic membranes
have been widely employed in different fields such as chemical and petrochemi-
cal, bioengineering and environmental engineering. Compared to other mem-
branes, ceramic membranes have higher thermal and chemical stability [4].
Membranes of different shapes and characteristics are generally made from a
wide variety of chemically and thermally stable precursors. Other materials in-
cluding alumina (AL Q,), titania (TiO,), zirconia (ZrO,) and silica (SiO,) are also
being used [5]. Silica membranes have attracted a lot of attention in the gas se-
paration industries because they are thermally and chemically stable in contrast
to polymeric membranes. They can offer higher permeability and selectivity for
small gas molecules including He and H, over larger molecules like CO,, N, and
C,Hj, gases. Different modification methods can be employed for the preparation
of membranes including sol-gel dip-coating, chemical vapour deposition and
sintering. The sol-gel method involves the formation and deposition of a suitable
sol, like colloidal boehmite onto a porous support followed by drying and ther-
mal treatment [6]. Sol-gel dip-coating method has been widely employed for the
formation of silica and alumina-based inorganic membranes [7]. Membranes
prepared using this method usually exhibit higher permeance in contrast to
those prepared with the chemical vapour deposition methods. Inorganic mem-

brane may be classified based on their pore size as macrospores (>500 A), mi-
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cropores (20 A) and mesopores (20 - 500 A) [8]. Gas transport in inorganic
membranes may be explained using various mechanism of transport through the
pore. The different transport mechanisms include Knudsen, viscous, capillary
condensation, molecular sieving and surface diffusion mechanisms. Knudsen
transport takes place when the mean free path of the gas molecules is greater
than the pore size. In this case, there are more collisions between the molecules
than the pore walls. However, separation selectivities in this mechanism are
proportional to the ratio of the inverse square root of the gas molecular weight.
Knudsen flow mechanism is usually predominant in mesoporous and macro-
porous membranes [6] [8].

The expression for Knudsen flow in porous membrane can be written using
the following equation [8]:

12
D @(SRTJ )
3r \ M

where D is the Knudsen diffusion (m%/s), & = porosity of the membrane (%),
R = gas molar constant (J-mol™-K™), M = the molar weight of the diffus-
ing gas (g/mol), dp = pore diameter (m), ¢ = tortuosity (m) and 7 = tem-
perature (K), ™ = 2.134.

The mean free path of the gas molecule is the average distance travelled in
collisions and can be explained using the equation [9].

KT
A= J2rd?P

where A is the mean free path (m), & is the Boltzmann constant (J-K™), T'is

(2)

temperature (K), d is the collision diameter (m) and Pis the pressure (Pa) [9].

Viscous flow mechanism takes place if the pore radius of the membrane is
greater than the mean free path of the permeating gas molecule [10] [11]. In this
case more collisions will take place between the permeating gas molecules (mo-
lecule-molecule collision) than between the molecule and the pore wall of the
membrane and viscous flow will dominate [10].

The viscous flow mechanism of gas transport can then be expressed as:

E =rP2(Pl—P2)( mol j 3)
Ve 16LuRT \m?-s

where P, = absolute pressure (Pa), P, = atmospheric pressure (Pa), pu = gas
viscosity ( Pa -s!), L = membrane wall thickness (m), r = membrane pore size
(m), R = gas molar constant (J- mol™-K™), T'= atmospheric temperature (K)
[10].

Gas separation by molecular sieving mechanism takes place when the pore
diameter of the inorganic ceramic membrane is roughly the same as those of the
permeating gas molecules [12] [13]. However, as the pores become smaller than
approximately 0.5 nm, separation factors greater than 10 are usually achievable.
If the pore size of the membrane is between the diameters of the larger and
smaller gas molecules, then only the smaller gas molecule can permeate through

the membrane leading to a more efficient separation [10] [14]. In the capillary
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condensation mechanism, separation takes place in the pores of the membrane
with mesoporous layer in the presence of condensable gas specie such as water
vapour [11]. The condensed feed component diffuses through the pores of the
membrane blocking other components resulting in separation [15]. Surface dif-
fusion mechanism of transport occur when the gas molecule exhibit a strong af-
finity for the membrane surface and adsorption along the pore walls. However,
separation in this mechanism takes place due to differences in the amount of
adsorption of the permeating molecules.

According to IUPAC (International Union of Pure and Applied Chemistry),
the major physisorption isotherms can be classified into six different types [16].
However, the most important isotherm for a porous membrane material is the
type 1 isotherm which relates to the microporous solids and type IV and V,
which corresponds to mesoporous solid (most especially ceramic materials
which undergo hysteresis and capillary condensation during desorption. The use
of adsorption/desorption isotherms to characterise porous ceramic membrane
materials possesses major drawback despite its widespread application in various
analytical techniques. The different types of physisorption isotherms and hyste-
resis are explained as shown in Figure 1(a) and Figure 1(b) respectively [2].

In this study, the characterisation and evaluation of a silica membrane with 15
nm pore size was investigated to determine the permeation properties of single
gases Ar, He, N, and CO, with inorganic composite membrane for the esterifica-

tion reactions.

2. Experimental

2.1. Membrane Preparation

The membrane preparation was carried out based on the dip-coating process
patented by Gobina [17]. Prior to the permeation tests, the support was weighed
to determine the actual weight before and after modification. 545 mL of iso-
pentane (Sigma Aldrich > 99%), was measured into 1000 mL glass cylinder and

50 mL of silicon elastomer was added to the solution together with 5 mL of the

e

Types of Hysteresis

< Large
T pores/voids
©

Il \Y k3 Gel
kel o
3 B 2
= ©
3 E Mesopores
S \Y \Y ~
9] MCM
=
<

Relative Pressure (P/P)

Relative Pressure ——»

(a) (b)

Figure 1. Types of physisorption isotherms (a) and types of hysteresis (b).
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curing agent. A magnetic stirrer was used to mix the three solutions and the
mixture was allowed to stir for 30 minutes. After this period the support was
withdrawn the solution and allowed in the solution for 30 minutes. After 30
minutes, the support was taken out from the solution and dried in the oven for 2
hrs at a constant temperature of 65°C in order to obtain an ultra-thin silica layer
on the support. The support modification process was carried out based on the
patented innovation by Gobina (2006) [17] [18]. Figure 2 shows the schematic
diagram of the dip-coating process.

The membrane thickness after modification was calculated using the follow-
ing formula [19].

L= Wz _Wl
Ap(l-¢)

where L = membrane thickness (m), A = membrane area (m?), p = theoretical

4)

density of alumina (3.95x107° kg-m™), W, = initial weight of the alumina
support (g), & = membrane porosity (%), W, = total weight of the support and

membrane (g).

2.2. Permeation Cell

The permeation cell consisted of a thermally resistant stainless steel shell. The
membrane was centralized in the tube using a graphite seal each at either end.
Through the use of various connections and valves the cell permits the mea-
surement of the gas flux through the membrane at various feed pressures. A
heating tape was wrapped over the stainless steel reactor which enables high-
temperature studies to be carried out. Prior to permeation experiments, a leak
test was carried out by monitoring the downstream pressure variation while the

system remained totally closed and pressurized.

2.3. Permeation Tests

The four gases used for the permeation analysis include nitrogen (N,), argon

Silica solution

=———— Measuring glass cylinder

membrane

Magnetic stirrer
/ %— Electric switch
‘

Control knob
Heating mantle

Figure 2. Schematic diagram of gas permeation setup.
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(Ar), helium (He) and carbon dioxide (CO,). The gases were supplied by BOC,
UK. The permeation analysis was carried out at a feed pressure drop of between
0.10 - 1.00 bar and at 60°C. This gauge pressure scale and the temperature were
chosen to correspond with the esterification reaction parameters for the analysis
of the ester product. The total length of the membrane was 36.6 cm, while the
inner and outer radius of the membrane was 7 and 10 mm respectively. Figure 3

shows the single gas permeation setup.

2.4. Liquid Nitrogen Adsorption

The surface area analysis of the support and coated support was examined using

liquid nitrogen adsorption instrument shown in Figure 4. Prior to the analysis, a
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Figure 3. Schematic diagram of gas permeation setup which consists of; carrier gas cyl-
inder (1), gas feed inlet (2), permeate pressure gauge (3), control valve (4), O-ring graph-
ite seal (5), reactor (6), heating tape (7), temperature regulator (8), thermocouple (9),
thermocouple box (10), retentate pressure gauge (11), flow meter (12) and fume cup-
board (13).

Station 1
Sample cell (station 2)

Figure 4. Liquid nitrogen adsorption (Quantachrome 2013 model).
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small fragment of the silica membrane was crushed and used for the liquid ni-
trogen analysis. The actual weight of the 5* and 6™ dipping membrane samples
was 4.3 g and 4.2 g respectively. The sample cell weight for the 5® and 6" dip-
ping was 16.8 g and 27.7 g respectively. The degassing of the system was carried
out using a flow of dry helium gas with heating in order to remove moisture
from the sample. A similar procedure to that of Vospernik et al [20] was used
for the liquid nitrogen analysis with some modification in the temperature. The
liquid nitrogen temperature was 77 K. The actual weights of the silica mem-
branes, the cell weight and the weight of sample + cell before and after the de-

gassing process are presented in Table 1.

2.5. Scanning Electron Microscopy/Energy Dispersive X-Ray
Analyser (SEM/EDAX)

The surface examination of the membranes was carried out the Zeiss EVO LS10
SEM/EDAX between the scale range of 10 - 100 um. The images were analysed
at the magnification of 100x at the working distance of 8.5 mm while the cham-
ber pressure was set between the range of 100 - 101 Pa. Figure 5 shows the
SEM/EDAX instrument that was used for the membrane morphological charac-

terisation.

Table 1. Sample and cell weights before and after degassing process.

Weight of Weight of sample
Cell weight  sample + cell Actual weight of after degassing (g)
Sample
(8 before sample (g)
degassing(g)
5t dipping 16.8 21.1 43 21.0
6™ dipping 27.7 31.9 4.2 31.8

Figure 5. Scanning electron microscope couple with en-
ergy X-ray dispersive analyser (SEM/EDAX) (the Zeiss
EVO LS10) instrument.
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3. Result and Discussion

3.1. Permeation Test

Figure 6 shows the relationship between the flow rate of the different gases and
the gauge pressure at 60°C. From Figure 6, it can be seen that the flow rate of
the gases increases with an increase in the gauge pressure. However, at a partic-
ular pressure the flow difference was explained based on the molecular weight of
the different gases. It was found that helium gas with the least molecular weight
(2 g/mol) exhibited the highest flow in contrast to other gases. It was assumed
that the gas flow was dominated by Knudsen mechanism of gas transport which
explains that gases with the less molecular weight permeate through the mem-
brane faster than the gases with higher molecular weight. It was also observed
that the flow rate for Ar, N, and CO, were close to each other over the pressure
range investigated. Although they exhibited a similar flow, N, with the least a
lower molecular weight (28 g/mol) showed a higher flow than Ar(40 g/mol) and
CO, (44 g/mol) and can be seen that the gas flow rate was based on their respec-
tive molecular weight in accordance with the Knudsen mechanism. The order of
the gas flow rate with respect to a particular gauge pressure was He (2 g/mol) >
N, (28 g/mol) > Ar(40 g/mol) > CO, (44 g/mol). This also confirms the fact that
helium could be a suitable carrier gas for the analysis of the esterification reac-
tion product using gas chromatograph for improved ethyl lactate conversion.

Figure 7 describes the relationship between the gas permeance and the gauge
pressure (bar). From Figure 7, it was found that the permeance of the gases de-
creases with respect to the gauge pressure but the rate of decrease was less pro-
nounced at a gauge pressure of greater than 0.4 bars. A similar result was also
observed in our previous study [21]. Also from Figure 7, it was found that the
statistical error bars for the gases showed good significant value of the experi-
mental data.

The permeance of Ar, He, CO, and N, was calculated using Equation (5):

2.50E-03 -
[ |
2.00E-03 - m
% 1.50E-03 - ut
g - *Ar
[-*]
= u * 2 W He
«
£ 1.00E-03 - * X
z mxZé
5 § X e * N
SO00E-04 | g & ¢ X CO,
0.00E+00 . .
0 0.5 1 15
Gauge pressure (bar)

Figure 6. Gas Flow rate (mol-s™) against gauge pressure (bar) at 60°C.
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Figure 7. Gas permeance (mol-m™.s™.Pa™) against gauge pressure (bar) at 60°C.

J
Q AP (5)

where Q= gas permeance (mol-m™.s™.Pa™), AP = pressure drop across
the membrane (bar) and /= Gas flux (mol-m™-s™). The mean free paths of the
four gases were calculated using Equation (2). The permeability of the mem-
brane was further calculated by multiplying the permeance (Equation (5)) with
the thickness of the membrane that was calculated using Equation (4). The for-
mula for the membrane permeability is given by Equation (6):

J
F=—xL 6
AP (©)

The pore size of the membrane was calculated using Equation (7):
Tp:16-AO-,u\/8£ )
3-B ™
where 7, = membrane pore radius (m), Ao = constant representing viscous
flow from the permeability graph, B = constant representing Knudsen flow from
the permeability graph, x = gas viscosity (Pa-s™), n = 3.142, M = gas mo-
lecular weight (g/mol), 7= temperature (K), R = gas molar constant (K -J-mol ).
The membrane permeability, mean free path, and pore radius for four gases
were calculated as shown in Table 2. From the result obtained in Table 2, it was
found that the pore radius of the membrane was smaller than the mean free path
which confirms the Knudsen flow mechanism of transport. This result was in
accordance with a report by Benito et al [22] which explains that Knudsen dif-
fusion is dominant if the membrane pore radius is smaller than the mean free
path of the gas molecules and this is also significant for membrane with small
pore radius of <10 nm and defect-free membranes [14] [22] [23]. It can also be
seen from Table 2 that He and CO, gases recorded a higher permeability values
in contrast to N, and Ar gases although the permeability value of CO, and N,
gases were quite close.

K2
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Table 2. Calculated values of permeability, mean free path and pore radius of the silica
membrane with Ar, He, CO, and N, gases.

Mean free . Permeability
Gas molecule Pore radius (m) . §
path (1) m (mol-m-m?.s*-Pa™)
Ar 3.15E-04 4.72E-12 3.67E—-08
He 3.63E-04 1.09E-11 5.92E—-08
N, 2.96E-04 4.45E-12 4.48 E—08
CO, 1.11E-04 2.22E-12 4.64E-08

Figure 8 presents the relationship between the gas permeance and the inverse
square root of the gas molecular weight at 0.30 bar and 60°C. From the result
obtained, it was found that Ar, N, and CO, gases showed a linear proportionality
with the inverse square root of the gas molecular weight which was in accor-
dance with the Knudsen law of diffusion of gases through the pores of the mem-
brane, whereas helium gas exhibited a deviation from the linear line [21], sug-
gesting that another flow mechanism was in operation for He gas at 0.30 bar and
60°C. The suggested flow mechanism was viscous plus surface diffusion me-
chanism as these two mechanisms are also said to be controlling rate mechanism
of transport in mesoporous membrane. Since the helium gas did not display the
evidence of Knudsen flow mechanism, it was suggested that viscous plus surface
diffusion mechanism was the additional transport mechanism. The order of the
gas permeance with respect to the inverse square root of the gas molecular

weight was given as He > N, > CO, > Ar.

3.2. Liquid Nitrogen Results

A summary of the various parameters obtained from the liquid nitrogen charac-
terisation for the 5™ and 6™ dip-coating are presented in Table 3. Figure 9 and
Figure 10 describe the relationship between the volume and the relative pressure
for the modified silica membrane. From the results obtained in Figure 9 and
Figure 10 it was found that the BET of the 5" dip-coated membrane exhibited a
higher surface area (2.916 m?/g) in contrast to the 6™ (0.088 m?/g) as shown in
Table 3. It was also observed that there was hysteresis on the curves although the
hysteresis on the 6™ dip-coated membrane was more pronounced in contrast to
that of the 5" dip-coated membrane [24]. The BJH of the twice-dipped mem-
branes were also compared. From the BJH results of the twice dipped mem-
branes, it was found that there was reduction on the pore size of the membrane
after the modification process [25]. This was attributed to the silica that was
used in the membrane modification process. Although the pore of the 6™ dip-
coated membrane was found to have reduced, the total pore size of the 5* and 6™
dip-coated membranes were believed to be within the mesoporous range ac-
cording to the IUPAC classification.

3.3. SEM/EDAX of the Membrane

Figure 11 shows the SEM/EDAX of the membrane. From Figure 11, it can be

10
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Figure 8. Gas permeance (mol-m™.s™.Pa™) against inverse
square root of the gas molecular weight (g/mol) at 0.40 bar
and 60°C.
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Figure 11. SEM image and EDAX of the silica membrane that was used for the characterisation.

Table 3. BET curve summary for the 5™ and 6" dip-coated membranes.

Parameters 5" dip-coating 6" dip-coating
Slope 3005.934 521,655.829
Intercept —-1.812e + 03 —1.245e + 04
Correlation coefficient (&) 0.71414 1.00000
C, constant -0.659 -3.191
Surface Area (m?/g) 2.916 0.088

seen that the silica was evenly distributed on the surface of the membrane after
the modification process. The whitish background on the surface image was
suggested to be the silica used for the membrane modification. However, the
membrane also exhibited a clear surface which also indicated that it was de-
fect-free. The result was further confirmed by the EDAX result for the mem-
brane sample. From the result obtained in Figure 11, it was found that the
membrane exhibited different elements on the spectra including oxygen, carbon,
potassium, chlorine, aluminium and silicon. The fresh support is made up of
Al O, used for the fabrication of the support. However due to the silica modifi-
cation, Si, O, C and other elements were identified from the EDAX spectra. So a

combination of Si and O was suggested to be SiO, originating from the solution

12
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that was used for coating the surface of the support. From the EDAX result, it
was suggested that the fresh support was initially coated with aluminium oxide

and then subsequently coated with silicon oxide after the modification process.

4. Conclusion

A repeat dip-coating process has been used to prepare silica membranes on alu-
mina support. The morphology and hydrodynamic characteristics of the silica
membrane was carried out using different analytical methods including liquid
nitrogen adsorption, scanning electron microscopy/energy dispersive analyser
and gas permeation respectively. Helium gas with the highest permeation rate
was found as the most suitable carrier gas for analysis esterification product. Ar,
N, and CO, gases showed a linear proportionality with the inverse square root of
the molecular weight of the different gases. The permeance of the four gases was
found to decrease with increase in gauge pressure confirming Knudsen flow
mechanism. The average pore size of the silica membrane was found to reduce
after the modification process. The calculated pore radius of the four gases was
found to be smaller than the mean free path. The membrane pore size was in
accordance with IUPAC classification. The order of the gas flow rate with re-
spect to the gauge pressure was He (2 g/mol) > N, (28 g/mol) > Ar (40 g/mol) >
CO, (44 g/mol). The SEM surface morphology of the membrane showed the dis-
tribution of silica on the membrane surface. The EDAX of the silica membrane
showed different elements including Al, Si and O. The gas flow rate showed an

increase with respect to gauge pressure.
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Nomenclature

P, = absolute pressure (Pa)

P, = atmospheric pressure (Pa)

4 = gas viscosity (Pa-s™)

L = membrane wall thickness (m)

r= membrane pore size (m)

R = gas molar constant (J-mol™-K™)

T'= atmospheric temperature (K).

D = Knudsen diffusion (m?/s)

& = porosity of the membrane (%)

R = gas molar constant (J-mol™-K™)

M = the molar weight of the diffusing gas (g/mol)
op = pore diameter (m)

7 = tortuosity (m)

T'= temperature (K)

= 3.142.

r, = membrane pore radius (m)

A = mean free path (m)

k= Boltzmann constant ((J-K™)),

d = collision diameter (m)

A =membrane area (m?)

p = theoretical density of alumina (3.95x107% kg-m™)
W, = initial weight of the alumina support (g)

W, = total weight of the support and membrane (g).
Q, = gas permeance (mol-m™-s*.Pa™)

AP = pressure drop across the membrane (bar)
J=Gas flux (mol-m2.s™)

F = permeability (mol- m2.s*.Pa™’-m)

Ao = constant representing viscous flow from the permeability graph

B = constant representing Knudsen flow from the permeability graph.
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