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Abstract

A defect free nano-porous zirconia membrane was fabricated using sol-gel method for the separation
of H, gas from a mixture of H, and CO,. Agglomeration of sol was controlled by releasing hydrolyzing
water slowly by the reaction of solvent such as alcohol and acetic acid unlike conventional technique.
FE-SEM image of ten times coated membrane showed a uniform zirconia layer of 885 nm thickness,
coated on 0-Al,O, support. The membrane had pore size of 6 nm. Membrane was fired at 400, 450, and
500°C to remove organic content, to estimate the final calcination temperature. XRD study confirmed
that the zirconia was transformed into tetragonal phase. The crystallite size (D) was 5.0, 10.13, and
16.28 nm for dried and calcined zirconia powder respectively, at 25, 400 and 500°C. Scherrer’s equation
was used to estimate crystallite size. TGA showed that there was no significant loss of mass above
600°C. Gas permeance of the supported ZrO, layers was studied by the development of laboratory scale
gas permeation setup. The permeance for H, and CO, as single component at 300°C, respectively, was
15.21 x 107 and 2.0 x 10~ mol/(m*sPa). Permeance of membrane in 75:25 H,:CO, binary feed mixture
was 9.96x107¢ and 1.21x10°% mol/(m?sPa), respectively, at 300 °C. The selectivity of hydrogen over CO,
in ZrO, membrane for 75:25 H,/CO, binary feed mixture was 8.23. These results demonstrated that
the membranes offer high potential for purification of hydrogen and carbon dioxide in a mixture at an
elevated temperature.
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Introduction

Recently inorganic ceramic membranes have drawn
great attraction recently due to their good gas separation
and purification characteristics, low energy cost, ease
of operation, high energy efficiency, hydrothermal,
mechanical and chemical stability, and durability
[1-4]. Porous inorganic ceramic membranes such as
ALQ,, SiO,, TiO, and ZrO, etc. or a combination of
these materials have great potential for gas permeation
and liquid separation at an elevated temperature
and separation in aggressive media that is difficult
to achieve using commercial polymer membranes
[5-7]. These membranes find many applications such
as environment, medical, chemical engineering, food
production and petro-chemical industrial processes.
These membrane usually consist of three layers such as
macroporous support, mesoporous intermediate layers
and top separation layer [8-9].

Among membranes, the conventional silica based
membranes with pore size less than 1 nm imparts good
gas separation performance at higher temperature up
to 600°C [10] in dry atmosphere. However, the major
challenge posed by these membranes is their hydrophilic
property. These membranes contain hydrophilic
silanol groups and these group are vulnerable to react
with moisture at an elevated temperature, causing
densification of the membrane and ultimately damaging
the pore structure and effect the separation performance
such as selectivity and permeance. Many strategies
have been considered to improve silica membrane, but
hydrothermal stability is still the major challenge to be
solved [11].

Other ceramic materials such as zirconia and
titania were proposed to use for gas and liquid
separation in the presence of steam at an elevated
temperatures. [12]. Zirconia offers more chemical
stability in comparison with gamma alumina and
titania. These membranes have high potential to
separate gases and liquid at an elevated temperature
and exhibit alkali durability and stability. It is usually
fabricated by using sol-gel techniques and coated on
mesoporous intermediate layer. Mesoporous layer is
further coated on macroporous support and pore size
can be tune by controlling synthesis parameters [13-
15]. Zirconia is used for multiple applications such as
membrane separation, adsorption, sensors, solar cell as
light absorption layer, pharmaceuticals, catalyst, and
catalysts support [16-23].

Although zirconia is very promising material, but
there are two obstacles which needs to be addressed.
Firstly, the instability of the sol due to its fast hydrolysis
in comparison with condensation reaction. Secondly,
phases change at certain temperature that results into
the cracking of the material due to stress development.
Many researcher reported various strategies to slow
down hydrolysis reaction that develops precipitations or
agglomerations of the zirconia particles and to improve
thermal stability at higher temperatures. Nitric acid was

used as peptizing agent. Yttria was incorporated into
the zirconia matrix to improve the thermal stability of
the material. Use of acetic acid and acetylacetone were
also reported by many researcher to reduce hydrolysis
rate of zirconia [24, 25]. Suleiman et al. [26] reported
an improved SiO,-ZrO, sol and the sol was further
modified by using acetylacetone. Membrane showed
high hydrogen performance of 10 x 107 mol m? s Pa’!
with H,:SF, permselectivity of 7600 at 300°C.

Silva and Vasconcelos [27] developed zirconia
using hydrolysis and condensation process. They
studied the effects of molar ratios of concentrations of
H,O on zirconia structure. Higher molar ratio of water
favored the increase of pore diameter and surface area.
The results demonstrated that the suitable calcination
temperature was 400°C and there was a complete burn
out of organic material at 330°C.

Shuang et al [28] developed defect free zirconia
membrane by sol gel method by using SiC support to
enhance thermal and chemical stability. However, the
pore size from 4.5-6.0 um of the support was too large
to hold mesoporous zirconia.

In spite of excellent efforts made to improve the
stability of the sol, tuning pore size and microstructure
stability remained as one of the major challenges
in comparison with other ceramic materials. In this
study, defect free nano-porous =zirconia membrane
was fabricated to separate hydrogen from CO, using
sol-gel method. Thin porous zirconia membrane was
coated on a—alumina support. The resulting membrane
was characterized to evaluate surface morphology
and perpendicular membrane cross section, gradual
mass loss, and performance. Agglomeration of sol was
controlled by releasing hydrolyzing water slowly by the
reaction of solvent such as alcohol and acetic acid unlike
conventional technique. The influence of synthesis
parameters such as drying procedures, calcination
programme on microstructure and performance of
porous zirconia membranes were investigated. The
effect of temperature on membrane performance was
discussed.

Materials and Methods
Membranes Fabrication

Fig. la) shows the fabrication of sol-gel derived
zirconia membranes using zirconium propoxide (Sigma-
Aldrich) solution as precursor. Zirconium propoxide
solution was dissolved in 1-propanol with the molar
ratios of each 0.01 and 0.04, respectively. Then glacial
acetic acid (R & M Marketing, Essex, UK), was added
with molar ratio of 0.04. The solution was stirred for
3-4 h until it became cloudy with pH value of five.
Nitric acid (HNO,), 65%, Merck, Germany, was added
as peptizing agent to prepare stable sol and to avoid
agglomeration. The solution was turned clear again
with pH value of 1.
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Fig. 1. a) Synthesis procedure for zirconia membrane, b) ZrO, membrane coated on a-alumina support.

Fig. 1b) shows synthesis of zirconia sol and the
coating procedure of zirconia and glass sealant on
a-AL O, tubular support. ZrO, membrane was coated
on a-alumina macroporous support. One portion of
the zirconia sol was dip coated on a-AlL O, tubular
support (supplied by NOK Co., Japan). Average pore
size of the tubular support was 110-180 nm. Porosity
of the support was 0.42-0.55. Except for central part,
a special glass sealant, GA-13 (provided by NEG Co)
was used to coat the support. Then zirconia was coated
on the support. Both coated and uncoated zirconia were
dried and calcined. Dipping, drying and calcination
were repeated for ten times. Drying was carried out till
70°C in a humidity and temperature control oven. The
dried coated and uncoated membranes were calcined in
a furnace with heating and cooling rate of 0.5°C min’
from room temperature to 200°C, then 1°C min' to
500°C for 1 hour. The membranes were also calcined
at higher heating and cooling rate of 10°C min! from
room temperature to 500°C for 1 hour to know the
influence of heating rate on membrane morphology.

Membranes Characterization

Membrane surface morphology and thickness
was studied by adopting S55VP FESEM. Suitable
characterization method to predict surface area, pore
size distribution, pore size, and adsorption-desorption
isotherm was chosen as Brunauer-Emmett-Teller (BET),
Micromertics ASAP 2020 sorptometer apparatus
equipped with two independent vacuum systems. To
predict elemental composition of the material, EDX
(Oxford INCA 400) was opted. XRD (D-8Bruker)
was used to determine particle size, phase change and
thermal stability. Characterization of thermochemical
properties and calcination temperature was investigated
using thermogravimetric method (TGA-7 instruments).

Scherrer’s Equation 1 was used to estimate crystallite
size.

_0.89A
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Gas Permeation Measurement

Various approaches have been adopted by various
researchers to calculate the performance of the
membranes for gas separation. Kusakabe et al. [29]
and Kim et al. [30] calculated the permeance of the
membranes by using Equation 2. Fig. 2 shows gas
permeation setup, and schematic illustration of gas
permeation vessel. Permeation of both single, and binary
gas mixture (H, and CO,) through zirconia membrane
was carried out at 25, 150 and 300°C, respectively. H,
and CO, were passed from outside of the membrane
and argon as sweep gas was passed from inner part of
the membrane layer at ambient pressure throughout the
experiment. Single H, and CO, gas was 80 ml/min and
for sweep gas was 20 ml/min, (flow rate), respectively.
Flow rate in the feed side for 60:40 H,:CO, was 48
and 32 ml/min for 75:25 H,:CO, mixture was 60 and
20 ml/min, respectively. Flow rate of single and binary
mixture were measured using bubble flow meter at the
exit. Gas chromatograph-TCD (Shimadzu, GC-8A) was
used to calculate the composition of gas.

Permeance was calculated by using following
formula [29, 30]:

mole permeated per unit time

- (membrane area)(partial pressure dif ference)

@

Ideal (o) and binary (o, ) selectivities of H, over CO,
[31-33] were determined using the following expression.



Shah S.H., et al.

(b)

—Inlet feed gasos—;

—Thexmocouploi

urnace— ,—Relanlale—»

___O-nng seals

Fig. 2. a) Gas permeation setup, b) schematic illustration of gas permeation vessel.
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Results and Discussions

Effect of Synthesis Condition on Zirconia Sol
Stability and Structure

The synthesis procedure for stable ZrO, sol was
optimized. Stable sol is vital to prepare membrane of
desirable permeation and selectivity. Many researchers
such as Chang et al. [34] reported important factors
influencing sol stability through controlled hydrolysis
of zirconia sol includes hydrolysis conditions H,0O/
Zr, Alcohol/Zr, acid/Zr and Acid/Alcohol molar ratios,
peptization conditions, phase stabilizers, type and the
amount of chelating agent used to modify reaction rate.
Difficulty of synthesizing zirconia sol is related to its
fast hydrolysis. Rapid hydrolysis can be controlled via
esterification of alcohol and acid that releases water
slowly. Chang et al. [34] reported that y~Al,O, and titania
sol can easily be synthesized compared to zirconia.
Since zirconia precursor reacts with water rapidly due
its fast hydrolysis than condensation. Esterification can
controlled the release of water for hydrolysis [35, 36].
Okubo et al. [37] reported that if hydrolysis is faster
than condensation, then agglomeration of zirconia sol
takes place due to precipitation. In this work, water
was not used directly to hydrolyze zirconium alkoxide
unlike conventional method for the synthesis of zirconia
sol. First reaction which can release the hydrolyzing
water by the reaction of acid and alcohol. Water was
released in the condensation or oxolation reaction.
Macromolecular species of zirconia was formed during
sol gel process that consists of Zr-O-Zr bond in propanol
solution.

The zirconia sol with medium viscosity was
optimized by using low molar ratios of zirconia

precursor. Zirconium propoxide solution was dissolved
in 1l-propanol with the molar ratios of 0.01 and 0.04,
respectively. Then glacial acetic acid was added with
molar ratio of 0.04. HNO, acid was used to control
agglomeration of sol for its stability. It was reported
by [38] that due to using HNO,, compact structure
of sol was produced due to repulsion of sol particles
which avoids agglomeration of sol and consequently
stable sol was formed otherwise defect are produced
in the membrane due to agglomeration and loose
structure. Zirconia sol was dried in the drying oven
under controlled humidity and temperature (relative
humidity 35-45%, temperature 70°C). Sol remained
sticky when it was dried in open air. Absorption of
water from air might had caused reversible reaction and
difficulties in sol drying. Membrane dip coating time of
30 seconds and pulling rate of 5 mm/min was optimized.
Calcination was performed with heating and cooling
rate of 0.5°C min" from room temperature to 200°C,
then 1°C min! to 500°C for 1 h. This temperature
scheme resulted into the smooth surface morphology
without producing cracks as shown by SEM image
in Fig. 3e). The higher heating and cooling rate of
10°C min™ from room temperature to 500°C for 1 hour,
resulted cracks on the surface of the coated zirconia sol
as shown in Fig. 4a), and b).

Membrane Characterization

Fig. 3 (a-b) shows SEM photograph of an
a—~AlLO, tubular substrate support which was used
to coat zirconia membrane. Fig. 3 (c-d) presents FE-
SEM photograph of one and three times coated ZrO,
membrane on alumina tubular support and Fig. 3e)
shows FE-SEM photograph of ten times coated ZrO, on
tubular support when proper calcination programme
was followed. Ten times coated membranes on support
seemed to be homogenous, smooth and crack free.
Fig. 3f) presents EDX photograph of three times
deposited ZrO, membrane on tubular support.
Spectrum 1 shows 25 wt. % of zirconia coated on
support. Fig. 4 (a-b) displays uncontrolled calcination
temperature that resulted into the cracks on the surface.
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Fig. 3 a) SEM photograph of an alumina tubular support, b) SEM photograph of an 0—AL,O, tubular substrate ¢) FE-SEM photograph of
one time coated ZrO, membrane on alumina tubular, d) SEM photograph of surface morphology of three times deposited ZrO, membrane
on alumina tubular support ¢) FE-SEM photograph of surface morphology of ten times coated ZrO, on tubular support w1th proper
calcination programme, f) EDX photograph of surface morphology of three times deposited ZrO, membrane on alumina tubular support.

Fig. 5 (a-b) and c). displays SEM image of initial to
final steps of cross section of ZrO, membrane coated
on alumina tubular support. Fig. 5c¢) shows SEM
photograph thickness of ten times coated ZrO, on
macroporous Al O, tubular with thickness of 885 nm.
TGA was carried out in order to investigate suitable
calcination temperature for ZrO, gel. Fig. 6a) displays
the TGA outcome of dried ZrO, powder. The mass loss
before 120°C might be attributed to the evaporation of
adsorbed water and the solvent. This mass loss was
more than 15%. At 120 to 360°C, the weight loss was
more than 43% of the total. This could be assigned to
the release of nitro-compounds. Similar results were
reported by Wu et al. [36] in which they display that
the nitro-compounds were oxidized at 160°C. Weight
loss from 360 to 600°C was almost 6 % and this was
due to loss of organic compounds. Above 600°C, there

was no gradual loss of mass. Seung-Goo Kim et al.
[39] reported similar result supporting present works.
Combustion of organic compounds was observed [36] at
360-500°C. Thus suitable calcination temperature was
determined to be 600 °C, since there was no mass loss
below this temperature.

Fig. 6b) depicts XRD spectrum of unsupported ZrO,
gel before (a) and after calcination (b, ¢, d) at 400, 450
and 500°C. Scherrer’s equation was used to calculate
crystallite size. The Bragg angles (20) were 25.7°, 30.4°,
30.5° and 30.5° and B (calibrated width of diffraction)
were 1.6° 0.8° 0.5° and 0.5° for zirconia gel. X-ray
wavelength (A) was taken as 0.154 nm and the value for
constant (k) was 0.98. Crystallite size (D) of zirconia
was 5.0, 10.13, and 16.28 nm for the zirconia powder of
the dried and calcined zirconia at 400, 450 and 500°C,
respectively. Crystallite size at 400, 450°C was smaller
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Fig. 4. a), b) FE-SEM photograph of surface morphology of ten times coated ZrO, on tubular support with unsuitable calcination

programme.

than 6.8 and 12.23 reported by Sajid et al. [25] for YSZ.
Kim et al. [30] investigated 20.8 nm crystalline size
at calcination temperature of 450°C. Larger crystallite
size [25, 30] was possibly due to incorporation of yttria
in zirconia matrix. As the calcination temperature
increased, the crystallite size increased. This behaviour
resulted into the sharpness of the peak. Shi et al. [40]
also reported this kind of trend. Crystalline phase
developed from amorphous form as the calcination
temperature increased. Amorphous zirconia membrane
gel JCPDS file no. 32-1494 (Q) was transformed to
tetragonal phase indicated by the JCPDS file no. 81-1544
(C), 80-2155 (C) at calcination temperature of 400 and
450°C and to hexagonal indicated by the JCPDS file
no. 48-1637 at the temperature of 500°C. Peak positions
of calcined zirconia indicate the tetragonal phase of
zirconia. Jeffery Chi-Sheng et al. [36] reported that
the development of crystalline form from amorphous
phase was actually due to sol-gel fabrication technique.
Table 1 displays XRD data for dried and calcined
unsupported ZrO, membranes.

Fig. 6¢) shows pore size distribution of zirconia
sol calcined at 500°C. Average pore size calculated by
BJH is 6.7 and 4.6 nm, respectively. The average pore
size by BET method was 6.73 nm and 6.36 nm from
desorption. Some less than 2 nm pore were explored by

the shape of the curve. However, pore size smaller than
2 nm cannot be measured from nitrogen adsorption-
desorption isotherm. Fig. 6d) shows the N, adsorption-
desorption isotherms of ZrO, calcined at 500°C. This
curve (hysteresis loop) starts shift from 0.32 to 0.8 of the
(p/p,). This isotherm displays broad pore size
distribution. Type of the curve (type IV isotherm) depicts
the typical behaviour of the mesoporous material. The
type of the pores and PSD also confirmed from this
type of curve. Broad pore size distribution identifies the
presence of microspore, mesoporous and macropores
but the type of the curve typically represents the
mesoporous nature of the membrane. This shows that
most of the pores lie in the range of (mesoporous) 6 nm.
Some pores with micropore less than 2 nm and most of
the pores representing narrow pore size distribution lie
between 2-50 nm. Permeation results on the basis of the
pore size distribution shown in this work are in good
agreement with the results reported elsewhere [42, 33,
25] of mesoporous membranes.

Gas Separation Performance of Zirconia
Membrane

To investigate the permeation behaviour of
hydrogen and CO, through zirconia membrane, lab

Fig. 5. a), b) FE-SEM photograph of surface morphology coated ZrO, on tubular support, c) SEM photograph perpendicular cross section
of ten times coated ZrO, on alumina tubular support with thickness of 885 nm.
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Table 1. XRD data for dried and calcined unsupported ZrO, depicts higher permeance even at same flow rate

membranes. and molar concentration. According to [41, 25], the
Calcination Crystallite decrease or increase in permeance was regulated by the

Membranes | temperature Crystal size molecular size of the permeant gases.
oC structure (nm) XRD Fig. 7 (a, b) and c) shows that the permeance
7o, Dried Amorphous 5.0 of single component 1.12 and CO, is higher than the
. permeance of binary mixture of 75:25 H,:CO, and 60:40
710, 400 Cubic face 10.13 H,:CO,. This difference was due to higher flow rate i.e
‘ centre 80 ml/min of each H, and CO, as single component
70, 500 Cubic face 16.28 gas. The flow rate of H, and CO, in the binary mixture
centre of 75:25 H,:CO, was 60 and 20 ml/min and for 60:40

scale permeation unit was used. Fig. 7 (a, b) and c)
presents the permeation behaviour of single gas and
binary gas mixture of 75:25 H,:CO, and 60:40 H,:CO,
as function their kinetic diameter at 25, 150, and
300°C, respectively. Fig. 7 (a, b) and c) shows that
the increase or decrease of permeance through
ZrO, membrane adopted pattern of the molecular
size of the gases. H, (0.289 nm) has smaller
kinetic diameter in comparison with CO, (0.33 nm).
Fig. 7 (a, b) and c), shows that smaller kinetic diameter
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H,:CO, the flow rate was 48 and 32 ml/min, respectively.
Higher flow rate leads to higher concentration of gases
and ultimately higher will be the permeance. Similarly,
permeance of hydrogen in binary mixture of 75:25
H,:CO, was higher than 60:40 H,:CO,. The selectivity
of H/CO, was about 7.64, while, permeance of H,
and CO, as single component at 300°C, respectively,
was 1521 x 107° and 2.0 x 10° mol/(m?sPa). The
selectivity of H,/CO, in ZrO, membrane was about
8.23 with H, and CO, permeance of 9.96 x 107 and
1.21 x 107¢ mol/(m?sPa), respectively for 75:25 binary
mixture at 300°C. H/CO, binary feed mixture.
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Fig. 6 a) TGA curve of ZrO, gel, f) XRD pattern of ZrO, powder dried a) calcined (b, c, d) at 400, 450 and 500°C, ¢) PSD of unsupported
ZrO, calcined at 500°C, d) N, adsorption-desorption isotherms of ZrO, calcined at 500°C
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Fig. 7 a) Single gas H, and CO, permeance vs kinetic diameter b) Binary gas mixture of 75:25 H,/CO, vs kinetic diameter, c) Binary gas
mixture of 60:40 H,/CO, vs kinetic diameter, d) Single and binary gas mixture permeance vs temperature.

Permeance of H, and CO, as single component
and binary mixture increased with increasing
temperature, while permeance of CO, remained constant
or slightly increased as shown in Fig. 7d). H, and
CO, permeance were 8.26 x 10, 9.16 x 10, 15.21 x
10* mol/(m*sPa), while permeance of CO, were 1.83 x
10, 199 x 10° and 191 x 10° mol m7s'Pa’,
respectively, as single component at permeation
temperature of 25 to 300°C. The permeance values
of H, were 9.96x 10° and 7.84 x 10 mol/(m’sPa),
at 300 °C, respectively, of binary mixture of 75:25
H,:CO, and 60:40 H,:CO,. Binary mixture. Selectivity
increased with increasing temperature. These results
had close agreement with the reported work of
Kusakabe et al. [42]. Pt/YSZ membrane [42] was
used to investigate hydrogen performance at various
temperatures. Membrane showed H,/CO, of about 10
with hydrogen permeance of 5 x 107° mol/(m?sPa) at
300°C. Increase of permeance followed the increasing
pattern of temperature. The permeance [42] was
slightly smaller than present work. That might be

due to the impregnation of RhCI3 - 3H,0 or H,PtCl
aqueous solution to synthesize Rh or Pt loaded YSZ
membrane, resulting into smaller pore size and lower
permeance. Both the studies had similarities in term of
increase in permeance and selectivities with increasing
temperature.

Similar results proposed by Jeffrey Chi-Sheng Wu
et al. [36], that had strong support for present work.
Jeffrey Chi-Sheng Wu et al. [36] synthesized crack-
free ZrO, layer for liquid separation using sol-gel
technique. They used acetic acid and alcohol to release
water slowly to slow down hydrolysis and preventing
formation of agglomerations. HNO, acid was used
to peptize the sol and the sol was dried and calcined
at firing temperature of 500°C, which resulted 3.6 nm
average pore size. They found that the permeance
of N, for double coated zirconia membrane was
3.04 x 107 mol/(m?sPa). Authors suggested that sol-
gel derived, defect-free zirconia membrane had great
potential for using these membranes in industry
significantly. Fig. 8 (a, b) shows that the binary
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selectivities for H, over CO, were 823 and 6.07,
respectively, at permeation temperature of 300°C.
Selectivities increased with increasing temperatures.
These results are in good agreement with the results
reported elsewhere [42, 33, 25]. Sajid et al. [25]
investigated that the gas permeance of single component
(H, and CO,) was 14.90 x 107, 1.69 x 107 mol/(m*sPa)
for H, and CO, at 300°C, respectively. H, and CO,
permeance through zirconia membranes were 9.7 x 1076
and 0.96x10° mol /(m’sPa) of 75:25 H,:CO, feed
mixture, at permeation temperature of 300°C. H,
selectivity over CO, of zirconia membrane was 10.
The present work had strong support from Gu et
al. [33]. Zirconia membranes were synthesized [33]

by sol gel technique using a-Al,O, as macroporous
support. The membranes were fired at 300, 400, 500
600 and 700°C, respectively for 1 h. The membranes
which were thermally treated at 400°C were named
as Z400. H,SO, solutions with concentrations of
0.10-2.50 mol/L for 10 min were used to modify Z400
membrane. These microporous membranes showed an
average pore size of about 2 nm. Authors reported that
the permeance of H, of 0.75 mol/L H,SO4 modified
7400 was reduced significantly when compared with
unmodified Z400. Permeance for all gases changed
only slightly for 0.50 mol/L H,SO, modified Z400.
Membrane showed ideal permselectivity of H,/CO,
was about 7. H, permeance was 4.45 x 107, while the

Table 2. Comparison of ZrO, performance with other reported work on ZrO, membranes.

Membrane System & Permeance of H/CO,x10¢ | H, Selectivity
Support Conc. of PN 2 References.
type Gases mol m? s Pa (H,/CO,)
Single-component gas
20 CALO gecomporr e 1521 x 106
2 23 H, 7.64 at 300°C Present work
Sol-gel support
CoO, 2.0x107°
Binary mixture
710, a-ALO, H, 9.96x10°¢ 8.23at 300°C | Present work.
Sol-gel support
CoO, 1.21x10°°
_ Single component H 14.90 x 1076,
YSZ o-ALO, 2 8.82 at 300°C [25]
Sol-gel support o, 1.69 x 107
_ Binary mixture 75:25 H:CO, H 9.7x107°°
YSZ a-ALO, S 10 at 300°C [25]
Sol-gel support CO, 0.96x107°¢
_ H 4.45x107°
Zro, a-ALO, 2 7 at 34°C [33].
Sol-gel support Co, 0.39x10°¢
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permeance of CO, was 0.39 x 107 mol/(m’sPa) as single
component at 34°C for zirconia membrane modified
with 0.50 mol/(m?sPa). The lower permeance [33]
was due to modification membrane with H,SO,, with
lower pore size. Table 2 presents comparison of ZrO,
performance with other reported ZrO, membranes.
Silva and Vasconcelos [27] developed zirconia using
sol-gel technique, while studying the influence of molar
ratios of water on zirconia structure. According to [27],
higher molar ratio of water favored the increase of pore
diameter and surface area. The results demonstrated
that the suitable calcination temperature was 400°C
and complete burn out of organic material took place
at 330°C. Similarly, the work reported by Jinsoo Kim et
al. [43] had strong support for the present work. Jinsoo
Kim et al. [45] proposed similar results by synthesis
and characterization of sol-gel derived yttria stabilized
ultrafiltration zirconia membranes and studied their
permeation properties. They reported that the crack free
supported and unsupported membrane were calcined at
400°C and five time dip-coated membrane was about
3 um in thickness, while the pore size was about 3 nm.

Conclusions

This research demonstrates that a defect free nano-
porous zirconia membrane was synthesized by sol-gel
technique for the purpose of separating H, gas from
a mixture of H, and CO,. Zirconia sol was coated
on 0-AlL,LO, macroporous support. Coated zirconia
membrane was dried, calcined, characterized and their
performance was investigated by the development of
lab scale permeation unit. Permeation of H, and CO,
as single component and binary mixture of H, and CO,
was measured at different temperatures. Agglomeration
of sol was controlled by releasing hydrolyzing water
slowly by the reaction of solvent such as alcohol
and acetic acid unlike conventional technique. FE-
SEM image of ten times coated membrane depicted a
uniform zirconia layer of 885 nm thickness on ALO,
macroporous support. The pore size observed was
around 6 nm. XRD study confirmed that the zirconia
was transformed into tetragonal phase. The crystallite
size (D) was 5.0, 10.13, and 16.28 nm for dried and
calcined zirconia powder, respectively, at 25, 400 and
500°C. The study showed that crystallite size increased
with increasing calcination temperature. TGA study
showed that there was no significant loss of mass above
600 °C. Gas permeance of the supported ZrO, layers
were studied by using laboratory scale gas permeation
setup. The membrane showed a H/CO, of about
7.6 with H, permeance of 15.21 x 10 and CO, of
2.0 x 107 mol/(m?sPa) at 300 °C. The selectivity of
H,/CO, for 275:25 H,/CO, binary feed mixture was
about 8.23 with permeance of hydrogen of 75:25
H,/CO, binary feed mixture was 9.96 x 107 and that
of CO, was 121 x 107 mol/(m’sPa), respectively,
at 300°C. The sol-gel derived esterification based

method explored in this study demonstrates that
the zirconia membrane offers high potential for
the purification of gas mixture at an elevated
temperature.
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