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Abstract

Although there are various commercially available methods for the separation and capture of gas species such as CO2 and H2, they are energy

expensive and in some cases environmentally unfriendly. The membrane separation process presents advantages such as its relative simplicity, ease

of use, low energy consumption, and application in the separation of both liquid and gas mixtures. For these reasons, the membrane technology has

achieved in the last years a great commercial and strategic importance. In this work we present a structural characterization of an alumina support,

before and after the deposition of a titania film on its surface. The obtained asymmetric membranes are intended to be used in gas separation

processes. The alumina supports and titania coatings were prepared by dry-pressing and sol–gel process, respectively. The processed samples were

characterized by X-ray diffraction (XRD), nitrogen sorption, scanning electron microscopy (SEM), and X-ray microtomography (m-CT). In order

to evaluate the membranes performance, single-gas permeation experiments were performed at room temperature with nitrogen, helium, and

carbon dioxide. We observed that although the alumina supports obtained in this work have not been submitted to any surface finishing procedure,

the obtained membranes have potential application in gas separation processes. We observed that increasing the pressure feed leads to improving

their separation capacity.
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1. Introduction

Mulder [1] defined ‘‘membrane’’ as a selective barrier

between two phases. Its primary function is to restrict totally or

partially the transport of chemical species that compose these

phases. According to Van de Water and Maschmeye [2], the

membrane separation process presents advantages such as its

relative simplicity, ease of use, low energy consumption, and

application in the separation of both liquid and gas mixtures. In

addition, it is possible to obtain membranes with tailored

structures by using different materials including metals,
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polymers, glass, silica, alumina, and titania [3]. Although

there are various commercially available methods for the

separation and capture of gas species such as CO2 and H2, they

are energy expensive and in some cases environmentally

unfriendly [4]. For these reasons, the membrane technology has

achieved in the last years a great commercial and strategic

importance.

Inorganic oxide membranes have been developed over the

last fifty years primarily for the separation of uranium isotopes

during its enrichment. However, in the 1980s, the advantages of

chemically inert ceramic membranes with well-defined pore

structures encouraged researchers to investigate the gas

separation properties and applications of inorganic membranes

[5]. Inorganic membranes can be exposed to chemical surface

modification processes, and also to cleaning procedures which

organic membranes do not withstand. These processes allow
d.
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regenerating these materials, making them economically

attractive.

An inorganic membrane generally consists of a macro-

porous support with successive thin layers deposited on it. The

support must provide sufficient mechanical strength to prevent

the membrane unit failure under the operating conditions. In

addition, it also must have a low resistance to the permeate

flow. According to Larbot [6], a ceramic support is commonly

prepared by shaping a powder and sintering the obtained green

body. The green bodies processing, where it is common the

use of organic binders, is a critical step because it affects the

properties and performance of the final material. These

organic binders are eliminated during the heat treatment step.

The intermediate layers bridge the gap between the large pores

of the support and the small pores of the top layer. It is

important to mention that only the top layer has separating

capacities [7].

In this work we present a structural characterization of

alumina support, before and after the deposition of a titania film

on its surface. The obtained asymmetric membranes are

intended to be used in gas separation processes. The alumina

supports and titania coatings were prepared by dry-pressing and

sol–gel process, respectively.

2. Experimental

First, a ceramic paste was prepared by mixing distilled

water, polyvinyl alcohol (PVA – Aldrich), S3G alumina

(Alcoa), and Alphabond hydratable alumina (Almatis). PVA is

commonly used in the processing of ceramic materials as a

binder. The Alphabond hydratable alumina also has binding

properties, contributing to obtain ceramic supports with high

mechanical strength. The relative amount of each component in

the mixture was determined after their previous characteriza-

tion. The particles morphology of the raw materials must be

well controlled because it affects both the porosity and pore size

of the support. The obtained ceramic paste had the following

composition in weight: 70% S3G, 29% Alphabond, and 1%

PVA. We added water enough to obtain a mixture of pasty

consistency. The amount of water added is an important

parameter because it gives the paste the necessary plasticity for

shaping. Next, the obtained ceramic paste was shaped into a

disc of 13 mm diameter and 1.5 mm thickness, using an

uniaxial compression molder at a pressure of eight ton. The

processed green bodies were heat treated in air at 800 8C,

1100 8C, 1300 8C, and 1500 8C for 1 h in a Lindberg/Blue

oven. We used heating and cooling rates of 10 8C/min.

In this work a new methodology for the synthesis of sol–gel

titania was used. Initially a solution of nitric acid (65% –

Aldrich) and absolute isopropanol was prepared. Under strong

stirring, the titanium isopropoxide (TIP – Aldrich) was slowly

added in order to prevent the formation of precipitates. The

polyethylene glycol was added to the sol after its previous

dissolution in absolute isopropanol. The molar ratio TIP:iso-

propanol:HNO3 was adjusted to 1:4:0.1. The supported

membranes were obtained by dipping the supports in the

titania sol and withdrawing them at a speed of 1.3 mm/min.
Finally, the obtained samples were heat treated in air at 180 8C
and 550 8C for 2 h.

The obtained supports were characterized by X-ray

diffraction (XRD), nitrogen sorption, scanning electron

microscopy (SEM), and X-ray microtomography (m-CT).

The XRD analyses were carried out in a Philips-PANalytical

PW17-10 diffractometer, using Cu Ka radiation and operating

at 40 kV and 30 mA. The diffractograms were recorded in the

range of 20–908, at a scan velocity of 0.068/min. The nitrogen

sorption experiments were performed in a Micromeritcs ASAP

2020, using samples preheated at 130 8C for until 48 h under

vacuum. The SEM analyses were carried out with a FEI

QUANTA 200F field emission scanning electron microscope

(FESEM). The compositional analyses were carried out with

an EDS system (EDAX – Pegasus Microanalyzer) available in

the SEM equipment. The m-CT tests were performed using a

Skyscan 1172 high-resolution desktop X-ray microtomogra-

phy system. A CCD camera with 2000 � 1048 pixels was used

to record the transmission of the X-ray beam through the

samples. Three-frame averaging and a rotation step of 0.308
were used, covering a view of 1808. Smoothing and beam-

hardening correction steps were applied to suppress noise and

beam hardening artifacts. The morphological parameters

presented in this work were measured after considering one

hundred slices along the analyzed volume for all studied

samples. The mean values were obtained by considering a 95%

confidence interval. All the morphological parameters

addressed in this work have influence on mass transport

phenomena in solids.

In order to evaluate the membranes performance, single-gas

permeation experiments were performed at room temperature

with nitrogen, helium, and carbon dioxide. The disc shaped

membranes were placed in a modified Wicke–Kallenbach cell

made of stainless steel. The gas flow through the membrane was

measured with a soap film flow meter. The pressure difference

across the membranes was measured with a MKS Baratron

pressure transducer model 627B. Before each permeability

experiment, the leak-free system was evacuated with an

Edwards two stage vacuum pump model E2M2. A schematic

representation of the gas permeation apparatus is shown in

Fig. 1.

3. Results and discussion

XRD analyses revealed that increasing the heat treatment

temperature leads to samples with higher crystallinity degree,

where the a-phase is dominant. Fig. 2 shows a typical nitrogen

adsorption/desorption isotherm of the obtained supports.

According to IUPAC [8], it is a type II isotherm, typical of

macroporous solids. We observed by means of the BET

multipoint method that the obtained samples have specific

surface areas of about 8 m2/g.

Fig. 3 shows SEM micrographs of alumina supports

obtained in this work. One observes the presence of coarse

grains in these images. We believe that this is due largely to the

high granulometry of the raw materials used in the green body

processing step. Previous analyses revealed that both S3G



Fig. 1. Schematic representation of the gas permeation apparatus.
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alumina and Alphabond hydratable alumina have mean particle

sizes of about 7 mm. We also observed that the higher the heat

treatment temperature, the more smooth are the shapes of the

alumina particles.
Fig. 2. Typical nitrogen adsorption/desorption isotherm of the obtained sup-

ports.
Fig. 4 shows a typical cross section obtained by m-CT of

alumina supports processed in this study. One observes a

microstructure with non-homogeneous pore size distribution. In

Table 1 we show the main morphological parameters measured.

We observed that all samples have mean pore size (MPS) of

about 23 mm. The object perimeter/area ratio (OPAR) is a

parameter used to describe the complexity of a structure.

According to Frisullo et al. [9], this parameter indicates the pore

size distribution within the solid; the higher the value, the more

finely distributed are the pores within the sample. We noticed

that increasing the alumina heating temperature leads to

structures with lower values of OPAR.

TP and TO are the total and open porosities, respectively.

Open pores contribute to the permeability of both liquids and

gases, whereas closed pores influence the mechanical strength

of the material [10]. We observed that the higher the heat

treatment temperature, the lower is the alumina porosity (see

Fig. 5). Starting from the Fick’s second law of diffusion, one

can show that the ratio between the diffusion distances of an

atom at two distinct temperatures is given by:

X2

X1

¼
ffiffiffiffiffiffi
D2

D1

r
(1)



Fig. 3. SEM micrographs of alumina supports obtained in this work. (I–III) Green body; (IV–VI) support heat treated at 1300 8C.
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where X and D are the diffusion distance and diffusion coeffi-

cient of the atom. Assuming T1 = 800 8C and T2 = 1500 8C, and

taking into consideration the activation energy for diffusion of

aluminum in alumina proposed by Kingery and Paladino [11]

(477 kJ/mol):

X2 � 38570X1 (2)

Thus, it follows that increasing the alumina heat treatment

temperature the densification degree also increases because the

aluminum diffusion is favored at high temperatures. In an

apparently contradictory way, the green body shows a porosity

lower than that observed for the sintered samples. This is

because pores of the green body are filled by the PVA used in its

processing. During the heat treatment the PVA is removed,

resulting in increasing the alumina porosity [12]. The high

porosity shown by the sample heat treated at 800 8C could

impair its mechanical stability, and also prevents its application

in gas separation processes.
Fig. 4. Typical cross section obtained by m-CT of the alumina supports

produced in this study. The white and gray regions represent the solid phase.
The fragmentation index (FI) is an inverse index of

connectivity and it is a measure of the relative convexity or

concavity of the pores [13]. It was originally applied by Hahn

et al. [14] to 2D images of trabecular bone. A low FI value

signifies better-connected pore networks and has a negative

index. On the other hand, a high FI indicates a more

disconnected pore networks and has a positive index [9]. In

general, the higher the heat treatment temperature, the higher is

FI. This indicates that increasing the alumina heating

temperature results in more disconnected pore networks.

According to Burggraaf [15], systems with highly intercon-

nected pore structures usually have tortuous pore networks with

many constrictions and dead-end pores. This is not favorable

for their transport properties and becomes more important the

lower their porosity. On the other hand, systems with poorly

interconnected pore structures show a low fluid permeability.

Based on the results presented until here, we have decided to

carry out the single-gas permeation experiments in the alumina

heat treated at 1300 8C, since it has presented a pore structure

with proper characteristics to be used as support in gas

separation processes. Fig. 6 shows the SEM micrographs of this

support after its coating with the titania film. The presence of

titania among the alumina particles is highlighted when this

micrograph is compared with those shown in Fig. 3. This

observation was also confirmed by EDS analyses.

Fig. 7 shows the CO2 permeance as a function of the feed

pressure for alumina support heat treated at 1300 8C, before and

after the deposition of titania films on its surface. The dotted

lines are used only as guide to the eyes. We observed that the

influence of the titania coating is best viewed when the

membrane heat treatment temperature is increased to 550 8C.

Previous studies revealed that the rise of the titania heat

treatment temperature leads to structures with lower pore

connectivity [16]. The specific surface areas and pore volumes

obtained by nitrogen sorption on titania self-supporting films

are given in Table 2. From these data and the equation proposed



Fig. 5. Microstructural evolution of alumina during its heat treatment. 3D-models based on m-CT results. (I) Sample heat treated at 800 8C; (II) heat treated at

1100 8C; (III) heat treated at 1300 8C; (IV) heat treated at 1500 8C.
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by Vasconcelos et al. [17], we observed that the genus per unit

volume of the titania films heat treated at 180 8C and 550 8C are

2.1 � 1019 cm�3 and 5.5 � 1015 cm�3, respectively. As shown

in Figs. 8 and 9, the supported membrane heat treated at 550 8C
showed separation efficiency similar for the He/CO2 and He/N2

systems. Because of the similar kinetic diameter of nitrogen and

carbon dioxide, the N2/CO2 system showed a separation

efficiency lower than those observed for the He/CO2 and He/N2

systems; since helium is smaller and lighter than CO2 and N2, it

diffuses much faster through the membrane framework [18].

Properties of gas flow in porous solids depend on the ratio of

the number of molecule–molecule collisions to that of the

molecule–wall collisions. When the number of intermolecular

collisions is strongly dominant, the Poiseuille mechanism is
Table 1

Main morphological parameters obtained by m-CT for the samples analyzed.

Material MPS (mm) OPAR (mm�

Green body 24.1 � 0.1 0.05 � 0.01 

Alumina heat treated at 800 8C 22.5 � 0.2 0.08 � 0.01 

Alumina heat treated at 1100 8C 22.8 � 0.1 0.06 � 0.01 

Alumina heat treated at 1300 8C 20.7 � 0.3 0.05 � 0.01 

Alumina heat treated at 1500 8C 21.7 � 0.2 0.05 � 0.01 

MPS, mean pore size; OPAR, object perimeter/area ratio; TP, total porosity; OP, o
present. It is well established that for systems in which this mass

transport mechanism is dominant, the permeance (Fv) of a

given gas is described by:

Fv / Pm

h
(3)

where Pm and h are the average pressure and dynamic viscosity

of the gas. Based on this relation, we can conclude that at a

given pressure:

FvðHeÞ < FvðN2Þ < FvðCO2Þ (4)

This was not observed in the analyzed membrane. This

suggests that the Poiseuille mechanism is not dominant in the

studied membrane, and indicates the absence of large amounts
1) TP (%) OP (%) FI (mm�1)

27.1 � 0.4 10.6 � 0.7 �0.024 � 0.002

43.4 � 0.9 35.1 � 1.4 �0.070 � 0.002

33.7 � 0.7 20.1 � 1.4 �0.045 � 0.001

30.2 � 1.1 14.6 � 1.5 �0.039 � 0.002

26.4 � 0.6 10.3 � 0.9 �0.018 � 0.002

pen porosity; FI, fragmentation index of pores.



Table 2

Specific surface areas and pore volumes of titania self-supporting films.

Heat treatment

temperature (8C)

Specific surface

area (m2/g)a

Pore volume

(cm3/g)b

180 187 0.08

550 7 0.01

a Evaluated by the BET multipoint method.
b

Fig. 8. Single gas permeances of He, N2 and CO2 through the membrane

obtained after heat treatment at 550 8C.

Fig. 6. SEM micrographs of alumina support heat treated at 1300 8C, after its coating with the titania film.
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of defects in it. However, the linear increase of the permeance

with the feed pressure reveals that the Poiseuille mechanism

may be contributing to the gas flow through the membrane.

When the number of molecule–wall collisions is strongly

dominant, the flow of a single gas through a capillary under the

action of a pressure gradient can be described by the Knudsen

equation:

FKn/
1ffiffiffiffiffi
M
p (5)

where FKn and M are the permeance and molecular weight of

the gas. Thus, for membranes in which the Knudsen regime is

dominant, the permeance plotted versus the feed pressure

Evaluated by the NLDFT method.
Fig. 7. CO2 permeance as a function of the feed pressure for alumina support,

before and after the deposition on its surface of titania films heat treated at

180 8C and 550 8C.
should give rise to a horizontal line because FKn is pressure

independent. Moreover, it can be shown from Eq. (5) that:

FKnðHeÞ
FKnðCO2Þ

� 3:3 (6)
Fig. 9. Separation factors of He/CO2, He/N2, and N2/CO2 for the membrane

obtained after heat treatment at 550 8C.
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FKnðHeÞ
FKnðN2Þ

� 2:6 (7)

and

FKnðN2Þ
FKnðCO2Þ

� 1:3 (8)

We observed that the obtained membrane showed a separation

factor lower than that expected for the Knudsen mechanism in the

investigated pressure range. However, we must to consider that

increasing the feed pressure leads to improving its separation

capacity. It is an important result because the high thermal and

mechanical stabilities of the alumina/titania system allow its use

in high pressure applications.

4. Conclusions

XDR analyses revealed that increasing the heat treatment

temperature leads to samples with higher crystallinity degree,

where the a-phase is dominant. All obtained supports showed a

type II nitrogen adsorption isotherm, typical of macroporous

solids. We observed by means of the BET multipoint method that

the obtained samples have specific surface areas of about 8 m2/g.

The SEM experiments showed the presence of coarse grains in

their micrographs. We believe that this is due largely to the high

granulometry of the raw materials used in the green body

processing step. We also observed that the higher the heat

treatment temperature, the more smooth are the alumina particles.

According to the m-CT analyses, the alumina supports

obtained in this work have mean pore size of about 23 mm. We

also observed that the higher the heat treatment temperature,

the lower is the alumina porosity. In an apparently contradictory

way, the green body shows porosity lower than that observed

for the sintered samples. This is because the pores of the green

body are filled by the PVA used in its processing. During the

heat treatment the PVA is removed, resulting in increasing the

alumina porosity. In addition, the higher the alumina heating

temperature, the more disconnected is its pore network.

We observed that although the alumina supports obtained in

this work have not been submitted to any surface finishing

procedure, the obtained membrane has potential application in

gas separation processes. We observed that increasing the

pressure feed leads to improving its separation capacity. This is

an important result because the high thermal and mechanical

stabilities of the alumina/titania system allow its use in high

pressure applications.
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