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INTRODUCTION

Gas separation processes are present in several industrial 
areas. The hydrogen recovery in petroleum refining, the 
separation of nitrogen and oxygen from air, and the separation 
and recovery of carbon dioxide from biogas and syngas are 
examples of operations that have gained attention in relation to 
the use of membranes to promote the separation [1, 2]. In these 
processes, the membrane acts as a selective barrier, allowing 
or restricting components to pass based on the affinity of the 
molecules with the membrane material or on the difference of 
sizes between membrane pores and the molecules [3]. In this 
sense, membranes can be manufactured from different organic 
and inorganic materials to have a required characteristic for a 
given separation. Inorganic membranes had received fairly 
little attention for gas separation until the late 1990s. This 
has mainly been due to their porous structure and therefore 
less ability to separate gas molecules [4]. However, the use 
of inorganic membranes presents some advantages due to 
their extremely high thermal, chemical, mechanical and 
physical stability. Ceramic membranes are useful to withstand 
extreme conditions of gas operations such as large pH ranges, 
high temperatures, and high operating pressures without 
compaction and swelling, issues that commonly affect 

polymeric membranes. These characteristics make them 
applicable in several situations where polymeric membranes 
are not suitable to be used [5, 6].

Aluminum oxide or alumina (Al2O3) is one of the most used 
oxides for the production of inorganic (ceramic) membranes 
because of its great properties and high availability [2]. 
Among the techniques for preparing ceramic membranes 
are the extrusion, a widely studied and widespread method 
[7-10], the isostatic pressing, and the centrifugal casting [11, 
12], a technique typically used to cast thin-walled metallic 
cylinders, where a molten metal is centrifugally thrown 
against the inner wall of a cylindrical mold at a high speed, 
and solidifies after cooling. The centrifugal casting produces 
ceramic membranes structures with distinct properties when 
compared to the other techniques. The main advantage is 
the uniformity in particle packing, which results in a very 
homogeneous product with higher strength and a smoother 
inner surface [13, 14]. In this process, the powder is dispersed 
in a liquid to obtain a ceramic slurry, which is poured inside the 
cylindrical mold that rotates around its own central axis. The 
ceramic tube formed must be properly released and treated 
to result in a compact and homogeneous tubular structure 
[13, 15]. After drying, the green ceramic tube is sintered at 
elevated temperatures to increase its mechanical strength. 
Morphological characteristics of the tube such as pore shape, 
surface area and porosity, and the neck area and grain size 
of alumina are modified during the sintering process [16-18], 
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impacting the performance of the selective layer to separate 
gas molecules. The sintering procedure should be carefully 
designed to strengthen the structure without totally densify 
the green tube, but little attention has been given to this step in 
relation to the membranes prepared by the centrifugal casting 
method. Thus, the present study focused on preparing tubular 
alumina-based ceramic membranes using the centrifugal 
casting technique and evaluating the effects of two different 
sintering temperatures on the tube’s properties. The tubes 
were characterized according to the morphology, the porosity 
and the permeation performance to pure gases.

MATERIALS AND METHODS

Raw material: the alumina powder (CT3000SG, Almatis, 
99% Al2O3) was used for the centrifugal fabrication of ceramic 
tubes. Table I shows the main properties of the powder used, 
as supplied by the manufacturer. Distilled water was used to 
prepare the slurry and no dispersing agent was used.

Membrane preparation: the aqueous ceramic slurry 
was prepared by mixing 40 wt% alumina and 60 wt% 
distilled water. The slurry was kept under stirring at 
room temperature (~25 °C) for 20 min and subsequently 
sonicated for 10 min for removing air bubbles incorporated 
into the slurry during the stirring step. The slurry was 
poured into stainless steel tubes (length of 170 mm and 
internal diameter of 10 mm) with lids on both sides. The 
molds were placed in a special equipment (Fig. 1) and 
rotated at 4000 rpm for 8 min. The green ceramic tubes 
were dried at room temperature (~25 °C) for 48 h and 
then removed from the molds. Sintering was performed 

in a bench scale furnace (P330, Nabertherm) using the 
following ramp conditions: i) heating rate of 1 °C/min 
from room temperature to 100 °C; ii) step at 100 °C for 60 
min; iii) heating rate of 5 °C/min to 1100 °C; iv) step at 
1100 °C for 60 min; v) heating rate of 5 °C/min to the last 
temperature (1450 or 1500 °C); and vi) step for 180 min.

Alumina characterization: the phase identification of 
the commercial alumina CT3000SG was evaluated by 
X-ray diffraction (XRD, X’Pert MDP, Phillips; X-ray tube 
with CuKα radiation). 

Membranes characterization: the morphology of the 
external and inner surfaces and the cross-section of the 
ceramic membrane was analyzed by scanning electron 
microscopy (SEM, JSM 6060, Jeol; 15 kV, with gold 
plating). The apparent porosity of the ceramic membrane 
was determined by the Archimedes method (immersion) 
using distilled water, based on ISO 10545-3. This method 
can be used as an estimative of the membrane porosity, 
as suggested in [19-22]. Gas permeation tests were 
performed in a bench scale permeation unit (Fig. 2) with 
pure gases (helium, nitrogen, and oxygen). The tubular 
ceramic membrane was sealed and placed in a custom-
made permeation module. The gas flow rate measurements 
were performed at room temperature (~25 °C) with a 
variable transmembrane pressure difference from 1 to 
5 bar. The volumetric flow rates were determined by a 
variable volume method using a soap bubble flowmeter. 
The permeance of each gas was then calculated by:

=Pi
1

Qi

A.DP					     (A)

where Qi is the volumetric flow rate of gas i in the 
standard temperature and pressure, l is the thickness of the 
membrane (cm), A is the effective membrane area (cm2) 
and ∆P is the transmembrane pressure difference (cmHg). 
This equation is usually expressed in gas permeation unit 
[GPU=10−6.cm3(CNTP).cm−2.s−1.cmHg−1]. The membrane 
selectivity (αi/j) was evaluated in terms of ideal selectivity, 
calculated from the ratio of the pure gas permeances:

=ai/j
Pi

Pj

					     (B)

Property/method Typical Min Max
Specific surface 
area/BET (m2/g) 7.5 6.5 8.5

Particle size/D50 
Cilas (mm) 0.5 0.3 0.6

Chemical analysis (%)
Na2O 0.08 0.10
Fe2O3 0.02 0.03
SiO2 0.03 0.07
CaO 0.02 0.03
MgO 0.07 0.05 0.10

Table I - Properties of the CT300SG alumina powder.

Figure 1: Scheme of the system used in the preparation of ceramic 
tubular membranes.
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RESULTS AND DISCUSSION

Alumina characterization: the XRD pattern used to 
identify the phases of the alumina powder is presented 
in Fig. 3. Due to the characteristic peaks identified in the 
diffractogram in the scanning region from 10° to 70° (25°, 35°, 
37°, 43°, 52°, 57°, 59°, 61°, 66°, and 68°), it may be inferred 
that the commercial alumina CT3000SG was composed 
essentially by the crystalline phase alpha (α) alumina. 
Contreras et al. [23] and Martín-Ruiz et al. [24] found peaks 
with the same values of angles when characterizing alumina 
that also presented the crystalline phase of the type α. The 
alpha phase of alumina is considered one of the most stable 
and with great possibilities for applications, due to its good 
mechanical, thermal and electrical properties [25].

Membrane characterization: the morphology of 
the external and inner surfaces and the cross-section of 
the ceramic membranes sintered at 1450 and 1500 °C 
are shown in Fig. 4. Comparing the SEM images of the 
external surface with the images of the inner surface it was 
possible to verify that the later were smoother and more 
uniform than the former. The irregularities present outside 
the membrane were probably generated by the direct 
contact between the ceramic tube formed and the stainless-
steel mold. The better homogeneity of the inner surface 
may indicate that smaller particles, with lower mass, 
were deposited over larger particles or that the particles 
were better organized in the tube structure. This could be 
a consequence of the centrifugal force, which pushed the 
heavier particles to outside of the tube center more easily 
than the lighter particles, as already observed in [16, 26-
29], but analyzing the cross-section images, it was possible 
to note that the membrane morphology was practically 
symmetric for both sintering temperatures, 1450 and 
1500 °C. This meant that the rotation speed used in this 
work promoted a homogeneous dispersion of the alumina 
particles in the structure, obtaining symmetric pore size 
distribution and good densification of membrane structure 
[30]. It was also possible to verify that the increase of 
sintering temperature resulted in a more densified structure, 
which was in accordance to the effects produced by higher 
temperatures, once the grain growth affects the structural 
characteristics like porosity and density of ceramic tube [26, 

31]. The apparent porosity, measured by the Archimedes 
method, was performed to complement the results obtained 
in SEM analysis. The values obtained were 7% and 2.6% 
for the tubes sintered at 1450 and 1500 ºC, respectively. 
As expected, the membrane porosity decreased when the 
sintering temperature increased. The decrease in porosity 
and an increase of densification with increased sintering 
temperature confirmed the results from SEM analysis of 
cross-sections and by others [16, 26].

The gas separation performance of the ceramic 
membranes was assessed through gas permeation tests, 
employing pure helium (He), nitrogen (N2) and oxygen 
(O2). The permeances of each gas are reported in Fig. 5. 
The results obtained in the permeation tests evidenced the 
direct relation between the sintering temperature and the gas 
permeances. The gas fluxes increased when the feed pressure 
was increased, which was in accordance with the theory 
[32]. When comparing the different sintering temperatures, 
it was possible to observe that the increase of only 50 °C 
resulted in a tenfold reduction of the gas permeances. For 
the membrane sintered at 1450 °C, it was not possible to 
measure the He permeation when the pressure was higher 

Figure 4: SEM micrographs of surface and cross section of ceramic 
membranes sintered at: A) 1450 °C; and B) 1500 °C. 1-external 
surface, 2-inner surface, 3-cross-section, and 4-zoom of cross-
section.
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Figure 3: XRD pattern of CT3000SG powder.
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than 2 bar, and the N2 and O2 permeation when the pressure 
was higher than 4 bar. On the other hand, it was possible to 
perform the tests in the full range of pressures and flow rates 
of the equipment for the membrane produced at 1500 °C. The 
results were directly related to the effects of the temperature 
on the sintering of alumina, once higher temperatures 
densified the structure [11], reinforcing the results obtained 
in the porosity measurements and on a certain extent the 
SEM analysis.

The ideal selectivities to each specific pressure tested 
are presented in Table II for He/N2, He/O2 and O2/N2 pairs 
of gases. The ideal selectivity obtained could be compared 

to the Knudsen selectivity, which was calculated from the 
square root of the inverse molecular weight of the two gases 
(He/O2=3.0, He/N2=2.6, O2/N2=0.9) [3]. The selectivities of 
the membrane sintered at 1450 °C were close to the Knudsen 
selectivity for all pairs of gases, mainly at 2 bar. For the 
membranes sintered at 1500 °C, only the pair O2/N2 presented 
values comparable to the ideal Knudsen selectivity. These 
results indicated parallel transport mechanisms, such as 
surface diffusion and Knudsen diffusion. The mechanisms 
may have occurred simultaneously due to the differences of 
pores size and their distribution on the membrane surface, 
which may have affected the affinity of the membrane with 
the gas molecules transported [5]. Evaluating the influence 
of pressure on the ideal selectivity results for the different 
pairs of gases, in general, the increase in pressure reduced 
the ideal selectivity values. Similar results were reported 
in the literature, since an increase in system pressure, the 
driving force of the process, increases the gas permeance 
and reduces the ideal selectivity [33, 34].

CONCLUSIONS

The present study evaluated the effects of the sintering 
temperature on α-alumina gas separation membranes 
prepared by the centrifugal casting technique. The ceramic 
tubes obtained were characterized by SEM, apparent 
porosity and gas permeation (He, N2, O2). The higher 
sintering temperature reduced the apparent porosity and 
the permeance of gases, but had a minor effect on the ideal 
selectivity. Gases permeances followed the order He>N2≈O2, 
and the ideal selectivities indicated parallel transport 
mechanisms. The ceramic membranes developed have the 
potential for being applied in gas separation processes, but the 
preparation methodology must be improved for increasing 
their selectivity while keeping their gas permeances.
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