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ABSTRACT

ZnO and SiC powders were fabricated to make crack-free composite membranes. Parts of some membranes were re-treated

with an encapsulation process. These membranes were characterized by XRD, BET, and FE-SEM analyzes. The hydrogen perme-

ation fluxes of the encapsulated and heat-treated membranes after encapsulation were observed using Sievert’s type equipment.

Values were measured at 1 bar with increasing temperatures. The obtained values of encapsulated and further heat-treated

membrane at 298 K were 4.20 × 10−6and 8.64 × 10−5 mol/m2sPa, respectively. 
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1. Introduction

iC has a limitation as an inorganic gas separation mem-

brane because of its mechanical hardness and porosity.

To solve these problems, SiC-based composite membranes

can be used by selecting a variety of materials and employ-

ing multiple mixing.1,2) A suitable selection of materials can

ensure that the composite membrane will have long a life-

time while maintaining high gas permeation flux and perm-

selectivity. The crystallites, the surface morphology, and the

other properties of the composite membrane can be depen-

dent on synthetic process.3, 4)

A novel encapsulation process is employed using a modi-

fied sol-gel process to control the porosity of the sintered

composite membrane. Membrane is first functionalized by

3-Aminopropyltrimethoysilane (APTMS) and then re-

treated with silica sol obtained from hydrolysis and poly-

condensation. APTMS was used as a sol additive surfactant.

The sol additive from the liquid phase will promote densifi-

cation and consolidation of the surface coating to fill only

porous membrane. Surface modification will provide a den-

sification of the surface as well as interlayers between the

nano-sized composites. In a previous study, it was sug-

gested that membrane separation performance can be

improved by an additional operation such as a mixing of

additives or a modification of the synthetic conditions, both

of which might have the effect of changing pores of mem-

brane.6,7)

To improve the mechanical strength and control the

micro-structure of the composite membrane, we fabricated

an SiC-based ZnO composite membrane with heat-treat-

ment at 1300oC as a untreated sample. Then, parts of the

membrane were re-treated with an encapsulation process;

the other parts were further heat-treated after encapsula-

tion. These composite membranes, encapsulated and encap-

sulated with further heat-treatment at 600oC, were

characterized by XRD, FE-SEM, and BET analyses as well

as with hydrogen permeation experiments.

2. Experimental Procedure

2.1. Membrane fabrication

Disc shaped membranes were prepared by mixing a 4 : 1

ratio of β-SiC (200 - 400 mesh) (CAS No.409-21-2, Aldrich)

and ZnO powder (99 - 100.5%, CAS No. 1314-13-2, Aldrich)

including 9 wt% of phenolic resin. By uniaxial pressing at

200 bar, mixed powders were pressed into a mold with a

diameter of 14.5 mm and a thickness of 2 mm. The molded

membrane was sintered at 1300oC for 3 h under air.

2.2. Encapsulation of membrane with silica sol

Membrane was treated with 1.718 mmol of the 3-Amino-

propyltrimethoysilane (APTMS) in 95% ethanol solvent.

This membrane was dried at 105oC after washing with the

solvent. This membrane was encapsulated with a solution

of tetraethly orthosilicate (TEOS, 10.56 mmol) with 15 ml of

30% ammonium hydroxide in ethanol for 3 h. The encapsu-

lated membrane was washed again with ethanol and dried

at 105oC for 12 h. This dried membrane was heat-treated at

600oC for 1 h.

2.3. Characterization of powder and membrane

The crystal structure of the ZnO-SiC membrane was mea-

sured by X-ray diffraction analysis (Bruker D8 Focus,

CuKα, 40 Kv, 40 mA). The pore size distribution was deter-

mined with a Brunauer–Emmett–Teller surface analyzer

(BET, BELSORP-max mini II) under the adsorption-desorp-

S

Communication



November  2014 Hydrogen Permeation of ZnO-SiC Membranes Encapsulated with SiO
2

567

tion of N
2
 gas. Field Emission-Scanning Electron Micros-

copy (JEOL_JMS 7500F) was used to observe the surface

and cross section of the membrane. Hydrogen permeability

was measured using our own equipment.6) This experiment

for encapsulated and heat-treated after encapsulation sam-

ples was evaluated from room temperature to 300oC under a

pressure of 0.1 MPa.

3. Results and Discussion

XRD patterns of the (a) SiC and (b) ZnO powders, and (c)

untreated, (d) encapsulated, and (e) heat-treated mem-

branes after encapsulation are shown in Fig. 1. All of the

peaks are sharp and the original ZnO (hexagonal) and SiC

(moissanite 6H) peaks can be seen. The new SiO
2 

peaks

were generated by oxidation because the sintering process

took place at 1300oC in air. One of the SiO
2
 was analyzed to

have a cristobalite tetragonal (JCPDS file No. 00-039-1425,

a, b = 4.97, c = 6.92 nm) structure; the other peaks indicated

a coesite monoclinic structure (JCPDS file No. 00-079-0445,

a = 7.14, b = 12.37, c = 7.17 nm). These structures have

arisen due to the sintering process and increased by the

encapsulation process. The phase of the overall SiC was

changed during the sintering process from moissanite 6H

(JCPDS file No. 01-075-1541, a, b = 3.095, c = 15.17 nm) to

84R (JCPDS file No. 01-073-2086, a, b = 3.07, c = 210.7 nm).

From Fig. 1 (d) and (e), the peaks for SiC and ZnO were sig-

nificantly reduced after the encapsulation process, with no

difference between the membranes.

FE-SEM images of the surface and cross section are

shown in Fig. 2. In (b) and (e), the encapsulated membrane

indicates a smoother and denser surface than that of the

untreated membrane. Densification have arisen and devel-

oped due to SiO
2
 produced by the encapsulation process.

The presence of many -OH groups functionalized on the sur-

face could prevent a strong tendency of nanoparticles to

undergo agglomeration. This treatment leads to a modifica-

tion and densification of the composite membrane. The

domain of the heat-treated membrane, shown in (c) and (f),

has shown slightly larger pores and a more irregular size

than those characteristics of the encapsulated one. 

To further elucidate the influence of this treatment, BET

analysis was performed using the BJH (Barrett-Joyner-Hal-

enda) method, with results shown in Fig. 3. All membranes

have similar meso-porous S-shape patterns. The typical IV

Fig. 1. XRD patterns of (a) SiC powder, (b) ZnO powder, (c)
untreated, (d) encapsulated, and (e) heat-treated mem-
branes after encapsulation.

Fig. 2. The surface photographs of (a) untreated, (b) encapsulated and (c) heat-treatedmembranesafter encapsulation and the
cross sectional images of (d) untreated, (e) encapsulated and (f) heat-treated membranesafter encapsulation.
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type of the N
2 

hysteresis loops are defined by the IUPAC

(International Union of Pure and Applied Chemistry). This

is commonly associated with slit pores or voids between

close-packed spherical particles.6)  Pore diameters of the cor-

responding membranes were about 23.28, 13.70, and 29.88

nm. As can be seen in the inset graph, the pore volume was

reduced from the untreated to the encapsulated sample,

and then increased for the heat-treated membrane. There-

fore, the size of the pores seems to be reduced and the mem-

brane becomes denser after encapsulation.

Figure 4 shows the values of the flux for the encapsulated

and the heat-treated membranes after encapsulation

through H
2
 gas. In the untreated membrane, flux value was

not measure because hydrogen was passing through. How-

ever, the values were found to drop with increasing tem-

peratures both case of encapsulated and heat-treated

membranes. This indicates that these membranes follow

the Knudsen diffusion mechanism and the values in heat-

treated one are larger than those of the simply encapsulated

one. This is caused by the pore size and volume changes,

which were observed by FE-SEM and BET analyses. Per-

meability is generally found to decrease along with

decreases of the pore size and the total porosity of the mem-

brane. The porosity was measured using the specific gravity

method and were approximately 15.7, 15.3, and 23.5%. This

trend was the same as those found in the BET results.

The heat changes in this process, obtained from the

Arrhenius’ plot, were similar and were calculated for both

the encapsulated membranes and the membranes that were

heat-treated after encapsulation. The values obtained were

1.21 and 1.76 J/mol, respectively. However, the porosity,

density, and microstructure of these samples should be

studied more to consider the gas perm-selectivity because

the separation mechanism is known to depend on physical-

chemical factors and several other, combined factors. 

4. Conclusions

A sintered ZnO-SiC membrane was re-treated using an

encapsulation process. A good quality membrane was

obtained with no cracks even after annealing. Hydrogen

permeation values of the encapsulated and further heat-

treated membranes were obtained with variation of the

temperature. The values of hydrogen flux between the

untreated and the encapsulated membranes were different;

it was not possible to measure the hydrogen flux value for

the untreated membrane. In this process, values for heat

change of the encapsulated and heat-treated membranes,

obtained from the Arrhenius’ plot, were similar. To control

the membrane morphology in the inorganic network matrix

and hence to enhance the permeability of the resulting com-

posite membranes, permselectivity of gas membranes will

require more study. 
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