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A B S T R AC T

A nickel fi lter for hot gas cleaning was successfully fabricated by pressing micron-size nickel 
powder. The deposition of the alumina coating on nickel powder having a particle size distri-
bution of 2 to 10 μm is the fi rst step in the fabrication procedure. The raw nickel powder and 
alumina modifi ed nickel powder were pressed in a cylindrical metal mold under a pressure of 
42 MPa and then heat treated in the temperature ranges of 450–900°C and 1100–1400°C, respec-
tively, for 10 h in pure hydrogen to endow them with thermal stability and mechanical strength. 
SEM, mercury porosimetry and the air permeation test showed that the alumina coating on the 
surface of the nickel powder hindered the sintering and agglomeration of nickel up to 1200°C, 
while the pore structure of the un-modifi ed nickel fi lter was destroyed at 550°C. We believe that 
the nickel fi lter developed herein could be applied not only to high temperature processes, such 
as solid fuel gasifi cation for the reliable and environmentally sound operation of subsequent 
processes, but also provide energy savings and more effective whole process optimization.

Keywords: Filter; Hot gas cleaning; Nickel powder; Pressing; Alumina coating

1. Introduction

High temperature gas cleaning is one of the most 
promising technologies, because it can potentially 
achieve substantial energy savings and provide more 
effective whole process optimization. This means that 
the installation of a high temperature gas cleaning pro-
cess can protect the subsequent parts of the system, 
such as condensation equipment, heat exchangers and/
or wet scrubbers. Some potentially applicable processes 
for high temperature gas cleaning are shown in Table 1.

Among these processes, the gasifi cation process for 
solid fuels, such as coal, biomass and waste, has attracted 
a great deal of attention, because of the recent increase in 
the price of oil and (the problems posed by°C) greenhouse 

gases. The gas produced by the solid fuel gasifi cation pro-
cess consists of hydrogen, carbon monoxide and hydro-
carbons and can be used as a fuel in molten carbonate fuel 
cells (MCFCs) and gas turbines or as a raw material for 
the synthesis of hydrocarbons, i.e., methanol, liquefi ed 
petroleum gas (LPG), gasoline, etc. [15–19]. However, 
apart from the main gas components, i.e., N2, H2, CO, CO2, 
H2O and CH4, the product gas from the gasifi er contains 
several impurities, such as particles, tars, alkalis (Na, K), 
nitrogen compounds and sulfur compounds. [2,15,20,21]. 
The particles are especially likely to result in plugging, the 
abrasion of downstream equipment and environmental 
pollution. Even though a large portion of these particles 
are of micron size in terms of their mass distribution, the 
number of sub-micron size particles is quite high. Thor-
ough gas cleaning of the gasifi cation gas is therefore essen-
tial for reliable and environmentally sound operation [22].
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There are different kinds of fi lter media. While fi ne 
pore size ceramic media are available for use at high 
temperature [23,24], ceramic fi lters have some limita-
tions, i.e., weak mechanical strength, long-term micro-
structural instabilities under the operating conditions of 
temperature and vapor, and permeability limitations. On 
the other hand, metal fi lters have potential advantages, 
such as good handling, mounting and sealing proper-
ties and the ability to withstand the thermo-mechanical 
shocks and stress caused by system vibration [25]. These 
fi lters can be cleaned in situ by back pulsing, washing 
with water or other methods. Unfortunately, metal fi l-
ters cannot remove the ultrafi ne particles in the sub-
micron size range from the gases introduced into the 
solid fuel gasifi cation process.

  In our previous paper, we showed that nickel fi l-
ters could separate sub-micron size NaCl particles with 
a very high separation effi ciency [26]. The aim of this 
study is to increase the sustainable temperature of nickel 
fi lters used to separate ultrafi ne particles from gas with 
high effi ciency. Coating alumina on the nickel powder, 
pressing in a cylindrical metal mold, and sintering were 
used to manufacture this kind of high effi ciency nickel 
fi ltering media. The gas permeation test based on the 
pressure difference was carried out with air at room tem-
perature. The nickel and alumina modifi ed nickel fi lters 
were characterized by SEM and mercury porosimetry.

2. Experimental

2.1. Fabrication of nickel and alumina modifi ed nickel fi ltering 
media

A pure nickel powder purchased from Chang-Sung 
corp. with a purity of 99.9% and particle size distribution 
from 2 to 10 μm was coated with aluminum nitrate solu-
tion by the incipient wetness impregnation method. An 
appropriate amount of aluminum nitrate (Al(NO3)39H2O, 
Aldrich) was dissolved in deionized water and the solu-
tion was added to the dried nickel powder to obtain 0.5 
wt.% Al. The alumina modifi ed nickel powder was then 

dried in a convection oven (120°C) for 4 h and calcined 
at 400°C for 4 h. 15 g of the raw and alumina modifi ed 
nickel powders were compressed without a binder in a 
metal cylindrical mold with a diameter of 50 mm using a 
homemade press under a pressure of 42 MPa. The com-
pressed nickel fi lters and alumina modifi ed nickel fi lter 
were further heat treated in a vacuum furnace fi lled 
with high-purity hydrogen. The temperature ranges of 
the nickel fi lter and alumina modifi ed nickel fi lter were 
450–900°C and 1100–1400°C, respectively. The thickness 
of the prepared nickel fi lters was around 1.5 mm. Table 2 
lists the fabrication conditions of the nickel fi lters (des-
ignated as the CN series) and alumina modifi ed nickel 
fi lters (designated as the AC series). SEM analysis was 
used to examine the surface properties of the nickel and 
alumina modifi ed nickel fi lters. The average pore size, 
total pore volume and porosity of the prepared fi lters 
were measured by mercury porosimetry (Micromeritics, 
Autopore °C 9500).

Table 1
Potentially applicable processes for high temperature gas cleaning

Industry Process Temperature [°C] Ref.

Power generation Coal combustion Up to 1,500 [1]
Gasifi cation Up to 1,450 [2][3]

Waste handling Incineration/gasifi cation Up to 1,200 [4][5][6]
Chemical process Catalytic cracking 200–600 [7][8]

Calcination/drying Up to 1,300 [9]
Particle production in the gas phase
(e.g., TiO2, SiO2)

Up to 1,400 [10][11]

Metal-processing industry Metal roasting and Smelting Up to 1,000 [12]
Ceramic industry Glass/ceramic production Up to 1,200 [13]
Motor vehicle Diesel particulate fi lter (DPF) 600–700 [14]

Table 2
The fabrication conditions and thickness of the nickel nano-
fi lter

Filter Fabrication 
pressure [MPa]

Heat treatment 
temperature [°C]

CN042045 42 450
CN042050 42 500
CN042055 42 550
CN042060 42 600
CN042065 42 650
CN042070 42 700
CN042080 42 800
CN042090 42 900
AC042110 42 1100
AC042120 42 1200
AC042130 42 1300
AC042140 42 1400

CN: Nickel powder; 
AC: Alumina coated nickel powder.
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2.2. Gas permeation test

The gas permeation test was conducted with air at 
temperatures in the range from room temperature to 
700°C. The permeation apparatus consisted of a fi lter 
assembly, pressure indicator, mass fl ow controller and 
digital bubble fl ow meter, as shown in Fig. 1. Air was 
introduced by a mass fl ow controller (MCF, Brooks 5850 
E series) and the pressure was detected by a digital 
pressure regulator (Alicat, PC-30PSIG-D). The air per-
meation fl ux was measured by a digital soap-bubble 
fl ow meter (SENSIDYNE, Gilibrator 2). The fi lter was 
inserted in the fi lter holder and fastened to the holder by 
a Viton O ring for use at room temperature and a metal 
O ring for use at high temperatures.

3. Results and discussion

3.1. Filter properties

In previous studies, we showed that the gas perme-
ation decreased with increasing fabrication pressure [26]. 
This means that the fabrication pressure is one of the 
most important means of increasing the air permeation. 
On the other hand, heat treatment improves the mechan-
ical strength and thermal resistance of the fi lter. How-
ever, small sized metal powders are prone to be sintered 
at high temperature. This causes the porosity, average 
pore diameter and total pore volume of the fi lter, as well 
as the air permeation fl ux, to decrease. In order to clar-
ify the effect of the heat treatment temperature, the CN 

series and AC series fi lters were treated in the tempera-
ture ranges of 450–900°C and 1100–1400°C, respectively. 
Fig. 2 shows the SEM images of the CN and AC series 
nickel fi lters. Since it underwent sintering from 600°C 
(CN042060), the undulating surface of the raw nickel 
powder became smooth. Furthermore, above 700°C 
(CN042070), the pore fraction drastically decreased with 
increasing heat treatment temperature. On the other 
hand, the AC series fi lters showed a very stable structure 
up to 1200°C (AC042120). At 1300°C (AC042130), the fi l-
ter partly melted and some pores became plugged. At 
1400°C (AC042140), the majority of the fi lter melted and 
most of the pores became plugged.

In Fig. 3, the porosity and average pore diameter of 
the CN (a) and AC (b) series fi lters are shown as a func-
tion of the heat treatment temperature. As shown in this 
fi gure, the porosity of the CN series fi lters increased as 
the heat treatment temperature increased from 450 to 
500°C and then decreased as the heat treatment tem-
perature was further increased. On the other hand, the 
average pore diameter of the CN series fi lters increased 
as the heat treatment temperature increased from 450 
to 550°C and then decreased as the heat treatment tem-
perature was further increased. The surface sintering 
of nickel powder at 550°C extends its pore size and 
seems to cause the porosity and average pore diameter 
to increase. However, above 550°C, the nickel pow-
der melts and its pores become plugged, resulting in 
a decrease of its porosity and average pore diameter. 
On the other hand, the porosity of the AC series fi lters 
decreased with increasing heat treatment temperature, 
while their average pore diameter increased as the heat 
treatment temperature increased from 1100 to 1300°C 
and then drastically decreased at 1400°C. While the 
porosities of the AC series fi lters treated at tempera-
tures of up to 1200°C were similar to those of the CN 
series fi lter treated at temperatures of up to 600°C, their 

Fig. 1. Schematic diagram of air permeation apparatus.

Fig. 2. The surface SEM images of the CN and AC series 
fi lters: ×2,000.
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total volume of AC042130 treated at 1300°C was much 
less than those of AC042110 and AC042120.

3.2. Air permeation test

In Fig. 5, the air permeation of the CN (a) and AC (b) 
series fi lters are shown as a function of the pressure drop. 
The air permeations of the CN series fi lters increased 

average pore diameters were smaller than those of the 
CN series fi lters.

Fig. 4. shows the pore distributions of the CN and AC 
series fi lters. The pore distributions were affected by the 
heat treatment temperature. In the case of the CN series 
fi lters, the total pore volumes decreased as the heat treat-
ment temperature increased. While the total volumes of 
AC042110 and AC042120 were similar to each other, the 

Fig. 4. Pore distributions of CN (a, b) and AC series fi lters (c, d): (a) and (c) are the incremental intrusion; (b) and (d) are the 
cumulative intrusion.

Fig. 3. The porosity and average pore diameter of the CN (a) and AC (b) series fi lters.
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 linearly with increasing pressure drop. Although the 
rate of increase of the air permeation (slopes of graph) 
generally decreased with increasing heat treatment 
temperature, that of CN042050, i.e., treated at 500°C, 
was larger than that of CN042045, i.e., treated at 450°C. 
Except for these two fi lters, the air permeation fl uxes 
of all of the CN series fi lters decrease with increasing 
heat treatment. Above 700°C, their air permeation dras-
tically decreased and the air permeation of CN042900 
was approximately half that of CN042800. According to 
the porosity and average pore diameter analysis in Fig. 
3, these fi lters seem to have similar porosities and pore 
diameters. However, Fig. 4 shows that CN042800 has a 
broader pore distribution than CN042900. We can con-
clude that the broad pore distribution of CN042800 is 
responsible for its having a higher air permeation fl ux 
than that of CN042900.

The air permeation fl uxes of the AC series fi lters in 
Fig. 5 (b) also increased linearly with increasing pres-
sure drop. The air permeation fl ux of AC042130 treated 

at 1300°C was much less than those of AC042110 and 
AC042120. The air permeation fl ux of AC042120 treated 
at 1200°C was similar to that of AC042110 treated at 
1100°C. This can be explained by their pore distributions 
shown in Fig. 4 (b). The pore distributions of AC042110 
and AC042120 were almost the same.

Fig. 6 (a) shows the effect of the heat treatment tem-
perature on the air permeation fl ux of the CN series fi l-
ters. It can be seen that the air permeations of CN042045 
and CN042055, which were treated at 450°C and 550°C, 
respectively, were almost the same. CN042050, which 
was treated at 500°C, had a higher air permeation fl ux 
than CN042045, which was treated at 450°C. This can be 
explained by the results of the porosity and average pore 
diameter analysis shown in Fig. 3, where the porosity and 
average pore diameter of CN042050 are seen to be larger 
than those of CN 042045. Although the air permeation 
drastically decreased above 700°C, the rate of decrease 
of the air permeation was relatively small up to a heat 
treatment temperature of 650°C. This means that the CN 
series fi lters can withstand temperatures of up to 650°C. 

Fig. 5. The air permeation fl ux as a function of the pressure 
drop of the CN (a) and AC (b) fi lters: the test temperature is 
room temperature.

Fig. 6. The air permeation fl ux as a function of the heat treat-
ment temperature for the CN (a) and AC (b) series fi lters: the 
test temperature is room temperature.
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However, these fi lters cannot be directly applied to pro-
cesses demanding very high temperature gas cleaning, 
such as solid fuel gasifi cation, etc. On the other hand, the 
results obtained for the AC series fi lters in Fig. 6 (b) show 
that the air permeation fl uxes of AC042110 and AC042120 
were similar to each other. The air permeation fl ux of 
AC042130 was higher than that of CN042090. While the 
average pore size and porosity (Fig. 3) of CN042090 and 
AC042130 are almost the same, the pore distribution of 
(Fig. 4) the latter was broader than that of the former and, 
thus, AC042130 has a higher air permeation fl ux than 
CN042090. The air permeation fl ux of AC042130 was 
much smaller than those of AC042110 and AC042120.

We performed air permeation tests on the AC042120 
fi lter at different temperatures. Fig. 7 displays the air 
permeation fl ux as a function of the operating tempera-
ture. The air permeation fl ux decreased with increasing 
operation temperature. Its rate of decrease remained 
almost the same as the viscosity of air increased. From 
the air permeation test, we can conclude that the alu-
mina modifi ed nickel fi lter can withstand temperatures 
of up to 1200°C.

4. Conclusions

An alumina coating was deposited on nickel nano-
fi lters to increase their thermal stability for hot gas clean-
ing. The average pore diameter, porosity and total pore 
volume, which strongly affect the air permeation fl ux, 
could be controlled by adjusting the fabrication pres-
sure and heat treatment temperature. The SEM, mercury 
porosimetry and air permeation analyses showed that 
the alumina coating on the surface of the nickel fi lters 
enabled them to withstand temperatures of up to 1200°C.

We believe that the nickel fi lters developed herein 
could be applied to high temperature processes, such 
as solid fuel gasifi cation, not only for the reliable and 
environmentally sound operation of the subsequent 
processes, but also to provide energy savings and more 
effective whole process optimization.
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