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Desulfurization using ZnO nanostructure prepared by matrix assisted method
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Abstract—A ZnO nanostructure having a high surface area was developed for use as a desulfurization sorbent. The
ZnO nanostructure was prepared by using zinc acetate and activated carbon by the matrix-assisted method. Activated
carbon was the matrix in the matrix-assisted method and zinc acetate was the precursor. The desulfurization tests of
the ZnO nanostructure were carried out in a packed bed desulfurization system in the temperature range of 300-500 °C.
The ZnO nanostructures before and after the sulfidation process were characterized by BET, XRD and SEM. The for-
mulated ZnO nanostructure consisted of ZnO nanoparticles with a size of 10-20 nm and its surface area was very high.
Therefore, the sulfur capture efficiency of the ZnO nanostructure was 3 times higher than that of commercial ZnO.
However, a reduction of some of the ZnO occurred because of the reducibility of the coal-derived gas, and the surface
area of the ZnO nanostructure was slightly reduced due to the sintering of ZnO. It was also confirmed that the silica
and alumina containing activated carbon used as the matrix prevent the thermal sintering of ZnO in the sulfidation pro-

cess at high temperature.
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INTRODUCTION

Zinc oxide is an excellent candidate for electro and electro-optical
devices, such as piezoelectric devices, transparent electrodes, blue-
violet optical emission devices and catalysts. The size and shape of
ZnO nanoparticles depend on the method of preparation, which can
be chemical vapor deposition (CVD), electro-deposition, vapor phase
transport, thermal evaporation using ZnO powder, etc. [1-7]. Herein,
nano-sized ZnO was synthesized by the matrix-assisted method,
and its possible application to the hot gas desulfurization (HGD)
process in integrated gasification combined cycle (IGCC) power
plants was studied. The sorbents used for ultra gas cleaning in the
HGD process are required to have not only a fast reaction rate in a
gas-solid phase reaction, but also a high sulfur capacity in order to
reduce the low concentration of sulfur compounds (H,S) contained
in the gasified fuel gas from 50 ppmv to 60 ppbv. These sorbents
should have a high surface area to meet this requirement.

The matrix-assisted method is a new technique designed to in-
crease the surface area of metal oxides without any loss of the pre-
cursors. In the matrix-assisted method, materials having a large sur-
face area such as activated carbon are used as the matrix and pre-
cursors to formulate a metal oxide loaded on their surface. The metal
oxide with a high surface area is obtained by the removal of the
spent activated carbon under an oxidizing atmosphere at high tem-
perature [8]. We formulated zinc oxide having a high surface area
by the matrix-assisted method with a zinc-based precursor. The de-
sulfurization properties of the high surface area ZnO nanostructure
prepared by the matrix-assisted method were investigated in the
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hot gas desulfurization process. The physical properties of the ZnO
nanostructure, such as its surface area, structure and surface mor-
phology, were measured by BET, XRD, SEM and TEM. The de-
sulfurization tests for the ZnO nanostructure were performed in a
fixed-bed reactor.

EXPERIMENTAL

1. Synthesis of ZnO by Matrix-assisted Method

The metal oxide sorbents with a high surface area used for the
HGD process were prepared by the matrix-assisted method [9] in
order to reduce the amount of sulfur compound (H,S) in gasified
fuel gas to less than 50 ppbv. In the preparation of the metal oxide
sorbents having a high surface area, a granular type of activated
carbon (Aldrich Co.) was used as the matrix, and the metal oxide was
supported by the impregnation method. Zinc acetate (Zn(C,H;0,),
2H,0, Aldrich Co.) was used as the precursor to formulate the metal
oxide. The prepared precursor/activated carbon sorbents were dried
for 12 hours at 150 °C to remove any moisture from the material.
The dried sorbent was then calcined for 6 hours at 550 °C. The sur-
face area, structure and surface morphology of the prepared ZnO
sorbent were measured with Brunauer-Emmett-Teller (BET) sur-
face area measurements (QuantaChrom, Autosorb-1-C), X-ray dif-
fraction (XRD; Rigaku D/MAX-2500), scanning electron microscopy
(SEM; Hitachi S-4100), electron dispersive X-ray spectrometry (EDX;
Horiba EX-300) and transmission electron microscopy (TEM; Hita-
chi H-7600).
2. Desulfurization Tests for Nano Size ZnO

Sulfidation was performed in a vertical type fixed-bed reactor
with a diameter of 10 mm placed in an electric furnace. A detailed
description of the experimental setup is given elsewhere [10]. The
experimental conditions and the compositions of the simulated coal
gases are shown in Table 1. The flow rates of the simulated coal
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Table 1. Experimental conditions and compositions of simulated
coal gas

Simulated coal
gas conditions

300, 400, 500 300, 400, 500

N,-balance

Experimental conditions ..
conditions

Sulfidation temperatures, °C

Space velocity, ml/h g-sorbent 30000 30000
Pressure, mmHg 760 760
H,S, ppmv 25 25
CO, vol% - 17.2
H,, vol% - 10.6
CO,, vol% - 6.1
H,0, vol% - 10
N,, vol% Balance Balance

gas entering the reactor were set to 125 ml/min and controlled by
mass flow controllers. All of the volumetric flows of the gases were
measured under standard temperature and pressure (STP) conditions.
The amount of fresh sorbents in the fixed-bed reactor was 0.25 g.
The sulfidation for the ultra cleanup was carried out in the temper-
ature range of 300-500 °C. The outlet gases from the reactor were
automatically analyzed by a gas chromatograph (GC, Donam instru-
ment 2400A) equipped with a thermal conductivity detector (TCD)
and a pulsed flammable photometric detector (PFPD, OI instrument
Co.). The columns used in the analysis were a 1/8 inch Teflon tube
packed with Chromosil-310 (Supalco) and a GS-GASPRO capil-
lary tube. The detectability of H,S with the PFPD used in this study
was 10 ppbv. The two kinds of gases used in this experiment were
N, balance and simulated coal gas, each containing 25 ppmv H,S.
When the H,S concentration of the outlet gases reached 2 ppmv,
the inlet stream was stopped. The sulfur capacity for the prepared
Zn0O was also calculated from the H,S breakthrough time.

RESULTS AND DISCUSSION
1. Morphologies of ZnO Nanostructure

The ZnO nanostructure having a high surface area used for coal
gas ultra cleanup was prepared by the matrix-assisted method. It
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Fig. 1. SEM image of ZnO nanostructure synthesized by matrix-
assisted method.
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Fig. 2. TEM image of ZnO nanostructure synthesized by matrix-
assisted method.

was reported in a previous study that the surface morphologies of
Zn0O nanostructures varied according to the kind of precursor ma-
terial used for their synthesis [11]. In this study, zinc acetate was
used as the precursor for the synthesis of the ZnO nanostructure
having a high surface area. It was confirmed by SEM that the ZnO
nanostructure synthesized with zinc acetate consisted of nanoparti-
cles with a size of about 10-20 nm, as shown in Fig. 1. The mor-
phology of the ZnO nanostructure was also investigated by TEM.
According to the TEM observations, the ZnO nanostructure pre-
pared with zinc acetate was composed of particles with a spherical
type whose size was about 10-20 nm and was uniform, as shown
in Fig. 2. The sorbent used for the ultra cleanup of coal gas should
have a high surface area. The surface area of the metal oxide sig-
nificantly affects the reaction rate in the gas and solid reaction sys-
tem. In particular, the gas absorption and adsorption rates for the
absorption and adsorption processes increased as the surface area
of the material increased. Therefore, these materials, which were
formulated by the matrix-assisted method, were excellent sorbents
for the ultra cleanup of coal gas containing hydrogen sulfide.
2. Physical and Chemical Properties of ZnO Nanostructure

The physical and chemical properties of the ZnO nanostructure
synthesized for the ultra cleanup of coal gas were investigated by
BET, EDX and XRD. The surface area of the ZnO nanostructure,
which was synthesized by the matrix-assisted method, was about
23.5 m’/g, which is about 3 times higher than that of commercial
7ZnO powder (4.49 m’/g). The crystal structure of the ZnO nano-
structure synthesized by the matrix-assisted method was analyzed
by XRD. The XRD pattern of the ZnO nanostructure matched the
typical peak pattern of the ZnO wurtzite structure, as shown in Fig.
3(a). The XRD pattern of ZnO showed an intensity ratio of 50 : 30 :
100 for the peaks at 2 theta=31°, 33° and 36°, respectively.

The other XRD peaks with a high intensity were observed at 2
theta=21 and 26.8°, as shown in Fig. 3(a). It was concluded that
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Fig. 3. XRD patterns of (a) ZnO nanostructure synthesized by ma-
trix-assisted method and (b) ash obtained from calcination
of activated carbon used as the matrix material at 550 °C.

these XRD peaks corresponded to the Si species. It has been reported
that the activated carbon used as the matrix material contains car-
bon and small amounts of several mineral components, such as silica
and alumina. Therefore, the activated carbon used in this study was
calcined in a furnace at 550 °C, and the elements present in the ash
obtained were analyzed by EDX. Silicon, aluminum and oxygen
were detected as the elements present in the ash, as shown Fig. 4(a)
and the weight contents of these components were 27.62% (Si),
10.38% (Al) and 62.00% (O), respectively. The ZnO nanostructure
synthesized by the matrix-assisted method was analyzed by EDX
and about 13.62% of silicon was detected. However, no aluminum
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Fig. 4. EDX diagram of (a) ZnO nanostructure synthesized by ma-
trix-assisted method and (b) ash obtained from calcination
of activated carbon used as the matrix material at 550 °C.
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was detected in the ZnO nanostructure. We concluded that the small
amount of aluminum contained in the ZnO nanostructure was not
detected due to the ZnO coated on the surface of the matrix. It was
also confirmed by comparison with the JCPDS card that the peaks
at the 2 theta (intensity ratio) values of 20.9° (21.2), 26.6° (100),
50.1° (11.1) in the XRD pattern, as shown in Figs. 3(a) and (b), agreed
with those of SiO, with a hexagonal structure. No peaks correspond-
ing to any Al species were observed in the XRD pattern because of
the presence of amorphous aluminum oxide. It was reported that
inert additives such as alumina and silica can prevent the sintering
of zinc-based sorbents under high temperature conditions [12-14].
We concluded that the silica and alumina contained in the ZnO nano-
structure formulated by the matrix-assisted method would prevent
the sintering of the ZnO nanoparticles at high temperature. The sin-
tering of the ZnO nanoparticles caused a reduction in the surface
area. Therefore, we expected that the ZnO nanostructure prepared
by the matrix-assisted method would be stable under high temper-
ature conditions, due to the prevention of ZnO sintering by the silica
and alumina contained within it.
3. Desulfurization Tests for ZnO Nanostructure Under Simu-
lated Coal Gas

The ability of the ZnO nanostructure to act as a sorbent for hot
gas desulfurization in a fixed bed gas-solid reaction system was stud-
ied. The H,S absorption test of the ZnO nanostructure formulated
by the matrix-assisted method was carried out in comparison with
that of commercial ZnO powder used for the ultra cleanup of coal,
and the H,S breakthrough curves obtained as a result of these two
experiments are shown in Fig. 5. The conditions used for the de-
sulfurization test are shown in Table 1. The H,S breakthrough times
for the ZnO nanostructure and commercial ZnO were 16.6 h and
5.2 h at a sulfidation temperature of 500 °C, respectively. No H,S
was detected in the outlet of the reactor before the breakthrough
time. The sulfur capacities for the ZnO nanostructure and commer-
cial ZnO at the breakthrough time were 1.58 gS/100 g-sorbent and
0.496 25/100 g-sorbent, respectively. The sulfur capacity of the ZnO
nanostructure was higher than that of the commercial ZnO, due to
the high surface area of the ZnO nanostructure synthesized by the
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Fig. 5. H,S breakthrough curves for commercial ZnO and ZnO
nanostructure formulated by matrix-assisted method ob-
tained from the sulfidation tests at 500 °C.
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matrix-assisted method. The surface area of ZnO in the gas-solid
reaction system determines the number of absorption sites provid-
ing contact between H,S and ZnO. Therefore, using a ZnO nano-
structure having a high surface area is profitable for the ultra cleanup
of gas with a low H,S concentration ranging from less than 25 ppmv
to below 60 ppbv. It was reported in our previous study that a high
surface area absorbent has a high sulfur absorption rate [8].

4. Effect of Reducing Gases

The sulfur absorption behavior of the ZnO nanostructure formu-
lated by the matrix-assisted method was investigated under highly
reducing gas conditions using coal derived gas. The typical com-
ponents of the reducing gas contained in the coal derived gas are
hydrogen and carbon monoxide, and the composition of these re-
ducing gases was about 10.6% (H,) and 17.2% (CO). Some of the
ZnO0 is reduced to elemental zinc by the reducing gases under high
temperature conditions. Zinc-based sorbents reduced by reducing
gases are also easily sintered or melted at a high sulfidation tem-
perature, because the melting point of metallic zinc is 419 °C, and
its surface area may be reduced due to the growth of ZnO crystal-
lites resulting from the sintering of the elemental zinc produced by
the reduction of ZnO. The reducing gases can be converted to COS
and H,S by their reaction with the ZnS resulting from the sulfida-
tion of ZnO. These reaction behaviors of the reducing gases would
deteriorate the sulfur capacity and the sulfur absorption rate of the
sorbents.

The sulfidation tests for the ZnO nanostructure synthesized by
the matrix-assisted method were carried out under both reducing
gas and nitrogen gas balance conditions at sulfidation temperatures of
300 °C, 400 °C and 500 °C; the H,S breakthrough curves obtained
from these experiments are shown in Fig. 6. The H,S breakthrough
time increased with increasing sulfidation temperature, as shown in
Fig. 6. This is because of the equilibrium sulfur removal (ZnO—
ZnS). The sulfidation process for H,S absorption is an exothermic
reaction. However, the equilibrium sulfur removal is nearly 100%
between room temperature and 800 °C, and decreases above 800 °C
[15]. The H,S absorption rate was also increased, due to the increase
of the reaction rate constant as a function of the reaction tempera-
ture. Therefore, the H,S breakthrough time would be expected to
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Fig. 6. H,S breakthrough curves for ZnO nanostructure obtained
from the sulfidation tests under both N,-balance and sim-
ulated coal gas conditions at 300, 400 and 500 °C.

increase as the sulfidation temperature increases between room tem-
perature and 800 °C.

The trends of the H,S breakthrough curves were different under
the reducing gas and N,-balance conditions. The H,S breakthrough
time and sulfur capacity obtained under the reducing gas condition
were less than those under the N,-balance condition. No H,S was
detected in the outlet of the reactor before the H,S breakthrough
time when the sulfidation process was carried out under the N,-bal-
ance condition. When the same experiment was performed under
the reducing gas condition, however, H,S was detected in the outlet
of the reactor at a concentration of about 500 ppbv for 5 h before
the H,S breakthrough time. The trend of the H,S breakthrough curves
obtained at three different reaction temperatures for the sulfidation
of the ZnO nanostructure was similar to that observed under the
reducing gas condition. It was concluded that H,S gas was present
at a concentration of a few ppmv in the outlet of the reactor due to
the deterioration of the ZnO nanostructure by the reducing gases.
Therefore, the surface areas of the ZnO nanostructure after the sul-
fidation process at 300 °C, 400 °C and 500 °C were measured by
BET and found to be approximately 18.5 m*/g, 15.9 m%/g and 17.2
m’/g, respectively. It was confirmed that the efficiency of the ZnO
nanostructure for the ultra cleanup of coal gas was lowered, due to
the reduction of its surface area by the reducing gases. However,
the temperature did not have any significant effect on the surface
area. This was attributed to the prevention of the ZnO sintering. No
other sulfur species, such as, COS and SO,, were detected.

CONCLUSION

A ZnO nanostructure for the ultra cleanup of coal gas was for-
mulated by the matrix-assisted method and its physical and chemi-
cal properties were analyzed by SEM/EDX, TEM, XRD and BET.
The ZnO nanostructure consisted of ZnO nanoparticles with a size
of 10-20 nm and had a high surface area. Therefore, the sulfur capture
efficiency of the ZnO nanostructure was 3 times higher than that of
commercial ZnO. It was also confirmed that the silica and alumina
contained in the activated carbon used as the matrix prevented the
thermal sintering of ZnO in the sulfidation process at high temper-
ature. However, a reduction of some of the ZnO occurred because
of the reducibility of the coal derived gas, and the surface area of
the ZnO nanostructure was slightly reduced due to the sintering of
ZnO. The sulfur capture efficiency of the ZnO nanostructure was
somewhat reduced due to the decrease in its surface area. How-
ever, the ZnO nanostructure showed excellent performance for the
removal of H.,S. It was confirmed that the nano size and high sur-
face area of ZnO formulated by the matrix-assisted method in this
study made it effective for the ultra hot gas cleaning of gasified fuel
gas.
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