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Abstract−Manganese oxides (MnOx) were prepared by spray pyrolysis methods (MnS) and calcination at 600 and
1,000 oC (Mn600 and Mn1000) in this study. Further, the efficiencies of oxidizing isopropanol (IPA) by these MnOx utilizing
ozone (OZCO) and thermal catalytic oxidation (TCO) were compared. The results indicated that MnS, which are char-
acterized by larger surface areas, processed gas hourly space velocity of 42,000 h−1 and inlet IPA concentration of 400
ppm performing IPA decomposition efficiencies approaching 100%, and the reaction temperature was operated at only
85 oC for OZCO. The reaction temperature of TCO operated above 270 oC decomposed IPA at the same efficiency.
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INTRODUCTION

Thermal catalytic oxidation (TCO) is a typical technique for re-
moving hazardous pollutants from gas streams, and the catalysts
allow oxidation to proceed at lower temperatures compared with
thermal oxidation alone [1-3]. Ozone catalytic oxidation requires
the addition of ozone to contaminated gas streams before they are
passed through a catalyst bed to enable catalytic oxidation reac-
tions [4]. Compared with the operating temperature of TCO, the
operating temperature of OZCO can be further reduced, even to
room temperature. In addition, adding ozone could enhance the de-
gradation of organic compounds via the photo-catalytic process [5],
and OZCO also had good performance on degrading humic acids
[6].

Manganese oxides (MnOx) are considered the most efficient tran-
sition-metal catalysts for catalytic oxidation [7,8], and their cataly-
sis for oxidizing acetone, chlorobenzene, toluene, and trichloroeth-
ylene has been verified to be excellent at oxidizing temperatures of
300-500 oC [9-14]. OZCO assisted by MnOx has also been verified
to be capable of efficiently oxidizing benzene, toluene, and carbon
monoxide (CO) [15]. Further, the oxidizing activity of MnOx for
CO was reported to exceed that of Cr, Fe, Co, and Ni catalysts [16].

Regardless of whether one is concerned with TCO or OZCO,
most of the MnOx is synthesized by calcination with the immer-
sion or sol-gel method. However, the conventional method for man-
ufacturing MnOx is time consuming, usually requiring more than
32 hours. Recently, novel materials of nano catalysts and adsorbents
have been synthesized within a few seconds, respectively, using
spray prolysis [17] or aerosol-assisted self-assembly processes [18].
Both the synthesis and processing times of the spray prolysis pro-
cess are much less than those of the common method for produc-
ing catalysts. However, limited information is available in the liter-
ature on the applicability of MnOx synthesized by the spray proly-

sis process as catalysts for TCO and OZCO.
We investigated the oxidation performance of Mn catalysts syn-

thesized by the spray pyrolysis method (MnS) for TCO and OZCO.
The target pollutant was chosen to be isopropanol (IPA), which is
one of the most common VOCs emitted by the semiconductor and
optoelectronics industries. The results in terms of different oxida-
tion temperatures and inlet ozone concentrations were also com-
pared with those of a Mn catalyst synthesized by the calcination
method at 600 and 1,000 oC (Mn600 and Mn1000).

EXPERIMENTS

1. Synthesis
Calcination and spray pyrolysis methods were utilized to prepare

different Mn catalytic powders. The calcination catalysts were pro-
duced by the procedure of Stobbe et al. [19] and prepared by drying
at 105 oC for 24 h with a 0.1 M aqueous solution of Mn(CH3COO)2·
4H2O (analytical grade, Merck). Then, the MnOx of the calcination
catalysts were calcinated in air at 600 (Mn600) or 1,000 oC (Mn1000)
for another 8 h. The spray pyrolysis process of the Mn catalyst (MnS)
was referred to Kang et al. [17] A 0.1 M aqueous solution of Mn
(CH3COO)2·4H2O was sprayed at atmosphere pressure with an aero-
sol atomizer (TSI, Model 3076), yielding an aerosol flow rate of
2.5 LSTP min−1. The aerosol flow passed through a tube reactor
(inner diameter: 40 mm) in the two-stage furnace operated at 500 oC
and 800 oC, respectively. The length for each stage of the furnace
was the same, 600 mm. Then, the aerosol was thermal decomposed
and oxidized to form manganese oxide particles.

The specific surface area of the samples was determined by the
BET method using nitrogen adsorption-desorption isotherms (Micro-
meritics ASAP 2020). The crystalline phase of the Mn catalyst was
observed by powder x-ray diffraction (XRD, Rigaku D/MAX-B,
Japan), and surface observations were obtained by scanning elec-
tron microscopy (SEM, HITACHI-S4700).
2. Reactor

The experimental apparatus was composed of three units: a gas-
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eous IPA generation unit, a packed reactor, and a gas analysis unit.
A dry-grade compressed gas tank was used for the carrier stream
(80% N2 and 20% O2). The IPA stream was prepared by purging
pre-purified gas through the aeration cylinders. The concentration
of IPA was controlled by adjusting either the water bath tempera-
ture or the diluting carrier stream. The flow rates of all streams were
regulated by mass flow controllers (Brooks, 5850). A dielectric bar-
rier discharge (DBD) system was used to generate ozone [20]. Cat-
alytic reactions were performed in a packed reactor, which con-
tained a thermostat. The diameter of the reactor was 1.3 cm, and
the volume of the packing catalysts was 1 cm3.

The experiments were designed to examine the IPA decomposi-
tion efficiency catalyzed by MnOx, which were synthesized by dif-
ferent methods for TCO and OZCO. The baseline operation con-
ditions were as follows: the initial concentration of IPA was 400
ppm and the overall operating flow rate was 700 mL/min (gas hourly
space velocity=42,000 h−1). IPA concentrations at the inlet and the
outlet of the test reactors were analyzed by gas chromatograph cou-

pled with a flame ionization detector (GC-FID) (China Chroma-
tography 9800) with a packed column (SP-1200, 2-m length). The
operation detection limit of GC-FID for the VOCs was 0.5 ppm.
Ozone and CO2 concentrations were analyzed by a Fourier-trans-
formation infrared spectrometer (FTIR, BRUKER, VECTOR 22)
equipped with a gas cell (Infrared Analysis, model 2.4-P. A.).

RESULTS AND DISCUSSION

1. Material Analysis
The XRD patterns of the MnOx are presented in Fig. 1. The crys-

talline phase of MnOx presented by the XRD analyses was classified
as Mn3O4, and those of Mn600 and Mn1000 were Mn2O3 and Mn3O4,
respectively.

Table 1 illustrates results of the other material analyses of the cat-
alysts. The surface area of MnS was 37 m2/g, while those of Mn600

and Mn1000 were 4.1 and 0.48 m2/g, respectively. The higher calci-
nation temperature of 1,000 oC is thought to result in melting of the
structure of Mn1000 which decreases the surface area. The apparent
densities of Mn600 and Mn1000 were both about 1 g/cm3; however,
that of hollow MnS, at 0.37 g/cm3, was less than the others. Fig. 2
shows the effects of the synthesis methods on the appearance of
MnOx as observed on SEM micrographs. The incineration method
produced an appearance of Mn600 of pieces and pillared granules;
however, due to the high temperature and instantaneous time of the
spray pyrolysis method, which enhances quick-drying of the sur-
face of Mn precursor droplets in the synthesis procedure, the MnS

product displayed pearls, rings, and hollow particles. These forms
also improved the surface area of MnS over that of Mn600. The re-
sults indicated the surface area of MnOx was lower during calcina-

Fig. 1. X-ray diffraction (XRD) pattern of manganese oxides
(MnOx).

Table 1. Material analysis of the adsorbents

Catalyst Crystalline phase Surface area
(m2/g)

Apparent density
(g/cm3)

Mn600 Mn2O3 4.1 0.91
Mn1000 Mn3O4 00.48 1.24
MnS Mn3O4 37.00 0.37

Fig. 2. Scanning electron microscopic (SEM) images of manganese oxides (MnOx) synthesized by (a) calcination at 600 oC and (b) by
spray pyrolysis.



Applying spray pyrolysis to synthesize MnOx for decomposing isopropyl alcohol in ozone- and TCO 1049

Korean J. Chem. Eng.(Vol. 26, No. 4)

tion method. The conventional MnOx catalysts are prepared via a
precipitation method from Mn(NO3)2 with carbonates and hydrox-
ides to obtain the higher surface area [21]. However, the precipita-
tion method was a complex procedure, including adjusting pH of
precursor, washing, filtering, drying, and calcinations. Compared
with the precipitation method, spray pyrolysis is a direct method to
obtain MnOx catalysts characterized as higher surface area.
2. Thermal Catalytic Oxidation (TCO)

In the TCO experiments, Fig. 3 shows the effects of reaction tem-
peratures between 130 and 360 oC on the decomposition efficien-
cies of IPA with TCO. At the lower temperature of 130 oC, the MnS

could process IPA at a decomposition efficiency of 41%, but the de-
composition efficiencies of Mn600 and Mn1000 were <10%. All decom-

position efficiencies of MnOx were enhanced with increasing reac-
tion temperatures. When the temperature reached 250 oC, both MnS

and Mn1000 showed decomposition efficiencies of >97%; however,
Mn600 showed the same efficiency when operated at >320 oC.

When MnOx were operated at reaction temperatures of <177.5 oC,
the selectivity of IPA conversion to acetone was > 80%, and this
selectivity decreased with rising reaction temperatures. The selec-
tivities of acetone and CO2 were calculated as:

(1)

(2)

Sacetone = 
concentration of acetone[ ] 3×

total reacted concentration of carbon[ ]
-------------------------------------------------------------------------------------------- 100%×

SCO2
 = 

concentration of CO2[ ]
total reacted concentration of carbon[ ]

-------------------------------------------------------------------------------------------- 100%×

Fig. 3. Effects of reaction temperatures on the decomposition efficiency of isopropanol (IPA) in thermal catalytic oxidation (TCO).
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The total reacted concentration of carbon was defined as:

total reacted concentration of carbon=[IPA]in−[IPA]out. (3)

Fig. 3 also indicates that MnOx operated above 270 oC enhanced
the efficiency of IPA oxidization to CO2, but decreased the selec-
tivity to acetone. When the reaction temperature rose to 360 oC, the
efficiency of IPA oxidization to CO2, which was catalyzed by Mn600,
Mn1000, and MnS, respectively increased to 79%, 68%, and 73%.
The above results corresponded to those of Gil et al. [22], who in-
dicated that the performance of catalysts with Mn2O3 crystals in the
complete oxidation of acetone was superior to that with Mn3O4 crys-
tals. The superior performance was attributed to the crystalline struc-
ture of Mn2O3, but the MnOx with larger surface areas did not ex-
hibit a higher ratio for the complete oxidation of acetone. Thus, the
reaction rate for TCO was governed by diffusion in the crystalline
structure, but not the reaction on the surface area.
3. Ozone Catalytic Oxidation (OZCO)

Fig. 4 shows a comparison of the ozone decomposition efficien-
cies among MnS, Mn600, and Mn1000, at the reaction temperature of
85 oC with and without the presence of IPA. When the ozone con-
centration was increased from 910 to 2,900 ppm, the decomposition
efficiencies of the MnS negligibly differed, and a decomposition effi-
ciency of 100% was maintained. In contrast, the efficiency of other
MnOx decreased with increasing ozone concentrations. When the
ozone concentration was 910 ppm, both Mn600 and Mn1000 processed
ozone with a decomposition efficiency of only 59% in the absence
of IPA. When processing the higher ozone concentration, the effi-
ciency of Mn600 was close to that of Mn1000. The principal factor af-
fecting the efficiency of ozone decomposition by MnOx was the
surface area in this study.

The higher surface area of the Mn catalyst enhanced the efficiency,
and resulted in an ozone processing efficiency of MnS being supe-

rior to that of Mn600 and Mn1000. This was because the OZCO mech-
anism is a surface reaction; however, the different crystalline phases
produced insufficient effects on the ozone decomposition efficiency.

Fig. 4 also indicates the effect of the presence of IPA on the ozone
decomposition efficiency, which enhanced the ozone decomposition
efficiency of MnOx. This is because ozone on the surface of MnOx

was decomposed to oxygen radicals and oxygen, and the oxygen
radicals reacted with IPA to reduce the amount. Thus, ozone decom-
position was accelerated based on the stoichiometry of the overall
reaction, thereby improving the decomposition efficiency.

The efficiencies of MnOx in the OZCO decomposition of IPA
are illustrated in Fig. 5. The results show that all MnOx had excel-
lent performance efficiencies in decomposing IPA at the lower tem-
perature. In other words, ozone enhanced the performance of the
catalyst in oxidizing IPA. MnS exhibited the best performance of
oxidizing IPA among all of the tested catalysts, and the efficiencies
were in the decreasing order of Mn1000 and Mn600. Fig. 5 also indi-
cates the effect of ozone concentration on the selectivity of IPA con-
version to acetone. When the ozone concentration in the OZCO
was 970 ppm, the selectivities catalyzed by Mn600, Mn1000, and MnS

were 85%, 84%, and 60%, respectively.
In addition, the IPA decomposition efficiencies of Mn600, Mn1000,

and MnS catalyst were 8.7%, 8.78%, and 17%. When the ozone con-
centration rose to 2,700 ppm, the IPA decomposition efficiencies
of Mn600, Mn1000, and MnS also respectively improved to 26%, 38%,
and 75%. Further, MnS could completely decompose IPA to CO2

at an ozone concentration of 3,300 ppm, even at the lower temper-
ature of 85 oC, but TCO did not have sufficient efficiency at that
lower temperature. However, comparing the results in Figs. 3 and
5, the intermediate amount of acetone in TCO at the higher tem-
perature was less than that in OZCO, and CO2 production in TCO
was more than that in OZCO.

The sum of selectivity for each product does not correspond to
100% for all experimental data, which indicates that some interme-
diates existed in the reaction due to the incomplete mineralization
of IPA. Carbon monoxide was presumed appearing in outgas, be-
cause CO was one of intermediates in the dielectric barrier dis-
charge (non-thermal plasma) system for VOCs abatement [23,24].
In addition, Wu et al. [25] indicated that some intermediates of IPA
oxidation in ozone-based advanced oxidation processes included
acetic acid, formic acid, and oxalic acid. Therefore, the results in
this study indicate that a higher temperature and more ozone are
necessary for complete oxidation.

CONCLUSIONS

The MnS catalyst with OZCO and a proper ozone concentration
processed gas hourly space velocity of 42,000 h−1 and inlet IPA con-
centration of 400 ppm performing IPA decomposition efficiencies
approaching 100% at only 85 oC, and produced no residual ozone;
in addition, the decomposition efficiency of IPA decomposed by MnS

was nearly 100%, but the temperature of TCO had to be raised to
270 oC. The ratio of complete oxidization with TCO at the higher
temperature was superior to that with OZCO.

In addition, MnS utilized in the OZCO and TCO showed excel-
lent performance in the decomposition efficiency of IPA. MnS man-
ufactured by spray prolysis not only had a better performance, but

Fig. 4. Effects of the different manganese oxides (MnOx) and the
presence of isopropanol (IPA) on the ozone decomposition
efficiencies.
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the synthesis and processing times of the spray prolysis process were
less than those of the common method for producing catalysts.
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