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bstract

The present study describes the photocatalytic degradation of toluene in gas phase on different porous manganese oxide doped titanium
ioxide. As synthesized birnessite and cryptomelane type porous manganese oxide were doped with titania and tested for photocatalytic
ecomposition of toluene in gas phase. The effects of the inlet concentration of toluene, flow rate (retention time) were examined and the
elative humidity was maintained constantly. Thermal and textural characterization of manganese oxide doped titania materials were charac-
erized by X-ray diffraction (XRD), thermogravemetry (TG), BET and TEM-EDAX studies. The aim of the present study is to synthesize
he porous manganese oxide doped titania and to study its photocatalytic activity for toluene degradation in gas phase. Cryptomelane doped
itania catalyst prepared in water medium [K-OMS-2 (W)] is shown the good toluene degradation with lower catalysts loading compared to
ommercial bulk titania in annular type photo reactor. The higher photocatalytic activity due to various factors such as catalyst preparation
ethod, experimental conditions, catalyst loading, surface area, etc. In the present study manganese oxide OMS doped titania materials prepared

y both aqueous and non-aqueous medium, aqueous medium prepared catalyst shows the good efficiency due to the presence of OH bonded

roups on the surface of catalyst. The linear forms of different kinetic equations were applied to the adsorption data and their goodness of
t was evaluated based on the R2 and standard error. The goodness to the linear fit was observed for Elovich model with high R2 (�0.9477)
alue.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Volatile organic compounds (VOCs) are widely used in (and
roduced by) both industrial and domestic activities [1]. This
xtensive use results in their occurrence in aquatic, soil and
tmosphere environments [2]. Many VOCs are toxic and some
re considered to be carcinogenic, mutagenic, or teratogenic
3]. The pollution of indoor volatile organic compounds (VOCs)
as been increasingly concerned in recent years. Heterogeneous
hotocatalysis is regarded as a promising technique for purify-
ng indoor VOCs. A large quantity of work has been devoted in

his field in the past decade [4–6]. The TiO2-sensitized photo
egradation of organic compounds has been proposed as an
lternative advanced oxidation process (AOP) for the decontam-
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nation of water and air. The AOP is initiated from the generation
f hole–electron pairs on the semiconductor, absorbing the ultra-
iolet (UV) light with energy equal to or higher than the band gap
nergy (Eg) of semiconductor. Electrons and holes are photogen-
rated in the bulk of the semiconductor, and move to the particle
urface, electrons reduce an electron acceptor such as molec-
lar oxygen and holes can oxidize electron donors including
dsorbed water or hydroxide anion to yield hydroxyl radicals.

The common VOCs such as halogenated hydrocarbons,
etones, alcohols and aromatic compounds have been widely
sed in many industries and are often found in the emission
ow [7]. The sol–gel method synthesized anatase–rutile phase

ransformation of TiO2 containing various amount of Mn2+ ions
ave been recently reported and they studied the effects of man-

anese(II) dopants on acceleration of rutile phase formation [8].
anganese oxides have been reported to be among the most

fficient transition-metal oxide catalysts for catalytic disposal of
ollutants [9,10]. It has been widely used in selective catalytic

mailto:mkwang@ntu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.01.069
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eduction of NOx with NH3 [11,12], CO and VOC oxidation
13,14]. Heterogeneous photocatalysis in the presence of semi-
onductor oxides is a fast growing field of basic and applied
esearch, especially for the case of the oxidation of organic pol-
utants in water or in air [15–17]. In particular, photocatalytic
xidation offers various advantages compared with traditional
reatment methods because the photoreactions occur at 25 ◦C
nd atmospheric pressure, under radiation of the near-UV region
nd at measurable rates [18] until to very low concentration lev-
ls. Toluene is a widespread reagent used for the preparation of
any compounds, such as benzaldehyde, benzyl alcohol, ben-

oic acid, chloro derivatives, etc. Consequently, it can be found
n many industrial waste effluents. Toluene is a very noxious
rganic compound and many strategies have been identified to
educe its presence in the environment. Heterogeneous photocat-
lytic method has been tested for toluene abatement and previous
apers report the partial or complete oxidation of toluene both
n gas–solid [19–23] and in liquid–solid systems [24–28]. As to
oncern the gas–solid regime, Ibusuki and Takeuchi [19] car-
ied out the complete photo-oxidation of toluene on TiO2 at
03 K. They found that the presence of water vapour was ben-
ficial in order to achieve the almost complete mineralisation
f toluene and benzaldehyde having been detected only in very
mall amounts. However, the product distribution and the cata-
yst stability strongly depend on the nature of the catalyst and
he experimental conditions. Furthermore, Obee and Brown [20]
tudied the influence of the competitive adsorption of water and
oluene vapours on the photo-oxidation rate.

Luo and Ollis [21] and Einaga et al. [22], studying the toluene
egradation in humidified air, report that the influence of water
s complex in the sense that an optimum water concentration was
ound when the maximum reactivity was observed. In any case
o significant amounts of intermediate species were detected.
ecently the selective photo-oxidation of gaseous toluene to
enzaldehyde on TiO2 powders has been reported as an effec-
ive method to transform this compound to a valuable chemical
ompound [23]. Moreover, Cao et al. [24] reported the pho-
ocatalytic oxidation of toluene by using nanostructured TiO2
atalysts. They found a severe deactivation of TiO2 due to the
ccumulation of partially oxidized intermediates. The complete
ecovery of catalytic activity required a thermal treatment of the
hotocatalysts at a temperature above 693 K. They reported the
ormation of cresols, benzaldehyde and benzyl alcohol depend-
ng on the pH of the solution and on the used semiconductor.
he formation of benzaldehyde was also confirmed by Navio et
l. [25], in their experiment acetonitrile was used as solvent and
nvestigated the influences in the presence of water in product
istribution. Recently the use of surfactant to enhance the pho-
ocatalytic reaction rate for toluene degradation has also been
eported [26,27]. The presence of surfactant or humic acids was
ound beneficial for degrading various substrates and a seques-
ration effect has been hypothesized for explaining this effect
27]. The main aims of the present study were to synthesize the

orous manganese oxide doped titania and to find out the more
ctive manganese oxide OMS doped titanium dioxide for pho-
ocatalytic activity for toluene degradation in gas phase at lower
atalyst loading.

c

O
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. Materials and methods

The commercially available poly crystalline titanium dioxide
Nacalai Tesque, Japan) was used in the present work. To identify
he crystalline phases of the samples, Rigaku Geigerflex X-ray
iffractometer was used. The Cu K� radiation was generated at
0 kV and 30 mA. Samples were scanned from 5◦ to 85◦ (2θ)
t a rate of 5 s per step for all porous manganese oxide doped
itania samples. Brunauer–Emmett–Teller (BET) surface area of
ll samples at 77 K were obtained using Quantachrome (Model
987) instrument. All the samples were degassed at 573 K for
2 h. The instrument used for nitrogen adsorption analysis is
OVA 2000 from Quantachrome Corporation. The morphology

nd elemental analysis of the catalyst (average of five data points
t different locations of the solid) were measured by energy dis-
ersive X-ray spectroscopy. Transmission electron micrographs
TEM) were examined using Philips CM12/STEM, Scientific
nd Analytical Equipment.

.1. Synthesis of potassium birnessite and cryptomelane
porous manganese oxides)

Potassium birnessite (K-OL-1 type manganese oxide) was
ynthesized by the oxidation of 0.50 M solution of man-
anese(II)acetate in strong alkaline medium. Hydrous Mn(OH)2
uspension was obtained by the drop wise addition of 70 mL
f 5.0 M KOH solution to 40 mL of 0.50 M manganese(II)
cetate. As synthesized manganese oxide suspension was
hen oxidized by 50 mL of 0.1 M potassium permanganate
olution (MnO4

−/Mn2+ = 0.25) followed by ageing the precip-
tated suspension for 4–5 days aging. In general molar ratio
etween MnO4

−/Mn2+ = 0.2–0.4 is the favour for the forma-
ion of layered structured birnessite. After 4–5 days aging, the
uspension was filtered, washed 4–5 times with double dis-
illed water (DDW) and dried at 298 K. Cryptomelane type
anganese oxide K-OMS-2 material was synthesized by oxi-

ation of manganese(II) sulfate by potassium permanganate in
trong acidic medium under suitable reflux conditions. Hun-
red millilitres of 0.4 M solution of potassium permanganate
as mixed with 31.0 mL of 1.7 M solution of manganese(II)

ulfate hydrate solution. The molar ratio between potassium
ermanganate and manganese(II) sulfate was fixed at 0.76
MnO4

−/Mn2+ = 0.76) for preparing cryptomelane K-OMS-2
aterial in acidic medium. After the addition of an aqueous
anganese(II) sulfate solution to the potassium permanganate

olution, 15–20 mL of concentrated nitric acid (6.0 M) was
dded dropwise to maintain acidic medium and the mixed
olution was then stirred at 363 K for 24 h. The synthe-
ized material was washed with DDW and then the solid
rown–black K-OMS-2 material was dried at 383 K for 8 h
28].

.2. Synthesis of porous manganese oxides doped titania

atalysts

Different weight percentage loading of manganese oxide
MS-titania catalysts was prepared by suitable condition. In
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he present study, 5 and 10 wt% potassium birnessite (K-OL-1)
oped titania (2.0 g commercial titanium dioxide) was prepared
n non-aqueous medium, 5, 10 and 15 wt% cryptomelane (K-
MS-2) doped titania and 5 wt% MnSO4 doped titania (5 wt%
anganese sulfate stirred with titania in acetone) has also been

ynthesized, which is designated as 5 wt% MnSO4. The appro-
riate amount (2.0 g) of titanium dioxide mixed with suitable
mount of K-OL-1 and K-OMS-2 material in 20 mL acetone
nd only one sample prepared in water medium such as 2.0 g
f titanium dioxide stirred with 20 mL of water and stirred with
-OMS-2 (10 wt%), which is designated as 10 wt% K-OMS-2

W). After stirred the mixed titanium dioxide and manganese
xide OMS material were subjected to calcined at 723 K for
h. As synthesized manganese oxide doped titania materials
re used for photocatalytic experiments.

.3. Preparation of manganese oxide OMS-titania coated
lastic nylon sheet

Appropriate amount of porous manganese oxide doped titania
1.0–2.0 g range) mixed with poly acetonitrile (PAN) in alco-
olic medium, were poly acetonitrile is act as binder to stick the
aterials strongly on the nylon sheet (i.e., cheese paper type)

nder this experimental conditions. The synthesized viscous
olution finely coated on plastic nylon sheet and dried in 303 K.
he synthesized sheet kept inside the photocatalytic reactor in

he rolled form.

.4. Experimental setup and analyses procedure

The saturated toluene gas was prepared by passing air through
saturator containing liquid toluene. The humidified air stream
as generated by bubbling air through a thermostated glass
ottle containing deionized water. Then the saturated toluene
as was mixed and diluted with humidified air stream at the
as mixer (mixing chamber). The obtained toluene gas stream
ntered into the photoreactor with constant flow rates 5.0 L/min,
nlet toluene concentration range between 70 and 80 ppmv and
elative humidity (RH) in the range of 20–60%. Feed toluene
oncentrations and relative humidity were set by varying the
atio of gas flow rates and/or varying the saturator temperature.

The outside of the photoreactor was a cooling water sleeve
o maintain stable reaction temperature (293–295 K). The 85 W
V lamp was used to illumination with maximum light inten-

ity output of 254 nm. The lamp was fixed at the center of the
hotoreactor without any quartz tube protection. The manganese
xide doped titania material coated on nylon sheet (length 8 cm,
eight 10 cm and thickness 0.18 mm) and rolled like tube shape
nd then it is inserted in the interior surface of the photoreac-
or. Gas phase oxidation of toluene was tested on photo annular
eactor, which is shown in Fig. 1.

The concentration of toluene was analyzed by gas chromato-
raph with a flame ionization detector. The gas samples were

ollected periodically using plastic syringe with suitable interval
f time (500 �L). The gas chromatograph oven temperature was
eld at 378 K and the detector temperature maintained constant
t 523 K.

w
α

(

Fig. 1. Schematic representation of photocatalytic reactor.

The conversion C (%) of toluene was calculated as follows:

= (Ci − Co) × 100

Ci
(1)

here Ci is the inlet concentration and Co is the outlet concen-
ration at steady state.

The gas phase oxidation of toluene was tested on both pure
itania (bulk) and manganese oxide doped titania materials. All
atalysts tested up to 100 min after attain the equilibration and
very 10 min, concentration of toluene in the outlet were ana-
yzed by gas chromatography using FID detector at 473 K and
igh pure nitrogen as used as carrier gas. Toluene samples col-
ected from the tightly connected outlet by using 2 mL plastic
yringe.

.5. Kinetic studies

The kinetic and empirical equations, including the zero, first,
lovich and second order rate equations were applied to the

oluene removal efficiency with respect to time. Linear forms
f kinetic equations are derived by kinetic model reactions. The
inear forms of different kinetic equations were applied to the
dsorption data and their goodness of fit was evaluated based on
he R2 and standard error (S.E.).

Zero order

[A] = [A]o − kt (2)

First order

ln[A] = ln[A]o − kt (3)

Second order

1

[A]
= 1

[A] o
+ kt (4)

Elovich

qt =
(

1

β

)
ln

(
α

β

)
+

(
1

β

)
ln t (5)
here qt is amount of sorbate per unit mass of sorbent at time t.
and β are empirical constants. Slope and intercept are 1/β and

1/β) ln(α/β), respectively.
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Fig. 2. X-ray diffraction patterns of manganese oxide OMS-titania material
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tant (toluene), catalyst loading amount, and irradiation time
a) TiO2, (b) 5 wt% KOL/TiO2, (c) 10 wt% K-OMS-2/TiO2, (d) 15 wt% K-
MS/TiO2, (e) 10 wt% K-OMS/TiO2 (W), and (f) 5 wt% MnSO4/TiO2.

. Results and discussion

.1. X-ray diffraction study

X-ray diffraction pattern of different weight percent K-OL-
and K-OMS-2 type porous manganese oxide doped titania
aterials are shown in Fig. 2. All samples are showing the
ajor phase of anatase with some amount of rutile phase. The
ajor peak at 25.3◦2θ, d-spacing of 3.52 Å (1 0 0) of anatase is

bserved. It may be over imposed by presence of higher amount
f manganese dopant. Gallardo-Amores et al. [14] reported the
hotocatalytic oxidation of 2-propanol on lower amount of man-
anese ion doped titanium dioxide. They observed the mixed
hases for manganese doped titanium dioxide patterns in XRD,
uch as brookite and anatase phase. Manganese oxide was found
o be well dispersed on the support surface as Mn3+ species,
hile part of it is stabilized into the TiO2 bulk as Mn4+ species

14]. This cation seems to hinder the support sintering and to
avour the anatase to rutile phase transition at higher tempera-

ures more than 973 K. Doping of higher amount of manganese
ontent in titanium dioxide such as up to 15 wt% loading may not
ause the major partial phase transformation of anatase phase.

a
O
m

Fig. 3. Transmission electron micrographs of 10 wt% K-OMS-2 (W
azardous Materials 147 (2007) 562–569 565

.2. Thermal and textural characterization of manganese
xide doped TiO2

The thermal stability of as prepared material were tested by
G analysis (data not shown), all the manganese oxide OMS
oped titania samples show the first weight loss or major weight
oss observed between 723 and 973 K, which suggest that man-
anese oxide OMS doped titania material are thermally stable
ntil the temperature reaches 723 K (450 ◦C). The TEM-EDAX
ictures of 10 wt% K-OMS-2 (W) is shown in Fig. 3A, man-
anese oxide particles aggregated strongly and it dispersed on
pherical morphology of titania surface. Spherical and thin plate
orphology of titania particles clearly visible at higher resolu-

ion (Fig. 3A). The titania particle sizes range observed between
00 and 120 nm, the lower magnification picture of manganese
xide doped titania shown in Fig. 3B, it clearly indicates the
ggregated particle morphology of titanium dioxide and the cor-
esponding TEM-EDAX spectrum shows the 0.4 at.% Mn and
1 at.% for Ti. About 5 wt% manganese sulfate doped titanium
ioxide shows the decrease in surface area (19.8 m2/g) com-
ared bulk TiO2 Nacalai Tesque (36 m2/g) and its corresponding
article size is 0.443 �m (mean value). Impregnation of man-
anese salt on titania surface some how inhibits the sintering of
he titania surface results in decrease in the surface area of as
ynthesized catalyst (5 wt% MnSO4/TiO2).

In the case of manganese oxide OMS doped TiO2 show the
ittle higher in surface area value then bulk TiO2 due to catalyst
reparation method and porosity of the dopents. About 5 wt%
OL doped TiO2 shows the surface area of 37 m2/g and 5 wt%
-OMS-2 doped TiO2 shows the 41 m2/g, 10 wt% K-OMS-2
oped TiO2 shows the 44 m2/g and 15 wt% K-OMS-2 doped
iO2 shows the little decreased surface area such as 38 m2/g,
ue to overloading of dopant.

.3. Catalytic test: gas phase oxidation of toluene on as
ynthesized materials

Table 1 and Fig. 4 show the inlet concentration of reac-
nd removal efficiency percentage. About 5, 10 and 15 wt% K-
MS-2 coated titania catalysts, which is prepared by acetone
edium and it show the total removal efficiency of toluene is

)-titania catalyst (A) 16,000× and (B) 8000× magnification.
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Table 1
Catalysts loading amount, inlet concentration, removal efficiency of toluene on manganese oxide OMS doped titania catalysts

Catalyst no.

1 2 3 4 5 6 7 8

Cat coated (g) 1.02 1.07 1.24 0.53 0.61 0.51 0.50 2.0
Cat loaded (g/m2) 27.72 29.07 33.70 14.40 16.57 13.86 13.59 54.35
Inlet (ppmv) 81 84 60 81 92 85 77 76
RT (min) 60 60 30 30 30 30 30 30

Time (min) Removal efficiency (RE) (%)

0 – – – – – – – –
10 5.1 4.8 4.3 3.8 4.8 1.7 7.8 3.8
20 9.6 5.7 7.5 8.9 7.2 4.0 14.8 8.7
30 11.9 7.3 9.2 11.5 10.2 6.3 25.5 14.7
40 12.3 10.8 13.6 16.0 14.2 10.7 30.4 18.1
50 13.3 14.4 15.8 18.6 16.3 12.7 31.5 23.2
60 14.2 15.7 16.8 23.1 19.8 18.2 33.8 26.3
70 15.6 18.3 18.3 27.6 22.9 22.9 35.0 30.0
80 16.8 17.3 20.1 30.4 24.6 24.5 38.3 33.6
90 17.1 18.9 22.5 32.9 26.8 26.1 40.6 38.2

100 17.3 21.4 23.5 34.9 27.7 27.1 41.1 39.1
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, 5 wt% K-OMS-2; 2, 10 wt% K-OMS-2; 3, 15 wt% K-OMS-2; 4, 5 wt% KOL

3.5%, where as 10 wt% K-OMS-2 (W)-titania materials pre-
ared in water medium shows the good conversion nearly 41%
ompared to all other catalysts, in the case of commercial bulk
itanium dioxide shows the 39% removal efficiency for toluene
ith higher catalysts loading (2.0 g) compared to manganese
xide doped titania catalyst loading (0.5 g). In term of catalysts
aoded surface area (g/m2), 10 wt% K-OMS-2 W-doped titania,
hich shows the lower surface area (13.59 g/m2) but it shows the
ood removal efficiency for toluene in photocatalytic reaction
ompared to bulk titania (54.59 g/m2). The preparation method
n manganese oxide doped titania have also been played the
ole in the degradation of toluene. Manganese oxide doped tita-
ia (prepared in water medium) shows the good conversion for

oluene degradation compared to all other catalysts, which is due
o adsorbed water molecules on manganese oxide doped titania,
nd it will cause the subsequent deprotanation in the reaction
athway.

ig. 4. Gas phase photocatalytic degradation of toluene on different manganese
xide doped titania catalysts.
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0 wt% KOL; 6, 5 wt% MnSO4; 7, 10 wt% K-OMS-2 (W); 8, TiO2.

Toluene degradation behavior on birnessite and cryptome-
ane doped titania (prepared in non-aqueous medium) show
he different behavior in the photocatalytic reaction. About 5
nd 10 wt% KOL doped titania catalysts show the better con-
ersion 24–35% compared to 5, 10 and 15 wt% K-OMS-2
oped titania catalysts (17–23%) at the end of reaction (after
0 min). Manganese sulfate doped titania a catalyst shows the
etter conversion for toluene degradation compared to K-OMS-
doped titania. It is because surface acid and base properties

f the as synthesized catalysts may cause the difference in the
oluene degradation ability, K-OMS-2 doped titania catalysts are
ydrophobic in nature but in the case of birnessite doped tita-
ia catalysts have the basic site on its surface and probably it
ill enhace the toluene degradation. In the case of cryptome-

ane doped titania prepared in water shows the best formation
or toluene degradation compared to all other catalysts includ-
ng bulk titania. Cryptomelane doped titania prepared in water

edium [K-OMS-2 (W)] shows the better removal efficiency
rom beginning of the reaction itself, i.e. after 20 min of the
eaction it shows the 25.5% removal efficiency and it goes on
ncrease up to 100 min, it shows the longer steady state com-
ared to bulk titania catalyst. Bulk titania catalyst show the 26%
emoval efficiency after 60 min of the photocatalytic degradation
f toluene. K-OMS-2 (W) shows the total removal efficiency for
oluene degradation around 41%.

D’Hennezela et al. [29], studied the role of hydroxyl rad-
cal (•OH) formation on TiO2/H2O catalysts for benzene and
oluene degradation and they observed the presence of OH radi-
al (from adsorbed water on titania surface) and Cl radical (in the
ase of HCl treated TiO2) enhance the intermediate formation

nd finally facilitate the removal efficiency of the reactant. In
he same way, water medium prepared manganese oxide OMS
oped titania catalyst shows the good conversion for toluene
egradation by OH radical ion formation ion the catalyst sur-
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Fig. 5. Kinetic models of different manganese oxide doped titania catalysts of (A) 5 wt% K-OMS-2-titania, (B) 10 wt% K-OMS-2 (W)-titania, and (C) TiO2.
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ace. The regeneration of the manganese oxide doped titania
as also been studied and the used catalyst shows same perfor-
ance after treated with water followed by calcinations in air.
herefore, the presence of adsorbed water or water medium pre-
ared manganese oxide doped titania materials can provide the
igher removal efficiency for degradation of toluene compared
lcoholic route prepared catalysts and bulk titanium dioxide. In
he present study, we used higher inlet concentration of toluene
77–92 ppmv] (Table 1) compared to other reports. Pengyi et
l. [30], were studied the toluene degradation in the inlet con-
entration range of 5–20 ppmv and the steady state is same
ike our research data. This suggest that as prepared catalysts
manganese oxide doped titania) was attained the stable steady
tate and liner removal efficiency even at higher amount of inlet
oncentration.

.4. Kinetic studies

Kinetic models of 5 wt% K-OMS-2 doped titania, 10 wt% K-
MS-2 (W)-titania and TiO2 was chosen to describe the kinetics
f reaction and are shown in Fig. 5A–C. The goodness of fit
as evaluated based on R2 value. Based on our kinetic data,
lovich kinetic and zero order models are showing the highest
2 value compared to other kinetic reaction models such as first
nd second order rate equations. Based on R2-value the kinetic
eaction models follow the following order for toluene removal
fficiency

lovich > Zero order > First order > Second order

and β values from the Elovich equation has also found for
atalysts such as 5 wt% K-OMS-2-titania, 10 wt% K-OMS-2
W)-titania, TiO2 (Fig. 5A–C). α values of the above catalysts
re 0.929, 0.895, 0.863 (ppmv as tolune min−1) and β values
re 0.192, 0.672, 0.0621 ((ppmv tolune/1 g)−1), respectively.
igher α with lower β values indicates increase in the rate of

eaction (based on Elvich reaction). The highest R2-value (i.e.,
2 � 0.9477) observed for Elovich linear fit reaction (Fig. 5C).
he high R2 value (i.e., �0.8821), and the corresponding stan-
ard error (S.E.) was calculated from zero order linear fit such as,
.E. = 2.24 for 5 wt% K-OMS-2-titania, S.E. = 4.99 for 10 wt%
-OMS-2 (W)-titania, S.E. = 1.38 for TiO2.

. Conclusions

The porous manganese oxide doped titania materials were
uccessfully prepared in aqueous and non-aqueous by adopting
uitable synthetic procedure. The aggregated particle of man-
anese oxide (particle size in the range of 100–120 nm) was
ispersed on spherical and platy type morphology of titania.
he synthesized samples show the good thermal stability and

egeneration activity in the catalytic test. Manganese oxide OMS
aterial doped titania show the improved surface area then bulk

itanium dioxide. Manganese oxide doped titania prepared in

queous medium (10 wt% K-OMS-2 (W)) show the good con-
ersion for toluene (41%) with lower catalyst loading (0.5 g)
ompared to bulk titania, which shows the same conversion at
igher catalyst loading amount (2.0 g). Birnessite type man-

[

[

azardous Materials 147 (2007) 562–569

anese oxide such as K-OL-1 manganese oxide doped titania
atalyst shows the faster removal efficiency for toluene degra-
ation compared cryptomelane K-OMS-2 doped titania and bulk
itania catalysts with lower total removal efficiency at 100 min.
inetic models are shown the good linear fitness with the highest
2 value for zero order and Elovich kinetic models. The above
bservations suggest that the low amount of manganese oxide K-
MS-2 doped titania catalyst coating is sufficient to achieve the
etter conversion for volatile organic compounds degradation. It
an reduce the catalyst synthesis cast compared to commercially
vailable bulk titanium dioxide.
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