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INTRODUCTION

Manganese oxide is increasingly attracting special attention in the applications as
pollution treatment materials due to environmental friendliness, outstanding structural
flexibility and many special properties such as adsorption, catalysis, ion exchange
capacity... Manganese is a multivalent metal; therefore, there is the flexibility in
transformation among Mn** <> Mn>* < Mn*". Moreover, owing to the high oxidation
potential, E°(Mn**/Mn>") = 1. 23V, manganese oxide could participate in a wide range of
chemical oxidation reactions. In addition, wellcontrolled dimensionality, size, and crystal
structure have also been regarded as critical factors that may bring some novel and
unexpected properties, for example, isotropeak or anisotropeak behavior and region-
dependent surface reactivity. Therefore, development of the morphologically controllable
synthesis of MnO, nanoparticles i1s urgently important to answer the demand for exploring
the potentials of manganese dioxide. In recent years, MnO, has been synthesized in
various forms of structures such as a-MnQO,, B-MnO,, y-MnQO,, 6-MnO, and and the
studies on manganese oxide indicate that adsorption capacity as well as the catalytic
performance of manganese oxide depends greatly on the crystallographic structure and
morphology of the materials. The catalytic activity of manganese oxide has been reported
to depend on the manganese oxidation state, morphology, surface area, dispersion of
active phase, crystallinity and mobile oxygen content of the materials. However, the effect
of the synthesis method on the structure, morphology and catalytic activity of the material
has not been systematically studied. Moreover, the change in chemical physical properties,
especially in the redox and the catalytic activity of MnQO, during phase transformation have
not been mentioned. In addition, MnO, doped with transformation other metals is often
considered to be capable of enhancing the catalytic activity of the materials, but the nature
of the effect of doping metals on the catalytic activity of MnO, has not been elucidated.
Therefore, with the the purpose of clarifying the effect of the synthesis method, the phase
transformation of MnQO, as well as the doping of other transformation metals to the catalytic
performance of manganese oxide for the oxidation of volatile organic compounds (VOCs),
"Study on the synthesis of manganese oxide based catalysts for the treatment of VOC at
low temperature” have been chosen as the research topeak of this dissertation.
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I.3. OVERVIEW OF MANGANESE OXIDES
1.3.1. Structural feature of manganese oxides
1.3.2. Properties and application of manganese oxides
1.3.3. Methods of synthesis of manganese oxides

L.4. DOMESTIC AND INTERNATIONAL RESEARCH SITUATION
I1.4.1. International research situation
1.4.2. Domestic research situation

CHAPTER II. EXPERIMENTAL

I1.1. CHEMICALS

I1.2. MATERIAL SYNTHESIS
I11.2.1. Synthesis of MnOx by different methods

Precipitation: MnOy-oxalat was synthesized from 1.51g of H,C,0,.2H,0 and 3.58¢g

of 50% Mn(NOs),; MnO,-NaOH was synthesized from 0.46 g of NaOH and 3.58 g

of 50% Mn(NOs),.

Oxidation of Mn®*: MnOy-pesunfat was synthesized from 1.35g of MnSO4.H,O and

1.82g of (NH,4),S,0g; MnOy-pemanganat was synthesized from 0.95g KMnQO, and

0.36g Mn(NO;),.

Reduction: MnOy-oleic was synthesized from 1 g of KMnO,4and 10 ml of oleic acid.
I1.2.2. Synthesis of MnO; with phase transformation by hydrothermal oxidation
method with different conditions

With different KMnO,/Mn(NQOs), ratio: MnO, was synthesized from KMnO, and

Mn(NOs;), with different molar ratio in the range of 6:1; 4:1; 3:1; 2:1;1:1 and 1:1.5;

hydrothermal temperature of 160°C and hydrothermal time of 2 hours.

With different hydrothermal time: MnQO, was synthesized from KMnO, and

Mn(NOs), with the molar ratio of 3:1; hydrothermal temperature of 160°C and

hydrothermal time of 30 minutes, 1 hour, 2 hours, 4 hours, 8 hours and 12 hours.
11.2.3. Synthesis of Cu doped MnQO,

Cu-MnO, was synthesized from KMnO,, Mn(NOs), and Cu(NO;), with the KMnQO,:

Mn(NOs), ratio of 3:1 ; hydrothermal temperature of 160°C and hydrothermal time of 2

hours and Cu content of 0.5%,1%, 2%.

11.2.4. Synthesis of CuO-MnO, dispersed on bentonite

CuMn-Bent was synthesized from KMnO,, Mn(NO;),, Cu(NO;), and bentonite

dispersed in the reaction mixture with the molar KMnO,4: Mn(NO;), ratio of 3:1;

hydrothermal temperature of 160°C and hydrothermal time of 2 hours, Mn content of

10% and Cu content of 0,2%, 0.5%, 1%.

I1.3. CHARACTERIZATION METHODS
11.3.1. X-ray diffraction (XRD)

11.3.2. Fourier-Transform Infrared Spectroscopy (FTIR)

I1.3.3. Nitrogen adsorption-desorption method (BET)

11.3.4. Transmission electron microscopy (TEM)

I11.3.5. High solution transmission electron microscopy (HRTEM)
11.3.6. Hydrogen temperature-programmed reduction (H2-TPR)
11.3.7. Energy-dispersive X-ray spectroscopy (EDX/EDS)

11.3.8. X-ray photoelectron spectroscopy (XPS)

11.3.9. Thermogravimetric analysis (TGA)
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I1.4. STUDY THE CATALYTIC PERFORMANCE OF THE MATERIALS

Catalytic activity of the materials was examined in the continuous flow fixed-bed
reactor with 0.3g of catalyst and the flow rate of 2L/hour.
CHAPTER III. RESULTS AND DISCUSSION
III.1. CHOSING METHOD FOR THE SYNTHESIS OF MANGANESE OXIDE
MnO, FOR THE TREATMENT OF VOC

I11.1.1. Structure of MnQO, synthesized by different methods — XRD results

The XRD and FTIR results of MnOy in Figures III.1.1 and III.1.2 show that MnO,-
NaOH and MnOy-oxalat exhibit the cubic structure of bixbyite Mn,O;; MnOy-oleic has the
tetragonal structure of hausmannite Mn;O,4. The product obtained by oxidizing Mn®* with the
oxidizing agents of KMnO, and (NH,),S,0s are both MnQO, [155]. However, the structure of
MnOs-pesunfat is pyrolusite (f-MnQ,) and the structure of MnOy-pemanganat is cryptomelane
(0-MnQO,).
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Figure IlI.1.1. XRD pattern of MnO, Figure Il1.1.2. FTIR spectra of MnO,
synthesized by different methods synthesized by different methods
I11.1.2. Morphology of MnOy synthesized by different methods

MnOy-oleic MnOy-oxalat

MnO,-NaOH MnO-pesunfat MnO,-
pemanganat
Figure I11.1.3. TEM images of MnO, synthesized by different methods

The TEM images in Fig. III.1.3 indicate that the MnOy-oleic (Mn30,) sample has the
form of the bulks of tiny rods with the diameters of about 10nm and the particle size of 120 +
150nm. The MnO,-NaOH and MnOy-oxalat (Mn,0;) samples exhibit deformed spherical
shape with a particle size of 50 nm for MnO,-NaOH and 100nm for MnOj-oxalat.

I11.1.3. Catalytic activity of MnQO, synthesized by different methods for the oxidation

of m-xylene

Observing the results in Fig. III.1.4, it can be showed that the catalytic activity of
MnOy for the oxidation of m-xylene changes with the synthesis methods is as follows:
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MnOy-oleic (Mn;0,) < MnOy-oxalat (Mn;0O3) < MnO,-NaOH (Mn,0;) < MnOy-pesunfat
(MnQO,) < MnOy-pemanganat (MnQO,). The catalytic activity changes in agreement with the
oxidation state of manganese: Mn;O4 < Mn,O; < MnOQ,. It can also be seen that smaller
particle size catalysts exhibit better performance.
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Figure 111.1.4. Catalytic activity of MnO, for the oxidation of m-xylene.

I11.1.4. Closure 1

Thus, with different synthesis methods various MnQOy structures have been
synthesized with different oxidation states of manganese. The catalytic activity of MnOy in
the oxidation of m-xylene increases with increasing oxidation number of manganese:
Mn;04 < Mn,O; < MnQO,. In which, a-MnQO, exhibits the highest catalytic activity,
converting m-xylene completely at temperatures below 240°C. Therefore, the oxidation of
Mn(NOs;), by KMnQ, is the preferable method for MnO, synthesis in subsequent studies.
I11.2. PHASE TRANSFORMATION OF MnO,

I11.2.1. Study the phase transformation of MnQO,

I11.2.1.1. Effect of molar ratio between KMnO,and Mn(NOQOj3),

Changing molar ratio between KMnO, and Mn(NOs), from 6: 1 to 1: 1.5, the phase

transformation form 0-MnO, to a-MnQO, was observed.
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Figure 1I1.2.1. XRD patterns of 6-1-MnQ,; Figure I11.2.2. FTIR spectra of 6-1-MnQO,
4-1-MnOy; 3-1-MnOy; 2-1-MnO,; 1-1- 4-1-MnOy; 3-1-MnQy; 2-1-MnOy; 1-1-
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Samples with a KMnQO, : Mn(NO3), ratio of 6: 1 and 4: 1 have the structure of o-
MnO, with a low crystallinity. When the ratio of KMnQO, : Mn(NOs), is 3: 1 the tetragonal
structure of a-MnQO, begins to appear. When the KMnO, : Mn(NO3), ratio continues to
decrease from 3: 1 to 2: 1, the crystallinity become higher. As the molar ratio of KMnOj :
Mn(NOs), changes from 2: 1 to 1: 1.5, the structure of a-MnO, is almost unchanged. The
average crystal size calculated by Scherrer's equation for the 2-1-MnQO,, 1-1-MnO, and 1-
1.5-MnO, samples were 24nm, 25nm and 26nm, respectively.

100 400 500 600 700 800




2-1-MnO, 1-1-MnO, 1-1,5-MnO,
Figure I11.2.3. TEM images of 6-1-MnQO,; 4-1-MnQO», 3-1-MnQO,; 2-1-MnQO,; 1-1-
MnO,; 1-1,5-MnO,

The TEM images in Figure II1.2.3 show the morphological change of MnO, when the
KMnO, : Mn(NOj), ratio changes from 6: 1 to 1: 1.5. The samples 6-1-MnO, and 4-1-
MnO, exhibiting the birnessite structure (6-MnO,) have two-dimensional lamellar
morphology with a size of 400-800nm. The samples 2-1-MnO,, 1-1-MnO, and 1-1,5-
MnO, having nano cryptomelane structure (a-MnQO,) exhibit rod-liked form with the
diameters of 25 + 40 nm (in good agreement with the XRD results) and the length of about
1 to several micrometers. Particularly, 3-1-MnO, samples displays heterogeneous

morphology, containing both 2D lamellar and 1D rods.

NGNS

(d) ®
Figure I11.2.4. HRTEM images of 6-1-MnQO, (a,b); 3-1-MnQO; (c,d); 1-1-MnO; (e, f, g)

On the HRTEM image of 6-1-MnQO, there is observed only a single type of wave-
liked fringes with a d-spacing of 0.7 nm, corresponding to the (001) facet of 5-MnO,
determined by XRD. On the HRTEM image of 1-1-MnO,, there is also only a type of
regular straight line fringes running along the MnO, rod with a d-spacing of 0.49 nm
spacing corresponding to the (200) facet of a-MnO,. The wave-liked fringes as in o-
MnO, (with a d-spacing of 0.7 nm) and the straight line fringes as in a-MnQO, (with a
spacing of 0.49 nm) are both observed in the HRTEM images of 3-1-MnQO, sample. In
addition, it is possible to observe the other relatively straight line fringes with a d-
spacing of 0.63 nm, which does not match the distances of facets in the structure of both
0-MnQO, and a-MnOQO,. This may be the intermediate phase formed in the transformation
from J-MnO, to a-MnO,.

As shown in the table II1.2.1, a-MnO, has a surface area of Sggr = 26 mZ/g, smaller

than the surface area of 6-MnO,, Sgpr = 31 m2/g. However, the surface area of the
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intermediate sample 0—a-MnO, was significantly larger Sy = 86 m*/g. This may be due

to the fact that, the 0—a-MnO, intermediate sample has heterogeneous morphology,

which do not allow the particles to "fold neatly" over each other, creating larger pores.
Table I11.2.1. Surface properties of 1-1-MnQ,,; 3-1-MnQ,; 6-1-MnQO,

Samples Surface area Ser (Mm%/g) Pore size (nm)
6-1-MnO, 31 14.1
3-1-MnO, 86 10.1
1-1-MnO, 26 114

I11.2.1.2. Effect of hydrothermal time
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Figure 111.2.7. XRD pattern of 30min- Figure 111.2.8. FTIR spectra of 30min-
MnOs; 1h-MnQO;; 2h-MnO, ; 4h-MnO, ;  MnQO,; 1h-MnO;; 2h-MnO, ; 4h-MnQO; ;
8h-MnQO;; 12h-MnO, 8h-MnQOy; 12h-MnO,

The XRD and FTIR results of MnO, samples in Figures II1.2.7 and I11.2.8 show that
in the first stage, when the hydrothermal time is 30 minutes or 1 hour, the resulting product
is birnessite 0-MnQO,. When the hydrothermal time is 2 hours, there is a transfer from

birnessite 5-MnQO, to cryptomelane a-MnO,. When the hydrothermal time is increased to 8
hours or 12 hours, the crystallinity of a-MnQO, increases. Thus, 5-MnQO; is the intermediate
in the phase formation of the a-MnO, structure.

By increasing the hydrothermal time, the transformation from lamellar to rods (Fig.
I11.2.9). With a hydrothermal time of 30 minutes, MnO, has a lamellar shape with a size of
about 200nm. When the hydrothermal time is 2 hours, there is the transfer from two-
dimensional (2D) lamellar to one-dimensional (1D) rod. With a hydrothermal time greater
than 4 hours, only rods with the diameters of 20 + 50nm and the lengths of 1 + 1.5um can be
observed. The HRTEM images (Figure II1.2.10) show that single phase samples contain
only one typeakal type of fringes; 30min-MnQO, has wave liked fringes with a d-spacing of
0.69 nm corresponding to the (001) facet of 6-MnO,; 12h-MnQO, has uniformly straight lines
with a d-spacing of 0.49 nm, corresponding to the (200) facet of a-MnO,. Meanwhile, the
2h-MnQO, intermediate do not only contain two main fringe types of -MnO, and a-MnQO,,
but also the intermediate type with the spacing of 0.63 nm.
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Figure I11.2.9. TEM images of 30min-MnQO;; 1h-MnQO,; 2h-MnQO, ; 4h-MnQO, ; 8h-
MI’IOZ,' ]2h-

(b) (c)
Figure I11.2.10. HRTEM images of 30min-MnQO,; (a); 2h-MnQO; (b) ; 12h-MnQOy(c)
By increasing the hydrothermal time from 30 minutes to 2 hours, the surface area
Sger of the material increased from 56 m*/g to 86 m*/g (table I11.2.2). As the hydrothermal
time increases from 2 hours to 12 hours, the surface area of the material decreases to
27m*/g. The result is in the agreement with the result when the KMnO, and Mn(NOs),
molar ratio changes.
Table 111.2.2. Surface properties of 30min-MnQ,; 2h-MnQO,;; 12h-MnQO,

—

Samples Surface area Sgrr (m?%/g) Pore size (nm)
30min-MnO, 56 14.2
2h-MnO, 86 10.1
12h-MnO, 27 12.2

I11.2.2. Effect of structure to the elemental composition of MnO,
111.2.2.1. EDX results
The EDX results in Table I11.2.3 show that, when transfering from 0-MnO, to o-

MnO,, the O: Mn ratio increases from 2.3 to 2.7, possibly due to the increasing of the
oxidation state of Mn. Convert from 0-MnO2 to a-MnO2. Besides, the K: Mn ratio is
about 0.16 + 0.23, consistent with the experimental formula of MnO,, K, \MngOs. When
transfering from 6-MnO, to a-MnO,, the K" content decreases because to K* is the cation
stabilizing the 6-MnO, structure.
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Table 111.2.3. Elemental composition of 0-MnQ,, 6—o-MnO, and o-MnO,

Element Elemental content (% s6 mol)
0-MnQO, o—a-MnO; a-MnO,
S 65.2 67.3 69.7
K 6.5 5.3 4.0
Mn 28.3 27.0 26.1
K:Mn 0.23 0.20 0.16
O:Mn 23 2.5 2.7

I111.2.2.2. XPS results

The Mn 2p;,, signal is deconvoluted into 3 peaks with associated energies of 642
eV, 643 eV, and 644 eV corresponding to the Mn**, Mn’* and Mn*" on the surface of
MnO, (Figure 111.2.14). When transfering from 0-MnO, to a-MnQO,, there is a shift of the
peaks characteristic for Mn>*, Mn’* and Mn*" towards higher binding energies. Since
Mn** generates more O, and O; Mn®* generates vacant oxygen, which are more reactive.
Thus, 5—a-MnO, with higher Mn** and Mn** content higher than 6-MnO, and a-MnO,
will contain more mobile oxygen as shown in XPS results of O 1s in Figures II1.2.15 and
Table II1.2.4. The ratio of O (0,7, O, O, and V)/O™ of the sample 5-MnO,, d—a-
MnO, and a-MnQO, are 1.52; 3.83 and 1.09, respectively. Obviously, the 6—a-MnO,
sample contains the highest content of active oxygen. In addition, the peak intensity of the
XPS spectrum of MnQO, increase with the increasing of the surface area of the materials.
Moreover, it is possible to observe the shift of the peaks in the Mn-2p XPS spectrum
forward the higher binding energy when transfering from 0-MnQO, to a-MnQO,, with the
increase in the average oxidation number of manganese. This result is also consistent with
EDX results.
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Figure II1.2.14. XPS Mn 2p spectra of

0-MnQ,, 6—a-MnQO; and a-MnO,

Figure I11.2.15. XPS O s spectra of o-
MnQO,, 0—o-MnO, and a-MnQO,

I11.2.3. Effect of the structure to the redox properties of MnO,

On the H,-TPR profile of 6-MnO,, three reduction peaks at 215°C, 263°C, and 289°C
were observed. They correspond to the reduction stages MnO, — Mn,O; — Mn;0, —
MnO of MnQO,; and the reduction peaks at 239°C, 288°C of a-MnO, correspond to two
reduction stages: MnO, — Mn,O; — MnO. Notably, the temperature of the reduction
peaks of 6-MnQO, is lower than that of the corresponding reduction peaks of a-MnQO,. In
addition, the reduction of 6-MnQ, starts at about 150°C and ends at about 330°C, while
reduction of a-MnQO, starts at about 200°C and ends at about 320°C. Thus, 6-MnQO, is
more susceptible to reduction than a-MnQO,. This may be due to a higher mobile oxygen
content of 3-MnQO,. On the H,-TPR profile of 6—0-MnO, have been observed 5 reduction
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peaks at 183°C, 227°C, 259°C, 283°C and 303°C, indicating that d—a-MnO, contains
more active sites than 6-MnQO, and a-MnQO,; possibly due to more phases in that d—a-
MnO,. Thus, d—a-MnO, contains the highest active oxygen content; therefore d—a-
MnO, shows a reduction peak at low temperature 183°C. As a result, the reduction of
d—a-MnO, begins at a very low temperature (<150°C) and ends at temperatures below
320°C. Thus, the intermediate d—a-MnO, is easier to be reduced than both 8-MnO, and a-
MnO,. Whereas, there is no significant change in the redox properties of the sample
obtained by mechanical mixing of the two 0-MnQO, and a-MnO, samples as compared with
two original 6-MnO, and a-MnO, samples.
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Figure 111.2.16. H,- TPR profile of 0-MnQO,, 6—a-MnO, and o-MnQO,
Table 111.2.5. Hydrogen consumption of 0-MnQO,, 6—oa-MnQO; and o-MnQO,

0-MnO, d—a-Mn0O, M ix;;‘;ea@;jfg n0; a-MnO,
- 2
. H2 . H2 . H2 . H2
Reduct(l)on consumption Reduction consumption Reducttl)on consumption Reduct(l)on consumptio
peaks (°C) (mmol/g) peaks (°C) (mmol/g) peaks (°C) (mmol/g) peaks (°C) n (mmol/g)
183.4 0.54 217.3 1.40
215.0 1.38 226.6 1.71 247.5 0.94 239.3 L15
262.7 2.37 258.5 3.79 267.5 0.38 - -
289.3 3.19 ggg; 3(3)8 291.5 5.39 gg;g (9)12
Total 6.94 Total 8.40 Total 8.11 Total 10.43

The amount of hydrogen consumed in the MnO, samples increased from 3-MnO,
(6.94 mmol/g), to 6—0-MnO, (8.40 mmol/g) and a-MnO, (10.43 mmol/g). Thus, the
transformation from 6-MnO, to a-MnO, leads to the increase in the oxidation stage of
manganese. The formula for 6-MnO,, d—a-MnQO,, and a-MnO, can be approximately
determined as MnQO; 55; MnO; g9 and MnO; g9. This result is perfectly consistent with EDX
and XPS analyzes.
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I11.2.4. Effect of structure to the catalytic activity of MnO,

For 6-MnQO, samples, it can be observed that the catalytic activity increased when
the KMnO4: Mn(NOs), ratio decreased from 6: 1 to 3: 1. For a-MnO, samples, the
catalytic activity decreases rapidly as the KMnO4: Mn(NO3), ratio decreases from 3: 1 to
2: 1. The catalytic activity of a-MnO, continues to decrease slightly when this ratio is
reduced to 1: 1.5. At lower temperatures, 6-MnO, exhibited higher catalytic activity than
a-MnO, (Fig. II1.2.19). However, at the temperature higher than 230°C, the reductions
sites of a-MnO, are active, allowing for better m-xylene conversion. This result is also
consistent with the XPS and H,-TPR results. Notably, the 8—0-MnO, exhibits superior
catalytic activity over 6-MnQO, and a-MnQO, at both low and high temperature regions. This
can be explained by using the BET, XPS, and H,-TPR results: because of the superior of
the mobile oxygen content (022', O, O,, Vo, and OH) in 6—a-MnO,. In addition, 6—a-
MnO; has the largest surface area, which increases the number of dispersed active oxygen
on the surface of the material, contributing to the increase of catalytic activity of the
materials at both low temperature and high temperature.
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I11.2.5. Closure 2

Thus, the lamellar birnessite 6-MnQO, structure is the intermediate formed during the
phase formation of the rod-liked o-MnQO, crystalline structure. With the KMnO, :
Mn(NOs;), ratio of 3: 1 and the hydrothermal time of 2 hours, the resulting product
contains both 6-MnO, and a-MnO, and the intermediate between these two phases .
Intermediate products have the largest surface area Sggr = 86m2/g and are easiest to be
reduced because they contain highest active oxygen content; therefore exhibit superior
performance as compared to single-phase MnQO, catalysts with complete m-xylene
conversion at 220°C.

ITI1.3. THE CHARACTERISTICS OF THE OXIDATION OF m-XYLENE ON

Mn02

I11.3.1. The adsorption of m-xylene on MnO,

Adsorption of m-xylene on MnQO, occurs relatively fast: at 50°C, after only 40
minutes, the adsorption process of m-xylene on MnO, has reached equilibrium; and at
100°C, this time is 60 minutes (Fig. IT11.3.1). The adsorption capacity at 50°C and 100°C
was determined to be 0.13 mmol/g and 0.33 mmol/g, respectively. Thus, the amount of
adsorbed m-xylene on MnO, increased significantly when the absorption temperature
increased from 50°C to 100°C. This proves that the first stage in the oxidation of m-xylene
on MnQ, is the adsorption period of m-xylene on the material.
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Figure 111.3.1. Adsorption curve of m- Figure I11.3.2. FTIR spectra of reaction
xylene on MnO; at 50°C and 100°C gas before and after the oxidation of m-
xylene on MnO, at 220°C.

I11.3.2. The product of the oxidation of m-xylene on MnQO,

The determination of organic compouds by gas chromatography with FID detector
shows that the pre- and post-reaction gas mixtures contain only m-xylene. The analysis of
inorganic components by TCD signal shows that there is only CO, detected as the
additional compound in the gas products as compared to the pre-reaction gas mixture.
Thus, the product of the oxidation of m-xylene on MnQO, catalysts is CO, and H,O. MnO,
catalyzes the conversion of m-xylene with high selectivity, without creating extra by-
products.

On the FTIR spectra of the pre-reaction gas mixture, the infrared absorption bands
for the vibrations in the m-xylene structure were characterized: the 2900 + 3000 cm™
absorption band characteristic for the C—H stretching in the benzene ring, the 1600cm
and 1500cm™ absorption bands characteristic for the C—C stretching in the benzene ring;
and the 735-770 cm™' absorption band characteristic for the C-H bending (Figure I11.3.2).
However, these absorption bands are no longer observed on the FTIR spectra of the gas
mixture after reaction at 220°C on MnO, catalysts, indicating that m-xylene has been
completely converted. At that time, infrared absorption bands characterized for H,O and
CO, were observed: the two 2340 cm™ and 680 cm™ absorption bands characteristic for
the stretching and bending of CO,; the 3400cm™ and 1680cm™ absorption bands
characteristic for the vibrations in H,O. Thus, the conversion of m-xylene on the MnO,
catalyst at 220°C is the deep oxidation into CO, and H,O.

I11.3.3. The role of lattice oxygen in the oxidation of m-xylene on MnQO,

On the FTIR spectra of the gas sample after passing through the catalyst for about
10 minutes, the infrared absorption bands characteristic for m-xylene are not observed but
the absorption bands characteristic for CO, appear with very high intensity. Hence, at
220°C, m-xylene is completely oxidized to CO, and H,O with the participation of lattice
oxygen on the surface of MnO, as an oxidizing agent. With time, the intensities of the
absorbing vibration bands characteristic for CO, are gradually reduced and the infrared
absorption bands characteristic for m-xylene appear with increasing intensity. After 90
minutes, there is only m-xylene in the product and CO, and H,O are no longer observed

To investigate the regeneration of surface oxygen as well as the recycle ability of
MnO,, oxygen was fed for a period of 2 hours, then N, was continued to feed in the gas
stream passing through MnQO, catalyst for 1 hour. Following that, the oxidation of m-
xylene on MnO, was carried out for the 2™ time. The results in Figure I1.3.2.23 show that
the reaction in the second cycle is similar to that in the first one. This suggests that the
lattice oxygen in MnQO, has been filled again. Furthermore, the catalytic activity of the
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material is almost unchanged after the lattice oxygen is refilled. This result also indicates

the recyclability of the material.
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Figure I11.3.5. The conversion of m-xylene on MnQ); in the non-oxygen gas stream
Table 111.3.1. Elemental content of MnO, before and after the reaction

Element Elemental content (% atomic)
MnQO; before MnO; after
O 67.8 66.1
K 5.3 56
Mn 27.0 783
K:Mn 0.20 0.20
O:Mn 2.5 23

The study on the conversion of m-xylene shown in Fig. III.3.5 gives the same
results. In the first minutes, m-xylene was almost 100% converted and the m-xylene
conversion decreased over time and after 90 minutes the m-xylene concentration was
almost constant when passing through the MnO, catalyst.

After the oxidation of m-xylene on MnQO,, the K: Mn ratio was almost unchanged,
while the O: Mn ratio decreased from 2.5 to 2.3 (Table II1.3.1). ). This result shows that
the oxygen in the MnQO, structure is involved in the oxidation of m-xylene.
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The results of XPS Mn 2p and O 1s of MnO, before and after the reaction show that
after the reaction, the corresponding component of Mn**, Mn’" and Mn** tends to shift
slightly towards the high binding energy. Thus, after the reaction, the Mn"* elements on
the surface become more active. In particular, the change in the concentration of mobile
oxygen on the surface of the material shows that after the reaction, the O*" concentration
increased sharply from 20.7% to 83.7%, while the active oxygen content decreases
significantly from 33.6% to 9.8% and 45.7% to 9.5%. Thus, the surface active oxygen is
involved in the oxidation of m-xylene and is lost after the reaction. It is also possible to
observe that the peak intensity of the oxygen components, especially the active oxygen
components on the surface of MnQO,, significantly reduces after performing the oxidation

of m-xylene in the non-oxygen gas stream.
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Figure 111.3.6. XPS Mn 2p spectra of  Figure I11.3.7. XPS O Is spectra of MnO,
MnO; before and after the reaction before and after the reaction

With the analyzed results, it can be deduced that, during oxidation of m-xylene on
MnO,, after adsorbed on the surface of MnO,, m-xylene reacts with the surface lattice
oxygen MnQ,, producing CO, and H,0O, leaving the surface oxygen vacancy. This vacant
oxygen will be refilled by oxygen in the gas phase and continue to participate in the
reaction with adsorbed m-xylene. Thus, the oxidation of m-xylene on MnO, follows for
the Mars van Krevelen mechanism.

I11.3.4. Closure 3

The MnO, catalyzes the oxidation of m-xylene occurring between the adsorbed m-
xylene and the lattice oxygen, in accordance with the Mars van Krevelen mechanism. The
product of the oxidation of m-xylene is CO, and H,O.

III.4. Cu DOPED MnQO, FOR THE TREATMENT OF VOC

I11.4.1. XRD result of Cu-MnO,

In the XRD pattern of the samples 0.5Cu-MnQO,, 1Cu-MnO, and 2Cu-MnQO, in Figure
I1.4.1, the diffraction peaks characteristic for a-MnO, and 6-MnO, can be observed.
However, they appear with reduced intensity. In addition, in the XRD patterns of Cu-MnO,
samples, there are the diffraction peaks characteristic for the spinel structure of hopcalite
Cu; sMn, 50,.
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I11.4.2. FTIR result Cu-MnQO,

It can be observed that on the FTIR spectra of Cu-MnQO, samples three absorption
bands at 467cm’’, 521cm™ and 718cm™ characterized for the vibrations in MnO, although
with lower the intensity. Thus, the doping of Cu to MnO, do not distruct the structure of
MnO, although the effect on the structure increase as the concentration of doped Cu
increases. In addition, the absorption band characteristic for the Cu—O bending of hopcalite
Cu;sMn,; 504 at about 523 + 532 cm’, very close to the characteristic absorption band of
Mn—O. Therefore, this vibration absorption band is not clearly observed on the FTIR spectra
of Cu-MnQO, samples.

I11.4.3. TEM and HRTEM images of Cu-MnO,
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Cn 3
v ‘/ 22
¥
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Figure I11.4.3. TEM images of 0,5 Cu-|

Figure Il11.4.4. HRTEM image of 1Cu-MnO;

It can be seen that the Cu-MnO, samples consist of a mixture of nanorods with a
diameter of about 30 = 50 nm and lamellar with a size of about 100 + 200 nm. In addition,
no significant changes in the size and morphology of the material were observed. Similar
to MnQO,, Cu-MnO, samples also contain simultaneously 1D tube a-MnO, phases, and 2D
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0-MnO; structure. However, when observing the HRTEM image of the 1Cu-MnQO, sample
in Figure 111.4.4, in addition to the 0.7 nm and 0.49 nm d-spacing there are the fringes with
d-spacing of 0.32 nm. It is possible that the appearance of phases in the Cu-MnO, material
as presented when analyzing the XRD results.

I11.4.4. BET result of Cu-MnO,

The BET results show that the specific surface area of 1Cu-MnQO,, Sggr= 111 mz/g
is greater than the specific surface area of MnQO,, Sger = 86 mz/g. Thus, the doping of Cu
on MnO, does not reduce the surface area of MnQO,, but increase the surface area of the
material.

Table 111.4.1. Surface properties of MnO, and 1 Cu-MnO,

Sample Surface area (m?/g) Pore size (nm)
MnO, 86 10,1
1Cu-MnO, 111 12

I11.4.5. EDX result of Cu-MnO,

The results of elemental determination by EDX method show that the content of
elements is not much changed when Cu is doped into MnO,. Howerver, the presence of
Cu in the material also reduces the percentage of Mn and K. The K: Mn ratio was
determined to be 0.18 lower than that in MnQO, (~0.2), while the O: Mn ratio increases
from 2.5 to 2.55. When Cu loading is expected to be 1%, the results indicate that the Cu
content in the 1Cu-MnO, sample is 0.9%. Therefore, Cu was doped on MnO, with high
efficiency.

Table 111.4.2. Elemental composition of MnO, and 1Cu-MnQO,

Element MnQO, 1Cu-MnO,
% wt % atomic % wt % atomic

(0] 39.1 67.8 39.2 68.0

K 7.4 53 6.9 4.9
Mn 53.5 27.0 53.0 26.7
Cu 0.00 0.00 0.9 04
O:Mn 0.73 2.5 0.74 2.55
K:Mn 13.8 0.2 13.0 0.18

I11.4.6. XPS result of Cu-MnO,
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Figure I11.4.8. XPS Cu 2p spectra of 1Cu-MnO;

On the Cu-2P spectra of 1Cu-MnO, (Fig. II1.4.8), two principal peaks of Cu 2p3/2
and Cu 2pl/2 were observed with binding energy values of 933.9 eV and 953.8 eV,
demonstrating the existence of Cu**. Two satellite peaks are also observed at the binding
energy values of 941.7 eV and 962.4 eV. The occurrence of these satellite peaks only
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appear in the spectra of with non-pairing transition elements, which characterize the state

of Cu** (with the electron configuration of 3d9) in the material.
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Figure 111.4.9. XPS Mn 2p spectra of MnO,

and 1Cu-MnO,

Figure 111.4.10. XPS O Is spectra of MnQO,

and 1Cu-MnO,

The doping of Cu on MnO, allows the creation of materials containing higher Mn™**
and Mn** content, thus tending to produce more active oxygen. Indeed, the active oxygen
(by XPS signal O 1s) increased dramatically, from 33.6% to 41.2%. In addition, when Cu
is doped onto MnQO,, there is a shift of the characteristic peaks to Mn**, Mn®* and Mn* and
the O 1s peaks forward the higher binding energy. This shows that Mn"" the oxygen in the
1Cu-MnQO, sample are more active than the corresponding components in MnQO,.
Furthermore, the intensity of the XPS signal of 1Cu-MnQ, is greater than that of MnQO,,
indicating the larger diffusion of atoms on the surface of 1Cu-MnO,. This result is
consistent with the BET results.

I11.4.7. H,-TPR result of Cu-MnQO,
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Figure Il11.4.11. H,-TPR profiles of MnO, and 1Cu-MnO,

Trén gian d6 H2-TPR cua 1Cu-MnO, quan sat thiy 5 peak khir & voi nhiét do khir
bat dau & khoang 120°C and két thuc & 320°C, trong d6 H, dugc tiéu thu chi yéu & ba giai
doan khir mangan oxit: MnO, — Mn,0; & khoang 220°C, Mn,0s— Mn;04 & khoang
255°C and Mn;04 — MnO & khoang 283°C. So sanh véi mau MnQ,, cdc peak khir trén
mau 1Cu-MnO, c6 xu hudéng dich chuyén vé phia ving nhiét d6 thdp hon and c6 luong
hidro ti€u thu 16n hon. Ngoai ra, lugng hidro ti€u thu trong toan by khoang nhi¢t 6 cua 1Cu-
MnO, 9,22 mmol/g, 16n hon cia MnO, (8,83mmol/g). Nhu vay, viéc pha tap Cu ando MnO,
da khién cho vat liéu d& bi khir hon and khir tot hon so véi vat liéu khong pha tap. Su chuyén
dich nhi¢t d6 cac peak khur vé vung nhiét do thép hon ¢6 thé 1a do sy hinh thanh céac cau
lién két Cu—O—Mn trong pha hopcalit méi, Cu; sMn; 5Oy, dan dén lam tang do linh dong
ctia cac phan tir oxi trong 1Cu-MnO, nhu di chi ra & két qua XPS.
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On the H,-TPR diagram of 1Cu-MnQO, 5 reduction peaks at 178,4°C, 216,1°C; 255,1°C;
283,5°C and 300,7°C are observed 1200C and ending at 3200C, where H2 is consumed
mainly in three stages of reduction of manganese oxide: MnO2 [1 Mn203 at about 2200C,
Mn203[1Mn304 at about 2550C and Mn304 [] MnO at about 2830C. Compared to the
MnO2 sample, the redispersing peaks on the 1Cu-MnO2 sample tend to move toward the
lower temperature region and have higher hydrogen consumption. In addition, the amount of
hydrogen consumed over the entire temperature range of 1Cu-MnO2 was 9.22 mmol/g,
greater than that of MnO2 (8.83mmol/g). Thus, doping of Cu on MnO2 has made the material
more susceptible to deoxidization and reduction than that of non-doped materials. The
transfer of the redox temperature to the lower temperature zone may be due to the formation
of Cu-O-Mn bonded bridges in the new hopcalite phase, Cul.5Mn1.504, resulting in
increased mobility of the The oxygen element in 1Cu-MnO2 as indicated in the XPS results.

I11.4.8. Conversion of m-xylene on Cu-MnO,

Cu-MnO; catalysts exhibit high activity for oxidation of m-xylene at relatively low
temperatures. The products of oxidation of m-xylene on Cu-MnO, catalysts determined by
gas chromatography and FTIR are CO, and H,O. Moreover, the catalytic activity of the
Cu-MnO, samples was superior to that of MnQO,, they catalyze the oxidation of m-xylene
with 100% conversion at temperatures of <225°C. The increase in catalytic activity of
1Cu-MnO, versus MnO, may be due to the formation of a new Cu;sMn;s0,4 hopcalite
containing more active Cu—O-Mn bridge bond, allowing the formation of more active
oxygen 0,”, O, 0Oy, Vo, hence, 1Cu-MnO, material is easier to be reduced and shows
superior catalytic activity to MnQO,.
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Figure I11.4.12. Catalytic activity of Cu-MnQO; for the oxidation of m-xylene

In this study, when the Cu content increases from 0% to 1%, the catalytic activity of
the material increases, but as the Cu content increases from 1% to 2%, the catalytic
activity of the material decreases. Thus, the optimal Cu content for MnO, was determined
to be 1%.

I11.4.9. Closure 4

Doping the Cu (0.5% + 2%) on MnQO, does not distruct the phase, morphology of
the material, and create a new Cu;sMn;50, hopcalite phase which is more active,
increasing the mobility of the lattice oxygen, oxidation properties, leading to an increase in
the catalytic activity of the material: it allows complete conversion of m-xylene at 200°C
to CO, and H,0. The optimum Cu content was determined to be 1%.
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II1.5. STYDT THE STABILITY OF Cu-MnO, FOR THE OXIDATION OF m-
XYLEN
II1.5.1. Thermal stabilit
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Figure I11.5.1. TGA and DTA diagrams of 1Cu-MnQO; in air and Ar atmosphere

The thermal decomposition of manganese oxide material occurs in three phases:
physical desorption of water on the surface of the material, at temperatures below 200°C with
a weight loss of about 8% in Ar and about 9% in the air; the escape of water molecules and
oxygen chemically adsorbed on the surface of the material, at a temperature of 200 + 600°C
with a mass loss of 1-2%; release of oxygen in the crystalline lattice of the material, occurring
at a temperature of around 500 + 800°C, resulting in a mass loss of about 1.5% in the Ar
medium. Thus, the results of thermal analysis have demonstrated the relatively high thermal
stability of Cu-MnQO, material.

II1.5.2. Catalytic activity of Cu-MnQ, in the heating and cooling regimes
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Figure I11.5.2. Catalytic activity of 1Cu-MnQO, for the oxidation of m-xylene in the heating
and cooling regimes

It is easy to observe that a large hysteresis in the conversion of m-xylene on 1Cu-
MnO, when heated and cooled. The occurrence of this hysteresis may be due to m-xylene
and the product of the reaction retain on the 1Cu-MnO, surface, which can reduce the
activity of the catalyst.

I11.5.3. Stability with time

It can be observed that, at 200°C (the temperature at which 100% m-xylene has been
converted), over time, the activity of the catalyst was mostly unchanged during the 200-
hour reaction time. However, at 185°C, it can be observed that the activity of the catalysts
tends to decrease slightly over time. The reduction of catalytic activity over time at a
temperature with <90% conversion is considered to be due to the adsorption of the reactant
and the carbonaceous products on the catalytic surface. In addition, it can be observed that
the m-xylene conversion time over time at 200°C is smooth and straight, whereas, at
185°C, it 1s rather "rough" on the surface of the catalyst indicating the existence of the
"reactive cokes", resulting in reactive oscillation.
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Figure I11.5.3. Catalytic activity of 1Cu-MnQO, for the oxidation of m-xylene with time
I11.5.4. Repeatability of catalysts
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Figure I11.5.4. Repeatability of 1Cu-MnQO, for the oxidation of m-xylene

The catalytic activity change of 1Cu-MnO, on the oxidation reaction of m-xylene
after 7 times catalyzing the reaction was negligible, the reaction temperature increased by
3-5°C as compared to the reaction temperature at the first run. This result shows that 1Cu-
MnO, catalysts exhibit high repeatability for the oxidation of m-xylene. On the XRD
patterns of MnQO,, after 7 times of reaction (Fig. I11.5.5), diffraction peaks characteristic
for a-MnO, and 6-MnO, structures and hopcalite Cu;sMn;sO4 were still observed
although the intensity of the peaks is reduced. The TEM image of the material also shows
that, after 7 times of reaction, 1Cu-MnQO; retains two lamellar and rod-liked morphologies,
however the lamellar are made up of thicker layers.
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Figure II1.5.5. XRD pattern of 1Cu-MnQO; after 7 times of reaction
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(a) (b)
Figure I11.5.6. TEM images of 1Cu-MnQO; before reactions (a) and after 7 times
of reactions (b,c)

IIL5.5. Effect of steam on stream

When the water vapor is present in the gas stream, the conversion of m-xylene has
decreases from 97% to 90%. However, when the steam is rejected in the air stream, the
activity of the catalyst for the oxidation of m-xylene is recovered. The reversible decrease
in the catalytic activity of 1Cu-MnQO, in the presence of water vapor may be due to
competitive adsorption between m-xylene and water on the 1Cu-MnQO, surface. When
steam is rejected from the air stream, the water vapor on the catalytic surface is desorbed

to release the catalytic active sites.
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Figure II1.5.7. Effect of steam to the oxidation of m-xylene on 1Cu-MnQO,

I1L.5.6. Closure 5

1Cu-MnO, is a material with high thermal stability and repeatability and it is
capable of maintaining catalytic activity for m-xylene oxidation for approximately 200
hours. The adsorption of m-xylene as well as the accumulation of the reaction product on
the surface of the material is responsible for the deactivation of the catalysts. In addition,
the competitive adsorption of m-xylene and water vapor may be responsible for the
revesible decrease in the catalytic activity of 1Cu-MnQO, with the presence of water vapor
in the air stream.

I11.6. Cu-MnQO, DISPERSED ON BENTONITE FOR THE TREATMENT OF

VOC

I11.6.1. XRD result of CuMn-Bent

On the XRD pattern of bentonite, quartz-specific diffraction peaks appear with very
low intensity and the principal component of materials is montmorillonite. On the XRD
pattern of10Mn-Bent, the diffraction peaks characteristic for the 6-MnQO, birnessite
structure were observed. The formation of MnO, occuring on the surface of bentonite will
prevent the transformation from 6-MnQO, to a-MnQO,. The presence of Cu can affect the
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structural formation of 6-MnQO, so the intensity of diffraction peaks of 6-MnO, decreases
with Cu loading. In the XRD pattern of the 1CulOMn-MnO,, the diffraction peaks of
hopcalite, Cu; sMn, sO,4 can be observed.
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Figure I11.6.1. XRD patterns of CuMn-Bent samples with different Cu content
I11.6.2. TEM result of CuMn-Bent

10Mn-Bent 0,2CulOMn-Bent  0,5CulOMn-Bent
Figure 111.6.2. TEM images of CuMn-Bent
MnO; is produced on the surface of bentonite with the lamellar form. When adding
Cu to the bentonite catalyst, MnO,; still remains lamellar form that makes up the thin
layers covering the surface of bentonite. In addition, Cu-doped-MnO,/bentonite shows
better dispersion.

I11.6.3. H,-TPR result of CuMn-Bent
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Figure 111.6.3. H,-TPR profiles of 10Mn-Bent, 1CulOMn-Bent
On the H,-TPR profile of 10Mn-Bent there are observed 5 reduction peaks at
257,5°C; 282,4°C; 332,0°C; 453,1°C and 625,6°C. Two peaks at lower temperatures:
257,5°C; 282,4°C coincides with the reduction peaks of MnQO, ascribed to the reduction
of MnOjy dispersed on the bentonite surface. These peaks tend to shift toward the lower
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temperature region than on MnO,. It is possible that the interaction of MnO, with
bentonite results in increasing mobility of oxygen involving in the reduction process.
Reduction peaks at 332,0°C; 453,1°C and 625,6°C correspond to the reduction of MnO,
or Mn,0O3; to Mn;O4;, Mn3;O, to MnO and Mn,0O; to MnO of MnO, binded with the
bentonite surface.

On the H,-TPR profile of 1CulOMn-Bent, the peaks characteristic of the reduction
of MnQO, dispersed on the bentonite were still observed. Besides, two reducing peaks at
low temperatures, 207.1°C and 226.5°C were also observed, possibly due to the reduction
of Cu®" and Mn" in the active Cu; sMn, sO,, containing more active oxygen and easier to
participate in the reduction process. Doping Cu to the material can also make MnO, better
dispersed on the bentonite surface, resulting in a significant increase in the amount of
hydrogen consumed: from 3.22 mmol to 4. 31 mmol. However, the amount of hydrogen
consumed is still much lower that required for the reduction of MnO, (8.83mmol) and
1Cu-MnO,; (9.20mmol). This is explained by the lower content of active MnO, and
Cu;sMn; 504 in the 10Mn-Bent and 1CulOMn-Bent samples.

Table 111.6.1. Hydrogen consumption of MnO,, 1Cu-MnQ,, 10Mn-Bent, 1 Cul OMn-Bent

10Mn-Bent 1Cul0Mn-Bent
Reduction peaks | H, consumption | Reduction peaks | H, consumption
(°C) -mmol/g (°C) -mmol/g

- - 207,1 0,18
257,5 0,26 226,5 0,18
2824 1,05 287,8 2,29
332,0 0,21 386,9 0,19
453,1 0,41 527,6 0,59
603,4 0,66

625,6 1,29 669.8 0.22
Total 3,22 Total 4,31

I11.6.4. Catalytic activity of CuMn-Bent for the oxidation of m-xylene
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Figure I11.6.4. Catalytic activity of CuMn-Bent for the oxidation of m-xylene.

By increasing the Cu content from 0% to 1%, the catalytic activity of the material
increases significantly. The catalytic activity of the MnO, and CuMn-Bent samples is
consistent with the H,-TPR analysis described above. Thus, the addition of Cu ando
MnO,-Bent creates active hopcalite phase, increasing the oxygen mobility, and improves
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the oxidation ability of the material, thus enhancing catalytic activity for m-xylene
conversion. Particularly, on the 1CulOMn-Bent, at 180°C m-xylene is begun to convert
and almost 100% m-xylene is completely oxidized at 250°C. The m-xylene conversion on
the 1CulOMn-Bent catalyst was nearly comparable to the MnO, catalyst, while the active
site loading in 1CulOMn-Bent is only about 10% of that of MnO,.

I11.6.5. Closure 6

The dispersion of Cu-MnO, onto bentonite forms 6-MnQO, and the hopcalite phase
on the bentonite surface, producing CuMn-Bent catalysts expressing high catalytic
activity, allowing complete conversion of m-xylene at about 250°C with metallic loading
of only 1% Cu and 10% Mn. This result shows that CuMn-Bent is a good catalyst,
allowing effective treatment of m-xylene at relatively low temperatures; thus, there is
potential for the application of the catalysts in the treatment of VOC.

CONCLUSION

From the conducted studies within the scope of the thesis the conclusions that can be

drawn are:

1. Manganese oxides MnO, were synthesized by methods of precipitation, oxidation,
reduction with different agents, exhibiting different morphology and structure. The
catalytic activity of MnOy increases with increasing average oxidation number of
Mn, in the order of Mn;O;< Mn,0;<MnQO,. The oxidation of Mn(NQOs), with
KMnO, oxidizing agent combined with the hydrothermal treatment produces the
MnO, product with the best catalytic activity for m-xylene conversion.

2. It has been demonstrated that the structure of the lamellar 6-MnO, is the
intermediate product in the process of formation of rod-like a-MnO, structure. The
phase transformation results in the change of oxygen content in MnO,, which
determines the catalytic activity of the material. In particular, when the KMnO4:
Mn(NOs3), ratio is 3: 1 and the hydrothermal time 1s 2 hours, the resulting product
contains both 6-MnQO,, a-MnQO, and the intermediate phase between these two
phases. With large surface area, high mobility of oxygen the material exhibits the
best catalytic activity, completely converting m-xylene at 220°C. The oxidation of
m-xylene on MnQO, catalysts is in accordance with the Mars van Krevelen
mechanism producing CO, and H,O.

3. The thesis demonstrated that the doped-Cu MnO, contains new hopcalite phase,
with more active oxygen. This explains the high catalytic performance of Cu-doped
MnO,. 1% Cu-doped MnO, completely oxidizes m-xylene at low temperature,
200°C. Catalysts show high durability and repeatability. The competitive adsorption
of H,O and m-xylene is responsible for the reversible decrease of the catalytic
activity of the material in the presence of steam.

4. The results also show that Cu-doped MnO, dispersed on the bentonite surface in the
form of 8-MnO, and active hopcalite, which can oxidize m-xylene at relatively low
temperature, 250°C. The optimum metallic loadings are 1% Cu and 10% Mn.

The results obtained within the scope of this thesis have shown that the MnO,-based

catalyst is a promising candidate for VOC treatment at low temperatures.
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CONTRIBUTION AND RECOMMENDATION FOR FURTHER STUDY

A. The contribution of the thesis
- Showed that redox method combined with hydrothermal treatment is the optimum
method for the synthesis of manganese oxide used as catalysts for the oxidation of
VOC.
- Indicated that the catalyst containing both 8-MnO,, a-MnO, and the intermediate
between these phases exhibits superior catalytic activity for the oxidation of m-xylene;
at the same time, the synthesis process of this catalyst was also developed.
- Determined the role of surface oxygen in the oxidation of m-xylene on MnO, and
proved that the m-xylene oxidation on MnO, was in accordance with the Mars van
Krevelen mechanism.
- Used the FTIR method to analyze the composition of both organic and inorganic
compounds in the gaseous reaction mixture.

B. Recommendation for further study

- Changing the experimental conditions to elucidate the mechanism of the
reaction, determining the kinetic parameters of the reaction; clarify the
interaction between Cu-MnQO, and bentonite as well as the role of bentonite in
the oxidation of m-xylene.

- Study on the durability of Cu-MnO, catalysts on bentonite and influencing
factors. Design and construct the procedure for the VOC treatment process
using MnO,- bentonite catalyst, orientating in the application with industrial
scale.
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