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CHAPTER |
INTRODUCTION

1.1 Background of this research

“Nitrogen oxides (NO,)” is technical term which can refer to NO, N,O, NO, or a
combination of these gases. Nitrogen oxides are mainly produced during the
combustion of fossil fuels and from some industrial processes. Among the oxides of
nitrogen, NO or nitric oxide is the majority species released to the atmosphere. NO
can form from the reaction between O, and N, gases at high temperature, for

example during the combustion of fossil fuel according to the following reactions.

Release of NO to environment causes several environmental problems such
as acid rain and greenhouse gases. Therefore, elimination of NO from any exhaust
gases containing NO is necessary. The Selective Catalytic Reduction (SCR) of NO by
NH; is a technology that was developed to remove NO from exhaust gases,
especially exhaust gas from power plants. In the SCR process, NH; is injected into
the exhaust gas stream. NH; and NO will react with each other over a suitable

catalyst and convert into N, and H,O by two main reactions.
4NH; + 4NO + O, ——» aN, + 6H,0 (1.3)
4NH; + 2NO, + O, —— > 3N, + 6H,0 (1.4)

The choice of catalyst use in the SCR process depends on operating
temperature and the presence of SO, in the exhaust gas. MoO; works well with low
temperature exhaust gas (i.e. less than 250°C) while V,05 and WO; are more suitable
for exhaust gases having intermediate temperature (i.e. between 200-400°C) and high
temperature (i.e. higher than 400°C), respectively. If SO, exists in the exhaust gas
stream, TiO, (anatase phase) is typically applied as catalyst support due to its

resistance to sulfate formation.



The performance of the SCR catalyst is usually evaluated by determining the
difference between the concentrations of NO in the feed and in the effluent gas
from the reactor. The reaction requires a minimum reaction temperature to initiate
the reaction and prevent the deposition of some solid compounds which may form
from some side reactions downstream of the reactor.  Too high reaction
temperature, however, causes NH; reacts with O, and produce NO. Therefore, each

catalyst has its own optimum operating temperature range, typically called windows.

The absence of NO from the effluent gas, however, does not always mean
that NO is converted to a harmful reaction product (i.e. Ny). N,O is a reaction
product found during the SCR process but its formation is rarely reported due to the
difficult in measuring the concentration of N,O in the effluent gas. The formation of

N,O can attenuate the benefit of the SCR.

A common drawback shares by previous published research papers in the
field of SCR is the neglect of N,O formation. Only a few papers concern the
formation of N,O [1-51]. These papers, however, carried out their experiments in
simulated exhaust gaseous streams having compositions different from the real
exhaust gas. For example, the experiments were carried out in the absence of both
H,O and SO, [1-20], or in the presence of H,O but absence of SO, [3,21,22]. Some
published papers do concern the formation of N,O in the simulated exhaust gas
contains both H,O and SO, [23]. Those published works, however, seem to
concentrate on the exhaust composition similar to those generate from burning fuels
having low H:C ratios such as coal or fuel oil. Such exhaust gases contain O, and H,O

at low concentrations.

The objective of the present work is to study the formation of N,O during the
SCR process over three catalysts i.e. V,05/TiO,, MoO4/TiO,, WO5/TiO,, V,05-MoO5/TiO,
and V,0s-WO3/TiO, in the presence and absence of O,. The composition of the
simulated exhaust gas used in our experiment is obtained from a power plant
burning natural gas using gas turbine engine. Such exhaust gas contains high

concentration of O, (15 vol%) and H,O (15 vol%). In addition, the exhaust gas stream



also contains SO, generated from burning sulfur compound impurity in the natural

gas.

1.2 Scopes of the presented work.

The reaction conditions used in this research are as follows :

Reaction temperature : 120 - 450 °C

Feed gases . Total feed gas flow rate (dry basis) is 200 ml/min.

The feed gas contains 120 ppm of NO, 120 ppm of NHs, 15 vol% of vapor water, 30

ppm of SO, and use N, for balance.

The scope of this research is

1. Preparation of V,0s/TiO,, MoOs/TiO,, WO5/TiO,, V,05-MoOs/TiO, and V,0s-

WO4/TIO,

of catalysts wusing P25 as support by incipient wetness

impregnation method.

2. Characterization the prepared catalysts using the following methods :

2.1
2.2
2.3

24

25

2.6

X-ray diffraction technique (XRD) to determine crystal structure.
Nitrogen physisorption to determine surface area.

Inductively Couple Plasma-Optical Emission Spectroscopy (ICP-OES) to
determine amount of metal composition of the catalysts.
Temperature programmed desorption of NH; (NH;-TPD) to determine

the amount of acid site on catalyst surface.

Pyridine adsorption to determine the total amount of acid sites on the

catalyst surface.

Fourier transforms infrared (FT-IR) to determine functional group on

the catalyst surface.

3. Catalytic activity for NO reduction testing.

4. Measure N,O in the effluent gas from the SCR of NO by NHs.

5. Study the effect of SO, on the formation of N,O during the SCR process.



1.3 Arrangement of this Thesis.
This thesis is arranged in the following manner :
- Chapter | (this chapter) gives background of this research.

- Previous research works related to the presented work are summarized in

Chapter II.
- Chapter Il gives details of characterization and experimental methods.
- Experimental results and discussion are gathered in Chapter IV.
- Overall conclusions emerged from this research is reported in Chapter V.

- Finally, sample of calculation and raw data are included in the

Appendices.



CHAPTER Il
THEORY AND LITERATURE REVIEWS

This chapter gives a brief introduction to the SCR process in section 2.1.
Section 2.2 and 2.3 summarize research papers relate to the SCR processes using

oxides of V, W, and Mo as catalysts.

2.1 Selective Catalytic Reduction (SCR) of NO by NH;

NO, emissions cause environment problems such as photochemical smog,
ozone depletion and acid rain for a long time. In 1970s, the Selective Catalytic
Reduction technology has been first developed in Japan. This technology is
developed to reduced NO,. At present the SCR technology has been worldwide
used in industry processes for the reduction of NO emission. In this processes,
ammonia is injected into emission gases. The reaction will occur on surface of a

catalyst, according to the following reaction [27-30] :
4NH; + 4ANO + O, ——» 4N, + 6H,0 2.1)

Concurrently, while ammonia reacts with NO in the emission gases, ammonia

will also reacts with NO, according to the following reaction :
4NH; + 2NO, + O ——» 3N, + 6H,0 (2.3)

At temperature above 350 °C in the SCR feed stream, ammonia can reacts
directly with oxygen. This reaction is a side reaction and it is call ammonia oxidation
reaction. Ammonia oxidation produces N, (desired product) and N,O and NO

(undesired products) follows :
2NH; + 3/20, ——» N, + 3H,0 (2.6)
ONHs + 20, ————  N,O + 3H,0 2.7)

2NH; + 5/20,—  2NO+ 3H,0 (2.8)



2.2 Catalysts for the Selective Catalytic Reduction of NO by NH;

V,0s5, WO3 and MoO; oxides are widely used as catalysts on the SCR of NO by
NH,. V,0s catalyst is the most active in the intermediate temperature range but V,0s
can produce an undesired byproduct. SO; can form from the oxidation of SO, over
V,05[27]. The formation of SO; leads to catalyst deactivation due to the deposition

of (NH,),SO4 and NH;HSO, on the catalyst surface according to the following reaction

250, + O, — 250, (2.9)
SO5 + NH5 + H,0 ——»  NHgHSO, (2.10)
503 + 2NH3 + Hzo _— > (NH4)2504 (211)

In low reaction temperature region, MoOs; can work better than V,Os.
However, MoO; is prone to oxidize NH; to NO at high temperature. WO; is not quite
active for the oxidation of NH; but active for the SCR at high temperature. In the

presence of SO,, TiO; is suitable support because its resistance to sulfate formation
2.3 Comment on previous works

Review of literatures illustration in Table 2.1 shows that, to be best of our
knowledge, there is no research group carried out study with simulated exhaust gas
having high concentration of oxygen and water vapor. In addition, the formation of
N,O is neglected in most research works. Because of this reason, there is necessity
to investigate the formation of N,O in an exhaust gas having high concentration of

both oxygen and water vapor. This is the main objection of this research.
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CHAPTER IlI
EXPERIMENTS

This chapter gives detail of catalyst preparation method in section 3.1.
Section 3.2 consists of characterization techniques such as X-ray diffraction, Nitrogen
physisorption, NHs-TPD, FT-IR and ICP-OES method. Finally, section 3.3 explains

catalytic activity evaluation procedures.

3.1 Catalyst preparation
3.1.1 Chemicals

In the catalyst preparation process, chemicals listed in Table 3.1 below are

used.

Table 3.1 Chemicals are used in catalyst preparation.

Chemicals Supplier
Commercial grade titanium dioxide (P25) Aeroxide
Ammonium metavanadate, 99.99% Aldrich
Ammonium metatungstate hydrate, 99.99% Aldrich
Ammonium molybdate tetrahydrate, 99.99% Aldrich
Nitric acid 65% Aldrich

Oxalic acid hydrate Fluka
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3.1.2 Catalysts preparation

Incipient wetness impregnation method was used to prepared V,0s/TiO,,
MoOs/ TiO,, WO/ TiO,, V,05-MoOs/ TiO, and V,0s-WO-/ TiO, catalysts. The detail of

this method is as follows :
(1) Preparation of V,0s/ TiO, MoOs/ TiO, and WO5/TiO, catalysts.

For V,05/TiO,, ammonium metavanadate was used as precursor, and TiO, was
used as support. The method begins with dissolving ammonium metavanadate and
oxalic acid hydrate in water. Then the obtained solution was slowly added on TiO,
support. Next, the impregnated support was dried at 110 °C for 12 hr. Finally the
dried impregnated support was calcined in air at 500 °C for 2 hr to convert to

V,05/TiO, catalyst.

MoO; and WO; were prepared by the same method described in the above
paragraph. Ammonium molybdate tetrahydrateand and ammonium metatungstate
hydrate were used as precursors for MoOs and WOs, respectively. TiO, was still used

as support.
(2) Preparation of V,05s-MoOs/TiO, and V,O5WO5/TiO, catalysts.

For V,05-MoO4/TiO,, ammonium metavanadate was used as precursor and
TiO, was used as support. The method begins with dissolving ammonium
metavanadate and oxalic acid hydrate in water. Then the obtained ammonium
metavanadate solution was slowly added on TiO, support. Next, the impregnated
support was dried at 110 °C for 12 hr. Next, ammonium molybdate tetrahydrate and
oxalic acid are dissolved in water. Then the obtained ammonium molybdate
tetrahydrate and oxalic acid solution was slowly added on TiO, support. The
impregnated support was dried again at 110 °C for 12 hr. Finally the dried
impregnated support was calcined in air at 500 °C for 2 hr to convert to V,0s-

MoO-/TiO, catalyst.

For V,05-WO3/TiO,, ammonium metavanadate was used as precursor and TiO,
was used as support. The method begins with dissolved ammonium metavanadate

and oxalic acid hydrate in water. Then the obtained ammonium metavanadate
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solution was slowly added on TiO, support. Next, the impregnated support was
dried at 110 °C for 12 hr. Next, ammonium metatungstate hydrate and oxalic acid
are dissolved in water. Then the obtained ammonium metatungstate hydrate and
oxalic acid solution was slowly added on TiO, support. The impregnated support
was dried again at 110 °C for 12 hr. Finally the dried impregnated support was
calcined in air at 500 °C for 2 hr to convert to V,05-WO3/TiO, catalyst.

3.2 Characterization of catalysts

In this experiment, the prepared catalysts were characterized by using

different characterization techniques as follows :
3.2.1 BET surface area measurement

To measurement the surface area of each catalyst, nitrogen adsorption at -
196 °C, single point BET technique was used. The measurement was carried out on
Micromeritrics Chemisorb 2750. Prior the analysis, 0.1 g of catalysts was degassed at
200 °C in He flow for 4 hr. Then He was switched to 15%N,/He. The sample was
allowed to adsorb N, at liquid N, boiling temperature, -196 °C. After adsorption, the
adsorb N2 was removed from the sample surface by removing liquid N, bath from
the sample. The surface area of catalyst can be calculated from the amount of

desorb N,.
3.2.2 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

The inductively-coupled plasma optical emission spectroscopy (ICP-OES),
Perkin Elmer Optima 2100 DV, was used to identify the percentage of metal loading
over TiO, catalyst. This method used 0.01 ¢ sample of catalysts. The sample was
dissolved in dissolving of 15 ¢ (NH),SO4 and 20 ml of H,SO,, stirred vigorously until
the mixing solution became homogenous and made volume up to 100 ml by added

water in mixing solution.
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3.2.3 Acid site
(1) NH; Temperature programmed desorption (NH3-TPD)

NH5-TPD (Micromeritrics chemisorb 2750) was used for measurement strength
and amount of acid site on catalysts surface. The amount of NH; adsorbed on the
surface of catalysts was determined by thermal conductivity detector (TCD). 0.1 ¢ of
catalyst was placed inside a sample tube and preheated in 50 ml/min of He from
ambient to 200 “C (heating rate 10 OC/min) and hold at that temperature for 2 hr to
remove impurities. After cooling down to 120 OC, 0.5 ml of 10000 ppm NH; in He
was injected to the sample. The injection was repeated until the sample became
saturated with NHs;. Then the catalyst was heated up again to 500 °c (heating rate

10 OC/min) in order to remove the adsorb NHs.
(2) Pyridine adsorption

Pyridine adsorption technique was used for measurement the overall acid site
on the surface of the catalyst. 0.1 g of catalyst sample was packed in a stainless
steel sample tube placed in a gas chromatograph (Shimadzu GC-8A) equipped with a
flame ionization detector (FID). The oven temperature was controlled at 150 °c.
The measurement was carried out by injecting 0.2 pl of pyridine to the sample. The
amount of unadsorbed pyridine was recorded. The injection was repeated until the
sample became saturated with pyridine. The total of acid site on surface of catalyst

was calculated from the summation of pyridine adsorbed on the surface of catalyst.
3.2.4 X-Ray Diffraction (XRD)

Crystal structure of all catalysts was determined by X-Ray Diffraction (XRD)
technique. The characterization was performed by using D8 Advance Bruker AXS.
CuKar was used as a radiation source (wave length is 0.154056 nm). The spectra
were collected in the region of 26 between 20 ° to 80 °© with step size 0.02 °and 0.6
nm of slit width.
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3.2.5 Fourier transforms infrared (FT-IR)

FT-IR, Nicolet model 6700 of IR Spectrometer, was used to identify the
functional group on surface of each catalyst. The spectra were recorded in wave

range of infrared (400-4000 cm’).

3.3 Catalytic activity testing

Catalytic activity test consists with the SCR NO by NH,, The SCR of NO by NH;
in absence of oxygen condition, formation of N,O during the SCR of NO with NH; over
TiO, and effect of SO; on The SCR processes in absence of O, and SO, for each
catalyst.

The reactions were carried out in a 3/8 in. O.D. stainless steel fixed-bed
reactor packed with 0.05 ¢ of quartz wool and 0.1 g of catalyst. Testing temperatures
are between 120-450 °C. The gas outlet compositions were determined by using a
gas chromatograph Shimadzu GC-2014 equipped with an electron capture detector
(ECD). Feed gas used in the SCR operation contains 120 ppm NO, 120 ppm NHs,
15vol% O,, 15 vol% H,O, 30 ppm SO, and balance with N,. Total flow rate 200

mUl/min (dry basis).

NO and N,O generated from the reaction between NH; and NO were also
quantitatively analyzed by using feed composition in the SCR of NO by NH; that
show in Table 3.2. In addition, the SCR performance evaluation of each catalyst in
the absence of O, and SO, were also performed by removing O, and SO, out of the

feed gas stream.
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Reaction NO NH; 0, H,O SO, Flow rate
NZ
(ppm) | (ppm) | (vol%) (vol%) | (ppm) (my/min)
SCR 1 Stablility test 120 120 15 15 30 Balance 200
SCR 2 NO conversion 120 120 15 15 30 Balance 200
SCR 3 N,O Formation 120 120 15 15 30 Balance 200
SCR absence of O,
NO conversion 120 120 - 15 30 Balance 200
SCR absence of O,
N,O Formation 120 120 - 15 30 Balance 200
SCR absence of SO,
NO conversion 120 120 15 15 - Balance 200
SCR absence of SO,
N,O Formation 120 120 15 15 - Balance 200
Table 3.3 SCR condition of Shimadzu GC-2014 in used.
Detection gases
Lists NO N,O

Detector ECD ECD

Detector Temperature 200 °C 200 °C

Column Hyasep-DB Hyasep-DB

Column Temperature 40 °C 150 °C

Inlet Column Diameter 0.1 0.1

Outlet Column Diameter 2 2

Carrier gas N, N,
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Figure 3.1 Flow diagram of Selective Catalytic Reduction of NO with NH3; system.
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CHAPTER IV
RESULTS AND DISCUSSIONS

This chapter shows and discusses results of characterization of catalyst and
catalytic activity testing of V,05, WOs3;, MoQOs, V,05-WO;3; and V,05-MoO; catalysts
supported on TiO, support. The chapter is arranged in the following manner, section
4.1 describes characterization results, section 4.2 is catalytic activity testing, section
4.3 the effect of SO, on the SCR of NO by NH; and section 4.4 the effect of O, on the
SCR of NO by NHa.

4.1 Characterization of catalysts

This section reports BET surface area measurement, elemental compositions,
surface acidity, X-ray diffraction spectroscopy (XRD) and Fourier transform infrared

(FT-IR) spectroscopy results.
4.1.1 BET Surfaces area measurement and elemental compositions

Surface area measurement was carried out using N, adsorption technique.
The surface areas were calculated using BET theorem. Elemental composition was
measured using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).

The results are summarized in Table 4.1 showed below :

Table 4.1 BET surface area and %metal composition for each catalyst.

Catalyst BET Surface area (mz/g) Metal composition
TiO, 24.6 -
V,05/TiO, 28.1 1.87 wt% V,05
WO4/TiO, 30.3 22.95 wt% WO,
MoQO4/TiO, 33.0 3.96 wt% MoO;
V,05-WO5/TiO, 25.0 1.96 wt% V,05 and 19.72 wt% WO;
V,05-MoO4/TiO, 28.6 2.14 wt% V,05 and 3.50 wt% MoO,
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In Table 4.2, we can observe that surface areas of each catalyst are
approximately around 30.0 mz/g. In addition, it should be noted here that the
surface areas of the prepared catalyst are slightly higher than the surface area of the
pure support. A possible explanation is the decomposition of metal salts, which
produce gaseous products, causes some changing on TiO, (P25) support which results
in a slight increase in the surface area of the catalyst. Another possible explanation
is the structure of the commercial TiO, (P25) is not stable. Explosion to high
temperature during the calcination step completely converts all the structure into a
more stable form, which has higher surface area. This explanation comes from the
observation that the volume of TiO, (P25) powder decreases significantly after

calcination.
4.1.2 Acid site

Surface acidity of each catalysts are measured by using NH; temperature
programmed desorption (NH5;-TPD) and pyridine adsorption techniques.  The

measurement results are shown in Table 4.2.

According to the SCR mechanism, the reaction begins with the adsorption of
NH; on the acidic site of the catalyst surface. The capability of the catalyst surface to
retain NH; molecule depends on reaction temperature. Usually, the higher the
reaction temperature, the lower the amount of NH; on the catalyst surface. The
amount of adsorbed pyridine represents total acid site on the catalyst surface. The
amount of NHj; desorbed at different temperatures, as can be calculated from NHs-
TPD measurement represents amount of surface acid site which cannot used as

active site at that reaction temperature.

From data show in Table 4.2, the amount of acid site which cannot retain NH;
molecule at temperature higher than 500 °C (NH5-TPD result) is much less than the
total acid site (pyridine adsorption). From this reason, the changing in conversion
and selectivity of the reaction at different reaction temperature should not be the

result of the changing amount of NH; adsorption on the surface of catalyst.
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Table 4.2 Acid site of each catalysts by NH; temperature programmed desorption
(NH5-TPD) and Pyridine adsorption technique.

Catalyst Acid Site (umol/g)
Pyridine adsorption NH; — TPD

TiO, 157.96 0.74
V,05/TiO, 74.92 0.34
WO3/TiO, 131.13 1.06
MoO4/TiO, 91.10 0.07
V,05-WO,/TiO, 129.29 0.08
V,05-MoO4/TiO, 103.58 0.08

4.1.3 X-Ray Diffraction (XRD)

The results of XRD analysis shown in Figure 4.1 are detected in the 20 region
20-80 degree. After being calcined at 500 °C for 4 hr, TiO, anatase pattern of each
catalyst does not change to TiO,-rutile. It means that in this experiment, reaction
temperature does not cause the deactivation of the catalyst due to phase
transformation of TiO, support, because the maximum reaction temperature used in

our experiments is only 450 °C.

The disappearance of diffraction pattern of other metal oxide compound (V,
Mo, and W) indicates that the oxides of V, Mo, and W are well dispersed on the

catalyst surface or exist in the amorphous form.
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Figure 4.1 XRD pattern for each catalyst.

4.1.4 Fourier transforms infrared (FT-IR).

FT-IR spectroscopy is used for studying functional group on the catalyst
surface. FT-IR spectrum of each catalyst is recorded in wave number range 500-1500
e’ by using Nicolet impact 6700 IR spectrometer. FT-IR spectra in Figure 4.2 shows
that TiO, anatase strongly absorbed IR in the region 700-660 cm’. From the result
shown in figure 4.2, the IR spectra of all catalyst samples show similar pattern, i.e. a
broad peak between 550-1000cm . Therefore, other metal oxide species apart from

TiO, cannot be specified.
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Figure 4.2 FT-IR spectra for TiO,, V,05/TiO,, WO4/TiO,, MoO4/TiO,, V,05-WO/TiO, and

V,05-MoO5/TiO, catalysts.
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4.2 Catalytic activity testing

This section reports catalytic activity testing of each catalyst.  The
experimental results include the formation of N,O in the SCR of NO by NHj, stablility
of each of catalyst, the effects of O, and SO, on the formation of N,O in the SCR of

NO by NHs on each catalyst.

In the following section NO conversion and NOx conversion are calculated

from the following equations :

. NO in—NO out
NOconversion = ST X 100 4.1

NOin—(NOout+N20out)

- x 100 4.2
NOin

NOx conversion =

4.2.1 Stablility test

Each catalyst before catalytic testing must be confirmed that its structure has
stability. To confirm the stability of the structure of each catalyst, the catalyst
sample was heated to 120 °C and held at that temperature for 1 hr before
measuring NO in the effluent gas. Then the catalyst sample was heated up to 450 °C
and held at that temperature for 1 hr before measuring NO in the effluent gas again.
After that the catalyst sample was cooled down to 120 °C and the heating process
was repeated again. If the NO conversion measured at the same temperature from
both run are approximately the same the catalyst was considered stable and can be
used in the subsequent experiment. If the NO conversions are quite different, the
heating process will be repeated again. Table 4.3 summarizes NO conversion

obtained from the last two runs of each catalyst.
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Table 4.3 Stability test for V,05/TiO,, WO5/TiO,, MoO4/TiO,, V,05-WO4/TiO, and V,05-
MoO5/TiO, catalysts.

%NO conversion
Temperature
Catalyst
120 °C 450 °C

Test 1 Test 2 Test 1 Test 2

V,05/TiO, 0.00 0.00 36.99 31.20
WO4/TiO, 0.00 0.00 34.50 26.90
MoQO4/TiO, 0.00 0.00 16.83 16.29
V,05-WO,/TiO, 0.00 0.00 62.25 67.08
V,05-MoO5/TiO, 0.00 0.00 54.36 46.46
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4.2.2 The Selective Catalytic Reduction of NO by NH,

In this section, the results consist of NO conversion, N,O formation and NOx
conversion on the SCR of NO by NH; over V,0s/TiO,, WO4/TiO,, MoO,/TiO,, V,0s-
WO,/TiO, and V,05-MoO3/TiO, catalysts. This experiment is operated using gas
composition containing 120 ppm of NO, 120 ppm of NHs, 30 ppm of SO,, 15 vol% of
O, and 15 vol% of H,O. Total volumetric flow rate is 200 ml/min. The experiment
was carried out in the reaction temperature range 120-450 °C. The catalysts uses in

this experiment were the catalyst passes the testing in section 4.2.1
4.2.2.1 V,05TiO,

The results of SCR on V,05/TiO, catalyst are shown in Figures 4.3 and 4.4. For
this catalyst, the reaction begins at a reaction temperature around 150 °C. NO
conversion begins at 150 °C and increases until reaching a maximum, 54.10%, at 300
°C. Beyond this reaction temperature, NO conversion gradually decreases to around

20% at 450 °C.

N,O is firstly observed at a reaction temperature around 400 °C, 5.2 ppm. The

concentration of N,O slowly increases to 9.7 ppm at 450 °C.

NOx conversion profile showed in Figure 4.4 is similar to NO conversion
profile showed in Figure 4.3. The difference is in the reaction temperature region 400-
450 °C where the values of NOx conversion are lower than the values of NO
conversion in the same temperature region. This is due to the formation of N,O in

that reaction temperature region.
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Figure 4.3 NO conversion and N,O formation during the SCR reaction on V,0s/TiO,

catalyst.
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Figure 4.4 NOx conversion during the SCR reaction on V,0s/TiO, catalyst.
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4.2.2.2 WO/TiO,

The results of SCR on WO5/TiO, catalyst are shown in Figures 4.5 and 4.6. For
this catalyst, the reaction begins at a reaction temperature around 250 °C. NO
conversion begins at 250 °C and increases until reaching a maximum, 37.4%, at 400
°C. Beyond this reaction temperature NO conversion gradually decreases to around
18% at 450 °C. N,O cannot be observed during the reaction that makes NOx
conversion profile showed in Figure 4.6 is the same profile with NO conversion profile

showed in Figure 4.5.
4.2.2.3 MoO5/TiO,

The results of SCR on MoO4/TiO, catalyst are shown in Figures 4.7 and 4.8.
For this catalyst, the reaction begins at a reaction temperature around 250 °C. NO
conversion begins at 250 °C and increases until reaching a maximum, about 41.23%,
at 350 °C. Beyond this reaction temperature NO conversion slowly decreases to

around 10% at 400 °C.

N,O is firstly observed at the reaction temperature 250 °C, about 5.8 ppm.
The concentration of N,O increases to 43.3 ppm at 400 °C. It should be noted here
that this catalyst produces a large amount of N,O during the SCR process.

NOx conversion profile showed in Figure 4.8 is quite different from NO
conversion profile showed in Figure 4.7. This is due to in the reaction temperature
region 250-450 °C the formation of N,O is very high. The high concentration of N,O
formed can offset the amount of NO converted. In term of NOx conversion, the

maximum conversion achieved is only about 15% at 350 °C.
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Figure 4.5 NO conversion and N,O formation during the SCR reaction on WO,/TiO,

catalyst.
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Figure 4.6 NOx conversion during the SCR reaction on WO-/TiO, catalyst.
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Figure 4.7 NO conversion and N,O formation during the SCR reaction on MoQO,/TiO,

catalyst.
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Figure 4.8 NOx conversion during the SCR reaction on MoQO3/TiO, catalyst
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4.2.2.4 V,05-WO,/TiO,

The results of SCR on V,0s5-WO,/TiO, catalyst are shown in Figures 4.9 and
4.10. For this catalyst, the reaction begins at a reaction temperature around 150 °C.
NO conversion begins at 150 °C and increases until reaching a maximum, 100%, at
300 °C. When the reaction temperature is increased beyond 350 °C, however, NO
conversion sharply drops to 26.15% at 400 °C. Since N,O cannot be observed at any
reaction temperature, NOx conversion profile showed in Figure 4.10 is the same

profile with NO conversion profile showed in Figure 4.9.
4.2.2.5 V,05-MoO/TiO,

The results of SCR on MoQO3/TiO, catalyst are shown in Figures 4.11 and 4.12.
For this catalyst, the reaction begins at a reaction temperature between 150-200 °C.
NO conversion begins at 200 °C and increases until reaching a maximum, 50.13%, at
300 °C. Beyond this reaction temperature NO conversion rapidly decreases to
around 17.3% at 350 °C and down to zero when the reaction temperature is in the

range 400-450 °C

N,O is firstly observed at reaction temperature 350 °C, 23.8 ppm. The

concentration of N,O increases to 28.2 ppm at 400 °C.

NOx conversion profile showed in Figure 4.11 is similar to NO conversion
profile showed in Figure 4.12. The difference is in the reaction temperature region
350-450 °C where the values of NOx conversion are lower than the values of NO
conversion in the temperature region. This is due to the formation of N,O in that the
reaction temperature region. The values of NOx conversion became negative in the
reaction temperature region 350-350 °C because the amount of N,O form is higher

than the amount of NO eliminated.
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Figure 4.9 NO conversion and N,O formation during the SCR reaction on V,0s-

WO,/TiO, catalyst.
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Figure 4.10 NOx conversion during the SCR reaction on V,05-WO,/TiO, catalyst.
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Figure 4.11 NO conversion and N,O formation during the SCR reaction on V,0s-

MoO5/TiO, catalyst.
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Figure 4.12 NOx conversion during the SCR reaction on V,05-MoQ3/TiO, catalyst.
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4.3 The effect of SO, on the SCR of NO by NH;

The effect of SO, on the SCR of NO by NH; is studied by using gas
composition containing 120 ppm of NO, 120 ppm of NHs, 15 vol% of O,, 15 vol% of
H,O and using N, as balancing gas. The total flow rate base on dry basis is 200
ml/min. This experiment is used for studying the effect of SO, on the SCR of NO and
N,O formation during the SCR process on V,0s/TiO,, WOs/TiO,, MoOs/TiO,, V,0s-
WO5/TiO, and V,05-MoO/TiO, catalysts. The experimental results include NO

conversion and N,O formation.
4.3.1 V,O/TiO,

In Figure 4.13, NO conversion during the SCR reaction in the presence and
absence of SO, on V,0s/TiO, catalyst begins at 150 °C. For the SCR reaction in the
absence of SO,, NO conversion slowly increases until reaching 100% at 250 °C and
slowly decreases after 300 °C until became zero at 450°C. The SCR reaction in the
presence of SO, has a maximum NO conversion, 54.1 %, at 300 °C. At the reaction
temperature more than 350 °C, however, the SCR reaction in the presences of SO,

has higher NO conversion than the SCR reaction in the absence of SO..

Effect of SO, on N,O formation on V,05/TiO, catalyst during the SCR reaction
is shown in Figure 4.14. N,O formation from the SCR reaction in the absences of SO,
appears at 350 °C, faster than N,O formation from the SCR reaction in the presence
of SO, that appears at 400 °C. However concentration of N,O form from both

process are similar.

From the results, SO, decreases NO conversion in the SCR process over
V,05/TiO, catalyst when the reaction temperature is lower than 300 °C but increases
NO conversion during the SCR process when the reaction temperature is higher than
300 °C. SO, does not change concentration of N,O form during the SCR process

when reaction temperature is lower than 450 °C on V,05/TiO, catalyst.
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Figure 4.13 NO conversion during the SCR reaction in the absence and presence of

SO, on V,0s/TiO, catalyst.
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Figure 4.14 N,O formation during the SCR reaction in the absence and presence of

SO, on V,0s/TiO, catalyst.
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4.3.2 WO,/TiO,

Behavior of WO4/TiO, catalyst during the SCR process in absence and the
presence of SO, differs from the behavior of V,05/TiO, catalyst. NO conversion curves
in Figure 4.15 from the SCR process in the absence and presence of SO, on WO,/TiO,
are similar. NO conversion from the SCR in the absence of SO, on V,05/TiO, catalyst
is higher than NO conversion from the SCR in the absence of SO, on WO4/TiO,
catalyst. V,05/TiO, catalyst, however, is more sensitive to the SCR in the presence
SO, than WO-/TiO, catalyst. NO conversion from the SCR reaction in the absence of
SO, slowly increases until reaching 34.8% at 400 °C and slowly decreases after that.
The SCR reaction in the presence of SO, has a maximum NO conversion, 37.4%, at
400 °C. At the reaction temperature 450 °C, however, the SCR reaction in the
presences of SO, has higher NO conversion than the SCR reaction in the absence of

SO,.

Effect of SO, on N,O formation on WO,/TiO, catalyst in SCR is shown in Figure
4.16. N,O formation behavior in the SCR on WO3/TiO, catalyst is different from NO
conversion behavior during the SCR reaction on WO,/TiO, catalyst. N,O formed from
the SCR reaction in the absence of SO, begins at 300 °C while the SCR reaction in the
presence of SO, does not produce N,O. N,O formation in the SCR process is

sensitive to SO, more than NO conversion.

From the results, SO, does not have any observable effect on NO conversion
in the SCR process on WO4/TiO, catalyst at the reaction temperature less than 400
°C but increases NO conversion in the SCR process when the reaction temperature is
higher than 450 °C. The presence of SO, inhibits the formation of N,O over WO/TiO,

catalyst.
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Figure 4.15 NO conversion during the SCR reaction in the absence and presence of

SO, on WO4/TiO, catalyst.
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Figure 4.16 N,O formation during the SCR reaction in the absence and presence of

SO, on WO4/TiO, catalyst.
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4.3.3 MoO5/TiO,

NO conversions from the SCR in the absence and the presence of SO, in
Figure 4.17 begin at the same the reaction temperature, 250 °C. For the SCR process
in the absence of SO,, NO conversion slowly increases until reaching 40.31% at 400
°C and rapidly decreases after that. The SCR process in the presence of SO, has a
maximum NO conversion, 41.23% at 350°C and slowly decreases after that
temperature. In the SCR process in the presence of SO,, this catalyst has NO
conversion curve similar to that of WO5/TiO, catalyst. But the behavior of MoO/TiO,
catalyst in the SCR in the absence of SO, is difference from WQO,/TiO, catalyst. NO
conversion over WQO3/TiO, catalyst is higher than the conversion over MoO/TiO,

catalyst at 350 °C.

Effect of SO, on N,O formation on MoO,/TiO, catalyst in SCR is shown in
Figure 4.18. N,O formation behavior on MoO,/TiO, catalyst is sensitive to SO, in the
reactant gas. Effect of SO, on N,O formation behavior on MoO/TiO, catalyst differs
from WoO,/TiO, catalyst. The amount of N,O formed from the SCR reaction in
absence of SO, is higher than the amount of N,O formed from the SCR reaction in
the presence of SO,. N,O formed from the SCR reaction in the absences and the

presence of SO, at the same the reaction temperature, 300 °C.

From the results, SO, increases NO conversion in the SCR process over
MoO,/TiO, catalyst at the reaction temperature less than 350 °C and higher than 450
°C. The presence of SO, produces a large amount of N,O form from the SCR process

on MoO/TiO, catalyst.
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Figure 4.17 NO conversion during the SCR reaction in the absence and presence of

SO, on MoO,/TiO, catalyst.
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Figure 4.18 N,O formation during the SCR reaction in the absence and presence of

SO, on MoO»/TiO, catalyst.
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4.3.4 V,05-WO,/TiO,

V,05-WO,/TiO, catalyst works well in wider reaction temperature than
V,05/TiO, or WO/TiO,. NO conversion curves from the SCR in the absence and the
presence of SO, on V,0s-WO3/TiO, showed in Figure 4.19 are similar. NO conversion
from both SCR conditions begins at the same the reaction temperature, 150 °C. For
the SCR reaction in the absence of SO,, NO conversion increases until reaching 100%
at 300-350 °C and sharply decreases to zero at 450 °C. The SCR reaction in the
presence of SO, has maximum NO conversion, 100% at 200°C and slowly decrease

to zero at 450 °C.

In Figure 4.20, V,05-WO3/TiO, catalyst is not sensitive to SO, on the SCR
process because N,O does not form from the SCR process in the presence and

absence of SO, conditions.

From the described results, SO, increases NO conversion in the SCR process
on V,05-WO4/TiO, catalyst when the reaction temperature is lower than 150 °C but
decreases NO conversion in the SCR process when the reaction temperature is lower
than 350°C. SO, does not have observable effect on N,O formed from the SCR on
V,05-WO3/TiO, catalyst.
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Figure 4.19 NO conversion during the SCR reaction in the absence and presence of

SO, on V,05-WO,/TiO, catalyst.

70 -
60 -
50 -
£ 40 -
2
O, 30 -
2
20 -
10 -
0 i i i i ) i i |
100 150 200 250 300 350 400 450
Temperature
--A--SCR —— SCR absence of SO2

Figure 4.20 N,O formation during the SCR reaction in the absence and presence of

SO, on V,05-WO4/TiO, catalyst.
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4.3.5 V,05-MoOs/TiO,

The behavior of V,05-MoQ4/TiO, catalyst differs from the behavior of V,0s-
WO,/TiO, catalyst. NO conversion over V,0s-MoO/TiO, catalyst in the SCR process
in the absence of SO, is lower than NO conversion of V,0s-WO3/TiO, catalyst during
the SCR reaction in the absence of SO,. This catalyst does not sensitive to SO, in the
SCR process. NO conversion curves in Figure 4.21 from the SCR reaction in the
absence and presence of SO, are similar. NO conversion from the SCR reaction in
the presence and absence of SO, begin at the same reaction temperature, 200 °C.
NO conversion from the SCR reaction in absence of SO, increases until reaching
49.73%, at 300 °C and slowly decreases to zero, at 450 °C. The SCR reaction in the
presence of SO, has a maximum NO conversion, 50.13%, at 300 °C and slowly

decreases to zero at 400 °C.

Effect of SO, on N,O formation on V,05-MoO5/TiO, catalyst in SCR is shown in
Figure 4.22. N,O formation behavior of V,05-MoO/TiO, catalyst is similar to V,0s-
WO,/TiO, catalyst. N,O formation behavior of this catalyst is not sensitive to SO, on
the SCR process. N,O in both conditions appears at 350 °C and the amount of N,O

formed are about the same.

From the results, SO, does not have significant effect on NO conversion in the
SCR process at the reaction temperature lower than 350°C but decreases NO
conversion in the SCR process at the reaction temperature higher than 400 °C. In the
other ways, SO, does not have effect on N,O formation from the SCR process in

V,05-MoO5/TiO, catalyst.
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Figure 4.21 NO conversion during the SCR reaction in the absence and presence of

SO, on V,05-Mo05/TiO, catalyst.
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Figure 4.22 N,O formation during the SCR reaction in the absence and presence of

SO, on V,05-Mo0-/TiO, catalyst.
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4.3.6 The effect of SO, on the SCR of NO by NH;

SO, is normally present in fuel gases of the SCR process. The effect of SO,,
therefore, is a topic of study in the research. The experimental results show that the
presence of SO, in the feed gas can increase NO conversion in the SCR process over
V,05/TiO,, WO/ TiO,, MoOs/ TiO, and V,05-WOs/ TiO, catalysts, at high reaction
temperature i.e. higher than 350 °C.

During the SCR processes, two main reactions usually occur. The first one is
the SCR reaction which leads the reduction of NO in the effluent gas. This reaction
can occurs at any operating temperature. The second reaction is the oxidation of
NHs;. The latter reaction leads to the formation of NO which results in increasing NO
concentration in the effluent gas. The oxidation of NHs;, however, requires higher
reaction temperature to initiate, typically higher than 300 °C. The presence of SO,
affects both reaction which results in NO conversion profile changing at different

reaction temperature.
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Figure 4.23 Catalyst structure before and after SO, adsorption.

When SO, presences in the reaction gas, SO, can adsorbs on the catalyst
surface. The adsorption of SO, blocks a Lewis acidic site but produces two Bronsted
acid sites (see Figure 4.23). From the model the decrease amount of Lewis acidic

site should relate to the changing in NO conversion and the oxidation of NHs. That is



aq

both the SCR reaction of NO by NH; and the oxidation of NH; should begin with the
adsorption of NH; on Lewis acid site. The blocking of Lewis acid site leads to the
decreases in NO conversion at low reaction temperature. At high reaction
temperature, the blocking leads to both the reduction of the SCR reaction and the
oxidation of NHs;. But the effect on the oxidation of NH; is larger, the overall NO

conversion at high reaction temperature increases.

The results show that on V,05/TiO,, WO/ TiO,, MoOs/ TiO, and V,05-WO,/
TiO, catalyst, SO, affects to increases NO conversion in the SCR process at high
temperature. The results can demonstrate that at high temperature, NH; adsorption
on the catalyst surface is enhanced by SO,. SO, in the SCR process increases the
number of Brensted acid sites on the catalyst surface [52]. But in the different way,

SO, in the SCR process decreases the amount of Lewis acid sites on the catalyst.

In the absence of SO,, Lewis acid sites open to NH; molecules in the gas
phase. In the presence of SO, Lewis acid sites are blocked by the absorbed of SO,.
One Lewis acid site was blocked but two Brensted acid sites occurred instead. Since
NH; oxidation decrease when SO, present in the fuel gas, Lewis acid sites are the

sites when NH; oxidation occur.

N,O formation is similar to NO conversion. N,O formation increases in the
SCR process on V,0s/TiO,, MoOs/ TiO,, and V,0s-MoOs/ TiO, catalyst at high
temperature. The results support the above assumption that SO, have decrease the

SCR of NO by NH; and decrease NH5 oxidation at high temperature.
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4.4 The effect of O, on the SCR reaction of NO by NH,.

The effect of O, on the SCR reaction of NO by NHs is studied by using gas
reactant containing 120 ppm of NO, 120 ppm of NHs, 30 ppm of SO,, 15 vol% of H,O
and using N, as balancing gas. The total flow rate base on dry basis is 200 ml/min.
This experiment is used for studying the effect of O, on the SCR reaction of NO and
N,O formation during the SCR process on V,0s/TiO,, WOs/TiO,, MoOs/TiO,, V,0s-
WO5/TiO, and V,05-MoO/TiO, catalysts. The experimental results include NO

conversion and N,O formation.
4.4.1 V,05/TiO,

The behavior of V,05/TiO, on the SCR reaction is sensitive to the absence of
O,. In Figure 4.24, NO conversion of the SCR reaction in the presence and the
absence of O, over V,05/TiO, catalyst begins at different the reaction temperature.
At the reaction temperature less than 350 °C, the SCR reaction in the absence of O,
cannot eliminate NO. For the SCR reaction in the absence of O, NO conversion
begins at a reaction temperature around 400 °C and increases until reaching 44.84%,
at 450 °C. NO conversion during the SCR reaction in the presence of O, begins at

150 °C and has maximum NO conversion, 54.10%, at 300 °C.

Effect of O, on N,O formation on V,05/TiO, catalyst in SCR is shown in Figure
4.25. N,O formation behavior of this catalyst is sensitive to the absence of O, too.

This catalyst does not produce N,O during the SCR reaction in the absence of O..

The results show that O, has effect to increases NO conversion in the SCR
process at the reaction temperature less than 400 °C. O, has effect to increases N,O

formed on this catalyst in the SCR process.
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Figure 4.24 NO conversion during the SCR reaction in the absence and presence of

0O, on V,05/TiO, catalyst.
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Figure 4.25 N,O formation during the SCR reaction in the absence and presence of

0O, on V,05/TiO, catalyst.
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4.4.2 WO5/TiO,

The behavior of WO,/TiO, catalyst in the SCR reaction in the absence and the
presence of O, different from V,0s/TiO, catalyst. NO conversion curves are shown in
Figure 4.26. The behavior of WO/TiO, catalyst is sensitive to O, containing in the
SCR process. This catalyst cannot reduce NO from the reactant gas in the absence of
O, while NO conversion on V,0s/TiO, catalyst begins at 400 °C from the SCR in the

absence of O, process.

Effect of O, on N,O formation on WO-/TiO, catalyst in the SCR reaction is
showed in Figure 4.27. N,O formation on this catalyst during the SCR reaction in the
presence and absence of O, are similar. N,O does not form from the SCR in the
presence of O,. A small amount of N,O forms from the SCR reaction in the absence

of O, at 300 °C.

From the results, O, has effect on the SCR performance of this catalyst. O,
increases NO conversion from the SCR process on this catalyst. The absence of O,

inhibits the formation of N,O over WO3/TiO, catalyst.
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Figure 4.26 NO conversion during the SCR reaction in the absence and presence of

O, on WO./TiO, catalyst.
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Figure 4.27 N,O formation during the SCR reaction in the absence and presence of

0O, on WO,/TiO, catalyst.
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4.4.3 MoOy/TiO,

Behavior of MoOs/TiO, in Figure 4.28 is different from the behavior of
WO,/TiO,. NO conversion from the SCR in the absence of O, on MoQO5/TiO, catalyst
begins at the reaction temperature more than 300 °C while NO conversion from the
SCR reaction in the absence of O, on WO/TiO, catalyst is zero in every reaction
temperature.  The results indicate that MoO,/TiO, catalyst is sensitive to the
presence of O, on the SCR process. NO conversion from the SCR reaction in the
absence of O, begins at 350 °C and slowly reaching 48.09%, at 450°C. NO
conversion from the SCR in the presence of O, increases at 250 °C and reaching a

maximum value 41.23%, at 350°C.

Effect of O, on N,O formation on MoOs/TiO, catalyst in the SCR reaction is
shown in Figure 4.29. N,O formation behavior of MoO,/TiO, catalyst is sensitive to
the presence/absence of O, in the SCR reaction too. Effect of O, on N,O formation
behavior of MoOs/TiO, catalyst is differs from WO,/TiO, catalyst. A small amount of
N,O forms from the SCR in the absence of O, on WO,/TiO,. N,O formed from the
SCR reaction in the absence of O, on MoO/TiO, catalyst is higher than N,O formed
from the SCR in the presence of O, at reaction temperature less than 450 °C.
However, N,O formed from the SCR reaction in the absence of O, is less than N,O

form from the SCR in the presence of O, at 450°C.

From the results, O, increases NO conversion in the SCR process over
MoO5/TiO, catalyst at any reaction temperature lower than 400 °C. O, decrease the
amount of N,O formed from the SCR reaction over MoO/TiO, catalyst when the

reaction temperature is lower than 400 °C.
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Figure 4.28 NO conversion during the SCR reaction in the absence and presence of

O, on MoOy/TiO, catalyst.
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Figure 4.29 N,O formation during the SCR reaction in the absence and presence of

0O, on MoO3/TiO, catalyst.
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4.4.4 V,0-WO/TiO,

The behavior of V,05-WO3/TiO, is sensitive to O, in the SCR process. NO
conversion curves from the SCR reaction in the absence and presence of O, on V,0s-
WO,/TiO, showed in Figure 4.30 are different. NO conversion from the SCR in the
absence of O, begins at 400 °C and sharply increases until reaching 67.08%, at 450
°C. NO conversion from the SCR reaction in the presence of O, begins at 150 °C and

reaching the maximum 100%, at 300 °C.

From the results from V,05-WO5/TiO, catalyst showed in Figure 4.31, the N,O
formation behavior of V,05-WO5/TiO, is not sensitive to O, because this catalyst does

not form N,O from the SCR reaction in the presence and absence of O,.

From the results, O, increases NO conversion in SCR process on V,0s-
WO,/TiO, catalyst. However, O, does not affect N,O formation from the SCR on
V,05-WO5/TiO, catalyst.
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Figure 4.30 NO conversion during the SCR reaction in the absence and presence of

O, on V,05-WO5/TiO, catalyst.
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Figure 4.31 N,O formation during the SCR reaction in the absence and presence of

0O, on V,05-Mo0O-/TiO, catalyst.
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4.4.5 V,0s- MoOy/TiO,

The behavior of V,05-MoQO5/TiO, catalyst is difference from the behavior of
V,05-WO,/TiO, catalyst. NO conversion from the SCR in the absence of O, on V,0s-
MoO-/TiO, catalyst is less than NO conversion from the SCR in the absence of O, on
V,05-WO5/TiO, catalyst. This catalyst is sensitive to O, in the SCR process. NO
conversion curve in Figure 4.32 from the SCR in absence and presence of SO, are
difference. NO conversion from SCR in the absence of O, begins at 250 °C and
slowly increases reaching 57%, at 350 °C. NO conversion from the SCR in presence

of O, begins at 200 °C and slowly decreases to zero at 400 °C.

Effect of O, on N,O formation on V,05-MoO5/TiO, catalyst in the SCR process
is shown in Figure 4.33. N,O formation behavior of V,05-MoQ,/TiO, catalyst differs
from V,05-WO3/TiO, catalyst. N,O formation behavior of V,05-MoO,/TiO, catalyst is
sensitive to O, in the SCR process. But N,O formation behavior of V,05-WO/TiO,
catalyst is not sensitive to O, in the SCR process. N,O formed from the SCR reaction
in the absence and the presence of O, on this catalyst are different. N,O formed
from the SCR reaction in the absence of O, on V,05-MoQO3/TiO, catalyst begins at 350
°C. N,O formed from the SCR reaction in the presence of O, on V,0s-MoO/TiO,
catalyst begins at 250 °C. N,O formed from the SCR reaction in the absence of O, on
V,05-MoO4/TiO, is higher than N,O formed from the SCR reaction in the presence of
O, on V,05-MoO5/TiO,.

From the results, O, have effect on NO conversion in the SCR process on this
catalyst. O, increases NO conversion at the reaction temperature is lower than 300
°C. However, O, decreases NO conversion at the reaction temperature is higher than

350 °C. O, decreases N,O formation from SCR process over V,05-MoO,/TiO, catalyst.
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Figure 4.32 NO conversion during the SCR reaction in the absence and presence of

O, on V,05-WO5/TiO, catalyst.
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Figure 4.33 N,O formation during the SCR reaction in the absence and presence of

0O, on V,05-Mo0O-/TiO, catalyst.
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4.4.6 The effect of O, on the SCR of NO by NH; in the absence of O,

The SCR of NO by NHj is the reaction between NO, NHj;, and oxygen in the

process. The oxygen sources in the SCR experimental follow :

(i) Gases oxygen feed to the system
(i) Lattice oxygen (oxygen anion) from catalyst surface

(iii) Oxygen impure in N, feed (99.999%)

Normally, O, in feed is mainly oxygen source in the SCR reaction in the
presence of O,. However, if O, feed was cut from the SCR reaction. The source of
oxygen has only two sources remain, oxygen gas impurity from N, and oxygen anion

from catalyst oxide on TiO, support.

From the SCR reaction in the absence of O, on V,05, WO3, MoO3, V,05-WO5
and V,05-MoOs; catalysts on TiO, support, the results show that NO removable can
occurs on  V,05/TiO,, MoO5/TiO,, V,05-WO5/TiO, and V,05-MoO-/TiO, catalyst in the
process at high temperature. However, WO3/TiO, catalyst cannot remove NO in the
SCR reaction in the absence of O,. Oxygen source in the SCR reaction in the absence
of O, might come from O, impurity in N, feed and metal oxide on catalysts. After
observation at the experiment for a long time, O, impurity concentration in N, feed
changes a little but not enough to remove NO in the process. The results show that
the only one oxygen source in the SCR reaction in the absence of O, have effluent
to NO removable in the SCR process in absence of O,. Oxygen is the oxygen source
from catalyst itself. The results demonstrate that oxygen from metal oxide species
on catalyst might participate in removing NO from the SCR process in the absence of
O,. The lattice oxygen of V,0s/TiO,, MoOs/TiO,, V,05-WO,/TiO, and V,05-MoO/TiO,
can participate to remove NO in the SCR process. However, for WO,/TiO, catalyst,
the result shows that lattice of oxygen on the catalyst does not participate to
remove NO in the SCR process. It might be because V,05/TiO,, MoOs/TiO,, V,0s-
WO,/TiO, and V,05-MoO,/TiO, catalyst are easier reduced than WO,/TiO, in the low

temperature.



56

N,O formation results from the SCR reaction in the absence of O, over
MoO4/TiO,, WO,/TiO,, and V,05-MoO,/TiO,TiO, catalysts demonstrate that oxygen
lattice on catalysts have participate to N,O formation in the SCR process. However,

oxygen lattice on V,05 does not produce N,O from the SCR process.



CHAPTER V
CONCLUSIONS

This chapter shows the conclusions obtained from the experimental results

reported and discussed in chapter IV follow :

5.1 Conclusion

1. Stability test results show that V,0s/TiO,, WO5/TiO,, MoOs/TiO,, V,0s-
WO5/TiO, and V,05-MoO3/TiO, catalysts are stable under the reaction temperature
during the SCR of NO by NHs in this experiment.

2. N,O is formed from the SCR process over V,0s/ TiO,, MoOs/ TiO,, and
V,05-MoOs/ TiO, catalysts. However, WO/ TiO, and V,05-WO,/ TiO, catalysts do not

produce N,O formed from the SCR process

3. SO, in the influent gas affects the NO conversion and N,O formation in the
SCR process. SO, in the influent gas increases NH; adsorption on the catalyst surface
because SO, in the SCR process increases the number of Bronsted acid site on the

catalyst surface and decreases the amount of Lewis acid site on the catalyst surface.

4. Lattice oxygen 07 of V,0s/ TiO,, MoOs/ TiO, and V,0s-MoOs/ TiO, can
the SCR process at the high reaction temperature. 0 on MoQOs/ TiO, and V,0s-
MoO,/ TiO, catalysts is participate in increasing N,O formed from the SCR process.

N,O is formed from the reaction between NH; and O, rather than NO
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5.2 Recommendation for future work

1. Study NO removal and N,O formation from NH; oxidation reaction in the
absence of O, over V,0s/ TiO,, WO/ TiO,, MoOs/ TiO,, V,05-WOs/ TiO, and V,0s-
MoOs/ TiO, catalysts.

2. Study effect of SO, on NH; oxidation reaction over V,0s/ TiO,, WO/ TiO,,
MoOs/ TiO,, V,05-WO/ TiO, and V,05-MoOs/ TiO, catalysts.

3. Study effect of H,O on the SCR and NHj; oxidation reaction in the absence
of 02 over \/205/ TiOZ, WO3/ TIOZ, MOO3/ TIOZ, \/205-\/\/03/ T|02 and \/205"\/\003/ T|02

catalysts.
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APPENDIX A.
NO CONVERSION AND N,O FORMATION RESULTS

Appendix A includes NO conversion and N,O conversion raw results during
the SCR process, the SCR process in the absence of SO, and the SCR process in the
absence of O, over V,05/TiO,, WO3/TiO,, MoOs/TiO,, V,05-WO5/TiO, and V,0s-
MoQs/TiO, catalysts

A.1 NO conversion

NO conversion during the SCR process, the SCR process in the absence of SO,
and the SCR process in the absence of O, over V,05/TiO,, WO5/TiO,, MoO4/TiO,,
V,05-WO3/TiO, and V,05-MoO-/TiO, catalysts are shown in Table A.1-A.5 below :

Table A.1 NO conversion during the SCR process, the SCR process in the absence of

SO, and the SCR process in the absence of O, over V,05/TiO, catalyst

%NO conversion
Temperature
©0) The SCR process in The SCR process in
SCR the absence of SO, the absence of O,
120 0.00 0.00 0.00
150 10.81 11.55 0.00
200 8.70 29.71 0.00
250 28.20 100.00 0.00
300 54.10 100.00 0.00
350 44.00 40.81 0.00
400 29.80 10.98 11.79
450 31.20 0.00 44.84
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Table A.2 NO conversion during the SCR process, the SCR process in the absence of
SO, and the SCR process in the absence of O, over WO,/TiO, catalyst

%NO conversion
Temperature
©0) The SCR process in The SCR process in
SCR the absence of SO, the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 5.47 0.00 0.00
300 18.56 16.76 0.00
350 33.65 32.27 0.00
400 37.40 34.80 0.00
450 26.89 14.56 0.00

Table A.3 NO conversion during the SCR process, the SCR process in the absence of
SO, and the SCR process in the absence of O, over MoO5/TiO, catalyst

%NO conversion
Temperature
©0) The SCR process in The SCR process in
SCR the absence of SO, the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 5.34 7.00 0.00
300 19.64 11.80 0.00
350 41.23 23.30 17.57
400 39.73 40.31 24.85
450 32.35 16.29 48.09
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Table A.4 NO conversion during the SCR process, the SCR process in the absence of

SO, and the SCR process in the absence of O, over V,05-WO,/TiO, catalyst

%NO conversion
Temperature
©0) The SCR process in The SCR process in
SCR the absence of SO, the absence of O,
120 0.00 0.00 0.00
150 10.34 24.16 0.00
200 25.51 39.76 0.00
250 33.82 100.00 0.00
300 100.00 100.00 0.00
350 100.00 54.16 0.00
400 26.15 24.06 32.74
450 0.00 0.00 67.08

Table A.5 NO conversion during the SCR process, the SCR process in the absence of

SO, and the SCR process in the absence of O, over V,05-MoO/TiO, catalyst

%NO conversion
Temperature
©0) The SCR in the The SCR in the
SCR absence of SO, absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 9.24 17.81 0.00
250 32.43 37.17 10.58
300 50.13 49.70 30.20
350 17.30 19.41 57.00
400 0.00 11.02 53.90
450 0.00 0.00 46.46




70

A.2 N,O formation

N,O formation during the SCR process, the SCR process in the absence of SO,
and the SCR process in the absence of O, over V,05/TiO,, WO4/TiO,, MoOs/TiO,,
V,05-WO3/TiO, and V,05-MoO-/TiO, catalysts are shown in Table A.6-A.7 below :

Table A.6 N,O formation during the SCR process, the SCR process in the absence of
SO, and the SCR process in the absence of O, over V,05/TiO, catalyst

N,O formation (ppm)
Temperature
©0) The SCR process in | The SCR process in
SCR the absence of SO, | the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 0.00 0.00 0.00
300 0.00 0.00 0.00
350 0.00 3.99 0.00
400 5.18 5.24 0.00
450 9.72 4.60 0.00
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Table A.7 N,O formation during the SCR process, the SCR process in the absence of
SO, and the SCR process in the absence of O, over WO,/TiO, catalyst

N,O formation (ppm)
Temperature
©0) The SCR process in | The SCR process in
SCR the absence of SO, | the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 0.00 0.00 0.00
300 0.00 17.48 5.29
350 0.00 18.46 0.00
400 0.00 15.73 0.00
450 0.00 6.84 0.00

Table A.8 N,O formation during the SCR process, the SCR process in the absence of
SO, and the SCR process in the absence of O, over MoO-/TiO, catalyst

N,O formation (ppm)
Temperature
©0) The SCR process in | The SCR process in
SCR the absence of SO, the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 5.76 4.23 21.35
300 11.62 6.05 22.12
350 32.18 6.35 38.92
400 43.33 11.95 46.25
450 34.91 10.54 20.51
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Table A.9 N,O formation during the SCR process, the SCR process in the absence of

SO, and the SCR process in the absence of O, over V,05-WO,/TiO, catalyst

N,O formation (ppm)
Temperature
©0) The SCR process in | The SCR process in
SCR the absence of SO, | the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 0.00 0.00 0.00
300 0.00 0.00 0.00
350 0.00 0.00 0.00
400 0.00 0.00 0.00
450 0.00 0.00 0.00

Table A.10 N,O formation during the SCR process, the SCR process in the absence of

SO, and the SCR process in the absence of O, over V,05-MoO5/TiO, catalyst

N,O formation (ppm)
Temperature
©0) The SCR process in | The SCR process in
SCR the absence of SO, the absence of O,
120 0.00 0.00 0.00
150 0.00 0.00 0.00
200 0.00 0.00 0.00
250 0.00 0.00 11.70
300 0.00 0.00 35.60
350 23.77 21.60 43.61
400 28.23 25.41 61.46
450 27.79 12.40 57.01




APPENDIX B.
NH,-TPD RESULTS

Appendix B shows graph between TCD signal (a.u.) and time (min) in the NHs-
TPD experimental for TiO,, V,05/TiO,, WO5/TiO,, MoO4/TiO,, V,05-WO3/TiO, and V,0s-
MoO5/TiO, catalysts. The results are shown in Figure B.1-B.6 below :

0.025 600
— 0.02 500 S
3 )

3 400 =
<0.015 2
g, 300 &
» 0.01 4
a 200 g
F g

0.005 100

0 = _ 0
55 65 75 Time (min), 95 105
TCD ====Temp
Figure B.1 NH;-TPD for TiO, catalyst.
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Figure B.2 NH5-TPD for V,05/TiO, catalyst.
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APPENDIX C.
CACULATION FOR CATALYST PREPARATION

Appendix C shows example calculation for catalyst preparation.  Using

V,05/TiO, and V,05-WO5/TiO, catalysts are example calculation.

C.1 V,04/TiO, preparation.
Reagent :
- Titanium powder (P-25)
- Ammonium metavanadate (NH,VOs) 99.999%
- Oxalic acid hydrate

3wt% V,05/TiO, based on 2 g of catalyst used, the composition of the

catalyst will be as follows :
V,05 = 0.03x2 = 0.06 g
TiO, =2-0.06 =194g¢

V,05 0.06 ¢ was prepared from NHZVO3; (MW. = 117 g¢/mole) as shows below :

Mol of V,0s = 0.06/181.88 mol

- 3.30x10" mol

Mol of V - 3.30x10 " x 2 mol

- 6.60x10" mol
Weigh of V (50.94 ¢/mol) = 6.60x10" x 50.94 ¢
= 0.03 0
NH4VO; required =(0.033 x 117)/51 g

= 0.08 g



Oxalic acid required (MW. = 126.07 g¢/mole) is shown below :

Mol Oxalic acid required = Mol V,05
= 3.30x10" mol
Oxalic acid required = 3.30x10 'x126.07 g

= 0.042 g

C.2 V,05-WO,/TiO, preparation.
Reagent :
- Titanium powder (P-25)

- Ammonium metavanadate (NH,VOs) 99.999%

- Ammonium metatungsteae hydrate ((NHg)sH,W;,040xH,0) 99.99%

- Oxalic acid hydrate

14

3% V,05 — 7.5wt% WO5/TiO, based on 2 ¢ of catalyst used, the composition

of the catalyst will be as follows :
V,05 = 0.03x2 = 0.06 ¢
WO; =0.07x2 =0.14¢

TiO, =2-0.06-0.14 =1.80¢

V,05 0.06 ¢ was prepared from NHZVO; (MW. = 117 g¢/mole) as shows below :

Mol of V,0s = 0.06/181.88 mol
— 3.30x10 " mol
Mol of V = 330x10 " x 2 mol
4
= 6.60x10 mol
Weigh of V (50.94 ¢/mol) = 6.60x10" x 50.94 ¢

= 0.033 g
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NH,VO; required =(0.033 x 117)/51 g
= 0.07 g

WO; 0.15 g was prepared from (NHg)gH,W;,040xH,O (MW. = 2956.3 g/mole) as

shows below :

Mol WO4 =0.15/231.84 mol
- 6.47x10" mol
Mol W = mol WO;
- 6.47x10" mol
(NHg)sHoW1,040xH,O  required =molW/ 12 mol
- 6.47x10"/12 mol
- 5.39%10" mol

- 5.39x10 x2956.3 ¢
=0.16 g
Oxalic acid required (MW. = 126.07 g¢/mole) is shown below :
WO; Mol Oxalic acid required = Mol WO,

= 6.47x10" mol

Oxalic acid required = 6.47x10 'x126.07 g

= 0.08 g
V,0s Mol Oxalic acid required = Mol V,0s
= 3.30x10 " mol

Oxalic acid required = 33010 'x126.07 g
=0.04 g
Total Mol Oxalic acid required = 0.08+0.04 g

=0.12 g
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