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CHAPTER |

INTRODUCTION

1.1 Introduction

Nitrogen oxides (NO, NO, and N,O) emission remains a major air pollutants
in flue gas from both automobile and stationary sources. These undesirable
byproducts have to be removed before emitting to the surroundings since they
contribute to acid rain, photochemical smog, ozone depletion and green-house effects.
In the past, many techniques have been developed continuously to reduce the
emission of nitrogen oxides. Nitrogen oxides removal from waste gases from
stationary sources can be achieved efficiently by using the so called selective catalytic
reduction (SCR) process. This method has been developed continuously to reduce the
emission of nitrogen oxides by ammonia. The SCR is the process that a reducing
agent, NHjs reacts selectively with the NOy to produce nitrogen and water according to

the two main reactions.
4NO + 4NH3 + O, — 4N, + 6H,0 (eq. 1.1)
2N02 + 4NH; + 02 — 3N, + 6H20 (eq 12)

It is known that at the high temperature, the undesirable oxidation of NH; to
form nitrogen oxides may also occur as side reactions. Ammonia reacts with oxygen

rather than NO to form nitrogen oxides; NO, N,O according to the reactions.

4NH; +50, — 4NO + 6H,0 (eq. 1.3)
2NH3 + 20, — N,O + 3H,0 (eq. 1.4)
2NHs + 3/20, — N, + 3H,0 (eq. 1.5)

The commercial catalysts for SCR process are based on V,0s/TiO, mixed
with WO3; or MoOj3 using ammonia as a reducing agent. For the V,05-WOs/TiO,, this
reaction requires a higher temperature in the range of 300—400 °C to obtain the
desired removal efficiency of NO (Beretta et al, 1998 and Kaewbuddee, 2009) and



for the V,05-Mo0O3/TiO, requires a lower temperature in the range of 150-350 °C for
stationary source in order to minimize energy consumption (Taweesuk, 2011).
For the reasons mentioned above, we are strongly interested in developing three
mixed metal oxides (V,05-WQO3-Mo0O3) so as to develop and find the optimal catalyst

for having wider operating temperature on the SCR reaction.

If sulfur dioxide presents in the combustion gases, it can be oxidized with O,
to form sulfur trioxide via the oxidation reaction over V,0s based catalyst. Sulfur
trioxide ultimately reacts with ammonia or the catalyst and forms a sulfur compound,
ammonium sulfates, which can foul catalyst and/or heat exchange surface, according

to the reactions.

250, + O — 2503 (eq. 1.5)
2NH3; + SO3 + H,O  — (NH,4),SO4 (eq. 1.6)
NH; + SO3 + H,O — NH4HSO, (eq 17)

To avoid the oxidation of SO, the V,0s content is kept low, being usually
between 1-3% w/w. WO3; or MoQOj3 are employed in much larger amounts (nearby 10
and 6% w/w, respectively); it has been reported that they act both as “chemical” and
“structural” promoters because they increase the reactivity of V,0s/Ti0O, catalysts and
improve the mechanical, structural and morphological properties of the catalysts
(Busca et al, 1998) and (Lietti et al, 2000).

Several studies have been published concerning the characterization and
catalytic activity of V,05-WO3/TiO, and V,05-MoO3/TiO, model and industrial SCR
catalysts. The V,0s-WO53/TiO, catalysts are known to active in the intermediate and
high temperature region (i.e. 200400 °C) but the V,05-M0O3/TiO, catalysts have a
high activity in the low and intermediate temperature region (i.e. 150-350 °C). On the
other hand, less data are known on the mixed oxides V,0s-WO3-MoOs/TiO, catalysts.
In our work we have focused the attention about this three mixed oxides to operate in
wider temperature region, the characterization and catalytic activity of
V,05-WO3-M003/TiO, model on the catalyst structural and on the reactivity in the

SCR reaction.



The presence of other components from the emissions of stationary and
mobile sources such as H,O and SO, requires further examination of the catalyst
activity. The flue gas compositions as well as temperature also vary with the plant due
to different kinds of fuel burnt and operating conditions in each plant. A SCR catalyst
designed specifically to the specified flue gas composition and temperature will

optimally perform under the design condition.

The amount of loaded vanadium in the investigated catalysts is 3 wt% (base
on V,0s), the amount of loaded tungsten in the investigated catalysts is varied
between 3.5 and 7 wt% (base on WO3) and the amount of loaded molybdenum in the

investigated catalysts is varied between 5 and 10 wt% (base on MoOs3).

The two main objectives of this research are to compare the method of loading
metal oxides sequences on the support and calcination sequences to form oxide
compounds and finally to find suitable between WO3; and MoO3 promoters catalyst
composition(s) which will optimally perform with an industrial specification, using

powder samples. This research has been scoped as follows:
1. Preparation of TiO, support by sol-gel method

2. Preparation of V,05-WO3-M0oOj3 over the TiO, support by dry impregnation
method

2.1 Find the appropriate method for catalyst preparation

2.2 Find suitable composition of WO3; between 3.5 and 7% (w/w) and
MoO;3; between 5 and 10% (w/w)

3. Characterization of catalysts using various techniques

3.1 Determination of the composition of metal by Inductively coupled

plasma optical emission spectroscopy (ICP-OES)

3.2 Determination of the crystal structure by X-ray diffraction
technique (XRD)



3.3 Determination of the surface area based on Brunauer, Emmett and
Teller (BET)

3.4 Determination of the acid sites of the synthesize catalysts by NH3

Temperature programmed desorption (NH3-TPD)

3.5 Determination of the functional group on the catalyst surface by

Fourier transform Infrared Spectroscopy (FTIR)

4. Measure the catalytic activity at various operating conditions including feed

gas concentration over the synthesized catalysts.
The present thesis is organizes as follows:
Chapter | describes background and scopes of the research.

Chapter 1l presents principles of SCR of NO by NH; using V,0s based,
V,05-WO3/TiO; and V,05-MoO5/TiO; catalysts.

Chapter 111 describes procedures for the preparation of titanium dioxide,

V,05-WO3-M0O3/TiO, catalysts, experimental system and testing procedures.
Chapter IV presents experimental results and discussion.

Chapter V presents overall conclusions of this research and recommendations

for further research.



CHAPTER I

THEORY AND LITERATURE REVIEWS

This chapter presents previous studies relate to the selective catalytic reduction
of NO by ammonia. In this section, we describe the SCR of NOx by NHjs, the SO,
oxidation, the active phases and the roles of the support and promoters in the
commertial catalysts, V,0s-WQO3/TiO, and V,05s-MoO3/TiO, and the effects of the

presence of H,O and SO, on NO reaction.
2.1 Selective catalytic reduction (SCR) of NO by ammonia

NOx emissions can be reduced by a variety of methods. The selective catalytic
reduction is one of the most widely used technology to reduce nitrogen oxide
emissions from stationary sources. The catalytic flue gas cleaning plays major role
worldwide and the trend of industry power plant also pushes forward the development
of new flue gas cleaning technologies. The SCR of NOy with ammonia as a reductant
becomes a more attractive commercial solution. This process is based on the
reduction of NOx with NH; to produce nitrogen and water according to the two main

reactions.

ANO + 4NH; + 02 — 4N, + 6H20 (eq 21)
2NOs + 4NH3; + O, — 3N, + 6H,0 (eq 22)

During the SCR reactions, it is known that when the temperature of the SCR
reaction increases above about 350°C, NHj reacts with oxygen rather than NO to

form nitrogen oxides (NO, N,0), according to the reactions.
4NH;3 + 50, — 4NO + 6H,0 (eq. 2.3)

2NH3 + 20, — N,O + 3H,0 (eq. 2.4)
2NHs + 3/20, — N, + 3H,0 (eq. 2.5)


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF6-4PT7X04-1&_user=591295&_coverDate=02%2F07%2F2008&_rdoc=1&_fmt=full&_orig=search&_cdi=5218&_sort=d&_docanchor=&view=c&_searchStrId=1118606256&_rerunOrigin=google&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=8e5a8dac5e11875e2a37ec296567b1d8#secx12
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF6-4PT7X04-1&_user=591295&_coverDate=02%2F07%2F2008&_rdoc=1&_fmt=full&_orig=search&_cdi=5218&_sort=d&_docanchor=&view=c&_searchStrId=1118606256&_rerunOrigin=google&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=8e5a8dac5e11875e2a37ec296567b1d8#secx12

The SCR catalysts should be the material that active as an oxidation catalyst
and partial oxidation when supported on tinania. In the past, the vanadium catalyst
was first found to be active in the SCR process in 1960s. Today, the most commonly

used material for this reaction such as V.05, WO3; and MOs.

Jung and Grange (2002) investigated V=0 band behavior over V,0s crystallite
during the ammonia adsorption and the characterization of SCR reaction. They found
that the decreasing of V=0 band intensity due to the reduction of V,0s surface and/or
the adsorption of NHs. Under the conditions of SCR reaction, the 70% intensity of
original V=0 band was preserved up to 300°C. The oxidation state of vanadium was
about +4.4. At the high temperature, 400°C, they found that almost all the V=0 band
was recovered. From these results, they suggested that the oxidation of NHj3 attributed
to the increase of two neighboring V=0 sites which result in the SCR activity

decrease.

Oh (2004) investigated the SCR activity of NO with NHj via varying the
concentration of oxygen from 0 to 3%. When the experiment are carried out by
performing the reaction up to 450°C, high NO and NH3 were removed in the presence
of a small amount of oxygen. However, the increasing oxygen concentration from 0.1
to 0.3% had no significant effect to the removal of both NO and NH; species. They
found that the increase of oxygen concentration decreased the N,O production in the

presence of oxygen.



2.2 The SO, oxidation

The optimum vanadium loading depends on application types. When the
sulfur level in the exhaust gas is high, the vanadium content should be at a lower level
S0 as to prevent the SO, oxidation to form SOs.

Sulfur dioxide can be further oxidized if it presents in the combustion gases.
Sulfur dioxide reacts with oxygen to form sulfur trioxide through SO, oxidation
reaction over V,0s based catalyst. It is known that SO, ultimately reacts with NH; or
catalyst to form a sulfur compound on the catalyst surface following.

250, + O, — 2503 (eq. 2.5)
2NH3; + SO3 + H,O  — (NH,4),SO, (eq. 2.6)
NH; + SO3 + H,0 — NH4HSO, (eq 27)

Titania (anatase) based SCR catalyst is preferred to use as support of vanadia
due to its resistance to SOx-poisoning. TiO; is only partially and reversibly sulfated
on its surface when the SCR reaction takes place in the presence of SO..
Orsenigo et al. (1998) investigated the role of the surface sulfates in NOyx reduction
and SO, oxidation on V,0s-WO3/TiO, catalysts. They suggested that the formation
of sulfates occurred first at the vanadyl sites and later on at the exposed titania
surface. Sulfates formation at or near the vanadyl sites increased the reactivity in the
de-NOx reaction, possibly due to the increase in the acidity of the catalyst, whereas
the titania surface acted as SOg3 acceptor and affects the outlet SO3; concentration

during catalyst conditioning for the SO, oxidation reaction.

In most stationary combustion processes, sulfur trioxide reacts with ammonia
reducing agent and H,O and forms ammonium bisulfate and/or ammonium sulfate,
the major deactivating agent. Therefore, inducing deactivation of catalyst. This
undesired product will block the pores in the structure of the catalyst and disturb with
the reaction of the reactants because they can cause deposition and accumulation of
ammonium sulfate salts onto the catalyst (if the temperature of the catalyst is not high
enough) and onto the air-pre-heater downstream from the catalytic reactor
(Forzatti et al., 2000).



SO;3 can form sulfuric acid and ammonium sulfate that cause corrosion and
deposition of solid by-products downstream from the reactor. These undesired
sulfates can easily fill and block the pores in the catalyst structure and eventually
cause severe deactivation of catalysts. The occupation of the active sites by metal
sulfates and ammonium sulfates would consequently decrease the SCR activity (Park
etal., 2001).

Kamata et al. (2001) studied SO, oxidation over the V,0s/TiO, SCR catalyst.
They reported that the rate of SO, oxidation increased almost linearly with V,0s
loading below the monolayer capacity and attained saturation with further increase.
This work reported that the hydroxyl groups bonded to vanadium atoms, V—OH,
might be altered by SO, oxidation. Both V=0 and V-OH groups involved in the
adsorption and desorption of SO, and SOs.

Boudali et al. (2009) studied characterization and reactivity of WO3-V,0s
supported on sulfated titanium pillared clay catalysts for the SCR-NO reaction. They
found that the stability of sulfate depended on the loaded metal oxides and the
reduction properties of SO.,* or V,0s in the sample were changed in the presence of
WOj3. Some interaction of sulfate with tungsten and vanadia species on the surface of
sulfated Ti-pillared clay support due to the difference in reduction properties of
sulfate. Vanadia enhanced the NO removal activity of sulfated Ti-pillared clay, while
no significant effect of tungsten was observed for WO3-V,Os/sulfated Ti-pillared clay
catalyst. When both tungsten and sulfate exist simultaneously on the surface of
vanadia supported sulfated Ti-pillared clay, the sulfate species seemed to play a more

important role for NO removal activity than tungsten.

2.3 The active phases and the roles of the support and promoters in the

industrial catalysts (Busca et al., 1998)

Since different power plants burn different kinds of fuel and operate at
different condition, the flue gas composition as well as temperature also varies with
the plant. A SCR catalyst designed specifically to the specified flue gas composition
and temperature will optimally perform under the design condition. Several studies
have been published concerning the characterization of V,05-WO5/TiO, model and



industrial SCR catalysts. On the other hand, fewer data are known on V,Os-
MoO3/TiO, catalysts. In all cases the best catalysts contain just a few less than a full
monolayer of vanadium plus tungsten (or molybdenum) oxides over the anatase TiO,
support. The reason of TiO,-anatase as the best support for SCR catalysts relies on

two main reasons:

1. SO, is usually present in the waste gases of power plants. In the presence of
oxygen it can be oxidized to SOs, thus forming metal sulfate by reacting with the
oxide catalyst support. TiO; is only weakly and reversibly sulfated in the conditions
approaching those of the SCR reaction and the stability of sulfates on the TiO, surface
is weaker than on other oxides such as Al,03 and ZrO,. Consequently, TiO,-based
industrial catalysts are only partially and reversibly sulfated at their surfaces upon
SCR reaction in the presence of SO, and this sulfation even enhances the SCR

catalytic activity.

2. The supporting V,0s on TiO, anatase leads to very active oxidation
catalysts and more active than other supports. The reason for this activity
enhancement is a result of the good dispersion of vanadium oxide on TiO, giving rise

to isolated vanadyl centers and polymeric polyvanadate species.

Therefore, anatase TiO; is an activating support, giving rise to catalysts that
are stable against sulfation. However, vanadia supported on titania is quite an unstable
system. Because at any temperature and pressure, anatase form of titania can
transform to the less effective phase, rutile. The anatase-to-rutile phase transformation
is favored by addition of V,0s, which also favors the anatase sintering and loss of
surface area. On the contrary, WO3; and MoOj3 hinder both surface area loss of anatase
and its transformation to rutile. Another reason for their addition to V,0s supported
on TiO; is effect of such components in undesired SO, oxidation. In fact, WO3; and
MoO; compete with and displace SO3 on the basic sites of the TiO, surface and tend
to cover it, thus limiting its sulfation. Therefore, WO3; and MoO3; are used as
stabilizers and as promoters of the SCR catalysts and possibly as inhibitors of the SO,

oxidation.
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For V,05-WO3/TiO, and V,05-MoO3/TiO,, the active sites are vanadium
oxide species. In fact W- and Mo- free V,0s/TiO; is also active and quite selective in
SCR, its activity being definitely better than those of WO3/TiO, and MoO3/TiO,. The
amount of vanadium oxide is variable but generally very small (<1% (w/w)), at least
in the most recent catalyst formulations. Indeed, vanadia is responsible for the activity
of the catalyst in the NOx reduction but also for the undesired oxidation of SO, to SO;
in the case of sulfur bearing fuels. WO3 is employed in a larger amount (about 10%

(w/w)) to increase the catalyst activity and thermal stability.

2.4 V205-W03/Ti02 and V205-M003/Ti02

Chen and Yang (1992) reported that the promoters such as WO; was
commonly added to V,0s/TiO, catalyst to increase the SCR activity. They reported
that these promoters preferentially interacted with vanadium oxide species on the
titania surface to form two-dimensional surface metal oxides, and then created acid
sites on the catalyst surface. The strong interaction between vanadia and tungsten
species on the TiO, support increased the acidity of TiO, and exhibited a higher
catalytic activity. WO3 also increased the poison resistance to alkali and reduces
ammonia oxidation. Therefore, the role of WOj3 in the V,0s/TiO; catalytic system is
very important. During the study of the effect of WO3; on NO reduction activity of
SCR catalytic filter, they found that WO3 significantly improved the catalytic activity
at lower temperature and broadens the temperature window of the maximum NO
conversion and the addition of WO3 increased the catalytic activity and broadened the
reaction temperature window. A wider reaction temperature window allowed
flexibility in operation of the reaction. The addition of WOg3 also significantly
enhanced the poison resistance of V,0s-based catalyst toward alkali metal oxides that

were the strongest SCR poisons.

Paganini et al. (1997) studied evidence for the existence of interactions
between vanadium and tungsten surface species by catalytic tests in the SCR reaction.
The catalytic measurements have shown that V,0s-WO3/TiO, samples were more

active in NO conversion than V,0s /TiO, and WO3/TiO, samples with the same
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vanadium or tungsten loading, maintaining a high selectivity to N, even at high

temperature where almost complete NO consumption occurred.

Nova et al, (1998) reported that the MoO3/TiO, catalysts were active in the
reduction of NO by NHg, the reactivity of the catalysts increased when the MoOs
loading increased. Whereas the formation of undesired N,O caused the N, selectivity
decreased. The formation of N,O was primarily ascribed to a reaction between NH;
and NO, and not to the ammonia oxidation reaction. A comparison with a WO3/TiO,
catalyst having similar molar composition indicated that the WO3- and MoOs;-
containing samples exhibit similar structural and morphological characteristics, but
different reactivity: the WO3/TiO, sample is less active but more selective in the SCR

reaction.

Casagrande et al. (1999) studied the SCR of NO by NH3 over TiO,-supported
V,05—-M00O; catalysts. They found that the ternary V,0s—MoO5/TiO, catalysts were
more active in the SCR reaction at low temperatures compared to the corresponding
binary samples. The ‘temperature window’ of the reaction was widened and shifted
towards lower temperatures. There transient reactivity data provided clear evidence in
favor of the hypothesis of a redox mechanism for the SCR reaction and pointed out
that the ternary catalysts were more easily reduced and reoxidized than the
corresponding binary samples. This indicated that the simultaneous presence of
vanadium and molybdenum enhanced the catalyst redox properties, and thus its
reactivity. They reported that their conclusions were also in line with the results of the
characterization studies pointing out the existence of electronic interactions involving
the vanadium and molybdenum surface oxide species. They also indicated that the
effects of the addition of WO3; and MoO; to V,0s/TiO, were similar, both oxides

acting as ‘chemical’ promoters besides playing a ‘structural’ function as well.

Reiche et al. (2000) studied titania-supported V,0s-WO; catalysts in the
selective reduction of NO by NHs. They reported that increasing of the calcination
temperature from 300 to 500°C decreased the activity of catalysts with low loading.
This behavior was attributed to spreading of the vanadia species over the titania

surface, resulting in an increase of less active monomeric vanadyl species. For
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catalysts with higher loading, the interaction between vanadia and tungsta species was
intensified with increasing calcination temperature, affording higher activity and new
species with hydroxyl groups. In contrast, no correlation was observed between the
activity and the ease of reduction of the catalysts by ammonia. Strong interaction
between vanadia and tungsta species resulted in a higher activity compared to the
corresponding titania-supported single oxides. The studies demonstrated that high
activity could be achieved with ternary V,0s-WO3/TiO, catalysts if the total loading
exceeds an experimental monolayer and the catalyst was calcined at 500°C, or with

catalysts derived from WO3/TiO; calcined at 800°C, before vanadia deposition.

Kleemann et al. (2000) investigated the ammonia adsorption on monolithic
SCR catalysts, containing either V,05-WO3/TiO, or V,0s/TiO,. The experiments
have shown that the addition of WO3; was essential for achieving low ammonia slip
under practical operating conditions. The superior properties of catalysts containing
WO; were due to several positive effects of WO3. It was found that under typical
SCR conditions the ammonia surface coverage was significantly higher on a WO3-
containing catalyst. The high acidity of WO3 also led to an increased amount of
strongly adsorbed ammonia, thus improving the catalytic activity especially at low
ammonia partial pressures. Finally, the researchers suggested that the ammonia

transport to the active sites is enhanced by close interaction of WO3; with V,0s.

Djerad et al. (2004) studied titania-supported tungsten and vanadia oxides
with different W and V loadings and calcined at different temperatures. All samples
have been prepared by the sol-gel method. They reported that large amount of
tungsten (9%; w/w) provided thermal stability to WO3/TiO, systems upon addition of
vanadia. It is found that WO3; and V,Os crystallites were formed when their
concentrations were higher than those corresponding to three monolayers. Differential
thermal analysis have shown that the presence of V,0s crystallites was not essential
for the transformation of titania anatase into rutile. High reactivity in limited
temperature range (225-350°C) has been observed for the catalyst with 8%(w/w)
V,0s5 with a high formation of N,O amount during the SCR reaction. The catalyst
with 3%(w/w) V,0s exhibited a slight lower reactivity but with a high selectivity to

N, preserved in all working temperature. High vanadia loading decreased the
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temperature required for conversion of titania anatase into rutile. Increasing vanadia
loadings led to the sintering of the TiO, support and to aggregation of isolated
vanadium ions which favored the activity in the SCR reaction but only in a narrow
temperature window and promoted the undesired ammonia oxidation at high

temperatures.

Djerad et al. (2006) studied the effect of oxygen concentration on the NOx
reduction with ammonia over V,0s-WQO3/TiO, catalyst. Their results have shown
that the selective catalytic reduction was strongly affected by the varying 2-15 vol%
of oxygen concentration in low temperature range (150-275°C). At higher
temperatures, the reaction became independent of the O, concentration. The rate of
the selective catalytic reduction of NO with ammonia may be considerably enhanced
by converting part of the NO into NO,. DRIFT measurements have shown that NH3
and NO, were adsorbed on the catalyst surface on the contrary of NO. The
experiments have shown that the decrease in N, selectivity of the SCR reaction was
mainly due to the selective catalytic oxidation of ammonia and to the formation of

nitrous oxide.

2.5 The effect of the presence of H,O and SO, on NO reduction

Lietti et al. (2000) studied selective catalytic reduction (SCR) of NO by NH3
over TiO,-supported V,0s-WO3 and V,0s—-Mo0Oj3 catalysts. Their data indicated that
WOj3; and MoOj3; behaved as “structural” and “chemical” promoters for the catalysts.
MoOs-based catalysts were more active but less selective than WO3;-V,05/TiO,
catalysts in the SCR reaction, although in the presence of water the catalytic

performances of the investigated samples were comparable.

Long and Yang (2000) investigated selective catalytic reduction of NO with
ammonia over V,0s doped TiO, pillared clay catalysts. They revealed that H,O and
SO, slightly increased the activities at high temperatures (>350°C) for the V,05/TiO,-
pillared clay catalysts. Addition of WO3 to V,0s further increased the activities of the
pillared clay catalysts. These results indicated that TiO,-pillared clay was a good
support for vanadia catalysts for the SCR reaction. In situ FT-IR experiment
indicated that both Brgnsted acid sites and Lewis acid sites exist on the catalyst


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF6-4PT7X04-1&_user=591295&_coverDate=02%2F07%2F2008&_rdoc=1&_fmt=full&_orig=search&_cdi=5218&_sort=d&_docanchor=&view=c&_searchStrId=1118606256&_rerunOrigin=google&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=8e5a8dac5e11875e2a37ec296567b1d8#secx12
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surface, but with a large proportion being Brgnsted acid sites at low temperatures.
The reaction path for NO reduction by NH;z on the V,0s/TiO,-pillared clay was
similar to that on V,0s/TiO; catalyst.

Nova et al. (2000) studied dynamics of SCR reaction over a TiO,-supported
vanadia—tungsta commercial catalyst and found that the presence of low
concentrations of water in the feed stream did not seem to affect the ammonia
adsorption—desorption process on the surface but significantly inhibited the SCR
reaction. An inhibiting effect of adsorbed NH3 on the SCR reaction was also pointed

out.

Huang et al. (2002) investigated effects of H,O and SO, on V,0Os/activated
carbon catalysts for NO reduction with ammonia at lower temperatures and found that
in the absence of SO,, H,0 inhibited the catalytic activity, which may be attributed to
competitive adsorption of H,O and reactants (NO and/or NHs). In the absence of
H.O, a small amount of ammonium-sulfate salts deposited on the surface of the
catalyst, which promoted the SCR activity. However, the deposition rate of
ammonium-sulfate salts was much greater, which resulted in blocking of the catalyst
pores and deactivated the catalyst. Decreasing V,0s loading decreased the
deactivation rate of the catalyst. The catalyst could be used stably at a space velocity
of 9000 h™* and temperature of 250°C.

Lin and Bai (2003) studied surface acidity over vanadia/titania catalyst in the
selective catalytic reduction for NO removal. The results indicated that the strength
of Brgnsted acidity positively increased with V,0s loading, whereas Lewis acidity
remained almost constant at a typical SCR operating temperature. Water vapor did
not affect the adsorption of Lewis ammonia, but the formation of Brgnsted acidity has
to be accompanied by water vapor adsorption. Brgnsted acidity was decreased with
increasing temperature and disappeared at a temperature of around 500°C for all
testing catalysts, while Lewis acidity slightly decreased with increasing temperature.
The disappearance of Brgnsted acidity at a high temperature was related to the loss of

adsorbed water vapor.
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Qi and Yang (2003) studied selective catalytic reduction of NO with NH3 at
low-temperature over iron and manganese oxides supported on titania. It was found
that the addition of iron oxide not only increased the NO conversion and N selectivity
but also increased the resistance to H,O and SO,. H,O had slight effects on the SCR

activity over iron and manganese oxides supported on titania at low temperature.

Tang et al. (2007) studied low temperature selective catalytic reduction of
NOx with NH3 over amorphous MnOy catalysts. The result indicated that the decrease
in activity by H,O and SO, are due to their competing adsorption with the reactant
over the catalysts surface. However, most experimental work on the ammonia
adsorption has been performed without water in the feed gas. Water has a strong
influence on the ammonia adsorption because it competes with ammonia for the
adsorption sites and the activity recovers to the initial level after removing H,O and

SO, gases.
2.6 Comment on the previous works

From the above previous works of the SCR process, the SCR catalyst, should
be the material that active as an oxidation catalyst and partial oxidation when
supported on titania, especially V,0s. According to the component in the feed gas
include SO, which results in the SO, oxidation to form the sulfur compound. This
undesired product can cause the deactivation of catalyst. However, the sulfates
formation at or near the vanadyl sites increases the SCR reactivity due to the increase
in the acidity (Orsenigo et al., 1998). Therefore, titania (anatase) based SCR catalyst
is preferred to use support of vanadia due to several reason (Busca et al., 1998);

- If compare with other supports, TiO, is only weakly and reversibly sulfated
in the conditions approaching those of the SCR reaction and the stability of sulfates

on the TiO, surface is weaker than on other oxides such as Al,Ozand ZrO.

- The supporting V,0s on TiO, anatase leads to very active oxidation catalysts

and more active than other supports.
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However, the V,0s/TiO, is not a stable system. At any temperature and
pressure, TiO, can transform anatase to rutile phase. Therefore, the several works
study the addition of metal oxides, WO3 and MoOs3, hinder both surface area loss of
TiO, and its transformation to rutile phase. Moreover, WO3; and MoO;3 are used as
stabilizers and as promoters of SCR catalysts and possible as inhibitors of SO,

oxidation.

The commercial catalysts for SCR process are based on V,0s/TiO, mixed
with WO3; or MoOj3 using ammonia as a reducing agent. For the V,05-WOs/TiO,, this
reaction requires a higher temperature in the range of 300—400 °C to obtain the
desired removal efficiency of NOy (Beretta et al, 1998 and Kaewbuddee, 2009) and
for the V,05-M0O5/TiO, requires a lower temperature in the range of 150-350 °C for
stationary source in order to minimize energy consumption (Taweesuk, 2011). For the
reason mentioned above, we are strongly interested in developing three mixed metal
oxides (V,05-WO3-Mo0O3) in order to develop our high active catalysts to find to find

the optimal catalyst for various conditions.

For the gas composition, due to different power plants burn different kinds of
fuel and operate at different condition, the flue gas composition as well as temperature
also varies with the plant. A SCR catalyst designed specifically to the specified flue
gas composition and temperature will optimally perform under the design condition.
In our work, we use gas composition from the real power plant that consist of 120
ppm NO, 120ppm NHs, 15%vol O, 15%mol H,O and 30ppm SO,. This condition is
different from the literatures reviewed above. In addition, the content of O,
concentration in our work is the high content when compare with the previous
reviews. The literatures reviewed above one can see the SCR of NOy by NH3 over 3%
V05 - 9% WO3 supported on TiO; (Djerad et al., 2006). It indicate that the selectivity
towards N, decreases with an increased oxygen level. This condition of reaction are
500 ppm NO, 500ppm NH; and varying 2, 6, 10, 15%vol O,. Therefore, in our work

using 15%vol of O, may occur the high of oxidation reaction to form of NO,.



CHAPTER 111

EXPERIMENTAL

The experimental details in this chapter is divided into three major parts: (3.1)
catalyst preparation, (3.2) catalyst characterization and (3.3) schematic diagram of the

apparatus and reaction study.
3.1 Catalyst preparation
3.1.1 Chemicals

All chemicals used in this preparation procedure of V,05-WO3-MoO3/TiO,
catalysts are listed in Table 3.1.

Table 3.1 The chemicals used in the catalyst preparation.

Chemical Supplier
Titanium (V) isopropoxide Aldrich
Ammonium metavanadate, 99.99% Aldrich
Ammonium metatungstate hydrate, 99.99% Aldrich
Ammonium molybdate tetrahydrate, >99.0% Aldrich
Nitric acid 65% Aldrich
Oxalic acid hydrate Fluka
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3.1.2 Preparation of TiO; by a sol-gel method

Titanium dioxide was prepared by using a sol-gel method using titanium
isopropoxide as precursor. First, 83.5 ml of titanium isopropoxide was dissolved with
7.51 ml of nitric acid 65% in 1000 ml of de-ionized water and then was stirred for 3
days. The obtained clear sol was dialyzed by cellulose membrane in de-ionized water
in order to adjust pH to be 3.5. The obtained dialyzed titania sol was dried at 110°C

for 24 hours, crushed, grinded, and then calcined at 350°C for 2 hours.
3.1.3 Preparation of V,0s over TiO, catalyst

Vanadium, tungsten and molybdenum are loaded to the prepared TiO, support
by incipient wetness method. First, ammonium metavanadate was dissolved with
oxalic acid anhydrous in de-ionized water. This pore-filling solution was dropped on
TiO, surface until reaching incipient wetness point. The obtained pore-saturated TiO;
powder was dried at 110°C over night, crushed, grinded and then calcined in air at
500°C for 2 hours.

Ammonium metamolybdenate hydrate and ammonium metatungstate hydrate
are impregnated on the obtained product V,Os/TiO, following the three method listed
below. See the example calculation for the catalyst preparation in Appendix B. The

details of all catalysts were used in experimental are shown in table 3.2.
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3.1.4 Preparation of WO3; and MoO3; over V,0s5/TiO; catalyst Method |

First, ammonium metatungstate hydrate was dissolved in de-ionized water.
This pore-filling solution was dropped on V,0s/TiO, surface until reaching incipient
wetness point. The obtained pore-saturated powder was dried at 110°C over night,
crushed, grinded and then calcined in air at 500°C for 2 hours. Finally, ammonium
metamolybdenate hydrate was dissolved in de-ionized water. This pore-filling
solution was dropped on V,0s-WOs/TiO, surface until reaching incipient wetness
point. The obtained pore-saturated powder was dried at 110°C over night, crushed,
grinded and then calcined in air at 500°C for 2 hours. The sequence of loading metal

oxides is following:

V,05/Ti0O,

Ammonium metatungstate hydrate l

Calcination for V,05-WO3/TiO,

Ammonium metamolybdenate hydrate l

Calcination for V,05-WO3-MO3/TiO»

Figure 3.1 The sequence of loading metal oxides Method I.
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3.1.5 Preparation of WO3; and MoO; over V,0s/TiO; catalyst Method 11

First, ammonium metamolybdenate hydrate was dissolved in de-ionized water.
This pore-filling solution was dropped on V,0s/TiO, surface until reaching incipient
wetness point. The obtained pore-saturated powder was dried at 110°C over night,
crushed, grinded and then calcined in air at 500°C for 2 hours. Finally, ammonium
metatungstate hydrate was dissolved in de-ionized water. This pore-filling solution
was dropped on V,05-MoOs/TiO, surface until reaching incipient wetness point. The
obtained pore-saturated powder was dried at 110°C over night, crushed, grinded and

then calcined in air at 500°C for 2 hours.

V,05/TiO;

Ammonium metamolybdenate hydrate l

Calcination for V,05-MoO5/TiO,

Ammonium metatungstate hydrate l

Calcination for V,05-WO3-MO3/TiO,

Figure 3.2 The sequence of loading metal oxides Method 1.
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3.1.6 Preparation of WO3; and MoOj3 over V,0s/TiO; catalyst Method 111

First, ammonium metatungstate hydrate and ammonium metamolybdenate

hydrate were dissolved in de-ionized water. This pore-filling solution was dropped on

V,0s/TiO, surface until reaching incipient wetness point. The obtained pore-saturated

powder was dried at 110°C over night, crushed, grinded and finally, calcined in air at
500°C for 2 hours.

Ammonium metatungstate hydrate

V,05/TiO;

and

Ammonium metamolybdenate hydrate

Figure 3.3 The sequence of loading metal oxides Method I11.

Calcination for V,05-WOQO3-MO5/TiO,

Table 3.2 The details of all catalysts used in experiments.

o Compositions — 1% Calcination | 2™ Calcination | 3™ Calcination
Symbo Metho

y V,0 :WO3:M0Os Tem(etg;:lture Tem(e(g;lture Tem(rie&':r;ature
3V7/W10Mo#1 3:7:10 I 500 500 500
3V7W10Mo#?2 3:7:10 I 500 500 500
3V7W10Mo#3 3:7:10 Il 500 500 -
3V7W5Mo#2 3:7:5 I 500 500 500
3V3.5W10Mo#2 3:35:10 I 500 500 500
3V3.5W5Mo#2 3:35:5 1| 500 500 500
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3.2 Characterization of catalysts

3.2.1 Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES)

The percentage of metal loading of each catalyst prepared in this study was
analyzed by inductively-coupled plasma optical emission spectroscopy (ICP-OES).
The amount of metal on the surface of titanium dioxide was measured with an
inductively coupled plasma atomic emission spectrometer (ICP-AES) Perkin Elmer
model PLASMA-1000. About 0.02 g (weight to an exact amount) of catalyst was
dissolved in 10 ml hydrofluoric acid 49%, stir until all solid are solution then make
volume up to 100 ml using de-ionized water by the volumetric flask which has the
volume of 100 ml. The concentration of the sample after volume adjustment is about
1-24 ppm (mg/l).

3.2.2 X-Ray Diffraction (XRD)

The crystallinity and X-ray diffraction patterns of the catalysts were performed
by using D8 Advance of Bruker AXS. The experiments were carried out by using
CuKa radiation. Scans were performed over the 20 ranges from 20° to 80° with step
size 0.02%sec and slit width 0.6 nm. The XRD spectrum is used to identify the crystal
structure of the catalyst.

3.2.3 BET surface area measurement

The specific surface area was determined by nitrogen adsorption method. The
specific surface area of the catalysts was measured by Micromeritrics ASAP 2020
using nitrogen as the adsorbate. The operating conditions were 200°C for degasing

temperature. The sample cell contained 0.2 g of sample.


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF6-4PT7X04-1&_user=591295&_coverDate=02%2F07%2F2008&_rdoc=1&_fmt=full&_orig=search&_cdi=5218&_sort=d&_docanchor=&view=c&_searchStrId=1118606256&_rerunOrigin=google&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=8e5a8dac5e11875e2a37ec296567b1d8#secx4
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3.2.4 NH3 Temperature programmed desorption (NH3-TPD)

Temperature programmed desorption (TPD) using NH; performed in
BELCAT-A at PTT Research & Technology Institute. The amount of NH3 adsorbed
on the surface was determined by thermal conductivity detector.

The catalyst sample, approximately 0.05 gram of sample was placed in quartz
tube in a temperature-controlled furnace. Helium gas with a flow rate 50 ml/min was
fed through sample. The sample was heated from a room temperature to 500 °C with
a heating rate of 10 °C/min and held for one hour to remove moisture. Then the
sample was cooled down to 100 °C. After that, 10% volume of NH3 in balance helium
gas was flowed through sample at a flow rate of 50 ml/min and held for 30 minutes.
Subsequently, helium gas was flowed through sample at flow rate of 50 ml/min for 45
minutes. Finally, the sample was heated from a room temperature to 500 °C with a
heating rate of 10 °C/min. The signal from this step was recorded every one second

and stored on a microcomputer.
3.2.5 Fourier transforms Infrared (FT-IR)

The functional group on the catalyst surface is determined by FT-IR using
Nicolet model Impact 6700 of the IR spectrometer. Infrared spectra are recorded
between 400 and 4000 cm™ on a microcomputer.
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3.3 Catalytic activity measurement

In this study, the activity testing of catalysts is divided into dry and wet
conditions. The SCR of NO by NH3 over V,05-WO3-Mo0O5/TiO, catalysts under dry
and wet condition in the reaction temperature range of 100-450°C is presented. The
reaction mixture consisted of 120 ppm NO, 120 ppm NHg, 15 vol.% O, with a balance

of N,. Catalytic activity test is carried out in a tubular fixed-bed reactor.

The reactor used is a 7 mm ID stainless tubular fixed bed reactor. An electric
furnace is used to supply heat to the reactor. Temperature of the furnace is controlled
by a digital temperature controller. The diagram of the system is exhibited
schematically in Figure 3.4. The total flow rate of feed gas mixture is about
200 ml/min. Flow rate of each feed gas stream is controlled by using a set of mass
flow controllers. In each run about 0.1 g of the prepared catalyst is tested by passing
the feed gas stream through the catalyst bed packed on quartz wool. In this research,
there are two phases to evaluate the NOx concentration in the effluent gas. NOx
concentration in the outlet stream is measured by an online NOx analyzer (NOA-
7000, SHIMADZU). NH; concentration is analyzed using a gas chromatograph
Shimadzu GC-2014 equipped with a pulsed discharge detector (PDD)

In the initial phase of the research, the performance of the investigated catalyst
were evaluated from the concentration of NO in the effluent gas by an online NOx
analyzer (NOA-7000, SHIMADZU). NO conversion is calculated from the following

equation.

N0 cone. in feed- NO conc.in afflusnt gas

% NO conversion = =100  (eq.3.1)

NO cone.in fead

In the second phase of the research, due to the break down of the NO analyzer
NOA-7000, the performance of the investigated catalysts were evaluated from the
amount of NHj; reacted with NO using a gas chromatograph Shimadzu GC-2014
equipped with a pulsed discharge detector (PDD). NH3, however, can also be oxidized
to NO by O, also. Two experiments, therefore, have to be performed to quantify the

amounts of NH3; consumed by the oxidation with O, and the reaction with NO. Both
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experiments used the same operation conditions reported below but no NO is fed in

the run used to quantify the amount of NH; oxidized by O..

In the second phase, the conversion of NO can be calculated using the

following steps.

NH; converted = NH;sinlet - NH3 outlet (eq. 3.2)
In the reaction having no NO (NHj3 oxidation reaction)

NH; oxidized by O, = NH;z converted (eq. 3.3)
In the reaction having NO (SCR reaction)

NH; reacted with NO = NH; converted - NH3 oxidized by O, (eq. 3.4)

Assume NH; and NO reacted ratio 1:1 molar ratio

NO in the effluent gas (NOq) =  NOj, - NH3 reacted with NO
+ NHg oxidized by O, (eq. 3.5)
= WO =NO, ..
Therefore, % NO conversion = i =100 (eq. 3.6)

Reaction condition for test of SCR activity:

Flow rate 200 ml/min
Temperature 100-450 °C
[NO] 120 ppm
[NHs] 120 ppm
[O2] 15 % viv
[H20] 15 % mol
[SO.] 30 ppm

Nitrogen balance
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Figure 3.4 Flow diagram of the reactor system for SCR of NO by NHs.



CHAPTER IV

RESULTS AND DISCUSSION

In this chapter the experimental results obtained from the selective catalytic
reduction of nitrogen oxide by ammonia over V,0s-WO3-MoO3/TiO, catalysts are
reported. This chapter is divided into two main parts. The first part, section 4.1,
discusses the results of various characterization techniques for catalyst properties. The
second part, section 4.2, discusses activity of V,05-WO3-MoO3/TiO, catalysts in
different conditions. The catalytic activities are reported as a function of reaction

temperature.

4.1 Characterization of V,05-WO3-MoO3/TiO; catalysts

In this section, the prepared V,0s-WO3-Mo0Q; catalysts are characterized by
ICP-OES to determine the amounts of metal loading of catalyst, XRD to analyze
crystal structure, nitrogen adsorption to determine specific surface area, NH3-TPD to
determine amounts of acid site on the catalyst surface and FT-IR to determine the
functional group on the catalyst surface. The catalytic activity is measured as NO

conversion in the reaction temperature ranging from 100 to 450°C.

4.1.1 Composition of vanadium, tungsten and molybdenum of V,05-WO3-
MOOg/TiOz

Amounts of vanadium, tungsten and molybdenum loading were determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES). The

compositions of the SCR catalysts are displayed in Table 4.1.
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Table 4.1 The compositions of V,05-WO3-MoO3/TiO; catalysts.

Catalyst Sample

Vanadium oxide

content (%wt.)

Tungsten oxide

content (%wt.)

Molybdenum oxide

content (%wt.)

3V7W10Mo#1
3V7W10Mo#?2
3V7W10Mo#3
3V7TIW5SMo#2
3V3.5W10Mo#2
3V3.5W5Mo#2

3.2
3.2
3.3
3.1
3.1
3.3

7.2
6.9
7.8
7.4
3.4
3.8

10.5
10.6
10.7
5.3
10.3
5.7

4.1.2 X-ray diffractometry

The XRD patterns of various V,;05-WO3-MoO3/TiO, catalysts are shown in

Figures 4.1. The results indicate that all the catalysts contained anatase TiO, primarily

while the small amounts of rutile and brookite phases are also presence. However, no
peak of V,0s, WO3; and MoO; appears in any XRD patterns at different levels of
WOj3; and MoO; content. The disappearance of XRD patterns of other compounds

apart from TiO, indicates that V, W and Mo may not form a crystal structure or they

may form oxide structures having crystal size too small to be detected by XRD.
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Figure 4.1 XRD patterns of V,05-WO3-MoQO3/TiO, catalysts.
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4.1.3 Specific surface area of catalysts

The most common procedure for determining surface area of a solid is based
on the adsorption and condensation of nitrogen at the boiling point temperature of
liquid nitrogen. This method employed BET (Brunauer-Emmett-Teller) isotherm to
calculate the surface area. About 0.2 grams of catalyst used in measurement. BET
surface areas of the catalysts are listed in Table 4.2. The BET surface areas of the
SCR catalysts are lower than that of titania (90.9 m%g), possibly due to the SCR
catalysts are calcined several times. The BET surface area versus the WO3 and MoO3
loading increases progressively from 43.7 to 47.8 m?/g, as the promoter content
decrease from 7 to 3.5 wt. % WO3 and 10 to 5 wt. % MoO; respectively. This is
possibly due to the formed WOz and MoO3 block some pore of the support of catalyst.
Therefore, the decreasing of promoter contents increase the surface area of SCR

catalysts.

Table 4.2 BET surface areas of the V,05-WO3-MoO3/TiO, catalysts.

Catalyst Sample BET Sur:ace area

(m7g)

TiO, i
3V7W10Mo#1 301
3V7W10Mo#2 13.7
3V7W10Mo#3 10.2
3V7W5Mo#2 140
3V3.5W10Mo#2 452
3V3.5W5Mo#2 478
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4.1.4 Temperature programmed desorption using NH3 as a probe
molecule (NH3-TPD)

Temperature program desorption is a commonly used technique for the
determination of amount and strength of surface acid sites. The strength of an acid
site can be qualitatively related to the corresponding desorption temperature of
ammonia while the amount of all the acid sites and strong acid cites can be
quantitatively determined from the amount of NH;3 the sample can adsorb. The
amounts of these acid sites are calculated from the area under the curve and are listed
in Table 4.3 and in Figures 4.2-4.8.

It should be noted here that before the adsorption of NHj;, the catalysts
samples were subjected to surface cleaning by heating at 500°C in a He stream for 1
hour. Therefore, the surfaces of the samples should be cleared from any adsorb gases
and, especially, water. The removal of water from the surface means that any
Bronsted acid sites, if originally exist may be removed also. The adsorption of NH3,
hence, should mainly occur on Lewis acid site, i.e. metal cations which are Ti**, V™,
W™ and MoP*. Because of this reason, the total amount of NH3 the catalyst surface
can adsorb can be used as a rough indicator represents the total number of metal

cation exposes on the catalyst surface.

Figures 4.2-4.8 show the amount of all acid sites of all catalysts including
TiO, support, that are calculated from the area under the curve of desorption. The
results show the two peaks in NH3-TPD profiles. The first obviously peak is found in
all figures including TiO, support but the second peak is not found in the TiO,
support profile. The second peak shows the strong acid sites that bring to the
occurring reaction. In addition, the comparison of the amount of acid sites necessary
to consider in the acid strength. A large amount of acid sites with a low acid strength
occur a reaction less than a small amount of acid sites with a high acid strength.
However, the acid strength relate to NH3;-TPD temperature. Therefore, we also
consider the second peak to find the acid strength of all catalyst with the NH3-TPD

temperature.



Table 4.3 Amounts of acid site on various V,05-WO3-MoO3/TiO, catalysts.
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Amounts of acid site Amounts of strong acid site
Catalyst Sample .\ .
(umol H'/g) (umol H'/g)

TiO, 377 -
3V7W10Mo#1 378 94
3V7W10Mo#2 385 91
3V7W10Mo#3 380 88
3V7TW5Mo#2 388 78

3V3.5W10Mo#2 390 87
3V3.5W5Mo#2 379 78
V) °C)
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Figure 4.2 NH3-TPD profiles of TiO, support.
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Figure 4.3 NH3-TPD profiles of 3V7W10Mo#1 catalyst.
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Figure 4.4 NH;-TPD profiles of 3V7W10Mo#2 catalyst.
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Figure 4.6 NH3-TPD profiles of 3V7W5Mo#2 catalyst.
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Please refers to data in Table 4.3. TiO, and the SCR catalysts have about the
same number of surface acid site. TiO,, however, has surface area about two times
higher than the surface area of the SCR catalysts. This result means that the addition
of V, W and Mo doubles the density of the acid sites on the surface of the SCR
catalyst. It is surprising to find that all the SCR catalysts have about the same number
of surface acidic site despite the fact that the amount of metal loaded different
significantly. For example, 3V7W10Mo#2 catalyst has higher load of Mo and W two
times than 3V3.5W5Mo#2 catalyst, both catalysts have about the same number of

surface acidic sites, ie. 385 and 379 pmol H'/g respectively.

The small variation on the total number of surface acidic sites of the SCR
catalysts despite significant changes on the amount of Mo and W loading suggests
that the oxides of Mo and W prefer to form on their former oxides species rather than

on TiO, surface. Figure 4.9 graphically explains this phenomenon.

SN
V///// VSN Y4

Figure 4.9 Graphically of the phenomenon on V,;05-WO3-MoO3/TiO, catalyst

surface.

(a) oxide loading x%

(b) oxide loading 2x%, in this case the surface area of the loaded metal oxide
increases twice. Therefore, the number of surface acidic site should increase twice
also.

(c) oxide loading 2x%. In this case the surface area of the loaded metal oxide does
not significantly increase. Therefore, the amount of surface acidic site is about the

same as of oxide loading x%.
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Figure 4.9 (a) shows a case when we have x% of a metal oxide on TiO,
surface. When the metal oxide loading is increased to 2x%, if the metal oxide forms
as shown in figure 4.9 (b), the total surface area of the loaded metal oxide will
increase. This will lead to higher number of surface acidic site. On the contrary, if the
metal oxide (2x%) forms as shown in figure 4.9 (c), the total surface area of the
loaded metal oxide does not increase. This will cause no change on the total number

of acidic sites.

From NH3-TPD results, the increasing of acidity is an advantage point for
selective catalytic reduction of NO by NHj3 since the NH; must adsorb to vanadium

site of catalyst (Busca et al., 1998).

From Figures 4.2-4.8, considering in the form of the acid strength, the results
show that all profiles have the second peak that present the acid strength excepting
TiO, support profile. These are indicate that the loading of two promoters, W and Mo,

promote the SCR activity.



4.1.5 Functional group on the catalyst surface

The FT-IR spectra (KBr pressed disks) of the V,05-WO3-MoO;/TiO, catalysts
are shown in figures 4.10-4.15. Three peaks of the all spectra are reported in the 400-

1200 cm™ range. The results show two strong absorption at 707 cm™, the typical of

TiO, anatase and 764 cm™, the W=0 stretching of wolframyl species. The weak band

on the shoulder near 974 cm™ is assigned to the composite oxide of vanadium and

molybdenum. In addition no peak of V,0s and MoOj3 passed absorption band.
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Figure 4.10 FT-IR spectra of 3V7W10Mo#1 catalyst.
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Figure 4.11 FT-IR spectra of 3V7W10Mo #2 catalyst.
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Figure 4.14 FT-IR spectra of 3V3.5W10Mo#2 catalyst.
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4.2 Selective catalytic reduction of NO by NH; over V,05-WQO3-MoO3/TiO;

catalysts

This section presents the catalytic activities of V,05-WO3-MoO3/TiO;
catalysts in four parts. The first part, section 4.2.1, presents NO conversion of V,0s-
WO3-MoO3/TiO, catalysts by various loading metal oxides sequences and
calcinations sequences in order to find a suitable method of catalyst preparation by

considering stability the catalysts.

The second part, section 4.2.2, compares the combined effect of H,O and SO,
on the activity of the two selected catalysts from the first part that gives rise to high

NO conversion. In addition, the effect of H,O and SO, on the selected catalysts.

The third, section 4.2.3, the catalyst having optimum method of preparation
selected from the first and the second parts, are evaluated by changing W and Mo
loading in order to find a suitable composition between MoO3; and WO3 promoters
catalyst composition(s) that gives rise to high NO conversion.

The last part, section 4.2.4, compares the activity of V,05-WO3/TiO,, V,0s-
MOOg/TiOz and V205-W03-M003/Ti02 with V205-WO3/Ti02 and V205-M003/Ti02

which were studied in previous research.
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4.2.1 Effect of loading metal oxides sequences and calcinations sequences
on the activity of V,05-WQO3-MoO3/TiO;

The results of SCR activity over V,05-WO3-MoO3/TiO, catalysts prepared
from various methods in the reaction temperature range of 100-450°C are presented in
this section. The composition of feed gas stream is 120 ppm NO, 120 ppm NHj,
15 vol. % O,, and balancing N,. The catalytic activities of V,05-WO3-MoO3/TiO, are
illustrated in Figures 4.16-4.19. The first run is the run without H,O and SO, from
100°C to 450°C. Then the catalyst bed is allowed to cool down to 100°C before the
second run, the run without H,O and SO, was performed again. The catalyst used in
the first run is re-used again in the second run. NOy analyzer Shimadzu NOA-7000 is

used to measure NO concentration in the effluent gas.

An objective of repeating two runs without changing the catalyst is to check
the repeatability of the experiment and the stability of the prepared catalysts. The
repeatability is considered from the profile and the difference between NO
conversions of the NO conversion—reaction temperature curves obtained from two
successive runs. If the shapes of the two profiles obtained from two successive runs
are the same and the discrepancy between two profiles is not much, the catalyst is
considered to be stable and the experiment is considered to be repeatable also.

The discrepancy between two profiles is also used as a criterion to judge
whether the difference observed is significant or not. If the difference observed is
smaller than the discrepancy between the obtained two profiles, that difference is

considered insignificant.
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- 3V/WI10Mo#1:

This catalyst is prepared by following the procedures given in section 3.1.4.

This catalyst is calcined at 500°C for 2 hours, 3 times (after adding V, after adding W
and finally after adding Mo).

NO conversion (%)

40 — 8 3V7WI10Mo#]l =—=—B==repeat 3V7TWIChcHl

-60

Temperature (°C)
Figure 4.16 The SCR activity over 3V7W10Mo#1/TiO; catalyst. Reaction
conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%, WHSV = 120,000 ml/g-h.

The result in Figure 4.16 shows that the NO conversion-reaction temperatures
profiles obtained from the first run and the second run are different significantly. The
cause of the difference is likely due to the incomplete formation of the oxide structure
on the TiO, surface. During the reaction of the first run at high temperature, the
transformation continues. Therefore, the oxide structure on the catalyst surface at the
beginning of the first run and the second run is different. This result is a pronounce

change in the NO conversion-reaction temperature profile of this catalyst.
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- 3V/W10Mo#2:

This catalyst is prepared by following the procedures given in section 3.1.5.
This catalyst is calcined, at 500°C for 2 hours, 3 times (after adding V, after adding
Mo and finally after adding W).

The results in Figure 4.17 indicate that the SCR activity increases with the
reaction temperature and remains high in the reaction temperature range 200-300°C
before decreasing. The profile of the second run is similar to that of the first run but

slightly lower. This catalyst, however, is considered stable after the preparation.

In addition, when the reaction temperature is further raised beyond 300°C, the
NO conversion in the effluent gas rapidly drops due to the occurrence of the NHj3
oxidation reaction which generates NO. The NH; oxidation of this catalyst is the
lowest of all catalysts since the NO conversion of this catalyst remain positive in the
high reaction temperature region.

NO conversion (%)

—— 3VTWI0Mo#2  ==@==repeat 3V7TWI0McH2 %

100 150 200 250 300 350 400 450
Temperature (°C)

Figure 4.17 The SCR activity over 3V7W10Mo#2/TiO, catalyst. Reaction
conditions: [NH3] = [NO] = 120 ppm, [O2] = 15%, WHSV = 120,000 mi/g-h.
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- 3V/W10Mo#3:

This catalyst is prepared by following the procedures given in section 3.1.6.
This catalyst is calcined, at 500°C for 2 hours, only twice (after adding V and after
adding W and Mo). The result in Figure 4.18 shows that the NO conversion increases

with the reaction temperature and remains high in the reaction temperature range 200-
300°C before decreasing.

This catalyst has high stability due to the profile of the second run is very
similar the profile of the first run. However, the NH3; oxidation of this catalyst is
higher than that of 3V7W10Mo#2.

NO conversion (%)

100 150 200 250 300 350 400 30
—— 3V TW1 03 ==#==repeat 3V7WI0Mc#3

Temperature (°C)
Figure 4.18 The SCR activity over 3V7W10Mo#3/TiO; catalyst. Reaction
conditions: [NH3] = [NO] = 120 ppm, [O2] = 15%, WHSV = 120,000 mi/g-h.

-20
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The six profiles showed in Figures 4.16-4.18 are plotted altogether in Figure
4.19. 3V7WI10Mo#2 and 3V7W10Mo#3 have comparative activity while
3V7W10Mo#1 has the lowest activity. Therefore, only 3V7W10Mo#2 and
3V7W10Mo#3 are further studied. Their results are reported in next sections.
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Figure 4.19 The SCR activity over V,05-WQO3-MoOs/Ti0, catalysts having various

method of preparation. Reaction conditions: [NH3] = [NO] = 120 ppm, [O;] = 15%,
WHSV = 120,000 ml/g-h.
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4.2.2 Effect of H,O and SO; on the activity of V,05-WO3-MoO3/TiO;

In this section the activity of all catalysts are investigated in the presence of
H.0O and SO, in the feed gas. H,O and SO, are main components in flue gases that
often interfere the function of catalysts. Therefore, resistance of DeNOy catalysts to
deactivation by H,O and SO, is very important for industrial application. We,
therefore, have to further study the effect of H,O and SO, on the SCR activities of our

catalyst.

The first thing is to determine the effect of H,O and SO, on the oxidation
reaction between NH3 and oxygen without catalyst. In this study, 120 ppm of NHs,
15 %mol of H,O and 30 ppm of SO; is fed to the reactor having TiO, packed inside.
NOy analyzer Shimadzu NOA-7000 is used to measure NO concentration in the

effluent gas.

The NO conversions from the oxidation of NH; are illustrated in Figure 4.20.
The results indicated that the oxidation of NH3 to NO can occur at temperature above
300 °C. The experimental results show that the presence of H,O and SO, can reduce
the oxidation of NH3 to NO. It is believed that H,O and SO, can competitively
adsorb with NH3 on the site which can oxidize NH; to NO. The adsorption of H,O
and SO, block site position of NH; oxidation which result in lower NH3 oxidation
reaction. This is the reason why NO concentrations under the presence of H,O and

SO, condition above 300°C are lower than without H,O and SO, condition.
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Figure 4.20 The NO concentration from the oxidation of NH3. Reaction conditions:
[NHs] = 120 ppm, [O;] = 15%, N, balance and WHSV = 120,000 ml/g-h.

The combined effect of H,O and SO, on SCR activity of 3V(7W10Mo)#2 and
3V(10)7W#3 catalysts are illustrated in Figures 4.21-4.23. The first run is the run
without H,O and SO, from 100°C to 450°C obtained from the section 4.2.1. Then the
catalyst bed is allowed to cool down to 100°C before the second run, the run with H,O

and SO, was performed.
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- 3V/W10Mo#2:

The experimental result in Figure 4.21 shows that when H,O and SO, present
in the feed gas, at low temperature the NO conversions are lower than no present H,O
and SO,. But at high temperature the NO conversions are slightly higher than without
H,0 and SO,. This effect is possibly due to the competitive adsorption of H,O and
SO, with NHj3 on the catalyst surface, which reduces the number of sites available for
SCR reaction. This brings down the DeNOy activity at lower temperatures but leads to
higher NO conversions at high temperature, the presence of H,O and SO, can also
reduce the oxidation of NH3 to NO in homogeneous reaction which is mentioned
before in Figure 4.20.
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Temperature °C)
Figure 4.21 The SCR activity over 3V7W10Mo#2/TiO; catalyst.
Reaction conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%, [SO,] = 30 ppm,
[H20] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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- 3V/W10Mo#3:

The result in Figure 4.22 indicates that when H,O and SO, present in the feed
gas, the NO conversion-reaction temperatures profiles obtained from the first run and
the second run are different significantly due to the effect of H,O and SO,. The effects
of H,O and SO, on the DeNOy activity of this catalyst are the same as of
3V7W10Mo#2. At low temperature the NO conversions are significantly lower when
H,O and SO, present in the feed gas. In addition, at high temperature the NO
conversions are higher than without H,O and SO,. The reason for this behavior is the
competitive adsorption of H,O and SO, as described previously in the previous
paragraph. The benefit of H,O and SO, in this catalyst, however, is less than in the
previous catalyst, 3V7W10Mo#2.

NO conversion (%)

100 150 200 250 300 350 400 \'O

) ) p
—t—yithout H2O and 302 ==#==ywith H2O and 302

-20

Temperature °C)

Figure 4.22 The SCR activity over 3V7W10Mo#3/TiO; catalyst.

Reaction conditions: [NH3] = [NO] = 120 ppm, [O;] = 15%, [SO_] = 30 ppm,
[H20] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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The comparison of the two selected catalysts at the same feed gas
compositions are plotted altogether in Figure 4.23. The results indicate that at high
temperature 300 °C, 3V7W10Mo#2 has higher SCR activity than 3V7W10Mo#3. In
addition, the results show that at this temperature, 3V7W10Mo#2 causes the oxidation
of NHj3 less than 3V7W10Mo#3. Therefore, from the above experimental results the

catalyst that shows optimal activity for the SCR is selected for further studies is
3V7W10Mo#2.

NO conversion (%)

O ) A AN Lea e TN
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-20
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Figure 4.23 The SCR activity over 3V7W10Mo#2/TiO, and 3V7W10Mo#3/TiO,
catalysts. Reaction conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%, [SO,] = 30
ppm, [H.0] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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4.2.3 Effect of W and Mo loading on the activity of V,05-WQO3-MoO3/TiO;

From the above mentioned in the previous section 4.2.2, the 3V7W10Mo#2 is
selected in order to study the effect of varying composition of W and Mo. In this
section, the activity of 3V7W10Mo#2, 3V7W5Mo#2, 3V3.5W10Mo#2 and
3V3.5W5Mo#2 catalysts are investigated in the presence of H,O and SO, in the feed
gas. The results of SCR activity over V,05-WO3-MoO3/TiO; catalysts having various
catalyst compositions in the reaction temperature range of 100-450°C and the NO
concentrations from the NH3 oxidation are shown in Figure 4.24-4.30. All catalysts
are prepared by following the procedures given in section 3.1.5. These catalysts are
calcined, at 500°C for 2 hours, 3 times (after adding V, after adding Mo and finally
after adding W). The gas chromatograph Shimadzu GC-2014 equipped with a pulsed
discharge detector (PDD) is used to measure NHs concentration in the effluent gas

and convert to NO conversion.
- The Effect of decreasing Mo content

In this part, the two compositions of catalysts that remains the amount of W
and changes the Mo composition are compared. The first profile is the SCR activity
over 3V7W10Mo#2 catalyst. The another is the profile of 3V7W5Mo#2.

The results in Figure 4.24 show that the overall effect of decreasing Mo from
3V7W10Mo#2 to 3V7W5Mo#2 is the decreasing of the NO conversion with the
decrease of the content of Mo down to 5 wt.% MoOs. From Figure 4.25, the NO
concentration from the oxidation of NH; over 3V7W10Mo#2 and 3V7W5Mo#2
catalysts indicate that 3V7W5Mo#2 causes the NH; oxidation more than
3V7W10Mo#2. Therefore, this effect hardly enhances the SCR activity.
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Figure 4.24 The SCR activity over 3V7W10Mo#2/TiO, and 3V7W5Mo#2/TiO;
catalysts. Reaction conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%, [SO,] = 30
ppm, [H,0] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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Figure 4.25 The NO concentration from the oxidation of NH; over
3V7TW10Mo#2/TiO, and 3V7W5Mo#2/TiO, catalysts. Reaction conditions:
[NHs] =120 ppm, [O,] = 15%, [SO,] = 30 ppm, [H.0] = 15%, N, balance and
WHSV = 120,000 ml/g-h.
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- The Effect of decreasing W content

This part is the comparison between 3V7W10Mo#2 and 3V3.5W10Mo#2 by
changing W and remaining Mo compositions.

The results from Figure 4.26 indicate that the overall effect of decreasing W
from 3V7W10Mo#2 to 3V3.5W10Mo#2 is the decreasing of the SCR activity with
the decrease of the content down of W to 3.5 wt.% WOs;. In addition, the NO
concentration from the oxidation of NH; over 3V7W10Mo#2 and 3V3.5W10Mo#2
catalysts from Figure 4.27 show that this effect causes the NH;z oxidation more than

3V7W10Mo#2 as the previous effect, decreasing Mo.
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Figure 4.26 The SCR activity over 3V7W10Mo#2/TiO; and 3V3.5W10Mo#2/TiO,
catalysts. Reaction conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%, [SO,] = 30
ppm, [H.0] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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Figure 4.27 The NO concentration from the oxidation of NH3 over
3V7W10Mo#2/Ti0; and 3V3.5W10Mo#2/TiO; catalysts. Reaction conditions:
[NH;3] = 120 ppm, [O;] = 15%, [SO,] = 30 ppm, [H.0] = 15%, N, balance and
WHSV = 120,000 ml/g-h.

- The Effect of decreasing both W and Mo content

In this part, the two compositions of catalysts that 3V7W10Mo#2 and
3V3.5W5Mo#2 by changing both W and Mo compositions, are compared.

The results from Figure 4.28 show that the effect of decreasing W and Mo
from 3V7W10Mo#2 to 3V3.5W5Mo#2 slightly decreases the SCR activity at low
temperature. Moreover, from Figure 4.29, this effect causes the increasing NH;

oxidation reaction significantly.
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Figure 4.28 The SCR activity over 3V7W10Mo#2/TiO, and 3V3.5W5Mo#2/TiO,
catalysts. Reaction conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%, [SO,] = 30
ppm, [H.0] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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Figure 4.29 The NO concentration from the oxidation of NH3 over
3V7TW10Mo#2/TiO, and 3V3.5W5Mo#2/TiO, catalysts. Reaction conditions:
[NHs] = 120 ppm, [O;] = 15%, [SO,] = 30 ppm, [H.O] = 15%, N, balance and
WHSV = 120,000 ml/g-h.
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The four profiles showed in Figures 4.24, 4.26 and 4.28 are plotted altogether
in Figure 4.30. The results indicates that the presence of W is necessary to prevent the

oxidation of NH3 at reaction temperature higher than 300°C.
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Figure 4.30 The SCR activity over V,05-WQO3-MoO3/TiO, catalysts having various
catalyst compositions. Reaction conditions: [NH3] = [NO] = 120 ppm, [O,] = 15%,
[SO,] = 30 ppm, [H20] = 15%, N, balance and WHSV = 120,000 ml/g-h.
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4.2.4 Comparison of the activity of V,05-WO3/TiO,;, V,05-Mo00O3/TiO, and
V205-WO3-MOOg/Ti02

The catalytic performances of V,0s5-WO3-MoOs/TiO, catalyst for SCR
reaction compared with V,0s-WO3/TiO, and V,0s-M0oO3/TiO; catalyst are shown in
Figure 4.31. In this section the activity of all catalysts are investigated in the presence
of H,O and SO, in the feed gas. NOy analyzer Shimadzu NOA-7000 is used to

measure NO concentration in the effluent gas.

The results of 3V7WITIO, is brought from the our previous research of
Kaewbuddee, 2010. The results of 3V10Mo/TiO; is brought from the previous work
of Taweesuk, 2011. The result of 3V7W10Mo/TiO, is obtained from the present work

which is the continuation of the works of Kaewbuddee, 2010 and Taweesuk, 2011.

From Figure 4.30, the NO conversion of 3V7W10Mo#2 is higher than 3V7W
and 3V10Mo at low and intermediate temperature region. But at high temperature
3V7W and 3V10Mo gives higher NO conversion than 3V7W10Mo#2. In addition, at
the high temperature, causes the oxidation of NH3; more than the other catalysts.
However, 3V7W10Mo#2 is the catalyst that has the higher stability and repeatability.
The presence of H,O and SO, hardly effects to this catalyst stability.

The results show that the combination of W and Mo on V,0s/TiO, SCR
catalyst can yield a catalyst to operate in the low and intermediate temperature region
(150-300°C).
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Figure 4.31 Comparison of the activity of V,05-WOs/TiO,, V,05-M005/TiO, and
V,05-WO3-M0oO3/TiO,. Reaction conditions: [NO] = [NH3] =120 ppm, [02] = 15%,
[SO,] = 30 ppm, [H20] = 15%, N, balance, WHSV = 120,000 ml/g-h.
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Conclusions

From the all experiment results that discussed in this chapter, the conclusions

are following:

The suitable method of loading metal oxides sequences on the support and
calcination sequences to form oxide compounds in this work is the
preparation of WO3 and MoOj3 over V,0s/TiO, catalyst Method Il in the

section 3.1.5.

The suitable composition of WO3 and MoOj3; over V,05/TiO, catalyst is
7 and 10 wt.% respectively, 3V7W10Mo catalyst.

It should be kept in mind that this work does not attempt to find the best
catalyst but to find a suitable catalyst for a specific operating condition.
Therefore, the V,05-WO3-MoO3/TiO, system, especially 3V7W10Mo#2,
proper to operate in the low and intermediate temperature region (150-
300°C). Therefore, this catalyst can allow the power plant to recover more

heat from the flue gas before entering the DeNOXx system.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, section 5.1 provides the conclusions obtained from the
experimental results. Additionally, recommendations for further study are given in

section 5.2.
5.1 Conclusions

- Loading metal oxides sequences on the support and calcination sequences
influence the SCR activity and the catalyst stability significantly, the selected catalyst
for further varying composition is 3V7W10Mo prepared by Method Il which is
calcined, at 500°C for 2 hours, 3 times (after adding V, after adding Mo and finally
after adding W).

- The suitable composition of WO3; and MoO3; over V,0s/TiO, catalyst is 7
and 10 wt.% respectively, 3V7W10Mo catalyst. In addition, the decreasing of the
content of W and Mo down from 7 and 10 wt.% respectively by changing the

compositions does not improve the SCR activity.

- The oxidation of NH3 to NO can occur at temperature above 300 °C and the
presence of H,O and SO, can reduce the oxidation of NH3; to NO. The H,O and SO,
block site position of NH3 oxidation in order to occur lower NH; oxidation reaction.

- This research determine the optimal catalyst for various conditions, did not
the best catalyst. As a result, each operating condition is suitable for different catalyst.
The 3VxWyMo catalysts system present good catalytic performances at low to
intermediate temperature region, while 3V10Mo gives higher NO conversion than
3VxXWyMo catalyst system at intermediate to high temperature. For the catalyst shows
good catalytic performances at high temperature (above 250°C) and gives high NO
conversion in wide reaction temperature range is 3V7W catalyst.
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5.2 Recommendations

- The poisoning of sulfur component, SO, and SOs, on the catalysts should

be further investigated.

- In the oxidation reaction, NH; reacts with oxygen rather than NO to form
nitrogen oxides. N,O may occur from this reaction. Therefore, N,O should be further

investigated for further research.

- For the catalyst preparation, the loading metal oxides sequences effect to
SCR activity. Therefore, we should load Mo before W over V,0s5/TiO,. From the
reason of V and Mo can form the composite oxide after calcinations (Tachi et al.,
1990). If we load W before Mo, WO3; may hidden the formation of V-Mo-O. In
addition, the FT-IR spectra show the occurrence of VV and Mo composite oxide of the

catalyst that prepare by loading Mo before W over V,0s/TiO, significantly.
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APPENDIX A

CALIBRATING DATA FOR MASS FLOW METER, NOx
ANALYZER AND GC 2014

Al Calibration data of mass flow meter are shown as follows:

Component of feed gas mixture: ammonia, nitrogen oxide, nitrogen, oxygen and

sulfur dioxide

A~



Al.1 Calibration for ammonia mass flow controller

Use the bubble flow by passing the gas through the glass tube in order to

measure the time. Record the time from scale 0 ml to 5 ml of tube.

Table Al Calibration data of ammonia mass flow controller.

Mass flow Time (sec) Time Actual flow
meter scale average (ml/min)
(ml/min) #1 #2 #3 (sec)
1 5462 | 54.91 | 55.91 55.15 2.18
2 25.03 | 24.91 | 24.88 24.94 4.81
3 16.09 | 15.69 | 15.84 15.87 7.56
4 11.97 | 1184 | 11.87 11.89 10.09
5 9.38 9.47 9.38 9.41 12.75
6
¥y=0.3783x+0.1711
5
.E4
:
=,
1
0
0 2 4 6 g 10 12

Actual flow (ml/min)

Figure Al Calibration curve of ammonia mass flow controller.
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Al.2 Calibration for nitrogen oxide mass flow controller

Use the bubble flow by passing the gas through the glass tube in order to

measure the time. Record the time from scale 0 ml to 5 ml of tube.

Table A2 Calibration data of nitrogen oxide mass flow controller.

M?S’Z::fw Time (sec) a\Te:gge Actual flow
(ml/min) #1 #2 #3 (sec) (ml/min)
1 7538 | 80.25 | 75.97 77.20 1.43
2 3422 | 35.00 | 37.75 35.66 3.09
3 2282 | 23.78 | 2337 23.32 473
4 1750 | 17.37 | 18.04 17.64 6.37
5 13.78 | 1347 | 14.16 13.80 7.81

h

¥y=0.5643x + 0.1152

a

Mass flow meter (ml/min)

\

4

5

&

A ctual flow (Iml'min)

Figure A2 Calibration curve of nitrogen oxide mass flow controller.
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Al.3 Calibration for oxygen mass flow controller

Use the bubble flow by passing the gas through the glass tube in order to

measure the time. Record the time from scale 0 ml to 5 ml of tube.

Table A3 Calibration data of oxygen mass flow controller.

M?S’Z::?W Time (sec) a\Te:gge Actual flow
(ml/min) #1 #2 #3 (sec) (ml/min)
10 55.56 55.50 55.44 55.50 10.81
20 28.00 27.97 28.00 27.99 21.44
30 18.85 18.75 18.44 18.68 32.12
40 14.07 14.10 14.03 14.07 42.65
50 11.13 11.18 11.25 11.19 53.64

&0

50

¥=0.9357x-0.0654

40

30

20

Mass flow meter (ml/min)

10

10

20 30
Actual flow (ml'min)

40

Figure A3 Calibration curve of oxygen mass flow controller.
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Al.4 Calibration for nitrogen mass flow controller

Use the bubble flow by passing the gas through the glass tube in order to

measure the time. Record the time from scale 0 ml to 5 ml of tube.

Table A4 Calibration data of nitrogen mass flow controller.

Ma”slzti;!;) W Time (sec) Time average | Actual flow
(ml/min) #1 #2 #3 (sec) (ml/min)
150 8 8 8 8 147
160 8 8 8 8 157
170 7 7 7 7 165
180 7 7 7 7 176
190 7 6 6 6 187

195

150

185

Mass flow meter (ml/min)
> o = o w
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h
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¥y=1.0112x + 1.8644
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155

160 165 170 175
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Figure A4 Calibration curve of nitrogen mass flow controller.
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ALl.5 Calibration for sulfur dioxide mass flow controller

Use the bubble flow by passing the gas through the glass tube in order to

measure the time. Record the time from scale 0 ml to 5 ml of tube.

Table A5 Calibration data of sulfur dioxide mass flow controller.

Marsztsz Time (sec) Time average | Actual flow
(mi/min) #1 #2 #3 (sec) (ml/min)

1 84.9 82.5 83.59 83.66 1.43

2 38.72 | 38.65 | 39.06 38.81 3.09

3 25.34 25.50 25.31 25.38 4.73

4 18.75 18.84 18.94 18.84 6.37

5 15.32 15.43 15.37 15.37 7.81

¥=0.6238x+0.077

Mass flow meter (ml/min)

0 1 2 3 4 5 & 7 g

Actual flow (ml'min)

Figure A5 Calibration curve of sulfur dioxide mass flow controller.
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A2 Calculation and Calibration of NOyx analyzer is shown as follows:

The example calculation used the following conditions: 120 ppm NHs, 120
ppm NO, 15% O,, balanced N, (The flow of mix gas = 200 ml/min) and add air at the
point before measure in NOx analyzer (The flow of air 1250 ml/min)

Total flow = 1250 + 200 = 1450 ml/min
= 1450/200 = 7.25 times

It means that dilute gas 7.25 times. Therefore, the value on the screen of
NOx analyzer should be = 120/7.25 = 16.55 ppm. This is value for NOx analyzer

calibration.
Steps for measurement are as following:

When “Ready” is displayed on the monitor screen, set the NO concentration
(NO concentration is diluted = 16.55 ppm) that we need to calibrate into NOx
analyzer. Press CAL bottom, then press to adjust the value and following by SPAN
bottom. Wait for calibrating after that press MAES bottom to measure NO
concentration.

Assume that if the NO concentration displayed on the monitor screen is 2

ppm. Therefore it is indicated that actual NO concentration is =2 x 7.25 = 14.5 ppm.

The NO conversion is evaluated following this equation.

N0 cone. in feed- WO conc.in afflusnt gas

% NO conversion = epe—— =100 (eq. A2)




A3 Calculation and Calibration of GC 2014 PDD is shown as follows:

A3.1 NO concentration in the effluent gas is calculated as follows:
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The value of NO concentration is measured by GC 2014 PDD in form of

ammonia concentration at the effluent gas. The conversion of NO can be calculated

using the following steps.
NH; converted = NH;sinlet - NH; outlet
In the reaction having no NO (NHj; oxidation reaction)
NH; oxidized by O, = NH;3 converted
In the reaction having NO (SCR reaction)
NH; reacted with NO = NH; converted - NH3; oxidized by O,
Assume NH; and NO reacted ratio 1:1 molar ratio

NO;, - NH3 reacted with NO
+ NHjz oxidized by O,

NO in the effluent gas (NOoy)

NO. -NO... _
N MG 100

Therefore, % NO conversion

(eq. A3.1.1)

(eq. A3.1.2)

(eq. A3.1.3)

(eq. A3.1.4)

(eg. A3.1.5)



A3.2 Calibration curve of GC 2014 PDD is shown as follows:
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Figure A6 Calibration curve of GC 2014-PDD.
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APPENDIX B

CALCULATION FOR CATALYST PREPARATION

Preparation of V,05-WO3-M0O3/TiO, catalyst is shown as follows:
Reagent:
- Titania powder prepared by a sol-gel method

- Ammonium metavanadate 99.999%
NH,;VO3 (Aldrich)

- Ammonium metatungsteae hydrate 99.99%
(N H4)6H2W12040‘XH20 (AldrICh)

- Ammonium heptamolybdate
(N H4)6M07024'4H20 (AldrlCh)

- Oxalic acid hydrate (Fluka)
Calculation for the preparation of V,05-WQO3-MoO3/TiO,
Example calculation for the preparation of 3 wt. %V,05-7 wt. %WO3-10 wt. %Mo00O3

Based on 2 g of catalyst used, the composition of the catalyst will be as follows:

V,05 = 0.03=2 = 0.06 g
WOs3 = 0.07=2 = 0.14 g
MoO3; = 0.06=2 = 0.12¢g

TiO; = 2-0.06-0.14-0.12 = 1.60¢g
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Vanadium oxide 0.06 g was prepared from NH,VVO3; and molecular weight of
V,0s is 180.39 g/mole.

MW of NH.VO; * vanadiom oxide required = 2
MW of V205

NH4VOj3; required

116 98 =006 =2
= " -00778¢
18039

Tungsten oxide 0.14 g was prepared from (NH4)sH2W12040xH,O and
molecular weight of WOj3 is 231.84 g/mole.

(NH,);H,W,,0,,.xH,0 x tungsten oxide required

NH2)sH,W1,0a00xH,0
(NH)oH2Wa20a0xH; 12 x MW of WO,

_ 2956.3x0.14 _ 0.1488 g

231.84x12

Molybdenum oxide 0.12 g was prepared from (NH;)MoO, and molecular
weight of MoOg is 143.94 g/mole

(NH,),Mo0O, x molybdenum oxide required

NH,),MoO S
(NH:)2MoO: MW of MoO,
_ 196.02x0.2 _ 0.2724 g
143.94
Oxalic acid require
Mole of vanadium oxide = 0.06/180.39 = 0.000333 mole

Molecular weight of oxalic acid equal to 126.07 g/mole.
Oxalic acid required = 0.000333x126.07

0.0416 g



APPENDIX C

NH;3;-TPD RAW DATA

The temperature-programmed desorption profiles for the V,05-WO;-
MoOs3/TiO, catalysts are shown in Figures C1-C7. The amounts of acid sites and
strong acid site are calculated from the area under the curve and are listed in
Table C1.

V) (e
700 600

600

/\— 500
/ - 400

.

500

400

300
200 g
100 }/

, "‘gl_o

1500 2000 2500 3000 3500 4000 4500
(sec)

- 200

Figure C1 NHs-TPD profile of TiO, support.
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Table C1 Reported total peak of all catalysts.
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Catalyst Sample

Amounts of acid site

Amounts of strong acid site

(umol H'/g) (umol H'/g)
TiO; 377 .
3V7W10Mo#l 378 9
3V7W10Mo#2 385 91
3V7W10Mo#3 380 88
3V7W5Mo#2 388 78
3V3.5W10Mo#?2 390 87
3V3.5W5Mo#2 379 78
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