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Introduction

Flue gases originating from biomass and waste incineration contain gaseous pollutants such as
NOXx, volatile organic compounds (VOC), SO, and others, that have to be removed. Catalytic
processes are presently applied for selective reduction of NOx (SCR) and oxidation of dioxins in
waste incineration, normally after a particle separation step. In this case, the dust-free gas passes
through a honeycomb configuration allowing low pressure drop (Janssen 1997, Fahlenkamp et
al. 1991, Hagenmaier and Mittelbach 1990).

NOx reduction can be seen to occur according to equation 1, a the same time the extent of a
parallel oxidation of NH3 with O, (equation 2) has to be minimized. Oxidation reactions of the
variety of volatile organic compounds can be represented by equation 3. Catalysts commonly
used in industrial applications are based on titania-supported vanadia (and tungsten) oxides.

ANO  +4NHz+ O, —» 4N, +6H,0 (1)
4 NHs +30, —» 2Np+6H,0 )
(CH,O,Cl,) + O, —» CO,+ H0+HCI 3)

Integration of these catalytic reactions in gas particle filters has recently been proposed as an
attractive solution, either separately for NOx reduction (e.g. Hibner et al. 1996, Saracco 1999) or
for VOC oxidation (e.g. Saracco 1999, Gore 1999, Saracco and Specchia 1998). The
simultaneous occurrence of reduction and oxidation reactions in a catalytic filter can be
envisaged in the same way as it is proven in today's honeycomb reactors in waste incineration
(Frings et al. 1994, Schaub 1996).



Objectives and Approach

The present study is a first part of an investigation addressing the simultaneous occurrence of
oxidation and reduction reactions in catalytic filters. It has the objectives a) to assess the state of
knowledge regarding suitable (types of) catalysts for reduction and oxidation, b) to collect and
analyze published information about reaction rates of both NOx reduction and VOC oxidation,
and c) to adjust a lab-scale screening method to the requirements of an activity test with various
oxidation/reduction catalysts.

Results

Effects of simultaneous reduction and oxidation reactions with a V,0s/ZrO,-Al,O5 catalyst were
investigated experimentally by Jones et al. (1997) using a model flue gas with N, NO, NH3, and
Cl-Ethane as VOC model compound. For the conditions applied, complete conversion of NO
was achieved in a fixed bed reactor a 300 °C, of chlorethane at 340 °C, both for a GHSV of
19000 h™. As can be seen in Figure 1, conversion-temperature profiles were practically identical
for the separate reactions and the simultaneous reactions, indicating the absence of reciprocal
kinetic effects. Here, atemperature window of about 80 K can be seen, in which both reactions
exhibit complete conversion. In Figure 2, the same data are plotted together with data from a
catalytic filter experiment using a V,0s/TiO,-impregnated ceramic fiber filter material and a real
flue gas (from fuel oil combustion, Hubner et a. (1996)). The range of conversions in these two
literature sources reflects the strong variation in catalytic activities achieved (pure catalyst versus
catalyst dispersed on ceramic filter material). In addition, the presence of H,O and SO, in the
case of the real flue gas may have deteriorated the catalytic activity. Other results by Hibner
indicate that higher NO conversion values can be achieved with improved impregnation
methods. The NO conversion - temperature curves exhibit characteristic maxima, which can be
contributed to parallel NH3 oxidation reactions with O, (reaction 2) and temperature effects on
NH3 adsorption.

Common industrial catalysts for SCR are based on titania-supported vanadia (and tungsten)
oxides. Other possihilities of catalyst composition are described in the literature, indicating that
any metal oxide active in SCR reactions could also be active in oxidation reactions. To combine
both SCR and VOC oxidation reactions, a catalyst with regard to industrial application must a)
operate under typical industrial space velocities (2000-15000 h), b) be active in the presence of
large amounts of water vapor, ¢) be resistant towards poisons (as sulfur or chlorine compounds),
and d) be selective to produce N, and total oxidation products respectively (CO, and H0).

Various transition metal oxides and metals are active catalysts for both reactions:

- Iron and manganese oxides exhibit a high activity for SCR of NO with ammonia, even at low
temperatures. However, these catalysts lead to N,O as a byproduct, are sensitive towards SO,
present in the gas and are poisoned by chlorine during VOC oxidation.

- Chromia catalysts exhibit the highest activity for VOC oxidation among the transition metals,
however are not selective towards N, in SCR reactions. In addition, due to their toxicity, they
do not appear suitable to be used for industrial applications.



- Copper-based catalysts are well recognized to be active and selective in both reactions. The
main problem is the ability of copper to irreversibly form copper sulfate species in the
presence of SO..

- Noble metals could be active catalysts for both SCR and VOC oxidation reactions. However,
due to their poor resistance towards chlorine, they are unacceptable for chlorinated VOC
removal or for VOC removal in gases containing HCI.

- Vanadiatype catalysts are well known to be active and selective in both SCR and dioxin
removal and they exhibit a good resistance towards poisons. In spite of the cost and the
toxicity of vanadia, it is presently considered to be the most interesting catalyst for SCR and
VOC oxidation reactions. The amount of vanadia contained in the catalyst is significant for
activity in arange up to 10 wt-%. Good dispersion of vanadia is necessary in order to increase
the number of catalytically active species. Titania shows a strong interaction with vanadia.
WO; in the catalyst is considered to stabilize the morphology of the support and inhibits the
SO, into SO3 oxidation reaction.

As for the selectivity of NOx reduction towards N, which is very significant for practical
applications, measured values are collected in Figure 3, as affected by water vapor content in the
gas. Undesired by-product in this case is N2O. Increasing amounts of H,O present in the gas
improve the selectivity towards Nj, with a trend towards higher selectivities at lower
temperature. These data are taken from various sources (Bosch et al. 1988, Lietti et al. 1996,
Buscaet a. 1998, Lintz et al. 1992, Sun et a. 2001) and confirm that with typical SCR catalysts
and H,O contents in flue gases, achievable selectivities towards N, are close to 100 %.

Rate equations capable to describe reaction kinetics of NOx reduction and VOC oxidation in a
regime without significant transport limitations are listed in Table 1. This list originates from a
collection of published investigations and presents a selection. The equations shown are being
used in the current investigation. As an example, Figure 4 shows calculated conversion results
for arange of GHSV from 2000 to 15000 h, based on akinetic analysis of data from Jones et al.
(1997) and using rate equations 1-3, 1-4, and 1-5 in Table 1.

For the purpose of testing activities of various oxidation/reduction catalyst samples, fixed bed
reactor procedures were defined in the present study for both reduction and oxidation. Figure 5
shows as an example results from these quick lab test experiments, using NO reduction and C3Hg
oxidation as test reactions, for two V,0s/TiO,/WO;3 cataysts with different V,0Os content (3 and
5.8 wt-%, respectively). For the same specific catalyst mass values applied (0.19 g+ s/cm®), CsHg
conversion curves are shifted towards higher temperatures (for about 200 K). This is a stronger
effect than in the case of the VOC compound Cl-Ethane, as shown in Figure 1. Catalyst Il
(containing higher amounts of V,0s) exhibits higher activities in both cases. In the NO reduction
case, no experiments at higher temperature (where NO conversion begins to decrease) were
carried out. Those procedures will be used for ranking various catalyst samples, prepared
according to different methods.

Conclusion and Outlook

The following conclusions can be drawn from the analysis of the available literature and from
the own experiments and kinetic calculations carried out so far:



- Simultaneous catalytic reduction and oxidation reactions can occur on time scales of the
order of seconds, as required for typical gas cleaning reactors,

- Characteristic maxima occur in NOx conversion versus temperature plots, due to parallel
NH; oxidation reactions with O, and temperature effects on NH3 adsorption,

- Time scales of VOC oxidation reactions vary with the kind of volatile organic compound
(alkanes, aromatic hydrocarbons etc.),

- In V,05/TiO/WO;3 catalyst systems, NOx reduction rates in general are higher than VOC
oxidation rates,

- The limited published information available shows no significant reciprocal effects of
simultaneous reduction and oxidation reactions,

- GHSV values achievable in ceramic filter materials impregnated with oxidation/reduction
catalysts (as defined by gas inlet velocities and filter medium thickness) happen to be in the
same order of magnitude as in typical catalytic honeycomb-type reactors.

In addition to the catalyst screening tests reported, a detailed kinetic investigation of
simultaneous reactions occurring in catalytic fixed beds and in catalytic filter media will be
carried out, using model flue gases and various model compounds.
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Table1l: Selected rate equations for catalytic reduction/oxidation reactions with

vanadia-type catalysts

NOXx reduction with NH3

'NO-NH; = Kkjcno (1-1)
a
CNH; CnO
r = k 3 (1-2)
NO-NHs 1 [1+ k2 CNH3] [1+ k3 CHzo]
CNH
'NO-NH; = Ki—F——— CnO (1-3)
1+ k2 CNH3
'NHy-0, = K1 CNHj (1-4)
VOC oxidation
'voc-0, = Ki Cvoc (1-5)
c a
0
'voc-o, = Ki “— Cvoc (1-6)
1+ k2 CHZO

Beekmann and Hegedus 1991

Turek and Lintz 1992

Schaub et al. 2002

Saracco and Specchia 1998

1)

Stoll et al. 2001

1) own assumption, based on experimental data by Fahlenkamp et al. 1991
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Fig. 1. Effect of simultaneous NOx reduction and VOC oxidation in catalytic fixed bed
reactor experiments (Jones et al. 1997), Xno in = XnH3 in = 1000 ppmV, Xci-Ethane in =
700ppmV, Xozin = 3 vol%, GHSV = 19000 h*
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Fig. 2: Range of experimental data for simultaneous NOx reduction an VOC oxidation:
Jones et al. (1997) fixed bed, Xnoin = XnH3in = 1000 ppmv,
Xcl-Ethanein = 700 PPMV, Xozin = 3 vol%, GHSV = 19000 h*
Hubner et al. (1996): catalytic filter, Xno in = Xnuz in = 350 ppmv, Xvoc in = 55 ppmv,
Xo2in = 7.6 vol%, GHSV = 11000 h™ (+ SO,, CO, CO,)
Y Cl-Ethane, 3, VOC from fuel oil combustion
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Fig. 3: Effect of water vapour content on selectivity for model flue gas based on different
SCR catalysts (based on V,0s and Fe,0s), range of GHSV: 5000 — 20000 h',
XNO iny XNH3in: 500 — 1030 ppmv, sources: see text
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Fig. 4: Calculated conversion —temperature profiles, based on data from Jones et al. (1997),
rate equations 1-3, 1-4, 1-5in Table 1, variation of GHSV
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Fig. 5: Results from catalysts screening experiments in catalytic fixed bed reactors regarding
NO reduction (top) and CgzHg oxidation (bottom), applying two different
V205/T|02/W03 Catalysts (V205 content 3 and 5.8 wt %),

XNoin = XnH3in = 500 ppmv, Xcangin = 1000 ppmv, Xo2in = 3 VOI%,
V Gasn = 93 cm®/min, me = 0.295 g



