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EFFECT OF ENERGY RELEASE
AND DETAILED SURFACE MECHANISMS ON
MULTICOMPONENT CATALYTIC COMBUSTION

The effect of combustion energy release and detailed surface mechanisms on multicomponent
catalytic combustion process intensification is presented. It was found that in a recuperative converter
the combustion of species of decreased reactivity (CH,) resulted in an increased heat recirculation
and a higher temperature and consequently in higher CH, conversion compared to more reactive
C;Hj. Further it was also found that catalytic combustion could be enhanced by the addition of other
flammable gases even under isothermal conditions. The effect of H, addition on combustibles con-
version was more pronounced than that after CO addition because of the higher H, adsorption rate
that resulted in the consumption of O, near and on the surface and consequently in an increased free
sites availability for adsorption of other reactants.

NOMENCLATURE

A — the pre-exponential factor, (mol, m, s),

C - the concentration of gaseous phase species, (mol m >, ppmv, %v),
Cs — the concentration of surface species, (mol m™),

D — the bulk molecular diffusivity in the gaseous phase, (m*s ™),

d;, — the hydraulic diameter in the catalytic zone, (m),

E —the activation energy, (J mol™),

k —the reaction rate coefficient, units vary,

Lc — the catalytic layer thickness, (m),

Lconvs Lne, Lrec — the length of the catalytic zone, non-catalytic zone, recuperative zone, (m),
M — the molecular mass of species, (kg mol ™)

mf — the mass flow rate, (kg s ™),

R - the combustion reaction rate, (mol m > s ™),
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R, —the universal gas constant, (J mol™' K™),
T  —the temperature, K,

x  —the radial distance within a diffusion layer of the thickness J, (m) or (-).
GREEK SYMBOLS

I —the surface site density, (mol m?),

y  — the adsorption sticking coefficient, (-)

A];ffm" — the adiabatic temperature rise in complete combustion, (K),

1, i~ — the conversion and global conversion, respectively, (-),

6  —the surface species coverage, (-),
v — the stoichiometric coefficient, (-),
w  —the relative mole content in the mixture of methane and propane, (-).

SUBSCRIPTS AND SUPERSCRIPTS

ads, pure surf, des — the adsorption, pure surface, desorption reaction, respectively,
free — the free, uncovered sites,

i — the gaseous phase species,

J, k — the surfaces of the species,

m, n — the reaction order of a component in a reaction,

r  —the reaction.

1. INTRODUCTION

Multicomponent catalytic combustion of diluted flammable gases is an attractive proc-
ess of the effective removal of volatile organic compounds (VOCs) [1]. Such multicompo-
nent mixtures often consists of species that exhibit different reactivities. A decreased reac-
tivity of flammable gases in catalytic incineration processes is linked with reaction
chemistry, i.e. high-energy barrier required for breaking bonds (methane), the limited rate
of gas surface adsorption and low sticking coefficients, the limited desorption rate of com-
bustion products or the presence of other surface species that occupy active sites (inhibi-
tors). The combustion of multicomponent mixtures is often characterised by interactions
between reactants. Those interactions can be described at least in two ways, i.e. as linked
either with combustion energy release or with surface mechanisms. The combustion en-
ergy released by one reactant can lead to an increase in reactor temperature and hence the
reaction rates of other reactants can be increased. The effect of energy release depends on
the geometry of the reactor used. Surface processes may also affect the multicomponent
catalytic combustion of gases. As the number of surface active sites is limited and some
reactants or products are in a large excess or exhibit different physical properties, it is very
likely that the reaction rate of one reactant will affect the reaction rate of other reactants.
This paper is aimed at revealing, explaining, discussing and mathematically describing two
phenomena that accompany the multicomponent catalytic combustion, i.e. the effect of
energy release and detailed surface mechanisms.
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2. EXPERIMENTAL METHODS

2.1. ENERGY RELEASE

The energy released at the catalytic surface is a product of the heat of combustion
reaction and catalytic reaction rate described by intrinsic kinetics, i.e. all transport-
related phenomena should be excluded from a kinetic equation. We use intrinsic
catalytic oxidation rates of propane and methane over PdO catalyst at the atmospheric
pressure when oxygen is in large excess [2]-[4]. The methane catalytic oxidation is
characterised by a much higher activation energy compared to the oxidation of pro-
pane which is attributed to a high energy barrier required for breaking C—H bonds in a
methane molecule, thus higher temperature needs to be applied in its combustion. In
the present case study, it is assumed that a model mixture contains two flammable
components, i.e. propane and methane and air which is in a large excess. The process
is carried out in an adiabatic, cylindrical single-channelled catalytic converter and in a
recuperative combustor. The description and detailed 2D model of the latter can be
found in [3].

2.2. DETAILED SURFACE MECHANISMS

In order to examine the effect of detailed surface mechanisms on catalytic com-
bustion of multicomponent mixtures, a simple isothermal analysis is performed. For
this purpose a new mathematical 1D model is utilised which takes into account spe-
cies balance both in the gaseous phase and on the catalyst surface. A multicomponent
mixture examined here contains CH,, C;Hg, CO, H,, O,, and Ar. It is assumed that
a reduced system contains 8 gaseous species, 6 surface species and 21 surface reac-
tions (table) [5].

The reactions orders of R;, R,, R; and R¢ with respect to Pt(s) are 2.3, 2.5, 1 and 2,
respectively. The reaction orders of Rs and R with respect to O(s) are 0 and 1, re-
spectively. Reactions 4 and 5 are the same. R¢ is an adsorption reaction that concerns
CO and pure surface reaction that concerns O(s) and CO,(s), but its rate in all cases is
calculated as for the adsorption reactions. The rates of reactions R;;, R;3, R;s are cal-
culated using the forward rate coefficients and surface thermochemical data [6]. I
equals 2.7-10° m*mol .

The adsorption (calculated based on the kinetic theory of gases), pure surface and
desorption reaction rate constants are as follows:

R,T _
krads — 7/1_ g , kfuresurf - k;ies — Fl_mAr exp Er . (1)
2nM, R,T



20

W.M. BUDZIANOWSKI, R. MILLER

Table
Reduced heterogeneous scheme of CHy, CsHg, CO, H,, O, and Ar catalytic combustion
Number Reaction A (m, mol, s) or y (—) E (Jmol™)
Adsorption reactions
1 CH, + 5Pt(s) — C(s) + 4H(s) 0.01 0
2 C;Hg + 11Pi(s) — 3C(s) + 8H(s) 0.06 0
3 H, + 2Pt(s) — 2H(s) 0.046 0
4 0, + 2Pt(s) — 20(s) 0.023 0
5 0, + 2Pt(s) — 20(s) 4.9-10° 0
6 CO + O(s) + Pt(s) — CO2(s) + Pt(s) | 0.84 0
7 CO, + Pt(s) — COx(s) 10° 0
8 H,0 + Pt(s) — H,O(s) 0.75 0
9 OH + Pt(s) — OH(s) 1 0
Pure surface reactions
10 H(s) + O(s) — OH(s) + Pt(s) 10" 11 500
11 OH(s) + Pt(s) — H(s) + O(s) reverse reaction of R10
12 H(s) + OH(s) — H,0(s) + Pt(s) 10" 17 400
13 H,0(s) + Pt(s) — H(s) + OH(s) reverse reaction of R12
14 20H(s) — H,0(s) + O(s) 10" 148200
15 H,0(s) + O(s) — 20H(s) reverse reaction of R14
16 C(s) + 20(s) — CO4(s) + 2P(s) 10" 162 800
Desorption reactions
17 2H(s) — H, + 2Pt(s) 10" 67 400—6 000 Oy
18 20(s) — O, + 2Pt(s) 10" 213 200-60 0000,
19 CO,(s) — CO2 + Pt(s) 10" 125 500
20 H,0(s) — H,0 + Pt(s) 10" 40 300
21 OH(s) — OH + Pt(s) 10" 192 800

To each reaction of table 1 the appropriate reaction rate formula is ascribed:

R =k*“Cop:

free »

Rfuresurf — _kfure surf CS;nCSZ , Rl(‘ies — _kl(‘ies CS;n )

(@)

As this paper is aimed at examining only the surface phenomena in the multicom-
ponent combustion, a full 3D or 2D reactor model can be reduced to a simple 1D pro-
cess model (figure 1). The model consists of:

o The balance of gaseous phase species

V(-DVC,)=0. 3)
e Boundary conditions
x=0, C=C™, x=0-DVC,=—(,R** +v,R*). (4a)
e The balance of surface species
1% erj‘ds +v erf“res“rf +v j,RfeS =0. (4b)
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x=0 X=0
Fig. 1. Scheme of 1D model of catalytic combustion for the analysis of detailed surface mechanisms

1D models can predict only a radial distribution of gaseous phase species and sur-
face species coverages of active sites. 2D model can additionally predict an axial dis-
tribution of gaseous phase species, whereas 3D model enables also determination of
angular distribution. However, based on such models less reactions can be analysed
with computational effort comparable to that of a simpler 1D model. Whereas appro-
priate gaseous phase reactions can easily be included into consideration by means of
a reaction term on the right-hand side of equation (3).

3. RESULTS AND DISCUSSION

3.1. ENERGY RELEASE

The ignition curves in figure 2a enable a comparison of the catalytic combustion
of propane and methane. The adiabatic cylindrical single-channelled converter used
closely approximates monolithic-type converters. Two extreme mixture compositions
are utilised. From figure 2a it is seen that the temperatures of propane combustion are
lower than those of methane. Its ignition curves overlap each other, thus the propane
combustion is almost independent of a relative mixture composition. Only the upper
part of the curve representing the propane combustion in figure 2a is slightly im-
proved if the mixture is richer in propane. This is attributed to the fact that in the con-
verter examined, the complete combustion of propane proceeds at temperatures at
which methane conversion only starts. At low propane conversion the combustion
heat effect is small, thus the propane conversion is independent of the propane con-
tent. On the other hand, at the higher propane conversion the combustion heat effect is

quite considerable (AT.>™ = 10.3 K), therefore the propane conversion is slightly

higher when the mixture is richer in propane. In turn methane oxidises slightly better
when its content is lower as it benefits from the propane combustion heat effect. The
main cause of the differences in the curves representing methane and propane com-
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bustion is the activation energy of reaction which is higher for the methane oxidation.
Hence for similar conversion of methane, as compared to propane, higher reactor
temperature is required. In figure 2a, it approaches 60 K. The effect of the relative
mixture content y on the ignition curves is reduced for extremely low calorific values,
when the combustion heat effect does not affect the combustor temperature, i.e. when

comb

the temperature distribution in the combustor is independent of AT, and y.
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Fig. 2. Ignition curves of propane and methane in two multicomponent mixtures
of high and low methane content and constant calorific value of propane—methane—air mixture supplied.
The adiabatic cylindrical single-channelled catalytic combustor. Parameters: y/cy, = 0.05 and 0.95,

ATE™ =103 K, Leony = 1.0 m, @, = 2.0 mm, L¢ = 30 pm, mf;, = 2.0-10 kg s7\(a).
Dependence of global conversion of methane and propane 5~ on relative composition of purified
gas ycp, at different fuel calorific values. The recuperative catalytic combustor.
Parameters: A];‘;l"mb =11.0,9.81,9.68, 9.55,9.48,9.42 K, Lcony = 0.5 m, d, = 1.28 mm,

Le =30 pm, Lyc = 0.4 m, Lyec = 0.5 m, mfi, =2.0-10 kg s™', T,,=300 K (b)

It can be inferred that a complete methane conversion requires higher tempera-
tures of a purified gas or the supply of an auxiliary heat or auxiliary fuel to the con-
verter. To avoid those expensive procedures it is proposed to recirculate combus-
tion energy in the recuperative combustor [3] in order to increase the temperature in
its catalytic zone, i.e. to produce a superadiabatic effect. Under the superadiabatic
conditions, it is most convenient to supply cold purified gases of certain minimal
calorific value of combustibles since then there exists a large difference in the tem-
peratures of exhaust gas and feed, i.e. a considerable driving force appears which
intensifies the heat transfer. The combustion of the methane—propane—air mixture in
the recuperative converter differs from the combustion of such a mixture in the
monolithic converter. As it is seen in figure 2b, the complete conversion of com-
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bustibles occurs at above AT.X™ >~ 11 K. At ATS™ <= 11 K the highest conver-

sion occurs for the mixtures that contain higher concentration of low-reactive meth-
ane. This advantageous phenomenon results from the fact that less reactive mix-
tures react farther in the catalytic zone and hence the recirculation of combustion
heat is more effective, leading to higher temperatures. This mixture displays an
inverse behaviour compared to that in the monolithic converter in which the meth-
ane conversion is always lower than propane conversion (see figure 2a). Another
interesting feature of recuperative oxidation of the mixture examined is the charac-
teristic minimum at ycy, = 0.35. This minimum on the global conversion curve has

smaller value when ATS™ becomes lower, finally leading to the extinction for

mixtures whose composition corresponds to this minimum. This complex phenome-
non can be ascribed to two competitive phenomena. When ycy, -> 0 (propane in
excess) the mixture is very reactive, hence reaction heat is released at the inlet of
the catalytic zone. When y ¢y, -> 1 (methane in excess) the mixture is less reactive,
hence reaction heat is released farther in the catalytic zone, leading to the intensi-
fied recirculation of the combustion energy and the higher autothermal temperature.
As a result both the reaction rates and the species conversions are much increased.

3.2. DETAILED SURFACE MECHANISMS

According to the kinetic theory of gases the frequency of collisions of gaseous
molecules with a surface is slightly higher for the species with a lower molecular
weight (equation (1)). Thus the highest frequency of the molecular collisions with the
surface is ascribed to H,, and the lowest — to CsHg. The probability of a successful
collision of gaseous molecules with active sites depends on the molecule and catalyst
type and is characterised by a sticking coefficient. Its very low value on Pt—Al,O; is
characteristic of CO, (107°) and CH4 (107%). Adsorption reactions take place at ex-
tremely low activation energies, surface reactions occur at low or medium activation
energy, whereas desorption reactions — at very high energies. O(s), OH(s) and COx(s)
are very actively desorbed, which leads to the relatively large component coverages of
active sites of those surface species, especially at low temperatures. As the adsorption
rate depends on T°°, whereas the desorption rate is an exponential function of 7, at
higher temperatures the desorption of oxygen and other species dominates and hence
the availability of free sites increases. Under such conditions, the incorporation of
surface site balance into the process model is less pronounced. However, as oxygen is
in a large excess, its surface coverage is large even at relatively high temperatures. It
is found that the oxygen coverage is so high here that it limits combustion of diluted
VOC gases, i.e. the process proceeds faster when oxygen is partly replaced by argo-
nium. The model may also predict the site coverages of species that are not com-
busted, e.g. chlorine, which is known for its role in the catalyst deactivation process.
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To investigate the effect of the detailed surface mechanisms on the multicompo-
nent catalytic combustion, the effect of hydrogen and carbon monoxide addition is
analysed. The dependence of conversion of combustibles and the free sites coverage
on the bulk hydrogen content and on the bulk carbon monoxide content is presented in
figure 3a and figure 3b, respectively.
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Fig. 3. The effect of hydrogen (a) and CO (b) addition on the species conversion
and the free sites coverage. Parameters: 1D model, 7= 800 K, bulk gas composition
Cen, = 1 000 ppmv, Cc g, = 1 000 ppmv, Co, = 20%v; a) Cco = 1 000 ppmv,
Cy, = 0-10%v; b) Cco = 0-10%v, Cy, = 1 000 ppmv; Ar balance

From figure 3a it is seen that the hydrogen added affects the conversion of all com-
bustibles. However, the effect is pronounced when the hydrogen bulk content is ap-
proximately higher than 1%v. The enhanced species conversion is attributed to the sur-
face consumption of oxygen by highly concentrated hydrogen gas, since oxygen
concentration near the surface drops considerably. As a result, at above 1%v bulk cH,,
the free sites coverage starts to increase and the rates of adsorption reactions of methane,
propane and CO substantially increase. Thus hydrogen must be added in large quantities
to rise significantly the consumption of oxygen on the surface. As a result, the resistance
to the oxygen transport develops, its concentration drops near the surface and finally the
availability of free sites increases. In figure 3b, it is clearly seen that the effect of adding
the same amount of CO on the species conversion is less pronounced than in the case of
H, addition, though the stoichiometry of the reaction with oxygen is the same. This is
attributed to the lower Dco, higher Mo and higher mco, with respect to Gge., of CO
compared to H, which are not compensated for higher yco. Hence the adsorption rate of
CO on the surface and consequently the oxygen consumption are lower. Thus the oxy-
gen concentration drop near the surface is less pronounced and hence (see figure 3b) g
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is not high enough to enhance the adsorption reactions of other combustibles. Finally, it
is found that as oxygen occupies active sites, it inhibits the adsorption of the combusti-
bles and the combustion is favoured when the bulk concentration of oxygen is decreased
to the nearly stoichiometric composition. The surface reactions from the table are rela-
tively simple as most of them are independent of the others. It is expected that the ap-
proach proposed here can be utilised when the efficiencies of complicated reactions [1]
or catalyst modifications [7] are to be predicted.

4. CONCLUSIONS

The catalytic combustion of species in the multicomponent mixtures is affected by
at least two phenomena, i.e. the combustion energy release and detailed surface
mechanisms. In the recuperative converter, the combustion of species with the de-
creased reactivity (methane) resulted in the increased heat recirculation and higher
temperature and consequently in the higher conversion of methane compared with that
of more reactive propane. The 1D model presented enabled the efficient analysis of
the effect of the detailed surface mechanisms on the process intensification. It was
found that the catalytic combustion could be enhanced by the addition of the other
flammable gases, even under the isothermal conditions, as oxygen being in excess
inhibited reactions. The effect of the hydrogen addition on the conversion of combus-
tible species was more pronounced than that produced by the carbon monoxide addi-
tion as a result of the higher rate of hydrogen adsorption that resulted in the con-
sumption of oxygen near and on the surface and consequently in the increased free
sites’ availability for adsorption of the other reactants.
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WIELOSKEADNIKOWE SPALANIE KATALITYCZNE: WPLYW UWALNIANIA ENERGII
1 SZCZEGOLOWYCH MECHANIZMOW POWIERZCHNIOWY CH

Pokazano, jak uwalnianie energii spalania i szczegétowe mechanizmy powierzchniowe wptywaja na
intensyfikacje procesu katalitycznego spalania mieszanin wieloskladnikowych. Stwierdzono, ze w kon-
wertorze rekuperacyjnym [3] spalanie sktadnikéw o obnizonej reaktywnosci (CH,) skutkowato zwigkszo-
na recyrkulacja ciepta 1 podwyzszona temperatura, a w efekcie wyzsza konwersja CH, w poréwnaniu
z konwersja bardziej reaktywnego C3;Hg. Stwierdzono rowniez, ze katalityczne spalanie mozna zintensy-
fikowa¢, dodajac do mieszanki, nawet w warunkach izotermicznych, inne gazy palne. Dodany H, bardziej
wplywatl na konwersj¢ sktadnikéw niz dodany CO, gdyz wigksza szybko$¢ adsorpcji H, powodowata
zuzycie O, nad powierzchnia i na niej, a w konsekwencji zwigkszona dostgpnos¢ wolnych centrow ak-
tywnych dla adsorpcji pozostatych reagentow.
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