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Abstract: Fugitive methane emissions account for a significant proportion of greenhouse gas emis-
sions, and their elimination by catalytic combustion is a relatively easy way to reduce global warming.
New and novel reactor designs are being considered for this purpose, but their correct and efficient
design requires kinetic rate expressions. This paper provides a comprehensive review of the current
state of the art regarding kinetic models for precious metal catalysts used for the catalytic combustion
of lean methane mixtures. The primary emphasis is on relatively low-temperature operation at
atmospheric pressure, conditions that are prevalent in the catalytic destruction of low concentrations
of methane in emission streams. In addition to a comprehensive literature search, we illustrate a
detailed example of the methodology required to determine an appropriate kinetic model and the
constants therein. From the wide body of literature, it is seen that the development of a kinetic
model is not necessarily a trivial matter, and it is difficult to generalize. The model, especially the
dependence on the water concentration, is a function of not only the active ingredients but also the
nature of the support. Kinetic modelling is performed for six catalysts, one commercial and five that
were manufactured in our laboratory, for illustration purposes.
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1. Introduction

Catalytic combustion is a flameless combustion that has received considerable atten-
tion over the last few decades, although it has been reported on for over one hundred
years [1-3]. The key advantages of catalytic combustion compared to conventional com-
bustion are the elimination of the standard flammability limits and the ability to combust
the reactants at a lower temperature. There are several factors that have been driving the
interest in the catalytic combustion of methane in recent years, most of which are related to
the solution of environmental problems. Methane is well known as a strong greenhouse
gas, and there have been significant efforts made to reduce its emission, especially from
such sources as the oil and gas industry, agriculture, and landfills. There is also an interest
in the use of methane as an alternative fuel in internal combustion engines (ICEs) as a
replacement for diesel or gasoline. Changing the fuel results in a large reduction in the
emission of greenhouse gases, provided that the methane that is not burned in the engine
is successfully destroyed in a catalytic converter. Even if a large part of the transportation
energy is able to transition to electric vehicles, there will remain a need for ICEs in many
applications. The aforementioned applications relate to what is referred to as secondary
applications. There are also applications where the desire is to produce power from the
combustion of natural gas, usually in a gas turbine, but to do so at a lower temperature
than conventional homogeneous combustion [4-6].

The broad range of applications alluded to in the foregoing implies a plethora of
possible reactor feed conditions. Generally speaking, the feed type can be divided into
those containing significant quantities of water (wet feed) and those that do not (dry feed).
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It is often the case that the methane concentration is low, and there is an excess of oxygen
(lean feed). Many fugitive streams and those from compression ignition (CI) engines fall
into this category. On the other hand, the feed may be stoichiometric, as for spark ignition
(SI) engines, or even methane-rich, as for some fugitive emission streams. Furthermore,
the feed temperature can be at ambient or elevated temperature. In addition to the nature
of the feed, another key factor is the allowable or possible operating temperature of the
catalyst section in the reactor. In some cases, the internal recuperation of energy may be
used to maintain a high reactor temperature even with a low feed temperature [7-11].

Many catalysts have been used for hydrocarbon combustion in general and for
methane in particular [12]. Several metals have been reported, both non-noble (or earth
common) as well as metals from the platinum group metals (PGMs), especially platinum
and palladium. With cost being a major factor in catalyst selection, there is obviously
a large interest in the more earth-abundant and lower-cost metals [13-21]. A common
disadvantage of earth common metals is that they have a lower activity, which can then
result in the reactor having a large physical footprint. Furthermore, a lower activity implies
a higher reactor operating temperature, which is not always desirable. Because of their
higher activity, PGMs are more commonly employed in applications where either or both a
small reactor and low ignition temperature are desired [22-26].

Platinum is one of the major PGM components of the standard automotive catalytic
converters and is often considered to be the most effective choice for the combustion of
non-methane hydrocarbons. It has, however, also been reported in methane combustion
applications, with the catalyst taking various forms [27-36]. Although platinum does play
a role, the most widely used PGM catalyst for methane combustion is palladium, and
research on this metal likely accounts for the majority of papers extant on this subject.

As with most catalytic systems, the role of the support is also important, and its
selection can affect both the catalytic mechanism and activity and the resulting rate equation,
as reported in, for example, references [37-41]. Reported supports include, for example,
alumina [42-49], zirconia [50-54], silica [55-57], aluminosilicates [58], cobalt oxide [59,60],
ceria [61,62], nickel compounds [63], and tin [64,65]. In addition to the choice of support,
the preparation method [66-68] and the use of promoters [69-71] can also have a significant
impact on the catalytic activity.

Using combinations of PGMs for methane combustion catalysts is common, and such
additions include rhodium [72-76] and gold [77-79]. By far, the most common combination
is palladium and platinum, with example references being [80-93].

It is clear that with this large variety of possible catalysts, even restricting ourselves
to those based on PGMs, there exists the possibility for different rate expressions and
reaction mechanisms. In this paper, we provide a review of kinetic modelling studies
that have been reported in the literature with a view to summarizing the current state
of knowledge. The focus is on the type of catalysts typically used for emission control
applications, rather than those for power applications, which are usually carried out at
elevated temperatures. We then present the results of a detailed investigation into kinetic
studies for some methane oxidation catalysts with PGMs as the primary active ingredient.
We use a leading commercial catalyst as a benchmark and then show results from five PGM
catalysts that were prepared in our own laboratories. This paper should make a valuable
contribution to those contemplating kinetic studies for these types of catalysts.

2. Review of Reaction Mechanism and Kinetic Models

Asnoted in the Introduction, the primary active ingredient in catalysts used to promote
the oxidation of methane is often palladium. The active form of the metal is palladium
oxide (PdO), and it has been shown [94,95] that PdO is readily formed when supported
Pd is heated in an oxygen environment above temperatures of 523 to 573 K. Although
PdO is more active in the oxidation of methane than Pd, PdO begins to decompose to
form Pd at higher temperatures [96]. The transition temperature depends on the oxygen
partial pressure above the catalyst, and at 20% oxygen, the transition temperature is
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about 1023 K [3] and decreases as the oxygen partial pressure is reduced. This transition
temperature can become very important when methane is combusted under stoichiometric
conditions, such as what often occurs in a spark ignition natural gas engine.

Many studies have been carried out to elucidate the reaction mechanism and thus
propose rate models for PGM-based methane combustion in the presence and absence of
water. Some early work is reviewed in [22]. The reaction is not straightforward to study,
and the catalyst activity can be a strong function of the support type, preparation method,
and operating history [97,98].

First-principle investigations [99] reported that dry methane combustion on the PdO(101)
facet occurred via two routes depending on the temperature; in the 500-630 K range, C-H
bond cleavage occurred via reaction with the OH groups, while in the 900-1000 K temperature
range, C-H bond cleavage occurred through reaction with the lattice oxygen atoms. At the
higher temperature ranges, the rate-determining step (RDS) was proposed to be the disso-
ciative adsorption of methane on the PdO surface, while in the lower temperature ranges,
water adsorption on the undercoordinated Pd sites was the RDS [97]. Utilizing microcalorime-
try studies, Xin et al. [100] proposed similar conclusions, with methane combustion follow-
ing a pseudo-first-order reaction in terms of methane kinetics for dry methane combustion
on PdO. Contrary to these findings, Specchia et al. [101] proposed that dry methane com-
bustion on PdO/CeyZr;_,O, occurred via a Mars—van Krevelen mechanism. In a study by
Miiller et al. [102], dry methane combustion over 8O-labelled ZrO,-supported PdO was pro-
posed to occur partially via a redox Mars—van Krevelen mechanism. However, the overall
conversion was found to be influenced by the coaction between the surface reaction of the
adsorbed reactants and the redox mechanism [102]. Following this hypothesis, a study by
Fujimoto et al. [52] on the kinetics of dry methane combustion at low temperatures on the
Pd/ZxrO; catalyst characterized by the Mars—van Krevelen mechanism detected the involve-
ment of methane activation in site pairs comprising Pd, which functions as an oxygen vacancy
and PdOy that serves as a source for the oxygen atoms. Methane was found to be dissociatively
adsorbed on metallic Pd, thereby producing H and CHy species, while oxidation occurred on
the adjacent PdO [53,103].

Wet methane combustion on Pd-based catalysts has been reported to be indepen-
dent of Oy and CO, concentrations and was determined to have a reaction order of 1
and —1 for methane and water, respectively [52,104]. The RDS for wet methane com-
bustion on monometallic Pd at lower temperatures (below 723 K) was determined to be
water desorption from the catalyst surface [105], while at higher temperatures, the RDS
was determined to be methane activation on the Pd sites [52]. Regarding the mecha-
nism for methane combustion, using a PdOx/ZrO; catalyst, Fujimoto et al. [52] reported
that the reaction occurred in three steps. Initially, methane molecules were physically
adsorbed onto vacant metallic Pd sites, followed by sequential hydrogen-atom abstrac-
tion from the adsorbed methane backbone, which resulted in the formation of surface
hydroxyl. The proposed rate-determining step for this reaction was determined to be the
H-atom abstraction from the methane molecule when the OH* species were the most abun-
dant surface intermediate species [52]. Later, it was proposed by Ribeiro et al. [106] and
Burch et al. [107] that the decomposition of the surface hydroxyl (Pd-OH) was the deter-
mining factor for methane activation.

Based on the above mechanistic observations, the rate expression for the catalytic
combustion of methane for the dry case is often reported in the form of a power-law-type
equation as follows:

(=rcn,) = k[CH4"[O,]" 1)

As noted above, water has a strong effect on the reaction rate. The inhibition effect of
water may be caused by the transition of palladium oxide to palladium hydroxide [106,108,109]
according to the following reaction:

PdO + H,0 = Pd(OH), )
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Although Pd(OH), has been reported to decompose to PdO at 520 K [110], it has been
suggested that the ability of the support to retain water can stabilize Pd(OH), at higher
temperatures [37,109].

The classical power law model incorporating the strong inhibition effect of water for
Pd-based catalysts was proposed as follows [106,111,112]:

(—rcm,) = k[CH4]"[02]"[H20]' 3)

The order of the reaction with respect to methane is often reported to be one or slightly
less, whilst the order of reaction with respect to oxygen is zero or close to zero [111,112],
although other orders have been reported [113,114]. Variation in the values of n and m for
such a power law model can be explained using the theory of kinetics over non-uniform
surfaces, where n +m = 1. DFT studies by Qi et al. [115] revealed that for dry methane
combustion on a Pd catalyst, the RDS was the dissociation of methane on matched pair
sites. The authors proposed a rate equation in the form of Equation (1), withm =1,n=0
and /= —1.

There is a lack of agreement on the effect of carbon dioxide on methane oxidation
over palladium. Some investigators [37,108,109] reported negligible inhibition, whilst
others [106] reported significant inhibition with about 0.5 volume % carbon dioxide.

Utilizing the Mars—van Krevelen mechanism, Golodets et al. [116] proposed a rate
equation for methane oxidation incorporating the water inhibition term as follows:

k1[CHyJ
1+ kz{ L } + K3[H,0]

(4)

(_rCH4) =

Mezaki and Watson [117] proposed a simplified rate equation for the scenario if
adsorbed water was the most abundant surface intermediate, which is as follows:

k1[CHyJ

1+ K3[HO] ©)

(—ren,) =

Modelling studies by Hayes et al. [104] for methane combustion over Pd catalysts
in the presence and absence of water revealed that the water inhibition term had to
be included in the rate equation, as illustrated in Equation (5). In another study by
Kikuchi et al. [118], the same rate expression as in Equation (5) was utilized to model
wet methane combustion on Pd/Al,O3 and Pd/SnO; catalysts and found a good agree-
ment between the modelling and experimental results.

Several catalytic methane combustion studies on Pd/Al,O3 catalysts revealed a first
order to CHy and a negative first order to H,O [106,119,120]. Utilizing a steady-state mole
balance equation, depicted in Equation (6), Alyani et al. [120] revealed that the activation
energy associated with splitting the first C-H bond for Pd/Al,O3 was in the range of 60 to
72 kJ /mol, while the heat of water adsorption was determined to be around —81 kJ/mol.

J <gv> 14 Ko P (ot,0 + 2XCH4)yOCH4
Fey,

Kinetic studies for lean-burn wet methane combustion on SnO,-supported Pd-based
catalysts by Kikuchi et al. [118] revealed that the catalyst followed a rate equation similar
to that illustrated in Equation (5). In this case, the activation energy was determined to
be around 111 kJ/mol, and the heat of water adsorption value was —31 kJ/mol [117].
Contrary to this, the wet methane combustion studies by Kumar et al. [121] on a Pd/SnO,
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catalyst revealed a partial order of —0.11 to water. Considering the partial order to water,
the authors proposed an additive reaction rate equation, as depicted below [121].

ko [CHy]
[H20]

(=rcn,) = ki[CHy] + @)

The first site was considered to be unaffected by water, while the second site was
considered to be affected by water with a reaction order of —1 to it. Keeping the observed
activation energy on the site affected by water similar to that observed in the case of the
conventional Pd/Al,Oj catalyst, the activation energy on the site unaffected by water was
determined to be 108 kJ/mol [120]. Similar studies by Keller et al. [122] revealed an activa-
tion energy (E,o) of 144 kJ /mol and 117 kJ /mol for the Pd/Al,O3 catalyst and Pd/SnO,
catalyst, respectively. However, the authors utilized a rate equation that incorporated an
inhibition factor, as depicted below.

B _ ki[CHy] .
(Fren) = ko ®

While Equation (8) is similar to Equation (5), Keller et al. determined that the order to
water, that is, the value of (3 for the Pd/Al, O3 catalyst and Pd/SnO, catalyst, was 1.99 and
0.87, respectively [122]. Studies by Nasr et al. [123] for lean wet methane combustion on a
Pd/Co304 catalyst also revealed a partial order of —0.37 to water. The authors proposed a
rate model with additive contributions from the Pd and Co counterparts as follows:

k2 [CHy]

(7rCH4) = kl[CH4] + [HzO]

1 *
= (kl +ky [F1,0] ) [CH4] =k [CH4] 9)

Their kinetic study revealed that the higher water tolerance on the Co3O4-supported
catalyst was due to synergism resulting from strong metal-support interactions between
Pd and Co [123].

Several studies have been conducted to define rate equations for methane combustion
on Pt-only catalysts as well [124-126]. While Pt is known to be less active than Pd/PdO
for methane combustion under dry feed conditions, Pt is found to be active to catalyze
methane combustion under wet feed conditions in its metallic state [23,127]. Considering
the first H-atom abstraction from the C-H backbone by chemisorbed oxygen on Pt as the
rate-determining step [115], the generally accepted rate equation for methane combustion
on Pt-based catalysts is illustrated as follows [126,128]:

(—rcm,) = K[CH4] (10)

Utilizing a rate equation like Equation (3), DFT studies by Qi et al. [115] for methane
combustion on Pd-Pt catalysts with varying Pd:Pt ratios revealed reaction orders of —1.05,
—0.98, and —0.79 to water for Pd 75Ptg 25, Pdo 5Pty 5, and Pdg25Ptg 75 catalysts, respectively.
Similar studies by Abbasi et al. [124] for bimetallic Pd:Pt catalysts in the presence and
absence of water revealed a rate equation as follows:

(_rCH ) _ kl [CH4]
4 (1 + Kp [CH4] + K3 [HQO])H

(11)

Kj; essentially had a value of zero, and the value of n was determined to be 1 [124].
In another study by Habibi et al. [129] for SiO,-encapsulated Pd-Pt catalysts, the authors
revealed that the catalyst followed different rate equations in the presence and absence of
water. While under dry feed conditions, the catalyst followed a rate equation as that of
Equation (5), under wet feed conditions, the catalyst followed a rate model given by [29].

k1K2 [CH4]

(Zrem) = TR [CHKs 0] (12)
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Equation (12) was proposed by accounting for the water-inhibiting oxygen exchange
effect on the support surface [129]. Lean-burn wet methane combustion kinetic studies on
Aly,O3 and SnO;-supported Pd:Pt catalysts by Kumar et al. [121] revealed that both catalysts
exhibited a —1 order to water. While the Pd/SnO, catalyst exhibited a partial order to water,
different mechanisms of Pt and SnO; actions resulted in bimetallic catalysts exhibiting a
—1 order to water. Interestingly, while the Pd-Pt/Al,O3 catalyst and Pd-Pt/SnO; catalyst
revealed similar activation energies in the range of 134 k] /mol, the presence of different
active sites on either catalyst resulted in the Pd-Pt/SnO; catalyst exhibiting a higher
turnover frequency, almost two-fold in magnitude as that observed on the Pd:Pt/Al,O3
catalyst [121]. Utilizing a rate equation like that of Equation (3), Yang et al. [130] revealed
that while the Pd/Al, O3 catalyst exhibited a —1 order to water, the Al,O3-supported Pd-Pt
catalyst exhibited an order of —0.23 to water. The authors also revealed that the addition of
Pt resulted in a reduction in the activation energy from 127 k] /mol in the Pd catalyst to 58
kJ/mol in the Pd-Pt catalyst in the presence of water [130].

It has also been observed that there can be a significant change in the activation energy
of the reaction at higher temperatures. An early work [22] on methane oxidation over
Pd catalysts in the temperature range of 500 to 800 K reported a sharp change in the
activation energy of the reaction. The temperature at which the change occurred varied
from 654 to 720 K and was a function of support material and reactant concentration. The
low-temperature range activation energy varied from 75 to 95 kJ /mol and decreased to a
value between 23 and 45 kJ/mol at high temperatures. In another work [131], an activation
energy of 131 k] /mol was reported below 770 K and 19 k] /mol at higher temperatures. The
authors attributed the decline to heat and mass transfer effects, although these effects are
likely to be the major cause [132].

Sakai et al. [133] studied a Pd catalyst for methane combustion and observed a transi-
tion at about 690 K, with the activation energy dropping from 76.5 k] /mol to 61 kJ/mol.
Liu et al. [134] also observed a change in apparent activation energy. In their model, all
heat and mass transfer steps were accounted for explicitly. These observations for the
transition of methane catalytic oxidation activity are summarized in Table 1. Finally, in [10],
the transition from 104 kJ/mol to 47.5 k] /mol was observed to happen at about 811 K. In
this work, all heat and mass transfer effects were explicitly accounted for. Clearly, there is
some complexity and variation with this reaction.

Table 1. Temperature dependence of the activation energy for the palladium-catalyzed oxidation of
methane based on first-order kinetics.

Activation Energy, k]J/mol

Reference Low-Temperature Region High-Temperature Region Transition Temperature, K
[22] 75-95 23-45 654-720
[131] 131 19 770
[133] 129 35 874
[134] 76.5 61 690
[104] 47.5 104 811

3. Experimental Program
3.1. Catalyst Details

As mentioned in the Introduction, we tested and compared the performance of six
catalyst formulations. The first catalyst tested was a commercial methane combustion
catalyst provided in the form of a wash-coated monolith. The properties of the monolith
used in calculating the reactor loading are given in Table 2. The supplied wash-coated
monolith was crushed and sieved to a size between 44 and 63 microns (between 230 and
325 mesh size). It was then calcined in air at 550 °C for 16 h. This sample is subsequently
referred to as the fresh catalyst. The standard target catalyst reactor loading was to have
1.2 mg of PGMs in the reactor. Based on the PGM loading provided by the manufacturer,
and using the numbers in Table 2, a piece of monolith contains about 0.675% by mass PGM.
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Therefore, to achieve 1.2 mg of PGMs in the reactor, we should have 0.18 g of the crushed
monolith, which we rounded to 0.2 g.

Table 2. Properties of the wash-coated catalytic monolith used in this study.

Cell density 400 CPSI
Substrate density 1650 kg/ m3
Substrate volume fraction 25%
Washcoat density 1100 kg/ m3
Washcoat volume fraction 0.12
Palladium loading in monolith (assumed) 100 g/ ft

We now consider the catalysts made in the lab. Five catalysts were compared in this
set, all for fresh catalysts under dry conditions. The details of the catalyst compositions are
shown in Table 3. All catalysts contain 1 weight % of PGMs, which were Pd and Pt in equal
molar amounts. The preparation of catalysts 3 and 6 is described in reference [121] and
that for 2, 4, and 5 is given in reference [135,136]. These references also give the results of
the characterization of these catalysts and the other experimental conditions present. They
also present in-depth kinetic investigations of the kinetic modelling of lean wet methane
combustion for fresh and hydrothermally aged catalysts in the presence of 5 and 10% by
volume of water. In the current work, we present and compare the kinetic modelling of dry
methane combustion over fresh catalysts only.

Table 3. Catalyst compositions for the five catalysts made in the laboratory.

Catalyst Number Catalyst Formulation
Pd:Pt supported on Coz04/5nO,

Pd:Pt supported on SnO,

Pd:Pt supported on Co304
Pd:Pt supported on Co304/v-Al,O3

N | QT || W DN

Pd:Pt supported on vy-Al,O3

3.2. Experimental Reactor System

The experimental procedures used were similar to those described elsewhere [124,136],
and the basic description is included here for completeness. Catalyst activity measurements
were made using a small reactor system consisting of a reactor, furnace, thermocouples
and temperature controller, flow meters, and gas and water supply, as shown in Figure 1.
The reactor had an inner tube of 0.76 cm (3/8") diameter with an outer sleeve of 2.22 cm
(7/8") diameter, both made from 316 stainless steel. The role of the outer sleeve was
to provide a constant temperature along the wall of the reactor. The reactor assembly
was installed inside of a tubular furnace. The catalyst was located in the middle of the
reactor, and quartz wool was placed before and after the catalyst to contain the bed. Three
thermocouples (K-type from Omega) were used to monitor the temperature in the reaction
system. Thermocouples were placed in the inner tube of the reactor (before and after the
catalyst sample), touching each end of the catalytic bed, as shown in Figure 1. The average
of the temperatures recorded by these two thermocouples is reported as the reaction
temperature. The maximum temperature difference between the two thermocouples was
about five degrees. A thermocouple placed in the outer sleeve was used to control the
reactor temperature via a PID controller on the reactor furnace.
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Quartz wool

Reactor
effluent to GC

Thermocouple

Tubular furnace / Catalyst Powder
Reactor casing

Figure 1. Schematic of the experimental reactor and furnace.

The reactor effluent was analyzed with a gas chromatograph (GC HP-7890-A type
from Agilent Technologies Incorporation, Santa Clara, CA, USA). The GC column was
19095 P-Q4. The carrier gas was helium (ultra-high purity 5.0 from Praxair) with a flow
rate of 11 cm3/min.

3.3. Reactor Feed Gas

The desired methane concentration was obtained by mixing 10 vol. % CHy in N with
extra dry air (Praxair, Allentown, PA, USA). Methane and air flow rates were controlled by
flow meters in separate lines (line 1 for extra dry air controlled with a Matheson Modular
DYNA blender model 8250 and line 2 for methane in nitrogen mixture controlled with an
MKS Type 1479). The gases were mixed before entering the reactor.

When required, water was added using a peristaltic pump to give a feed fraction of
2%. Water was only used in the investigation of the commercial catalyst, denoted Catalyst
1. This level corresponds to the percentage of water vapour present in saturated air at
28 °C The reactor feed line was heated to avoid water condensation. All reported gas
flow rates are based on 0 °C and 1 atm (STP). A total gas flow of 210 + 5 mLgrp/min
and 19.5 vol. % O, was used. This gas flow rate corresponds to a total molar flow rate of
Fr=1.562 x 10~* mol/s. We note that the molar flow rate is constant because moles are
conserved on reaction.

The experimental conditions and the temperature controller, GC, and water sy-
ringe pump system were controlled using LabVIEW NXG5.1 software connected to an
Opto-22 system.

3.4. Experimental Procedure

The conversion vs. temperature data were obtained by measuring steady-state ignition
curves. The reactor was started at a low temperature, and the temperature was then
increased in a stepwise manner. At a series of pre-selected temperatures, the ramping
was halted, and the outlet gas concentration was measured in triplicate. The fractional
conversion was calculated from these values. The absolute reactor pressure was also
measured at each data point. Ignition curves were obtained for the fresh catalyst and
after several hydrothermal ageing cycles. Activities under wet and dry conditions were
measured.

4. Experimental Ignition Curves

A complete set of all of the experimental ignition curves obtained during the investi-
gation is given in the Supplementary Information for all of the catalysts used. In the main
paper, we present sufficient information for the reader to understand the general behaviour.
In the following sections, we present first the results obtained for Catalyst 1 followed by
those obtained for the other five catalysts.
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4.1. Ignition Curves for Commercial Catalyst, Catalyst 1

After the calcination step, ignition curves were obtained on the fresh catalyst at inlet
methane concentrations of 1000, 2000, 3000, and 5000 ppm. The dry runs are shown in
Figure 2 (also Figures S2 and S3). There is a systematic dependence of the conversion
on the methane concentration. This effect is indicative of inhibition by water produced
by combustion. Several runs were carried out for each methane concentration, and the
results were repeatable. For simplicity, only a single curve is shown for each methane
concentration.

L S s S S s S B B S S S
methane runs =
various concentrations
fresh catalyst: dry feed 7

—0o— 1000-5 _
—e— 20001
—&— 30001

5000-2

Percent conversion

470 520 570 620 670
Reactor temperature, Kelvin

Figure 2. Ignition curves for the fresh catalyst under dry conditions.

After the dry ignition experiments, the catalyst was hydrothermally aged (HTA-1)
for 72 h at an overall flow rate of 210 mL/min (STP dry basis) with 5000 ppm methane
and 2% water vapour. The temperature was 450 °C, with the temperature being lowered
periodically to 285 °C to measure the activity, which is shown in Figure 54.

Following HTA-1, a set of ignition curves was measured in the absence of water.
The activity was observed to be lower than that for the fresh catalyst (see Figure S5).
Experiments performed with 1000 and 5000 ppm methane showed lower activity than
for the fresh catalyst. Following these experiments, the catalyst was left for six weeks
under air at room temperature. Following this period, the catalyst was heated in air to
450 °C and then cooled. Ignition curves were then obtained at 1000, 2000, 3000, and
5000 ppm methane. Figure S6 shows comparisons of the ignition curves obtained for the
fresh catalyst, the catalyst immediately after HTA-1, and the catalyst after resting for six
weeks. It was observed that the activity for each of these concentrations after the six-week
rest had almost fully recovered to the level observed prior to the HTA. We have observed
that the activity of Pd catalysts can recover somewhat after HTA when exposed to dry-
reacting mixtures, but we have never tested over such a long time period. None of these
runs for the “reactivated” was used in the subsequent kinetic analysis.

The catalyst was again hydrothermally aged (HTA-2) at 550 °C for 72 h. After cooling,
ignition curves were obtained for 1000, 3000, and 5000 ppm methane with 2% water
present in the feed. Experiments with dry feed were then performed at the same methane
concentrations. The ignition curves are shown in Figure 3. We observed that the activity
under dry conditions was lower than before, and the conversion depended on the inlet
methane concentration. Under wet conditions, the conversion was apparently independent
of the methane concentration.

A third hydrothermal ageing was performed, HTA-3, at 640 °C for 72 h. Ignition
curves were obtained under wet and dry conditions. The results are shown in Figure 4. The
overall trend is the same as that observed for the conversions obtained after HTA-2. After
the completion of the dry tests, the catalyst was held for 60 h at a constant temperature of
350 °C (623 K) under dry conditions with 5000 ppm methane. The conversion showed a
slow decrease during this time, giving a final conversion of about 73%.
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first, and all curves were essentially the same. The dry runs were performed in the order 5000, 3000
1000, and then 5000 again.
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Figure 4. Wet (left) and dry (right) ignition curves after HTA-3. The wet runs were performed first,

and all curves were essentially the same. The dry runs were performed in the order 5000, 1000, and
then 5000 again.

A table of all of the experimental tests performed is given as Table S1 in the Supple-

mentary Information, which also gives all of the experimental plots. We briefly summarize
the main points from the experiments. In point form, they are as follows:

The activity of the fresh catalyst under dry conditions was a bit erratic for the first two
or three runs but then settled into reproducible behaviour.

The ignition curves under dry conditions showed a consistent shift to the right, re-
quiring a higher temperature for the same conversion, as the methane concentration
increased. This behaviour can be attributed to the inhibition effects of water.

The first hydrothermal ageing experiment showed a decrease in activity with time for
HTA at 450 °C.

The first dry ignition curves after HTA-1 showed lower activity than the fresh catalyst.
After resting for six weeks, the dry activity of the catalyst returned to a value close to
that observed for the fresh catalyst.

During the second hydrothermal ageing (HTA-2) experiment, the activity was also
seen to decline.

Ignition curves taken after the HTA-2 experiment with wet feed were seen to be
independent of the methane concentration, indicating an apparent first-order kinetics.
Ignition curves taken under dry feed conditions showed lower activity than those
measured after HTA-1.

During the third hydrothermal ageing experiment, the activity also declined.
Ignition curves taken under wet feed conditions were independent of the methane
concentration, with lower activity than observed for wet runs after HTA-2.

Dry runs after HTA-3 showed lower activity than the dry runs after HTA-2.
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4.2. Ignition Curves for Catalysts 2 to 6

The ignition curves for Catalysts 2 to 6 considering all methane concentrations are
given in the Supplementary Information as Figures S14-518, and the significant curves
are shown in Figure 5. Catalysts 2 and 4 show the least dependence on the methane
concentration, whilst the other three show noticeable dependence, which suggests that
water inhibition is important even at these low concentrations.
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Figure 5. Ignition curves for catalysts 2 to 6 obtained for dry feed on fresh catalyst.

5. Kinetic Modelling

Kinetic modelling was performed on all of the reported catalysts. The modelling
assumed an isothermal reactor, plug flow, and the absence of heat and mass transfer
limitations. The maximum temperature rise across the catalyst bed was five degrees. The
calculations validating the plug flow and heat and mass transfer assumptions are shown in
detail in the Supplementary Information.

The main conclusion from the ignition curves is that the reaction is not overall first-
order in the absence of added water for most of the catalysts. For Catalyst 1, with the
addition of two percent by volume water, the reaction is apparently first-order overall.
Clearly, the rate equation must involve a water inhibition term but one that dominates the
denominator at high water concentrations. For the other catalysts, we have previously
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reported their dependence on water [121,136]. In this section, we first present a detailed
modelling study for Catalyst 1 with pseudo-first-order kinetics followed by a model that
explicitly includes water inhibition. We then show the results of the same analysis for
Catalysts 2 to 6.

As a preliminary step, the dry results were analyzed using a pseudo-first-order reac-
tion, with the data at each feed concentration level being modelled separately. We assume
that the reactor operated under isothermal plug flow conditions, and the rate constant is
governed by an Arrhenius-type expression as follows:

1000
k = exp{AE(RgT)} (13)

where A is a constant, and E is the activation energy in k] /mol. We include the constant A
inside the exponential to improve the performance of the optimizer, which is a standard
modelling trick. The Arrhenius plots for the dry runs for each methane concentration are
given in Figure 6. There is an increasing trend in the apparent activation energy, which is
indicative of the potential influence of water. The parameter values are given in Table 4.

Y .
o [ ]
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[ [ ]
- 3 .
= | o .
£ a
&« 10004 ]
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| o 30002 N
& 5000-3 .
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R R I «
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Figure 6. Arrhenius plots for the first-order reaction for the dry runs on the fresh catalyst (Catalyst 1).

Table 4. Summary of parameters obtained for the dry runs on the fresh catalyst.

Run Details A E
1000-4 14.19 83.06
2000-1 15.02 87.98
3000-2 15.21 89.68
5000-3 16.5 96.11

Now consider the effect of water explicitly, using an equation in the form of Equation (5).

(-rew,) — —X[CHd &P (40— xir) (CH (14)
—rcm,) = =
1+ K [CHy] 1+ Kpexp (%) [CHy4]

For dry feed, the water concentration is directly related to the methane concentration
and the fraction conversion, giving a rate model of the following form:

(—rcmy) = k(Fomy)o (1= Xemy) Kk (Fory)o (1~ Xen,) (15)
4 Q (1 T K% (FCH4)0XCH4) (Q +2K (PCH4)0XCH4)
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where F denotes the molar flow rate, and Q indicates the volumetric flow rate. If we assume
plug flow and isothermal operation, then we can generate an analytical solution for fraction
conversion. In terms of catalyst mass, the PFR mole balance is as follows:

dXcn, k(1 —Xcn,)
= (16)
dw (Q+2K (FCH4)0XCH4)
The integration gives the following expression for the fraction conversion:
kW + (Q+ 2K (Fen, ) ) In(1 — Xcn, ) + 2K (Fen, ) gXcn, = 0 (17)

An optimizer was built using MATLAB R2023b to determine the parameter values.
Two optimization strategies were used, a genetic algorithm and one based on the gradient
method. Both tools essentially gave the same results. Only the conversion data between
15% and 85% were used in the optimization. There were seven experiments performed
under dry conditions on the fresh catalyst, and all seven were used to determine the optimal
rate parameters. These parameters were found to be as follows:

1000 1000
k = exp{13.76 — 80.80 (RgT> } K = 0.0823 exp (21.29 (RgT)> (18)

A comparison of the experimental ignition curves and the model predictions for each
inlet concentration of methane is shown in Figure 7. The agreement is satisfactory, especially
in the conversion region above 20%.
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Figure 7. Comparison of experimental values to model predictions; generalized model for dry runs
on the fresh catalyst.

The same optimization procedure was also performed for the dry runs obtained after
HTA-1 (before the six-week break), HTA-2, and HTA-3. As before, only the data between
15% and 85% conversion were used. Five optimizations were performed in each case. In
the first one, all four parameters in the kinetic model were allowed to vary. Then, the
parameters were fixed successively to those obtained in the case of the fresh catalyst; that
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is, first H was fixed; then H and Ky; then H, K, and E; and finally H and E. The parameters
are summarized in Table 5. The table gives the values when all parameters were free,
as well as the values obtained when the values of E and H were fixed to be equal to
the same value computed for the fresh catalyst, whilst the complete set is given in the
Supplementary Information.

Table 5. Parameter values obtained for the optimization of the dry runs after each HTA. Parameters
in bold red font were fixed during the optimization.

Series A E Ky H
Fresh 13.76 80.80 0.0823 21.29
After HTA-1
Model (a) 17.50 99.18 0.40 16.40
Model (e) 13.47 80.80 0.0873 21.29
After HTA-2
Model (a) 17.19 99.13 0.01 36.77
Model (e) 13.10 80.80 0.108 21.29
After HTA-3
Model (a) 16.79 99.46 0.0312 29.16
Model (e) 12.82 80.80 0.0840 21.29

Graphs of the agreements are presented in the Supplementary Information. The
agreement between model and prediction is good in all cases. Although there are small
differences obtained with each of the parameter sets, these differences are within the
experimental uncertainty.

We can draw some overall conclusions regarding these dry runs. The first is that there
is a range of parameter values that will give an acceptable fit, so the values shown should
not necessarily be considered absolute. In particular, the model is fairly insensitive to the
value of H, provided that the other parameters are allowed to adjust. Finally, it is interesting
to observe that there is a set of common values for E, Ky, and H that gives an acceptable fit
for the four levels of catalyst activity, with only the value of A being adjusted to reflect the
deactivation. The comparisons are shown in Figures 522-524.

We now consider the results when water was added to the feed. As shown earlier, the
ignition curves obtained with 2% added water were essentially independent of the inlet
methane concentration. Therefore, a first-order rate model is a close approximation for the
result, because the water inhibition term in the denominator dominates the result. The first
set of results to which a kinetic analysis was performed included the wet runs obtained
after HTA-2. In the first instance, the kinetic parameters obtained using the Arrhenius
analysis shown earlier were used to generate the ignition curves. The result is shown
in Figure 8, denoted Model (a). As a second step, the first-order rate parameters were
optimized using all of the data, including those at low and high concentrations. However,
note that for this optimization, absolute errors were used to reduce the influence of the low
and high conversion data. The resulting parameters were very similar, and the predicted
ignition curve is also shown in Figure 8 as Model (b). The parameters for the two models
are given in Table 6. As seen from both the graphs and the table of data, the results are very
close in both cases.
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Figure 8. Predicted ignition curves for the wet runs obtained after HTA-2 for the two sets of model
parameters. See Table 6.

Table 6. Parameters for the pseudo-first-order rate expression used for the runs with 2% water added,
which were obtained after HTA-2.

Model A E
Model (a) 16.27 104.59
Model (b) 16.58 106.26

A similar analysis was performed on the wet ignition curves obtained after HTA-3,
and the results are shown in Figure 9. In the first instance, the values obtained from
the Arrhenius analysis performed earlier were used, denoted Model (a). Because the
apparent activation energy obtained from the Arrhenius plot appeared to be much lower
than expected, the data were optimized again by fixing the apparent activation energy to
104.59 kJ/mol, the value obtained for the wet runs after HTA-2. The optimization was
carried out using the absolute error to calculate the objective function and both the data
between 15% and 85% conversion and the entire dataset. The result was the same in both
cases. This result is also shown in Figure 8 as Model (b). The parameter values are given in

Table 7.
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Figure 9. Predicted ignition curves for the wet runs obtained after HTA-3 for the three sets of model
parameters. See Table 7.

Table 7. Parameters for the pseudo-first-order rate expression used for the runs with 2% water added,
which were obtained after HTA-3 for the two models.

Model A E

Model (a) 12.33 85.48
Model (b) 15.90 104.59




Catalysts 2024, 14, 319

16 of 25

We then repeated the analysis for Catalysts 2 to 6. The ignition data shown in
Figure 5 were first analyzed in the same manner as for Catalyst 1, using in the first instance
the pseudo-first-order approximation. The resulting Arrhenius style plots are shown in
Figure 10; see also Figures S27-S31. The first-order rate parameters were determined by
regression analysis for each methane concentration separately and for all of the data at
all concentrations. The parameters thus obtained are shown in Table 8. The complex
model with water inhibition, represented by Equation (14), was then optimized using the
MATLAB program. The resulting parameters are given in Table 9.
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Figure 10. Arrhenius plots for the first-order reaction for the dry runs on fresh Catalysts 2 to 6.

Note that these parameters should not necessarily be considered unique. As seen for
Catalyst 1 with the same complex rate model for the dry runs at different levels of catalyst
activity, there are multiple sets of parameters that can give ignition curves that are virtually
indistinguishable by the naked eye and have very small differences in the values of the
objective function. For Catalysts 2 to 6, we let the MATLAB optimizer find the best values
of the objective function and did not perform any sensitivity analysis on the parameter
values. We are simply trying to show the differences between the fits that are possible with
this complex model compared to the pseudo-first-order model.
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Table 8. Summary of pseudo-first-order fitting for Catalysts 2 to 6. The activation energy has units
of Kj/mol.

Ppm 1000 2000 3000 4000 5000 all
Catalyst 2
A 9.74 9.54 9.24 9.53 9.67 9.48
E 75.6 75.0 729 75.2 76.1 74.6
Catalyst 3
A 7.74 8.07 8.91 7.62 7.65 7.26
E 66.1 69.1 741 68.3 68.9 65.3
Catalyst 4
A 8.79 8.63 8.16 8.02 8.4 8.46
E 81.1 80 77.1 76.1 79 79
Catalyst 5
A 8.59 9.65 8.72 10.1 9.34 9.23
E 69.6 76.6 70.6 78.8 752 739
Catalyst 6
A 9.16 9.58 9.58 9.62 10.2 9.22
E 72.7 75.7 75.7 77.5 80.7 739

Table 9. Summary of complex model fitting for Catalysts 2 to 6. The activation energy has units
of Kj/mol.

Catalyst Composition A E Ko H
2 Pd:Pt/Co304/Sn0O, 10.6 79.9 2.18 1.81
3 Pd:Pt/SnO, 10.4 77.1 0.1 29.2
4 Pd:Pt/Co30y 8.6 79.3 0.812 1.0 x 107*
5 Pd:Pt/Co304/v-Al,O3 10.1 77.3 5.4 1.3 x 1074
6 Pd:Pt/y-Al,O3 10.0 75.4 4.1 x 1073 45.7

Figure 11 shows plots of the agreement of the model with the experimental results.
For each catalyst, Figure 10 shows the agreement at a single concentration for both the
first-order model and the complex model. In addition, the ignition curves at all of the
concentration values were plotted, with either the first-order model (Catalysts 2, 4, and 5) or
the complex model (Catalysts 3 and 6) fit. All of the curves are shown in the Supplementary
Information, Figures S31-535.

As mentioned earlier, detailed kinetic analysis for Catalysts 2 to 6 under high water
feed conditions was reported in references [121,135]. We must emphasize that under high
water conditions, all of the catalysts tested here showed strong water inhibition effects.
To assist the discussion, we present a brief summary of the results below. For all of these
catalysts, under conditions of either 5 or 10% water, there was negligible dependence on
the methane concentration. This observation indicates that with large amounts of water in
the feed, the relatively small amount of water produced by methane combustion does not
exert a noticeable effect within the limits of the experimental error. In other words, at each
water concentration level, the reaction appears to be first-order in methane. The apparent
reaction order with respect to water can be determined by the analysis of the results at
different water concentrations. These results are given in Table 10, where Model C1 refers
to one with the form of Equation (5), while Model C2 has the form of Equation (9). We
also show one result at 5 and 10% water for Catalyst 4, which shows apparent first-order
behaviour at methane concentrations up to and including 5000 ppm by volume. Figure 12
shows the ignition curves.
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Figure 11. Agreement between model and experiment for Catalysts 2 to 6 in both models.
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Table 10. Summary of the reaction dependence on water for Catalysts 2 to 6.
Catalyst Composition Order WRT Water Model Ref
2 Pd:Pt/Co304/5n0O, —-0.37 Cc2 [135]
3 Pd:Pt/SnO, -1 C1 [121]
4 Pd:Pt/Co304 —0.42 C2 [135]
5 Pd:Pt/Co304/v-Al,O3 —0.55 C2 [135]
6 Pd:Pt/y-Al,O3 -1 C1 [121]
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Figure 12. Effect of water concentration on activity for Catalyst 4.

6. Conclusions and Recommendations

It is evident from the literature presented here that there have been a wide variety of
kinetic models presented for the catalytic combustion of methane over PGMs. Obviously,
this literature covers a wide variety of catalyst formulations, including support types,
promoters, and preparation techniques. The issue is complicated by the fact that complete
catalyst details are sometimes lacking, and characterization data may not be available.
Nevertheless, some observations can be made.

Water has an inhibiting effect on the catalyst activity; however, for some catalysts
under dry feed conditions with low methane concentrations, a first-order model is sufficient.
For the catalysts that we synthesized, the common denominator for the lack of water
dependence at low methane concentration was the presence of cobalt in the support, that is,
Catalysts 2, 4, and 5. That observation is consistent with the results presented in Table 10,
where it is seen that the experiments conducted at high water concentrations showed
a relatively low dependence on water, compared to Catalysts 3 and 6. At high water
concentrations, a first-order model is often sufficient, although only at a specified feed
water concentration. In other cases, even at low methane concentrations, the water effect
is easily observable. What is certainly evident is that it is necessary to perform detailed
kinetic measurements on any given catalyst to be certain that the result is valid, especially
if one wishes to design a reactor based on the results.
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One surprising result from the ageing studies on Catalyst 1 was the essentially com-
plete recovery of the dry feed activity after the first hydrothermal ageing experiment when
the catalyst was left for six weeks at ambient conditions. The recovery of activity after
exposure to wet feed has been observed previously but never complete recovery. From a re-
actor operational standpoint, this observation may not be so significant, because operation
would likely be either dry or wet only. However, it does emphasize the importance of the
time scale when performing a mixture of wet and dry experiments to determine kinetics
under deactivating conditions.

Considering Catalyst 1, we observed that for the dry and wet feed conditions, there
was a common set of activation energies that gave an acceptable fit to the results at each
deactivation level. However, better fits could be obtained when all parameters were allowed
to vary, which is to be expected. One should always treat the actual values of parameters
obtained in this manner with some level of caution and not state that one parameter set is
necessarily better, simply because it gave a smaller value of the objective function.

As a final note, we emphasize the importance of computationally and experimentally
determining the absence of mass and heat transfer limitation effects. While this advice is
clearly well known, it can be difficult to achieve with rapid, highly exothermic combustion
reactions, so special care should be taken.
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