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This paper presents an experimental kinetic study for the oxidative coupling of methane (OCM) over
a Mn/Na,WO0,/SiO, catalyst prepared by incipient wetness impregnation. Because the catalyst is a
reducible metal oxide, the stability of the catalyst has been assessed by Thermo Gravimetric Analysis
(TGA). These experiments show that the catalyst has to be pre-treated with oxygen in order to obtain
high C; selectivity (around 85%) and that a low oxygen partial pressure during the OCM reactions is
already sufficient to maintain the catalyst stable in the oxidized state.

ﬁ?gtvl\g;d:;xidative coupling The catalyst has subsequently been tested in a micro-catalytic fixed bed reactor. The overall reaction
Catalysis orders and rate constants of the primary reactions were determined by measuring the intrinsic reaction
Kinetics rates at different methane and oxygen inlet concentrations. It was found that the reaction order in oxygen

for the coupling reaction is 0.38, while the reaction order in oxygen for ethylene oxidation approaches
unity, indicating that low oxygen concentration levels are beneficial for obtaining a high C; selectivity (up
to 80-90%). Such a low oxygen concentration can be obtained with distributive feeding in a membrane
reactor.

Based on the experiments and least-squares minimization, a simplified reaction mechanism is pro-
posed, where the dependency of the ethane (coupling) and carbon dioxide (oxidation) production rates
and the secondary ethylene production and C, oxidation rates can be described with power-law type
reaction rate expressions.

MH/N32WO4/Si02

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The oxidative coupling of methane (OCM) is a widely investi-
gated direct route for ethylene production through methane partial
oxidation. The reaction involved in OCM carried out at tempera-
tures higher than 750 °C are the following:

2CH4 + O, — CyHy + 2H,0 AH;QS =-141 kJ/mOlCH4 (1)
CHy +20; — €Oy +2Hy0  AHjgq = —803 k]/molcy, (ii)
CoHy + 30, — 2C05 4+ 2Hp0  AHjoq = —1323k]/molc,u, (i)

The industrial exploitation of such a reaction system is hindered by
the low yield typical of this conversion-selectivity problem: high
CH,4 conversions (i.e. feeding a relatively large amount of O,) are
associated withrelatively poor product selectivity with alarge yield
of undesired combustion products like COy. In addition, the highly
reactive intermediate C;H4 may easily react to the unwanted and
thermodynamically favored oxidation products at too high O, con-
centrations.

* Corresponding author. Tel.: +31 40 247 2241; fax: +31 40 247 5833.
E-mail address: M.v.SintAnnaland@tue.nl (M.v.S. Annaland).
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Despite the difficulties in achieving higher yields, this reaction
system has always been considered very promising by both indus-
tries and research institutions. A total yield higher than 35-40%
would already make this system economically feasible. For this rea-
son, since 1980’s, many groups investigated the OCM [1,2], mainly
focusing on different catalytic materials.

The actual trend in chemical reaction engineering on OCM reac-
tion is towards the development of novel reactor concepts with
distributed feeding of oxygen (e.g. with membrane reactors) in
order to keep a low concentration of oxygen along the reactor and
thus improving the product yield. The design and optimization of
such reactors require the development of adequate kinetic mod-
els for catalysts operated at high temperatures and low oxygen
concentrations.

A widely investigated catalyst for OCM is Li/MgO [3], which is
already active and selective at reaction temperatures of 750 °C but
is inherently unstable because of the loss of active components.

Usually the research is limited to study the catalyst perfor-
mance and the determination of a reaction mechanism, however,
for reactor modeling and design of a new process involving oxida-
tive coupling of methane, possibly combined with steam reforming,
and carried out in membrane reactors an accurate description
of the most important reaction rates is required. A quantitative
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description of the reaction rates of the most important reactions
on a Mn/WOQ,/SiO, catalyst by means of a relatively straightfor-
ward kinetic study is the objective of the research described in this
paper. A simplified kinetic model is presented, describing the rates
ofthe primary and secondary reactions prevailing during the oxida-
tive coupling of methane over a Mn/Na;WO0,/SiO, catalyst. The
primary reaction rates were measured in a micro-catalytic fixed
bed reactor under differential operating conditions, while the sec-
ondary reaction rate constants were derived from a kinetic study
by Takanabe and Iglesia [4] in which the first order rate constants
were determined by means of isotopic labeling of CH4, C;H4 and
CoHe.

The obtained reaction rates were described via conventional
power-law reaction rate expressions.

This paper starts with a short review of the available catalysts
for oxidative coupling and two promising catalysts are discussed
in more detail. The preparation of the best performing catalyst, the
experimental setup and the procedures followed during the exper-
imental program are described. The composition of the selected
catalyst is compared with available data from the literature by
analyzing the elements in a small amount of catalyst via X-ray flu-
orescence (XRF) spectroscopy. Subsequently, it was shown that the
(redox) catalyst remains in the oxided state and the percentage of
the oxides on the catalyst that can be reduced is measured by means
of thermogravimetric analysis. Finally, the homogeneous reaction
rates (mostly occuring in the pre- and post-catalytic sections) and
the catalytic reaction rates during the oxidative coupling were
determined in a micro-catalytic fixed bed reactor by investigating
the dependency of the conversion rates on the partial pressures
of methane, oxygen, ethylene and ethane. The reaction rates of
the relevant reactions are described using power-law reaction rate
expressions in a simplified kinetic model.

1.1. Review on OCM catalysts

Alarge number of unsupported and supported catalysts, mostly
elements from Group I to Il of the Periodic Table, was developed and
tested for their catalytic activity and stability for OCM. It has been
indicated that for alkaline earth metal (e.g. Mg, Ca, Sr) and promoted
rare earth (e.g. La, Ce, Nd) oxide catalysts the performance can be
modified by adding an alkaline earth promoter [5].

Unsupported catalysts with a better activity and selectivity are
for example lanthanide oxides Nd,Os3, Eu,03 and La,; 03 [6], where
the strong basic sites of e.g. La and Nd oxides result in improved
catalytic activity. The activity can be increased by doping with Ce
or Nd, addition of 10 wt% ceria showed an increase in the C; yield
to 20-22% [7]. The Sr-promoted La;03 showed however the best
performance according to Choudhary and Uphade [5].

The C; yield (15-20%) of these catalysts is acceptable, however,
unsupported catalysts are less applicable in industrial environment
due to their weak mechanical strength and limited reaction rate per
unit catalyst volume.

Numerous studies have been performed to determine which is
the best catalyst/support combination for OCM and some of the
highlights have been listed in Table 1, for several inlet CH4/O, con-
centrations.

The C, yield that can be achieved with supported catalysts varies
between 12 and 21%, at relatively similar temperatures. However,
the catalytic activity should also be taken into account (represented
by the CH,4 reaction rate), because it determines the required reac-
tor volume and the volumetric heat generation. For example, the
Li/MgO catalyst has a relatively low activity (also at higher GHSV),
but a very acceptable C; yield of 19%.

Next to selectivity and activity, another important issue for OCM
catalysts is the long-term stability; because of the high operating
temperature and the prevailing exothermic reactions, the active

catalytic components tend to migrate or even evaporate from the
catalytic surface leading to deactivation of the catalyst. For cata-
lysts, such as the Li/MgO catalyst, the high mobility of Li limits the
lifetime and thus the industrial applicability.

The problem can be partially solved by using excess catalyst,
thereby decreasing the utilization of the catalytic bed, and by
selecting a catalyst with high activity such as La;Os. If the catalyst
gradually deactivates, the remaining catalyst will be used until the
overall activity becomes unacceptable, however at the expense of
throughput. Another method is to apply a catalyst with better sta-
bility but with lower activity, such as the Mn/Na; WO, catalyst. The
properties and performance of these two catalysts are discussed in
somewhat more detail below.

1.1.1. The La,C0O3/CaO catalyst

In the literature it is found that if OCM catalysts are promoted
by lanthanoids or alkali metals, additional activity and selectivity is
observed during kinetic experiments [5]. A catalyst showing a great
thermal and hydrothermal stability is the La,CO3 catalyst which
was tested on oxidative coupling activity for periods up to 500 h on
stream [9].

High C, yields were experimentally observed with the use of
rare earth oxides promoted with alkaline earth metals as catalyst.
As shown in Table 1, the Sr-promoted La, 03 with a Sr/Laratio of 0.1
showed good results at an CH,4/O, inlet ratio of 4.0 and a tempera-
ture of 800°C, at which a CH,4 conversion of approximately 28-29%
and a yield around 18% could be obtained [5].

The support of this catalyst is equally important, because it
partially determines the catalytic performance because of its sur-
face basicity, larger surface area and lower cost. In addition, when
catalysts are applied in industrial scale reactors the support pro-
vides mechanical strength (crushing strength) and a lower pressure
drop across the catalyst bed. The activity and selectivity of Li/MgO
catalysts were drastically reduced when they were supported on
different catalyst carriers due to formation of metal oxides contain-
ing Li and Mg, because the basicity of the active sites was strongly
influenced by the origin of the support and the deactivation because
of chemical interaction between support and catalyst. However, the
most active catalysts reported for oxidative coupling of methane is
the La, 03 catalyst supported on CaO, which has been proposed by
a.0. Becker and Baerns [17].

1.1.2. The Mn/Na;W0,/SiO, catalyst

With most catalysts, the overall C; product yield obtained in
single pass operation mode does not exceed 25-30%, which is the
generally considered lower limit for commercialization of OCM
[5,18,19].

In the 1990s, however, an active and stable catalyst has been
developed by Fang et al. [20], who identified sodium-promoted
manganese oxides as promising catalysts for the oxidative coupling
of methane.

Catalysts based on manganese oxides were already suggested as
good OCM catalysts by Sofranko et al. [21], who measured methane
conversion rates over various transition metal oxides in a redox
cyclic mode of operation. From the investigated transition metal
oxides, only manganese and tin oxides remained stable, while an
overall C, selectivity of more than 75% was achieved on the more
stable and less volatile manganese oxides supported on SiO, at
temperatures around 800 °C [21,22].

By addition of alkali metals or alkaline earth metals, the surface
basicity and the interaction between the alkali metal ions and the
manganese oxides leads to suppression of carbon oxide formation
[23]. This method was further developed and used by Fang et al.
[20] into a catalyst containing 2 wt% Mn/5 wt% Na,WO4 supported
on SiO,, which appeared to have a much higher stability probably
thanks to by the presence of tungsten.
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Table 1

Reactivity and performance of supported OCM catalysts.?
Catalyst CH4/0; () T(°C) Ecny (%) Scy+ (%) Yo, + (%) rcu, (wmol/(gs)) Meat (8) GHSV (ml/g/h) Reference
Unsupported
La/CaO 4 800 28 56 16 1 [7]
Ce/MgO 4 800 28 50 14 1 [7]
Sr/La; 03 4 800 29 59 17 1 [8]
La,03 5.4 800 24.0 65.0 15.6 49.6 0.3 19,977 [9]
Supported
Li/MgO 2 750 37.8 50.3 19.0 0.268 4 747 [2]
Pb/Si0O, 6 750 13.0 58.2 7.6 57.2 0.1 119,880 [10]
Mn/Na,WO,4/MgO 7.4 800 20.0 80.0 16.0 6.9 2.1 3212 [11]
Li/Sn/MgO 9.6 680 143 84.0 12.0 18.7 0.75 15,984 [3]
The Mn/Na; WOy catalyst
1.9% Mn/5% Na,WO,4 4.5 850 33 80 26 2.8 0.40 2700 [12]
2% Mn/x% Na/3% WO4 3.0 800 33 59 19 2.1 0.10 70,560 [13]
2% Mn,03/5% NayWO4 4.0 780 33 37 12 6.3 0.40 196,110 [14]
2% Mn/5% NayWO4 7.4 800 20 80 16 2.8 0.51 12,917 [15]
2% Mn/5% NayWO4 3.0 800 36.8 64.9 [16]
Mn/Na; WO04/SiO, 4 820 30 68 21 0.2 30,000 [11]

2 CH4/O, ratio=2-10, p=1bar.

Further optimization of a x%Na-3.1%W-2%Mn/SiO, catalyst (x
varying from 0 to 7.8 wt%) indicates that a good catalytic perfor-
mance can only be obtained if all 3 metals of this trimetallic system
are present at the catalyst surface [13].

For example, there is an optimum Na-concentration at the cat-
alyst surface, which influences the near-surface composition of
W and Mn. The addition of Na decreases the CO selectivity; with
sodium free catalyst a CO selectivity of approximately 61% is real-
ized but this value decreases to about 13% on a catalyst containing
0.8 wt% Na.

A strong correlation exists between the surface Mn concentra-
tion and the catalyst performance, hence, a too high Na load will
cause enrichment of Na near the surface resulting in a decrease of
the surface Mn concentration, directly affecting the CH4 conver-
sion and C; selectivity, see [13]. By doping the catalyst with SnO5,
a significant increase of the CH4 conversion up to 33% and a cor-
responding C,* selectivity of approximately 73% can be achieved.
Cofeeding oxygen and methane without diluent at elevated pres-
sure (6-10bar), CH,4/0 ratio of 6 and high GHSV resulted in much
higher C,* selectivity mainly because of the production of C3
(30%) and C4 (4%) components, which is remarkably higher than
found with other investigated catalysts [14]. The reason for the
remarkable increase in conversion and selectivity is thought to
be the improvement in O, storage capacity due to the addition
of SnO,, while the migration of catalytic species to the catalyst
surface is also enhanced [14]. This behavior was also observed
with the addition of Na,WOQ,4 to a catalyst consisting of Mn/SiO,
[13].

The stability of the Mn/Na, WO, catalyst on SiO, and MgO was
investigated in the cofeed and pulsed feed mode in a fixed bed
microreactor (alumina tubes) at temperatures varying from 750
to 800°C and CH4/0, ratios between 5 and 10 (integral operation).
During an on-stream time of at least 30 h, the CH4 conversion and
C, selectivity could be maintained at constant values of respec-
tively 20% and 80%, with both the Mn/NayWO0,4/SiO, and the
Mn/Na;WO4/MgO catalyst [24].

The activity of the MgO based catalyst could however not be
retained because of a significant decrease in surface area during the
operation. The SiO, based catalyst appeared to be stable under inte-
gral and differential conditions, showing that O, deficiency does
not play a role in the deactivation. In contrast to other researchers
who all conclude that the catalyst is highly stable during very long
operating time (>500 h), Pak and Lunsford [25] concluded that the
Mn/Nay;WO0,/SiO catalyst gradually deactivates over time, but that
this effect is partially compensated or masked by the observed hot

spots in the reactor, which they confirmed by investigating the
temperature profiles along the axial reactor coordinate.

Experimental results performed by different research groups
showed that the catalyst shows excellent overall C, selectivity
(80%) at moderate CH,4 conversions (20-25%), especially under oxy-
gen limiting conditions [24]. Long-term experiments under OCM
conditions also demonstrated that the initial activity could be
retained for periods up to 97 h in a small fixed bed reactor [25]
and even up to 450 h in a fluidized bed reactor [26].

For this reason the Mn/Na,;WO,4/SiO, catalyst is one of the best
and most promising catalysts available for the oxidative coupling
of methane, especially in packed bed membrane reactors.

Another advantage is the easy preparation of this catalyst.
The Mn/Nay;WOQ04/SiO, catalyst can be very easily prepared from
readily available chemicals. The most common way to produce
Mn/Na;WO,4 catalyst on SiO, is incipient wetness impregnation
with aqueous solutions of Mn(NO3), and Na;WO,4 at 85-90°C
[11-13,27,28] followed by drying in air or O, at 80-130°C.

Although 50-90°C is the most often used impregnation tem-
perature, some researchers also appear to carry out this step
at room temperature [12]. Calcination of the catalyst is carried
out under flowing air/oxygen at temperatures in the range of
800-900°C. Chou et al. [14] applied equal volume impregnation at
54 °Cand subsequentimpregnation with toluene solutions contain-
ing 5% di-n-butyltin dilaurate to obtain (SnO, doped) Mn;03/5%
NayWO0,4/SiO,. The composition of the catalyst was optimized to
a large extent by Fang et al. [20] and it was found that a cata-
lyst with a loading of 2 wt% Mn and 5 wt% Na, WO, results in high
selectivity and methane conversion. This was confirmed by other
researchers, who determined an optimal catalyst composition of
0.8 wt% Na/3.1 wt% W/1.2 wt% Mn on SiO, [13,18,20].

1.2. Reaction mechanisms proposed in literature and influence of
operating conditions

It is generally accepted that the heterogeneously catalytized
oxidative coupling reaction involves the abstraction of a H-atom
from methane by the adsorbed O, species, leading to the formation
of methyl radicals at the catalyst surface. The generated intermedi-
ate methyl radicals then react further to form the primary reaction
products, ethane and carbon oxides in the gas phase via branched
chain reactions in the pores of the catalyst and in the void space
between the catalyst pellets [29]. The reaction mechanism of OCM
on Mn/NayWO0,4/SiO, appears to be similar to that of other OCM
catalysts [15].
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The reaction network is complex involving many heterogeneous
surface and homogeneous gas phase reactions. Many kinetic mod-
els have been developed with varying complexity, depending on
whether surface and gas phase reactions have been accounted for
separately [4,8,29,30].

In this study, where the quantitative description of the con-
sumption and production rates of the main gas phase components is
the primary objective, some relatively unimportant reactions were
ignored and other reactions lumped together, so that the reaction
rate expressions are simplified and the kinetic model is determined
based on the most important primary and secondary reactions.

1.2.1. Primary reactions

During the initial stage of the reaction, the methyl radicals are
coupled near the catalytic surface to form C;Hg, CO and/or CO,
[5,8,31].

CHy +(1/2)03 — CuHg + Ha0  AHjqq = —88.3k]/molcy, (1)
CHy +20; — CO +2H,0  AHjq5 = —802k]/molcy, (2)
CH4 4+ H0 & CO+3H,  AHjge = —200k]/molcy, (3)
CHy + 03 — CO+H0+Hy  AHSqg = —277.8k]/molcy, (4)

At differential operating conditions, ethylene is only formed in very
small quantities as a primary product, whereas at higher CH4 con-
version the bulk of C;Hy4 is formed via either oxidative or thermal
dehydrogenation reactions [15].

Carbon dioxide is considered as both a primary and secondary
reaction product, and it was found that the origin of CO, of the pri-
mary reaction is the combustion of methane. A simplified scheme
of the reaction network was presented (in slightly different forms)
(e.g. [4,8]).

1.2.2. Secondary reactions

A good OCM catalyst should generate sufficient methyl radi-
cals (activity) and take care that these radicals couple to form C;Hg
before unselective or secondary reactions take place. Increase in the
rate of secondary reactions, which occurs at increasing O, and C,
concentration levels, will inevitably lead to loss of selectivity and
additional heat production [32].

CoHg +(1/2)0; — CoHyg + Ha0  AHjgq = —105.5k]/molc,ug  (5)
CoHe — GoHy +Hy  AHSgg = +136k]/molc,n (6)
CaHs +(7/2)0; — 2C05 +3H,0  AHjq5 = —1428.7 k] /molc, g (7)
CoHg +(5/2)0; — 2C05 +3H,0  AHjg = —757K]/molc,u,  (8)
CyHa +30; — 2C0, +2H,0  AHj0q = —1323.2KJ/molc,n,  (9)

CoHy +20; — 2C0 +2H,0  AHjgg = —757.2K]/molc,u,  (10)
CO +Hy0 & COy +Hy  AH59q = —41Kk]/molco (11)
CO +(1/2)0; — CO;  AHjqg = —283k]/molco (12)
Hy +(1/2)0; > Hy0  AH5eq = —241k]/moly, (13)

Ethylene is considered as a secondary product formed by oxidative
dehydrogenation or thermal cracking of ethane, which was demon-
strated by Pak et al. [15] who compared the C;H4 formation rate
under differential and integral conditions. The subsequent oxida-
tion reactions will only be prominent if the concentration of C;Hy
is sufficiently high, which is typically downstream in the reactor.
The first reaction leading to C;H4 formation is the oxidative
dehydrogenation of ethane (reaction (5)), while the second reac-
tion is the thermal dehydrogenation of ethane (reaction (6)). It was
found that co-feeding ethane with methane and oxygen to a reac-
tor in the absence of a catalyst leads to a greatly increased overall
conversion, because it led to an increased radical concentration

and hence higher branching rates (C;Hg has a lower C—H bond
energy than CHy). Although this beneficial effect disappears when
the ethane-to-methane inlet ratio exceeds 0.04 [33], it increases
the opportunity of using natural gas as a carbon source (well-head
quality natural gas typically contains some ethane).

Co-feeding of ethane in the presence of a Sn/Li/MgO catalyst dur-
ing the OCM reaction resulted in a higher ethylene concentration
combined with a lower methane conversion, and measurement of
the 13C content in both ethylene and ethane confirmed that the
main source of ethylene is ethane [32].

Although both CO and CO, are considered as primary reaction
products [34-36], a large part of carbon oxides is also formed via
combustion of C;H4 [25]. However, it was also found during studies
into the source of COy that at lower temperatures deep oxida-
tion mainly occurs via methane combustion. As the temperature
increases, at which OCM is favored, the primary source of COx prod-
ucts is predominantly the combustion of ethylene and ethane [32].

1.2.3. Influence of operating conditions

The critical parameter which determines the performance of
oxidative coupling of methane clearly is the oxygen concentration
in the reactor. Because O, is involved as a surface species, oxygen
needs to be present in sufficient amounts to provide a continu-
ous supply of O, to the OCM reaction on the catalyst surface [15].
The range in which the oxygen inlet concentration can be varied
is at least limited by 2 constraints. First, because of the highly
exothermic reactions a relatively high methane-to-oxygen ratio
is required to overcome heat removal problems and to keep the
(local) methane conversion sufficiently low. When pre-mixed feed
is applied, the lower a CH4/O, ratio is determined by the upper
flammability limit of methane-oxygen mixtures, which amounts
approximately 60-65 mol% CH4 at atmospheric conditions [34].

Distributed feed of O, can be applied to have sufficiently low
local O, concentrations to overcome too high reactor temperatures
and to remain below the flammability limits.

Because O, is a surface species, and many OCM catalysts are
redox type catalysts, the performance of the OCM process with pre-
mixed feed of oxygen and methane was compared with operationin
the cyclic mode, in which oxygen and methane are sequentially fed
to the reactor (avoiding direct contact between gaseous oxygen and
methane). During this reaction, lattice oxygen is the main reactant
in the coupling reaction instead of gaseous/molecular O,.

It was shown that with longer reduction time (CH4 cycle)
the overall time-averaged methane conversion drops significantly
while the C, selectivity increases at temperatures varying from 800
to 850 °C. Because of the limited run time lengths of only 0 to 5 min,
the overall yield per time is low. In large (industrial) reactors the
presence of gaseous O, is preferred for maximizing conversion and
selectivity [22].

The oxygen concentration has a large influence on the C, selec-
tivity that can be obtained. The decreased C, selectivity at high
0, concentrations was for observed on any OCM catalyst, see e.g.
[3,15,31].

Because of the lower O, reaction order for the OCM reaction
(CyHg production), a high C, selectivity will be achieved at lower O,
levels at the expense of a lower methane conversion at increasing
methane-to-oxygen ratio. This does not necessarily mean that the
highest C, yield is also obtained at a low O, concentration, because
thereis a threshold between higher methane conversion and higher
C, selectivity.

Using a too low O, concentration might however lead to
extinction of the reaction, as observed by Sofranko et al. [21] who
identified that molecular oxygen should always be present in order
to achieve sufficient CH4 conversion (15-20%) at high C, selectivity
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(80-90%). Hence, there will be an optimum O, concentration for
maximum C, yield.

1.2.4. Effect of reactor pressure

The effect of the total pressure on the reaction rates of OCM
was investigated over a wide range varying from 100 to 800 kPa.
For a catalyst with a relatively low catalytic activity, such as
the Mn/Nay;WO,/SiO, catalyst, and especially at higher pressures
(>600 kPa) the influence of gas phase reactions becomes impor-
tant. At high pressure and high residence time, it was found that
the only significant effect of the catalyst is the conversion of
CO into CO, and the selectivity towards C, products decreases
[34,37]. In addition, gas-phase reactions in the pre and post cat-
alytic space can become dominant at pressures above 1000 kPa,
which can lead to uncontrollable selectivity. The contribution of
the pre- and post catalytic volume to the OCM process can be
minimized by reduction of the available volume and the tem-
perature in this zone (by introducing e.g. steep temperature
gradients).

The effect of elevated reactor pressures on the catalytic reac-
tion rates was investigated with a SiO, based catalyst at a constant
space velocity and a CH4/O, ratio of 10. The influence on CH4 con-
version and C, selectivity was very small, which indicated that
the productivity of C, hydrocarbons per unit mass of catalyst is
higher, because of the higher mass velocity at elevated pressure
[11].

Similar observations were also reported by other researchers;
however, they also discussed the thermal effects which accompany
the coupling and combustion reactions. Although only 20-40 mg
catalyst was used at differential operating conditions, a tempera-
ture increase of almost 82 °C over a length of approximately 6 mm
was measured during experiments for both MgO and SiO, based
catalysts in the unsteady state; the large temperature gradient can
be partially attributed to the high initial activity of the catalyst
[11,25].

1.2.5. Effect of reactor temperature

The influence of the operating temperature on oxidative cou-
pling is significant, although bound to maximum temperatures
because of catalyst stability and selectivity problems. Because the
activation energy of the selective coupling reaction is typically
higher than for the primary reactions, the selective reaction is
much more sensitive to temperature variations. Therefore, a high
temperature is desired for maximum reaction rate. Although at
reactor temperatures in the range from 675 to 750 °C the selectiv-
ity towards C, products keeps increasing with rising temperature,
already at 750 °C the contribution of homogeneous gas-phase reac-
tions can be relatively high.

The gas phase reactions play an important role in oxidative cou-
pling (increase in the yield of C, products). At temperatures above
825°C and a pressure of 130 kPa it was found that a C, yield of 20%
could be reached over a Sn/Li/MgO catalyst and on a Li/MgO cat-
alyst; it was concluded that the higher yield is partially achieved
due to thermal cracking of ethane to ethylene [3,34]. If the reactor
temperature, however, becomes too high, the contribution of non-
selective gas-phase reactions becomes important. Moreover, most
OCM catalysts deactivate at a faster rate at higher temperatures,
which makes it difficult to maintain steady state operation for the
endurance of an experiment. Typically the lifetime of a Li/MgO cat-
alyst is limited to 100 h, but this can be enhanced by limiting the
reactor temperature [3,31] and doping of the Li/MgO catalyst with
e.g. tin. Other catalysts, such as the Mn/Na, WO, catalyst, can per-
form at much higher temperatures (850-900 °C), which allow the
use of a higher temperature and simultaneously producing suffi-
cient C, products.

2. Experimental
2.1. Catalyst preparation

In this work, the Mn/Na, WO4 on SiO, catalyst is prepared by the
two-step incipient wetness impregnation using solutions of pure
Mn(NOj3), and Na;WO,4 obtained from Sigma Aldrich. The carrier
is commercially available silica, Sigma Aldrich grade 10181. The
impregnated silica is then calcined at 850 or 900 °C in air.

2.2. Catalyst characterization

The calcined silica has been characterized by means of XRF anal-
ysis. After calcination the catalyst contains approximately 2 wt% Mn
and 5 wt% Na, WOy (see Table 2).

Before the kinetic experiments were performed, it was verified
that the catalyst preparation method is reproducible and that the
activity and the selectivity are comparable with results published in
literature. With a calcination temperature of 900 °Ca C, yield of 20%
could be obtained at a CH4 conversion of 30%, the small obtained
differences with the reported literature data can be attributed to
the use of air in this work instead of pure oxygen often used in the
literature.

The observed reactions rates are very similar to published val-
ues (e.g.[11]). During the explorative experiments, however, under
differential conditions, at various flow rates and reaction temper-
atures, it was found that the reaction rates are slowly decreasing
with time on stream, which could indicate catalyst deactivation
by either migration of active components, sintering of the struc-
ture or blocking of the active sites (e.g. by carboneaceous species
or reaction products).

The possibility of migration of active components, which
increases at higher operating temperatures, was excluded by an
experiment where the flow of methane and oxygen to the reactor
was switched off (after a short purge with N5), and switched back
after a couple of minutes.

If the loss of active components would be the main reason for
the decreasing reaction rates, it is expected that reaction rates will
be at the same level again after switching back to the reactor mode.
However, after switching back to the feed flow the activity was only
partially restored, from which it is concluded that migration is not
the main mechanism for the decrease in catalytic activity at this
short time scale.

Adsorption of species (such as CoH4 and CyHg) at the catalyst
surface could also be a possibility, although under the applied
conditions the formation of carbonaceous species on the catalyst
surface is thermodynamically possible and therefore much more
likely. When the reactor flow is stopped, the carbonaceous deposits
can possibly disappear during the period of no feed flow by reaction
with the remaining oxygen. This was verified with Thermal Grav-
ity Analysis (TGA) by switching flow between a methane rich flow
(50% CH4/50% N5) and an air flow. During the period of reduction,
however, the sample mass decreased to a constant value whereas
coke formation would have led to an increase of the sample mass
(see Figs. 1 and 2).

Table 2
Measured composition of the Mn/Na; WO,4/SiO; catalyst by X-ray fluorescence anal-
ysis (XRF).

Analysis Mgample (Mg) Na (wt%) Mn (wt%) W (wt%)
1 614.9 0.95 2.47 2.78
2 532.7 0.95 2.49 2.80
Average 0.95 2.48 2.79
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Fig. 1. Mass of a Mn/Na;WO0,4/SiO, sample obtained with Thermal Gravity Analysis
(TGA) at different temperatures with a reduction cycle with H, and oxidation cycle
with an OCM reaction mixture of 4% O,, 25% CH,4, balance N,.

After oxidation in air, the original sample mass was retained
thus there is another mechanism responsible for the changes in
the activity.

It was found that after oxidation with air (and a short flush of the
reactor with Ny ), the C; selectivity was significantly improved from
60% to 70% if a reaction mixture was fed to the sample container.
Apparently, the oxidation state of the catalyst is important for the
performance of oxidative coupling. Oxidation of the Mn/Na, WO,
catalyst is possible, Mn for example can exist as Mn, MnO, Mn304 or
MnO, (indeed Mn has been indicated as possible oxygen carrier for
chemical looping processes). A possible occurring transition might
be the oxidation of MnO to Mn304. XRF measurements have shown
that the catalyst contains 2.48 wt% Mn, if this is present as MnO
the oxidation of MnO to Mn304 will theoretically result in a mass
increase of 0.45 mg. TGA experiments were performed at 800 and
830°C by first fully reducing a catalyst sample under Hj, followed
by switching to a feed mixture which equals the feed composition
used in the kinetic set-up.

In Fig. 1 it is shown that feeding a reaction mixture to a fully
reduced catalyst sample causes the reduced catalyst to increase
in weight with 0.54 mg from approximately 93 to 93.5 mg, which
is in the same order of magnitude as the theoretical calculation.

Furthermore, from the relatively stable operation during OCM it can
be concluded that the catalyst remains sufficiently oxidized under
reaction conditions to maintain a good OCM performance, which is
surprising, because the CH4 concentration is a factor 6 higher than
oxygen.

This result is however supported by different TGA experiments,
with a mixture containing oxygen fractions of 0.5% and 1%, which
are still able to oxidize the catalyst.

It can be concluded that the long time required for steady state
is caused by slowly oxidizing the catalyst and this can be resolved
by flushing the reactor with air before starting the kinetic experi-
ments.

2.3. Procedure for kinetic experiments

The reaction rates of the primary reactions prevailing during
OCM over aMn/Na; WO0,/SiO; catalyst were measured under differ-
ential conditions. The experimental set-up, contains a feed section,
a micro-catalytic fixed bed reactor and an analysis section. In the
feed section, the desired feed gas flow rate and composition are
controlled by mass flow controllers (Brooks 5850S) for methane,
air and nitrogen, as well as ethane or ethylene.

The feed mixture can be sent over a bypass to measure the exact
feed composition or fed to the reactor. The reactor is a micro-
catalytic fixed bed reactor (ID=5mm) made of quartz in which
the inlet and outlet temperatures are measured. It is positioned
inside a fluidized sand bed oven, resulting in very high external heat
exchange and virtual isothermal operation. The feed and product
streams are analyzed by online gas chromatography (GC), with a
Varian Micro-GC 4900 containing three columns, two 5 A molsieve
columns to separate oxygen, nitrogen, methane, carbon monox-
ide and hydrogen and a PoraPLOT Q column to separate H,O, CO,,
C, and C3 components. The columns are equipped with thermal
conductivity detectors.

Most water is condensed after the reactor, in order to protect
the molsieve columns. Nitrogen balance is used to calculate outlet
mole fractions and the amount of condensed water is computed
from the hydrogen atom balance. Resulting errors in oxygen and
carbon atom mass balances are within 1% and in most cases even
within 0.5%.
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Fig. 2. Process flow diagram of the experimental setup with the micro-catalytic fixed bed reactor.
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Table 3
Diagnostic criteria for checking absence of mass and heat transfer limitations
[41,42].

. Ri(dp/6)*
Intraparticle Mass 1 Rl /67 g 75
Defy-c;
| AH|-R;-d2 Ts—R
P s_1g
Heat T <3-
Interphase Mass Dullfsuace < 0,05
bulk
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2.3.1. Absence of mass and heat transfer limitations

For kinetic measurements, it should be ensured that mass and
heat transfer limitations are absent so that differential conditions
can be attained and that the intrinsic reaction kinetics can be mea-
sured. Temperature and concentration gradients can occur inside
the catalyst particle, between the particle surface and surrounding
gas film as well as between the particles and the bulk gas phase.
Several analytical criteria have been reported to check for these
limitations, which have been listed in Tables 3 and 4.

It was found that none of these criteria becomes limiting under
the conditions investigated, however, care must be taken because
the criteria for mass transport limitations usually concern limi-
tations for reactants and products because the catalytic reaction
intermediates only exist on the catalytic surface. During high tem-
perature reactions such as oxidative coupling, however, the catalyst
produces methyl radicals which react further in the gas phase to
ethane or are oxidized to carbon oxides. It has been reported that
transport of these radicals could also become rate determining [29].
Therefore absence of mass transfer limitations will also be verified
experimentally in this work.

2.3.2. Intra-particle limitations

To check for intra-particle limitations, measurements with dif-
ferent particle sizes have been performed. If no limitations occur,
the observed reaction rate should be independent of the parti-
cle diameter. Catalyst particles of 300-600 um have been partly
crushed and sieved to a fraction of 100-300 wm. Reaction rates
were measured for both catalyst fractions.

Fig. 3 shows only slightly reduced reaction rates for the larger
particles, so that it can be concluded that intra-particle mass trans-
fer limitations do not play a significant role. Analytical evaluation
of the criterion for intra-particle heat transfer already showed that
isothermicity inside the catalyst particle is satisfied, therefore it can
be concluded that intra-particle limitations are not significant.

2.3.3. External limitations

External mass transport occurs in a stagnant layer around the
particles through which reactants and products will diffuse. At
higher flow rates the thickness of this stagnant film will be reduced
and measured reaction rates will be higher if external mass trans-
port limitations will play a role. If no limitations occur, measured
rates must be equal for both flow rates at the same gas resi-
dence time. External mass transport limitations can be verified

Table 4

Operating conditions used in the kinetic experiments.
Description Value Unit
Particle size 0.3-0.5 mm
Temperature 800-900 °C
Total pressure 200 kPa
Catalyst 0.25-0.50 g
O, partial pressure 0.7-28.2 kPa
CHy4 partial pressure 9.7-89.6 kPa
Total flow rate 250 Nml/min

Crushed particles 100-300 pm

0:51 I | arge particles 300-600 um
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Fig. 3. Reaction rates for different catalyst particle sizes (po, =8.1kPa, pcu,
=49.6kPa, T=800°C, p=200kPa, ¢y tor = 200 Nml/min, mcye =0.25 g).

C_H, production
C_H, production

experimentally by measuring reaction rates at different flow rates
and catalyst amounts, keeping the GHSV (contact time) unchanged.
In Fig. 4 the results of four cases are shown.

The figure shows slightly lower reaction rates at 500 ml/min (for
both amounts of catalyst). This result is remarkable, considering the
fact that a higher rate was expected if a transport limitation pre-
vails, because the stagnant film layer thickness should decrease.
Therefore it can be concluded that external mass transport limita-
tions do not play a significant role.

The lower reaction rates at higher flow rates can possibly be
explained by a reduction of gas phase reactions, as the residence
time in pre and post catalytic zones is reduced.

2.3.4. Extent of homogeneous reactions

Itis expected that without a catalyst present, gas phase reactions
will occur due to the high temperatures in the OCM process. This
was confirmed with experiments at different temperatures, where
the contribution of gas phase reactions was measured in an empty
tube reactor. Two reactor materials have been used; stainless steel
and quartz. With the stainless steel tube unacceptably high CH4 and
0O, conversions of 54% and 100% respectively at 810 °C were found
and significant amounts of carbonaceous products were formed.
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Fig. 4. Reaction rates at different flow rates (po, =8kPa, pcy, =50kPa, T=800°C,
p=200KkPa, ¢, =250-500 Nml/min, mc, =0.25-0.50 ).
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With quartz as a reactor material, it is shown that conversion
of CH4 and O, takes place significantly, especially at higher tem-
peratures (see Fig. 5). For accurate determination of the reaction
kinetics it is however necessary to minimize the influence of gas
phase reactions as much as possible, which was realized by reduc-
tion of the void space by filling the pre- and post-catalytic volume
withinert quartz particles (1-2 mm). It can be seen that the reaction
rates have decreased with a factor 5, so that the O, conversion is
less than 3%, which is an acceptable level for measuring the reaction
rates at 800°C.

2.3.5. Experimental procedure

For the kinetic measurements, the post- and pre-catalytic reac-
tor volume was filled with quartz chips of 1-2 mm and a catalyst
mass up to 0.5 g was used. The reactor inlet and outlet temperature
was measured with two K-type thermocouples.

Prior to the experiments, the setup was tested for leaks with N,
atan operating pressure of 2 bar, first at room temperature and then
at process temperature. First, the homogeneous gas phase reactions
were measured at 800 °C and 2 bar, with different mixtures of CHg,
air and N, at a total flow rate of 250 ml/min. Subsequently, the
reactor was filled with the Mn/Na; WO,4/SiO, catalyst (max. 0.5 g,
dp=0.5mm)and heated until process temperature with aramp rate
of 5-10°C/min under a flow of air to ensure the catalyst is in the
oxidized state.

Before starting the kinetic measurements, the reactor was
purged with N, for at least 10min to ensure all air has been
removed. The feed composition for each test was measured with the
flow by-passing the reactor (see Fig. 2). After the flow was switched
to the reactor, the outlet composition was measured on the GC and
process parameters were logged.

It was shown that the gas-phase reactions cannot be com-
pletely prevented from occurring in pre- and post-catalytic zone
during experiments with catalyst. To get insight into solely the

12
a H eterogeneous . [
< 10 +  Homogeneous
U? = Total CH,
= 8
= ]
E
=6 . .
o .
g 2
c II.”!!' A
o 2- . Ll
+— “ A
2 'l
0 5 10 15 20 25 30
P, [kPal
b 12
— Heterogeneous .
< 10- 4+ Homogeneous
___g_," . = Total o2
[<]
E
= 6 "
g 4 ¥
§ :
g 2
3 0 f‘ r'y
o : ; ‘ :
0 5 M0 15 20 25 30
P, [kPa]

a 70t Empty  Quartz particles
go| CHs —— o
50+ Oy T
— 40}
X
= 30}
20}
10}
0 Ry < S o---m
740 760 780 800 820 840 860 880
T[C]
b gg i Empty Quartz particles
0L Se T YT
_ 60} Yo T TTT
=, s0f
»0 40¢
~ 30} IRENE © s B
(&)
v 20f
10}
M———r—ﬂ‘l__’_’_l.’o__:‘_-’-—-:-—-’-:—lo

0

740 760 780 800 820 840 860 880
T[C]

Fig. 5. Extent of gas phase reactions at different temperatures in an empty tube
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heterogeneous reactions, the rates measured during experiments
without catalyst present are subtracted from the rates from exper-
iments with catalyst, assuming there is no interaction between
heterogeneous and gas-phase reactions.
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Because the rates are not exactly obtained at the same partial
pressures, the experimental results are fitted, with linear, power
law or polynomial trends and subsequently the catalytic contribu-

tion is calculated.

= 05} s

Heterogeneous
Homogeneous
Total

CcO

Reaction rate [ mol/g
= = o
[} —

0 10 20 30 40 50 60

Py, [kPal

S
B

—_— A

cat
=
=2

el
&

e e e
— b W

Heterogeneous
Homogeneous
Total

Reaction rate [ mol/g /s] <

0.0 ———u - -
0 10 20 30 40 50 60 70 80 90

Py, [KPa]
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3. Results

The kinetic measurements have been carried out at a constant
temperature of 800 °C and a pressure of 2 bar. Different CH4 and O,
inlet concentrations were applied, to investigate the influence of
the concentrations on the intrinsic reaction rate and to determine
the reaction orders. Differential operating conditions were used, so
that the overall O, conversion was always below 25% and the CHy
conversion below 6.5%.

3.1. Primary reaction rates

The primary reaction rates were measured under differential
conditions, first to determine the contribution of homogeneous
gas phase reactions (also in the pre- and post catalytic sec-
tions) using the reactor filled with only quartz particles and
subsequently for the reactor filled with the Mn/Na;WOQO4/SiO, cat-
alyst.

In Figs. 6 and 7, the influence of the O, partial pressure on
the gas phase and the total reaction rates are plotted. The cal-
culated heterogeneous contribution (substracting the gas phase
reaction rate from the total measured reaction rate) is also dis-
played.

Comparing the extent of gas phase reactions to the total reac-
tion rate, it can be concluded that at low O, partial pressures,
the most interesting concentration range for OCM, there is hardly
any influence of gas phase reactions on the total reaction rate and
the C, selectivity is high (Figs. 6 and 7). Above an oxygen partial
pressure of 10 kPa, however, it can be seen that particularly car-
bon monoxide and hydrogen are almost entirely generated in the
gas phase, while CO, is only produced in small amounts over the
entire range of O, partial pressures investigated. It can be concluded
that the contribution of the catalyst to H, and CO production is
negligible.

Ethane is only formed in the gas phase at pg, higher than
7-10kPa due to coupling reactions, while C;H4 can be consid-
ered as a secondary product which will only be generated in
sufficient amounts at higher CH,4 conversions. The catalyst clearly
leads to selective C;Hg formation, already at low O, pressures,
but the net generation rate is decreasing at higher O, pres-
sures because a part of C;Hg is likely to be dehydrogenated to
C2H4.

It can be seen that the overall reaction order for each com-
ponent is slightly different in the gas phase, particularly for the
CO formation rate the O, reaction order is rather high, while the
other components show reaction orders in O, slightly higher than
1, which results in a decreasing C, selectivity at higher O, concen-
trations.

A second set of experiments was performed, but in this series a
constant O, partial pressure of 8 kPa was used while the CHy inlet
partial pressure was varied. From Figs. 8 and 9 it can be inferred
that nearly all components show first order dependency on the
CH4 concentration. Products of the gas phase reactions are mainly
CO and CyHg, as also observed before in the experiments when
varying the O, concentration. At higher CH,4 partial pressures, it
seems that the catalytic partial oxidation to CO and H, is gaining
some importance, as can be inferred from the increasing catalytic
contribution to CO production (Fig. 10)

The contribution is however still small, as the catalytic produc-
tion rate of C;Hg is much higher. The large difference between C;Hg
and C,Hy generation rates (note the different scales in Fig. 9a and b)
again confirms that C;H4 can be considered as mostly a secondary
product.

3.2. Kinetic model

The derivation of the kinetic model is also split into two parts.
During the measurements at differential conditions, the secondary
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Fig.10. Schematic simplified reaction scheme for the oxidative coupling of methane
on Mn/Na; WO,4/SiO;.

reaction rates can be neglected and the reaction rate constants of
the primary reactions can directly be determined. The kinetic model
for the primary reactions then serves as a basis for the calculation
of the secondary reaction rate constants from the literature.

3.2.1. Assumptions

The measurements at various CH4 and O, inlet concentrations
at differential operating conditions have led to experimental data
which can be used to derive a simplified kinetic model. The follow-
ing preliminary conclusions can be made:

¢ The oxidation reaction to CO proceeds mainly in the gas phase.

¢ The origin of CO; is mainly CH, at the used differential conditions.

¢ The oxidative coupling reaction produces the primary reaction
product CyHg.

e Ethylene is mainly generated via C,;Hg oxidative dehydrogena-
tion.

¢ The secondary oxidation reactions can be neglected at the used
conditions.

These observations will be shortly discussed in the following
sections.

3.2.2. (Oxidative) dehydrogenation of ethane

Two pathways exist for C;Hy formation, the oxidative (reac-
tion (5)) and the thermal (reaction (6)) dehydrogenation reaction.
Experiments with a feed of 50 kPaCyHg without and with 1kPa
0, have been carried out in a reactor with 0.25g of catalyst at
800°C at 200 kPa to examine the relative rates of these reactions.
The experiment with O, showed 50% C;Hg conversion and almost
100% conversion of O,. Most C,Hg is converted to C;Hy (selectivity
98.6%) and all O, reacted to CO,.

Also traces of CH4 were found in the product stream, but this
reaction is neglected due to the low significance. The experiment
without O, showed similar C;Hg conversion and C,H4 formation
and the temperature inside the reactor dropped slightly when the
mixture was fed to the reactor, indicating that the endothermic
thermal dehydrogenation reaction took place and not the exother-
mic oxidative dehydrogenation.

At higher O, concentrations, however, it is expected that the
oxidative dehydrogenation has a more important contribution;
therefore the reaction will be incorporated in the kinetic model.

3.2.3. Hydrogen oxidation

Partial oxidation of CH4 and C, and the dehydrogenation of
C,Hg lead to H; formation. It is likely that H, will react fast with
0, to form water (reaction (13)). Several studies on the reaction
mechanism of H, oxidation have been reported in the literature
[38,39] and it is believed that it consists of 19 elementary steps.
The behavior is complex, as the reaction rates are dependent of

three explosion limits. The exact location of the explosion limits
depends on various factors such as the size of the reaction vessel,
the surface-to-volume ratio, and the initial reactant concentrations
(including inert components, such as N, etc.) [40].

Impurities and the reactor surface (even quartz) will influence
reaction rates, so that it is difficult to determine the reaction rates
of Hy oxidation at OCM conditions. Furthermore there is no infor-
mation in the literature whether Mn/Na,W0O,4/SiO, will catalyze
this reaction. The experimental results show that H, formation in
the presence of this catalyst is similar to that in the gas-phase. At
first sight it might be concluded that the catalyst has no influence
on hydrogen oxidation. However, in the presence of the catalyst
much higher C;H,4 reaction rates are measured, which are formed
by dehydrogenation of ethane. The accompanied H;, production is
not measured at the reactor outlet.

Additional difficulty is that most dehydrogenation will take
place in the post-catalytic zone. The most probable explanation
for the observed results is that the hydrogen produced during gas-
phase partial oxidation of CHy in the pre-catalytic zone is (partly)
catalytically oxidized to water, followed by H, production in the
post-catalytic zone by dehydrogenation. This might be the reason
why the net hydrogen production is similar for experiments with
and without catalyst. To enhance the understanding of the later
proposed mechanism, it is assumed that all H, formed during cat-
alyzed reactions and the dehydrogenation of ethane is converted
to water.

3.2.4. Ethane and ethylene oxidation

To get insight into the primary and secondary reactions of OCM,
itisimportant to know the origin of the unselective products CO and
CO,. Next to CO being a primary and secondary oxidation product,
it has been reported that good coupling catalysts generally are also
effective for the conversion of CO to CO, [36].

Thus, although the catalytic contribution to CO formation seems
negligible, it might be produced much faster in the experiments
with a catalyst, but is converted at a similar rate in a consec-
utive reaction to CO, (reactions (11) and (12)). However, here
it is assumed that the CH4 conversion to CO is not catalyzed.
Experimental verification of the origin of the carbon oxides, was
carried out with C;Hg in the feed at an O, partial pressure of
15 kPa. The inlet concentration of 0.5 kPa C;Hg was based on the
average concentration measured in the reactor outlet during differ-
ential measurements of OCM. Surprisingly, in experiments without
and with 0.25g catalyst, in both cases it was found that C;Hg is
totally converted and CO and CO, are formed at 1.86 x 10~ and
2.05 x 106 mol/(g s) respectively, which is higher than the mea-
sured rates at the experiments with only CH4 and O, in the feed
(Figs. 6 and 7).

The results can be explained by considering the fact that if CHy
is not present in the feed streams, which has been reported to have
an inhibiting effect on C;Hg and C,H4 oxidation in the gas phase
[25,30].

It was also attempted to determine the C, secondary oxidation
reaction rates in the micro-catalytic reactor by co-feeding C;H4 or
C,Hg at different O, and CHy4 inlet concentrations, however, this
resulted in an unacceptable error in the carbon mole balance and
differential conditions could not be obtained (C,Hg conversion of
more than 40%). In addition, a significant deviation from isothermal
operation was observed because of the strongly exothermic reac-
tions. Furthermore, it cannot be excluded that part (or all) of the C,
products are already converted prior to reaching the catalyst bed
in the pre-catalytic zone, which inevitably results in large inaccu-
racies in the determination of the kinetic parameters of secondary
reactions.

Because the secondary oxidation reactions of C;H, and CyHg
could not be measured and the source of COx could not be
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elucidated, the influence of C;H4 and C;Hg oxidation was esti-
mated by comparing the obtained experimental results with
the reaction rate constants determined by Takanabe and Iglesia
[4]. They recently measured the first order rate constants on a
Mn/Nay;WO04/SiO; catalyst in a recirculating batch reactor at differ-
ential operating conditions. Isotopic labeling of CH4, C;H4 and C;Hg
allowed for accurate determination of the rate constants, unravel-
ing the complex catalyzed reactions in the OCM process, which was
also performed by other researchers [4,25,36].

It was found that the contribution of secondary oxidation of C,
components to carbon oxides depends on many parameters, and
it appears that the rate constant for CO, formation from C,Hy is
68 times larger than that for CH4 oxidation, while C;Hg combus-
tion plays no significant role [25]. Takanabe and Iglesia [4] found
a ratio between the reaction rate constant of C;H4 and CH4 oxida-
tion of 4.3, which confirms the measurements of Pak and Lunsford
[25]. In contrary to other researchers, they also found that the ratio
between C,Hg and CHy4 oxidation is 2.7, which suggests that C;Hg
oxidation cannot be neglected in the kinetic model if it is kept in
mind that typically the C;Hg concentration is much larger than that
of CyHy, particularly at higher CH4 concentrations (see also Fig. 9a
and b). At the differential conditions used in the experiments, how-
ever, the total contribution of C;H4 and C;Hg to CO, formation is
in general lower than from CHy4 oxidation, because CH,4 conversion
is typically lower than about 30-50% because of the desired high
CH,4 /05, ratios. Therefore, it can be assumed that the contribution of
CyHy4 and CyHg oxidation to the CO, formation rate can be mostly
neglected for the derivation of the primary reaction rate constants.

Furthermore, it is assumed that CO formed on the catalyst sur-
face isimmediately converted to CO,, which probably is a catalyzed
reaction as described above. To simplify the mechanism further, it
is assumed that CO formed in the gas phase will not react on the
catalyst to CO,.

4. Discussion
4.1. Proposed simplified mechanism

Based on the analysis of the obtained experimental results and
relevant publications in the literature, the next simplified reaction
mechanism for the heterogeneous reaction rates (corrected for gas-
phase reactions) is proposed:

Because no inhibition effects have been identified, the rates will
be represented by simple power-law or linear relations. Only the
total conversion rates were derived from the experimental results,
and the reaction rates of the individual reactions (1-5) were cal-
culated based on the reaction stoichiometry and the assumptions
that CO and H; are not generated catalytically and that there is no
interaction with gas phase reactions. Because the gas phase reac-
tions in the post-catalytic zone will be influenced by the higher
concentrations of the reaction products (C;Hg), there will be some
additional dehydrogenation and oxidation reactions, but here it is
assumed that the influence on the overall reaction rate is low.

2.5

O

2.0r

cat

[a—

wn
T

r [mmol’kg /s]

b 2.0

mmol/kg_/s]

—_

T

oolem—e ™ . .
0

5 10 15 20 25
Po, [kPa]

Fig. 11. Comparison of the kinetic model fit with the measured reaction rates (a)
CH,4 partial pressure and (b) O, partial pressure.

The result of the calculated reaction rates from the experimental
data for the individual reactions in the proposed reaction scheme
is displayed in Fig. 11a and b (markers).

Clearly, the secondary oxidation of C;H, (reaction (4)) can be
neglected, because the calculated reaction rate of this reaction is
much lower than the other reactions at differential conditions, as
was concluded earlier. Hence, for the determination of the reaction
rate constants and reaction orders, only reactions (1-3) have been
taken into account. The kinetic parameters were evaluated, by fit-
ting the calculated reaction rates to the suggested power-law rate
expression (Table 5), based on least squares minimization:

2
T'measured — rﬁt)

T'measured

datapoints

Y

As shown in Fig. 11a and b, it can be seen that the fitted reac-
tion rates are in quite reasonable agreement with the rates actually
observed and therefore it can be concluded that the proposed
mechanism is describing the experimental results adequately.

The results of the error minimization are summarized in Table 5.
Reactions (4) and (5) were omitted in the minimization, because
of the negligible reaction rates in these experiments. However,
assuming first order in O, C;Hg and CyHy, the reaction rate con-

Table 5
Kinetic parameters obtained via the least squares minimization of the OCM experiments at differential conditions (with k; in mmol/kg/s/kPa™*n),
i Reaction Expression ki n; m;
Based on measurements
(1) 2CH, + 10, — C3Hg +H,0 r = kiply, po 0.0118 1.0 0.36
2) CHy4 +20, — CO; +2H,0 r2 = kapl%, D2 0.00702 0.59 1.0
(3) CyHg + 1405 — C3Hy +H,0 rs = kspl3,, po3 0.2008 1.0 0.58
Based on (Takanabe and Iglesia (2008))
(4) CyH4 +30; — 2C0, +2H,0 ra = kap4,, pis 0.0520 1.0 1.0
(5) CyHg +7/20, — 2C0O, +3H,0 s = kspl's . pl's 0.0331 1.0 1.0

C2Hg

0y
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stants can be roughly estimated if the ratio k4/k; is equal to 4.3 and
ks/ki equal to 2.7, which is based on the data published by Takanabe
and Iglesia [4].

Based on the experimental results in Fig. 11a and b, it was
assumed that the reaction orders in CH4 for reactions (1) and (3),
and the O, reaction order of reaction (3) were equal to 1.0. This
result is well in agreement with earlier obtained results from e.g.
[8] on a different catalyst.

The reaction order of 1.0 for O, for reaction (2) was also observed
by Stansch. Clearly, it can be seen that while reactions (1) and (3)
have a reaction order of approximately 1.0 to the hydrocarbons, a
lower reaction order in CH4 was found for the methane oxidation
(reaction (2)), which is also observed by Stansch [8]. An important
result is that the reaction order in O, for the coupling and dehydro-
genationreaction is lower than unity, while the reaction in methane
combustion is equal to one, which results in a higher C, selectivity
at lower O, partial pressures.

Over the entire range of reactants pressures it is observed that
the primary OCM reaction rates can be predicted well by the devel-
oped power-law reaction rate equations.

5. Conclusions

In this work, the performance of the Mn/NayWOQ,/SiO, for
oxidative coupling of methane was investigated because it was
found that this catalyst has excellent long-term stability and mod-
erate catalytic activity.

The objective was to characterize the behavior of the catalyst
and to obtain a kinetic model which can describe the reaction rates
with sufficient accuracy for reactor modeling studies. First, the cat-
alyst was prepared and experiments in a micro-catalytic fixed bed
reactor under integral conditions have confirmed that C,. yields of
more than 20% can be obtained in the oxidative coupling of methane
using a Mn/Nay;WO,4/SiO; catalyst at 830 °C, which is in agreement
with results reported in literature.

By means of Thermal Gravity Analysis (TGA) it was determined
that the catalyst, which is a reducible metal oxide, requires pre-
treatment with oxygen/air to obtain a high C, selectivity and stable
reactor performance. The intrinsic catalytic reaction rates were cal-
culated from the measured reaction rates with and without catalyst
at differential operating conditions. At a CHy4 partial pressure in the
range of 1090 kPa and a O, partial pressure in the range of 0.730 kPa
at 800°C and 200 kPa, the reaction rates for the reactions (oxida-
tive coupling, total oxidation of CH4 and oxidative dehydrogenation
of C,Hg) were derived from the experimental data and fitted with
power-law reaction rate expressions.

It was found that C;Hg formation is linearly dependent on the
CH4 concentration, while the dependency on the O, partial pres-
sure can be described by a power law function with a reaction
order in O, of 0.36, confirming observations of other researchers.
At differential operating conditions, the secondary C,H4 reaction
rates could not be determined, however, reaction rates can be well
described with data available in the literature, in which it was found
that the reaction rate of C;H,4 oxidation is 2-8 times larger than for
CH,4 oxidation. These results signify that highest C, selectivities can

be obtained at high CH4 and low O, partial pressures, best achieved
in reactor systems with distributed oxygen feed.
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