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Abstract

The reaction mechanism of ethane and ethene oxidation was studied under the OCM reaction conditions over Mn, O~
Na,WO,/SiO,. The consecutive reaction of C, components is observed to be the main route to the formation of COy under the
applied reaction conditions here. The homogeneous or heterogeneous nature of these unselective reactions was investigated
in more details. For this purpose, the temperature programmed surface reaction (TPSR) technique was applied. The results
of these experiments indicate that the consecutive reaction of ethane is mainly occurring in the gas phase of the reactor. This
point was confirmed when the activation energy of ethane both, in the presence of the catalyst and silicon carbide, as the inert
surface, was shown to be at the same level. The concentration profile of the effluent obtained by simulating the reaction of
C, components using the Dooley mechanism in ChemkinPro was also in good agreement with this proposal. The reason for
the low influence of the catalyst on conversion of ethane was ascribed to the film diffusion limitation that is occurring under
the OCM reaction conditions applied in these studies. Finally, a set of experiments were performed with '*CH, to study the
effect of methane on the consecutive reaction of ethane in the OCM reactor.
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the volatile petroleum market and growing environmental
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of natural gas into value-added products (VAP) [5-9]. The
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conversion of methane to C, products and higher hydro-
carbons, known as oxidative coupling of methane (OCM)
(Eq. 1), could be a possible direct method for fulfilling this
aim [3, 8, 10-12].
CH, + 0O, - C,Hg4or C,H, +2 H,0 (1)
One of the advantages of this direct method for utiliza-
tion of methane is that it is exothermic and therefore is not
thermodynamically limited [3]. In addition, it represents the
highest possible carbon efficiency of the converted methane
compared to that of the other direct methods for conversion
of methane to VAP [5]. However, despite all the research
done on this process, it has not yet been commercialized, as
the minimum yield of 30% towards C, products required to
make this process economically viable, was not achieved.
The major reason for this limitation is the occurrence of
side reactions which are thermodynamically more favora-
ble and mainly lead to the production of carbon oxides.
To improve the C, selectivity and yield of the process, it
is essential to have a better control over the formation of
unselective products. To reach that point, a good knowledge
of the reaction mechanism and the origin of the formation of
COy are essential. There is already a consensus that OCM
follows a complex reaction network and carbon oxides are
produced through both homogeneous and heterogeneous
oxidation of its main hydrocarbons, i.e., methane, ethane,
and ethene, see Fig. 1 [3, 6, 8, 11, 13-20]. Nevertheless,
the total and partial oxidation of the C, components are
reported based on isotope-labelled experiments to be the
main routes for the production of COy [11, 21, 22]. There-
fore, to enhance the reaction performance, the main focus
should be on suppressing the oxidation of the ethane and
ethene. The milestone to this aim is a detailed understand-
ing of the mechanism of consecutive reactions of both these
components. Investigating issues such as the contribution

Oy O:;,L; +é[ L1 /

R O

of the catalyst on their selective and unselective conversion
should reveal more details.

In the literature, the mechanistic studies are carried out
mostly by tracing the reaction of methane. Under these cir-
cumstances, the conversion of C, components take place
both in sequence and parallel to the direct conversion of
methane. In Fig. 1 the status of the discussion of the OCM
mechanism is summarized [3—-23]. Therefore, the results
of the methane coupling reaction do not provide sufficient
information about the mechanism of ethane and ethene con-
secutive reactions.

To solve this problem, we investigated the reaction of
ethane and ethene separately from methane, but under the
conditions close to OCM. First, the temperature programmed
surface reaction (TPSR), co-feeding and isotope-labelled
experiments were conducted to study the reaction network
of C, components. Then, the experimental observations were
verified by simulating the reaction of ethane and ethene in
Chemkin Pro. Finally, in '*C methane isotope labelled exper-
iments the influence of methane on the consecutive reaction
of C, components was compared with the conditions applied
in our tests without methane. The Mn,O,~Na,WO,/SiO,,
which is already known as one of the most stable and best-
performing catalysts for OCM, [1, 3, 8, 23, 24] was chosen
as the model catalyst in these studies.

2 Experimental Section

2.1 Catalyst Preparation

All catalytic reactions were performed using a
MnyOy—Na,WO,/Si0, catalyst. This material was chosen

as the model catalyst based on the previous reports docu-
menting it as one of the most efficient and stable catalysts

Co,
+0,
(): =
. +C.H“ .
CH4 — CH; —‘—>C3H(\ _>C3H5_> C2H4 CH4
: g I
(‘O\ : .’ ' .'l
*’,'l, Yy .
0 o) *—— Coke

* = Active site

Fig. 1 Simplified reaction network of OCM
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for OCM [3, 20, 25-27]. The material was prepared by
incipient wetness impregnation as described by Fang et al.
[28]. First, amorphous SiO, (Silica Gel, Davisil, Grade
636, Sigma-Aldrich) was sieved to the particles diameter of
200-350 pum, and impregnated in two steps using aqueous
solutions of Mn(NO3),-4H,0 (p.a.,>97%, Sigma—Aldrich)
and Na,WO,-2H,0 (p.a.,>99%, Sigma-Aldrich) in adequate
concentration. After each impregnation step, the sample was
dried in a cabinet dryer at 100 °C, overnight. The obtained
solid was then calcined at 800 °C for 8 h under static air. An
annealing procedure was performed using a heating rate of
1 K/min. The final catalyst was none porous and had a spe-
cific surface area of 3.2 m*/g. It consists of 5 wt% Na,WO,
and 2 wt% Mn(I) on SiO,.

2.2 Feed Gases

Methane (99.95%), ethane (99.95%), ethene (99.90%), oxy-
gen (99.998%) and helium (99.999%) were purchased from
Air Liquide. The pure labelled methane ('*CH, 99 atom %
13C) was provided by Sigma Aldrich. All the gases were used
in the experiments as received, without further purification.

Symbols

MFC = Mass flow controller

P-I = Pressure indicator

V-P = vacuum pump

GC-C = GC column

V-P = VICI phenomatic sampling pulse valve
4-WV = 4 way valve

Fig.2 Schematic of the experimental setup

2.3 Reactor Setup

A simplified scheme of the experimental setup is presented
in Fig. 2. The dashed line shows the path of the effluent
in the isotope-labelled experiments. In all the other experi-
ments the gas stream goes directly to the analytical instru-
ment as presented by the solid line.

Unless noted, all the catalytic and blank tests are per-
formed using 1 g of the solid material sieved in the range
of 200-300 um. Two reactors which were different in
geometry, but both made of quartz were used in our stud-
ies. These reactors were located in a temperature con-
trolled oven (T range 25-900 °C). The temperature in the
catalytic bed was measured using a type K thermocouple.
To regulate the flow of the gasses, Mass Flow Controllers
(EL-FLOW, Bronkhorst) were used. To ensure a homoge-
neous reaction mixture a mixing cylinder was built before
the reactor inlet. The pre-catalytic pressure was moni-
tored using the P-I-1, the pressure indicator 1. Depending
on the experiment, either the mass spectrometer (MS),
the gas chromatograph (GC) or the MS attached to a
GC column were employed to analyse the composition

Mixing
cylinder

E Analytical instrument

(GC or MS)

@ Springer



1662

S. Parishan et al.

of the effluent. Nevertheless, both the GC and MS were
calibrated to distinguish alkanes and alkenes of C, _; as
well as CO, CO,, N, and O,. Since helium was used as
the carrier gas of the GC, neither H, nor He could be
detected by GC, however, this limitation does not apply
to the measurements done with the MS.

Unless otherwise mentioned, all the tests were per-
formed in a tubular fixed-bed reactor with 9 mm internal
diameter i.d and 35 cm length. A quartz frit with the pore
size of 120 pm, was placed in the middle of this reactor to
keep the catalyst in its position. This set up was equipped
with a quadrupole mass spectrometer (Inprocess Instru-
ments GAM 200) [29].

Kinetic investigations were conducted in a U-shaped
fixed-bed reactor with 6 mm i.d and 25 cm length. The
total flow and the volumetric flow of hydrocarbon in
the reaction mixture were kept constant in these experi-
ments. However, the concentration of oxygen was varied
by substituting it with the same flow of the inert gas.
The reaction performance was calculated in a tempera-
ture range of 570-630 °C. To measure the composition
of effluent with a high accuracy, an Agilent GC (7890 A)
was used for gas analyses. The GC was equipped with a
flame ionization detector (FID) and a thermal conductiv-
ity detector (TCD). The separation of effluent was done in
a HP-PLOT/Q and a HP Molsieve column. As mentioned
earlier, the GC carrier gas was He (Air Liquide, purity
99.999%) therefore the detection of H, and He was not
possible in these experiments [30].

For the isotope-labelled experiments, the post and pre
catalyst sections of the tubular reactor were modified. The
experiments were performed using a mixture of '3CH,
and '?C,H¢ hydrocarbons. The total flow of the reaction
mixture was fixed at 70 Nml/min. The volumetric flow
of methane was changed from O to 5 Nml/min by sub-
stituting its flow by the inert gas. A vacuum pump was
installed on the set up to purge all the lines connected to
the bottle of the labeled gas. The effluent was consist-
ing of a range of products with overlapping ionic masses
such as CO, C,H,, C,Hg and their isotopes. Therefore, for
reliable analytical results, the gas components were sepa-
rated, before entering the MS. For this purpose a Hayesep
Q column of Agilent was installed at the inlet of the mass
spectrometer. The effluent was sent to a VICI pneumatic
sampling pulse valve with helium as the carrier gas, see
Fig. 2. To ensure that the investigations are carried out
under steady-state conditions, the effluent was injected
to the analytical instrument at least 5 min after the reac-
tion started. More details regarding the construction of
the set up, in addition to the calibration and measure-
ment methods applied in these experiments are provided
elsewhere [31-33].

@ Springer

3 Methods and Experiments

3.1 Temperature Programmed Surface Reaction
(TPSR)

To distinguish between the catalytic and non-catalytic
consecutive reactions of C, components from each other,
the temperature programmed surface reaction (TPSR)
technique was implemented. These experiments were
conducted either by using 0.5 g of the catalyst or equal
volume of an inert bed (quartz sand or silicon carbide).
The first step in each of these experiments consisted of
surface oxidation at 820 °C under a flow of 40 Nml/min
of He and O, at a ratio of 1 to 1. Then, the temperature
was decreased to room temperature under the same reac-
tion flow. At the end, the bed was heated with a ramp of
1 K/min to 800 °C; while, a flow of 30 Nml/min of 5%
ethane or ethene diluted with He was passing through the
reactor. The catalyst was kept at 800 °C for 10 min before
it was cooled down under the same reaction flow to room
temperature with a ramp of 1 K/min. The changes in the
composition of effluent were continuously recorded by
the mass spectrometer and the results were presented as a
function of the catalyst bed temperature.

3.2 Mechanistic Studies in Stationary Co-feeding
Mode

A total flow of 70 Nml/min of either C,H4/O,/He or C,H,/
O,/He (volume ratiol/1/33) was used as the feed. The rea-
son for working with highly diluted gas mixture was to
mimic the concentration ratio of C, components formed
during OCM. To distinguish the surface reactions from
those occurring in the gas phase one catalytic and two
blank co-feeding experiments were performed. The first
blank experiment was conducted in the empty reactor and
the second was carried out in the presence of SiC (particle
size 200-300 pum) as the inert surface. The amount of SiC
in the later condition was set in a way that it provides the
same volume as 1 g catalyst. However, the total flow in the
former study was raised to 175 Nml/min to compensate
the changes in the residence time caused by the removal
of fixed bed. All the other reaction conditions applied in
the catalytic and blank experiments were kept identical
in these experiments. The oven was heated with a rate of
1 K/min to a maximum temperature of 750 °C. To ensure
a constant flow during the heating of catalyst bed, the reac-
tion mixture was introduced to the reactor at least 2 h prior
to turning the oven on.
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3.3 Kinetic Studies in Stationary Co-feeding Mode

These studies were performed to measure the activation
energy and the reaction order of oxygen for the consecutive
reaction of ethane. The first investigations were done in the
presence of 1 g of the catalyst while the blank experiments
were conducted using SiC. The amount of SiC was set in
a way that its volume would be equal to the volume of
1 g of the catalyst. These experiments were performed in
the U-shaped reactor connected to the GC. The total flow
was set at 90 Nml/min throughout the whole experiment.
The reaction mixture was consisting of a fixed amount of
C,Hg (25 Nml/min) while the volumetric flow of oxygen
varied between 0, 3, 4, 5, 6, 7 Nml/min. The reaction per-
formance was measured for each of the described reaction
mixtures at the temperature range of 585, 600, 615 and
630 °C, in the catalytic experiment, and at 585, 600, 615,
630 and 645 °C, in the blank tests.

3.4 Experiments with 3C Labelled Methane

For this experiment, 1 g of the catalyst was placed in the iso-
thermal zone of the fixed bed reactor. To keep the residence
time constant the total flow, 70 Nml/min, was kept constant
for the extent of the experiment. First, the catalyst was heated
under the flow of He to 700 °C with a temperature ramp of
10 K/min. As soon as the target temperature was established
the gas composition was switched from He to a mixture of
3/3/64 Nml/min of C,Hy/O,/He. The helium flow was divided
between two different flow controllers, MFC-2 and MFC-3,
which were set at 5 and 59 Nml/min respectively. The reason
for this was to ensure continuous flow in the line connecting
the 4-WV-1 (4 way valve-1, Fig. 1) to the reactor when the
flow of methane was switched off. Otherwise, either back mix-
ing or dead volume could have been created in these lines and
falsify the experimental results.

In the next step, labeled methane was added to the ear-
lier reaction mixture by switching the flow from 5 Nml/min
of helium to 13CH4. The MFC-1 (used for dosing methane)
was set at 5 Nml/min before the direction of the valve was
changed. The gas composition of 3/3/59/5 Nml/min of C,H¢/
0,/He/"*CH, was sent to the reactor. All the other reaction
conditions were kept constant. The changes in the composition
ratio of effluent were continuously recorded by the MS.

To improve the accuracy of the analyses, the post-reactor
section of the set up was modified to operate as a GC-MS. The
effluent was sent to the sampling loop of a VICI pneumatic

pulse valve which used 10 Nml/min of helium as the carrier
gas. A GC Hayesep Q column was installed between the pulse
valve and the MS. The carrier gas was passing through the
column creating the baseline in the MS. For measurements,
the valve was switched toward the sampling loop, where the
carrier gas could take the reaction sample to the analyzer. The
gas species in the reaction mixture were first separated by the
GC column, before entering the MS. Since, the CO, 0, and
CH, could not adsorb on the Hayesep Q column, they were
detected at the same time shortly after the injection. This was
followed by the detection of the well-separated peaks of CO,,
C,H,, and C,Hg one after the other. To calculate the concentra-
tion of the isotopes of each of the components, the changes in
the ion intensity of a specific ionic mass at the corresponding
residence time of the component was put into consideration,
see Table 1. The first measurements were conducted at least
30 min after each of the reaction conditions were established.
A 15 min time interval was applied between every two meas-
urements, conducted under the same reaction conditions.

3.5 Design of the Experiments

The consecutive reaction of ethane and ethene in the OCM
reactor is assumed to be taking place on both the catalyst
surface and in the gas phase [22, 23, 34]. Under these cir-
cumstances, investigating the reaction mechanism of these
components is quite difficult. First, to decrease the complexity
of these studies, the latter reactions were distinguished from
that of the former one by applying the TPSR technique [34].
This technique is quite informative in studying the reaction
mechanism of the selective oxidation reactions, especially
those which are taking place over a catalyst capable of either
storing oxygen, similar to our catalyst [23, 35], or providing
its bulk oxygen.

In the next step, the conversion of ethane and ethene in the
presence of gas phase oxygen, i.e., in the co-feeding mode, was
analyzed. The purpose of these experiments was to study the
phenomena observed in the TPSR experiments more in detail.
Furthermore, the influence of the gas phase mechanism on the
reaction network of C, components was surveyed. The condi-
tion of the catalyst pore and film diffusion limitation in these
experiments were determined by calculating the Weisz—Prater
and Mears criterion parameters.

Further, the kinetic parameters for the reaction of ethane
were measured to examine the accuracy of the mechanistic
studies. The conversion of C, components, under the experi-
mental conditions applied in the co-feeding experiments was

Table 1 The ionic masses considered to quantify the isotopes at the residence time specified for each of the components

Component 2co Bco 12co, Bco,

2C,H,

13CH,CH, BC,H, 12C,H, 3CH,CH, BC,H,

Tonic mass 28 29 44 45 25

29 30 25 31 32
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verified by simulating these reactions in Chemkin-Pro. To
conduct the simulation, Dooley’s mechanism [36, 37], which
was shown to be the best available microkinetic model, pre-
senting the gas phase reactions of the OCM process [38], was
implemented.

Finally, the influence of methane on the reactions of C,
components was studied by adding labelled methane to the
reaction mixture.

4 Results and Discussion

4.1 Origin of the Secondary Oxidation of C,
Components

As the literature studies show, the consecutive reaction of
C, components is the main pathway towards the formation
of carbon oxides in the OCM reactor [11, 21, 22]. The same
conclusion was made from a series of co-feeding experi-
ments conducted in this study. A flow of 70 Nml/min of
CH,/O,/He, C,Hs/O,/He or C,H,/O,/He with the ratios of
4/1/5, 1/1/33 and 1/1/33, respectively, were fed to the reac-
tor loaded with the catalyst. The former reaction mixture
(CH,/O,/He at the ratio of 4/1/5) was the standard gas com-
position ratio used to investigate the OCM reaction, while
the latter two were set to mimic the real concentration of
C, components formed during OCM. The performance of
the reaction of each of these gas mixtures was calculated
at 750 °C and considered as the base of our analysis. As
the results in Table 2 show, conversion of both ethane and
ethene, despite their high dilution has resulted in a signifi-
cantly higher yield of carbon oxides in comparison to the
experiment performed with the OCM standard gas compo-
sition. As shown in Table 2, CO is the main unselective
reaction product in oxidation of ethane and ethene. This is
very different from methane which resulted in formation of
CO, as main unselective products. This difference in prod-
uct distribution can be related to the initial concentration of
molecular oxygen in C, co-feeding experiment (O,:C,Hy:He
ratio of 1:1:33) that is lower than in the normal OCM reac-
tion mixture (O,:CH,:He ratio of 1:4:4). As shown in Fig S5
CO, is the main carbon oxide product in the reaction using

ethene. This trend is sustained as long as the concentration
of oxygen remains relatively high. Once almost all oxygen is
consumed (temperature around 700 °C) the concentration of
CO continuously increases with reaction temperature while
that of CO, decreases. The outcome of this experiments as
well as results obtained in the TPSR experiments suggest
CO as the primary product of the unselective oxidation of
ethene. If enough oxygen would be available in the reactor
(e.g. like in the standard OCM reaction), then CO will be
further oxidized to CO,. The difference in the nature of the
main carbon oxide product observed in our studies (CO) and
in the literature reports (CO,) is then further explained by
the reaction mechanism. This observation is in good agree-
ment with the literature studies where the C, components
are reported to have a higher reaction rate for total oxidation
reactions than methane [22, 39—41]. Based on these results,
it is concluded that the secondary oxidation of ethane and
ethene is the main route towards the production of undesired
products in the presence of Mn,O,—Na,WO,/SiO, catalyst,
as well.

When the consecutive reaction of C, components was
identified as the main pathway towards the production of
carbon oxides in the OCM reactor, the mechanism of forma-
tion of these unselective products became a matter of inves-
tigation. As it was mentioned earlier, the reaction of OCM is
accepted to take place both homo- and heterogeneously [3,
5, 13, 42]. First, the heterogeneous mechanism was studied
separately from the homogenous part by implementing the
TPSR technique [43].

Two sets of experiments were conducted with either
ethane or ethene as the reactant. The investigations were
done in the presence of the catalyst, quartz sand, and silicon
carbide, sequentially. The latter two materials were used as
an inert surface to perform the blank experiments. In each
of the experiments, the surface was firstly oxidized under
a flow of O, at 820 °C for 30 min. Then, the reactor was
cooled down to room temperature under the same reaction
flow. Finally, the surface was heated slowly (1 K/min) to
800 °C under a flow of either ethane or ethene, which were
diluted with He. The changes in the composition of efflu-
ent were continuously recorded with the mass spectrometer.
The results of the catalytic experiments are presented as a

Table 2 The performance of the reaction using CH, : O, : He = 4:1:5, C,Hg : O, : He = 1:1:33, and C,H, : O, : He = 1:1:33 at 750 °C,

total flow 70 Nml/min (using 1 g Mn,O,~Na,WO,/SiO, catalyst)

X(CxHy) S(C,Hy) S(C,H,) S(CO,) S(CO) Y(C,,)* Y(COy)
CH, : O, : He 19.45 25.47 34.48 34.89 0.7 12.72 6.92
C,Hg : O, : He 94.57 - 50.34 29 35.8 50.22 36.58
C,H, : O, : He 47.96 2.9 - 6.91 74.15 3.65 38.88

(C,") in the experiment carried out using ethane is defined to be the sum of C,H,, C;Hg and C;Hy, while that in the experiments with ethene

includes the latter two hydrocarbons plus formed C,Hg
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Fig.3 Results of the TPSR
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function of the temperature in Figs. 3 and 4. The reaction
behavior in these experiments was compared with the sta-
tionary co-feeding ones (SI, Figure S5 and S7). With these
experiments, not only some characteristics of the reaction
mechanism of C, components were revealed, but also the
origin of their secondary oxidation was clarified as discussed
in the following paragraph.

In the ethene TPSR experiments, a continuous increase
in the carbon balance was observed with the reaction tem-
perature (SI, Figure S8). The raise was simultaneous with
the detection of hydrogen as the main product of the reaction
(Fig. 3a). This observation was assigned to the high tendency
of ethene to decompose (reaction 2) under the applied reac-
tion conditions [40, 44-46]. The decomposition of ethene

is proposed to take place mostly over the catalyst surface
since the rate of conversion in the blank TPSR experiment
(SI, Figure S9) was not comparable to the catalytic one. In
contrast to the TPSR experiments, where coke was the main
reaction product, in the co-feeding experiment mostly car-
bon monoxide was formed (see SI, Figure S5). The level of
conversion in the TPSR experiments was several times lower
than in the co-feeding one. Therefore, the formation of COx
in the latter experiment is assigned to both the oxidation of
coke (the product of ethene decomposition reaction) and the
direct oxidation of ethene.

It is worth emphasizing that the chance of selective reac-
tion of ethene and oxygen to form VAP is higher over the
catalyst surface than in the gas phase [47]. But even on the
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Fig.4 Results of the TPSR
experiment with ethane, a
composition ratio of effluent,

b nominal ion intensity of the
water and H, in the reactor
outlet vs. the temperature of
the catalytic bed. Catalyst
amount=0.5 g, C,Hs:He=1:19
and total flow =30 Nml/min
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surface, oxygen forms either electrophilic or nucleophilic
species [48]. At the high temperature of OCM, both these
oxygen species convert ethene unselectively to CO, prod-
ucts. The nucleophilic species cleave the C-H bond in ethene
and form unstable and highly active radicals. These radicals
are then over-oxidize in the presence of gas phase oxygen
either directly or after forming higher chain hydrocarbons.
Moreover, there is a high chance for the collision of radi-
cal intermediates to any available surface which results in
the formation of coke. On the other side, the electrophilic
oxygen would attack the C—C double bond in ethene and
forms the epoxies which quickly convert to deep oxidation
products at OCM temperature. Therefore, as observed in
these studies and reported in the literature [11, 39, 49], the

@ Springer

possibility of selective conversion of this component under
the harsh reaction conditions of OCM, is always low.

In a second TPSR experiment, ethane was employed as a
substrate (Fig. 4). As it is shown in Fig. 4a, ethane starts to
react at around 600 °C and produces ethene as expected [13,
49-52]. However, the general assumption is that this conver-
sion occurs by dehydrogenation of ethane with the active
oxygen species at the catalyst surface. This reaction is known
as oxidative dehydrogenation (ODH) and is presented by Eq.
(3) [13, 17, 27, 42, 53]. However, simultaneous detection
of hydrogen and ethene at a molar ratio of one to one in our
experiment (see Fig. 4a), proposed the thermal dehydrogena-
tion (TDH), presented in Eq. (4), as the main route for this
conversion. The pattern of hydrogen and ethene formation
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remained identical until the temperature of the catalyst bed
exceeded 750 °C. When the concentration of formed ethene
and the reaction temperature increased the rate of the ethene
decomposition reaction also increases. Therefore, the concen-
tration of hydrogen exceeds that of ethene during this period
of the reaction. The proposed TDH reaction was confirmed
by observing an identical product pattern during the cooling
as well as along the heating period (SI, Figure S10 and S11).

In the next step, the catalytic or non-catalytic nature of
TDH reaction of ethane was surveyed. To do so, the catalyst
bed was substituted by either quartz sand or silicon carbide and
the ethane TPSR experiment was repeated. The reaction per-
formance was calculated for each of these experiments and the
results were presented in comparison with each other in Fig. 5.
The level of conversion in the blank experiments (performed
over the SiC and quartz) was equal to that in the catalytic test.
Therefore, it was concluded that the TDH of ethane is not a
catalytic reaction.

It was also shown that the occurrence of the TDH reac-
tion in the gas phase has no thermodynamic constraints under
the OCM reaction conditions. This is because, a negative
free enthalpy was calculated for this reaction at temperatures
higher than 400 °C using the thermodynamic data reported by
Deutschmann [54].

C,H, + 2*¥ — 2C" +2H, )
. ODH "
C2H6 + O — C2H4 + HZO (3)
TDH
C,Hy <— C,H, +H, (€]
AG=-RTinK, 3)
100- H Catalyst ® SiC A Qartz
'Y
754 #
. t
> 504
iy :
x
25 .
| |
.
| |
0 f L) L) 1
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Fig.5 The conversion of ethane as a function of the reactor tempera-
ture obtained in the TPSR experiments conducted over catalyst (filled
square), silicon carbide (red colored circle), quartz (filled triangle),
C,Hg:He ratio of 1:19 at a total flow of 30 Nml/min, heating rate 1 K/
min

The possibility of TDH reaction as the main route for
converting ethane under the studied experimental conditions
was confirmed by comparison of the theoretical and experi-
mental conversion. An equilibrium constant (K,) of 2.14 was
calculated for the TDH of ethane under the applied reaction
conditions at 750 °C. For this purpose, Eq. (5) was used.
This value of Ky corresponds to a theoretical conversion of
around 67% which correlates well with the experimentally
measured value of 77%. The 10% difference between the
experimental and theoretical conversions reported here is
assigned to the occurrence of less dominating reactions such
as oxidative dehydrogenation (ODH), unselective oxidation
or coke formation reactions.

Based on all these evidence, the TDH of ethane was
assumed as the main reaction for producing ethene under the
applied reaction conditions here. This reaction is also shown
to be mostly taking place in the gas phase of the reactor as
reported in the earlier studies, too [52, 55]. Besides, these
mechanistic interpretations are in accordance with the lit-
erature observations, where the rate of formation of ethene
is shown to be independent of the concentration of surface
active oxygen ([56]) and the type of catalyst [57].

Another important observation made in the TPSR experi-
ments was related to the lower rate of COy formation (see
Figs. 3a, 4a) in comparison to the co-feeding tests (SI, Figure
S5 and S7). It is worth mentioning that the most important
difference between the former and the latter experiments was
the absence of the molecular gas phase oxygen in the reactor.
Therefore, this behavior is assigned to the high contribution
of gas phase reactions to the rate of secondary oxidation of
the C, components. Accepting this point would have a dras-
tic influence on the choice of the reaction techniques leading
to an improvement in the performance of OCM. Therefore,
this idea was studied in more details experimentally as well
as by conducting simulations.

The experimental studies were conducted by studying
the reaction of ethane and ethene in two different blank
co-feeding experiments. The details regarding the reaction
conditions applied in each of these experiments (in empty
reactor and using SiC) are explained in detail in the experi-
mental section. The results of the reaction performance
obtained in these experiments are presented in comparison
to the catalytic test in Fig. 6. As shown, the reaction perfor-
mance obtained in these three studies were almost identical.
It should be noted that the experiment conducted in the pres-
ence of the SiC was performed with a time delay of about
1 year from the other two studies. Therefore, the differences
observed in its performance from the latter two tests are
suggested to be mostly related to the variations occuring
in the set points of the set up such as calibration factors
of both the mass flow controllers and the mass spectrom-
eter. However, the small differences observed in the conver-
sion and selectivity of the catalytic reaction with the one
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Fig.6 Comparison of the reaction performance of a C,H,, b C,Hg
in the presence of Mn—-Na, WO, catalyst, inert SiC material or empty
reactor

conducted in the empty reactor could be explained by taking
the gas phase reactions into consideration.

It should be noted that the gas phase reactions are mainly
occurring as radical chain reactions. First, the radicals are
formed in the rate-limiting step (initiation). Then, they react
with the stable components and form new radicals (propaga-
tion step). Finally, the radicals would be converted to stable
species in the termination step [58]. The interaction of these
reactions establishes a steady state situation with a constant
concentration of radicals in a radical pool. Therefore, it is
expected that the concentration of the radicals would have a
strong effect on the level of the conversion of the gas phase
reactions. In the presence of the catalyst, a part of the radi-
cals is quenched on the catalyst surface. Under these circum-
stances, less reactant can be activated during the reaction
and this consequently results in a lower level of conversion,
as observed in our studies.
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The higher selectivity of the reaction observed in the
presence of the catalyst is also consistent with our inter-
pretations of the reaction mechanism of C, components. In
the catalytic tests, a part of the oxygen was adsorbed on
the surface of the catalyst. This resulted in a decrease in
the concentration of the gas phase oxygen in the reactor.
If the secondary oxidation of C, components is considered
as reactions which mainly take place in the presence of the
molecular O,, then the lower rate of formation of COx would
be an expected consequence.

This observation which was also reported earlier [40, 55],
clearly shows the high influence of the gas phase reactions
on the consecutive reaction of C, components. A difference
between the nature of the gas phase conversion of ethane
and ethene was also noticed when the results of these experi-
ments were considered alongside the TPSR studies. The con-
tribution of the homogeneous and heterogeneous reactions
to the conversion of ethene is observed to change with the
presence of oxygen in the reactor. However, ethane is shown
to react mainly through the non-catalytic dehydrogenation
reaction and the oxygen doesn’t have a strong influence on
the rate of this conversion. However, it can shift the equi-
librium forward by reacting with hydrogen, the product of
TDH of ethane.

The last experimental approach to verify the gas phase
nature of the consecutive reaction of ethane was made by
measuring its kinetic parameters in the presence and absence
of the catalyst. A formal kinetic model was used for these
studies. For this, activation energy and the reaction order of
oxygen were calculated.

The activation energy was measured by calculating the
conversion of ethane at different temperatures while a con-
stant reaction mixture was sent to the reactor. The reaction
was studied at temperatures of 585, 600, 615 and 630 °C, in
the presence of the catalyst and at 585, 600, 615, 630 and
645 °C in the presence of silicon carbide (blank experiment).
The logarithmic rate of consumption of ethane was plotted
vs. the inverse of the reaction temperature (see SI, Figure
S12). The slope of these curves is a function of the activation
energy of the reaction as presented in Eq. (6). These results
indicate that activation energy of ethane in the presence of
catalyst is lower (256 KJ/mol) than in the presence of inert
material, Si C (285 KJ/mol), showing an important role of
the catalyst in the overall reaction.

Slope = —-E,/R (6)

The reaction order of oxygen was calculated in the pres-
ence of both the catalyst and silicon carbide at temperatures
of 585, 600, 615 and 630 °C. To do so, the rate of conver-
sion of ethane was studied at each temperature while the
initial concentration of oxygen was changing. The oxygen
flow varied between 0, 3, 4, 5, 6, 7 Nml/min by substitut-
ing the flow of helium with oxygen. Both the total flow and
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ethane flow were kept constant in the whole period of the
studies. The rate of conversion of ethane at each of the tested
temperatures was calculated. The results were depicted as a
function of the oxygen concentration in a double logarith-
mic plot (see SI, Figures S13 and 14). The reaction order of
oxygen in both conditions, in the presence of the catalyst
or silicon carbide, was measured to be between 0.2 and 0.3
which is lower than the 0.5 reported in the literature [13,
51]. This observation indicates the low dependency of the
reaction rate of ethane to the oxygen concentration at low
conversions.

The similarity of the activation energy of ethane in addi-
tion to the low reaction order of oxygen in the blank and
catalytic studies are in good agreement with the idea that the
MnyOy—Na,WO,/SiO, has a negligible effect on the conver-
sion of ethane under the applied reaction conditions.

Finally, the conversion of C, components under the co-
feeding reaction conditions was simulated with Chemkin-
Pro. The simulation was done using the Dooley mechanism.
The reaction conditions applied to conduct the simulation
were the same as those used in the co-feeding studies.
The reaction was defined to occur in a plug flow reactor
with the same dimensions as the experimental reactor. It
was assumed that the reactor works in an isothermal situ-
ation. The temperature profile along the reactor, when the
oven temperature was set at 750 °C, was measured and the
obtained profile was exported to Chemkin to simulate the
reaction behavior. The reaction mixture was defined as the
mixture of 70 Nml/min of O,/C,H/He at a ratio of 1/1/33.
The concentration profile of the components along the whole
length of the reactor was calculated by the model. The con-
centration of the main products of the reaction, i.e. C,Hy,
COy_ and H, at the reactor output were compared with the
same values obtained during the experiment, see Fig. 7. As
expected, the Dooley gas phase microkinetic model could

predict the reaction behaviour of ethane and ethene well.
The most noticeable deviation between the experimental and
simulation results is related to the concentration of H, (not
shown in Fig. 7). The reason for this observation is assigned
to the fact that the Dooley mechanism doesn’t consider the
decomposition reaction. This leads to an overestimation of
ethene and simultaneously the underestimation of H, con-
centration predicted by the model.

4.2 Isotope-Labelled Experiments

So far, the reaction mechanism of C, components was inves-
tigated in the absence of the most abundant hydrocarbon in
the OCM reactor, i.e. methane. Under these circumstances,
the concentration of methyl radicals in the reactor is low.
Therefore, it can be argued that the reaction mechanism of
C, components obtained from our studies does not indicate
the behavior of these compounds during OCM. The effect
of partial pressure of methane on the consecutive reaction
of C, components is already studied briefly [39, 40, 59, 60].
Unfortunately, the investigations over MnyOy—Na,WO,/
Si0, were performed without isotope labelled hydrocarbons
[39], that could lead to inaccurate interpretation due to the
applied experimental procedure. In those studies, only the
partial pressure of CH, was changed in a mixture of C,, O,
and N,. The conversion of each of the hydrocarbons was cal-
culated by comparing their concentration in the feed stream
with that measured after the reaction. A decrease in the con-
version of ethane and ethene was reported when the par-
tial pressure of methane was increasing [39]. However, the
occurrence of methane coupling reaction is not considered in
that analysis. By increasing the concentration of methane in
the reactor, the rate of conversion of methane to C, products
has been enhanced. This automatically results in a higher
concentration of C, components measured in the reactor

(a) (b)
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2
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’ C e = 2 I Exp
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04 —l—| ‘—‘ 0ol —= - ‘_
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Fig.7 Comparison of the concentration of the reaction products obtained experimentally with that calculated by Chemkin for the conversion of

a ethane, b ethene
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outlet. Since in the reaction mixture neither methane nor
ethane were labelled, the authors could not distinguish the
ethane formed from methane coupling reaction and the one
introduced with the reaction mixture. To avoid the discussed
misinterpretation, the same experiments were repeated in
these studies using '*C labelled methane.

The reaction of ethane in the co-feeding mode was inves-
tigated at a temperature of 700 °C. All the reaction condi-
tions were constant except the partial pressure of the labelled
methane in the feed. First, the reaction of ethane was tested
by sending a flow of 3, 3 and 64 Nml/min of C,H¢, O, and
He to the reactor. Then, a flow of 5 Nml/min of labelled
methane ('*C) was added to the reaction mixture. To keep
the residence time constant, methane was substituted by the
same flow of inert gas. The effluent was continuously ana-
lyzed by a semi GC-MS.

The changes in the I.In of COy, C,H,, C,Hy in the efflu-
ent was the determining parameter in these studies. Each
of these components was detected by mass spectrometer at
different time intervals. The labelled and non-labelled forms
of the species were distinguished from each other by meas-
uring their individual ionic masses as reported in Table 1.
The results obtained from these measurements are presented
in Fig. 8.

As it is shown in Fig. 8a, negligible changes were
observed in the concentration of C,Hg in the presence and
absence of the labelled methane (13CH4). This observa-
tion is consistent with the proposed gas phase nature for
the conversion of ethane in the OCM reactor. However, the
intensity of the ionic mass 25, assigned to the C,H,, was
observed to increase slightly in the experiment performed
in the presence of labelled methane, see Fig. 8a. It should
be noted that the conversion of '*CH, results in the forma-
tion of both, labelled ethane (see Fig. 8¢) and ethene (either
3CH,CH, or '*C,H,, see Fig. 8f). The former product cre-
ates a peak at the ion mass of 25 similar to the normal ethene
(1>C,H,). This suggests that the mentioned increase in the
LIn of mass 25 observed in Fig. 8a is probably caused by
measurement errors. Therefore, contrary to ethane, to draw
a conclusion about the effect of methane on the behavior
of ethene, more evidences are needed. This information is
gained by comparing the rate of COy formation (presented
in Fig. 8b—d). When the labelled methane was added to the
reaction mixture, the rate of production of 12COX decreased
while the '3COy, was detected in the effluent. This observa-
tion indicates the consumption of a part of the surface oxy-
gen by CH, as soon as it is introduced to the reactor (Fig. 8b,
¢). As discussed in the previous section, the heterogeneous
reactions have a higher contribution to consecutive conver-
sion of ethene than ethane. In addition, the conversion of
ethene on the catalyst was shown to result in the formation
of unselective products, either coke (from decomposition) or
carbon oxidizes (if reacted with oxygen). In the presence of
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methane, the rate of oxidation of ethene is suppressed since
there would be a competition between these two hydrocar-
bons to react with the surface oxygen species. These obser-
vations which are consistent with the literature reports, con-
firm the validity of the mechanistic modification suggested
for consecutive reaction of C, components as discussed in
the earlier section. The reasons for the influence of meth-
ane on the rate of secondary oxidation of these components
reported in the earlier studies [39, 40, 59, 60] could also be
explained by the competition for the surfaced bound oxygen.

Despite all these evidences confirming the gas phase
nature of the consecutive reaction of ethane in the OCM
reactor, it may be questioned how the MnyOy—Na, WO, cata-
lyst which can activate the more stable methane and ethene
molecules has negligible influence on the conversion of
ethane. This point is addressed in the last section of this
study where the external mass transfer limitation is shown
to be causing this behaviour.

4.3 Mass Transfer Condition in the Co-feeding
Experiments

The concentration ratio of C, components and O, in the
reaction mixture of the co-feeding experiments was cho-
sen to simulate the real condition in the OCM reactor to a
certain extent. Therefore, via calculating the Weisz—Prater
(¥) and Mears (C,) criterion [61, 62], valuable information
regarding the mass transfer situation of methane, ethane,
and ethene under OCM reaction conditions was obtained.

The Weisz—Prater criterion was calculated at 750 °C for
each of the three co-feeding experiments (for the details of
calculation see the supporting information). The value of
Weisz—Prater in all the experiments was far smaller than
one, see Table 3. Therefore, it is concluded that the rate of
reaction of these components is not limited by any internal
mass transfer limitation.

In the next step, the Mears criterion was calculated
to study the external mass transfer situation in the per-
formed experiments. Details of the calculation procedure
are provided in the supporting information. For the reac-
tion of methane, the parameter was much lower than 0.15,
whereby in the reactions of ethane and ethene it exceeded
this limit, i.e. 0.15, see Table 4. This observation indicated
the influence of the external mass transfer on the reaction of
C, components, especially ethane. This phenomenon was
investigated for the reaction of ethane in more detail in a
series of experiments. Conversion of ethane was tested in the
co-feeding modus by keeping the feed composition constant
(1/1/33 C,H¢/O,/He) while the total flow was increased from
70 to 140, 200, and 250 Nml/min. The conversion of ethane
in each of these experiments was calculated and the results
are presented in Fig. 9 as a function of the catalyst bed tem-
perature. In the absence of mass transfer limitation, the rate
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Table3 Th
. e cal@lgted CH, C,H, CH,

Weisz—Prater Criterion and

Fhe Tharacte£i§tic vlalules' " Mean free path of the molecule, A (m) 1.5E-07 4.1E-08 7.7E-08

implemented in calculating this e . 5

criterion for each of CH,, C,H, Diffusion coefficient in the free gas space, D, (cm/s) 0.86 0.17 0.34

and C,H, ' Initial concentration of the reactant, C; , (mol/l) 1.6E-05 1.2E-06 1.2E-06
Reaction order, n 1 1 1
Effective diffusion coefficient, D; , (cm?/s) 0.09 0.02 0.03
Effective reaction rate at 775 °C, r; (mol/(g-s)) 3.7E—-6 2.0E-05 3.3E-05
‘Weisz—Prater Criterion 1.2E-07 5.6E-05 1.7E-06

Table 4 The calculated Mears Criterion and the characteristic values
implemented in calculating this criterion for each of CH,, C,Hg and
C,H,

CH,:0,:He C,H4:0,:He C,H,:0,:He
Gas mixture ratio 4:1:5 1:1:33 1:1:33
Oy (M2/5) 5.9E-05 9.99E-05 9.99E-05
Reynold Nr 0.25 0.15 0.15
Schmidt Nr 8.3 69.6 35.6
Sherwood Nr 2.6 2.9 2.8
k. (m/s) 0.06 0.01 0.02
Cn 8.8E-04 0.59 0.15
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Fig.9 Changes in the conversion of ethane in the co-feeding experi-
ments performed at 70, 140, 200, 250 Nml/min total flow vs. tem-
perature, reactant ratio: C,H/O,/He of 1/1/33, catalyst amount: 1 g

of conversion is expected to decrease at lower residence
times. However, in our experiments, no direct correlation
was seen between these two parameters, see Fig. 9.

First, the conversion of ethane decreased when the flow
was raised from 70 to 140 Nml/min. This observation indi-
cates that in this experiment, the residence time is the only
parameter that controlles the reaction performance. But,
as the flow was further raised to 200 Nml/min an increase
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in the conversion was observed. This behavior is assigned
to the destruction of the diffusion layer surrounding the
catalyst particles which allows ethane to reach the surface
more easily. The increase made in the reaction rate under
these circumstances has been so high that it has compen-
sated the negative effect of the residence time. Therefore, a
higher conversion was recorded for the reaction at the end.
After this point, the most important parameter, influencing
the reaction rate, should be the residence time again. This
was also observed when a lower conversion of ethane was
obtained by further increasing the flow rate to 250 Nml/
min, see Fig. 9.

Based on the theoretical suggestion made by the Mears
criteriams which were also proven experimentally (as dis-
cussed earlier), it was concluded that the consecutive reac-
tion of ethane and ethene can be limited by the film diffu-
sion under the OCM reaction conditions. Film diffusion limit
also explains the results of our mechanistic studies,where it
was shown that the conversion of ethane and ethene would
mainly take place in the gas phase.

It worth mentioning that the selectivity of the reaction in
the experiment done without the film diffusion limition (TF
200 Nml/min) was observed to be substantially lower com-
pared to the one with film diffusion limition. (TF 70 Nml/
min) (SI, Figure S15). This behavior is consistent with the
high tendency of C, components to react through unselec-
tive oxidation or decomposition reactions over the catalyst
surface as discussed earlier. This behavior indicates the pos-
sibility of controlling the reaction performance by adjusting
the formation of diffusion layer as discussed in the following
paragraph.

As it was mentioned earlier, when no layer is surrounding
the catalyst, the rate of secondary conversion of C, compo-
nents increased. This behavior shows that the presence of
the film enhances the selectivity of the reaction. Thankfully,
the mechanistic features of OCM enable to take advantage
of the film diffusion limit to also enhance the performance
of the reaction.

There is a conscience that the formation of ethane during
OCM occurs by the coupling of methyl radicals in the gas
phase of the reactor [3, 6, 17, 52, 63—-65]. When the catalyst
is covered with a film of an optimal thickness, methane can
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diffuse through the film and form methyl radicals. The latter
diffuse out of the film as easy as methane. Methyl radicals go
through the coupling reaction to form ethane which can react
further to form ethene. The cross-section area of C, compo-
nents are almost twice as big as both methane and methyl
radicals. Therefore, their transportation is limited along the
diffusion layer. Under this circumstance the diffusion film
would inhibit ethane and ethene from the consecutive reac-
tion over the catalyst surface. It is therefore emphasized
that the diffusion layer should not be too thick, otherwise
it would prevent the diffusion of methane and methyl radi-
cals. Accordingly, it is concluded that an optimized particle
size, which gives the best influence of the diffusion film, can
improve the performance of OCM.

5 Conclusions

The results of these studies indicated that the
Mn,O,~Na,WO,/SiO, catalyst has a negligible effect on
the consecutive dehydrogenation of ethane to ethene. The
reason for this behavior is the external mass transfer limita-
tion caused by the film surrounding the catalyst particles.
The mass transfer limitation has shown to have a positive
effect on the selectivity of the reaction to C, products. Under
these conditions, the contact between the catalyst and both,
ethene and ethane is reduced. Therefore, the rate of over-
oxidation and decomposition of these components on the
surface decreases.

The mechanistic investigations have shown that under
the OCM reaction conditions the TDH rather than ODH
reaction is the main route for converting ethane to ethene.
Despite the complex mechanism of the OCM, the formation
of COy is observed to be the result of over-oxidation of all
the three main hydrocarbons of OCM, i.e. methane, ethane,
and ethene. The secondary oxidation of C, components is
observed to take place in the presence of gas phase oxy-
gen. Therefore, it is concluded that regardless of the applied
catalyst, suppression of oxygen from the homogeneous part
of the reactor diminishes the formation of COy. Accord-
ingly, implementing reactor concepts like chemical looping
or membrane reactor, which fulfills this requirement, can be
a promising solution for enhancing the performance of the
OCM reaction.
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