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Abstract: Ethylene production via oxidative coupling of methane (OCM) represents an interesting
route for natural gas upscaling, being the focus of intensive research worldwide. Here, OCM
developments are analysed in terms of kinetic mechanisms and respective applications in chemical
reactor models, discussing current challenges and directions for further developments. Furthermore,
some thermodynamic aspects of the OCM reactions are also revised, providing achievable olefins
yields in a wide range of operational reaction conditions. Finally, OCM catalysts are reviewed in
terms of respective catalytic performances and thermal stability, providing an executive summary for
future studies on OCM economic feasibility.
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1. Introduction

The oxidative coupling of methane (OCM) represents an interesting alternative pro-
cess for producing ethylene, typically manufactured in steam-crackers from naphtha [1,2].
Here, OCM developments are critically revised in terms of kinetic mechanisms and re-
spective applications towards chemical reactor modelling and design, discussing current
challenges and directions for further research. Furthermore, thermodynamic aspects of the
OCM reactions are also discussed, providing achievable olefins yields in a wide range of
reaction conditions. Finally, OCM catalysts are revised in terms of the respective catalytic
performances and thermal stability, providing an executive summary for future studies on
OCM economic feasibility.

This work is organised as follows: Section 2 presents a bibliometric analysis of OCM
scientific publications and patents, highlighting geographic, chronological and topic distri-
butions; Section 3 revises OCM reaction and kinetic models, critically analysing chemical
reactor modelling approaches; Section 4 summarises thermodynamic aspects of the OCM
reactions and presents original calculations for extents of reaction, focusing on presenting
maximum ethylene yields in a wide range of temperatures, pressures and feed compo-
sitions; Section 5 discusses OCM catalysts, summarising their performances and main
features; Section 6 briefly discusses sustainability aspects of the OCM reactions; and, finally,
Section 7 presents the main conclusions and opportunities for future work.
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2. An Overview of OCM Scientific Publications and Patents

This section summarises the geographic and chronological distribution of OCM scien-
tific publications and patents from approximately the last forty years of development of the
OCM process, in order to identify the main industrial players and assess the technological
development stage of OCM as a field of investigation. An extracted sample of scientific
publications and patents is also analysed in relation to their topic distribution to identify
the main areas of interest and areas which have been seemingly overlooked.

An initial search for publications was conducted using the ‘all databases” option in
the “Web of Science” platform, using two sets of keywords to keep the search as general as
possible. The two sets of keywords were composed of three words: (a) oxidative, methane
and coupling; and four words: (b) oxidative, methane, coupling and ethylene. The initial search
period was defined between 1980 and 2020.

From this initial search, 2581 and 794 results were found for keyword sets (a) and
(b), respectively, at the original time of the search (April 2020), which represent the total
number of publications including scientific and patent publications. A search conducted
using the same method with the keyword ‘OCM’ resulted in a similar value (2727 results
between 1980 and 2020). It is important to note that the total number of manuscripts and
patents in the analysed database has been updated since then, based on references cited
by downloaded manuscripts and patents, new articles published in scientific journals and
patents deposited in patent databases.

Based on these numbers, it is possible to speculate that the OCM technology is not
completely mature, when compared to the number of search results that can be found
for established industrial processes. For instance, 27,678 and 15,574 search results were
found when the keywords “hydrocarbon cracking’ and ‘methane reforming’ were used for
independent searches in the same period, respectively.

Despite the less substantial total number of search results when compared to the
more traditional processes of hydrocarbon conversion, OCM technology has been the
focus of a growing number of studies since 2007, as illustrated in Figure 1, where the
chronological distributions of search results obtained for keyword sets (a) and (b) are
plotted. As one can observe in Figure 1, OCM publications exhibit a bimodal distribution,
with a maximum around 1994, followed by a reduction towards the late 1990s and early
2000 and an exponential increase from 2007 to recent years, which strongly correlates
with the production volume of shale gas in the U.S,, as illustrated in Figure 2, where the
chronological distribution obtained for keyword set (a) is compared to the U.S. shale gas
production, and the trends in prices of West Texas Intermediate (WTI) crude oil and Henry
Hub natural gas.

Even though it might be expected that higher oil prices could encourage the devel-
opment of cheaper alternative processes to the conventional cracking of ethane and/or
heavier hydrocarbons to produce ethylene, the relationship between WTI crude oil prices
and search results does not seem obvious. Instead, it is the price of natural gas that seems
to more pronouncedly affect the efforts dedicated to OCM development, in combination
with the increased production of shale gas, as previously mentioned.

The above relationship also makes sense when the geographical distribution of search
results is considered, as shown in Figure 3, which illustrates how the U.S. appears to
dominate the interest in the OCM technology, concentrating the highest number of search
results obtained for keyword sets (a) and (b). Figure 3 further illustrates the rank of search
results up to the ninth country position, which embraces 73 and 66% of the total number of
search results for keywords in sets (a) and (b), respectively, from which the U.S., China,
Germany, Japan and Russia represent the five countries that have dedicated the most effort
towards the development of OCM technologies.
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Figure 1. Chronological distributions of search results using the keyword sets (a): oxidative, methane
and coupling; and (b): oxidative, methane, coupling and ethylene.
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Figure 2. Comparison between the chronological distribution of search results using the keyword set
(a) (oxidative, methane and coupling) and the prices of WTI crude oil (in USD per barrel) [3] and
Henry Hub natural gas (in USD per million BTU) [4]; and the production of U.S. shale gas (in billion
ft> per day) [5].

7

It is important to note that the above analysis was performed using the ‘all databases
option from the “Web of Science” platform, meaning that analysed distributions include
search results from scientific publications, conference proceedings, reviews and patents.
Therefore, to further evaluate the main players interested in the OCM technologies, the
chronological and geographical distributions of search results were evaluated using the
output number of files from two additional searches performed using the keyword sets
(a) and (b), with the search database narrowed to contain only patent-related files, using
the ‘Derwent Innovations Index” database from the “Web of Science” platform. Based on this
analysis, the positive influence of the increase in natural gas production on the number of
patents can be further assessed, as shown in Figure 4, which illustrates how the number
of filed patents has been continuously increasing during the last decade, in concomitant
agreement with the values of U.S. shale gas (Figure 2).
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Figure 3. Geographical distributions of search results using the keyword sets (a): oxidative, methane
and coupling; and (b): oxidative, methane, coupling and ethylene. Plotted countries represent 73 and
66% of the total number of search results for keyword sets (a) and (b), respectively.
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Figure 4. Chronological distributions of patent search results between 1994 and 2020 obtained
using the keyword sets (a): oxidative, methane and coupling; and (b): oxidative, methane, coupling
and ethylene.

The total number of patents, equal to 284 and 154 for keyword sets (a) and (b), respec-
tively, also supports the previously suggested lack of maturity of the OCM technology,
when compared to the numbers of patents filed on established industrial processes in
the same period, as suggested by the number of results found while using the search
words ‘hydrocarbon cracking” and ‘methane reforming’, which resulted in 8442 and
2326 documents, respectively.

Based on the obtained data, the American companies Siluria Technologies Inc. and
Lummus Technology (the latter having recently taken ownership of the former) have so far
been the leaders in protecting their OCM developments, presenting a total of 30 patents
during the last decade, followed by the Saudi Arabian Sabic Global Technologies, the
Chinese Sinopec and the related China Petroleum & Chemical Corporation, the German
Linde Group, and the Dutch Shell (Figure 5). Whereas the leadership on OCM intellectual
property protection from American companies can be easily associated with the country’s
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largest worldwide production of natural gas, oil and natural gas liquids (NGL) (which
includes ethane, liquified petroleum gas, LPG, and naphtha separated from the production
of natural gas) [6], the driving forces behind the interest from Saudi Arabian companies
cannot be directly associated with its natural gas production, which represented only 2.9%
of the world share in 2018 (compared to 21.5% from the U.S., 4.2% from China and 17.3%
from Russia in the same year) [6], but rather seem to be influenced by the country’s second
largest worldwide production of o0il and natural gas liquids. This makes sense when
the challenges of OCM industrial implementation are considered, as will be discussed
throughout this review, since the process integration with existing plants of hydrocarbon
conversion, such as ethane crackers, could provide economic benefits.

Siluria Tech. Inc. 25
o | Sabic Global Tech. 21
[P}
E T«
2() Sinopec and 16
% | China Petroleum & Chem. Corp.
“ .
-
E Linde AG 11
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Figure 5. Filed patent distribution per assignee between 2010 and 2020, from the search using the
‘Derwent Innovations Index” database from the “Web of Science” platform and keyword set (b). For
clarity, assignees with fewer than 5 filed patents were omitted. Numbers represent 69% of the total
number of searched patents.

What Are OCM Scientific Publications and Patents about?

One of the main aims of the present review is the evaluation of the distribution of
topics discussed in the published materials, in order to identify areas that have been receiv-
ing significant attention or have been seemingly overlooked by the technical communities.
Thus, an extracted sample of the scientific papers (containing 120 papers published be-
tween 2016 and 2020) and patents (containing 121 deposits filed between 2010 and 2020)
obtained from the search using keyword set (b) (ethylene, methane, oxidative, coupling)
was evaluated in relation to the main focus of analysis.

Based on the evaluated scientific papers, seven different main subject streams have
been identified: (1) modelling of the OCM process, embracing phenomenological and
empirical mathematical descriptions of reactors and respective chemical kinetics [7-22],
but also involving theoretical analyses of mechanistic models [23-29]; (2) economic evalu-
ation of actual OCM commercial implementations, involving the analysis of capital and
operational costs [30-35]; (3) assessment of environmental impacts, mainly involving the
analysis of CO, emissions [31]; (4) development of new and/or improved catalysts for
the production of ethylene from OCM reactions [27,36-73]; (5) development of alternative
processes for CHy conversion into ethylene and/or other products, including, for instance,
the non-oxidative coupling of methane [74-76]; (6) investigation of downstream purifi-
cation strategies [77-79], concerning mainly the separation of products from the OCM
reactor output stream; and finally, (7) the design, optimisation and development of OCM
reactors for ethylene production, including the analysis of distinct reactor concepts (such as
chemical looping [80-83], fluidized bed [84] and membrane reactors [85], in addition to the
conventional packed-bed reactors [86]) [87,88], the analysis of different feed compositions
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(including different oxidants or levels of inert dilution) [67,89], and experimental studies
performed to optimise reactor performance through the investigation of the impact of
reaction operational conditions on the ethylene yields [16,22,73,90].

Among the main identified subjects, the development of new catalysts for the OCM
reaction seems to constitute the focus of most scientific publications, representing the
subject of almost half of the assessed papers, as illustrated in Figure 6, which presents
the obtained distribution of topics for scientific publications. In contrast, the remaining
subjects have received less attention, with only 20% of mentioned subjects focusing on the
mathematical description of the OCM process.

New or improved catalysts I:I Modelling of OCM process
Alternative processses of CH4 conversion

- Environmental impacts 20,5‘%)
I:I Reactor design, optimisation and development
- Downstream separation

I:I Economic analysis

49.6% —

3.1%

Figure 6. Distribution of topics in the extracted sample of scientific papers, containing 120 manu-
scripts published between 2016 and 2020.

From the extracted sample of filed patents, a different focus was identified, as illus-
trated in Figure 7, which presents the topic distribution among the main four identified
subject streams. In this case, nearly half of the subjects were related to process flow di-
agrams, translating ideas of actual OCM process implementations, whereas only 27.8%
of the mentioned topics described innovations in catalyst development. In addition, a
significant part of the filed patents (almost 20%) proposes the use of OCM to produce
other final products, rather than ethylene, such as ethylene oxide, liquid fuels, synthe-
sis gas, poly-alpha-olefins, propylene, propanal, ethylbenzene, among others, therefore
illustrating attempts to integrate OCM reactions with other processes. Finally, a smaller
number of patents (2.4%) describes alternative processes for methane coupling, involving
non-oxidative routes.

/  BOCM process flow diagrams for

ethylene production

ONew or improved catalysts

OProduction of alternative
products using OCM

- ———————
. —————————— -

\ OAlternative processes

Figure 7. Distribution of topics in the extracted sample of patents, containing 121 patents filed
between 2010 and 2020).
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Among the filed patents related to process flow diagrams focused on ethylene pro-
duction, five sub-streams of subjects could be identified, as illustrated in Figure 8. These
sub-streams included: (1) downstream separation, involving analyses of pressure swing
adsorption units or absorption towers, in addition to the conventional cryogenic distillation
for separating CH, and olefins; (2) reactor development, involving analyses of fluidized
bed reactors and special configurations for packed-bed reactors, including distinct catalyst
bed configurations, specific distribution of catalytic layers, dilution of the catalytic bed with
inert solids and the use of multi-stage adiabatic reactors; (3) OCM process flow diagrams,
dealing with analyses of process design alternatives, including recycling and the use of
distinct separation systems for purification of the OCM output reactor stream; (4) feeding
systems and feed compositions, involving analyses of alternatives for mixing of reactants,
spatial positioning of feed streams in the reactor vessel, investigation of different reactant
feed compositions, and addition of water, CO,, CO and chlorine radical precursors in
the conventional CH, and O; feed streams; and, finally, (5) energy recovery, focusing on
process ideas for utilising the heat produced in the OCM reactor for either adjusting the
reactor feed mixture temperature and/or producing steam vapour.

- Downstream separation

|:| Reactor development

:l OCM global process flow diagrams

- Feed systems and feed composition

[ 24.2%
Energy recovery .

27.4%

30.6% 12.9%

4.8%

Figure 8. Distribution of subjects among extracted sample of patents related to OCM flow diagrams
for ethylene production.

The analysis of topic distribution among scientific publications and patents interest-
ingly suggests the distinct perspectives of the scientific community and industrial sector,
in which the former seems to be concentrating efforts on the development of improved
catalysts, while the latter seems to be trying to find solutions for engineering problems
related to process implementation, in terms of downstream separation and reactor design.
Therefore, this analysis provides some evidence for the need for further scientific studies
concerning engineering aspects of the overall process implementation.

3. OCM Reactions and Kinetic Models

The oxidative coupling of methane (OCM) involves the conversion of methane mainly
into ethane in the presence of oxygen and a suitable heterogeneous catalyst at high temper-
atures (reaction 1, Table 1).

Table 1. Possible global reactions involved in the OCM reaction mechanism [91,92].

Reaction No.
2CHy + 30, — CoHg + HyO 1
CoHg + 302 — CoHy + HyO 2
CyHg — CoHy + Hy 3
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Table 1. Cont.

Z
e

Reaction

CHy + 30, — CO +2H,0
CHy + O, — CO + H,O + H,
CHy + 20, — COy 4+ 2H,0
CO+ 10, — CO,
CyHy +20, — 2CO + 2H,0
CO + H,O — COy + Hy
CO, + Hy — CO + H,O
CyHy + 2H,0 — 2CO + 4H,

O 0 g O U1 =~

— =
=)

Ethane can be dehydrogenated to ethene via catalytic heterogeneous or thermal gas-
phase oxidation (reactions 2 and 3). Partial and complete methane oxidation reactions
are the main competitive pathways leading to CO and CO, (reactions 4-6). Consecutive
reactions account for CO conversion to CO, (reaction 7), and ethene oxidation to CO (reac-
tion 8). Moreover, the water—gas shift reaction (in both directions, reactions 9 and 10) and
ethene steam reforming (reaction 11) have also been reported as important pathways [92].

The actual fundamental steps of the reaction mechanism described in Table 1 can be
very complex, and both catalyst surface and gas-phase reactions must be taken into account
to describe the overall kinetics through a model that can remain valid within a wide range
of reaction conditions, enabling the more involved industrial reactor design [18,92-94].
It has been discussed that current kinetic models are not able to fully describe available
experimental datasets, indicating that models proposed so far may be incomplete [29,95].
In spite of that, pioneering developments on OCM catalytic kinetic models made use
of experiments performed in operational regions where gas-phase reactions could be
minimised and thus neglected [92]. Similarly, gas-phase reaction kinetics have initially
been investigated in the absence of catalysts [96,97].

3.1. Kinetics in the Absence of Catalyst

One of the pioneering studies regarding the OCM gas-phase reaction network in the
absence of a heterogeneous catalyst was described by Zanthoff and Baerns [98]. These
authors compiled a model involving a set of 164 elementary free-radical reactions and
used kinetic constants obtained from the combustion literature. Later, dedicated exper-
imental measurements, regression, sensitivity and parameter contribution analyses al-
lowed for the reduction in the reaction network to 33 elementary free-radical reactions
(reactions 1-33, Table 2), in accordance with a study that investigated OCM gas-phase re-
actions at atmospheric pressure, between 600 and 850 °C, using methane to oxygen feed
ratios between 4 and 10 with different inert dilution levels, and spatial times between 0.1
and 1.9 m3-s-mol~! [96].

Table 2. Gas-phase reaction mechanism, as proposed by Chen et al. [96] for describing OCM reactions
in the absence of catalysts and at atmospheric pressure.

Reaction No. Reaction No.

CHys + 0Oy < CH; + HO; 1 CyHg + OH® + CzHS. + H,O 18
CHy+H® < CH; + Hj 2 CoHg + CH; <~ CzHS. + CH, 19
CH;+0* & CH; + OH"* 3 CzH; + OH® +» CoHg + O° 20
CH,; + OH* HCH;—FHzO 4 C2H§+M(—> CHy+H*+M 21
CHy + HOj < CHY + HyO, 5 CH? + Oy <3 CoHy + HO3 22
CH? + Oz <» CH30* + O° 6 CoHy + Oz <3 CHY + HO3 23
CH; + OH} «+» CH30°® + OH* 7 CoHy + H® < GHY + Hp 24
CH? + Oz <» CHyO + OH* 8 CHy +O°® < GH; + OH® 25
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Table 2. Cont.

Reaction No. Reaction No.
CH; +CH; + M <> CoHg + M 9a CoHy + OH® < G H + H,O 26
CH30*+M < CH,O+H*+ M 10 CoHy + CH; > GH; + CHy 27
CH,O + H®* < CHO® + Hy 11 GHY + M+ CGHy + H*+ M 28
CH,O + CH; <> CHO® + CHy 12 C2H3. + 0y <+ CGoHy + HO; 29
CHO*+M++ CO+M+ H® 13 CyHy + O® +» CH? + CHO® 30
CHO®* + O3 +» CO+ HO3 14 CyHy + OH® + CH + CH,O 31
CO+ HO3 «+» CO, + OH* 15 O +H®*+ M+ HO; + M 32
CO+OH*® + CO, + H* 16 OH®* +OH*+ M + HyO, + M 33
CyHg + H® < C2H5. + H; 17

% M denotes any other molecular species from the system.

However, the reaction network described in Table 2 was not suitable for describing
experimental observations at higher pressure conditions up to nearly 1000 kPa [97], leading
to the development of a modified and expanded reaction network where some of the
reactions from Table 2 were removed and additional steps were included. The modifications
accounted for the effect of pressure and the production of propane and propene, resulting
in a system of 38 elementary free-radical reactions [97]. For instance, reactions No 11, 16, 20,
25 and 30 from Table 2 were not present in the updated model, which presented reactions
No 1-6 summarised in Table 3 instead, in addition to reactions No 7-10, which involved
the formation of propane and propene.

Table 3. Additional gas-phase reaction steps (in respect to Table 2), as proposed by Chen at al. [97],
for describing OCM reactions in the absence of catalysts and under pressures up to 1000 kPa.

Reaction No. Reaction No.
CH,0 + OH*® <> CHO* + H,O 1 HO3 + HOj3 <+ O, +OH®* +OH®* 6
CHzo + HOZ. < CHO® + HzOz 2 CZH; + CHg' — C3H8 7
CZH; + HOy® CH; + CH,O + OH* 3 G3Hg + H® +» G3H? + H; 8
C2H; + O, <+ CH,O+ CHO® 4 CyHy + CH3® < C3H; 9
O, + H®* <+ OH®* 4+ O* 5 C3H? «» C3Hg + H*® 10

The effect of pressure on the reaction rates involving unimolecular reactions was ac-
counted for using Equation (1), where Cy represents the weighted sum of the concentration
of all molecular species and k;, k and k., are reaction rate constants. Thus, at low pressure
conditions, the reaction order was increased by one due to the influence of Cy, while this
effect was less important at higher pressure conditions.

kXCM

k”:1+k><CM >

)

The mechanism based on the reaction steps presented in Tables 2 and 3 is constituted
by an initiation step (reaction 1, Table 2), methyl radical production reactions (reactions
2-5), methyl radical oxidation steps (reactions 6-8), methyl radical coupling to ethane (re-
action 9), radical decomposition reactions that lead to CO and CO; and involve methanal
as an intermediary (reactions 10, 12-15, Table 2 and reactions 1-4, Table 3), ethane ox-
idation reactions that lead to ethene (reactions 17-19, 21-22, Table 2), ethene oxidation
reactions that lead to acetylene (reactions 23-24, 2629, Table 2), additional methyl radical
production steps (reactions 31, Table 2), transfer reactions between oxygen and hydrogen
radicals (reactions 32-33, Table 2 and reactions 5-6, Table 3) and, finally, reactions involving
the formation of propane and its following dehydrogenation to propene (reactions 7-10,
Table 3).
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According to a contribution analysis performed with the model developed at atmo-
spheric pressure, when the importance of a given reaction step for the consumption or
production rate of a given species could be assessed, the methyl radical production origi-
nates mainly from hydrogen abstraction from methane by radicals (reaction steps No 2,
4 and 5, Table 2), whereas the initiation step involving molecular oxygen does not play
an important role [96]. Moreover, the consumption of methyl radicals is mostly driven
by reactions that result in the CO precursors CH30® and CH,O (reaction steps No 6-8,
Table 2) and return to methane (reactions No 2, 12 and 19, Table 2). This would be the
main reason for unselective oxidation, as the reaction leading to ethane production (No 9,
Table 2) would account for only 33% of the methyl radical consumption.

The updated kinetic model for the OCM gas-phase reaction system comprised thirteen
differential equations, one for each molecule j (O,, H,O, H,O,, H,, CH4, CH,0, CO, CO»,
CyH,, CoHy, CoHg, C3Hg, C3Hg), and assumed that the reactor behaviour could be de-
scribed by a plug-flow model at steady state, Equation (2), where temperature and pressure
gradients could be neglected. In Equation (2), F; is the molar flow rate of compound j, d is
the reactor inner diameter, vjj is the stoichiometric coefficient of compound j at reaction i,
and r; is the reaction rate of reaction i, described according to Equation (3). In Equation (3),
ki and k; are the rate constants of the forward and backward reaction, respectively, C;
is the molar concentration of the species j and o;; represents the stoichiometric factor of
the reactants. Radical concentrations were defined with the help of the quasi steady-state
approximation [96].

dF; 7 x d2NR .
CTZJ = ngvi]-ri with Fj(z = 0) = Fjo @
=
r=Ti—ri= kT C;Xij k-] 1 C;‘ij 3)
j j

The reaction network used to describe the OCM kinetics in the absence of catalyst
was later modified and expanded from 38 [97] to 39 [99] reaction steps, although these
modifications would not significantly change previous model interpretations. Modified
reaction steps (reactions 7, 9 and 10 in Table 3) were re-written considering the presence of a
collision partner, M, while the additional included step further accounted for the formation
of ethyl radicals from ethane, Equation (4).

CoHe > CH? + H* 4)

These pioneering studies contributed to the understanding of the effects of operational
variables on achievable values of conversions and products distribution. For instance,
CHy conversions have been shown to reach up to approximately 33%, depending on the
O, feed composition (Figure 9). However, higher spatial times can lead to a reduction in
ethene and ethane selectivities, while CO and CO, productions can increase considerably,
Figure 10a. The linear effect of temperature, in turn, has also been shown to be positive
for increasing CH4 and O, conversions and CO and CO; selectivities, whereas ethene and
ethane selectivities are reduced (Figure 10b).

Higher pressures were reported to promote CH4 and O, conversions, as shown in
Figure 11a, while its effect on selectivities of carbonaceous products was less pronounced
and depended on O, conversion, Figure 11b. These results suggest that C2 yields might
be increased at higher pressures, as higher methane conversions can be achieved while
keeping C2 selectivity nearly constant, at least for conditions of high oxygen conversions.
A similar effect of pressure was reported by Ekstrom et al. [100] and Beck et al. [101], who
showed the beneficial effect of pressure for C2 and C3 yields in the presence of catalyst up
to 10 bar.
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Figure 9. Effect of spatial time on experimental CH, conversion for different feed compositions at

atmospheric pressure and in the absence of catalyst [96,97]. The maximum temperature across the

reactor ranged between 790 and 826 °C at the analysed conditions. Spatial time is defined as the ratio
between the reactor volume and the inlet molar flow rate of CHy.
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Figure 10. Effect of spatial time on carbon selectivities at 790 °C and CH4:0,:He = 10:1:0 (a) and effect of maximum reactor

temperature on C; and COxy (S) selectivities and CH4 and O, conversions (Xcps and Xp,) at CH,:0,:He of 10:1:0 and spatial

time of 1.9 m3-s-mol! (b), at atmospheric pressure and in the absence of catalyst [96,97].

3.2. Kinetics in the Presence of Catalyst

In the presence of catalyst, and assuming that gas-phase reactions are not significant
(as suggested by experiments performed in the absence of catalyst), a one-dimensional,
pseudo-homogeneous plug-flow model embracing 10 reaction steps, as presented in Table 4,
was able to fairly well describe experimental data obtained over a Lay;O3/CaO catalyst in a
catalytic packed-bed reactor [92]. The model was built using experimental data acquired
under pressure between 1 and 1.3 atm, maximum axial reactor temperature between 700
and 955 °C, inlet CHy /O, molar ratio between 5 and 10, CH4 conversion between 1 and
32% and O, conversion between 15-100%. The whole model contained 52 parameters
which were estimated with a total of 135 experiments. According to the authors, the main
drawback of this model lies in the assumption that gas-phase reactions are negligible,
limiting its application to reactors with small gas-phase volumes.
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Figure 11. (a): Pressure effect on O; (A, A) and CHy (e, O) conversions at 817 °C and inlet CH4 /O,
molar ratio equal to 10 (empty symbols) and equal to 5 (filled symbols). (b): Carbon selectivities
for C,Hy (e, O), C2Hg (R, O), CO (O, 4), and CO; (A, A) at 1 atm and 827 °C (filled symbols and
solid lines), and at 4 atm at 805 °C (empty symbols), for inlet CH4 /O, molar ratio equal to 4 [97].
Continuous lines are for visualisation only.

Table 4. Reaction steps considered in the kinetic model proposed by Stansch et al. [92] to describe
OCM in the presence of a LayO3/CaO catalyst.

Reaction Reaction Rate Equation
CH4 + 20, — COy 4+ 2H,0 P— klpCl& polz
1= [+ Kicoypeo,) ™
n
2CHy + 505 — CoHg + Hy0 ry = ka(Kogpos) pen,

(H' (Koz po, 2'"1 +y{<coz pco, )2
k3PC13{4 P032
(1 +K3,$lo2 Pco, )"
k4Pc14{4 Vo42
(14+Ks,co, pco, )™
1 k5p"15 p”S
CyHg + 302 — GoHy + H0 5 = — TGHe O
(1+Ks,co, Pco,)"™®
17’6 ”6
CyHy + 20, — 2CO + 2H,0 re = —Fambo,
(1+Ke,co, Pco, )"
CyHg — CoHy + Hy r7 = k7pC2H6
CyHy + 2H,O — 2CO + 4H> rg = kgp?ﬁi4 pﬁio
CO + H,O — CO, + Hy

r9 = k9pcmc‘z;pzzo
CO5 + Hy — CO + H,O 10 = k10pco? P

p; is the partial pressure of compound j; k; denotes the specific reaction rate constant for reaction i, which is related

to temperature by the Arrhenius equation; K; represents the equilibrium adsorption constants, and m; and n; are
parameters related to the order of the reaction i with respect to the compound j.

CHy+ 0Oy - CO+ H,O+ Hy

r3 =

CO+ 30, — CO,

Ty =

Figure 12 shows the effect of spatial time on CH4 and O, conversions, and main carbon
containing products yields, at 700 and 830 °C, over a La;O3/CaO catalyst [92]. No further
increase in the CH, conversion with spatial time was observed when O, was completely
consumed. Moreover, ethane yield behaviour supported the hypothesis that ethane is a
primary product, as evidenced by the observation of a smooth maximum as a function of
spatial time (Figure 12b). Ethene is also suggested as an intermediate compound, as its yield
is levelled off. Finally, CO and CO, were also assumed to be primary products. CO yield
goes through a maximum at higher temperatures, indicating its likely conversion to CO,,
Figure 12c. The catalytic conversion of CO into CO, was also supported by experiments
performed with CO and O; in the feed only, over a Li/MgO catalyst [102].
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Figure 12. Effect of spatial time on (a) CHs and O, conversion at 700 (A, H) and 830 °C (V, e); (b) CoH4 and C,Hg yields at
700 (M, o) and 830 °C (A, ¥); and (c) CO, and CO yields at 700 (M, ¥) and 830 °C (e, A). Inlet CH4:0,:Nj feed composition

equal to 70:10:20 vol% [92].

Based on kinetic parameter estimates, the increase in C2 selectivity with reaction
temperature has been rationalised as being due to the higher activation energy for ethane
formation, when compared to activation energies for CO and CO, formations from CHy4 [92].
However, the positive effect of temperature on C2 selectivity has also been reported as
being due to the decrease in the rate of formation of carbon oxides from the decomposition
of methyl peroxy radicals (such as CH300*) at the catalyst surface, which would be less
favoured at higher temperatures [103].

Furthermore, steam-reforming reactions of CH4 and C,Hg were ruled out by experi-
ments performed using only methane and water, and ethane and water as feed over the
LayO3/CaO catalyst. Even at high temperatures (tested between 800 and 880 °C) and
spatial times, methane conversion was negligible, whereas ethane was converted mainly
into ethene, indicating its conversion to ethene via dehydrogenation. Conversely, a feed
comprising only ethene and water produced mainly CO and CO,, suggesting that ethene
might be converted by steam reforming (Table 4, reaction 8) and implying the importance
of water—gas shift reactions in the mechanism (Table 4, reaction 9-10). The rate of C2
formation was observed to increase linearly with the methane partial pressure, whereas it
passed through a maximum as a function of the O, partial pressure. On the other hand,
increasing both CHy and O, partial pressures caused a positive linear effect on the rate of
COx formation [92].

Moreover, experiments performed with the co-feeding of CH,, O, and CO, showed
that the increase in the CO, partial pressure (whereas keeping CH4 and O, partial pressures
constant) in the feed was harmful to C2 formation rates over a LapO3/CaO catalyst, as
shown in Figure 13a [92]. A similar effect from the co-feeding of CHy4, O, and CO; was
also reported over a Li/MgO catalyst [102]. The authors further verified that the reaction
of CHy with CO; to CO could be promoted at OCM reaction conditions, by performing
reactions using only CHy and CO; as feed (the importance of gas-phase methane dry
reform was ruled out based on experiments performed in the absence of the catalyst).
The effect of CO, was evaluated while keeping the partial pressures of CHy and O, and
total pressure constant, by using helium as balance gas [102]. Thus, the CO; effect was
not related to total pressure or methane partial pressure effects. In line with results from
previous studies [92,93], the increase in the CO, partial pressure resulted in lower methane
conversions, as shown in Figure 13b, and lower formation rates of C2 and COx products
(not shown).
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Figure 13. (a): Effect of CO, partial pressure on C2 formation rates over a LayO3/CaO catalyst at
700 (M) and 800 °C () (pcH4, po2 and pnp equal to 51, 7.3 and 42.7 kPa, respectively) [92]. (b): Effect
of CO, partial pressure on CHy conversion at 700 (), 750 (e) and 800 °C (A) over Li/MgO catalyst
with pcrs, pop and piot equal to 0.2, 0.01 and 1 atm, respectively [102]. Continuous lines are for
visualisation only.

Therefore, it has been concluded that CO; might be adsorbed on catalyst active sites,
resulting in an inhibiting effect on C2 formation [18]. For instance, the competition between
CO; and O; for the same surface active sites was proposed to explain the rate of ethane
formation (Table 4, reaction 2) and the inhibiting effect of CO, was also taken into account
in oxidation reactions (Table 4, reactions 1, 3, 4, 5 and 6) [92]. This hypothesis is in line
with previous suggestions [102], as it has been verified that the C2 selectivity can remain
constant with the increase in the CO; feed partial pressure (even though reaction rates
were reduced), indicating a possible common CHy, activation site for both C2 and COx
species, which would be poisoned by CO,.

Following the kinetic model proposed by Stansch et al. [92], an extended model in
which the presence of gas-phase reactions was also considered has also been proposed [93].
This approach initially considered 10 catalytic reaction steps, being further expanded
to 14 [104] and finally to 26 [105] catalytic reaction steps, which were coupled to the
system of 39 gas-phase reaction steps described in Section 3.1. Table 5 illustrates the
26 catalytic reaction steps as proposed by these authors. In this table, a catalytic surface site
is represented by ¥/, while active oxygen species are represented by ‘O*. According to this
reaction network, the formation of methyl radicals is believed to occur in accordance with
the Eley—Rideal mechanism, where gas-phase methane reacts with oxygen active species at
the catalyst surface, reaction 2, Table 5 [93,106-109].

This approach would also imply a unique identity for oxygen active species, which
would be produced from the dissociative adsorption of O,. Indeed, the dissociative
adsorption of O, over MgO, Li-MgO and Sn-Li-MgO catalysts has been demonstrated by
experiments involving isotopes of O;. According to these experiments, the switch from a
gas feed containing 1°0; to a gas feed containing 80, over a catalytic bed at steady-state
conditions at 750 °C allowed for the observation of 1°0'80 species by mass spectrometry,
supporting the dissociative adsorption hypothesis [106].

However, the participation of oxygen active species from catalyst surfaces has also
been demonstrated. In this case, CHy pulse experiments performed in the absence of O,
have proven the production of CH3* radicals and CO over Sm;O3 and CHj3*® radicals, CO
and CO, over MgO catalysts at 450 and 550 °C, respectively [107].
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Table 5. Catalytic surface reaction steps as proposed by Kechagiopoulos et al. [105].

No Catalytic Reaction No Catalytic Reaction
1 Oy + 2% 3 20% 14 CoHy + Ox <3 CyHyO%
2 CHy + Ox <> CH3 + OHx* 15 CoyH4 0% 4+ O% <> CoH30% + OHx
3 CyHg + Ox <+ CoHS + OH* 16 CyH30% + O <> CHyOx + HCO=
4 CyHy + Ox < GoH3 + OH% 17 CyHs® + Ox +» CoHy + OHx
5 20H* < HyOx + Ox 18 CH30°® + Ox <» CH,0 + OHx*
6 HyO% <> HyO + * 19 CH;0 + O% <> CHO® + OHx*
7 CH3 + Ox < CH30% 20 CHO® + Ox +» CO + OHx*
8 CH30% + O*<» CHyOx + OHx* 21 Hp +O% <> H®* + OHx*
9 CHO% + O <> HCO* + OHx* 22 HyOp + Ox <> HO3 + OHx
10 HCOx + Ox <> COx + OHx 23 HO® + O% <» O® + OH=*
11 CO% 4 Ox— COpx* + 24 Hy0 + O% <» HO® + OHx*
12 CO + % — COx 25 HO3 + Ox* < Oy + OHx
13 CO; + * <+ COyp 26 HO3 + * <+ OH® 4 O%

Broadly, the above general reaction network has been supported by experimental stud-
ies conducted at atmospheric pressures. For instance, the degradation of C2 compounds
involving catalytic surface steps is in agreement with the positive effect that short spatial
times have on C2 selectivities [110,111]. However, the type of reactor where the above
reaction network occurs can also play a very important role to explain the process outputs.
For this reason, modelling approaches used to describe OCM reactors are discussed in the
following sections.

3.3. Modelling Approaches for OCM Reactors

Different reactors have been considered for the OCM process, including fluidized bed
(FBR) [112-114], membrane (MR) [115-117] and packed-bed (PBR) reactors [14,18,105,118-123],
with their advantages, drawbacks and catalytic performances being recently reviewed by
Cruellas et al. [124]. As stressed by these authors, PBR and FBR represent the most common
configurations used to perform OCM studies, due to their wide use in the chemical industry,
easy scaling-up, easy heat management (in the case of fluidized bed reactors), and wide
availability on a laboratory scale.

Indeed, the present analysis focused on the modelling and simulation of OCM reactors
and found that the great majority (48% of a sample of 30 scientific publications) of available
studies was dedicated to PBR, while FBR and MR were investigated in 26 and 9% of the
analysed studies, respectively, with the remaining 17% being related to other reactor types,
including gas—solid vortex reactors (GSVR) and spouted bed reactors (Figure 14a). The
developed models were based mainly on the homogeneous (or pseudo-homogeneous)
kinetic approach, considering that this approach is simpler and more suitable to describe
OCM reactions than more complex heterogeneous models (Figure 14b). It was also possible
to verify that the large majority of these works used the kinetic mechanism developed by
Stansch et al. [92] (Table 4) as a reference, due to its simplicity and applicability (Figure 14c),
whereas distinct types of catalysts have been considered (Figure 14d). Regarding the energy
balances, most studies assumed that reactions were performed in adiabatic or isothermal
mode, which can constitute a major drawback for the interpretation of large-scale industrial
reactors and somewhat hide the important heat transfer effects that take place in the
catalyst bed. In the next sections, some of these models and their characteristic features
are discussed.

3.3.1. Modelling Approaches for Packed-Bed Reactors

As introduced in Section 3.3, PBR has been one of the most investigated OCM reactor
types and its modelling approaches can be classified according to the phenomena in the
reactor and catalyst scale. For instance, one- or two-dimensional models are usually applied
when significant radial gradients of concentration and/or temperature are considered
absent or present, respectively, whereas pseudo-homogeneous or heterogeneous models
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are often employed to describe one or more phases in the system, usually associated with
the absence or presence of concentration and/or temperature gradients inside catalyst
particles [123,125].
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Figure 14. Distributions of types of reactors (a), models (b), kinetic mechanisms (c) and catalysts (d)
used in modelling studies. Percentages have been calculated from a sample of 30 papers.

Pioneering studies on the modelling of OCM PBRs considered an isothermal, hetero-
geneous model at steady-state conditions, where mass balances described the external gas
phase and the gas phase contained within the catalyst pores [118]. These authors showed
the importance of considering mass transport limitations for the proper reactor descrip-
tion of reaction events even when no significant concentration gradients were present
for stable compounds, such as main reactants and products. Due to the high reactivity
of radical intermediates, significant concentration gradients of radical species could be
expected to develop, so that the neglection of gradients might result in erroneous predic-
tions of C2 selectivity [18,118]. However, temperature gradients and pressure drops were
considered unimportant.

The model proposed by Couwenberg et al. [93,118], briefly illustrated by Equations (5)
and (6), where g, Fy, A, D;, D, ; and g represent bed porosity, volumetric flow rate, reactor
cross-sectional area, molecular diffusion coefficient, effective internal diffusion coefficient
and catalyst porosity, respectively, represented a great advance when compared to previous
and simpler models, such as the one proposed by Stansch et al. [92]. For the first time,
concentration gradients of molecular and radical species between the inner catalyst particle
and the bulk reactor gas phase were explicitly considered in a model which simultaneously
coupled the distinct reaction networks occurring at the gas phase, Rl-,g, and catalytic surface,
R; .. In this model, the gas-phase reaction network was considered to follow the mechanism
involving the 39 reaction steps as described in Section 3.1, while the reaction network on the
catalyst surface was described using 10 reaction steps for which kinetic parameters were
either estimated with available experimental data or calculated from physico-chemical
relationships [93].
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However, while this approach allowed for a good description of experimental obser-
vations within the range of conditions used in the regression analysis (which involved
pressures between 1.1 and 1.5 atm), the predicted catalytic performance was unable to
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describe conversion levels at higher pressure conditions, as illustrated in Figure 15. As
mentioned previously, the description of the reaction network on the catalyst surface was
later extended from 10 to 14 [104], and later to 26 elementary steps [105], as described in
Table 5.
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Figure 15. CHy (o, purple line) and O; (A, green line) experimental conversion and model prediction
(lines) [93]. Reaction conditions were 712 °C, CHy /O, molar ratio of 4 and spatial time equal to
1 kg-s-mol_l, using a Sn/Li/MgO catalyst.

Further model improvements included the explicit consideration of the effects of tem-
perature, pressure and gas composition on the previously mentioned molecular and effec-
tive internal diffusion coefficients, D; and D, , as illustrated by Equations (7) and (8) [105],
where DZ-,]' is the molecular diffusion coefficient of component i in j; M; and M]- are the
molecular weights of compounds i and j; Zv; represents the sum of atomic diffusion vol-
umes for the atoms of the molecule i; x; is the molar fraction of the component i; N,,; and
N4 are the total number of molecules and radicals, respectively, and 7. is the catalyst
pellet tortuosity.
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It is interesting to note that this modelling approach, initially built from experimental
observations using Li/MgO and Sn-doped Li/MgO catalysts [118], was also applied to, and
able to explain experimental data from Sr/LayO3 [126], La-Sr/CaO and Na-Mn-W/SiO,
catalysts [16,17]. However, the investigated pressure conditions were limited to values
below 1.9 atm.

Additional modelling approaches have also been reported. For instance, Valadkhani
et al. [91] considered a transient, one-dimensional pseudo-homogeneous model with axial
mixing to describe mass and energy balances for reacting species, where the reaction
network involved up to 10 steps, similar to the ones proposed by Stansch et al. [92], and
reaction rate equations were described by power law relationships. However, while a
good agreement between model simulations and experimental catalytic performances
obtained over a Na-Mn-W/SiO; catalyst was reported, pressure conditions were also
limited to values below 2 atm. In another study [14], a steady-state, two-dimensional
pseudo-homogeneous model with axial mixing was used to describe mass and energy
balances. Using reaction networks such as the one suggested by Stansch et al. [92], the
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authors were also able to validate their model with experimental observations, although
this validation was limited to atmospheric pressure conditions.

Further OCM PBR developments have explored experimentally the feasibility of
operation under autothermal conditions, by using the feed as coolant [127]. However, to
understand reactor performance behaviour under this operational mode, an analysis of the
multiple steady states of the OCM reaction network is necessary. Unfortunately, due to the
complexity of the reactor fluid dynamic and kinetics, there is no unequivocal theoretical
study available in the literature showing these complex nonlinear behaviours for real OCM
reactors, even though efforts have been dedicated to explain involved phenomena using
ideal reactor models, such as plug flow reactors (PFR), continuously stirred tank reactors
(CSTR) and lumped thermal reactors (LTR) [20,21,123,127,128].

For instance, as an attempt to demonstrate the existence of multiple steady states,
bifurcation analyses considering CSTR, LTR and PFR reactor configurations have been
reported by Vandewalle et al. [128]. The authors showed that only CSTR and LTR reac-
tors present regions with multiple steady states and hysteresis, although the LTR reactor
presented the best performance (higher CHy conversion with lower feed temperature).
Although this study indicated the potential feasibility of autothermal operation, it must
be noted that the considered reactor models present significant simplifications, as they
neglect the occurrence of mass and energy radial gradients, and that validation of simu-
lated autothermal conditions and resulting catalytic performance has yet to be confirmed
experimentally. Therefore, further studies on this area are greatly needed, as previously
pointed out by Sarsani et al. [127].

3.3.2. Modelling Approaches for Fluidized Bed Reactors

Fluidized bed reactors (FBRs) have been proposed as an alternative OCM reactor
concept in order to facilitate the management of produced heat and avoid thermal run-
away [112,113,129]. Additionally, according to Pannek and Mleczko [112], comparable or
higher CHy4 conversions and C; selectivities could be achieved in a FBR when compared
with the more usual PBR configuration, although these results could be strongly influenced
by operational conditions.

To describe this reactor, as illustrated in Figure 16, one must observe that the
gaseous stream flows through the bed in the emulsion in the form of bubbles. Pannek
and Mleczko [112] considered a model which was based on the two-phase theory of
fluidization and in accordance with the bubble assemblage model (BAM) [130], assuming a
constant emulsion porosity.
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Figure 16. Illustration of a fluidized bed reactor [112].
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The minimum fluidization velocity (1), the bed height at minimum fluidized velocity
(Hyyp), the bubble diameter (d;), bubble growth and bubble velocity were calculated with
empirical correlations. The fluidized bed was discretised into several domains along the
distance above the gas distributor, represented by & in Figure 16. In each of these domains
the bubble and emulsion phases were modelled as perfectly mixed reactors. For the reaction
network, both gas-phase [98] and catalytic surface reaction steps [131] were considered.
Main model equations are briefly illustrated by Equations (9) and (10) [130], where F and
f are the volumetric fraction of gas in the bubble and emulsion phases, respectively; C;
is the reactant concentration in phase i; D; is the axial dispersion coefficient in phase i; u
is the superficial gas velocity; Fy is the gas interchange coefficient per unit of volume of
gas bubble; F; is the volumetric fraction of solid in the bubble phase; v is the throughflow
factor, which represents the flows through the emulsion phase; 1, is the superficial gas
velocity in the emulsion phase; and the subscripts “b” and “e” represent the bubble and
emulsion phases, respectively.

aC, 3G, aC, B
0C, 02C, aC,
fy*fDeW +fu€W+PO(Cb7CL’)+fS’y:0 (10)

Pannek and Mleczko [112] showed through simulations that C2 selectivities were af-
fected by mass transfer limitations between the phases and that, as expected, C2 selectivities
and yields can be a function of temperature and gas velocity.

In another study, computational fluid dynamics (CFD) simulation tools were used
to study the reactor performance and reactions pathways [114]. In this case, the authors
coupled the CFD description of fluid-solid flow with the ten steps of the catalytic reaction
network, as proposed by Stansch et al. [92]. Their simulations were carried out using the
Euler-Euler (EE) model approach based on the kinetic theory of granular flow. In the EE
approach, both gas and solid phases are interpenetrating fluids [132]. For each gas and
solid phase, the model comprises momentum conservation equations, which are linked by
interphase momentum transfer, energy conservation equations, including a radiative heat
transfer between the reactor wall and the feed, and mass conservation equations for each
compound. The authors showed that their results of C, selectivity and methane conversion
agreed well with available experimental data, and that mass transfer limitations between
phases can significantly affect the reaction pathways.

3.3.3. Modelling Approaches for Membrane Reactors

Membrane reactor configurations, which can allow for the separation of CHy and
O; feed streams, have attracted significant attention, as the limited contact between O,
and CHy and achievable low oxygen concentrations can limit methane conversion, in-
creasing selectivity to ethane and ethylene [113,115-117,124,133]. In this case, the reactor
design comprises two concentric tubes that are separated by a membrane, as presented
in Figure 17. The most common type of membranes used in OCM processes include
porous and dense membranes. These two groups are subject to different gas permeation
mechanisms, following the Knudsen diffusion and the mixed electron/ion conduction in
porous and dense membranes, respectively [124]. In some cases, a catalyst is coated on the
membrane wall and reaction occurs at the membrane surface, as illustrated in Figure 18.

Holst et al. [115] proposed a two-dimensional, pseudo-homogeneous model to de-
scribe the OCM packed-bed membrane reactor (PBMR), which used a generic ceramic
membrane and a catalyst bed of LayO3/CaO. The model comprised steady-state mass,
energy, and momentum balances, as illustrated by Equations (11)-(13), where bound-
ary conditions accounted for the flux through the membrane for the reactor tube and
shell (not shown) and the ten elementary steps of the reaction network developed by
Stansch et al. [92] were used to represent the net reaction rates. In Equations (11)-(13), C; is
the concentration of reactant i; u, is the superficial velocity in the z axis (Figure 18); Dy is
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the effective diffusion coefficient in the r axis; R;; is the reaction rate for component i in
reaction j; T is the temperature; ¢, is the heat capacity; A, is the heat transfer coefficient in
the radial direction; AH; is the reaction enthalpy of reaction j; P is the pressure; pg and &
are the gas density and bed porosity, respectively; Re is the Reynolds number; and dj is the
catalyst pellet size.
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Figure 17. Membrane reactor configuration [133].
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Figure 18. Catalytic membrane reactor configuration [115].
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Good agreement between the experimental data and simulations was observed (for
CH4 /0O, feed molar ratio of 2, at 1.1 bar and inlet temperature of 750 °C) and the authors
concluded that fast OCM reactions can cause concentration gradients due to oxygen
depletion in the vicinity of the membrane [115].

Onoja et al. [117] proposed a different approach, where the optimisation of the ax-
ial thickness of the membrane was carried out to maximise the C, selectivity. A two-
dimensional, steady-state model coupled with the kinetic mechanism proposed originally
by Stansch et al. [92] was employed to describe mass and energy balances in the tube phase,
in accordance with Equations (14) and (15).

oC;_ 9°C;_ 19C;_
Uz tube 718;%8 = Der( alrztube + ; lartubg) + ZRi—tube,j (14)
]
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oT, 92T 10T,
Uz —tube (Z(Cpicitube)> at;lbe = [Aer< art;he + 7 at:lbe) + Z(_AHRjRitube,j>‘| (15)
i j
dC;_ 4
Uy _ghell = %MI = _Et]i (16)

(Ttube - Tshell) (17)

oT. 4
Uy _shell <Z(Cpicishell)> asze” =4

i

Uy +Z(Cpi]i)

Additionally, no reactions were assumed to take place in the membrane itself, which
was based on its inherent contribution to mass and energy balances through the permeation
flux, J;, Equations (16) and (17), where C; is the concentration of reactant 7; i, 4,5, and U, g
are the superficial velocity in the tube and shell, respectively; D, is the effective bulk
diffusivity of gas mixture; R;; is the reaction rate for component i in reaction j; T is the
temperature; ¢, is the heat capacity; A is the effective radial thermal conductivity; AH Rj
is the reaction enthalpy of reaction j; d; is the tube diameter; and U, is the overall heat
transfer coefficient through the membrane.

In a first analysis, the authors compared the performance of a conventional packed-
bed reactor (PBR) with the performance of a membrane reactor (MR) without varying the
membrane thickness. Simulations performed at 1 bar and 800 °C indicated that larger
catalytic bed lengths could be required in an MR to achieve similar methane conversion
when compared with a PBR. However, a yield of 11.63% and Cj selectivity of 47.86% were
achieved in the MR in opposition to 8.28% and 29.86%, respectively, obtained with the PBR.
By using the variable thickness membrane reactor (VTMR) configuration, C; selectivities
and yields of nearly 60% and 14% could be achieved, respectively. Interestingly, these
authors have also shown how the VIMR could allow for the minimisation of hot spot
formation, as the increase in membrane thickness along the axial direction could contribute
to managing O, permeation flux and its consumption rate, resulting in a smoother axial
temperature profile when compared to MR and PBR configurations, as illustrated in
Figure 19 [117]. However, although these results seem very promising, simulations have
yet to be validated by experimental observations.
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Figure 19. Simulated temperature profiles for PBR, MR and VITMR in adiabatic operation (adapted
from [117]).

Furthermore, although membrane reactors seem quite attractive for OCM due to
their higher C; selectivity and the reduction in inlet air separation costs, some drawbacks
should be noted, such as the costs associated with the use of membranes, difficulties in
reaction heat management, the appropriate sealing of membrane packs and the membrane
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long-term stability. In addition, membrane catalytic activity can itself become a limiting
factor for OCM vyields [124].

3.4. Thermal Effects

As discussed in the previous sections, OCM reaction networks and associated kinetic
constants estimated for packed-bed reactors have been mostly obtained assuming the
occurrence of negligible temperature gradients in the catalytic bed. However, it has been
shown experimentally that this assumption is hardly achieved due to the formation of hot
spots [134-136]. Typically, a fast increase in temperature is observed as CHy and O, enter
the reactor, due to fast rates of exothermic oxidation reactions, as illustrated in Figure 20.
As O; is consumed along the reactor length, temperature tends to stabilise [91,135]. The
difference between the nominal reactor temperature and the maximum axial catalytic bed
temperature in PBRs has also been shown to depend on both the inlet gas flow composition
and gas flow velocity [134,135], as shown in Figure 20.
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Figure 20. PBR axial temperature profile as a function of catalytic bed reactor (1.0 mL) length
measured over a Mn/Nay;WQO,/SiO, catalyst at CH;/O, feed molar ratio of 5 (O), 7 (), and
10 (M) [134]. Open circles (O) represent profiles obtained when only O, was fed into the reactor.

To minimise the effects associated with hot spots in packed-bed reactors, efforts have
been dedicated to evaluate strategies for heat management, including the dilution of the
feed stream with inert gases [136] and water steam [137], and the dilution of the catalytic
bed with inert solids [16]. However, the effectiveness of these strategies and their economic
implications at actual high-pressure industrial operation conditions must still be evaluated.

4. Thermodynamic Considerations

This section presents a detailed analysis about the behaviour of OCM mixtures at
equilibrium conditions. Although previous reports have discussed thermodynamic aspects
of the OCM reaction system [138], there has been no extensive evaluation of equilibrium
compositions in a wide range of reaction conditions, taking into account the impact of
pressure, CHy/O; feed molar ratio, temperature, the presence of inert gases, and the
co-feeding of ethane, CO, and H,O on the resultant thermodynamic ethene yield. For
instance, Geerts et al., (1990) [138] reported the equilibrium thermodynamics of methane
pyrolysis and its oxidation, presenting equilibrium compositions for the OCM reaction as
cumulative molar fractions for different temperatures at a single fixed condition of CHs /O,
feed molar ratio and pressure.

More recently, Gibbs energies for four global oxidative reactions at 800 °C and 1 atm
have been reported [139], highlighting their negative magnitudes and therefore their
thermodynamic feasibility. Equilibrium carbon-based selectivity distributions for different
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CH4/0O; feed ratios at 800 °C and 1 atm in the presence [57] and the absence [139] of
solid graphite formation have also been considered, indicating the formation of coke as
predominant at high CHy4 /O feed ratios (above 4), while CO was the most favoured carbon-
containing gaseous product. Similarly, equilibrium molar-based selectivity distributions
for a large range of temperatures, at 1 bar and CH,4 /O, feed molar ratio equal to 9 [140]
and 4 [21], have also been discussed, illustrating the high thermodynamic compositions of
H; and CO obtained at typical OCM temperatures between 700 and 1000 °C.

Thermodynamic constraints also impose the maximum conversion that can be achieved
at a certain condition of temperature, pressure and initial reactants composition [141].
Thus, it is possible to estimate the maximum yield of a desired product that can be ob-
tained at the ideal selectivity reached under the kinetic regime. In this aspect, efforts have
been dedicated to estimate an upper bound for the C2 yield [18,142], given the impor-
tance of this information for analysing the economic feasibility of the industrial OCM
process implementation.

Surprisingly, and to the best of our knowledge, no upper bound based exclusively on
thermodynamic constraints has been discussed in a wide range of reaction conditions. Thus,
this section aims to expand the current understanding on the equilibrium behaviour of the
OCM system by assessing the impact of pressure, CH, /O, feed molar ratio, temperature,
the presence of inert content, and the co-feeding of ethane and CO; on the resulting
thermodynamic ethene yield. As thermodynamic effects may also affect kinetic regimes to
some extent, through, for instance, equilibrium constants within reaction rate equations,
we hope to shed more light into the understanding of this complex reaction system.

Thermodynamic calculations were performed with help of the Gibbs energy minimi-
sation method, using the ‘GPREC—Gas-phase reaction equilibrium calculator’ [143] and the
“ThermoSolver” software version 1.0 [144]. Unless otherwise stated, yields and selectivities
have been defined in carbon bases (see Section S1 in the Supplementary Materials) and
equilibrium compositions have been investigated assuming the presence of eight com-
pounds, which included CHy, O,, CO, CO,, Hy, H,O, C;Hg, and CoHy. As will be shown
later, the formation of additional compounds, such as propene, propane and acetylene, can
be neglected at the equilibrium due to their low thermodynamic yields. In addition, this
study also neglected the formation of coke to calculate the maximum achievable thermody-
namic yield. Table S1 in the Supplementary Materials summarises standard Gibbs energies
in increasing order at 900 °C and standard reaction enthalpies for possible global OCM
reactions, which will be further discussed in the following sections.

4.1. The Effect of Temperature and CHy/O, Feed Ratio on Equilibrium Compositions

The effect of temperature and CH4/O, feed molar ratio at 1 bar is illustrated in
Figure 21a—f, where the ethene yield (a), CH4 conversion (b), and carbon-based selectivity
for C;Hy (c), CO (d) and CO, (e) are plotted as functions of temperature between 700
and 950 °C for CH4/O; feed molar ratios ranging between 1.5 and 9. In the present
study, the CH4/O, feed molar ratio was varied while keeping the total number of mols of
reactants constant.

As one can see in Figure 21a, the thermodynamic temperature window for ethene
production lies above 700 °C, with ethene yields increasing with the continuous increase
in temperature and CH4 /O, feed molar ratio. Similar behaviour is verified for the com-
bined ethene and ethane yields, presented in Figure S1 of the Supplementary Materials. In
contrast, CHy conversion presents only a slight increase with the increase in temperature
for the same CHy4 /O, feed molar ratio, Figure 21b, while a more pronounced reduction
in conversion is observed with the continuous increase in the CH, /O, feed molar ratio.
Thus, higher ethene yields observed with the continuous increase in temperature for a
fixed CH4/O; feed molar ratio should result from a change in the product’s selectivity
distribution, as illustrated in Figure 21c—e. Indeed, as temperature is increased, exothermic
oxidation reactions that lead to CO and CO, formation are unfavoured, while the endother-
mic dehydrogenation of ethane can be promoted (Table S1). It is also interesting to note the
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complex behaviour of CO selectivity, which presents a point of maximum as a function
of temperature that also depends on the CH4 /O, feed molar ratio, Figure 21d. For higher
feed oxygen contents (CH4/O; feed molar ratios smaller than 3), CO selectivity increases
with temperature, whereas at lower oxygen contents, the selectivity is reduced. In this case,
the less exothermic character of oxidation reactions that lead to CO, when compared to the
ones that lead to CO,, plays a role: as CO, formation is more largely unfavoured with the
temperature increase, the CO selectivity can increase.
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Figure 21. Effect of the CH4 /O, feed ratio and temperature at 1 bar on the ethene yield (a), CH4 conversion (b), carbon-based
selectivity for C;Hy (c), CO (d), and CO; (e), and molar-based selectivity distribution at the CH4 /O, feed molar ratio of
9 (f). Feed composition contained CH4 and O, only and was varied while keeping the total number of added mols constant.

Figure 21f also illustrates the molar-based selectivity distribution at the CH4/O,
feed molar ratio equal to 9 at 1 bar as a function of temperature. As previously pointed
out [21,140], thermodynamic equilibrium does not favour ethene production in the OCM
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reaction network, as CO and H; are the most favoured gaseous products, stressing the
need for the process to operate under a kinetic regime.

4.2. The Effect of Inert Dilution and Pressure

The effect of feed composition dilution and pressure at 900 °C is illustrated in
Figure 22a—c, where CH, conversion (a), ethene yield (b) and carbon-based selectivity
distribution (c) are presented as functions of the inert composition. In the present study,
the CHy4 /O, feed molar ratio was kept constant and equal to 9, while also keeping constant
the total number of mols in the feed. Thus, the increase in the inert content could also be
translated as the reduction in the partial pressures of CH4 and O;.
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Figure 22. Effect of the inert composition and pressure at the CH4 /O, feed ratio equal to 9 and 900 °C on the methane
conversion (a); ethene yield (b); and carbon-based selectivity distribution at 1 bar (c). Feed composition comprised CHy,
O, and N; only and inert composition was varied while keeping the total number of added mols and the CH,/O; feed

ratio constant.

Higher inert contents promote CHy conversion, Figure 22a, resulting in larger ethene
yields, Figure 22b, while also increasing ethene carbon-based selectivity, Figure 22c. The
increase in conversion with more diluted feed compositions can be more easily understood
when the stoichiometry of OCM reactions is considered, as illustrated in Table S1. In
this case, the higher number of mols among most reactions products favours the forward
reaction at higher inert contents, as the probability of molecular collisions among the
smaller number of reactant mols is higher when compared to the number of collisions
required for the backward reaction [141]. This very same molecular explanation can be used
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to explain the reduction in CHy4 conversion at higher total pressure conditions (Figure 22a)
as the backward reaction direction is promoted in this case.

In line with the above discussion, the change in the distribution of carbon-based
products selectivity with the inert content can be related to the favouring of ethane dehy-
drogenation at more diluted conditions. A similar behaviour of the products selectivity
distribution can be verified at 5 bar (not shown) when the inert content is changed, exhibit-
ing, however, a less pronounced change in CO and ethene selectivity, which changed from
96.8 and 2.3% in the absence of N; to 79 and 21% in the presence of 95% of the inert in the
feed, respectively.

It is interesting to note that the effect of an inert composition agrees with kinetic
observations in respect to ethene selectivities (Figure 11), as lower CHy and O, partial
pressures promote ethene selectivity. However, the thermodynamic effect of total pressure
on CHy conversion is contrary to the effect observed under a catalytic kinetic regime.
In this case, higher total pressures lead to increased methane conversions (respecting
thermodynamic limits), likely due to increased rates of gas-phase reaction rates.

4.3. The Combined Effect of Temperature, CH4/O; Feed Ratio and Inert Composition

The effect of operation variables including temperature, CHy /O, feed molar ratio and
inert composition on equilibrium compositions was combined in Figure 23, where ethene
yields are plotted as a function of methane conversion. In this figure, each line connected
by geometric symbols represents a condition of equal temperature and inert composition,
while values of ethene yield and methane conversion are changed as a result of different
CH4 /0O, feed molar ratios, represented by the diagonal straight lines.
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Figure 23. Thermodynamic ethene yield as a function of CHy conversion at 1 bar and different
conditions of temperature, CH, /O, feed molar ratio and inert concentration. Feed composition was
varied while keeping the total number of mols of reactants constant.

For the same temperature and inert composition, higher thermodynamic ethene
yields are achieved as the O, content is decreased, despite the resulting lower methane
conversions. As the O, is reduced, oxidation reactions involving O, can be suppressed,
leading to an increase in the ethene selectivity, as previously illustrated in Figure 21c.
Figure 23 illustrates that the maximum achievable thermodynamic ethene yield at each
condition of temperature and inert composition is closely related to the point at which
methane conversion can be performed solely by pyrolysis, assuming no coke formation,
as previously reported [138], as in this case the undesirable formation of CO and CO; can
be avoided.
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While Figure 23 illustrates how the thermodynamic ethene yield is limited by CHy4
conversion as the O, content is reduced, one should also note that even in an ideal scenario
where OCM reactions can be performed and simultaneously suppress coke, CO and CO,
formation, the thermodynamic ethene yield would still be limited by CHy4 conversion, as
illustrated in Figure 24.
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Figure 24. Thermodynamic CH, conversion and ethene yield as a function of temperature at the
CHy4 /0O, feed molar ratio equal to 9, and pressures of 1 and 10 bar. Equilibrium composition
was calculated assuming the presence of the following six compounds: CHy, O,, Hy, H,O, CoHg
and C2H4.

Figure 24 illustrates methane conversions and ethene yields as functions of tempera-
ture at 1 and 10 bar, calculated by assuming a reactant feed composition comprising only
CHy4 and O; at the CH4 /O, feed molar ratio equal to 9, and assuming the presence of six
compounds, which included CHy, Oy, Hy, H>O, CoHg and CoHy. As the formation of CO
and CO, was assumed to be null, the difference between CH, conversion and ethene yield
represents the yield towards ethane (not shown). As one can see, even in this case methane
conversions are far from 100%.

4.4. Effect of Co-Feeding Ethane and CO;

Several works have investigated the kinetic aspects of separately co-feeding ethane
and CO; along with CH; and O, mixtures in the OCM reactor, either in the presence or
absence of heterogeneous catalysts [99,145]. This section evaluates the thermodynamic
benefits and drawbacks associated with these approaches.

4.4.1. Co-Feeding of Ethane

It has been shown that the addition of C,Hg into the CH4 and O, feed mixtures can
lead to an increase in ethene yields both in the presence and absence of catalyst, with the
increase being more pronounced when ethane dehydrogenation is performed without any
catalyst [99,145]. However, while ethene yield is increased, CHy conversion is reduced
and can even cease in the presence of catalyst, while it can slightly increase in its absence,
depending on the ethane composition [99,145]. Thus, the present study also evaluated
the thermodynamics effect of co-feeding ethane into the OCM reactor in a wide range of
operational conditions.
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As illustrated in Figure 25a,b, which presents ethene yield as a function of temperature
at a CHy/O; feed molar ratio equal to 9 and pressure of 1 (a) and 10 (b) bar for differ-
ent ethane feed compositions ranging between 0 and 30 mol%, the co-feeding of ethane
increases thermodynamic ethene yields in significant amounts.
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Figure 25. Effect of co-feeding C,Hg on: (a,b) carbon-based C;H, yield as a function of temperature at the CH4/O,

feed molar ratio equal to 9 and pressure of 1 (a) and 10 (b) bar; (c¢) CH,4 conversion as a function of temperature at the

CH4 /0, molar feed ratio equal to 9 and pressure of 1 bar; and (d) equilibrium molar distribution as a function of C,Hg

feed composition at 900 °C, 1 bar and CH4 /O, molar feed ratio equal to 9. C;Hg composition in the feed was varied while
keeping the total number of mols and the CH, /O, feed molar ratio constant. CoHy yield was calculated considering both
CHy and CpHg in the feed (see Equation (A5) in the Supplementary Materials).

While CHy4 and CpHg as reactants can compete for O,, leading to a reduction in the
CHy4 conversion, as illustrated in Figure 25c, both ethane oxidation and pyrolysis can
produce CHy [146], resulting in the net increase in the CH4 composition with the ethane
feed composition, as illustrated in Figure 25d (right axis), and, thus, in artificially negative
methane conversion values, purposely omitted in Figure 25c. Figure 25d also illustrates
the equilibrium molar distribution among remaining compounds as a function of ethane
feed composition at 900 °C, 1 bar and CH, /O, molar feed ratio equal to 9, where both CO
and Hp compositions are reduced at higher ethane feed composition conditions. While
the reduction in CO composition can be associated with the preferential ethane oxidation,
which can reduce O, availability for oxidising CHjy, the reduction in H, composition can
be either associated with its consumption in reactions involving the formation of CHy or
its lower production through ethane dehydrogenation.
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4.4.2. Co-Feeding of CO,

Research has long aimed to evaluate the potential feasibility of recycling OCM pro-
duced CO; into the catalytic OCM reactor. As discussed in the previous section, the
co-feeding of CO, with CHy and O, mixtures over catalytic OCM reactors has been demon-
strated to result in significantly lower methane conversions and ethene yields, a fact
usually associated with the competitive adsorption of CO, and O, on catalyst active
sites [92,102,147,148]. However, it has also been suggested that the co-feeding of CO; can
play a role in improving catalyst stability [147] and even present a positive impact on
ethene yield, either through its interaction with the catalyst surface [28] or by enabling
changes in CHy and O, diffusivities when used as a diluent, which could create local
environments of higher CHy/O; molar ratios within the catalyst bed [149]. Indeed, in
an excellent review covering the advances in catalyst development for the CO,-OCM
process [150], the authors summarise how different reducibility features from catalytic
systems, such as CeO;,/Zn0O and SrMnO, 5 oxides, could result in improved performances
in C2 formation. In this mechanism, CO, would decompose at the catalyst surface, forming
CO and an oxygen active site, and this step would involve CO; oxidising a reduced metal,
such as Zn*! or Mn?*.

Despite previous works on the thermodynamic aspects of methane dry reforming [151],
involving reactant mixtures of CH; and CO,, which indicated the preferential thermody-
namic production of CO and H; over ethene and ethane, to the best of our knowledge, the
effect of CO, co-feeding with CH4 and O, mixtures on thermodynamic ethene yields in a
wide range of OCM operational conditions has not been reported. Thus, one objective of
the present study was the investigation of the thermodynamic effects of CO, co-feeding.

Figure 26a shows thermodynamic ethene yields as a function of temperature at 1 bar
for different feed mixtures of CO,, CHs and O,, where the CO, composition was varied
between 0 and 30 mol% while the CH4/O; molar ratio was kept constant and equal to
9. As one can see, the use of CO; as a diluent results in lower thermodynamic ethene
yields, driven by a shift in the products selectivity distribution, as illustrated in the molar
composition distribution at 900 °C in Figure 26¢, towards the increased formation of
CO and H;, which also can boost thermodynamic CH, conversions, as illustrated in
Figure 26b. Thus, while CO; recycling can be favourable for the production of synthesis
gas (as previously stated [151]), any observed positive effects of CO; co-feeding on ethene
yields should not result from thermodynamic effects.

4.5. The Importance of Considering Additional Products on Equilibrium Compositions

The effect of the operation variables temperature, pressure, inert composition, CHy /O,
feed ratio and co-feeding on equilibrium compositions has so far been analysed assuming
the existence of eight compounds: CHy, O, CO, CO,, Hy, HyO, C;Hg, and CyHy. In this
section, this group is expanded in order to assess the impact of the formation of additional
compounds, including propene, propane and acetylene, on equilibrium compositions,
as these compounds have been reported as constituents in stream flows, exemplifying
the outlet of OCM reactors designed to produce up to 1000 kt per year of polymer-grade
ethylene [152].

As illustrated in Figure 27, no significant changes in CH, conversions and C,Hy
selectivities could be verified after the inclusion of propane, propene, and acetylene in
the thermodynamic calculations, as these compounds are not favoured at equilibrium.
Therefore, previously observed operational variable effects can be considered the same
when these compounds are present in the reacting system as co-products.



Processes 2021, 9, 2196

30 of 48

10 100
CO, mol%: (a) 1bar-CH4/0,=9 CO, mol%: 1 bar - CHy/O5 =9
= d0% = =0% = - 5%=- 10%
—~ 84L . 509 2 80 =« 20% cooeeer 30 % (b)
S b DS
° - 10 % B I P S e R AR
< —-20% £ o |
:QE_, p | i § i CO, content
> L eemmecmecmmeosmmec=co> P -
w . / =
= 44 increased 7 S 40
L ~, - L e e it e e e = — - — -
= CO; content y = T T T TITITT T
= S I S 4
207 T T
0 T T T T
700 750 800 850 900 950
Temperature (°C) Temperature (°C)
60 0.8
— C2Hg — -H20 -... CO
— - CaHy 0y - CHy4 (C)
= 50 ~
e\o —=- Hy ---CO2 e c\e
- we="" F0.6 ~
-— - T =
g 40 o e g
o= ~ L - o=
g} . —tT e =
= NN ———— . =
= - N, e =
= 304 ‘'~ 0.4 %
> TNt 2
-Zj R '\ o p—
= '\,\ =
= 20 . o
g See———— k=
o Sl F0.2 "©
= 10- ~.o =
~
0 L S s — T T T 0.0
0 5 10 15 20 25 30
CO, (vol.%)

Figure 26. Effect of co-feeding CO, on carbon-based ethene yield (a) and CH, conversion (b) as a function of temperature
at the CH, /O, molar feed ratio equal to 9 and pressure of 1 bar; and (c) equilibrium molar distribution as a function of CO,
feed composition at 900 °C, 1 bar and CH4 /O, molar feed ratio equal to 9. CO, composition in the feed was varied while
keeping the total number of mols and the CH, /O, feed molar ratio constant. Ethene yield was calculated considering both

methane and CO; in the feed.
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Figure 27. CH, conversion and CpHy selectivity (in C%) as a function of temperature at 9 bar and
CHy/0O; feed molar ratio of 9. Reactant composition comprised CHy and O, only. Equilibrium
compositions were calculated assuming the initial group of eight compounds (including CHy, O,
CO, CO,, Hy, HyO, CyHg, and CyHy) and an expanded group containing eleven compounds in
which propane, propene and acetylene were added.
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5. Active OCM Catalysts

According to the generally accepted kinetic mechanism, the main role of a catalyst in
ethene formation is to assist the generation of methyl radicals, CH3®, by either homolytic
or heterolytic C-H bond cleavage in the CH4 molecule [109], as illustrated in Figure 28.
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Figure 28. Simplified illustration of CHy activation via homolytic and heterolytic routes involving
different active sites on a metal oxide catalyst surface.

The activation of methane via homolytic scission is believed to involve O™ active
species, which act as Lewis acid [29,109]. These active species can be created by either the
doping of metal oxides with dopants capable of promoting the creation of lattice oxygen
vacancies, which may enable the formation of O~ species in the vicinities of O?~ lattice
oxygen, and/or by the adsorption of molecular oxygen on Lewis base centres on the
catalyst surface, which can lead to the formation of electrophilic O~ species depending on
the amount of charge exchanged [107,109]. Unfortunately, the adsorption of molecular O,
can also lead to the formation of weakly bounded nucleophilic O, species, believed to be
involved in the conversion of CHy, CoHg and CyHy to oxygenated compounds [109,153].
On the other hand, CHy activation via a heterolytic route would involve a Lewis acid—
base pair centre on the catalyst surface, such as M**—0O?", resulting in the formation
of a hydroxyl group and a methyl anion, which would then desorb as a methyl radical
after losing an electron. Moreover, the catalyst surface would also be involved in radicals
quenching by promoting termination reactions which reduce the concentration of radicals,
leading to unselective pathways [93].

While the mechanism and nature of active sites is still in debate, as illustrated by the
fact that several catalyst properties, such as surface oxide reducibility [154], acid—base prop-
erties [28,155], metal oxide-support interactions and morphology, may play an important
role in C2 formation, as recently reviewed [156]. This section aims to quantitatively review
and compare the catalytic performances of OCM heterogeneous catalysts. By focusing on
quantitative aspects of catalytic performance, we hope to provide an overview that can
contribute to future analyses of OCM economic viability at an industrial scale. Catalysts in
this section have been organised in terms of the number of metals that constitute the oxide.
Thus, it will be shown in the next sections that there are many different metal combinations
which are OCM active.

5.1. Monometallic Oxides

Many single metal oxides have demonstrated OCM activity, including MgO, CaO,
BaO, SI‘O, A1203, F8203, szog, La203, Nd203, ZI‘OQ, Nd203, Nb205 and Gd203. Their
efficiency in activating CH4 and O, has been correlated with their surface acid-base and/or
redox properties [67,110].

In order to better understand the relationship between single oxides basicity and
their OCM activity, LapO3, NdyO3, ZrO,, and NbyOs were evaluated individually by
Kds et al. [110]. These authors found Lay,O3 and Nd,O3 oxides to be more active and
C2 selective when compared to ZrO, and Nb,Os. The results were well correlated with
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the total basicity of the evaluated catalysts, which was measured by CO, temperature-
programmed desorption (CO,-TPD) experiments and by reactions of 2-butanol conversion.
Interestingly, La,O3 presented the highest total basicity, CH4 conversion and C2 selectivity.
More recently, a comparison among single lanthanoid oxides further confirmed the findings
of Kus et al. [110,157].

C2 selectivity over monometallic oxides can be observed to fluctuate around 32.3 &= 1.5%,
as illustrated in Figure 29a, while C2 yield and CH, conversion vary and reach up to
approximately 14 and 40%, respectively. In this figure, 54 experimental data points for
C2 yields as a function of CHy conversion, collected over monometallic oxide catalysts,
including MgO, CaO, BaO, SI‘O, A1203, Fe203, Sm203, La203, Nd203, ZI‘Oz, NdzOg, Nb205
and Gd,03, at different OCM reaction conditions [110,111,158-163], indicate that despite
differences in catalyst chemical composition, an average selectivity could be calculated.
Obviously, while a linear increase in yield with conversion was expected, a similar average
slope among catalysts with different catalytic properties could indicate that effects other
than kinetics could be limiting catalytic performance.
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Figure 29. C2 yields as a function of CH,4 conversion over monometallic oxides (a) and C2 yields for different catalysts after

reaction times (time on stream (TOS)) longer than 16 h (b). Data sourced from [110,111,158-163]. Dashed circle indicates
data from La,O3 nanowires [163].

Moreover, Figure 29b summarises C2 yields obtained after reaction times longer than
16 h, suggesting that the assessment of thermal stability among different monometallic
oxides deserves further attention. For instance, Arndt et al. [111] demonstrated how
different catalyst preparation methodologies could significantly impact the thermal stability

of obtained oxides, which despite presenting similar selectivities to C2, could be more
active for longer.

5.2. Bimetallic Oxides

Alkali-metal-doped basic oxides have shown promising catalytic performance for C2
selectivities in the OCM process. However, the evaporation of alkali metals at high tem-
perature is reported as a cause of catalyst deactivation [164]. For instance, Li-doped MgO
(Li/MgO) oxide has been a classic catalyst used in OCM reaction studies [102,103,165], this
system receiving great attention due to its high initial selectivity and activity towards C2
compounds [52]. However, its stability has been proved to be limited due to Li volatil-
ity [106,111].

In an attempt to improve the thermal stability of Li-doped MgO catalysts, different cat-
alyst preparation procedures have been investigated, using different lithium loadings [111].
However, regardless of the synthesis preparation method, catalyst activity has been ob-
served to significantly reduce with reaction times, resulting in recommendations against
the use of Li/MgO systems for industrial applications.



Processes 2021, 9, 2196

33 of 48

The doping of CaO with alkali metals has also been reported to improve the catalytic
performance towards C2 compounds when compared with the single oxides (including Li-
Ca0O, Na-CaO, K-CaO, Rb-CaO, Cs-CaO) [164]. These authors further investigated the effect
of the doping metal composition on the catalytic performance, by testing two alkali metal
to Ca ratios, as illustrated in Figure 30a. However, unlike the findings from Kus et al. [110],
no clear relationship between catalyst surface basicity and catalytic performance could be
quantified, as illustrated in Figure 30b, where the linear correlation coefficient between
surface basicity, in mol-m?, and CH, conversion, C2 selectivity and C2 yield are plotted as
a function of reaction conditions. As can be seen, the obtained correlations are all below
0.4, suggesting a weak or non-existent relationship.
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Figure 30. (a) C2 yield for different bimetallic catalysts obtained at 700 °C and CH4/O; of 4.0. In the figures, r denotes the
alkali metal to Ca ratio. (b) Linear correlation coefficient between surface basicity, in mol-m?2, and CH, conversion (H), C2
selectivity (e) and C2 yield (A) as a function of reaction conditions ((i): 700 °C, CH4 /O of 4.0; (ii): 750 °C, CH4/O; of 4.0;
(iii): 750 °C, CH4 /O, of 8.0. Data sourced from [164].

A similar lack of clear relationship between catalyst properties, such as surface basicity
and specific area and catalytic performance, was reported for La-doped CaO catalysts
prepared from different sources of starting materials [159], leading the authors to conclude
that surface acidity could also be important in the OCM mechanism, even though surface
acidity was not characterised.

In contrast, a clear relationship between CH, conversion, C2 selectivity and surface
basicity was reported for catalysts based on Sr-Al mixed oxides [160]. In this study, the
authors demonstrated how tailoring the Sr/Al atomic ratio could allow for improving C2
selectivities and yields, as illustrated in Figure 31, as Sr atoms substituted on the amorphous
fraction of the Al,O3; oxide could contribute to the formation of both oxygen vacancies
and oxygen electrophilic species through O, adsorption on Lewis base centres, supporting
therefore that CH, activation could occur via a homolytic route (Figure 28). However, an
increase in the ratio between Al'Y /AIV! species with Sr composition was also observed,
and thus a contribution from acid-base pairs through a heterolytic route could not be ruled
out. The Sr/Al-1.25 catalyst would, in addition, be able to keep its catalytic performance
without significant signs of deactivation for 48 h at 810 °C [160].

The concentration of basic sites was also demonstrated to correlate with C2 yields
over Smy03/MgO, TbOx/MgO, CeO,/MgO and PrOy /MgO systems [52], according to
measurements of CO,-TPD. In this case, the volume of CO, desorbed at around 360 °C
followed the order of Sm;03/MgO > TbOx/MgO > PrOy/MgO > MgO > CeO,/MgO,
which was similar to the order of obtained C2 yields between 500 and 800 °C.
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Figure 31. Sr/ Al atomic ratio effect on catalytic performance. Reactions were performed at 810 °C,
CHy4/0O; equal to 5, and total flow of 130 mL-min [160].

Catalytic systems based on Sr-doped La;O3 [126,163,166] have also been reported
as promising, with more recent findings supporting their high concentration of basic
sites [63,157]. However, catalytic stability seems to be limited to reaction times up to 30 h,
with longer stability up to 60 h being demonstrated upon the doping of Sr/La,O3 with
zirconium [63].

Besides the distinct chemical properties obtained from different combinations of metal
oxides, morphological properties have also been demonstrated to exert an important role
in the OCM process, as demonstrated by the advent of nanocatalysts showing catalytic
advantages when compared to their bulk powder counterparts [163,167]. For instance,
nanocatalysts have been demonstrated to be active at lower reaction temperatures [167,168],
a fact which has been associated with their larger surface area and well-defined surface
structure [167]. Improved thermal stability has also been suggested as a potential advantage
due to higher levels of surface organisational stoichiometry, which could minimise the
likelihood of deactivation due to particles sintering and metal agglomeration [169,170].
In this context, the development of nanocatalysts with particular morphologies, such as
nanofibers and nanowires, has been receiving great attention, in particular due to the large
surface-to-volume ratios achievable with these systems, enabling higher fractions of atoms
to be located at the surface, and thus increasing the availability of active sites. However, as
pointed by Yunarti et al. [161], typical high OCM temperatures may negatively impact the
above-mentioned morphological features, minimising their catalytic advantages.

Experimental data obtained over bimetallic oxides are organised in Figure 32, where
C2 yields are plotted as a function of the CHy4 conversion. This figure includes experimental
data obtained over catalysts based on promoted or supported alkaline earth metal oxides,
including K/MgO [158], Li/MgO [103,111,158,162], Ba/MgO [171], Na/MgO, Rb/MgO,
Cs/MgO [103], Li/CaO, Na/CaO, K/CaO, Rb/CaO, Cs/CaO [164], La,O3/CaO [159],
SmyO03/MgO, TbOx/MgO, CeO,/MgO and PrOy/MgO [52] (Figure 32a); lanthanoids
metal oxides, such as LaAlO3;, LaGaO3, LalnO;5 [172], Sr/La,O3 [126,163,166], LayOs3-
CeO [135,169] (Figure 32b); and transition or post-transition metal oxides, including SrTiO3,
SrTiO4 [173], Mn/TiOy, Mo/TiO,, Cr/TiO,, Co/TiO; [161] and SrO-Al,O3 [160,174]
mixed oxides (Figure 32c).

It can be observed that CH4 conversions are typically lower than 30% and that the
maximum experimental C2 yields fluctuate around 15-20%. When overall C2 yields
are evaluated as a function of the methane conversion, a similar mean C2 selectivity
approximately equal to 53% can be calculated, indicating that bimetallic oxides could
present an overall similar catalytic performance, with C2 yield being a function of CHy
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conversion. In addition, with only a few exceptions, we have verified experimental CHy
conversions to be far from equilibrium, as illustrated in Figure S2a—c in the Supplemen-
tary Materials, suggesting that similar C2 selectivities could not be explained by global
thermodynamic equilibrium.
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Figure 32. Experimental C2 yields as a function of CH,4 conversion for bimetallic oxides: (a) promoted or supported alkaline

earth metal oxides, (b) involving lanthanoids metal oxides, and (c) transition or post-transition metal oxides. Data sources

are indicated in the text.

As discussed in Section 4 and illustrated in Figure 24, the maximum achievable
thermodynamic yield corresponds to conditions in which CO and CO, formation can
be suppressed, in which case the thermodynamic C2 yield approaches CHy conversion.
Therefore, if observed experimental CHy conversions would be assumed as approaching
the maximum C2 thermodynamic yield, it would be possible to verify that experimental
yields could be further increased in most cases if the formation of CO and CO, could
be avoided, as illustrated in Figure 33. Additionally, the above could also suggest that
ethane and ethene formation could indeed be affected by a thermodynamic factor, since
experimental C2 yields are not so far from this hypothetical maximum achievable in
the absence of CO and CO,. Thus, ethane and ethene formation reactions could be at
the vicinity of a ‘pseudo-equilibrium’” state, in which the formation of CO and CO; would
represent the lowest limiting surface steps.
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Figure 33. Comparison between experimental C2 yield and hypothetical maximum C2 achievable yield (in the absence of
CO and CO; and at the same level of experimental methane conversion) for bimetallic oxides: (a) promoted or supported

alkaline earth metal oxides, (b) involving lanthanoids metal oxides, and (c) transition or post-transition metal oxides.

5.3. Trimetallic Oxides

A wide variety of trimetallic oxide catalysts have also been investigated for ethene
production from OCM, including Ba-substituted LalnO3 perovskites [172], alkali or alka-
line metal (Li, Na, Ca or Mg)-doped lanthanoid oxides (Sm;O3, TbOy, CeO,, and PrOy)
supported on MgO [52], substituted titanates SrTiO3 and Sr, TiO4, promoted with Mg, Ca,
Ba, Pb and Al [173], structured rings and monoliths based on bismuth-yttrium-samarium
oxide [175] and Mg-Na-doped La; O3 nanowires [163].

Figure 34 summarises the ranges of CHy conversion and C2 yields reported over these
catalytic systems, in which it can be noted that most of the conversions and yields are
concentrated in the range below 30 and 20%, respectively, and that an average C2 selectivity
of 54 £ 1.2% can describe reasonably well overall catalytic performances, in agreement
with the average C2 selectivity calculated for bimetallic systems, Section 5.2.

CHy4 conversions higher than 30% at C2 yield levels of 20-25% have been reported
over structured rings and monoliths based on bismuth-yttrium-samarium oxide [175].
According to these authors, the superior activity of the monolith-like structured catalytic
reactor would relate to its organised flow pattern, which can contribute to more efficient
interaction between reactants and the catalyst surface, as also concluded by others [56].
More recently, LayCej 5Cag 507 oxides have also been reported to reach similar catalytic
performances, with demonstrated thermal stability for up to 100 h [38].
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Figure 34. Experimental C2 yields as a function of methane conversion for trimetallic oxides. Data
sources are indicated in the text.

Ba-substituted LaInOj3 catalytic activity has been rationalized to result from the pro-
duction of active oxygen species upon Ba addition [172]. For alkali or alkaline metal
(Li, Na, Ca or Mg)-doped lanthanoid oxides (Sm>O3, TbOx, CeO,, and PrOy) supported
on nanoparticles MgO catalysts [52], Li-TbOx/MgO and Na-TbOy/MgO systems have
demonstrated the most promising performances, albeit presenting poor thermal stability in
a 30 h-long reaction test at 700 °C, with a CH /O, feed molar ratio equal to 4 and reactant
stream diluted in nitrogen. Interestingly, the catalytic activity observed at 700 °C for the
Li, Na, Ca or Mg-doped TbOy/n-MgO systems could be well explained by its correlation
with the distribution of basic sites per unit of surface area, as illustrated in Figure S3 in the
Supplementary Materials. For substituted titanates SrTiOs and Srp TiO4, promoted with
Mg, Ca, Ba, Pb and Al [173], a positive effect of these metal additions on the initial SrTiO3
and Srp TiO4 materials has also been observed. In particular, Mg addition demonstrated the
best improvement in C2 yield, which could also be associated with the resultant increase in
the concentration of basic sites, as suggested by CO, adsorption experiments followed by
infrared spectroscopic analysis.

Finally, it is also interesting to compare the catalytic activity reported over Mg-Na-
doped Lap,O3 nanowire oxides [163], prepared using a biological template, reported as the
key factor for the final oxide morphology, and a slow multi-step calcination procedure.
In this case, Mg and Na addition resulted in only minor improvement in C2 selectivity
at the cost of slightly lower CH, conversions, affording similar C2 yields between the
Mg-Na-doped (11-15%) and monometallic LayO3 (13-15%) nanowire oxides.

5.4. Multimetallic Oxides

In the search for more efficient catalysts, multi-component systems have also been
explored. By using computer-aided design with an artificial neural network, Huang
et al. (2001, 2003) [176,177] reported an optimal chemical composition for a catalytic
system constituted by Na, Mn, Zr, S, W and P supported on SiO,. According to these
authors’ results, the optimised catalysts would be able to achieve selectivities towards C2
compounds as high as 70% even at CHy conversion levels of 35%, at nearly 800 °C and
using a reactant stream of CHy and O; with no diluent. However, their thermal stability
for long reaction times was not reported.

Another example involves Na-Co-doped LiMnMgB and undoped LiMnMgB oxide
systems [178], for which high selectivities (64-68%) at relatively high CH4 conversion levels
(24-29%) have also been reported. In this case, the main advantage in doping the LiMnMgB
system seems to have been the resultant higher activity at lower temperatures, affording a
C2 yield increase from 1 to 12% between the undoped and doped system at 750 °C [178].
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However, to the best of our knowledge, multimetallic catalyst systems comprising
Me-W-Mn-O/Si0O,, in which Me stands for Na or Ce, and TiO,-doped Na-W-Mn-O/SiO;,
represent some of the few catalytic systems for which thermal stability has been shown
to endure for up to 500 and 1000 h [50,134,179,180]. Not surprisingly, these catalysts have
been extensively investigated in an attempt to understand the reasons for their outstanding
stability and identify active sites [44,181]. However, as noted previously 181 the identity
of active sites associated with these systems remains under debate [182,183], with more
recent findings suggesting sodium oxide species as active sites which would remain stable
due to ‘synergistic” effects between NapWO, and Mn;SiO1, phases [182].

In addition, several studies have explored the impact of different preparation proce-
dures [48,54,174,184,185], alternative supports to SiO; [178,186-188], dopants [183] and the
substitution of Na [46,49,51,179,186,189] or Mn [186] by different elements in the above-
mentioned system. Incipient wetness impregnation was suggested to produce a more
active catalyst when compared to sol-gel synthesis for athe same chemical composition
in a study involving Na-W-Mn-O/SiO, [184]. In contrast, sol-gel synthesis was indicated
as the most suitable method for obtaining higher ethylene yields when compared to im-
pregnation or physical mixing in a study involving Li-W-Mn-O/SiO; [179]. According
to these authors [179], the high degree of homogenisation enabled by the sol-gel method
would be responsible for the formation of a highly crystalline structure, which would be
important to obtain higher C2 yields, even though similar catalytic performances were
observed for catalysts prepared by physical mixing, which presented poor crystallinity.
More recently, the preparation of core—shell structures has been claimed to result in more
C2-selective Na-W-Mn-O/SiO; catalysts due to a greater dispersion of active components,
even though reported selectivities could not be regarded as statistically different from bulk
Na-W-Mn-O/SiO; catalysts [190].

The evaluation of alternative supports to SiO, has in general confirmed SiO; as the
most promising support for this catalytic system [178,186—-188], as further illustrated in
Figure 35, which was compiled from data reported by [53,178,185-189,191], where reports
in a molar base [183,187,192] were excluded. In addition, it was demonstrated that the use
of ordered mesoporous silica, as opposed to commercial silica gel, could improve catalytic
performance by enabling better dispersion of active sites on the catalyst surface, as sug-
gested by energy-dispersive X-ray spectroscopy (EDX) mapping measurements, even after
the collapse of the mesoporous structure upon thermal treatment around 750 °C [53,192].
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Figure 35. Experimental C2 yield as a function of CHy conversion reported over Na-W-Mn-

O/support catalysts at different OCM reaction conditions [53,178,185-189,191]. The continuous
black line denotes the slope where selectivity is 55%.
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The doping of the Na-W-Mn-O/SiO; catalyst with Pt, Ir and Rh has also been reported
to improve catalyst reducibility, as suggested by H, temperature-programmed reduction
experiments (H,-TPR), resulting in a shift in the product selectivity distribution in which
smaller amounts of CO and CO, compounds were observed at 750 °C [183]. More recently,
high-throughput screening has also been applied to assess the effect of substituting Na
or Mn by different elements in the above-mentioned system in a wide range of reaction
operational conditions [186], further supporting previous indications that the best catalytic
performance is associated with the Na-W-Mn-O/S5iO; system [189].

Finally, it is interesting to note that most promising catalytic performances, as illus-
trated in Figure 35, could still be described by an average C2 selectivity approximately equal
to 55 £ 20%, with slightly higher selectivities being observed at lower CH4 conversions.

6. Environmental Concerns: Can OCM Be Sustainable?

OCM has been described as one of the most promising routes to convert methane into
more valuable hydrocarbons [35,193,194]. However, economic feasibility analyses have
shown that greater C2 yields are needed to enable profit [123]. For this reason, many efforts
focused on optimising C2 yields have been made, as also shown in previous sections. In
contrast, little attention has been focused on addressing the huge amounts of CO and CO,
produced. As a matter of fact, OCM implementation should only be encouraged if produced
CO and CO; can be realistically recycled in the process or managed by alternative solutions.

Prospects for CO; utilisation can be broadly divided into two main process categories.
The first involves the direct consumption of CO,, for example, its use in the production of
food, beverages, and chemicals. The second class of processes involves its conversion into
other compounds. However, although such applications exist, their viable scales are still
small and, therefore, they have a small impact on current global CO, emissions [195-197].
Additional pathways and their associated challenges are discussed in [198].

Therefore, integrating OCM with an ethane cracker could represent an alternative for
reutilising the CO and CO, produced, although not necessarily representing a complete
solution. In this case, OCM-generated CO and CO; could be coupled with H, from ethane
cracking in a methanation reactor for producing methane. In addition, this approach can
present the advantage of energy savings, as the heat produced in the methanation reactor
could be used as supply in endothermic ethane dehydrogenation [199]. However, questions
arise on the impact of the impurities present in OCM output streams on the stability and
performance of methanation catalysts. Clearly, more studies must be carried out in this
area to prove the technical and economic feasibility of these integrations.

7. Conclusions and Outlook

The present review on the oxidative coupling of methane for ethylene production has
highlighted important challenges to be addressed if OCM technology is to be implemented
at an industrial scale. Firstly, the proposed bibliometric analysis of OCM scientific publi-
cations and patents indicated that the focuses of academic and industrial research have
been distinct, with the former concentrating efforts towards catalyst development and the
latter being concerned with broader aspects of process flow diagrams. Therefore, further
scientific studies to support the industrial focus on optimising OCM flow diagrams seem
to be needed.

Secondly, the proposed analysis of OCM reactions and kinetics, involving chemical
reactor modelling approaches, suggests that further studies are greatly needed to enable
the prediction (and thus optimisation) of catalytic performances at reaction conditions
of industrial interest (involving high pressures), despite the significant advances in the
understanding of kinetic mechanisms and the modelling of catalytic activity. Additionally,
how experimental studies have indicated the existence of different active sites on OCM
catalyst surfaces was discussed, including, for instance, different oxygen active species.
Despite this, the kinetic models developed so far have considered a unique entity to
represent existing active catalyst sites. Moreover, the fact that both simpler (involving
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10 catalytic reaction steps) and more complex (involving 26 catalytic reaction steps) kinetic
models can well represent catalytic performances at atmospheric conditions suggests that
kinetic descriptions can be improved and that further studies are urgently needed for
discriminating among OCM kinetic models and, thus, determining the most suitable one
for reactor and process design.

The analysis of chemical reactor modelling approaches also suggests the lack of con-
sensus on the importance of describing mass and energy balances in the reactor and catalyst
scale, as the vast majority of scientific papers concerning modelling studies (58% of a sam-
ple of 30 papers) reports a preference for the use of homogeneous or pseudo-homogeneous
models, despite undeniable previous research on the importance of considering concentra-
tion gradients of radical intermediate species inside catalyst particles. Thus, further studies
are needed for developing heterogenous and two-dimensional models that can embrace
mass and energy transport among the distinct reactor phases simultaneously. These models
could then be applied for assessing the feasibility of autothermal operation, which could
represent a great technological breakthrough for OCM operation.

Furthermore, the proposed review on some thermodynamic aspects of the OCM
reactions stressed how maximum ethylene yields are limited by CHy thermodynamic
conversions, although favoured by high inert feed compositions and high temperatures
(above 850 °C). As thermodynamics favour H; and CO formation at typical OCM condi-
tions, it appears that economic feasibility should be pursued while integrating OCM with
alternative processes.

Finally, the analysis of OCM active catalysts and their performances suggests that a
common average selectivity of approximately 55% can be observed among promising cat-
alytic materials, despite operating far from global thermodynamic equilibrium, indicating
that OCM catalytic performance may be affected (and limited) by thermodynamic factors,
further supporting the need for additional studies on OCM kinetic models, as already
mentioned. However, the review also stresses the need for further assessments on catalyst
stability at reaction conditions of industrial interest, as thermal stability has been largely
overlooked, despite its fundamental importance for OCM industrial feasibility.
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