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ABSTRACT. Natural gas is the cleanest fossil fuel and an abundant source of methane
expecting to play an increasingly important role in powering the world’s economic growth
over the coming decades. Methane has the potential to be a CO,-free feedstock to co-generate
hydrogen (H;) and added value “building-blocks™ chemicals (e.g. olefins and aromatics) for
petrochemistry. In this review, the two main processes (i) the oxidative coupling of methane
(OCM) for production of ethylene and (ii) the non-oxidative methane dehydroaromatization
(MDA) producing hydrogen and benzene have been revealed. Both routes offer direct
conversion of methane into final products of interest representing advantages over the
several-steps syngas route. The performance of variety of catalysts reported during the last 25

years for OCM (MnNaW, La,0s;, Li-MgO, etc.) and MDA (M/HZSM 5, M/TNU-9, M/IM-5,



M/ITQ-2, M@SiO,, M@CeO,, TaH/S10,, GaN/SBA135, single-site M@HZSM-5, bimetallic
M-M’/HZSM-5, core-shell structures, M/Zr(SO4), with M=Mo, Fe, Pt) reactions at similar
reaction conditions has been compared. The major drawbacks and the novel strategies used to
mitigate or even overcome the main challenges related with the performance of the catalysts
in both OCM and MDA reactions were critically revealed. For instance, the overoxidation
issue in the OCM mitigated by looking at the operating conditions, the use of alternative
oxidants, and the application of membrane reactor technology have been disclosed.
Concerning the MDA reaction, the major issues related with the deactivation of the catalyst
through coke formation or migration and sintering of metallic active phases have been
addressed. Strategies for novel robust catalysts, new methods for mild coke removal, pre-
treatment under reductive atmosphere were presented. Approaches to improve aromatics
yields over coke production by addition of promoters or co-feed reactants to the MDA

catalysts have been discussed.
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1. Introduction: from low-carbon to zero-carbon future

Most of the methane produced in the upstream and downstream industries is flared
leading to non-negligible emissions of CO; to the atmosphere. In 2020, the total amount of
natural gas flared in the world was almost equivalent to the demand of Central and South
America combined.! In addition to the methane that is wasted/flared, there are vast natural
gas deposits, making methane an abundant source of hydrocarbons in the world.? The use of
methane as a raw material to produce high value-added chemicals is therefore an alternative
that deserves to be highlighted in the current scenario, which seeks to reduce CO;, emissions
and transform the industry through cleaner fossil sources. In this context, the use of methane
is certainly part of the solutions that must be implemented in order to achieve net zero
emissions by 2050.

Ethylene, hydrogen, and aromatics are some of the most important chemicals that can
be produced from methane. The direct production of such molecules from methane
transformation is possible via the catalytic oxidative coupling of methane (OCM) and
methane dehydroaromatization (MDA) under non-oxidative conditions, avoiding indirect
routes such as syngas production.** Throughout this review these two alternatives for
methane conversion will be addressed. The main obstacles faced during the oxidative
coupling and dehydroaromatization of methane will be also revealed. Low yields, catalyst
stability and coke formation are among the most significant challenges that can affect such
processes. Different alternatives aiming to address the above issues are pointed out
throughout this review.

In the case of the OCM reaction, the nature of the catalysts and the characteristics of the
supports used have shown to have a significant impact on the reaction's performance.”® In
addition, the impact of several parameters such as temperature, space velocity, dilution and
others will be addressed, and preferable conditions favoring the OCM will be revealed.
Furthermore, the CH4/O, ratio appears as a highly important parameter directly affecting
conversion, C2 and COx selectivities. The more oxygen fed into the reactor, the more
exothermic the process becomes and the more overoxidation occurred thus making it difficult
to maintain adequate selectivities to C2 products.®*** Other possibilities available for better
control of oxidation and heat management such as the use of alternative oxidants (N,O, CO,,
S,) and the use of membrane reactors have been also considered.*** An overview of

oxidative coupling of methane in the industrial scenario will be provided in this review paper.



In the case of MDA reaction, catalyst’s lifetime is a major concern, mainly due to the
formation of coke and inactive species responsible for catalyst deactivation.*'® Therefore, a
special attention is devoted to the nature of coke produced during the MDA and various
strategies on the catalyst design avoiding metal migration and enhancing catalysts resilience
have been considered. An optimum metal content and novel approaches to incorporate metals
in the zeolitic matrix are among the strategies considered while focusing on MDA.
Furthermore, knowing that the production of extensive amount of coke is currently
unavoidable, focused efforts to address this issue have been devoted. Possible approaches
presented here consist on partial coke removal under soft conditions and use of reductive

41,42

atmosphere in order to avoid structural damages of the catalyst. Pretreatment of the

catalyst under reductive atmosphere are also presented as a way to prevent migration of the

active metallic sites.”” * Finally, strategies to improve benzene yields as the addition of

454749 45054

metallic promoters and mixture of other molecules in the feed have been explore

As will be shown in the next sections, the reaction performance of the catalysts can be
improved by playing with the thermodynamic equilibrium, resulting in changes in terms of

coke reduction and benzene yield variations.

2.  Ocxidative coupling of methane (OCM)

The oxidative coupling of methane occurs through a mixture of methane and an oxidant,
commonly oxygen, at temperatures usually above 500 °C, which varies depending on the
type of catalyst used. The most attractive products of OCM are ethylene and ethane, although
attaining significant methane conversions while maintaining high selectivity to C2 products is
quite challenging. The problem with selectivity arises from the thermodynamics of the
reactions involved in the OCM reaction, which favors the formation of overoxidized products
as COx. In fact, complete and partial oxidation of methane to COy as well as the combustion

of ethane and ethylene can occur.

2.1. Overview of OCM and advances in catalysts engineering

The oxidative coupling of methane is widely recognized as a mixed catalytic and gas-phase

process.%27 A generic scheme considering the different pathways of reactants/intermediates



in OCM is presented in Scheme 1. The catalyst is initially activated by oxygen present in the
feed. Then the methane molecules react with the oxygen on the catalyst surface resulting in
the formation of CHj' radicals. The coupling of such radicals to the formation of ethane takes
place in the gas phase and the production of ethylene is achieved by subsequent
dehydrogenation of ethane. In turn, the non-selective oxidation reactions leading to the
formation of COyx occur in both the gas-phase and on the catalyst surface. Therefore, the
development of catalysts capable of limiting COy production (especially CO,), while
promoting the formation of methyl radicals and C2 molecules, would be a key step toward

commercializing the OCM process in an economically feasible manner.

I CoHg C.H, CO +CO, + H,0
Gas phase CH, CH,*
reactions 4+ —— + ———+ CO+CO,+H,0 |

O, HO,* CoHoe
Surface CoHs® 23
reactions

Catalyst

Scheme 1. General mechanism in the oxidative coupling of methane considering the
different pathways of reactants/intermediates in gas phase and surface

reactions.

Technologies based on the OCM process are not yet commercially viable. However, efforts
have been devoted to change this scenario. Siluria Technologies was the first to develop a
process on a demonstration scale plant.”® In their technology, methane and optionally ethane
are initially converted into ethylene in a fixed-bed reactor via the OCM process. The reaction
yield is increased by adding ethane to the second section of the reactor, where ethane is
converted to ethylene through dehydrogenation.”® Siluria Technologies has also developed
nanowire catalysts operating at low temperatures (~500-700 °C), compared to high

57,58

temperatures commonly applied in the OCM (> 800 °C). The catalysts developed by



Siluria are based on Sr doped La,0; nanowire and they are able to convert 14% methane with
about 13% selectivity at 650 °C.>" In a recent study, over 35 different combinations of
alkaline earth metals as dopants (D) in D/rare earth oxides catalysts were investigated and Sr
doped La,O3 was revealed to be the most C2 selective, while undoped La,O; was the most
active catalyst.” Furthermore, it was observed that excess of Sr in the catalyst generates the
formation of secondary phases, primarily amorphous (SrO, Sr(OH),, SrO, and SrCOs3) that
favors oxygen transport and shows improved selectivity.® According to the theoretical
predictions based on DFT calculations, the Sr dopant may lead to an increase of the catalytic
efficiency of the La,O3 catalyst by increasing active oxygen radical sites and enhancing the
basicity of the catalyst.®°

Despite the decent activity and stability of the Sr/La,Os; based catalysts, the search for
other types of catalysts presenting higher C2 yields has attracted more attention in the field of
OCM. Several catalysts were subject to a statistical study in order to understand the
implications of their composition on the OCM catalytic performance.”® Based on the data
obtained from the statistical analysis, it has been proposed that their activity can be improved
by inserting dopants like W, Mn and Cl into highly basic oxides catalysts such as Mg and La.
Moreover, the C2 selectivity was shown to be enhanced by the addition of alkaline and
alkaline earth metals.? Figure 1 shows the performances of the common MnNaW, La,0;
and Li-MgO based catalysts in comparison to recently explored materials in the OCM

process.
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Figure 1. (A) CHy4 conversion and (B) C, yield on different OCM catalysts. Each line
corresponds to one datapoint taken from references presented in Table 1; the
gray columns show the trends.
Table 1. Performances of catalysts and conditions of the OCM reaction reported
in the open literature.
Catalyst OCM condition Performance Reference
Temperature GHSV CH,4/0; | Xcu, Sc2 Ye,
°C  Mlcug Gear - h* % % %
MnNaW based catalysts
NaCl/Mn,04/SiO, 750 3000 4/1| 375 60.5 22.7 2
Mn Na,WO,/ZeoA 750 60000 4/1| 19.0 550 10.0 %
MnxOy- Na,WQ,/SiO, 750 4200 41| 195 60.0 12.0 o1
Mn Na,WO,/SiO, 850 2700  45/1| 33.0 8.00 26.0 62
MnxOy- Na,WOQ,/SBA-15 750 72000 4/1| 14.0 70.0 10.0 3
MnxOy-Na,WO,/MCF-17 750 60000 41| 15.6 33.0 5.0 03
T;"M”Xoy' Na;WO,/MCF- 750 60000  4/1| 9.3 556 5.2 63
Ir-MnxOy-Na,WO,/MCF-17 750 60000 4/1| 14.4 46.7 6.7 63
E;'M“XOV'N‘”WO“/ MCF- 750 60000  4/1| 14.1 361 5.1 63
Mn,O3- 64
Na,WO,/Ceq 1577050, 700 4000 5/1| 26.0 70.0 18.2
MnOx-Na,WO,./TiO - -
A 700-800 a000  51|-230 TRECZ 4y 65
MnOx-Na,WO,/MgO C3)
MnOXx-Na,WO0,/SnO, 740-800 4000 5/1|~215  _g4c2- ~14 %




MnOx-Na,WQ,/ZnO C3)

8000 5/1| 27.0 760 205 60

La,O; based catalysts
La,05-Li-Mn/ WO4/TiO2 750 600 2.5/1[~30.0 ~60.0 ~20.0 o7
59%Sr/La,05:Si0, 800 9600 8/1|~33.0 ~64.0 ~21.1 “
2%Sr/La,04:Si0, 800 9600 8/1|~23.0 ~6.05 ~15.0
La,05 800 - 3/1|~325 ~40.0 ~13.0
0.8% Sr/La;0s 800 - 3/1|~34.5 ~40.0 ~14.0 68
12% Sr/La,05 800 - 3/1{~36.0 ~47.0 ~185
Li-MgO catalysts
1.1% Li-MgO 750 9000 8/4] 10.0 670 6.7
5.5% Li-MgO 750 9000 8/4| 35.0 58.0 20.0 6
11.2 Li-MgO 750 9000 8/4| 42.0 470 20.0
Others

ZnO-Sm,0, 775 14400 511 21.7 419 91
MgO-Sm,0; 775 14400 5/1| 23.2 492 11.4 o
Ca0-Sm,0; 775 14400 5/1| 25.0 572 143
SrO-Sm,0; 775 14400 5/1| 25.9 59.8 155
Lag sCe0.201 545 450-500 30000 3/1{~30.0 ~450 ~13 n
La,CeO; 750 18000 4/1|~275 ~55.0 ~15 ?
Sn0;, 800 18000 4/1| 116 30 14 &
BaF,:Sn0, 800 18000 41| 225 26.2 127 &
BaCl,:Sn0O, 800 18000 4/1| 28.0 383 17.9 &
BaBr,:Sn0, 800 18000 4/1| 289 50.1 18.1 s
BaSnOs; 800 18000 4/1| 284 30.3 140 "
La,LiosAlys04 775 10000 3/1| 320 47.0 15.0 “
LaAlO; 775 10000 3/1| 31.0 380 120 “
Ag/SiO, + Plasma 400 6000 4/1| 270 36(C2+) 9.7 s

MnNaW/SiO; is one of the most studied catalysts and it is also reported as one of the most

promising system, due to the high C2 yield and stability on stream.®*®"® Serres ez al. showed

that increasing the quantity of active sites in the catalyst contributed to an increase of the

catalytic activity up to 19.5% W."" However, by extrapolating the concentration of active

sites up to 41%, a drop in activity is observed, which was associated with a loss in the



catalysts surface area. Such textural transformation was due to the large amount of Na that
promote the formation of low surface area cristobalite phase.”” Other supports such as SiC
and alumina were also tested, but the problem associated with cristobalite formation partially
affected the performance of the SiC supported catalysts, while low selectivity was observed
when alumina was used as a support. The latter was justified by the low dispersion of active
sites on the alumina surface and therefore large extensions of alumina quenching the radicals
were observed.”’

Furthermore, a direct relationships between the activity of catalysts supported on SiC and
SiO, and the concentration of active sites and specific surface were reported
(Figure 2 A).”"™ Likewise, Fleischer et al.” observed that the increase of the specific area of
the catalyst (up to 4 m> g') is associated with an increase in the activity of the catalyst.
Another study also showed that the decrease in the amount of Na,WO, from 7% to 4%
contributed to the reduction in the size of catalysts particles having a direct effect on the
increase of catalysts activity as shown in Figure 2 B.** The results summarized in Figure 2
indicate that the active sites in OCM catalysts must be highly accessible and homogeneously
distributed in supports with high specific surface areas. Furthermore, the activity of the

catalysts along the reactions is also related to the structural stability of the support.78

10
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Figure 2. Activity of MnNaW catalysts supported on SiO, (m) and SiC ( O) as a
function of (A) the concentration of active phase (Mn, Na, W) (reproduced

from Ref’”’) and (B) the Na,WO, particle size (reproduced from Ref*’).

It is well known that silica-based supports (SiO,) may transform to cristobalite during
catalysts preparation in the presence of Na. The cristobalite was reported to be a reason for a
better distribution of active phases and formation of more selective Mn,0; species.so’81 The
use of mesoporous silica (SBA-15) as a support showed an improvement in the performance
of the Mn-Na-W based catalyst compared to the conventional amorphous SiO, support.82
Methane conversion was improved by a factor of two, with similar C2 selectivity and a
considerable increase in the ethylene/ethane fraction, compared to other silicon-based
supports was reported. Importantly, all supports including SBA-15 were transformed into
cristobalite. The improved performance of the catalyst on the SBA-15 support was then
associated with a better distribution and a larger number of active sites, as a result of the high
surface area and ordered mesoporous structure.®? Other supports such as MgO, SrO, ZrO,,
Al,O; and La,0O3 were also investigated and showed lower performance than the conventional

81,82

Si0, supported catalyst. Yildiz et al. showed that the use of rutile and anatase (TiO;) with

11



Fe,03, Fe;04 and SiC were more performant than the SiO,-based catalyst, although stability
problems have been reported when using anatase.®? In a more recent study, the use of rutile,

81,83
In

mesoporous rutile and anatase showed lower C2 yield compared to the SiO, support.
addition to the type of the support, the nature of the salts used for the impregnation also
seemed to promote a homogeneous distribution of the active phase, contributing to an
improvement of the activity. For instance, the Mn acetate showed more encouraging results
than the Mn nitrate.*

The stability of OCM catalysts is also a challenging issue due to the amount of heat
released during the reaction and this needs a special attention. Thermal treatments such as
calcination of the catalyst (MnNaW/SiO;) under a specific atmosphere proved to be efficient
towards improving the stability. The thermal treatment was found to promote phase change of
the silica support to cristobalite and denser phases such as quartz. Therefore, despite the
stability gain, a loss of the catalyst specific surface area occured, which leads to a decrease in
methane conversion. Best results were obtained when calcination was carried out under inert
atmosphere thus favoring the interactions between W and reduced Mn species.84 On the other
hand, in the presence of oxygen during calcination, Mn was found in the form of Mn,Os
oxides, which could hinder the performance of the c:atalys‘[.84 Recently, a new approach
where SiC particles were incorporated into the SiO, matrix of the catalyst through spray
drying proved to be an efficient approach towards improvement of catalysts thermal stability.

As a result, a novel MnNaW/Si0,-SiC catalyst with higher conversion and selectivity over

time on stream compared to the traditional catalyst based on SiO, support was disclosed.®

2.2. Optimal operating conditions for OCM reaction

The thermal effects taking place during the OCM reaction can be altered by varying some
operational parameters including temperature, space velocity, dilution with inert gas,

methane to oxygen ratio, etc. Since the heat generated during the OCM reaction can affect its

12



performance, experimental settings in which the surface and gas phase reactions are balanced
have to be established. In this way, the optimum conditions toward enhance conversion while
retaining strong C2 selectivity and preventing product overoxidation have to be defined. One
strategy is to enhance exothermic methyl radical coupling in order to create ethane, while
favoring endothermic ethane dehydrogenation to obtain large ethylene fractions, all while
avoiding product overoxidation. Recently M. Kim ez al.® investigated the catalytic activity of
Mn-Na,WO4/SiO; in OCM reaction under varying the quantity of catalyst (0.5-1.5 g),
temperature (750-875 °C), dilution with inert gas (0-75%), GHSV (9600-19200 cm® g' h™")
and methane to oxygen ratio (2-4). In certain conditions, further increase of the quantity of
catalyst more than 1 g proved to be difficult in terms of controlling the reaction temperature
or pressure rise. This issue is quite challenging when aiming extending the process to
industrial scale. Among the parameters investigated, it was observed that the increase of
temperature directly favors higher methane conversion and ethylene/ethane ratio. Dilution
rate with inert gas (N,) between 25-75% promotes a decrease in the reaction temperature and
consequently lower the methane conversion and ethylene/ethane ratios. A similar response
was obtained when GHSYV is increased and consequently the residence time inside the reactor
was reduced. In the case of less diluted systems (N, of up to 25%), an increase in the gas
phase reactions such as dehydrogenation of ethane and formation of CO with an unfavorable
balance to C2 selectivity was observed. On the other hand, increasing the methane to oxygen
ratio promoted the C2 selectivity, though the conversion is reduced, as the latter is limited by
the reaction stoichiometry and therefore by the amount of oxygen supplied as the limiting
reactant.>® For example, keeping the flow rate, temperature and dilution constant, the methane
conversion and C2 selectivity changed from 30% and 66% to 45% and 44%, for the CH4/O,
ratio of 4 and 2, respectively. Although in this case the yields were similar around 20%, an

almost two times higher ethylene/ethane ratio and higher production of CO and CO; were

13



obtained by the CH,/O, ratio of 2.** Importantly, due to the danger of explosion, the ratio
methane/oxygen must be carefully examined before any test.®®

Similar conclusions were made for La,03;-CeO, and LaSr/CaO catalysts.34’87 In that case,
the parameters such as flow velocity and methane to oxygen ratio were investigated. It was
demonstrated that the higher the methane to oxygen ratio, the higher the C2 selectivity was

obtained, but the lower the methane conversion.**®

It is also interesting to mention that for
higher methane to oxygen ratios, the ignition temperature was also higher.?” Furthermore, by
decreasing flow velocities in the range 5-40 ms at the same feed temperature, a positive effect
on simultancous methane conversion and C2 selectivity was observed.®” For the same
catalytic system, the effect of the feed dilution with 55% N, proved to be beneficial for
increasing the yield of the C2 fraction.?® The use of a diluent (N;) had a direct effect on the
oxygen dilution leading to an increase in methane conversion. The methane coupling process
was enhanced by such dilution, whereas the competing deep oxidation reactions were

inhibited. However, it was observed that higher dilutions would also cause disadvantages for

the methane coupling, as the reaction yield decreases.®®

14
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Figure 3. Effect of CH4/O, ratio on the conversion and selectivity of oxidative

coupling of methane in the presence of Mn—Na2W04/Si0233 (m) and La,0s-

Ce0,** (O) catalysts.

The use of GHSVs between 8000 and 12000 h™ were identified as the best conditions for a
perovskite-type catalyst in the OCM process.®® The C2 yield decreased with further increase
of the GHSV. Considering the CH4/O; ratio, values between 1-3 showed decent C2 yields,
and the ideal condition at CH4/O, =2 and 12000 h'l, where an ethylene yield of about 19%

was obtained (C2 yields of 23.9%) was identified.®

2.3. Alternatives for controlling deep oxidation in OCM process

Recently the use of alternative oxidants for the OCM process was reviewed by Arinaga et
al.®. N0, CO, and S, were identified as promising candidates for use as mild oxidants in the

OCM. The replacement of O,, in addition to promoting the reuse of waste resources, was also

15



reported to have a positive effect on the safety of the process, as the risk of explosion can be
minimized. Although the conversion decreased when N,O was used instead of oxygen, it has
been reported that using N,O results in better C2 selectivity. As an example, when oxygen
was substituted by N,O as the oxidant, selectivity to C2 was increased in the case of Li/CaO,
Li/MgO, RbWSi and NaWSi based catalysts.*®>’ Considering the last catalyst, an
improvement from 14% to 83% in C2 selectivity was reported when N,O was used.®* The
high selectivity obtained in the presence of N>O are most likely due to the fact that such
molecules generate different oxygen species that are more selective to C2.%3°

Analogous to N,O, CO; also produces oxygen species that affect the methane oxidation.
Experimental work indicated that CO, decomposes and forms CO and O* species promoting
up to 94% C2 selectivity when applied together with the MnNaW/SiO, catalyst. While the
methane conversion of about 5% was obtained in this system.” Other challenges were
reported using CO, in OCM such as primarily acetylene formation™ and a competition with
the dry reforming reaction.”? In turn, co-feeding of CO, in the presence of O, was also
investigated and indicated slight improvement of the catalyst activity.93

Disulfur (S,) is another oxidant that can be used to replace O, in the OCM reaction. S, can
react with methane and form a mixture of H,S and ethane or ethylene, through the coupling
mechanism.* Despite the endothermic process, methyl mercaptans can also be formed.
Furthermore, total oxidation of methane with S, resulted in the formation of CS,, which is
similar to the production of CO, with O,. Thermodynamically, the formation of CO; during
the conventional OCM is much more favorable than the formation of CS; using the S,-OCM
catalyst.* The oxidation of methane with S, is less exothermic and by-products of the
reaction such as H,S and C,S can be used as raw material in the Claus proce5595 and as a
solvent™, respectively. Several unsupported metal sulfides including MoS,, RuS,, TiS, and

PdS showed improved activity in the S,-OCM catalyst.94 It was shown that the weak M-S
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bonds are more reactive and can easily activate C—H bond in methane and further form CHy
intermediates, leading to overoxidation and production of CS,. As a result, even though their
activity is lower, catalysts with stronger M-S bonds have the advantage of being more
selective. Furthermore, the dispersion of the metal sulfide over a support showed an improve
performance of the S,-OCM catalyst. The catalyst prepared by 10% palladium sulfide
supported on ZrO, displayed a methane conversion of about 16% and ethylene selectivity of
almost 17% at 1050 °C.**

The use of membranes represents another alternative to control high oxygen partial
pressure and consequently the formation of oxidation products as COy. Thus, the primary
benefit of a membrane reactor is to provide effective oxygen distribution resulting in low
oxygen partial pressure all along the reactor, favoring selectivity to C2 products and
significantly improving of methane conversion.”” Furthermore, the inclusion of a membrane
in the reactor resulted in better heat distribution and minimize hot spots that might arise as a
result of the OCM reaction's exothermicity.”’ A techno-economic assessment analysis
exploring the integration of membrane reactors on the OCM process was performed,
indicating that the use of membranes promote a reduction of cost of ethylene production
(595-695 €t ethylene) with 25%-30%, when compared to naphtha steam cracking.98 In
general, the promising effect of using membranes in the OCM process motivated the
researchers to explore further various possibilities.?’g’40 Dense and porous membranes were
proposed for application in OCM. Both technologies ensure homogeneous distribution of
oxygen throughout the reactor, however, dense membranes allowed for selective oxygen
species permeation, which was not feasible with porous membranes.”® Another disadvantage
of the porous membrane is the risk of back-permeation, which can have serious consequences
on the performance and safety of the process.39‘99 Oxygen ionic conducting (OIC) and mixed

oxygen ionic and electronic conducting (MIEC) membranes as dense membranes were
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explored in the OCM.'® Such membranes present the benefit of promoting the transport of
oxygen ions that are more selective to the formation of ethylene, avoiding the products of
overoxidation.'® Tonic membranes were also applied in electrochemical reactors, which have
the possibility to tune the oxygen permeability by altering the electric current.

Although the use of membranes have shown to be very promising, some challenges still
need to be considered. The reduction in permeability of dense membranes due to the high
temperatures of the process, the need for a large amount of membranes to supply the entire
demand for oxygen, and back-permeation in the porous membrane, as already mentioned
have to be further consided.*®*°* The interactions of the catalyst with the membrane has to
be also considered, since it can lead to the formation of different phases that can hinder the

. . 102
permeation in the membrane.™

2.4. Outlook for the OCM industrial scenario

The Siluria's oxidative coupling of methane technology with a commercial demonstration
plant in La Porte, Texas was developed in 2019. Nowadays, Siluria’s technology is used to
convert natural gas to fuels and chemicals by Lummus.’® As mentioned earlier, the
technology is based on a post-bed ethane cracking zone, in order to guarantee higher ethylene
yields.‘r’6 Although it is an interesting alternative, the technology requires the introduction of
ethane for the process. The intellectual property as well as facilities of this technology
belonged to the McDermott.'*

One of the biggest obstacle for the commercialization of the OCM technology is linked to
the "conversion or selectivity" dilemma and the challenges that prevent increasing the C2
yield of the reaction. To overcome these limitations, strategies linked to the OCM technology
are emerging combining valorization of other products formed during the reaction.

In a recent patent from Sabic Technologies, a process combining two different reaction

zones of oxidative coupling of methane and partial oxidation of methane was proposed.105
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The idea was to take advantage of the effluent produced through the OCM in the second
reaction zone of catalytic partial oxidation to produce mainly C2 and synthesis gas (CO and
H,) in addition to side products such as H,O and CO,.'®® Besides, the ongoing European
project C123 also addressed the concept of atomic economics for the production of ethylene

106

from methane.™" In this case, the oxidative conversion of methane (OCoM) produces initially

(ideally) C2, CO and H, through a combination of OCM and dry reforming of methane

198 The advantage behind the C123 strategy

(DRM) reactions among others in the same step.
is the direct use of the effluent from the OCM reactor (C2, CO and H;) in the
hydroformylation reactor to generate high value C3 products (propylene) by dehydration.
Very importantly, this process will relay on exploiting pristine or wasted sources of methane

as well as biogas containing CO,. %

3.  Methane dehydroaromatization (MDA)

3.1. Overview of MDA: main drawbacks and new trends in catalysts
design

The catalytic upgrading of methane under non-oxidative conditions is an attractive way to
produce directly valuable hydrocarbons. Methane is reacted with a catalyst to produce
selectively benzene as well as dihydrogen through the methane dehydroaromatization
reaction, according to the following equation:

6CH, ) 2 CoHg g + 9Hy (1)

The high potential offered by MDA reaction to produce valuable hydrocarbons and
energetical resources has received significant attention from researchers during the past
decades. Various catalytic systems have been reported and discussed in details in many
review papers.?’*22

In the current review we summarized the best results obtained with different catalytic

systems reported during the last 25 years regarding the methane conversion, C, products and
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benzene yields, as well as the used operating conditions (Figure 4 and Table 2). As can be
seen from Table 2, the Mo/HZSM-5 is the most investigated catalyst for the MDA reaction

3.17 Usually, the MDA reaction is carried out at temperatures

since the very first report in 199
from 650 to 800 °C, leading to an average benzene selectivity of 70%.*4319% 18 Other
catalysts for the MDA with lower performance including Fe/HZSM-5, GaN/SBA-15,
TaH/SiO; and bimetallic Pt-X/HZSM-5 have been reported. On the contrary, highly
dispersed Fe@Si0,"***° and Pt@CeO," showed high benzene and C, production during tens
of hours of reaction. However, both catalysts showed some disadvantages as high reaction
temperature (> 950 °C) and high methane dilution for the Pt@CeO; (1 vol % CH,4 in He). The
high selectivity to benzene (22%) and ethylene (55%) on the Fe@SiO, catalyst at a methane
conversion of 32% at 1020 °C is diverged with the radical mechanism proposed.ng’lzz’123 It is
important to note that the potential development of MDA using the Fe@SiO, catalyst will

require an appropriate design of the process as a whole, and more precisely a reactor to

control the non-selective gas-phase reactions should be considered.
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Table 2. Performance of catalysts and conditions for MDA reaction reported during the last 25 years.

Catalyst MDA conditions Performance Ref
TOS 100 min 250-300 min 600 min
Metal (wt %); | T, P GHSV Feed Pretreatment Xcn, | Yeoue  Yaro Ye,  Ycoke | Xcn,  Yeegng  Yaro  Yc, gYCOke Xch, Yegng  Yaro Yo, | Yeoke
method of composition
incor‘;fﬁtiom ;(;; mlcie gea b vol % Y % % % % % % 1% /% %l % % % % 1%
Si/Al
Fe/HZSM-5 catalysts
2-4; WI; 15 750 1620  CH4/N,-90/10 A: Ar 6-7 0 / 01 / 7 <1 /03 / 8 06-137 / 0.7 /T ™
6 WL25 | 750 1350 CH4/Ar-90/10 | A: CHy/Ar/He- | - 142 02 / / 14| 12 48 /03 69| /I /2 A B Y
43/5/52
CO2IE 125 | 800 1500 CH4N,-95/5 | AAr | 1500 /AR A /| 1150 /T 4 A /I A A R
L, WL40 | 700 3750 CH4/He-50/50  A:He | | 07 <0.1 / 04 /| 137 03 /01 A /S VA A A
2-Fe-05-Au; | 750 3000 CHy/Ar-67/33 A 1300 [3 /| 126 /24 AR /15
WI; 15
Fe@SiO, catalysts
/; MF 1020 / CH4/Ar-90/10 A: He 6.0‘ / 2.0‘ 3.0 o] 7.0 / 23‘3.4‘ o] 68 /]23]34 o] ™
1080 8000  CH4/H,/Ar- A: He 6.2 / 0.6 54 0| 62 /0.6 5.4 0| 62 / 0.6 5.4 0
40/50/10
""" 0.5;MF  [1020 14500 CHy/N,-90/10  A:CHy/N,-90/10 | 33.0| 7.2[ /| 17] o] 33.0] 72] /] 17] of| 330 72| /[ 17] of ™
Pt@CeQO, catalysts
0.5;/ 975 6000  CH,/He-1/99 A: He 120 1.5] /]9.0 ol 120| 1.4 /19.2 0| 12.0 14 /]89 o ™
GaN/SBA1S catalysts
15; WI 700 2400 CH4/Ar-80/20 A: Ar 04(<o0.1] /]03 /] 03]<o0.1 /103 / / A /T
""" 11; WI | 700 2200 CH,/Ar-8020  A:Ar | 04 <01 / 03 /| 04 <01 /03 /| /B

TaH/SiO, catalysts
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132

/ 300, 616 CH, / / /o /] 0.1 / /10.1 / / /T /
50
Bimetallic Pt-X/HZSM-5 catalysts
1Pt-0.8Bi; WI; | 650 4481 CH4-10% 400 °C (4 h) under | 2.1 /119 /121 / /1.9 / / NI /T
40 H,/N, - 30/70
" 0.6Pt-0.7Sn; | 700 2520 CH,  Reductionfrom | 01 <01 / 01 /102 <01 /01 /02 <01 /o020 /| B
WI; 40 roomT to 500 °C
then A: He
Bimetallic Mo-X/HZSM-5 catalysts
0.5Pt-2Mo; 700 1458  CH,/Ar-90/10 Precarburized at 80 66 / /1 03| 75 58 /T /06 / AN /Y
WI; 35 750 °C (1 h)
CHy/H,
©0.6Co-6Mo; | 700 1365 CHJ/N,91/9 A:CHyH,-10/90 | /e ] 7 70l A A 7ol ) R
WI; 15
C0.6-INi-6Mo; | 700 1500 CH /N,-91/9 A:CHyH,-10/90 | /6s 1] eSS /AN A /el /T
WI; 15
 0.2Fe-6Mo; | 700 1365 CH/N,-91/9 A: CHy/H,-10/90 | /lss o2 7 e8] /o3| A /e8] /03] /¥
WI; 15
“1Re-4Mo; WI; | 700 2550 CH/N,-85/15 . A: CH/N,-85/15 | /2030 06 /7130 18070 /T A 1.1 13 07 /] B
23
0NiO+ | 700 2700 CH,/He-90/10 . A: CHyHe/Ar- | 1.0 /50 /1 /190 /55 A A A B
[12Mo/HZSM- 45/5/50
5; WI; 11.5];
PM
3Zn-3Mo; WI; | 700 1443  Natural gas = . AN, | 50 40 / / 15| 80 32 /12 /o AN 2 B
25 (96.2%CH,-
2.3%Ethane-
1.5%C2-C3)
©0.5Pt-0.5Sn- | 700 1460 CH4/Ar-90/10  At700°C(1h) | 78 /60 /i /|68 /50 /0 A /o /A2 B
2Mo; WI; 35 under N,
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Mo/HZSM-5 catalysts

6; MM; 25 700 1443 Natural gas AN, /| 4.0]55]03 / /1 3.5 4708 / / o /T
(96.2%CH,4-
2.3%Ethane-
1.5%C2-C3)
6, WL25 | 700 1443 Naturalgas . AN, | 11.0 35 / / 35| 140 3.0 I 66| A VA A )
(96.2%CHj;-
2.3%Ethane-
1.5%C2-C3)
MM 10 | 700 1400 CHWN»-8020 A:N2t0650°Cthen| 98 62 7.8 02 1.6 70 48 58 04 08| 40 28 34 05 0.1] '
A: CH4/N,-80/20
S WL1S | 700 2400 CHyN,-  A:He | 75 a8 /| /] /| 55 40 ARy /150 3] o/ /] ™
0.66/0.34
10, WL 10 | 700 1550 CHJ/N,-919 | AH, | 125 71 /. 02 45| 100 7.8 /02 11| 90 74 /02 02| '
16, WL 25 | 700 1350 CHJAr-90/10 A: CHy/Ar/He- | 13.8] /[ 1]o3] /| 125] /1 105]04] /1o /l1olos] /]
45/5/50
"""" 4, | 700 1710 CH4N,955 A:He | 90 69 /. 03 09| 45 28 /07 01| 14, 03 / 05 o02] '
WI (silylated);
20
""" 6;:WI | 700 1710 CH4/N,-95/5  A: CHs/He-8020 | 8.0| 56| /04| 14| 25] 13] /]07] 03| 1.0] o1] /[o1] o8] "
(silylated); 15)
S WLI3 | 700 2850  CHWN,-95/5 /A 60 50 /1 /. /| 30 18 A N A V2 A B2 VA
2, WL30 | 700 0 CHJN,-955 A:CHJN, | /300 /1 A /i A N /L V2 A B2 A
"""" 5.,/ | 650 0 CHy#N,955  A: CHJN,-95/5 | 35 1.7 / 04, /| 16 08 /04 /| / 7/, /o ®
10, WL 15 | 700 1550 CHy/N,-919 A:H, then CH, | - 128 80 / /. /1105 85 /A /95 80 /¥
(20 min) at 700 °C
then cooling and A:
He
10, WL 15 | 750 0o o A 120 77 /02 37/ 190 60 /02 128 A /A I ]
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2.5, WL20 [ 700 7200  CHy/H,/He- / /s / /i 48 /o / / A ]
40/1/49
4 MM 15 | 750 750 CH4/He-50/50 Calcinationat | 21.0: 12.8 / / /] 18.0 108 A A A AR R Y]
750 °C then from rT
to 750 °C CH4/H2-
50/50
4 WL15 | 700 1620 CHWN,-90/10 . AAr | 16.0] 56 /l02] /| 140] 56| /Toal /1 13.0] 48] /los] /] ™
2, WL20 | 800 4200 CH4/CO/Ar- A:Heto650°C, | 185 128 / /. /I 12 02 A A A A A ] L
85/5/10 then 650 °C
(20 min) Ar/CH,-
10/90 then from 600
to 800 °C -H,
WL 13| 75 3600 CHy/N,-88/12 /A 73] 35 /o6 /| 25 10 o7l /115 o] /o4l /™
6 WL 10 | 700 1400 /o /A 11.0 42 56 / 40| 65 24 30 / 22| A /AR A ) el
57, WL 15 | 700 1500 CH4/Ar-90/10 A:He | 9.0 60 /| /] /| 80 51| Ay A S
C10-12; WL 15 | 700 1550  CHW/N2-91/9  Twosteps: A: | | 11.0 65 /. /. /| 94 76 A /194 76 /. /| M
H,/CH4-91.5/8.5.
then A: He
"""" 6;IE | 700 1500 CH4/N,-80/20  A: CHyJN,-80/20 | 143 41, / / 40| 121 37, /. / 48| /  / / |/ /| ™
(ultrasounds);
11.5
“5;superciritcal | 700 1500 CH4/N,-8020 . A: CHJN,-80/20 | 151 56 [/ [/ /| 136 57 A /1247 55 /W
solvothermal;
11.5
O3B WL1S | 700 1350 CHWN»-90/10 . A:He | 67 35 /01 15| 38 24 /03 05| A /A R ]
Single-site Mo@HZSM-5 catalyst
0.5; Mo-HT; 850 2500 CH4-N,-80/20 A: CH4/N,-80/20 3.0 /10409 /| 3.7 /i 02 1.1 /| 3.9 /i 0.1 0.8 / 17
110
Mo/TNU-9 catalysts
6; MM; 4 700 1387 CHWN,-92.5/7.5  A: CHy/N,-92/8 145 57 95 / /] 1050 49 7.0 / / / NI /B




6; MM; 25 700 1387 CH4/N,-92.5/7.5 A: CH4/N»-92/8 1.0 50 6.0 /. 48] 91 47 55 / 35 / S A /i
Mo/IM-S catalyst; | | |
4; WI; 25 700 1387 CH4/N,-92.5/7.5 A: CH4/N»-92/8 11.2 /6.0 / /| 8.0 /487 / / / /A /T
4 MM;25 | 700 1387 CHJN-92.5/75 A 120 /113 /105 /63 /85 X I A
Mo/ITQ-2 catalysts
3; WI; 25 700 1500 CH4/N,-90/10 A: He 737 23:3.0i01; 40| 40; 1.8 2302 1.4 / /A /T
HZSM-5 (core)-Silicalite-1 (shell, 13.2 wt %) catalysts
6; WI; 15 720 1500 CH4/N,-90/10 A: He 150 72 12 / /1270 77 1170/ /] 10.6 70 10/ /P
Mo/Sulfated Zirconia catalysts
5; WL/ 650 600 CH4/Ar-67/33 A:H, then CHy/H,- | 17.3, 24 /1.6 /| 142 1.7 /1.5 /] 11.0 0.8 /i 1.1 /™

20/30 (4 h) at 650 °C

'If not indicated, it is atmospheric pressure, WI: wet impregnation, MM: mechanical mixing, MF: melting fuse, HT: hydrothermal treatment,
IE: ionic exchange; A: difference from the room temperature to the reaction temperature; feed composition is presented in vol %/vol %.
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So far, based on numerous studies and results summarized in review papers it is accepted
that the Mo/HZSM-5 is the most suitable MDA catalyst to upgrade methane into valuable

aromatics.” >

However, the mechanism of methane dehydroaromatization on the
Mo/HZSM-5 catalyst is still under discussion. Two different paths are actually considered: (i)
a bifunctional mechanism involving the coupling of methane to C,Hy species on molybdenum
sites, followed by the oligomerization of these intermediates to aromatics on Brensted acid

sites 7'

, or (ii) a hydrocarbon pool mechanism involving the activation of methane on
molybdenum sites reacting with hydrocarbons entrapped in the zeolite pores responsible for
the aromatics formation.'***** A typical MDA reaction on the Mo/HZSM-5 catalyst can be
divided in three steps™ including (i) the activation of the catalyst corresponding to
molybdenum oxides reduction without benzene production, (ii) the increase of benzene
formation during the induction period, and finally (iii) the constant benzene production and
progressive deactivation of the catalyst.

One of the main role of the Mo/HZSM-5 catalyst is the shape-selective production of
benzene from oligomerization of light hydrocarbons intermediates in the zeolite micropores.
A wide range of molybdenum species have been proposed as active sites for the methane

.. 11,141,157-1
activation™™ 157165

and they can be summarized in two groups: (1) the partially reduced
oxy-carbides species [MoOny]“Jr and (2) molybdenum carbides (MoCy). The state of the
metallic active species in terms of location, evolution with time and activity are complex due
to their diversity and vast formation of coke during the MDA reaction. So far, a general
scheme representing anchoring of mono ([M00O,]*") and dimeric ([M0,0s]*") molybdenum
oxides to BAS, and a deposition on the external surface of the catalysts resulting in the

166,167
d.66’6

formation of a MoOs oxide layer is accepte The mode of anchoring and location of

molybdenum is sensitive to the Mo/Al balance, i.e., at low Mo/Al ratio the molybdenum
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forms mainly [MoO,]*" species, while the high Mo/Al favors the formation of dimeric species

114,157,166 Molybdenum

and deposition of bulk oxides on the external surface of the catalysts.
oxides anchored on Brensted acid sites are reduced to mono or dimeric oxy-carbides during
the activation period under methane flow through a multi-stage reduction while producing
mostly H, and CQ.*01981651677189 Tpeir deeper reduction into carbides is not required in order
to produce benzene.'®*!® The dispersion of molybdenum in the Mo/HZSM-5 is the most
critical to have an active and stable catalyst.*"**>***"*"2 The zeolites with low Si/Al ratio
provide more anchoring sites, leading to a homogeneous dispersion of Mo, while a high
silicon content or high molybdenum loading resulted in the formation of MoOy clusters and

110,157,172,173

weak linkage with the framework oxygen. The weak interaction between

molybdenum and the support lead to molybdenum migration and aggregation during the
pretreatment of the catalysts (high temperature treatment) or during the MDA reaction.' '™
In order to prepare well-dispersed metal containing catalysts by impregnation, the balance
between the molybdenum and the Si/Al ratio of the zeolite (i.e. Mo/Al molar ratio) must be
considered carefully.

Recent reviews emphasized on two disadvantages restricting the industrial development of

81218 Pirst, the MDA reaction is

the non-oxidative transformation of methane.
thermodynamically limited with a maximum of benzene conversion of 12.5% at 700 °C, thus
the Mo/HZSM-5 catalysts show low activity. Second, the coke formation at the high
temperatures of the reaction is favored, leading to the fast deactivation of the catalyst and
limiting the benzene selectivity. Thus, some aspects of the MDA process with emphasis on
catalyst engineering (dopant, post-synthesis treatment), pretreatment, regeneration and co-
feed of oxidative or reducing species have been considered. These features will be critically

analyzed in the following sections in terms of deactivation and improvement of benzene

formation in the MDA reaction.
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3.2. Deactivation of MDA catalyst and mitigation strategies

3.2.1. Modes of MDA catalysts deactivation

Despite the substantial research efforts on MDA catalysts development, the deactivation
remains a significant concern. Two ways of deactivation lead to the significant loss of
catalysts performance: (i) the reversible coke formation during the MDA reaction and (ii) the
irreversible structural damage including the formation of Al;(MoQ4); and carbide migration
due to the harsh experimental conditions of the MDA process. Therefore, during the past

decade, a variety of approaches have been developed to extend the catalyst lifetime.

3.2.1.1. Reversible coke formation in MDA catalysts
The Mo/HZSM-5 catalysts suffer from solid carbon formation during the MDA reaction, at

108,110,113,117 .
08,110.113,117,137,144145  The  characterization and

selectivity reaching from 10 to 50%.
quantification of the coke are crucial to understand the deactivation mechanism of the
catalysts. The most common TGA/DTA characterization technique provides an important
information about the coke formed on the catalysts allowing to discriminate three kinds of
carbonaceous deposits: (i) the carbon in molybdenum carbides, burning between 400 and
450 °C (not considered as a coke), (i1) the carbon associated to a “soft” coke, burning around
450 - 500 °C, and (iii) the carbon related to a “hard” coke burning between 500 and
600 °C.31244180 The thermal analysis only provided quantification and usually are coupled
with complementary TEM™®, Raman*’?*" or XPS'"® spectroscopy characterization methods
in order further to investigate the localization and nature of the carbonaceous deposit. Most of
the studies considered “soft” and “hard” cokes separately, whose discrimination comes from
the extrapolation of their oxidation temperatures measured by the thermal analysis. Both
cokes have an aromatic nature156’168, but have different locations in the zeolites thus

impacting the combustion temperature. However the exact location, nature and the effect of

coke on the MDA catalysts remain ambiguous.
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Due to its lower combustion temperature, the “soft” coke is supposed to be located either
(1) on the external surface of the zeolite crystals where oxygen access is not limited by

diffusion, and/or (ii) close to the molybdenum sites, able to catalyze the coke

41,54,160,168,172,176

combustion. The soft coke was reported to have a graphitic like carbon

41,160,172

structure. The growth of graphitic like carbon close to the molybdenum carbide

particles is causing deactivation of the MDA catalyst. Molybdenum carbides are the actives

species involved in the methane activation and as time on stream increases, coke coverage

160,177

lead to a loss of the catalysts activity. Furthermore, molybdenum carbides migrated

from pore mouths to the external surface of zeolite crystals and sinter after a long time on
stream, enhanced by the “soft” coke formation.'*®*"® Molybdenum carbides and Brensted
acid sites at the external surface of the catalysts promoted the growth of the “soft”
coke HHHHBIN0I2LIE180 A g depicted in Figure 5, the amount of graphitic coke on the catalyst
is independent to the molybdenum - Si/Al balance of the catalysts. If an increase of the
external molybdenum carbide particles with higher molybdenum content is considerd,

166

resulting from the synthesis or migration during the MDA reaction —, the formation of soft

coke on molybdenum carbides will be minor. The graphitic carbon formation must occur

156,175,181

through the thermocatalytic scission of methane on the external surface , moreover to

be catalyzed by the solid carbon deposit himself.*®
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The passive thin layer growth of coke at the external surface blocks the zeolite micropores
and mitigates the access of the BAS to the intermediates and reactants."®*"%1"® Additionally,
it was demonstrated that the production of the “soft” coke is proportional to the external

surface of the mesoporous catalysts obtained by desilication or swelling of MFI type zeolite

crystals (Figure 6).
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Figure 6. Content of soft coke in desilicated'"' (m) and lamellar’® (O)Mo/HZSM-5

catalysts as a function of their external surface area after the MDA reaction.

“Soft” coke is not only a deactivating deposit but active in the ethylene transformation
towards production of aromatics.'®’

“Hard” coke was reported to have a polyaromatic structure and is supposed to grow in the
micropores through acidic catalysis and burn at higher temperatures due to a low oxygen
accessibility.12’41’54’160’168’175‘181 The polyaromatic coke accounts for most of the total coke

weight deposited on the catalyst.11’168’175’181’185

It should be noted that thermal quantification
of “hard” coke gives an underestimated value of polyaromatic coke as these species are also
formed on the external surface and account for the “soft” coke.'®*'® Polyaromatic coke
formation occured through benzene and ethylene polycondensation on the Brensted acid sites

. . .. . 53,175,181,187-189
in the micropores of zeolites.

Thus, a higher amount of free Bronsted acid sites
(i.e. low Mo/Al molar ratio) in the zeolite catalysts promotes the formation of “hard” coke
(Figure 7). The “hard” coke amount increases with time on stream and gradually fill the
zeolite porous network, resulting in a zeolite templated carbon (ZTC) like structure and full
pore clugging.168 Polyaromatic coke formation lead to activity loss through diffusion of
molecules in the micropores and coverage of the Brensted acid sites.'®*’” The negative impact
of the "hard" coke on the MDA reaction is regarded as entrapped polyaromatic species

formed in the induction period and play a role in the benzene formation.***'*
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The properties of coke(s) in terms of way of formation, location, nature and impact on
MDA are still a matter of discussion.>**® This raises the question of cokes nomination, i.e.
from the semantic point of view, the names “hard” and “soft” cokes can mislead and suggest
that one is more detrimental for MDA than the other. Nevertheless, these names come from
the differences in combustion temperatures observed during the TG analysis, and their
respective toxicities are not established yet. Most of the studies considered the zeolite
network obstruction point of view and a few studies report on rational and rigorous
correlations between coking and activity loss of catalysts. This is mainly due to the
complexity of characterizing of used Mo/HZSM-5 catalysts by operando spectroscopic
methods for MDA® and TG/DTA analysis. The temperature of coke combustion depends on
several parameters like the zeolite acidity, crystal size, coke content, metal content and time
on stream,>'*®1721851% Fyrther investigations on space and time evolution of carbonaceous
species during the MDA process are highly desirable by combination of characterization

techniques.® Kinetics studies of coke formation (carbonaceous deposits) in the catalyst
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followed by ex-situ analysis will provide important information.”*™* Such studies will
provide information on reactive intermediates while clarifying the ambiguous discrimination
between coke and hydrocarbon pool. New approaches are needed, such as addressing the
deactivation problem from a coke toxicity point of view'®, i.e. active sites poisoning and not
only focusing on the pore blocking issues.

In summary, coke formation during the MDA reaction is one of the main feature hindering
the process development and is a major concern of hydrocarbons processing, especially on
acidic catalysts. The development of a regeneration step to remove the coke from the catalyst
is a very important issue toward MDA process optimization.’** The nature and formation rate
of coke is related to the properties of the catalyst and operating conditions. Numerous
solutions have been considered to mitigate the coke formation and deactivation rate during
the past decades but still the exact role and mechanism of formation of polyaromatic

hydrocarbons require further investigations in order to develop an efficient MDA process.

3.2.1.2. Irreversible structural damages of MDA catalysts

The excessive heat treatment and the presence of water during the severe MDA reaction
and especially during the regeneration step lead to irreversible deteriorations of the catalyst;
the classical example is the Mo/HZSM-5. Under thermal and oxidizing conditions, the Mo
species became mobile and can migrate on the external zeolite surface to form molybdenum
clusters or react with the framework Al to produce aluminium molybdates (Al,(M0Oy)s), thus
leading to pores blocking.'****® External molybdenum species (Al,(MoO4); and MoC,) are
considered as spectator in the MDA reaction, resulting in irreversible deactivation of the
catalyst.®®'®” Furthermore, the molybdenum sintering caused a decrease of methane

118

conversion rate - as the density of active sites decreased, and the synergetic effect of

Mo-BAS proximity is lost."® Then the Mo migration prevents continuous regeneration and
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recycling of the catalyst, which is crucial due to the rapid formation of coke. The robustness
of impregnated Mo/HZSM-5 catalyst is inherent in the zeolite framework in the presence of
alumina. To mitigate the irreversible deactivation of the catalyst, the Mo-support interactions,
i.e. the balance between Mo and Si/Al ratio of the zeolite is a critical parameter to be
considered.”*******'** High molybdenum content favors migration phenomena, and the
optimal molybdenum content for the HZSM-5 catalyst with a Si/Al ratio of 15 was found to
be around 4 - 5 wt %.*"'%*%** Thus, better molybdenum anchoring to the zeolite framework
obtained with low Si/Al ratios offsets the weaker (hydro)thermal stability of aluminum-rich
zeolites."”™'”” As an alternative way, the preparation of atomically dispersed Mo/HZSM-5
catalysts by defects “healing” of the framework structure with molybdenum was
reported.™”***?* The Mo was introduced in the silanol nest defects of the MFI zeolite
framework resulting in ultra-stable catalysts. The atomically dispersed Mo/HZSM-5 depicted
high stability of both the zeolite structure and molybdenum during multiple cycles of MDA
reaction at 850 °C and regeneration at 750 °C under steaming. Several other strategies have
been proposed to improve the stability of the catalyst during regeneration and to adapt

molybdenum-containing zeolites to harsh regeneration conditions.®

3.2.2. Evolution of the catalyst stability during the MDA
3.2.2.1. Impact of the catalyst pretreatment

The route of formation of molybdenum active sites is a crucial parameter in designing a
stable and active Mo/HZSM-5 catalyst. The carburation of molybdenum at temperatures
below that of the MDA reaction (<650 °C) appeared to be beneficial for the catalytic
performance as the reduced forms are less volatile than the oxidized forms.”* Thus, heating
the fresh catalyst, i.e. with molybdenum in oxidized form, above 550 °C under inert (N,, He)

or oxidative (O;) atmosphere may lead to materials damage through molybdenum sintering
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and migration at the external surface. Moreover, mobile molybdenum species can extract
aluminum from the zeolite framework and form extra-framework Al,(Mo0Q,); species.* %
Molybdenum carbides clusters resulting from external molybdenum oxides reduction and
Al (MoQOy); species are considered as spectators for the MDA cause coke
formation."***%%72%2 Op the other hand, the heating of the Mo/HZSM-5 catalyst under a
reductive atmosphere such as pure flow of CHs, H,, CO or a CH4/H; mixture shown
improvement of the catalyst stability and an increase of the benzene yield.*™*****?® In these
conditions, the reduction of Mo sites occurred at lower temperatures, preventing the Mo
migration.”” Recently, Rahman et al* reported the effect of different pretreatment
atmospheres including He, CHy4, H, and a mixture of CH4/H, on the structural properties and
performance of MDA catalysts. Higher Mo dispersions were correlated with lower reduction
temperatures. Pretreatments under a mixture of CH4/H, (10/90, v/v) or pure H, followed by
carburization under CHy at 700 °C led to the best performance of the catalyst. Furthermore,

with H; in the flow, no coke formation was observed during the carburization process, while

with pure CHy flow, soft coke was produced close to molybdenum active sites.'*®

3.2.2.2. Impact of the reaction conditions
In addition to the catalyst’ properties, the operating conditions impact the coke formation
and the catalyst deactivation behavior. Rates of coke formation and catalyst deactivation are

188204 i e. low contact time, thus suggesting that coke formation is

faster at high space velocity
not kinetically limited. However, the amount of coke is lower at high space velocities and
shifts towards external surface coverage, facilitating the removal by lower temperature
oxidation."*** Moreover, high space velocity induces mass transfer limitations over the

zeolite crystals, thus the coverage of their surface enhances the deactivation.'***
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Thermodynamically, the formation of polyaromatics and carbon graphite is more favorable
than benzene at higher temperatures.®>”® Experimentally, raising the reaction temperature by
206

60 °C multiplied by three-fold the total coke amount generated on the spent catalyst.

The general chemical equation for polyaromatics compounds formation is as follow:

2CHy @ CHy pn-1) + (gx +n-— 1) H, (2)
were n is the number of aromatic cycles in the final molecule.
It can be seen from equation (2), increasing the pressure will shift the thermodynamic
equilibrium to indirect way according to the principle of Le Chatelier. The longer is the
polyaromatic coke molecule, the more significant will be the effect of pressure on
polyaromatics growth. However, the scavenger effect of hydrogen shade off with equilibrium
shifting, which can indirectly increase coke accumulation on Brensted acid sites.”” Hensen et
al. *® showed that the selectivity shifted towards benzene formation, and the mitigation of
coke formation and deactivation of the catalyst with increasing the pressure. Surprisingly, the
coke content recovered on the spent catalyst after 900 min of reaction was higher at elevated
pressure. It has been proposed that higher pressures favors coke formation in the zeolite pores
with more dense carbon structures formed, thus, the combustion temperatures shifted to

higher values.

3.2.2.3. Impact of the regeneration steps

The coke formation cannot be entirely avoided due to the acidic nature of the catalyst and
the reactivity of unsaturated products formed under the high temperature MDA reaction. The
total coke removal can be reached at high temperatures treatment up to 600 °C as shown by
TG analysis. The oxidation of coke involved as well the oxidation of molybdenum carbides
to molybdenum oxides occurring around 400 - 450 °C. Above 500 °C, the molybdenum

oxides became volatile and started to migrate, leading to materials damages through MoOy
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sintering or formation of extra-framework Aly(MoQy); species™™"'*° that depend on the
molybdenum content in the catalysts.'>’*%

Different strategies for regeneration of MDA catalyst have been evaluated in order to
remove efficiently the coke while minimizing the damage of the catalyst’ structure. One
strategy is based on burning the coke at lower temperatures. Using 2 vol % of NO as a
promoter in air, the total removal of coke at a lower temperature, i.e. 450 °C instead of
550 °C was achieved and this allowed to mitigate the loss of activity during eight
reaction-regeneration cycles in comparison with the catalyst simply treated in air only.*
However, the study of the regeneration temperature on the performance of MDA catalyst
revealed that the total coke removal was not needed to recover the initial activity.** The
catalyst treatment at 450 °C under 10 vol % O; in He removed the “soft” coke and allowed to
recover similar methane conversion and benzene yield after 5 cycles of 10 hours reaction
followed by regeneration. This implies that the “soft” coke is highly toxic for the catalyst. On
the contrary, at higher temperatures (550, 700, and 850 °C), the coke removal was more
efficient but involved irreversible structural damages like a loss of molybdenum and Brensted
acidity leading to a decrease of benzene production in multi-cycle catalytic reaction.

In comparison, the coke removal under a reductive atmosphere was shown to occur at
higher temperatures (700-800 °C) but re-carburization of the catalyst was not needed.*"**"*
Regeneration under H; partially removed the coke by methanation while allowing to recover
part of the benzene yield and methane conversion. Contrarily to oxidative treatment, the H;
coke-removal did not cause irreversible damage to the catalyst.’”” Indeed, molybdenum was
preserved at a reduced state and no water was formed, while in the case of oxidative

140,212

treatment, water from the coke combustion caused dealumination. Despite these

considerations, a reductive treatment was found to be less effective than the low-temperature
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oxidative treatment in terms of catalyst’ deactivation after several MDA/regeneration
cycles.”

Another way towards improvement of MDA catalysts reported is to conduct the process
under “short” cycling conditions by starting the regeneration of the catalyst before reaching
the total deactivation. Alternative 1.5 h of reaction then 0.5 h of regeneration at 540 °C led to
a maximum benzene yield with productivity three-fold higher than in a single run over 18 h
experiment.'** However, the carburization was required to prevent molybdenum oxides
migration after the regeneration in these conditions. Furthermore, as observed during
experiments with high-frequency injection of dioxygen in the MDA feed, the frequency of
the cycles was the parameter that must be carefully optimized.”*

3.3. Improving aromatic production in the MDA
3.3.1. Addition of promoters

The introduction of several metals as promotors to tune the performance of the
Mo/HZSM-5 catalysts was studied. The concentration of the promoters was varied, and either
single or bimetallic promoters were used. The total benzene yield reported on bi-metallic
Mo-X/HZSM-5 catalysts and the first order deactivation rate constant of benzene formation
are summarized in Table3. The bi-metallic Mo-X/HZSM-5 based catalysts contain
palladium, ruthenium, iridium, zinc, copper, chromium, tungsten, platinum, iron, cobalt,
nickel, thenium or gallium (Table 3). In most of the studies, mono- and bi- metallic catalysts
with an increase of the total metallic content were compared. To account the effect of the
promotor (metal content), the increase of benzene formation per moles of metal in
comparison with the monometallic molybdenum catalyst (Mo/HZSM-5) used as a reference

was calculated according to the following equation 3:

(YieldBenzene)
Nmetal Bimetallic
YieldBenzene)

Nmetal Monometallic

(3)

TBenzene — (
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The results are depicted in Figure 8.
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Figure 8. Effect of the concentration of co-metal promotors (Fe, Co, Ni, Pt, Zn, Pd

and Rh) of Mo/HZSM-5 catalysts in comparison with the monometallic

molybdenum catalyst (Mo/HZSM-5 reference, dashed red line) on benzene

yield.

Table 3. Performances of Mo/HZSM-5 catalysts doped by metals promoters in

MDA reaction.

Co- Composition Co- | MDA conditions TOS. | Yeeuy Increase of 1(36“6 Symbol/

metal metal range benzene

. in the yield References

Si/Al metallic relative to

phase Mo/HZSM-

5 (TBenzene)

T Feeding
conditions
wt % Mol % | °C h % h!

/ 2Mo 0.0 0.5 1.0 8.310”
"""""""""""""""""""" WHSV: 0.2- T AT TSt T LTI 214
pd Mook M I a0 ar | 2 o3 ST

Ru 2Mo-0.3Ru 12.5 0.9 1.7 72107

/ 6Mo 0.0 3.6 1.0 1.110"
Pd T 6Modspd T T 707 700 GHSVE 1300 0.1 ooy grememmmeees 0.6 ATi07| 4
______________________________________ mlge, h 40 — T

Ir 6Mo-0.5Ir 4.7 1.3 03 2410"

/ 6Mo 25 0700 GHSV: 1500 0.1-| 32 1.0 95107 [ »/"



Zn 3Mo-3Zn 59.5 ml g, h! 40| 3.4 09 1.1107
Cu 3Mo-3Cu 602 BT 05 95107
/ 6Mo 0.0 4.0 1.0 3.0107
TG oG T 25 649 700 GHSVE 1300 0ud- e 0.8 340 A
______________________________________ mlge, h 4.0
% 3Mo-3W 343 34 1.1 1.810°
/ 2Mo 0.0 GHSV: 1620 4.9 1.0 16107
-------------------------------------- mlgca{lh'1 B Al
Pt 2Mo-0.5Pt \ 10.9 0 01-| 62 1.1 4010 i
5 700 CcH,/Ar- ;
_ 6.1 -1
2Mo-1Pt 19.7 50/10 3.5 0.6 1.710
2Mo-2Pt 33.0 vol %/vol % 1.4 02 1.710"
/ 6Mo 0.0 GHSV: 15100 5.7 1.0 1.8107
______________________________________ -1 . e e e e e e E e E E e E e ———— - — -
Fe 6Mo-0 2Fc 15 54| 700 ml ge” b 0.5- ""g4 11770107 | ¢
CH,/N,-91/9 102
6Mo-1Fe 22.3 vol %/vol % 5.8 0.8 29103
/ 6Mo 0.0 5.6 1.0 1.9107
Co 6Mo-02Co s, |7 55 7 09 13107
6Mo-0.6Co 14.0 GHSV: 1500 6.7 1.0 4.010"
ml ey 0 0.1- 3 45
6Mo-1Co 15 21.3 | 700 : 5.7 08 1.110° | O/
______________________________________ CH./N,-91/9 9.9 e
Ni 6Mo-0.2Ni 52 vol %/vol % 6.2 1.1 9610
6Mo-0.6Ni 14.1 6.1 09 32107
6Mo-1Ni 214 5.8 0.8 45103
/ 8Mo 0.0 GHSV: 1440 5.9 1.0 66107
______________________________________ -1 1.-1 o
Fe 8Mo-1Fe ml gea” b
25 800 CHy/COy/Ar-  03- o2V
11.1 90/2/8 10| 72 1.0 3.010"
vol %/vol %
/vol %
/ 6Mo 0.0 3.6 1.0 15107
Co 3Mo-3Co 619 . e T 04 32107
__________________________ 25 | 700 G?SV_'. 111_5100 041 I A/
Ni 3Mo-3Ni 62.2 ml gy 0 1.8 04 3310
“Fe 3Mo-3Fe Te32 T 23 T 05 26107
/ 4Mo 0.0 GHSV: 3000 1.6 1.0 95107
______________________________________ -1 1.-1 I
Re  4Mo-IRe , 114 ol g B o[ 25 RIS
4Mo-4Re . 700" CHyN,- 13.2 Y
34.0 85/15 25 1.0 6.6102
vol %/vol %
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______________________________________ -1 1.-1 I
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3Mo-0.54Ga 19.8 vol %/vol % 2.0 09 1.1107

Bold: monometallic catalysts used as references for the catalyst series; 'benzene produced
(%) is calculated by integration of a range of T.O.S specified for each case.

The general trend observed is that adding a small amount of co-metal promotors to the
Mo/HZSM-5 catalyst is beneficial (Figure 8). Below 20 mol % of co-metals in the metallic
phase, the deactivation rate of benzene formation is decreased, except in the cases when
palladium and iridium were used (Table 3). However, the benzene production per moles of
metals is only slightly improved in the presence of platinum, rhenium, nickel or iron added to

the Mo/HZSM-5 catalyst at content below 20 mol %.

3.3.2. Addition of co-feed reactant

The addition of a co-reactant to the MDA feed to extend the catalyst lifetime by mitigating
the coke formation has been investigated. In most studies, H,, CO, CO; and H,O as co-feed
reactants were employed.

To evaluate the impact of a co-feed reactant, the increase of benzene formation in

comparison with the absence of a co-feed was calculated according to the equation 4:

__(Yieldgenzene)with co—feed reactant
TBenzene —

(Yieldgenzene)without co—feed reactant (4)

The impact of a co-feed reactant on the “relative conversion” of methane (Xféﬁl‘t) according

to the thermodynamic equilibrium at the reaction temperature was calculated according to the

equation 5:

Xgﬁ] _ (XCH4)With co—feed reactant
4

(5)

~ (XcHa)rhermodynamic equilibrium

3.3.2.1. Addition of H; co-feed reactant
The addition of H, in MDA feed has been studied over a wide range of concentrations,

from 0.5 to 30 vol %. The improvement of Mo/HZSM-5 catalysts in terms of methane

conversion and benzene formation rate with different flow composition of H; is depicted in
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Figure 9. The addition of H; has a positive effect on catalyst’ stability at lower than 3 vol %
H; in the feed (Figure 9). Moreover, the amount of coke on the catalysts decreased with the
addition of H, in the feed, and most notably, the polyaromatic coke located in the zeolite
channels decreased.”>"*******" As discussed in the previous section, the H, co-feed shifts the
equilibrium of the methane pyrolysis reaction towards reactants according to Le Chatelier
principle and limits the formation of the “hard” coke. Moreover, the hydrogen favors the
desorption of aromatic species from BAS, which mitigates coke formation during toluene
disproportionation for exemple.”***® Above 3 vol % H, the initial conversion and benzene
formation rate are negatively affected as shown in Figure 9. The addition of H; in the feed
shifts the equilibrium of MDA reaction according to the equation 1. Thus, the higher the
H,/CHy4 ratio is, the lower the CH4 conversion is expected219; the performance of the catalyst
decreases linearly with the H,/CH4 ratio (Figure 9). As shown by equation 2, the coke
formation is more affected by hydrogen co-feed than the benzene formation, i.e. the hydrogen
(moles) produced per aromatic ring is higher in the case of coke than for benzene. Therefore,
H, co-feed is only efficient at low content (<3 vol %) where the MDA reaction is not
affected substantially and the formation of polyaromatic coke is mitigated.
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Figure 9. Impact of the amount of H, co-feed reactant in Mo/HZSM-5 catalysts on
the benzene formation (black symbols) and “relative conversion” of methane
(blue symbols). Data taken for m: from Ref'”®, O: from Ref*® and R: from

Ref™.

3.3.2.2. Addition of CO co-feed reactant
The effect of carbon monoxide addition over a range of 1- 12 vol % in the feed to the MDA

2253115224227 The impact of the CO co-feed reactant on

reaction has been studied extensivly.
the initial methane conversion and benzene formation rate is presented in Figure 10. An
enhancement of the catalysts performance under addition of CO with concentrations from 1
to 12 vol % was observed, which is consistent with the lower amount of coke deposited on
the catalyst with higher CO concentrations in the feed.>***>***

CO acts as a promoter in MDA reaction due to different reasons.’”*” The dissociative
adsorption of CO on metallic sites lead to (i) inhibition of the deactivation of molybdenum
active sites by oxidation of coke precursors to CO and CO; and (ii) formation of hydrocarbon
products from the reaction between adsorbed carbon atoms and dihydrogen produced during
the MDA.'**** Thus, hydrogen consumption shifts the thermodynamic equilibrium of the
MDA reaction according to the equation 1 towards the products formation. The oxygen
prevents the coke formation by oxidizing the coke precursors, while regenerating the carbon
monoxide. Therefore, by taking into account all previous considerations, the incorporation of
a promoter that favors both CO dissociation and avoid the methane thermocatalytic scission
could significantly enhance the catalyst stability. Metals used in Fisher Tropsch synthesis**®

such as Iron or Cobalt were reported to be good promoters enhancing catalyst’ stability under

CO co-feeding.***?
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Figure 10. Impact of the amount of CO co-feed reactant in Mo/HZSM-5 catalysts on
the benzene formation (black symbols) and “relative conversion” of methane

(blue symbols). Data taken for m: from Ref** and O: from Ref>.

3.3.2.3. Addition of CO, co-feed reactant

The use of CO; as a co-feed reactant in the MDA is of great importance since it is already
present in the natural gas feedstock.””® The cost of the MDA process could be lowered by
eliminating the upstream separation. Moreover, the use of CO, as a co-reactant helped to
reduce the carbon footprint of the process.230 The impact of the addition of CO, with a
concentration in the range 1.6 -14.3 vol % on benzene formation rate and initial methane
conversion is presented in Figure 11. An improvement of both parameters is observed at CO;
concentrations lower than 2 vol % in the feed (Figure 11), which is mainly due to the
presence of H, and CO alongside the catalytic bed. Indeed, the addition of CO, to the MDA
reactor leaded to a staged catalytic bed with (i) upstream dry reforming of methane to
produce carbon monoxide and hydrogen or Boudouard reaction with the carbonaceous
deposit forming two moles of carbon monoxide and (ii) downstream MDA reaction in the

presence of CO and H,.>>*°v*19224231232 Co_feeding with more than 2 vol % CO, is detrimental
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for the catalytic performance, mainly because of the reoxidation of the molybdenum carbides

into oxides by carbon dioxide leading to a decreased of activity.>*****
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Figure 11. Impact of the amount of CO, co-feed reactant in Mo/HZSM-5 catalysts on
the benzene formation (black symbols) and “relative conversion” of methane

(blue symbols). Data taken m: from Ref>’, O: from Ref** and R: from Ref*®.

3.3.2.4. Addition of H,O co-feed reactant

The impact of H,O co-feed reactant on the MDA reaction has been studied at atmospheric
pressure with 0.8 - 10.7 vol % H,0, and a reactor pressure of 3 MPa with 0.6 - 2.6 vol % H,O
in the feed. The effect of the addition of H,O co-feed reactant on the initial methane
conversion and benzene formation rate is presented in Figure 12. Water co-feed at low
concentration resulted in an improved MDA performance with an optimal value of around
2 vol % in the feed (Figure 12). The benefit of using water in the feed is similar to that
observed for the CO; co-feed reactant. Methane and coke are steam reformed, consuming
mainly the coke on the external surface.”**** Carbon monoxide and hydrogen are thus
produced and act as promoters (see the above sections). However, like CO,, a high water
content in the feed leaded to the reoxidation of the molybdenum carbides. In addition, water

favored the dealumination of the zeolite catalysts thus resulting in crystallinity loss.?***
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Figure 12. Impact of the amount of H,O co-feed reactant in Mo/HZSM-5 catalysts on
the benzene production (black symbols) and “relative conversion” of
methane (blue symbols) Data adapted for m: from Ref*, O: from Ref** and ®

: from Ref®,

In conclusion, the addition of H,, H,O, CO and CO, co-feed reactants is an approach to
enhance the performance of the catalysts in the MDA reaction. The impact of co-feed
reactants on the MDA reaction is summarized in Table 4. Importantly, the H,, H,O, CO and
CO; co-feed reactants improved the stability of the catalysts by mitigating the coke formation
process. The efficiency of the co-feed reactants on the performance of the catalysts is

strongly related to the nature and concentration of the co-reactants.
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Table 4.

Impact of CO, H,, CO; and H,O co-feed reactants on the MDA

reaction.
Co-feed | Co-feed References
reactant | reactant . .
. Positive Impact Negative Impact
concentration
in the MDA
H, <3 Scavenging of carbonaceous | / 175,188,219-221
deposits.
__________________ Equilibrium  shift of the | ______ .
>3 reaction from polyaromatic Equilibrium shift of the MDA
formation towards reactants. reaction towards reactants.
(0[0) <12° Oxidation of carbonaceous | / >3 115,224-226
deposit leading to decrease of
coke formation.
Effect on hydrocarbon
products formation.
CO, <2 Decoking through Boudouard | / >3,201,219,224,231,232
reaction.
>2 Similar effect observed as for Dealtctlvatlon ) ij the
addition of H, and CO co-feed Hﬁo ybd,enu_m act;ve s1{es due to
reactants. the '0x1dfc1t10n of mo ybdenum
carbides into oxides.
H,0 <2 Decoking through | / >4,234,235
steam-reforming reaction.
>2 Deactivation of the

Similar effect observed as for
addition of H, and CO co-feed
reactants.

molybdenum active sites due to
the oxidation of molybdenum
carbides into oxides.

"Maximum content reported in the literature.

4.

Outlook

Methane is a crucial actor in the energy transition from fossil to renewable resources,

initiated in the petrochemical and energetical sectors. This C1 compound is an important

building block for the production of higher hydrocarbons. The high hydrogen to carbon ratio

in methane allows the production of dihydrogen with low carbon emission. However, the

C- H bond strength in methane is much higher than in heavier alkanes or even the C--C

bonds, which makes its activation difficult

236

. The C1 chemistry differ substantially from

others hydrocarbons, thus requiring the development of new processes. The development of

various ways of methane transformation is, therefore, a significant concern, which captivates

the scientific community for decades.
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Different catalytic ways are actually considered to valorize methane into hydrocarbons and
hydrogen, with variable maturity levels. Methane transformation through syngas route is
currently operated in different industrial plants. This route involves several steps of
transformation to reach the final products, but the different gas-to-liquid technologies offer
access for C1 chemistry to a wide range of products: oxygenates, saturated and unsaturated
linear hydrocarbons and aromatic compounds. The syngas route has thus a low carbon
efficiency and high energy cost. On the contrary, OCM and MDA routes are more elegant
and alternatives, as they allow direct and selective production of C2 and benzene,
respectively, two essential building blocks of industrial chemistry.

The OCM technology is more mature than MDA, but efforts in research and development
are still required, such as to increase the C2 selectivity by mitigating COx formation. For
decades intensive efforts have been made at different process scales emphasizing on
catalysis, reactor and process design, as well as optimization of operating conditions. A
promising future for OCM could come from considering that it should not go alone, but be
integrated into a multi-step process, i.e. cascade reactors, to remove COx effluent and using it
as reactant.

The MDA reaction offers the opportunity to produce dihydrogen while valorizing the
carbon to hydrocarbons. Thus, from the reaction point of view, the valorization of methane
occurs through a "zero" CO, formation path. A free carbon wasting process is not
conceivable for MDA, as coke is produced, but an appropriate design of the process,
involving heat management provided by renewable sources, could allow reaching a low level
of CO, emissions.

The outlines of an MDA process can already be foreseen, but fundamental investigations
are still needed, such as understanding the mechanism of methane dehydroaromatization on

Mo/HZSM-5 catalysts and establishing the scheme of deactivation by coke. These are
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prerequisites for designing stable and active catalysts. As for OCM, MDA technology's scale-

up will need to consider the catalyst, the reactor, and the process engineering simultaneously.
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