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Unlocking  methane's  potential  in  biomass  valorization  offers  a  game-
changing approach to sustainable and economically viable biofuel and high-
value chemical production. By leveraging methane as a hydrogen donor, it
reduces the capital and operational costs associated with expensive hydro-
gen  gas,  making  the  process  highly  competitive.  Moreover,  methane's
active role in catalytic biomass upgrading improves fuel quality and selec-
tively  yields  valuable  chemicals,  surpassing  traditional  methods  in  cost-
effectiveness  and  environmental  benefits.  This  transformative  pathway
leads  us  to  greener,  large-scale  biorefineries,  paving  the  way  for  a  more
sustainable and resource-efficient energy future, where methane becomes
a driving force in our quest for environmental sustainability and economic
viability.  This  perspective  explores  the  role  of  methane  in  renewable  fuel
and  aromatic  chemicals  production  from  biomass  and  organic  waste  by
highlighting challenges and outlining a roadmap towards large-scale biore-
fineries.

Deoxygenation reactions require hydrogen, but it  is not readily available in
sufficient  quantities  for  industrial  use.  Typically,  it  is  generated  through  the
steam reforming  of  natural  gas,  which  adds  to  the  overall  production  costs
and energy  consumption in  biomass-based fuel  manufacturing.  In  an  effort
to  reduce  reliance  on  high-pressure  hydrogen,  several  alternative  strategies
have  been  put  forth  including  hydrogen  donor  systems  and  self-reforming-
driven  systems,  which  leverage  the  use  of  methane  or  natural  gas  for  this
purpose. However, using methane as an alternative hydrogen source in reac-
tions is challenging due to its high thermodynamic stability. Recent attempts
to use methane directly  as a hydrogen carrier  show promise but  face unre-
solved obstacles for biorefinery adaptation.1

Methane  presents  an  intriguing  alternative  to  hydrogen  for  upgrading
biomass  into  liquids  fuels.2 Using  methane  can  decrease  the  capital  and
operational costs associated with hydrogen, thereby enhancing competitive-
ness against the conventional hydrodeoxygenation route. Moreover, methane
not only improves the quality of biofuels and value-added chemicals but can
also integrate into higher hydrocarbons, resulting in lower carbon emissions.
This, in turn, increases liquid yield, and provides both economic and environ-
mental benefits as depicted in Figure 1A.

Pioneering efforts by Choudhary et al., has demonstrated low-temperature
nonoxidative route of methane activation. This innovative nonoxidative path-
way presents  an  exciting  opportunity  to  harness  methane's  potential  effi-
ciently,  while simultaneously producing valuable hydrocarbon products from
biomass and contributing to the sustainable future energy landscape. 

Challenges in methane activation
The direct formation of fuels/chemicals under methane environment is not

thermodynamically favorable at low temperature as shown in Eq.1. 

6CH4 → C6H6+9H2 (1)
 

ΔH(298K) = 531kJ/mol,ΔG(298K) = 443kJ/mol

Eq.  1  shows  that  the  reaction  does  not  occur  spontaneously  (ΔG>0)  and
necessitates specific reaction conditions to proceed. To enhance the reactiv-
ity of methane and promote the formation of desired products, high reaction
temperature is required. However, operating at high temperature leads to fast
catalyst deactivation due to the formation of carbon deposits on the catalyst
surface. This deactivation reduces the efficiency of the catalyst over time. As
an  example,  at  temperatures  higher  than  700°C,  methane  conversion  is
limited to 10% or lower and coke is also formed on the catalyst. Therefore, the
activation  of  methane's  C-H  bonds  is  a  fundamental  challenge  in  catalytic

surface chemistry as the tetrahedral configuration of methane, composed of
four strong C-H bonds with high bond energy of 435 kJ/mol, makes it resis-
tant to activation and conversion as shown in Figure 1B.

Interestingly,  there  are  two  pathways  for  methane  activation:  carbenium
activation and alkyl activation as shown in Figure 1C. In carbenium activation
[Figure 1C (i)], methane is polarized to CH3

δ+ -Hδ-, resulting in the creation of a
carbenium  ion.  This  carbenium  ion  can  then  react  with  other  molecules  to
form  products.4 Conversely,  in  alkyl  activation  [Figure  1C  (ii)],  CH3

δ--Hδ+ is
generated,  leading to the formation of an alkyl  radical.  This alkyl  radical  can
participate in further reactions to yield different products. Therefore, develop-
ing efficient and selective catalysts for methane activation becomes crucial in
order  to  control  the  product  distribution  by  facilitating  either  the  carbenium
ion pathway or the alkyl radical pathway.5 

Biomass to biofuels
During biofuel production from biomass, methane can play a crucial role as

a hydrogen and carbon donor due to its direct involvement in reactions or its
ability  to  create  a  conducive  environment.  This  process  involves  converting
unsaturated  species  into  predominantly  saturated  compounds,  enhancing
deoxygenation performance.

Furthermore, methane's active participation helps in improving the physio-
chemical  properties  of  the  product,  and  this  improvement  can  be  primarily
attributed to  the  deoxygenation  and  reconstruction  of  hydrocarbon  struc-
tures.  The  process  of  upgrading  lipid  or  fat  to  produce  valuable  aromatic
compounds involves several key steps including breaking down long chains,
deoxygenation,  methane  as  a  hydrogen  donor,  formation  of  smaller
molecules, cyclization, aromatization and methane's role in alkylation.

As  an  example,  in  a  30-day  long-term  waste  cooking  oil  valorization
process using an electronic scale to monitor feedstock consumption under a
methane atmosphere, remarkable reductions were demonstrated in free fatty
acids  (99.9%),  iodine  number  (91%),  and  total  acid  number  (87%),  thereby
meeting the ASTM D6751 standards. Moreover, the treated oil  revealed over
80% lower water content, making it more suitable for renewable fuel produc-
tion. Additionally,  the methane-assisted process exhibited a 1.05-fold higher
H/C atomic ratio.6

Methane-assisted catalytic fuel production can emerge as the most cost-
effective  option  for  commercial  renewable  fuel  and  biofuel  production,
surpassing  the  conventional  hydrotreatment  process  (>25%)  and  the  alkali-
catalyzed process (about 50%).7 In summary, the synergy of economic viabil-
ity and environmental feasibility positions methane-assisted catalytic biofuel
production as a pivotal driver in the ongoing efforts toward achieving a net-
zero energy transition. As research and development in this field continue to
advance,  the  anticipation  of  further  breakthroughs  emerges,  catalyzing  the
progression of renewable fuel production. 

Sustainable aromatics from biomass
Methane  can  play  a  critical  role  in  biomass  upgrading  by  engaging  in

hydrogen-transfer  reactions  that  efficiently  convert  biomass  into  valuable
aromatic compounds, while showcasing ability to participate in diverse reac-
tions, favoring alkyl group and aromatic ring incorporation. Certainly, methane
can undergo more  efficient  conversion  to  produce aromatics  in  liquid  prod-
ucts through hydrogen-transfer reactions when co-fed with higher hydrocar-
bons  (e.g.,  ethane,  propane,  pentane,  hexane)  or  oxygenated  hydrocarbons
(e.g.,  methanol,  ethanol)  under  relatively  mild  conditions  (400–600°C  at
1  bar).  In  fact,  the  mechanism  of  methane  activation  supplies  proton  or
methyl  moieties that  stabilize  oxygenated intermediates,  ensuring a  smooth
aromatization process.

Using methane as a reducing agent for bio-oil  upgrading, particularly with
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the aid of a catalyst, can result in a more efficient process that yields higher-
quality bio-oil with increased liquid yield. The presence of platform chemicals
and  the  synergistic  effects  among  methane,  platform  chemicals,  and  the
catalyst  contribute  to  the  overall  success  of  the  upgrading  process.  In  this
context,  employing  modified  zeolite  catalysts  in  the  conversion  of  biomass
under  methane  atmosphere  can  lead  to  increased  production  of  valuable
aromatics  and  improve  the  overall  efficiency  of  the  process  by  minimizing
coke generation.

Furthermore,  catalytic  biomass  upgrading  under  methane  environment
leads to fewer intermediates being absorbed on the catalyst surface, enabling
more  intermediates  to  transition  into  final  products  and  desorb  from  the
catalyst  surface.  In  this  context,  metal-loaded  catalysts  have  emerged  as
significant  contributors  in  the  realm  of  biomass  upgrading  to  aromatics,
owing to  their  exceptional  ability  to  activate  methane,  facilitate  deoxygena-
tion  reactions,  and enhance aromatization  process.  Among the  metals,  zinc
(Zn) and gallium (Ga) species show remarkable catalytic  properties,  with Zn
promoting  efficient  deoxygenation  and  aromatization,  while  Ga  excels  at
methane  activation.  Indeed,  the  inclusion  of  Zn  and  Ga  species  can  lead  to
the redistribution of Brønsted acid sites and Lewis acid sites on the catalyst's
surface.  The  metal-loaded catalysts,  particularly  those  co-impregnated with
Zn and Ga species, demonstrate superior catalytic performance in promoting
the  formation  of  light  aromatics  from  alkanes.8 The  added  metals  enhance
the activation  of  methane,  leading  to  increased  cleavage  fragments.  Addi-
tionally, the stabilization effect of active hydrogen radicals in the presence of

metal species inhibits the production of heavy aromatic compounds.
The presence of Zn with zeolite has proven to be beneficial for promoting

deoxygenation reactions of oxygenated intermediates. Zn species in catalyst
has  been  found  to  involve  Znδ+ species  with  oxygen  vacancies.  These  Znδ+

species with oxygen vacancies exhibit a higher selectivity for petrochemicals
compared  to  both  ZnO  clusters  and  isolated  Zn2+ cations.9 The  Zn  species
located within the inner pores of the catalyst might preferentially catalyze the
activation of methane and its subsequent incorporation into the phenyl rings
of  the  formed aromatic  compounds.  On the  other  hand,  Zn species  present
on  the  external  surface  of  the  catalyst  might  have  a  higher  propensity  to
catalyze methane incorporation into the substitution groups of the aromatic
compounds. This differentiation in the catalytic activity of Zn species on the
inner pores versus the external surface can result in varied methane partici-
pation  pathways  during  the  co-aromatization  reaction.  Depending  on  the
availability and distribution of Zn species, methane can be channeled towards
different reactions leading to the formation of distinct aromatic products.10 In
addition to Zn, other elements including transition and non-transition metals
hold potential in methane-assisted biomass upgrading. 

Prospects
The provided insights emphasize the considerable promise associated with

the valorization of biomass in the presence of a methane atmosphere, partic-
ularly  within  the  framework  of  biorefineries  that  operate  without  relying  on
hydrogen.  This  approach  offers  an  intriguing  possibility  for  the  efficient

 

Figure 1.  Toward methane-assisted biorefineries (A) Interconnected benefits of the catalytic biomass upgrading process with methane; (B) Representation of methane activa-
tion  challenge;  (C)  Mechanism  of  methane  activation:  (i)  Carbenium  activation  over  MoO3 species  with  zeolite,4,5 and  (ii)  alkyl  activation  over  Zn2+-exchanged  zeolite;4,5 (D)
comprehensive roadmap for biomass valorization with methane leading to large-scale biorefineries.
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conversion  of  biomass  resources  into  valuable  products,  such  as  biofuels
and chemicals, leveraging the unique characteristics of methane as a hydro-
gen and carbon source. However, it is crucial to acknowledge that this path-
way  is  not  without  its  share  of  challenges,  which  must  be  thoroughly
addressed to  unlock and fully  capitalize  on its  potential.  The key challenges
and  potential  solutions  in  the  methane-assisted  biorefinery  concept  are  as
follows: 

Coke/char  formation  and  stability  enhancement. One significant  limita-
tion in biorefineries is the formation of coke/char, which leads to a reduction
in  carbon  utilization  efficiency.  This  phenomenon  occurs  due  to  undesired
side reactions where carbon-rich compounds accumulate, reducing the over-
all  efficiency of  converting biomass into valuable products.  The presence of
coke and char also negatively impacts catalyst activity and stability, necessi-
tating frequent  catalyst  regeneration  or  replacement.  Addressing  this  chal-
lenge  is  crucial  for  improving  the  overall  efficiency  and  sustainability  of  the
process.  Research efforts  should focus on developing catalysts  and reactor
designs that minimize coke/char formation while maximizing the production
of  desired  products,  thereby  enhancing  the  carbon  utilization  efficiency  and
making the process economically and environmentally viable. 

Methane activation at low temperature. To activate methane in biorefin-
ery  processes,  innovative  techniques  like  photothermal  catalysis,  plasma-
driven  catalysis,  and  bio-catalysis  can  be  explored.  These  methods  offer
diverse  approaches,  such  as  harnessing  light  energy,  generating  reactive
species through plasma, and leveraging enzymatic or microbe capabilities. By
combining  these  approaches  and  developing  hybrid  catalytic  systems,
researchers  can  revolutionize  methane  activation,  paving  the  way  for
sustainable utilization of  methane in the production of  fuel  and value added
chemicals at lower temperatures. 

Enhancing  liquid  products. Methane-assisted  hydrocarbon  processing
should prioritize converting gas-phase light hydrocarbons into valuable liquid
products  and  increasing  methane's  participation  to  enhance  liquid  product
yields. Converting light hydrocarbons into liquid fuels is crucial for improving
energy density and facilitating storage and transportation, and the optimiza-
tion of catalysts and reaction conditions is needed to achieve higher selectiv-
ity towards desirable liquid products. 

Advancing  catalytic  processes. In-depth  investigations  of  active  sites,
metal species' role, and acidic sites are essential for optimizing the catalytic
process.  These  investigations  bring  multiple  benefits  to  methane-assisted
biorefineries,  including  increased  liquid  product  yields,  enhanced  methane
utilization,  process  flexibility,  waste  reduction,  improved  catalyst  stability,
enhanced techno-economic viability, and environmental advantages through
reduced greenhouse gas emissions.

To harness  the  potential  of  methane-assisted catalytic  biomass valoriza-
tion in biorefineries, it is essential to consider the critical aspects, as depicted
in Figure  1D.  The  implementation  of  the  outlined  roadmap  is  expected  to
have significant effects on the overall process and its feasibility. By develop-
ing novel catalysts to suppress coke/char formation and enhancing stability,
the  efficiency  and  longevity  of  the  process  will  improve.  Exploring  low-
temperature methane activation techniques can lead to energy savings and a
more  sustainable  approach.  Increasing  liquid  product  yields  by  optimizing
catalysts and reaction pathways will  create a more valuable product output.
Understanding  catalytic  mechanisms  will  enable  the  design  of  catalysts  for
better performance. Addressing technological challenges will enhance control
and sustainability. Economic and environmental studies will provide valuable
insights  into  the  viability  and  competitiveness  of  the  biorefinery  concept.
Finally,  collaborative research and development efforts will  foster  innovation
and  accelerate  the  technology's  commercial  applications,  ultimately  driving
the transition towards a large-scale biorefinery.

On  the  whole,  the  advancement  of  methane-assisted  fuel  and  chemical
production  technology  holds  great  promise  for  revolutionizing  biorefineries.

Through  innovative  catalyst  development  and  process  optimization,  this
approach aims  to  efficiently  convert  biomass  and  organic  waste  into  valu-
able products such as renewable fuels and viable aromatics, offering a cost-
effective and environmentally  friendly  pathway.  The integration of  methane-
assisted  biomass  valorization  within  biorefinery  systems  could  address
resource availability,  market demand, and long-term sustainability.  However,
successful  implementation  hinges  on  thorough  sustainability  assessments,
economic viability, and addressing challenges. This technology's potential to
contribute to a more sustainable and resource-efficient future for energy and
chemical industries  is  significant,  contingent  on  further  research  and  devel-
opment. 

A way forward
The forward trajectory for methane-assisted catalytic biomass valorization

and biorefineries hinges on a multifaceted approach encompassing techno-
logical advancements, sustainability considerations, and practical implemen-
tation.  Key  priorities  include  the  development  of  highly  efficient  and  stable
catalysts  to  mitigate  coke/char  formation  and  enable  low-temperature
methane activation. Maximizing liquid product yields, understanding catalytic
mechanisms,  and  reducing  carbon  emissions  are  vital  technical  objectives.
Sustainability efforts  should  focus  on  resource  efficiency,  waste  minimiza-
tion, and circular economy principles. Practical implementation involves scal-
ing up  processes,  ensuring  a  sustainable  biomass  supply,  addressing  tech-
nological challenges, and conducting thorough economic analyses to estab-
lish  cost-effectiveness.  Collaborative  efforts  between  researchers,  industry
stakeholders, and regulators are essential to drive innovation and realize the
potential  of  methane-assisted  biorefineries  in  achieving  environmental
sustainability, economic viability, and energy efficiency in biofuel and chemi-
cal production.

REFERENCES 

 Amabile, C.,  Abate, T.,  Chianese, S.,  et al.  (2023). The co-conversion of methane and
mixtures  of  volatile  fatty  acids  into  poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
expands the potential  of  an integrated biorefinery. Bioresour.  Technol. 387: 129699.
DOI: 10.1016/j.biortech.2023.129699.

1.

 Jarvis, J., Xu, H., Li, Y., et al. (2023). Methane-assisted selective bio-oil deoxygenation
for high-quality renewable fuel production: A rational catalyst design and mechanistic
study. Chem. Eng. J. 475: 146052. DOI: 10.1016/j.cej.2023.146052.

2.

 Choudhary,  V.R.,  Kinage,  A.K.,  and  Choudhary,  T.  V  (1997).  Low-Temperature
Nonoxidative  Activation  of  Methane  over  H-Galloaluminosilicate  (MFI)  Zeolite.
Science 275: 1286–1288. DOI: 10.1126/science.275.5304.1286.

3.

 Xu,  Y.,  Liu,  S.,  Guo,  X.,  et  al.  (1994). Methane activation  without  using  oxidants  over
Mo/HZSM-5 zeolite catalysts. Catal. Letters 30: 135−149. DOI: 10.1007/BF00813680.

4.

 Gabrienko,  A.A.,  Arzumanov,  S.S.,  Luzgin,  M.  V,  et  al.  (2015). Methane  Activation  on
Zn2+-Exchanged  ZSM-5  Zeolites. The  Effect  of  Molecular  Oxygen  Addition.  J.  Phys.
Chem. C 119: 24910−24918. DOI: 10.1021/acs.jpcc.5b08759.

5.

 Xu,  H.,  Li,  Y.,  Li,  Z.,  et  al.  (2022). Methane-assisted waste cooking oil  conversion for
renewable fuel production. Fuel 311: 122613. DOI: 10.1016/j.fuel.2021.122613.

6.

 Omidkar, A., Xu, H., Li, Z., et al. (2023). Techno-economic and life cycle assessment of
renewable  diesel  production  via  methane-assisted  catalytic  waste  cooking  oil
upgrading. J. Clean. Prod. 414: 137512. DOI: 10.1016/j.jclepro.2023.137512.

7.

 Li,  Q.,  Zhang,  F.,  Jarvis,  J.,  et  al.  (2018). Investigation  on  the  light  alkanes
aromatization  over  Zn  and  Ga  modified  HZSM-5  catalysts  in  the  presence  of
methane. Fuel 219: 331−339. DOI: 10.1016/j.fuel.2018.01.104.

8.

 Wang,  A.,  Austin,  D.,  He,  P.,  et  al.  (2018). Direct  catalytic  co-conversion  of  cellulose
and  methane  to  renewable  petrochemicals. Catal.  Sci.  Technol. 8: 5632−5645. DOI:
10.1039/C8CY01749B.

9.

 He, P., Jarvis, J.S., Meng, S., et al. (2019). Co-aromatization of methane with propane
over  Zn/HZSM-5:  The  methane  reaction  pathway  and  the  effect  of  Zn  distribution.
Appl. Catal. B Environ. 250: 99−111. DOI: 10.1016/j.apcatb.2019.03.011.

10.

DECLARATION OF INTERESTS 

The authors declare no competing interests.

M
a

teria
ls

PERSPECTIVE

The Innovation Materials 1(3): 100039, December 13, 2023　　　  3

https://doi.org/10.1016/j.biortech.2023.129699
https://doi.org/10.1016/j.cej.2023.146052
https://doi.org/10.1126/science.275.5304.1286
https://doi.org/10.1007/BF00813680
https://doi.org/10.1021/acs.jpcc.5b08759
https://doi.org/10.1016/j.fuel.2021.122613
https://doi.org/10.1016/j.jclepro.2023.137512
https://doi.org/10.1016/j.fuel.2018.01.104
https://doi.org/10.1039/C8CY01749B
https://doi.org/10.1016/j.apcatb.2019.03.011

	Challenges in methane activation
	Biomass to biofuels
	Sustainable aromatics from biomass
	Prospects
	Coke/char formation and stability enhancement
	Methane activation at low temperature
	Enhancing liquid products
	Advancing catalytic processes

	A way forward
	REFERENCES
	DECLARATION OF INTERESTS

