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Abstract

Need for clean energy is imminent and methanol is considered as a promising alternative energy source. Conventional pro-
cess for the production of methanol has been achieved via syngas which is derived by the steam reforming of methane or
naphtha and the gasification of coal. Methanol can also be prepared by direct oxidation of methane (natural gas) or reduction
of carbon dioxide (CO,) with hydrogen. In this way, carbon-neutral cycling can be achieved and world’s dependence on fos-
sil fuels will be alleviated. In this minireview, we will address case by case some recent advancements in the conversion of
methane and CO, to methanol both homogeneously and heterogeneously with emphasis on the contribution from Professor
George A. Olah’s and our group. In the end, a short outlook is provided towards existing problems and future opportunities.

Keywords Methanol economy - CO, hydrogenation - Direct methane to methanol (DMTM) process - Bi-reforming of

methane

1 Introduction

This paper is dedicated to the memory of Professor George
A. Olah who was a pioneer for methanol economy. In his
iconic paper “Beyond oil and gas: The methanol economy”
[1], Olah argued that the methanol economy can replace
fossil fuels. Methanol can be used as a convenient energy
storage material, a fuel, and a feedstock to synthesize hydro-
carbons which mankind get from fossil fuel nowadays [2,
3]. It is also proposed that methanol can be produced from
the reduction of recycled CO,, a major source of global
warming, which merits from its renewability and methane
(natural gas), which is abundant and will last well into the
next century.
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One of the importance of methanol comes from its direct
use as a fuel or blending with gasoline to improve the octane
number although it has half the volumetric energy density
(15.6 MIJ/L) relative to gasoline (34.2 MJ/L) and diesel
(38.6 MJ/L) [4-6]. There had been 15,000 methanol-pow-
ered cars during the 1990s granted by Environmental Pro-
tection Agency (EPA), but the use was discontinued due to
an increased natural gas price [7]. Recently, there are some
pilot projects to restart the methanol-powered cars operating
with the renewable methanol produced from recycled CO,
in Europe and China by CRI and Geely. Methanol can also
be used to generate electricity by direct methanol fuel cell
(DMEFC) at ambient temperature, where methanol is oxi-
dized into CO, at the anode and oxygen is reduced at the
cathode to produce water [8—12].

Methanol is also a key feedstock for chemical manufac-
turing. The most major derivatives from methanol are for-
maldehyde, acetic acid, methyl tertiary butyl ether (MTBE),
and dimethyl ether (DME). In recent years, methanol-to-
hydrocarbons (MTH) research has been growing rapidly
including methanol-to-gasoline (MTG) and methanol-to-
olefins (MTO) technology [13—-15], where the selectivity to
different classes of hydrocarbons is found to be determined
by zeolite topology and operating conditions.

Methanol is commonly produced from syngas containing
2-8 vol% of CO, in a CO/CO,/H, stream [16]. Syngas is
mostly obtained from steam reforming of methane (Egs. 1
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and 2) followed by steam reforming of naphtha and gasifi-
cation of coal [17]. The ratio of CO/CO,/H, in the feed is
often varied depending on the source. Today, CO, is added
up to 30% of the total carbon in syngas [18] and the H,
concentration in the feed is compensated by the water—gas
shift reaction (WGS) according to Eq. 5. The addition of
CO, in syngas improves the methanol yield as the rate of
hydrogenation of CO, (Eq. 3) is much greater than that of
CO (Eq. 4) [19, 20].

Steam reforming CH, + H,0 — CO + 3H,

AH,gq x = +49.3 keal/mol Y]
Steam reforming CH, + 2H,0 — CO, + 4H,

AH,gq ¢ = +39.3 keal/mol 2
Methanol synthesis CO, + 3H, - CH;OH + H,0

AH,gg ¢ = —11.8 keal/mol 3
Methanol synthesis CO + 2H, — CH;0H

AH,gg ¢ = —21.6 kcal/mol 4)
Water-gas shift reaction CO + H,0 - CO, +H,

AH,g¢ ¢ = —9.8 kcal/mol (5)

Chinchen et al. conducted isotope experiment to deter-
mine the carbon source in methanol through the addition
of 1*CO and *CO, traces to CO/CO,/H, reactant mixtures.
Interestingly, it is found that in the range of P /P ratios
from 0.02 to 1, around 70-100% of the methanol is made
from CO, at 250 °C and 50 bar [21]. This result drove
researchers to study CO, hydrogenation for both academic
and environmental reasons.

Fascinated by the attractive concept of combining car-
bon capture and storage (CSS) and hydrogenation of CO, to
methanol, there have been significant developments in this
field. However, most of the works are devoted to uncovering
the correlation between the synthesis and activity in Cu/ZnO
or Cu/ZrO, based catalysts [22-28]. Recently, we developed
new types of heterogeneous catalysts with high activity and
selectivity in converting CO, to methanol.

On the other hand, direct methane to methanol (DMTM)
process has emerged as one of the ‘Holy Grails of catalysis’,
but the chemical inertness of the C—H bond in methane and
the instability of methane oxygenates render it impractical
[29-31]. Despite these difficulties, there are a number of
heterogeneous catalysts discovered which are capable of
activating methane at low temperature for the production of
methanol [32-34].

In this minireview, we will introduce some of our recent
developed heterogeneous catalysts for methanol production
from CO, as well as Professor George Olah’s work on the

homogeneous CO, hydrogenation to methanol. In later sec-
tions, the evolved heterogeneous catalysts and their active
sites for DMTM will be described, following which the bi-
reforming process developed by Professor George Olah for
the efficient production of ‘metgas’ will also be discussed.
After a brief summary of the current knowledge, a short
outlook is given on the existing problems and possible
opportunities.

2 Catalytic Conversion of CO, and Methane
to Methanol

2.1 The George Olah Plant

The first commercialized plant using CO, and hydrogen to
produce methanol was inaugurated in 2012 in Iceland by
Carbon Recycling International (CRI). The plant was named
in honor of Professor George A. Olah. The George Olah
plant uses captured CO, from flue gas originated from geo-
thermal steam emissions and H, generated by water split-
ting where electrolysis operates with geothermal electricity.
The produced methanol is called Vulcanol™ as the energy
comes from Volcano. In the overall reaction, there is no toxic
byproduct generated and it gives O, from water splitting
(Fig. 1). CRI currently uses Cu and ZnO based solid cata-
lyst for the hydrogenation of CO,, which is the conventional
catalyst for the production of methanol from syngas [35].

2.2 Catalytic Conversion of CO, to Methanol

2.2.1 Hybrid Oxide Catalyst: MnO, Nanoparticles (NPs)
Supported on Mesoporous Co;0, (m-Co;0,)

Despite the classic Cu/ZnO/Al,O; catalyst, novel hybrid-
oxide systems, such as MnO,/m-Co;0, [37], In,05/ZrO,
[38], and ZnO-ZrO, [39] have been developed and shown
to exhibit promising performance in the conversion of CO,
to methanol, which provides potential alternatives towards
higher efficiency both catalytically and economically. Syn-
ergistic effect existing between the interfaces of the two
components was proven to be crucial in delivering the high
performance over these catalysts [40, 41].

Specifically, the MnO,/m-Co;0, catalyst was developed
in our group for the production of methanol under mild
reaction conditions. The catalyst consists of colloidally
synthesized 6 nm manganese oxide NPs supported on a
mesoporous cobalt oxide support (Fig. 2a, b), which was
fabricated via a hard-templating method with mesoporous
silica KIT-6 [42]. High-angle annual dark-field (HAADF)
images and energy-dispersive X-ray spectroscopy (EDS)
elemental mapping results indicate a homogeneous distri-
bution of the supported MnO, NPs (Fig. 2c—e). Catalytic
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Fig. 1 Flowchart of Carbon
Recycling International’s (CRI)
Emission to Liquids (EtL)
process [36]
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evaluation in the hydrogenation of CO, revealed high selec-
tivity towards methanol (up to 30%) with a turnover fre-
quency of >0.8 s~! at 250 °C and 6 bar. As compared to the
commercial Cu/Zn0O/Al,O; methanol catalyst, not only the
hybrid catalyst shows much higher methanol yield (0.18 s~
vs. 0.01-0.02 s_l), but it also operates at much milder condi-
tions (1-6 bar vs. 10-50 atm), which makes it more energy-
efficient and cost-effective.

The origin of the outstanding performance was attrib-
uted to the presence of an active interface between cobalt
oxide surface layers and MnO, NPs, as revealed by vari-
ous characterization techniques, including X-ray absorption
spectroscopy (XAS) and electron energy-loss spectroscopy
(EELS), together with reactor study of carefully designed
control experiments.

As compared to the fresh catalyst, the used one shows a
more reduced nature of Co, as suggested by the decreased
ratio of O to Co from 1.4 to 0.3 obtained by EELS meas-
urements. Surface sensitive XAS analysis further confirmed
the surface in favor of Co(Il) oxide, indicating a core/shell
structure with a metallic core and a Co(II) oxide shell. The
role of different components within the hybrid catalyst was
illustrated by running the reaction with each alone and with
an inverted catalyst fabricated by depositing CoO, NPs on
m-MnO,. Catalysts with MnO, NPs alone mainly produced
CO with low TOF, while m-Co;0, by itself showed moder-
ate activity with selectivity towards CO, CH,, and methanol
(Fig. 2f). It was suggested that the MnO, first reduces CO,
to form CO, which would then migrate to the interface area
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and produce methanol. This idea was further proven by test-
ing the inverted catalyst, of which the performance closely
resembles that of MnO, alone.

2.2.2 Metal-Organic Framework (MOF) as a Promoting
Co-catalyst: Cu Nanocrystal Encapsulated in UiO-66

Selective production of methanol from CO, is somewhat
challenging because it gives other side products. CO is
a main side product over Cu/ZnO/Al,05 as a result of
reverse WGS reaction (CO,+H, = CO+H,0) [43]. To
address this issue, we developed a novel catalyst con-
sisting of a single Cu nanocrystal encapsulated within
a single Zr(IV)-based MOF denoted as CucUiO-66
[UiO-66 = Zr,0,(OH),(BDC)4, BDC = 1,4-benzenedi-
carboxylate] as shown in Fig. 3a. The catalytic activity
of CucUiO-66 was compared with Cu/ZnO/Al,O5 in
the temperature range of 175-250 °C (Fig. 3b). Nota-
bly, CucUiO-66 catalyst gives a eightfold enhancement
in TOF as compared to the benchmark Cu/ZnO/Al,0,
catalyst and 100% selectivity to methanol in the CO,
hydrogenation reaction at 200 °C and 10 bar [44]. As the
reverse WGS reaction is endothermic (AH,qg x =9.8 kcal/
mol) whereas the hydrogenation of CO, is exothermic
(AH,og ¢ =—11.8 kcal/mol), CO production is expected
to increase as the reaction temperature increases, which is
the case for the Cu/ZnO/Al,Oj; catalyst. However, inter-
estingly, CucUiO-66 gives only methanol as the product
across the temperature range tested.
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Fig.2 TEM images of a m-Co;0, and b 6 nm MnO NPs. ¢ HAADF
image and EDS elemental mapping results of d Co and e Mn of the
hybrid MnO,/m-Co;0, catalyst. f Reaction yields on m-Co;0,,
MnO,/m-SiO,, and MnO,/m-Co;0, catalysts. g Product distribution

The excellent performance of the CucUiO-66 catalyst can
be attributed to the strong metal-support interaction (SMSI)
effect confirmed by X-ray photoelectron spectroscopy (XPS)
analysis (Fig. 3c). Here, we selected Cu nanocrystal sup-
ported on UiO-66 as a proxy for CucUiO-66 as the distance
between the embedded Cu nanocrystal and the CucUiO-66
surface is beyond the escape depth of the photoelectrons in
the XPS measurement. In UiO-66 without Cu nanocrystals,

El Low conversion High conversion
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Selectivity (%)
(1] [F+] B
o o (=]

b
o

at low and high reaction conversions. a Adapted with permission
from reference [42]. Copyright 2013 American Chemical Society;
b-g adapted with permission from reference [37]. Copyright 2015
Springer Nature

Zr 3ds,, at 182.8 eV represents Zr(IV) in the Zr oxide sec-
ondary building unit [SBU:Zr,O,(OH),(BDC)¢] [45]. We
observed that Zr 3ds, is shifted to 182.2 eV after the addi-
tion of Cu nanocrystals, which indicates a reduction of
Zr(IV) and implies a SMSI effect between Cu nanocrystals
and UiO-66. Correspondingly, there is an oxidation of Cu
nanocrystals at the interface, where mixed states of metallic
and cationic Cu species are formed. This promotes methanol
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Fig.3 a TEM image of CucUiO-66 catalyst. b TOFs of product for-
mation over CucUiO-66 and Cu/ZnO/Al,O; catalysts at various reac-
tion temperatures. ¢ XPS spectra of Zr 3d level of UiO-66 and Cu on
UiO-66. d Illustration of the active site of the CucUiO-66 catalyst.
One Zr oxide SBU [ZrsO,(OH),(—CO,),,] is used as a representa-

production by (i) dissociation of H, on the metallic Cu and
(ii) stabilization of the intermediates (i.e., formate) by cati-
onic Cu species, as the rate determining step in this reaction
is the hydrogenation of surface formate, which can be accel-
erated by the adsorbed hydrogen in its vicinity. Thus, the
active sites of this reaction locate at the interface between
Cu nanocrystal and Zr oxide cluster [Zr;O,(OH),(BDC)] as
described in Fig. 3d. This is the first report that shows SMSI
effect between the metal nanocrystal and metal-organic
framework.

2.2.3 The Homogeneous Approach: Single Molecularly
Defined Catalysts

In contrast to the well-developed heterogeneous route that
has been already commercialized, CO, hydrogenation to
methanol via homogeneous approach remained relatively
unexplored until not too long ago [46—49]. As compared to

@ Springer
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tive of ordered array of SBUs. Atom labeling scheme: Cu, brown;
C, black; O, red; Zr, blue polyhedra. H atoms are omitted for clarity.
Adapted with permission from reference [44]. Copyright 2016 Amer-
ican Chemical Society

its heterogeneous counterpart, converting CO, to methanol
using homogeneous catalysts owns its advantages in many
folds. First of all, reaction selectivity seen with homogene-
ous catalysts is exceptional, with numbers as close to 100%
being reported. In addition, the reaction is often carried out
at milder conditions, making the whole process more energy
efficient. Furthermore, catalyst activity could be tuned both
by changing the metal site and tailoring the ligand environ-
ment, allowing for rational design and systematic optimiza-
tion of the catalyst system.

Ever since the pioneering work by Milstein and co-
workers on the hydrogenation of organic carbonates and
formates to alcohols [50], novel catalyst systems have been
continuously developed which enable the catalytic conver-
sion of CO, to methanol with outstanding selectivity at
relatively high turnover rate. Starting from CO, derivatives
[50] and multicomponent catalysts [46], gaseous CO, can
now be converted to methanol on a single metal complex
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with excellent efficiency [48, 49]. While most of the well-
performing catalysts are based on noble metals, especially
Ru, catalysts consisting of non-noble metals such as Co [51]
and Mn [52] have also been reported recently.

On the other hand, CO, capture and sequestration (CCS)
has become increasingly important due to the urgent need
to lower the global CO, level [53, 54]. Coupling of CO,
capture and its subsequent conversion to liquid fuels such
as methanol in the so-called carbon capture and recycling
(CCR) strategy would provide a one-pot scheme towards
the production of renewable fuels directly from the captured
CO,, thus bypassing the energy penalty conventionally intro-
duced from the desorption and compression process.

In this context, Olah and Prakash have demonstrated the
possibility of capturing CO, directly from air and converting
it to methanol on a robust Ru-based catalyst [55]. In their
system, a short-chain polyamine, pentaethylenehexamine
(PEHA), was used for CO, capture for its excellent solubil-
ity in the reaction solvent as compared to the conventional

polyehtylenimine (PEI). Superbases such as DBU (1,8-diaz-
abicycloundec-7-ene) and TMG (1,1,3,3-tetramethyl guani-
dine) were also tested as substituents to PEHA but showed
very little methanol production. A Ru-Macho-BH pincer
complex (Catalyst 1 or C-1, Fig. 4c) displayed the best per-
formance, in which the -NH moiety was proven to be crucial
and its substitution led to no alcohol formation.

Another advantage of their catalyst is its robustness,
which can be seen from both its thermal stability and recy-
clability (Fig. 4a, b). As compared to other catalyst systems
which would otherwise decompose if not heated via a “tem-
perature ramp” strategy that involves a preheating step at
lower temperatures [56], directly heating the reaction mix-
ture with C-1 to the reaction temperature for prolonged time
showed continuous formation of methanol. Recyclability test
showed >75% of the initial activity after five cycles. Fur-
ther refinement of the reaction conditions led to an optimal
methanol production with 5.1 mmol of PEHA, 20 umol of
C-1, and triglyme as the solvent. At 145 °C, a methanol yield
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Fig.4 a Pressure inside the reaction vessile as a function of reac-
tion time. b CH;0H formed in each run (black line) and cumulative
CH;0H production as a function of the number of runs (red line,
t=40 h for each run), as determined by 'H NMR. Reaction conditions
for (a, b): PEHA =3.4 mmol, C-1=20 umol, CO,/H, (1/3)=75 bar,
T=155 °C, and THF=10 mL. ¢ Proposed reaction mechanism with

C-1. d Molecular structure of catalyst C-2 and key intermediate spe-
cies C-4. e Proposed reaction mechanism with C-2. a—¢ Adapted with
permission from reference [55]. Copyright 2016 American Chemical
Society; d, e adapted with permission from reference [52]. Copyright
2017 American Chemical Society
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as high as 65% was achieved with a 1:9 ratio of CO,/H, at
75 bar and t=200 h.

More importantly, when using air as the only source of
CO,, about 1.6 mmol of CO, could be captured per mmol
of PEHA and a methanol yield of 79% could be achieved at
155 °C and t=55 h. This demonstrates for the first time the
feasibility of using CO, captured directly from air for the
production of methanol.

In a later work, Prakash and co-workers demonstrated the
possibility of using an inexpensive Mn(I) complex to cata-
lyze the transformation of amine-captured CO, to methanol
[52]. This is of particular interest since it offered a lower-
cost and easier-obtainable alternative to the more widely
used noble metal based catalysts.

A Mn-pincer complex (catalyst 2 or C-2, Fig. 4d) was
firstly tested for its effectiveness in the N-formylation
of amine with CO, and H,, which is the first step of the
sequential process. The results indicate that C-2 could
satisfyingly reduce CO, to formamide with a yield up to
94% with N-methylbenzylamine after 24 h of reaction at
110 °C in THF. The subsequent reduction of the in situ
formed formamide to CH;OH with C-2 was carried out by
subjecting the reaction mixture from the previous step to
H,, which was proven to be successful. CH;OH yield up to
71% was obtained with a catalyst loading and H, pressure
of 2 mol% and 80 bar, respectively, after 36 h of reaction at
150 °C. Mechanistic studies with 'H and *'P NMR revealed
the formation of complex C-4 (Fig. 4d) during the initial
N-formylation step, which then gets decarboxylated in the
subsequent formamide reduction step at high H, pressure to
form back active catalytic species C-5, which in turn reduces
the in situ formed formamide (Fig. 4e). Further attempts
towards one-step methanol synthesis in the presence of C-2
with low CO, and high H, pressure was unsatisfying with
only traces of methanol formed. Exploration and optimiza-
tion of the catalyst systems would need to be made as well
as the refinement of the reaction process in order to tackle
the problem.

2.3 Catalytic Conversion of Methane to Methanol
2.3.1 Direct Methane Oxidation to Methanol (DMTM)

Current technology for the conversion of methane to metha-
nol includes the generation of syngas by reforming of meth-
ane followed by the hydrogenation of CO and CO,, which
is a two-step process. The formation of syngas by meth-
ane reforming proceeds at high temperatures and is therefore
energy-intensive. On the contrary, direct route to partially
oxidize methane to methanol in principle can proceed more
efficiently and cost-effectively at lower temperatures [57].
There has been substantial efforts to develop direct and
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selective methane oxidation which possesses great potential
but remains as a challenge.

Various heterogeneous catalysts have been tested in
DMTM and most of them showed formaldehyde as the
major product which is further oxidized from methanol (i.e.
magnesium-, molybdenium-, and vanadium-based catalysts)
[58-63]. Precious metal NPs usually result in total oxidation
to CO, as methane oxygenates are typically more reactive
than methane and therefore hard to be preserved [64—66].
Despite substantial efforts, it was suffered by low selectivity
to methanol until new active sites are found in Fe—ZSM-5
and Cu-ZSM-5 which resemble the active site of soluble
methane monooxygenase (sMMO) and particulate meth-
ane monooxygenase (pMMO), respectively [67, 68]. The
main difference between the two catalysts is the activation
process, where the active site in Fe-ZSM-5 is only formed
with N,O through heating while Cu—ZSM-5 is capable of
being activated by O, or N,O at lower temperatures, which
is more efficient.

Groothaert et al. tried Cu—ZSM-5 (Na-form) for meth-
ane oxidation and found that it produces methanol as the
sole product [68]. They used a combined GC-UV-vis
setup to study the interaction of methane with O,-activated
Cu-ZSM-5 (Si/Al=12 and Cu/Al1=0.58) at 723 K. An
absorption band at 22,700 cm~! was observed in the UV—vis
spectrum, which disappeared within 3 min after methane
was introduced at 448 K (Fig. 5a). This result indicates
that copper-oxo species related with the absorption band at
22,700 cm™" is the active site for methane oxidation. Despite
this observation, they could not detect any product in GC
analysis and instead used the extraction method with a 1/1
ratio of water/acetonitrile mixture which gave 8.2 umol of
methanol per gram of Cu—ZSM-5. Later, they defined the
active site in Cu—ZSM-5 to be the bent mono-(u-oxo)dicu-
pric site [Cu(p-O)Cu]2+ («£CuOCu=139°) as evidenced by
resonance Raman (rR) coupled to normal coordinate (NCA)
and density functional theory (DFT) calculation (Fig. 5b).
The 22,700 cm™! band in UV-vis spectrum is attributed to
the bridging oxo ligand to Cu charge transfer. A precursor
of mono-(p-oxo)dicupric site [Cu(u-O)Cu]** was discov-
ered with characteristic absorption band at 29,000 cm™!,
which was attributed to p-(n%n?) peroxo dicopper(Il) species
[Cuz(Oz)]2+ [69]. Two additional electrons are provided by
spectator Cu™ ions in the neighboring ion-exchanged sites.

This finding motivated further research on Cu-based
zeolites with various topologies. It is found that only Cu
exchanged zeolites ZSM-5 and MOR are capable of con-
verting methane to methanol at low temperature (150 °C)
whereas Cu-FER and Cu-BEA require higher temperature
(200 °C) to be active. In addition, Cu-MOR was shown to
have higher activity at 200 °C, which implies that it has
different active copper-oxo species from Cu—ZSM-5 [70].
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Fig.5 a Fiber-optic UV-vis
spectra of O,-activated Cu—
ZSM-5 (Si/Al=12 and Cu/
Al=0.58) during reaction with
CH, (5% in N,, 25 mL min~!)
at 448 K. b Proposed active
site as the bent mono-(u-oxo)
dicupric site [Cu(u-0)Cu]**

in Cu-ZSM-5. a Adapted with
permission from reference [68].
Copyright 2005 American
Chemical Society; b adapted
with permission from reference
[69]. Copyright 2009 National
Academy of Sciences
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Single-site trinuclear copper oxygen clusters [Cu3(u—0)3]2+
in H-MOR (Fig. 6a) was proposed later as the active site
which are anchored to two framework Al atoms located
at the pore mouth of the 8-MR side pockets [71]. This
structure is optimized by O, and N,O at 450 and 600 °C,
respectively, where Cu-MOR activated by N,O at 600 °C
produces 97 umol of methanol per gram of catalyst, which
is 1.5 times higher than Cu-MOR activated by O, at 450 °C
(Fig. 6b) [72]. The difference between N,O and O, activa-
tion is attributed to the different values of negative change
in entropy during the formation of the active copper species
[Cu3(p—0)3]2+. Not only in the mordenite zeolite, the pres-
ence of trinuclear copper oxygen clusters [Cu3(|,l—0)3]2Jr in
ZSM-5 was also suggested by DFT calculation as the most
stable extra-framework Cu species in Cu/ZSM-5 activated
by calcination, whereas the formation of the binuclear com-
plexes [Cu(u-O)Cu]** is favored under O,-poor atmosphere
[73]. Given the high potential resemblance of Cu-based zeo-
lite to pMMO, further researches on the copper-oxo species
are expected.
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Compared to the advancements that have been made in
the development of heterogeneous catalysts, there has been
less progress in process development. Currently, for the
DMTM process on heterogeneous Cu—zeolites, sequential
treatment consisting of three steps is required. The first step
is the activation by N,O/O, which helps to form the active
copper oxo species (over 400 °C). The second step is the so-
called adsorption of methane (up to about 200 °C), which is
then followed by extraction using H,O (up to about 200 °C).
To recycle the catalyst after the three-step reaction, thermal
treatment of the catalyst to desorb water molecules is essen-
tial (over 400 °C). As the optimal temperature is different
for each step, co-feeding of oxidant, methane, and steam in
a single step is hindered, yet there are still some attempts
to do so. On Cu-ZSM-5 activated at 450 °C under flowing
O,, Roman-Leshkov and co-workers observed steady state
methanol production rates of 0.88 +0.02 umol h™! g~
and 1.81+0.01 ymol h™! g, ~! for Cu-Na-ZSM-5 (Cu/
Al=0.37, Na/Al=0.26) and Cu-H-ZSM-5 (Cu/Al=0.31),
respectively, at 210 °C by flowing a gas mixture of 98.1 kPa
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150 °C and extraction with steam at 135 °C. a Adapted with permis-
sion from reference [71]. Copyright 2015 Springer Nature; b adapted
with permission from reference [72]. Copyright 2017 Royal Society
of Chemistry
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of methane, 3.2 kPa of H,0O, and 0.0025 kPa of O, [74].
Besides using the temperature swing that was described
above, it is also possible to enable methanol production
with elevated pressure of methane during the reaction. This
can be understood by a kinetic study on Cu—-Na-ZSM-5
(Cu/Al1=0.37, Na/Al1=0.26) at 210 °C which shows first,
half, and zero order dependencies with respect to methane,
H,0, and O,, respectively [74]. Bokhoven and co-workers
carried out activation and methane reaction isothermally
at 200 °C and 1 bar of O, with a 13 h activation period on
Cu-MOR (Si/Al=6, 4.7 wt% Cu). The methanol yield was
found to gradually increase from 0.3 to 56.2 umol g~! as the
methane pressure increased from 50 mbar to 37 bar [75].
Recently, the use of H,O which plays a key role in both
methanol extraction and catalyst regeneration is reported,
however, it cannot escape from utilizing the temperature
swing [76]. Therefore, besides the development of novel
catalyst systems, process conditions are equally important
and need to be studied carefully in order to implement the
DMTM process.

2.3.2 The‘Metgas’ Approach: Bi-reforming of Methane

Although it might seem to be less elegant as compared to
the direct route, indirect methanol production from CH,
via syngas dates back long and has been extensively stud-
ied. Most industrial practices rely on this technique, which
have been fulfilling the majority of the methanol demand
worldwide.

Syngas can be produced in various ways, with steam
reforming (Eq. 6) and dry reforming (Eq. 7) of CH, being
the most important ones. However, neither of them could
deliver syngas with the correct ratio of H, to CO with-
out purification and adjustment. In addition, coke forma-
tion would inevitably hurt the performance of the catalyst,
especially in the case of the dry reforming process [77].
To address these issues, Olah and co-workers combined the
steam reforming and dry reforming of methane in a single
step called bi-reforming (Eq. 8) to deliver a syngas of exactly
a 2/1 H,/CO ratio (named ‘metgas’) [78-80], which is just
right for the methanol production. Besides, bi-reforming also
benefits from its resistance to coke formation due to the pres-
ence of steam [81], tolerance for various CH, sources with
different levels of CO, impurities as the H,O/CO, ratio is
easily controllable, and ability to operate at high pressures
which is convenient for downstream processes, making it
ideal for feeding methanol synthesis.

Steam reforming 2CH, + 2H,0 — 2CO + 6H,

AH,g x = +98.6 kcal/mol (6)

Dry reforming CH, + CO, — 2CO + 2H,

AH,gq ¢ = +59.1 keal/mol @)

@ Springer

Bi-reforming 3CH, + 2H,0 + CO, — 4CO + 8H,

AH,og ¢ = +157.7 kcal/mol ()

Bi-reforming is preferentially carried out at 800-950 °C
and 5—40 atm with a feed composition of CH,, steam, and
CO, in a ratio of 3/2/1. In their work, various metals such
as V, Ti, Ga, Ca, Mo, Bi, Fe, Co, Nb, Zr, La, and Sn along
with their corresponding oxides were supported on different
supports including alumina and silica and tested for their
activity in bi-reforming. Among the catalysts tested, NiO
deposited on MgO synthesized via a simple wet impregna-
tion method was proven to be ideal for the process. The NiO
content in the catalyst was varied in the range of 5-35% and
no major effect was observed on its catalytic performance.

In a typical experiment, catalysts are first activated with
a 1/1 ratio of H,/N, at 850 °C for 3 h. An excess of CO,
and H,O was employed to partially compensate for the
loss in CH, conversion at elevated pressures, resulting in
a real gas feed composition of 3/2.4/1.2 for CH,/H,0/CO,.
At 830 °C, 7 bar, and a total flow rate of 100 mL/min, the
catalyst could deliver a stable CH, and CO, conversion of
71 and 62%, respectively, as well as a steady H,/CO ratio
very close to two with near 100% selectivity for a prolonged
time of 320 h (Fig. 7a, b). Raising the reaction temperature
from 830 to 910 °C or pressure from 7 to 42 bar resulted in a
21% increase or a 41% decrease in CH, conversion, respec-
tively, while the variation in the H,/CO ratio was minimal
(within 2%) (Fig. 7c, d). To further demonstrate its capabil-
ity for practical application, bi-reforming was carried out
with natural gas. The results are encouraging, where all the
long-chain hydrocarbons in the natural gas were successfully
converted to metgas and had no obvious negative impact on
the activity and stability of the catalyst. The H,/CO ratio
obtained (1.9 at 7 bar) was slightly lower than the target
value but could be easily adjusted by simply increasing the
amount of steam to account for the higher alkanes, according
to Eq. 9. This demonstrates the adaptability of the technique,
which is essential to accommodate natural gas sources with
various compositions and CO, content.

3C,Hy,.» + 3n — 1)H,0 + CO, —» (3n + 1)CO + (6n + 2)H,
€))
To push things one-step further, Olah and co-workers
developed the so-called oxidative bi-reforming, where the
energy and 2/1 ratio of H,O/CO, mixture needed for the
endothermic bi-reforming process are supplied by the com-
plete combustion of CH,. A scheme of its operation is shown
in Fig. 7e. By generating energy and H,0/CO, mixture
in situ, oxidative bi-reforming is essentially a self-sufficient
process. When combined with the subsequent methanol syn-
thesis, a complete exclusive oxygenation of CH, to methanol
could be achieved.
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As compared to the autothermal reforming (ATR) process
where the endothermic methane steam reforming is com-
bined with its partial oxidation in order to achieve energy-
neutral [82], oxidative bi-reforming outperforms by its
simplicity and almost zero generation of by-products, while
the ATR process involves costly multi-step separation and
adjustment and produces large amount of CO, necessitating
its sequestering or venting into the atmosphere [83, 84]. On
the other hand, challenges such as safety concerns related
with the CH,/O, mixture in the combustion step and catalyst
resistance to high temperature and steam environment do
exist and require further research.

Not only for methanol synthesis, bi-reforming and
oxidative bi-reforming also have powerful potential as
alternatives to provide feed for Fischer—Tropsch synthe-
sis in gas-to-liquids (GTL) process, especially for the low-
temperature Fischer—Tropsch reaction where cobalt-based
catalysts are used due to their low activity towards WGS
reaction.

With the world reserve still expanding thanks to the
discovery of new types of natural gas resources and the
advancement of latest drilling technologies, bi-reforming

bi-reforming. Adapted with permission from reference [77]. Copy-
right 2015, American Chemical Society

of CH, and the subsequent methanol synthesis through
metgas appear to be particularly promising in providing
renewable synthetic fuels, which would gradually take
over the already depleting petroleum oil to power up our
everyday activities in the future [84]. In addition, utili-
zation of CO, captured and recycled from power plant
exhaust and other human activities would help mitigate
the greenhouse effect and alleviate global climate change,
making the process truly sustainable. With advanced
research underway, more comprehensive understanding of
this technology will be acquired, paving the road towards
its commercialization [81].

3 Conclusions and Outlook

With the gradual depletion of petroleum oil and the aware-
ness to protect earth’s ecosystem, we are now more aggres-
sively pursuing the recyclability of carbon and the devel-
opment of new types of energy sources that are cleaner
and truly sustainable than ever before. Prof. Olah and
his research team have dedicated years of their research
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focusing on the development of methanol economy, which
not only provides an alternative energy source and chemi-
cal building block, but also promotes the capture and recy-
cling of CO,, thus playing an important role in minimizing
the harmful environmental effect of carbon emission and
achieving true sustainability.

Current technology permits sustained production of
methanol from natural gas, which would likely last well
into the next century thanks to the discovery of unconven-
tional resources such as shale gas and methane hydrate
[35]. However, efforts still need to be made towards a
higher efficiency of the process. Advanced technologies
such as bi-reforming are to be tested in practical settings
and single-step oxygenation of CH, to methanol would
be more attractive if we can push the yield to meet the
industrial requirement.

CO, from plant exhaust and other recycled sources is
ideal for the production of renewable methanol through its
hydrogenation. This approach has been practiced and com-
mercialized heterogeneously since 2012 at the “George
Olah Renewable Plant” in Iceland with Cu/ZnO based
catalyst [35]. As our understanding about the catalyst sys-
tem deepens [22, 28, 43, 85] and the technology on clean
H, generation and CO, capture advances, larger scale
implementation can be expected. At the same time, novel
catalysts are also being continuously developed to offer
outstanding performance, yet their potential in practical
settings takes time to be evaluated.

Research concerning the homogeneous CO, hydrogena-
tion to methanol has just started to bloom. Its capability
of operating at milder conditions with superb selectivity
plus the flexibility to tailor the performance of the catalyst
makes the homogeneous route rather attractive. However,
as appealing as it is, there are mountains to climb before it
can be practically viable. Reaction rate needs to be further
improved in order to operate in a continuous mode. Non-
noble metal based catalysts are to be developed to cut the
requirement for noble metals. In addition, comprehensive
mechanistic study needs to be carried out to serve as guid-
ance for catalyst optimization.

In addition, heterogenized homogeneous catalysts might
bring in some unique insights and open up more possibili-
ties [86]. By fabricating single molecularly defined metal
complexes or metal clusters on heterogeneous supports
through techniques such as surface organometallic and
coordination chemistry [87-89], it would give more han-
dles for tuning the catalytic performance and improve the
recyclability and regeneration of the catalyst at the same
time, which are favored in practical applications.
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