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Ethanol is the most abundant chemical widely used in the fuel additive sector. Currently, it is mainly pro-
duced by the fermentation process, but it suffers from low carbon balance and poor reaction efficiency
issues. In the past few decades, several promising catalytic methods have been proposed for ethanol pro-
duction, depending on the available energy resources, technology development, and government policy.
Herein, the catalytic pathways for ethanol production from petroleum, coal, natural gas, CO,, and
biomass in more sustainable ways are introduced. Specifically, the most crucial elementary steps in these
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catalytic pathways are reviewed and discussed, and key factors determining the feasibility of these cata-
lytic reactions are listed, providing an all-around overview on the development of ethanol production in
the near future. In the last section, an outlook was provided to highlight the challenges and opportunities
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1. Introduction

Ethanol is the most historical organic compound involved in
human evolution. In the Paleolithic or Neolithic period, ethanol
was disclosed occasionally during the storage of fruits and then
used as a main component in wine and a biological fluid for
disease prevention." In the 16th century, the term ‘alcohol vini’
was first used to name the spirit of wine by Paracelsus, and this
name has remained since then.? In the 1800s, the chemical
structure of ethanol was determined by the Scottish chemist
Archibald Scott. During this period, the production of ethanol
was less than 300 million gallons due to its limited applications
in beverages, medicines, cosmetics and solvents.>*

Since 1826, ethanol has been applied in internal combus-
tion engines. Specifically, pure ethanol was first used as fuel in
the automobile invented by Henry Ford in 1896. However, the
demand for ethanol fuel fluctuated because of wars and gov-
ernmental politics in different regions. At the beginning of the
20th century, cheap oil took over powering most nations, and
ethanol languished in the fuel sector. During World War 1II,
ethanol was revisited and blended with gasoline for use as an
octane booster and fuel additive. After the war, the production
of ethanol declined again owing to the limited extra demands.
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for ethanol production and applications in more green and sustainable catalytic manners.

In the late 20th century, tetraethyl lead and methyl tertiary
butyl ether (MTBE) were phased out of the octane booster list
because of environmental issues caused by lead poisoning.
Moreover, petroleum-based fuel became expensive owing to
the “energy crisis”, and stricter regulations were implemented
to alleviate environmental concerns related to global warming.
Along with the abundant carbohydrate feedstocks, the pro-
duction of ethanol flourished and has been extensively applied
in modern automobiles thanks to its high research octane
number (RON = 109) and motor octane number (MON = 90).>°

Owing to the abundant sugarcane resources as well as the
good infrastructure and market, Brazil first initiated the
National Alcohol Fuel Program (ProAlcool) to increase the pro-
duction of bio-ethanol as a substitute for expensive gasoline,
aiming to reduce the dependence on imported fossil fuel.
With substantial government initiatives, ethanol has been
used in vehicles mandatorily at a blend ratio larger than 20
v/v%. Although this decision was made by the government
during a military regime, it was well accepted by civil society,
agricultural farmers, and car manufacturers. Today, more than
90% of automobile production has flexible-fuel capability, con-
suming 7.42 billion gallons of ethanol in 2022.”% Similarly,
the dwindling fossil fuel resources and the increasing depen-
dency of the United States of America (USA) on imported
crude oil have also stimulated the exploration of large-scale
ethanol production. Moreover, the replacement of toxic MTBE
created an immediate ethanol demand of close to 3.5 billion
gallons.” As the world’s largest maize producer, corn in the
U.S. Midwest has been selected for fermentation to produce
ethanol. After the political incentive named “Biofuels
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Fig. 1 Methods of ethanol production from petroleum, coal, natural gas, CO, and biomass (left and right pathways are biological and catalytic

methods, respectively).

Initiative” in 2006, the production of ethanol in the USA
reached 4.9 billion gallons, surpassing Brazil as the leading
ethanol producer worldwide. Due to the mature fermentation
and separation technologies, this number is continuously
increasing and reached 17.3 billion gallons in 2020. Other
regions, including the European Union, India, China, Canada,
and Thailand, also set several goals to boost ethanol pro-
duction. Nevertheless, due to the lack of cheap and abundant
carbohydrates for fermentation and the emerging “food vs.
fuel” debates, ethanol production in these regions is far below
the demand. Thus, various strategies have been adopted to
increase ethanol production from other energy resources.

At present, more than 80% of ethanol is produced by the
fermentation technology. Nevertheless, this method is still
facing several insurmountable obstacles. First and foremost, it
is highly dependent on carbohydrate resources. As feedstock
costs dominate the final ethanol price, the production of
ethanol is mainly in sugarcane or corn-rich areas. Then,
2 moles of CO, are released during the fermentation of 1 mole
of hexose with the maximum weight yield of ethanol of 51.1%.
Finally, this process generally takes about 40-50 h with an
ethanol productivity rate between 1 and 10 ¢ L™* h™', making
it a low reaction efficiency process. Considering all these
factors, some -catalytic methods have been developed for
ethanol production from petroleum, coal, natural gas, CO,,
and biomass. In the past few decades, great progress has been
made for ethanol production in green and sustainable ways,
even reaching the demonstration and/or industrial production

This journal is © The Royal Society of Chemistry 2024

scales (Fig. 1). Herein, thermal catalytic methods for ethanol
production from petroleum, coal, natural gas, CO,, and
biomass are introduced. Then, the reaction processes and cata-
lyst developments in different crucial steps are compared and
discussed in more sustainable ways, trying to provide a holistic
view of ethanol production in different regions. Finally, an
outlook is presented to highlight the challenges and opportu-
nities associated with ethanol production and consumption.

2. Catalytic methods for ethanol
production
2.1 Hydration of petroleum-derived ethylene to ethanol

As an essential building block chemical, ethylene is mainly
produced by the steam cracking of naphtha with an annual
production greater than 200 million tons. Since the 1940s, it
has been used as a feedstock for producing ethanol via the
hydration reaction by Shell Chemicals. Afterwards, the fermen-
tation process rapidly developed, making this process less
economically feasible. Nevertheless, in some specific areas,
such as the Middle East, the production of synthetic ethanol is
growing due to the abundant ethylene and the shortage of
agricultural products for fermentation."™*?

CH,=CH,(g) + H,0(g) = CH3CH,0H(g)
AH298 = —45.6 KJ 1'1’10171

(1)

Green Chem., 2024, 26, 8564-8582 | 8565


https://doi.org/10.1039/d4gc01584c

Published on 10 juna 2024. Downloaded by Fail Open on 7.5.2025 15:19:38.

Tutorial Review

As shown in eqn (1), hydration of ethylene to ethanol is
reversible and exothermic. This reaction is carried out at
500-573 K and 7-8 MPa with an ethylene to steam molar ratio
of 0.6. Generally, the ethanol selectivity reaches 95-97% with
ca. 95% unreacted ethylene recycled over acidic catalysts.
Initially, a silica gel-supported phosphoric acid catalyst was
utilized for this reaction by Shell. Then, great efforts have been
made to replace this catalyst due to the environmental issues
caused by the elimination of phosphorous compounds from
catalysts under reaction conditions. A number of solid acid cat-
alysts have been selected for this reaction. For instance,
impregnated metal phosphates (metals: Ge, Zr, Ti, and Sn)
were reported to have relatively high activities for the hydration
of ethylene to ethanol. Additionally, some acidic zeolites and
mixed oxides were also found to show high activities and
selectivities.">'* In spite of this progress, the ethylene conver-
sion is still very low, resulting in higher energy consumption
and less economic competitiveness of this process. In contrast,
great work has been done on the reverse reaction of ethanol
dehydration to produce renewable ethylene due to the
difficulty in ethylene production from raw biomass, continu-
ous innovation in catalytic systems of Al,O; and acidic zeolites,
and abundant renewable ethanol supply in some areas, such
as Brazil.">'®

2.2 Catalytic conversion of coal, natural gas and biomass-
derived syngas into ethanol

Syngas, the short name for Synthetic Gas, is a mixture of
carbon monoxide, hydrogen, and a small amount of impuri-
ties. Syngas is primarily produced through the thermochemi-
cal conversion of non-petroleum carbon resources, such as
coal, natural gas, and biomass, and is used to generate electri-
city and produce a variety of key chemicals, such as ammonia,
methanol, ethylene glycol, and hydrocarbons.””° In detail,
carbon resources such as coal react with oxygen obtained from
the air separation unit to produce crude syngas at
1000-1270 K. Then, the H,/CO ratio of syngas is adjusted by
the water gas shift reaction, followed by the gas purification
process to get syngas.?! Considering the high energy consump-
tion, environmental pollution issues and tremendous CO,
emissions of this process, the carbon-neutral feedstock of
biomass has been used to produce bio-syngas, aiming to
reduce CO, emissions with a low carbon footprint.>>*?

Thanks to the abundant syngas supply and the versatile
application of ethanol, great efforts have been devoted to the
conversion of syngas into ethanol. In the past decades, three
different methods including direct conversion of syngas to
ethanol, conversion of syngas to ethanol via the intermediate
of dimethyl oxalate, and conversion of syngas to ethanol via
the intermediate of acetic acid/methyl acetate have been devel-
oped for ethanol production, even on industrial scales.

2.2.1 Direct conversion of syngas into ethanol. The direct
conversion of syngas into ethanol is the most attractive but
challenging task for ethanol production (eqn (2)). Since the
1920s, this process has been hotly investigated along with the
rapid development of methanol synthesis and Fischer-
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Tropsch synthesis (FTS) processes.”* However, even after
nearly one century of study, the conversion of CO and the
selectivity to ethanol are still rather low, less than 40% and
10%, respectively, in most cases. The low ethanol selectivity is
mostly attributed to the complex reaction networks, resulting
in a variety of intermediates and by-products. As shown in
Fig. 2, there are two kinds of CO adsorption approaches, i.e.,
dissociated and non-dissociated adsorptions, depending on
the active sites of catalysts. In the presence of surface adsorbed
H*, the dissociated CO is hydrogenated to surface hydro-
carbons (CHx*), which are reacted with the non-dissociated
CO or C(H)O* species, and finally hydrogenated into ethanol.
Besides this reaction pathway, the CHx* species are prone to
hydrogenate into methane or couple and hydrogenate into C,,
hydrocarbons, and the C(H)O* species are apt to hydrogenate
into methanol or couple and hydrogenate into C,, oxygenates.
Typically, the products follow the Anderson-Schulz-Flory (ASF)
distribution due to the uncontrollable polymerization mecha-
nism. Mathematically, the product distribution is depicted as
a straight line plot of the logarithmic molar fraction versus the
carbon number (slope is In(a), a indicates the chain growth
probability).>>” According to the reaction mechanism, mul-
tiple active sites capable of dissociative and non-dissociative
CO adsorption should be balanced and coupled to minimize
side reactions, and correspondingly elevate the ethanol
d.28_30

yiel

2CO(g) + 4H,(g) = CH3;CH,0H(g) + H,0(g)
AHygs = —255.9KJ mol ™!

(2)

After decades of exploration, four types of catalysts, i.e., Rh-
based catalysts, Mo-based catalysts, modified FTS catalysts,
and modified methanol synthesis catalysts, have been devel-
oped for the direct conversion of syngas to ethanol.

Rh catalysts show excellent CO dissociation ability and
moderate hydrogenation performances and have thus been
used for the conversion of syngas to ethanol with the assist-
ance of promoters. After screening the periodic table of
elements, Fe, Mn, Li, Mo, and La were selected to modify Rh
catalysts with appropriate metal-promoter interactions for
higher ethanol yields.>'"*
mechanism in Fig. 2, the presence of these metals creates

Correlating with the reaction

co H* CHx  CHx*/H*_ .
> | | | CoHyoiz
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Fig. 2 Simplified reaction pathways for the direct conversion of syngas
into ethanol (red lines indicated the main side reactions, * indicated the
adsorbed state).

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4gc01584c

Published on 10 juna 2024. Downloaded by Fail Open on 7.5.2025 15:19:38.

Green Chemistry

bifunctional active sites for CO adsorption or activation, facili-
tates the C(H)O species insertion, stabilizes the acetyl group
and modifies the hydrogenation activity of catalysts. After
minimizing side reactions, the selectivity to ethanol reached
50-75% at <10% CO conversions (unless noted otherwise, the
selectivity and conversion were calculated on a carbon basis).
Additionally, the productivity of ethanol was largely improved
by adjusting the molar ratios of Rh* and Rh® or metal size dis-
tributions. For instance, intimate Rh°-Rh*-0-Co®" active sites
were created over La-Rh-Co/ZrO, catalysts, which promoted
CO dissociation and CO insertion, resulting in 55.7% selecti-
vity to ethanol at 33.5% CO conversion.”>> Meanwhile, the com-
bination of Rh single atoms and Rh nanoclusters with a ratio
of 1:3 was found to promote ethanol selectivity and reaction
rate over Rh/CeQ, catalysts.>®

Besides active metal sites, the catalyst preparation methods
also tailored the geometric and electronic structures of Rh
nanoparticles and affected the reaction results. For instance,
encapsulating RhMn species into the CNTs boosted the
ethanol productivity to 30.0 mol mol™* Rh h™', more than an
order of magnitude higher than that on the outside of the
CNTs.*” By controlling the interfaces between Rh and Mn, Rh
species were anchored onto the Mn layer by the atomic layer
deposition (ALD) method. This method promoted the C,. oxy-
genate productivity more than the counterpart of Rh-Mn/SiO,
catalysts but formed more acetaldehyde than ethanol due to
the depressed hydrogenation activity.>® Recently, the same
RhMn sites were fixed within Silicate-1 (S-1) zeolite crystals for
direct syngas conversion, and yielded 88.3% selectivity to C,-
oxygenate (mostly ethanol, with ethyl acetate and acetaldehyde
as by-products) at 42.4% CO conversion (Fig. 3), much higher
than most results in the literature. The Mn-O-Rh’" sites fixed
within S-1 zeolite crystals not only boosted the ethanol pro-
duction but also exhibited superior durability in the 220 h TOS
(time on stream), providing a useful strategy for efficient cata-
lyst design in syngas conversion.*® In spite of these achieve-
ments, the relatively higher price of Rh, the low ethanol pro-
ductivity, and the poor catalyst stability in most cases still
restrict its applications on a large scale.

Since the 1980s, Mo-based catalysts have been widely inves-
tigated for the conversion of syngas into alcohols due to their
abundant metal reserves, lower cost, CO, tolerance, and excel-
lent sulfur-poisoning resistance properties. Different phases of
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Fig. 3 The direct conversion of syngas to C,-oxygenates over
RhMn@S-1 catalysts (MeOH: methanol, EtOAC: ethyl acetate, and EtOH:
ethanol).*®
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Mo, including MoOx, MoS,, Mo,C, MoSe,, and MoP, were
selected as the active components for syngas conversions, and
a series of metals were used to modify the Mo species for
higher ethanol productivity.***> Over the mostly investigated
MoS, catalysts, the presence of alkali metals shifts the product
from hydrocarbons to alcohols.’® Metals of Co, Ni, Mn, La,
and Rh have also been explored to modify the MoS, species for
improved ethanol selectivity. For instance, the presence of Co
created abundant Co-Mo-S phases with the assistance of K,
which enhanced the CO non-dissociative adsorption, and sub-
sequently promoted the CO insertion for high carbon alcohols
formation.””*® Nevertheless, the produced mixed alcohols
always follow the ASF distribution. As a main product, the
ethanol selectivity is 10-40% in most cases.

FTS is the most well-known catalytic process for the conver-
sion of syngas into hydrocarbon fuels since the 1920s. It
follows a surface chain-growth mechanism, resulting in a dis-
tribution of hydrocarbons obeying ASF distribution over
typical Co, Fe, or Ni catalysts.*>>° To shift the product from
hydrocarbons to alcohols, a second component, such as an
alkali or transition metal, is always added to enhance the non-
dissociative CO adsorption. After introducing Cu species, the
formation of mixed Cu-Co alloy sites not only prevented Cu
particle aggregation, but also boosted the selectivity to ethanol
and C,, alcohols.”*>* Similarly, Cu was also selected to modify
the Fe-based catalysts. By constructing the Cu-Fe(C) interfaces,
the CO dissociation, non-dissociation and C-C bond propa-
gation steps were improved and balanced to yield high carbon
alcohols.” After immobilizing Fe;C, clusters on the surface of
Cu particles, the interfaces between Fes;C, and Cu were maxi-
mized to obtain a space time yield of 0.101 g g., = h™" for
long-chain alcohols under a milder reaction pressure of 1
MPa.>®> Recently, hollow hydrophobic CuCoSNTs-c catalysts
were synthesized for syngas conversion. The hydrophobic
structure modulated the local microenvironment of CuCo sites
via enriching CO and H, and repelling produced water, result-
ing in 28.2% selectivity to ethanol at 80.4% CO conversion in
the 360 h TOS.*® According to the FTS product of olefins, the
reductive hydroformylation reaction was coupled for alcohol
production. Over the mixed catalyst of NaOx/PrOx-CoRu/
y-Al,03 + Co,(CO)g with tricyclohexylphosphine ligands, the
CO conversion and alcohol selectivity reached 34.0% and
53.7%, respectively, at 473 K, 12 MPa, and a H,/CO ratio of 2.0,
providing another option for alcohol productions.®”

As early as the 1920s, methanol was produced catalytically
from syngas at high temperatures (573-673 K) and pressures
(25-35 MPa) over Cr,0,-ZnO catalysts.® Currently, the most
widely used industrial catalyst is the Cu/ZnO/Al,O; ternary com-
posite regardless of the carbon resources (CO and/or CO,). Under
the mild conditions of 5-12 MPa and 503-553 K, methanol is
industrially produced from syngas, with a global production of
110 million tons in 2022.°>% After changing catalyst preparation
methods or adjusting Cu species, the main product shifts to
ethanol via the synergy of Cu™-Cu® and AIOOH active sites.®*
Additionally, large Cu particles with abundant Cu(111) facets
and Cu(111)-ZnO interfaces weakened hydrogenation activity

Green Chem., 2024, 26, 8564-8582 | 8567
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and facilitated CHx formation, resulting in an increased
C,,OH selectivity of up to 68%.%* In the following study, they
also disclosed the crucial role of catalyst preparation methods
in ethanol production, and further elevated the ethanol selecti-
vity to >57% in ROH alcohols.®*®* To further facilitate C-O
bond scission and C-C coupling, the addition of transition
metal/alkali-metal promoters is required for a higher ethanol
selectivity. Typically, the productivity of C,, alcohols was
doubled in the presence of a cesium (Cs) promoter due to the
synergistic effect among Cs, Cu, and ZnO components for the
C-C bond coupling between CHx and CHyO species.®

To depress the catalyst deactivation issue stemming from
the irreversible sintering of nanoparticles, phase separation or
coking under harsh reaction conditions, great works have been
done on encapsulating nanoparticles in zeolite, exposing
specific facets for catalysis, or introducing additives to adjust
the electronic structure or interaction of catalysts.?>”7°
Additionally, shaping catalysts with binders is also indispens-
able for the industrial applications of catalysts. The binders
shape the catalyst material into various morphologies and
improve the mechanical strength of catalysts. However, in
some cases, negative effects of binders on covering or modify-
ing active sites also occurred.”"”?

2.2.2 Catalytic conversion of syngas into ethanol via the
intermediate of dimethyl oxalate. One of the indirect synthesis
processes for the conversion of syngas to ethanol is through
the intermediate of dimethyl oxalate (eqn (3)-(5)).”* As shown
in Fig. 4, CO is first coupled with alkyl nitrites (mostly methyl
nitrite) to dimethyl oxalate and NO over Pd-based catalysts.”
The second step is the hydrogenation of dimethyl oxalate to
ethylene glycol with the co-produced methanol. The methanol
is recycled back and reacted with NO in the presence of oxygen
to methyl nitrite, and the ethylene glycol is hydrogenated to
ethanol with the production of water. The first part for
dimethyl oxalate production and the second part for the hydro-
genation of dimethyl oxalate to ethylene glycol have been com-
mercialized, especially in China, providing an attractive
pathway for ethylene glycol production. However, in recent
years, the textile industry has gradually transferred from China
to Southeast Asia, and the demand for ethylene glycol gradu-
ally decreased, leading to the low price of ethylene glycol. In
contrast, the ethanol market is very stable, and it is highly

02
CH,0H —_—
H,0
CH;0H
CH30N0 Pd catalysts NO
[0}
co SO 0
carbon oxide

on

H,;0
+H, HO. +H. 4 /
—— N Nl 2!

Cu catalysts Cu catalysts
ethylene glycol °" ethanol

o
dimethyl oxalate

Step 1: Step 2:
CO oxidative coupling reaction Dimethyl oxalate hydrogenation

Fig. 4 Synthesis of ethanol from syngas via the intermediate of
dimethyl oxalate.
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attractive for the conversion of dimethyl oxalate to ethanol in
syngas-rich areas. In the first step, the dimethyl oxalate for-
mation rate reached 899 g (h L.,) " over 2-3 nm Pd catalysts.
Although the ethanol production rates were slightly lower than
the first step over typical Cu-based catalysts, this process is
still reserved as a high efficiency process for the conversion of
syngas to ethanol.”® On the other side, this reaction is still
facing several obstacles for applications, including low atom
economy (produced water) and poor catalyst stability under
harsh reaction conditions.

2CO + 1/20, + 2CH;0H )
= CH,0COCOOCH; + H,0
CH;0COCOOCH; + 5H,

= CH,;CH,OH + 2CH;0H + H,0

(4)
Overall reaction:

2CO(g) +1/20,(g) + 5H,(g) = CH3CH,0H(g) + 2H,0(g)
AHyos = —497.7 KJmol ™!

(5)

During the conversion of dimethyl oxalate to ethylene
glycol, ethanol is also detected over Cu based catalysts. After
modifying the reaction conditions, especially at higher temp-
eratures, ethanol becomes the major product at the expense of
ethylene glycol over the same Cu based catalysts. Generally,
the reaction happens at 503-553 K, which is higher than the
Hiittig temperature of metallic Cu. Thus, Cu catalysts are
prone to deactivating through the migration and coalescence
of particles. In the past decade, great works have been done
intentionally for the conversion of dimethyl oxalate to ethanol.
To meet the harsh reaction conditions, various strategies,
including strong metal and support interactions, immobilizing
metal particles inside the cavity, bimetallic catalysis, and
metal oxide doping, have been dedicated to stable Cu particles
for the conversion of dimethyl oxalate to ethanol (Fig. 5).”>
Over the Cu-SiO, catalyst prepared by the ammonia evapor-
ation hydrothermal method, ethylene glycol is preferably pro-
duced at temperatures lower than 553 K, whereas at above
553 K the main product shifts to ethanol with a yield exceeding
80%. Due to the unique structure of catalysts and balanced
Cu*/Cu’® species, the resulting Cu based catalysts ran for 200 h
without any deactivation, providing an optional way for
ethanol production from syngas.”>’® After anchoring the Cu
sites into the core (copper)-sheath (copper phyllosilicate)
nanoreactor, the stability of Cu-phyllosilicate catalysts was
largely improved in the 300 h TOS.”” In other attempts, Cu
nanoparticles were inlaid into mesoporous Al,O;, or mixed
oxides of ZrO,-Al,0; and MgO-Al,0O3, which created abundant
metal-acid interfacial sites and balanced surface Cu’-Cu®
species, deserving >93% ethanol selectivity and >200 h
stability.”®®" Bimetallic catalysis is also an attractive way to
adjust the stability and activity of Cu based catalysts. For
instance, after introducing 1% Ni to Cu/SiO, catalysts, bi-
metallic Cu-Ni sites were formed to increase the metal surface

This journal is © The Royal Society of Chemistry 2024
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areas and enhance the hydrogen chemisorption on the catalyst
for the hydrogenation of dimethyl oxalate to ethanol.®' To
further improve the activity and stability of Cu based catalysts,
a series of additives, including B, Zn, Ce, Re, and Mo, were
introduced into Cu based catalysts to adjust the electronic
interactions between metals, or balance the Cu®/Cu" ratios,
and subsequently yielded elevated dimethyl oxalate conversion
and ethanol selectivity.®*"%”

Besides Cu based catalysts, some transition metal carbides
also demonstrated high activity for the conversion of dimethyl
oxalate to ethanol. Over the Mo,C/SiO, catalyst, the ethanol
selectivity reached 70.8% in the 350 h TOS at 543 K. Different
from previous Cu based catalysts, methyl acetate is the key
intermediate during the transformation process.®® Similarly,
the production of ethanol also goes through the intermediate
of methyl acetate over an FesC, nanocatalyst prepared by a pre-
cipitation method followed by carbonization in a methanol-H,
mixture. Interestingly, the ethanol selectivity reached 89.6% at
533 K, much higher than that of the Mo,C based catalyst.®*’
When coupled with CuZnO-SiO, catalysts in a dual-bed con-
figuration, the consecutive reactions were balanced, resulting
in a low yield of by-products and a rather high ethanol yield of
98%.°° Subsequently, a microsphere confined Fe@C catalyst
was prepared for the hydrogenation of dimethyl oxalate. As
shown in Fig. 6, ethanol was preferably produced with a yield
as high as 84.3% at 543 K and a H,/dimethyl oxalate molar
ratio of 180. According to catalyst characterization, the Fe;C,
sites should play the key role in dimethyl oxalate hydrogen-
ation into ethanol. Differently, methyl acetate was the main
product (77.9%) at a low temperature of 513 K and a H,/
dimethyl oxalate molar ratio of 20 due to the changed active
sites of Fe;0,.7"

2.2.3 Catalytic conversion of syngas into ethanol via the
intermediate of acetic acid/methyl acetate. Another indirect
synthesis process for the conversion of syngas to ethanol is

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Roles of different Fe species in dimethyl oxalate hydrogenation
for ethanol production (DMO: dimethyl oxalate; MG: methyl glycolate;
MA: methyl acetate; and EO: ethanol).*

through the intermediate of acetic acid/methyl acetate. As
depicted in Fig. 7 and eqn (6)—(8) (dimethyl ether as the feed-
stock), syngas is first transformed into methanol over Cu/ZnO/
Al,O3 catalysts. Then, the obtained methanol is directly con-
verted into acetic acid via the methanol carbonylation process,
or indirectly transformed into methyl acetate via the dehydra-
tion of methanol into dimethyl ether and the carbonylation of
dimethyl ether to methyl acetate processes. Finally, the acetic
acid or methyl acetate is hydrogenated into ethanol with the
elimination of water or methanol.

CH;0CH; 4+ CO = CH;COOCH; (6)

CH;COOCH; + 2H, = CH;CH,OH +CH;O0H  (7)

Overall reaction:

= CH3CH,0H(g) + CH30H(g) (8)
AHyos = —142 K] mol ™

The carbonylation reaction is the most important and
oldest reaction for the conversion of methanol or dimethyl
ether into acetic acid and methyl acetate. In 1913, acetic acid
was first synthesized as one of the main products from metha-
nol and carbon monoxide (Fig. 8). Afterwards, iron, cobalt,
and nickel (carbonyl) in the presence of an iodide salt were
screened to convert methanol into acetic acid, even on an
industrial level. Nevertheless, these reactions occurred under
high pressures, but with a mediocre selectivity to acetic acid.
In 1968, a breakthrough was achieved to obtain 99% acetic
acid selectivity in a continuous process under mild conditions
of 3 MPa and ca. 450 K, which was then named the Monsanto
process. During this process, the active site of [Rh(CO),I,]™ is
reacted with methyl iodide derived from methanol and a
halide-bearing promoter to the intermediate of [RhI,(CHs,)
(CO),], which is regarded as the rate-determining step for this
reaction. Then, the I~ ligand is coordinated with the
[RhI,(CH3)(CO),] sites to the short-lived [RhI;(CH;)(CO),]™
complex. Subsequently, CO is inserted in the Rh—-CH; bond to
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Fig. 8 The milestones for the conversion of syngas to ethanol via the
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the thermodynamically preferred [RhIz(COCH;)(CO),]~
complex. Finally, reductive elimination of CH;COI occurs to
yield acetic acid, HI and the active site of [RhI,(CO),]~.>*"** In
1996, another impressive catalytic system named the Cativa™
process, ie., Ir species with CH;I as the co-catalyst and Ru
species as promoters, was exploited by the BP company. Due
to the higher nucleophilicity of Ir species, the oxidative
addition over [IrI,(CO),]” sites to the [IrI,(CH3)(CO),] complex
is not the rate-determining step. In contrast, CO insertion into
the neutral intermediate [IrI,(CH;3)(CO);] is the slowest step
since it is 107> slower than that for Rh based catalysts.
Afterwards, the [Irl,(CH3)(CO);] site is transformed toward the
[IrI,(COCH;)(CO),] species, and then returned back to the
initial site of [IrI,(CO),]” sites with the release of acetic acid/
methyl acetate.

Although the Monsanto and Cativa™ processes dominate
the acetic acid market with an annual production of more
than 18 million tons, great efforts have been made to heteroge-
nize these homogeneous catalysts to avoid the complex separ-
ation procedures.”> Some polymers are selected to graft the
active sites of homogeneous catalysts for the carbonylation
reaction. For instance, the [RhI,(CO),]” complex is anchored
on polyvinylpyridine resin, named the Acetica™ process,
which demonstrated better Rh management than homo-
geneous alternatives.’® Atomically dispersed Rh supported on
porous organic polymers (POPs) also showed good perform-
ance for methanol carbonylation in the 400 h TOS.”””* In
another attempt, single-site La-Ir based catalysts were also

8570 | Green Chem., 2024, 26, 8564-8582

View Article Online

Green Chemistry

rather active and stable for vapor-phase methanol
carbonylation.'®* %> Besides the Rh and Ir catalytic systems,
Cu, Co, Ni, and Au species were also loaded on different sup-
ports for methanol carbonylation indispensable halide
additives."®° Recently, an attractive halide-free catalyst of
atomically dispersed ReO, on SiO, was developed for acetic
acid production. The obtained catalyst exhibited >93% selecti-
vity in the 60 h TOS with a single pass methanol conversion
>60%, providing a new class of potential methanol carbonyla-
tion catalyst.'%°

In 1984, Fujimoto et al. first disclosed the halide-free
methanol carbonylation over mordenite (H-MOR) zeolites.""’”
After introducing Cu species, the selectivity to acetic acid/
methyl acetate was largely improved, reaching >70% in the 6 h
TOS due to the preferential adsorption of CO and dimethyl
ether on Cu species. However, the catalyst was deactivated
rapidly with the main product shifting to dimethyl ether due
to the blocked pores by polymethyl benzenes."*®

Dimethyl ether is also a promising feedstock for carbonyla-
tion, as it can be readily produced by a simple methanol de-
hydration process catalyzed by solid acids such as alumina or
zeolites, or directly produced from syngas.'® Over the same
H-MOR zeolite, the methyl acetate selectivity was boosted to
99% at temperatures <463 K using dimethyl ether as the feed-
stock. The Brgnsted protons in zeolite provided suitable sites
for dimethyl ether adsorption and CO insertion. Moreover, the
anhydrous condition avoided the negative role of water in
carbonylation pathways, resulting in a high carbonylation rate
for methyl acetate production."'® In the following research,
H-MOR zeolites with 8-member ring (8-MR) channels were
proved to be the active sites for dimethyl ether carbonylation,
rather than zeolites without 8-MR channels such as H-BEA,
H-FAU, H-MFI, and amorphous SiO,-Al,Oj; catalysts.''" During
this reaction, dimethyl ether is first adsorbed on Brgnsted acid
sites of 8-MR channels to methyl-saturated surfaces.
Afterwards, the adsorbed CO is inserted into methoxy to
produce the acetyl group, which is regarded as the rate-deter-
mining step in the whole elementary reaction. Finally, the
acetyl group reacts with dimethyl ether to methyl acetate,
resulting in the regeneration of methyl intermediates."*> '
Under reaction conditions, the 8-MR channels in the H-MOR
zeolite displayed obviously higher carbonylation activity, but
the 12-MR channels caused carbon deposition, leading to the
activity decrease and final complete deactivation. Thus, some
studies tried to enhance the acid site in the 8-MR pore and
reduce the acid site in the 12-MR pore for this reaction via
enriching the Al location in the 8-MR pore during the catalyst
synthesis procedures, or performing dealumination of the as-
synthesized zeolite to relocate the Al atoms. Specifically, tailor-
ing the Al atoms at the T3 and T4 sites over H-MOR zeolites
was proved to be crucial for improved catalyst activity and
stability, as evidenced by a combined approach of solid-state
NMR experiments and DFT calculations."*>™"” Specifically,
Xiong et al. found that the specific activity on the T3 site was
4 times that of the T4 site at 473 K. Over a plate-like
H-MOR, 43% Al species were located on the T3 site, reserving

This journal is © The Royal Society of Chemistry 2024
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and CO coupling with the surface methoxy group on the T3-09 and T4-02 sites.

7.2 MOlmethyl acetate MOlairs ™" h™' under the reaction con-
ditions of 473 K and 1.0 MPa (Fig. 9).""” More attractively,
pyridine was selected to adsorb on the acidic sites in the
12-MR pores to improve the stability of catalysts.''® The pyri-
dine molecules were found to be penetrated into 8-MR pockets
and interacted with the Brensted hydroxyls, and then desorbed
preferentially after heating at 573-673 K. Over the pyridine
treated H-MOR with a Si/Al ratio of 13.8, the methyl acetate
yield reached 7.2 mmol (g h)™"."*® According to characteriz-
ation, the adsorption of pyridine transformed the octahedrally
coordinated Al species in H-MOR into typical high active tetra-
hedral coordination species, and thereby improved the catalyst
stability and catalytic performance in the carbonylation of
dimethyl ether to methyl acetate."””®'?! In the recent research
by solid-state NMR spectroscopy, the CO carbonylation reaction
occurred in the 8-MR pores of the pyridine treated H-MOR, while
the methanol within the 12-MR was “locked” by the pyridine
molecules to avoid the carbon-carbon coupling reactions.'*
Another key step in ethanol production is the hydrogen-
ation of acetic acid/methyl acetate. When using acetic acid as
the feedstock, the typical catalysts are comprised of noble
metals of group VIII and a second transition metal as the pro-
moter dispersed on oxide supports.*>'>*"'*> Although most
noble metal catalysts demonstrate good activity and ethanol
selectivity, the limited resources and ever-growing price of
noble metals greatly restrict their large-scale applications.'**
In the past decade, some organic acid-tolerant transition metal
catalysts have been developed for acetic acid conversions, and
also achieved rather good results. Due to the robust activity in
C-0/C=0 bond hydrogenation, Cu based catalysts have been
used as the active site for acetic acid hydrogenation in the pres-
ence of different metal additives.'**™"*® Typically, over 9Cu1In/
SBA-15 catalysts, Cu-In alloys were formed to accelerate the
dissociation of acetic acid to acetate and inhibit the combi-
nation of acetyl and ethoxy species to ethyl acetate, affording
99.1% acetic acid conversion and 90.9% selectivity to ethanol
at 623 K in 2.5 MPa H,."*® Similarly, In or Sn was also used to

This journal is © The Royal Society of Chemistry 2024
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modify Ni species for the conversion of acetic acid to ethanol,
affording relatively high ethanol yields (for instance: 93% over
the 4wt%Ni-4wt%Sn/TiO, catalyst at 473 K, 10 MPa H, and
12 h).130.131

For the hydrogenation of methyl acetate to ethanol, most
researchers focus on Cu based catalysts due to the abundant
reservation of Cu and the high activity for C=0O bond hydro-
genation. Over typical Cu based catalysts, Cu® sites split the
gaseous H, into H*, and Cu" species activate the acyl species
of methyl acetate. Then, the rate-determining step of acetyl
hydrogenation happens to yield ethanol with the co-produced
methanol for recycling.'**> Nevertheless, Cu particles are prone
to aggregate under reaction conditions because of the low
Tamman temperature and the metastability of Cu" species. To
alleviate the deactivation of Cu catalysts, strong interactions
between Cu species and supports were constructed for methyl
acetate hydrogenation. For the benchmark Cu/SiO, catalyst, B,
Ag, Ce, La, Mg, and Zn were added to improve the dispersion
of Cu particles and inhibit particle aggregations.'***” Moreover,
some novel strategies were employed to stabilize Cu catalysts. For
instance, Cu species were confined in the support of CNTs, CeO,,
SBA-15 or mixed oxides, and yielded better performance and
stability thanks to the increased Cu’~Cu’" interfaces.'**

Recently, different functional catalysts were coupled for the
conversion of syngas to ethanol. Over the relay catalysts of
ZnAlL,O4|H-MOR|ZnAl,O,, the elementary steps of converting
syngas to dimethyl ether, carbonylation of dimethyl ether into
methyl acetate, and hydrogenation of methyl acetate to
ethanol were balanced, yielded 52% selectivity to ethanol at
6% CO conversion.'*! Afterwards, the same group developed a
trifunctional tandem system composed of K-modified ZnO-
Zr0O,, modified H-MOR zeolite, and Pt-Sn/SiC (Fig. 10, down),
which catalyzed syngas conversion to methanol, methanol
carbonylation, and acetic acid hydrogenation to ethanol,
respectively. Over the optimized system, the ethanol selectivity
reached 81% at 4.0% CO conversion in the 100 h TOS under
the conditions of 543 K, H,/CO = 1:1, and 5.0 MPa.’** When
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using methanol and syngas as the reactants, the H-MOR
zeolite coated by the carbon layer and Pt-Sn/CNT catalysts
afforded 60% selectivity to ethanol at 98% CH3;OH conver-
sions.’*® In another attempt, a triple-tandem catalyst system
consisting of CuZnAlOx/y-Al,O0;, pyridine modified H-MOR
and Cu1Zn2AlOx was used to catalyze syngas into ethanol. As
shown in Fig. 10 (up), after coupling the cascade reactions of
syngas to ethyl ether, ethyl ether carbonylation to methyl
acetate, and methyl acetate hydrogenation to ethanol, the
ethanol selectivity reached 62% at 52% CO conversion with a
high ethanol space-time yield of 6.5 mmol g~* h™"."*

By coupling the methanol or dimethyl ether carbonylation
with the hydrogenation process, an indirect ethanol pro-
duction pathway from syngas is formed. After overcoming the
catalyst deactivation issues and scale-up problems, a coal to
ethanol demonstration plant with a capacity of 100 000 metric
tons per annum of ethanol was achieved with the cooperation
of the Dalian Institute of Chemical Physics and Shaanxi
Yanchang Petroleum Co., Ltd in 2017, and a larger industrial
plant is under construction.'*® According to the life cycle ana-
lysis, the “coal to ethanol” process offers a feasible alternative
for ethanol production because of its robust energy conserva-
tion effect and excellent economic competitiveness, but faces
challenges of high CO, emissions."*°

2.3 Catalytic conversion of CO, into ethanol

Due to the immoderate consumption of fossil energy sources,
large amounts of CO, are emitted into the atmosphere, result-
ing in environmental such as global
warming. Besides being concentrated, pressurized, and
stored during geological formation, CO, is also a useful energy
carrier, especially with the renewable hydrogen produced by
the electrolysis of water from solar energy.

serious issues

147

9
AHygs = —173.5 K] mol ™! ©)

Among all the CO, utilization processes, hydrogenation of
CO, into ethanol is of great significance (eqn (9)), but is scien-
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tifically challenging due to the thermodynamically stable and
chemically inert properties of CO, and the high energy barrier
of C-C bond formation.'**'*° In most cases, high CO, conver-
sion and ethanol selectivity are difficult to achieve simul-
taneously due to the complex reaction pathways. As shown in
Fig. 11, there are three proposed reaction mechanisms for the
conversion of CO, to ethanol. During the RWGS + CO (RWGS:
reverse water gas reaction) mediated mechanism, CO, is first
hydrogenated to CO via the RWGS reaction. Then, CO is acti-
vated to *CO and further hydrogenated to *CHx for *CHx-*CO
coupling. Similarly, the RWGS + CH;OH mediated mechanism
first transfers CO, to CO via the RWGS reaction, and then to
adsorbed methanol and intermediates of *CHxO or CHx for
coupling. Apart from the RWGS reaction, these two mecha-
nisms are very similar to the direct pathway for converting
syngas to ethanol. Differently, in the *HCOO mediated mecha-
nism, CO, is directly hydrogenated to formate intermediates
(*HCOO). Subsequently, the *HCOO species are hydrogenated
to *CHx, and coupled with *HCOO to *CH3;COO for
hydrogenation."*®

Learning from the syngas to ethanol process, Rh, Co, and
Cu based catalysts have been applied for the conversion of CO,
to ethanol. In the 1990s, [Rh,,Se] supported on TiO, was
found to be robust for ethanol production with a selectivity of
up to 83%."° Over the Li modified Rh/SiO, catalyst, 15.5%
ethanol selectivity and 7.0% CO, conversion were obtained at
513 K via the CO intermediate.’® In the following study,
RhFeLi/TiO, catalysts with abundant hydroxyls and Na-
Rh@S-1 with embedded Na-promoted Rh nanoparticles
demonstrated higher activity and selectivity toward ethanol for
CO, hydrogenation.®”">*> Recently, Zheng et al. prepared a
single-atom catalyst of Rh,/CeTiOx for CO, hydrogenation into
ethanol. At 523 K for 5 h, the ethanol selectivity reached 99.1%
with a turnover frequency of 493.1 h™". According to the in situ
DIRFTs and DFT calculations (Fig. 12), the oxygen-vacancy-Rh
Lewis-acid-base pairs facilitated CO, adsorption and acti-
vation, and promoted the cleavage of CHxOH* and COOH*
into CHx* and CO* species for coupling, leading to the
remarkable high activity and selectivity to ethanol.
Additionally, the strong Rh-O bond derived from Ti-doping-
induced structural reconstruction provided improved catalytic
stability.>® In their subsequent study, Rh/CNP catalysts with

+H +H " *CO +H
——> “CO ——> *CHX =3 *CH,CO = *CH;CH,0H ——3

RWGS+CO mediated (CO,-FTS)

+H +H +H +H *CO +H
CO,(g) =1—>*CO=>*CH;0H=>*CH;0 =>*CHy=>*CH,;CO=>*CH,CH,0H =>+=> CH,CH,OH

RWGS+CH;OH mediated

+H +H *HCOO H
b—— “HCOO == *CHX = *CH,;COO === *CH,CH,OH =l

HCOO" mediated

Fig. 11 Three reaction mechanisms for catalytic hydrogenation of CO,
to ethanol (RWGS: reverse water gas reaction).'4®
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Fig. 12 The illustrated catalytic cycle of ethanol formation from CO,
hydrogenation on the Rh;/CeTiOx catalyst (the inset figure shows the
structure of the Rhy/CeTiOx catalyst).'>*

Rh-N;P; sites were rationally synthesized for CO, conversion.
The donation of electrons from P atoms effectively weakened
the C-O bond in the intermediate of CH;OH*, affording 81.8%
ethanol selectivity at >69% CO, conversion.'>*

Due to the high activity in C-C coupling reactions, Co
based catalysts were employed for CO, hydrogenations. For
instance, Wang et al. prepared the CoAlOx catalyst from the
Co-Al layered double hydroxide for CO, conversions. After
adjusting the reduction temperature to 873 K, ethanol selecti-
vity reached 92.1% at 413 K for 15 h.'”® Afterwards, they incor-
porated Ni species into the Co catalyst to boost the formation
of relatively stable *CHx intermediates, resulting in 85.7%
ethanol selectivity with 15.8 mmol g ..~ * ethanol yield at 473 K
for 12 h."®® In another attempt, segregation of Co atoms was
found to promote CO coverage, the C-O scission of *CH,O and
C-C coupling, leading to >60% ethanol selectivity over the
CoCu catalyst."®” Nevertheless, the selectivity to ethanol is still
very low over fixed-bed reactors. For instance, over Co/La,Oz-
La,Ga,0y catalysts, the CO, conversion and ethanol selectivity
were 9.8% and 65.8% at 513 K with a GSHV (gas hourly space
velocity) of 3000 mL (ge,c h)™"."*® Similarly, over Na-Co/SiO,
and CoGa, pAl; (0,4/SiO, catalysts, the selectivity to ethanol was
below 30% under different reaction conditions, even with the
synergistic effect between Co® and Co®" species.'***¢*

In terms of Cu-based catalysts, multiple functional sites for
*CH; and C-C bond formation should be constructed to yield
C,. alcohols. An et al. anchored Cu' sites on a Zr;, cluster of a
metal-organic framework (MOF) for hydrogenation of CO, to
ethanol. Over the bimetallic Cu} sites, H, was activated to
(Cu**-H"), in the presence of alkali metal ions via bimetallic
oxidative addition. Afterwards, CO, was inserted into methanol

This journal is © The Royal Society of Chemistry 2024
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and formyl species. Then, a C-C bond was formed via a
nucleophilic attack on the carbon of CH;OH by a formyl group
(CHO). Finally, the generated CH;CHO was hydrogenated to
ethanol with the return of Cu}, (M) sites. Over the Cs™-modified
MOF catalyst, >99% ethanol selectivity was obtained with a
turnover number of 4080 in supercritical CO, (30 MPa CO, and
5 MPa H,) at 358 K for 10 h."®* As shown in Fig. 13, Ding et al.
embedded 2-5 nm Cu nanoparticles in Na-beta zeolites for
CO, hydrogenation in a traditional fixed-bed reactor, and
yielded ca. 14% ethanol with a selectivity of nearly 100% at
573 K, 2.1 MPa and a space velocity of 12000 mL g, * h™.
The authors declared that CO, is first reacted with hydrogen to
*CH; at the surface of Cu particles. Subsequently, the
adsorbed *CO, is coupled with the produced *CHj; to the key
intermediate *CH3;COO. Finally, *CH;COO was hydrogenated
to ethanol. Herein, the zeolitic framework confined and modu-
lated the Cu nanoparticles with unique surface sites for the
reactions. Also, it constrained the reactants at the layer nearby
the nanoparticle surface to ethanol, rather than C; by-pro-
ducts.’®® Over the Cs-promoted Cu-Fe-Zn catalyst, Cs regu-
lated the hydrogenation ability of CuFeZn catalysts for RWGS
and CO insertion, Fe carbide and Cu species were responsible
for CO dissociation and CO non-dissociative activation,
respectively. The balance of different sites realized the high
C,+OH/ROH fraction (93.8%) for CO, conversions.'®* During
the study on methanol synthesis, Wang et al. disclosed the
fine-tuning of *CHO species, which was used as the precursor
to initiate the C-C coupling and the formation of ethanol via
the key C,-intermediate *OHCCHO over a Cu/Cs/ZnO(0001)
surface.'®

Interestingly, some Pd, Au, and Ir based catalysts also
demonstrated high activity in the conversion of CO, to
ethanol. Bai et al synthesized monodisperse Pd-Cu nano-
particles (NPs) by using a wet-chemical approach for CO, con-

Fig. 13 Summary of the CO, hydrogenation to ethanol over the
Cu@Na-Beta catalyst.*®®
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version. Over the optimized catalyst of Pd,Cu NPs/P,s5, the
ethanol selectivity reached 92% at 473 K for 5 h. According to
DRIFTS experiments, the Pd-Cu alloy boosted the rate-deter-
mining step of *CO (adsorption CO) hydrogenation to *HCO,
and then elevated the selectivity to ethanol.’®® Recently, Chen
et al. achieved the conversion of CO, into the single-product of
ethanol over a CeO,-supported dual Pd site catalyst
(Pd,Ce@Si;6). The dual active sites of Pd showed extraordinary
activity for the cleavage of the C-O bond in *CHXOH species
and the C-C coupling between *CHx and *CO species.
Additionally, the core-shell structure stabilized the Pd sites
through enriching in situ formed water in the nanoreactor with
a hydrophobic silica shell layer, leading to remarkably
improved catalytic stability.'®” Thanks to the synergistic effect
between Au nanoparticles and the TiO, support, >99% ethanol
selectivity and 942.8 mmol g,, " h™" yield were achieved at
473 K for 10 h.'®® Yang et al. synthesized three non-metallic
gold clusters of Aug, Au;; and Auze for CO, conversion.
Different from Auy and Auze, >80% selectivity to ethanol was
obtained over Au,; catalysts due to the favoured CO*-CH,*
coupling.'®® Recently, Ye et al. loaded Ir single-atom on In,0;
for hydrogenation of CO, to ethanol. Over the bifunctional Ir;-
In,0; catalyst, the Ir atom and the adjacent oxygen vacancy
were coupled to a Lewis acid-base pair, which activated CO, to
the intermediate species of carbonyl (CO*) adsorbed on the Ir
atom (Ir’*-CO*) and C-C coupling between CO* and CH;0%,
leading to a high ethanol selectivity of 99.7% at 473 K for
5 h.170

Besides the direct conversion of CO, to ethanol, some
authors employed dimethyl ether or methanol and CO, for
ethanol production via the methanol homologation
process.””*"*7* For instance, over Ru based catalysts with Lil as
a promoter, the selectivity to ethanol in total products reached
71.7% at 453 K for 12 h."®® When using 1-butyl-3-methyl-
imidazolium chloride as the solvent, the reaction temperature
decreased to 393 K.'7>'7*

2.4 Catalytic conversion of biomass into ethanol

To solve the problems of low carbon balance and reaction
efficiency in the fermentation process, great efforts have been
devoted to the synthesis of ethanol via chemo-catalytic
approaches from biomass. As the most abundant constituent
of lignocellulosic biomass, cellulose is used as the feedstock
for catalytic conversions by coupling the hydrolysis, C-C clea-
vage, and hydrodeoxygenation reactions.'”>'”®

For the catalytic conversion of biomass to ethanol, the reac-
tion pathways and intermediates are highly dependent on cata-
lysts. Inspired by the one-pot conversion of cellulose to ethyl-
ene glycol process,"”” % a two-step method was developed for
the conversion of cellulose to ethanol. In the first step, WOx
was used to selectively cleave the C-C bond of cellulose to
methyl glycolate in the solvent of methanol and 1 MPa oxygen,
achieving 57.7% methyl glycolate yield, even using raw cellulo-
sic biomass such as birch, cornstalks, and miscanthus as feed-
stocks. Afterwards, methyl glycolate was hydrogenated to
ethanol at a selectivity of 76.7% at 503 K over a 0.1Pt-Cu/SiO,
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single-atom alloy catalyst. By coupling the oxidation and
hydrogenation steps, the indirect pathway for the conversion
of cellulose into ethanol was achieved, as shown in
Fig. 14.""'% In the following research, a one-pot process for
the hydrogenation of cellulose into ethanol was achieved over
a Mo-Pt/WOx catalyst. On this novel catalyst, xXOMo-Pt-WOx
interfacial sites were formed to catalyze the rate-determining
step of hydrodeoxygenation of ethylene glycol to ethanol,
resulting in 43.2% ethanol yield at 518 K for 2 h and a hydro-
gen pressure of 6 MPa.'®?

Simultaneously, Song et al. developed a binary catalytic
system of H,WO, and Pt/ZrO, for the direct conversion of cell-
ulose into ethanol. Under reaction conditions, cellulose was
hydrolyzed by the Bronsted acid sites in H,WO, or the protons
generated in high-temperature water. Then, the C-C bonds in
the glucose unit were cleaved in the presence of H,WO,.
Finally, the produced glycolaldehyde was converted into
ethanol via the intermediate of ethylene glycol over Pt° and
Pt** sites on Pt/ZrO, catalysts."®* Li et al. designed a multifunc-
tional Ru-WOx/HZSM-5 catalyst for the transformation of cell-
ulose and raw biomass (bagasse and corn stalks) to ethanol. At
508 K for 20 h in 3 MPa hydrogen, the yields of ethanol
reached 87.5% and 53.7%, respectively, for 1 wt% and 5 wt%
cellulose conversions.'® In another attempt, a binary catalyst
of graphene-layer-encapsulated nickel (Ni@C) and H;PO, was
used to convert cellulose into ethanol. Unlike the previous
intermediate of ethylene glycol, the cellulose was hydrolyzed
into glucose and then interacted with H;PO, to the cyclic di-
ester for hydrogenolysis due to the synergistic effect between
Ni@C and H;PO,. After optimizing the reaction conditions, a
69.1% yield of ethanol was obtained even at a final weight con-
centration of 8.9%, which is comparable to the value of fer-
mentation processes.'®® In their following works, Co@C cata-
lysts in the presence of H;PO, and H,WO, were also applied
for cellulose conversion, and yielded 25.9% ethanol with ethyl-
ene glycol as the key by-product, indicating the key role of
balanced metal and acid sites for ethanol production.'?”-'88

Taking advantage of the robust C-C bond cleavage activity
of W species, multiple functional catalysts were developed in
the following years. For instance, Chu et al. developed a con-
tinuous process for the transformation of cellulose in corn
stalk into ethanol. The corn stalk was first pretreated with 80%
1,4-butanediol to remove lignin. Then, the obtained cellulose

o, —Q OH  hydrogenation

oxidation and H
Y Methanol O 2
esterification

Methyl glycolate

retro-aldol Methanol
"\ condensation OH H, ol

on "
P H
NI O ey ’
& b
hydrolysis

W]

anon Ethanol
Cellulose Glucose Glycolaldehyde

H,0
H, h
HZ

hydrogenation OH

HO hydrogenation
Ethylene glycol

Fig. 14 One-pot and two-step reaction pathways for the conversion of
cellulose into ethanol.
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was converted into ethylene glycol over the 15%Ni-50%WOx/
SiO, catalyst. Finally, the hydrogenolysis of ethylene glycol was
conducted over the 1%Au-(20%Cu-2%Ni)/SiO, catalyst. After
these cascade steps, the final ethanol yield reached 35.8% with
a high weight concentration of 6.1% (ethanol in water).'®’
Afterwards, they designed a multifunctional Pd-Cu-WOx/SiO,
catalyst for the one-pot conversion of cellulose to ethanol, and
yielded 42.5% ethanol after 10 h reaction at 573 K in the pres-
ence of 4 MPa H,."° Similarly, Wu et al. employed Pt/WOx and
Pt@HZSM-5 catalysts for the one-pot conversion of cellulose to
ethanol. The encapsulation of Pt nanoparticles in the cavity of
hollow HZSM-5 enhanced the activity for C-O cleavage of ethyl-
ene glycol, leading to an excellent ethanol yield of 54.4%.""

As shown in Fig. 15, the catalytic conversion of cellulose to
ethanol is a cascade reaction with multiple side reactions,
leading to a relatively low ethanol selectivity.'>'** Under
hydrothermal conditions, the hydrolysis of cellulose into
glucose happens in the presence of in situ produced H' in
water or solid acid catalysts. Then, the glucose was rapidly
transformed into glycolaldehyde and hydrogenated to ethylene
glycol. Otherwise, side reactions of glucose hydrogenation, iso-
merization and resinification occurred to produce a variety of
side products. Finally, the produced ethylene glycol was con-
verted into ethanol via the hydrogenolysis reaction. To achieve
high ethanol yields, these steps should be balanced concisely,
and side reactions with low energy barriers such as glucose
and glycolaldehyde condensation, isomerization and direct
hydrogenation reactions should be inhibited.

Different from other ethanol production pathways, the cata-
lytic conversion of cellulose to ethanol is conducted under
hydrothermal conditions, giving rise to great challenges in
catalyst stability.'"'% In the past decade, some attractive work
has been done to improve the stability of catalysts via coating
oxides or carbon layers, constructing strong metal-support
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interactions, embedding or anchoring metal particles, and
employing bimetallic catalysts. For instance, alloys were
formed to inhibit the leaching of Ni during the cellulose
hydrolysis-hydrogenation process.’*>'®” In another study, a
high-loading (7.5 wt%) Ni-N-C single-atom catalyst was devel-
oped for cellulose hydrogenation, and it demonstrated unpre-
cedented durability in the 7™ recycle experiments at 518 K, 6
MPa H, in the presence of tungstic acid in hot water."*®

3. Summary and outlook

Due to the versatile application of ethanol in the chemical and
fuel sectors, various methods have been explored for the pro-
duction of ethanol from petroleum, coal, natural gas, CO,, and
biomass. As shown in Table 1, the key parameters for ethanol
production from different feedstocks were listed and com-
pared. The conversion of petroleum derived ethylene to
ethanol is still feasible in some Middle-East areas. However,
this process has the drawbacks of catalyst leaching issues and
low reaction efficiency. The direct conversion of syngas to
ethanol is a reaction with high atom economy but wide
product distributions. In contrast, the indirect processes for
ethanol production demonstrate high ethanol selectivity and
reaction efficiency, showing high potential for applications.
For instance, the “coal to ethanol” technology via the inter-
mediate of methyl acetate has been operated at the industrial
level in China. Recently, the direct conversion of CO, to
ethanol has gained great attention. Although the ethanol
selectivity surpassed 99% with considerable efficiency, the
green hydrogen issues and low CO, conversion problems are
yet to be resolved. The chemo-catalytic method for the trans-
formation of biomass to ethanol is very promising, but still
faces several challenges such as the reaction requiring to be
conducted in an autoclave with solvents, and the resulting
catalyst leaching. In future studies, more efforts should be
emphasized on robust catalyst developments to improve
ethanol selectivity and productivity. Moreover, process inte-
gration and energy-saving methods are encouraged to cut the
energy consumption in ethanol production processes. Apart
from the catalyst and reaction efficiency issues, the application
of these methods is also highly dependent on the energy
resources in the specific area. For instance, the “coal to
ethanol” process is highly attractive in coal-rich areas, such as
China. Additionally, government initiatives and carbon taxes
also have profound impacts on the feasibility of different
ethanol production pathways.'®® As discussed, the government
initiatives boosted corn- or sugarcane-based ethanol pro-
duction in the USA and Brazil. Similarly, the development of
these newly emerged catalytic methods is also greatly affected
by government initiatives such as subsidies, and zero-carbon
industry incentives. Also, the carbon taxes will shift ethanol
production to more sustainable methods, such as the direct
conversion of cellulose to ethanol.

(1) Just a fuel additive? In the past decade, the production
and application of pure electric vehicles have sharply increased
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Table 1 Comparison of different catalytic reaction pathways for ethanol production?

Sel. Effi.
Feedstock  Intermediate Catalyst Reaction conditions (%) (mmol h™ g ™)  Ref.
Ethylene — H;3PO,/SiO, 500-573 K, 7-8 MPa, ethylene/H,0 = 0.6 95-97  0.03-0.12 13
Syngas — RhMn@5-1 593 K, 3 MPa, H,/CO =2 88.3" 7.7 39
— K1.00-MoSe, 593 K, 10.0 MPa, CO/H, = 1, GHSV = 3000 mL g~* h™* 31.1 1.2 44
— CuCoSNTSs-c 543 K, 3 MPa, GHSV = 8000 h™", H,/CO = 2/1 28.2 8.9 56
— CuZnAl 523 K, 4.0 MPa, GHSV = 450 mL g, h™!, H,/CO=2.0  14.2 0.2-0.5 62
DMO Pd(111)/A1,0; 403 K, 0.1 MPa, GHSV = 3000 h™ 100 7.6 74
Cu/Sio, 553 K, 2.5 MPa, LHSV = 2.0 h™", H,/DMO = 200 83.0 5.6° 76
Acetic acid Rh or Ir complex 453 K, 3-4 MPa >99 >10007 92
Culn/SBA-15 623 K, 2.5 MPa H,, LHSV = 1.25 h™? 90.9 19.7¢ 129
Methyl acetate MOR zeolite 473 K, 2 MPa, GHSV = 3600 mL g~ * h™" >98 7.2 119
Cu/ZnO-MgO 473 K, 5 MPa, LHSV=1h"! >86 7.96° 137
CO, — Rh/CeTiOx 523 K, 3 MPa, 5 h (autoclave) 99.1 5.3 153
Cellulose ~ Methyl glycolate =~ WOx + CMK-3 513 K, 1 MPa O,, methanol 55.7 24 181
0.1Pt-Cu/SiO, 503 K, 3 MPa, WHSV = 0.5 h ™! 76.7 5.2 182
— 0.1Mo/2Pt/WOx 518K, 6 MPaH,,2 h 43.2 5.4 183
Ni@C-H,PO, 473 K, 5.5 MPa, 3 h 69.1 103 186

“Sel., Effi., Ref., GHSV, LHSV, and DMO are abbreviations for selectivity, efficiency, reference, gas hourly space velomtgr liquid hour space velocity,

and dlmethyl oxalate, respectively. ” The selectivity indicated the C,-oxy in total oxygenates. ”The unit is mol (L h)

due to the higher well-to-wheel efficiency and available renew-
able electric power produced from water power, solar energy,
and wind energy.”’°°?°> The shift from internal combustion
engine vehicles to electric vehicles lowers the demand for fuels
as well as fuel additives such as ethanol. In the near future,
electric and internal combustion engine vehicles should
coexist, and the demand for ethanol will be maintained at a
moderate level. Considering the great amount of ethanol that
has been produced and the possible reduced ethanol appli-
cations, it is highly desirable to upgrade ethanol to value-
added chemicals, advanced fuels or materials such as hydro-
gen, butanol, aromatic compounds, aviation fuels and mono-
mers that cannot be replaced by electric engines.?**>"!

(2) Homogeneous catalysts vs. heterogeneous catalysts.
Homogeneous catalysts, usually organometallic complexes,
generally demonstrate high activity, selectivity, and efficiency
under mild reaction conditions. Carbonylation of methanol to
acetic acid catalyzed by homogeneous Rh/Ir complexes is one
of the most successful industrial applications, accounting for
about 80% of acetic acid production worldwide.>'*> Over the
homogeneous Ir-based catalyst, the water level is reduced to
<8% with a fast reaction efficiency and nearly 100% selectivity
under mild reaction conditions. On the other hand, great
efforts are devoted to developing heterogeneous catalysts due
to product/catalyst separation issues. For instance, over the
modified H-MOR catalyst, methyl acetate is produced from the
gas-phase carbonylation of dimethyl ether, providing another
option for C, compound production. Currently, both homo-
geneous and heterogeneous catalysts are running in industrial
plants, and the feasibility of catalysts or processes is depen-
dent on their economic and environmental impacts.

(3) Reaction mechanism study for novel catalytic system
design. During all ethanol production processes, catalysts play
a pivotal role in controlling product selectivity and reaction
pathways. To design robust and stable catalysts, the reaction

8576 | Green Chem., 2024, 26, 8564-8582

Turnover frequency.

mechanism should be in-depth disclosed, and specifically the
microenvironments between active sites and intermediates
should be precisely controlled. In the past decades, a number
of operando and in situ characterization methods, such as high
resolution transmission electron microscopy, high-resolution
synchrotron X-ray powder diffraction, and solid NMR have
been developed to “see”, “touch” and “feel” active sites and
gain a deep understanding of catalysis. These results will

213 For

provide solid guidance for novel catalyst design.
instance, the in-depth understanding of the methanol
carbonylation mechanism inspired the exploration of dual-
ionically bound single-site rhodium catalysts for methanol
carbonylation, resulting in a higher turnover frequency than
Moreover, first-principles
computations have been used to predict atomic-level details of
catalytic reactions, providing promising guidance for the
bottom-up design of novel heterogeneous catalysts at different
nanoscales.”'*

Acetica and Monsanto processes.’’

(4) Balance different reaction steps. During most ethanol
production processes, multiple steps should be subtly coupled
and balanced. Taking the direct conversion of syngas or CO, to
ethanol as an example, multiple sites for stabilizing CHx and
C(H)O species should be coupled and balanced to promote the
coupling of CHx and C(H)O species. Additionally, the kinetic
study should be done to match each of the elementary steps.
During the catalytic conversion of cellulose to ethanol, the rate
of cellulose hydrolysis, C-C bond cleavage, and hydrodeoxy-
genation steps should be controlled to minimize side reac-
tions. Otherwise, ethylene glycol or humins will dominate the
product even over the same active site. Apart from the kinetic
study, robust multiple functional catalysts are encouraged to
be designed based on the interdisciplinary research between
advanced materials, chemistry, physics, and engineering.

(5) Low carbon footprints of most processes. Regardless of
feedstocks or reaction pathways for ethanol production, great

This journal is © The Royal Society of Chemistry 2024
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efforts have been made to minimize the energy consumption
in a more environmentally friendly way. One method is to
improve the product selectivity to lower separation energy con-
sumption. For the direct conversion of syngas to ethanol, the
elevated ethanol selectivity will largely reduce the energy for
separation between ethanol and C,, alcohols with similar pro-
perties. The other method is employing novel separation
technology for ethanol production. Due to the azeotropic
nature of the ethanol-water mixture, some hyperbranched
polymers, molecular sieves and/or membranes are used to
separate ethanol from the mixture in an energy-saving
manner.”"*" To achieve the goal of the Paris Agreement,
great efforts have been made to employ renewable carbon
and hydrogen resources for ethanol production. Through
biomass gasification processes, renewable syngas is pro-
duced for the production of ethanol via direct or indirect
routes.”'®?'? Similarly, green hydrogen is produced by the
electrolysis of water using solar energy. After integrating the
hydrogenation processes, the carbon emissions of the whole
ethanol production process will be largely reduced.
Currently, according to the life cycle assessment analysis,
the biochemical method for ethanol production shows
better performance in terms of CO, emissions and fossil
fuel consumption than the thermochemical conversion
counterparts, such as syngas methods.”*°**> However, these
differences will be decreased or diminished in the near
future due to the improved ethanol yield, and scale effects,
especially for some indirect pathways.

(6) Photocatalysis and electrocatalysis methods for ethanol
synthesis. Under thermal catalytic reactions, cascade and par-
allel reactions co-happened to yield complex products with a
low ethanol selectivity. To depress these side reactions, solar
and/or electro-driven reactions have been extensively investi-
gated and achieved great success. For instance, Cu-Ru-MOF
hybrid materials with stable Cu' species were synthesized for
the conversion of CO, into ethanol under low-intensity light
(450 LED, 11 mW cm™?), yielding >99% selectivity to ethanol
at 0.7% CO, conversion under the conditions of 423 K and 2
MPa of the H,/CO, mixture (3:1).>*®> In another attractive
study, an ultra-stable gallium nitride semiconductor was devel-
oped for photo-driven one-step conversion of methanol to
ethanol via the intermediate of methyl carbene, resulting in
0.5% volume of ethanol in methanol after 24 h reaction at
288 K with an impressive catalyst efficiency of 4050 pmol g~*
h™.2%* The electrochemical reduction of CO, to ethanol with
renewable electricity represents a promising strategy to cut
CO, emissions with green fuel production. To promote C-C
bond formation, effective and stable Cu, Sn, and Ir based elec-
trocatalysts were exploited for ethanol production.**>?® Qver
SnS, nanosheets and single-Sn atoms anchored on three-
dimensional carbon support catalysts, the C-C bond formation
was promoted through a formyl-bicarbonate coupling pathway
on dual active centers comprising Sn and O atoms, obtaining
82.5% selectivity to ethanol and 82.5% faradaic efficiency at
—0.9 Vgyg and a geometric current density of 17.8 mA cm™>.>%°
Although the conversion of most C1 feedstock is very low,
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these methods still demonstrate great advantages, including
high ethanol selectivity, low reaction temperature and
pressure, and no limitation from thermodynamic equilibrium,
providing high potential for further applications.

(7) “Ethanol economy” for carbon neutrality. Currently,
ethanol is being used as a fuel additive to mitigate the pro-
blems associated with CO, emissions and fuel scarcity. With
the rapid development of ethanol production via chemical
pathways, the production of ethanol will be greatly increased
in the near future. Correspondingly, the application of ethanol
in the fuel and chemical sectors will also be greatly promoted.
Similar to the concepts of methanol and hydrogen economies,
these achievements will lead to the high feasibility of the
“ethanol economy”.>*>**' Additionally, the incorporation of
renewable resources will reduce both the ethanol production
cost and the overall environmental impact.>** As the prevailing
well-accepted fuel additive, ethanol has the potential to meet
the energy demand with low carbon footprints.
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