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ABSTRACT: The development of renewable energy resources is L baation a0d ceog,
strongly urged to recoup the shortage of fossil-based energy and its o e,

associated pollution issues. Energy production from carbohydrate
materials has recently been of great interest due to the availability,
reliability, and abundance of carbohydrate sources. Significantly,
the catalytic transformation of waste carbohydrates into furan-
based biofuels, specifically 2,5-dimethylfuran (DMF), appears to
be an attractive solution to the aforementioned energy and (B mjf])’ j
environmental issues. The potential of DMF as a renewable fuel is H,  aopa Reaction ,
prospective, with its physicochemical properties that are similar to goucy enditiony

those of fossil fuels. Therefore, the current work focuses on the

production of DMF, with the important aspects for enhanced

DMEF yield being summarized herein. Notably, the significant catalysts derived from zeolite, noble-metal, non-noble-metal, metal—
organic framework, and electrocatalytic materials are discussed, alongside their effects in deriving carbohydrates to DMF.
Furthermore, the mechanisms of DMF production were clarified too, followed by the scrutinization of the effects from reaction
conditions, solvents, and hydrogen donors onto the DMF yield. Finally, the purification process, commercialization potential, and
economic feasibility of DMF production were incorporated too, with insightful future directions being identified at the end of our
review. This review is expected to advocate DMF production from carbohydrate materials, which could alleviate the energy and
environmental problems encountered presently.

KEYWORDS: 2,S-Dimethylfuran, Catalyst system, Carbohydrates, Conversion efficiency, Reaction condition, Purification,
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H INTRODUCTION lignocellulosic biomass-based ethanol production pose no

Energy sources have been known as the cornerstone of today’s negative effect on the food cycle, concurrently exhibiting salient

. . 16-18
industries and the prime aspect of the country’s economy. " economic and environmental benefits. Nevertheless, the

Nonetheless, the facts of finite fossil fuel reserves and increasing current situation for converting biomass into fuels is not a
environmental pollution have become the major hurdles in virtuous decision, considering the exorbitant upfront cost.
further advancing the economic sector.” > Therefore, the search Similarly, the production of third generation biofuels from algae,
for safe and environmentally friendly energy sources has been an even microorganisms, is also infeasible, since the food and fuel
increasing concern to establish sustainable development.s’7 In competition is eliminated here.'? Compared to previous
particular, biofuels originated from renewables are considered as generations, the fourth generation biofuels are an emerging

one of the most promising energy resources for the trans-
portation sector.’”'" Biofuels can be classified into four
generations on the basis of the origination of feedstock nature,
as well as the production methodology.'*"*

By employing first-generation biofuels, CO, emissions could
be decreased along with serious cost issues and unpredicted
environmental consequences.'* The augmented rates in food
grains were considered as the most important drawback, owing
to the reduction of fertile land for crop cultivation."> On the
other hand, the second generation biofuels focusing on

technology, which relies upon the genetically modified crops for
the deriving purpose.”” Nonetheless, the high technicality and
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Table 1. Physicochemical Properties of DMF in Comparison to Those of Other Liquid Fuels

ethanol/n-butanol

C,H(0/C,H,,0

physicochemical properties at 20 °C

molecular formula

oxygen content (%) 34.78/21.60
stoichiometric air/fuel ratio 8.95/11.20
latent heat of vaporization (kJ/kg) 920/708
energy density (MJ/L) 18.4—21.2/29.2
boiling point (°C) 77/117
autoignition temperature (°C) 434/385
research octane number 110/98

cetane number 8/25

42-47
gasoline DMF diesel biodiesel
C,—Cy, CsHgO Ci—Cis C15-17,COOCH,
0 16.67 0 10—-12

14.70 10.72 14.30 14.00

351 389 270-301 252-258
32—-34.8 30 40.3 33.3-35.7
27-225 93 282—338 340-375

420 286 246 374—449
90—100 119

10—-15 9 40—45 46—60

expenses required appear to be the stumbling stone for its wide
adoption. Surmising from these, biofuel production from
carbohydrate-based sources, of which lignocellulosic biomass
is one of the main carbohydrate sources, seems to be a feasible
option for long-term sustainable develo]I)ment, potentially
solving the energy crisis at the present era.”" >

Carbohydrates are undeniably vital feedstock for fuel and
chemical synthesis. With the abundance of nonedible carbohy-
drates on Earth,”>*" it sustains the synthesis of high-value
chemicals and biofuels, in a way, leading to better energy
security.”>*® As such, second-generation biofuels based on
carbohydrates are gaining momentum to fulfill increasing energy
demands. In particular, furan-derived biofuels are favored for
their applicability in both compression-ignition and spark-
ignition engines.”’ > Being a derivative of furan, dimethylfuran
(DMF) is attracting scientific attention with its benign
physicochemical properties, which presents enabling features
in powering transportation.””>* Moreover, mass production of
DMEF from carbohydrates is possible, with multiple _hi%hly
efficient conversion techniques being already developed. ™ At
the same time, more ongoing works are presently focused on the
development of reactive solvent and catalyst to techno-
economically optimize DMF synthesis.”*~*' Table 1 shows
the physicochemical properties of DMF as compared to
gasoline, diesel, and other biofuels (ethanol, n-butanol).

Recently, several studies have also confirmed the aptness of
DMF for internal combustion engines (ICEs), without the need
for further engine modification,** ¢ suggesting that DMF could
be a potential biofuel in the future. In the literature, there are
some reviews over the DMF synthesis as well as the use of DMF
for ICEs as an alternative fuel. Indeed, Lu and co-workers®’
presented the pathway of DMF synthesis from biomass, but the
role of catalysts, reaction conditions, and economic character-
istics was not comprehensively analyzed. In another review,
Wang et al.’® published a review work on recent advances of
biomass conversion to DMF through the catalytic route, but the
reaction mechanism for forming DMF, purification technolo-
gies, and progress of developing high-performance catalysts were
not mentioned. In a recent study, Tuan Hoang et al.>” carried
out their review work on the combustion and emission
characteristics of ICEs running on DMF, indicating that DMF
could be used to blend with gasoline or diesel to provide
promising results of reducing toxic emissions and pollutants
while the engine performance was insignificantly decreased.
They suggested that the DMF synthesis process from biomass
should be further developed, aiming to produce DMF with low
cost and high conversion efficiency to make DMF suitable for
commercial biofuel in the future. In recent years, innovations are
still constantly implemented to further improve energy
efficiency in this area of research. In this context, this review
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brought to the readers a comprehensive analysis of the strategy
of DMF production from various carbohydrate sources through
the catalyst pathway. This review is expected to contribute
toward the premise of advanced catalysts and optimized reaction
conditions, aiming to have a thorough analysis and evaluation
over the production process of DMF from carbohydrates.
Additionally, the purification process and economic perspective
were also presented to provide insights to advanced DMF
production, as well as its developing strategy in the following
years. Significantly, this review paper also suggests that
producing and upscaling of active and non-emission catalysts
should be further investigated for a more prospective develop-
ment of carbohydrate-derived fuels and chemicals.

Feedstock for DMF Production. The conversion from
carbohydrate-based sources to glucose/fructose and followed by
DMEF has been explored as a potential and biorenewable
platform chemical. The carbohydrate-based sources, including
the agricultural or forestry residues, industry wastes from paper
and cotton manufacturing, municipal solid waste, and stock
manure, could serve as the feedstock for DMF production.*’
Among these, agricultural residues are commonly used as fuel
for daily life, animal feed, and composting material.”"** The
projected production for several agricultural wastes by 2025
includes 1267 million tons/year of rice straw, 1111 million tons/
year of heat straw, 666 million tons/year of sugar cane bagasse,
and 1639 million tons/year of corn stover.”” The above-
mentioned figures demonstrate the potential of agricultural
residues in producing biofuels, which could help to reduce
around 50% of greenhouse gas (GHG) emissions while
alleviating the reliance on fossil energy up to 80%.°* As for
forestry residues, they are expected to hit 6 billion tons/year
(inclusive of wood chips, saw dust, and unused woods) by 2050.
Such huge forestry and agricultural residues, if not appropriately
utilized, are very profuse, which could be transformed into a
burden for waste management.

Reportedly, 1 million tons of wood residues are annually
generated during forestry activities. They are prevalently burnt
to generate steam and, therefore, are regarded as one of the main
causes for environmental pollution and, occasionally, forest
fires.’ In particular, the burning of high-moisture biomass-based
residues is often associated with high GHG and PM emissions,
causing detriment for human life.”> These biomass sources from
agricultural and forestry products could be subjected to DMF
synthesis, ascribed to their high lignocellulosic content.
Similarly, algae are also considered as a potential source with
high fuel yield, ca. 30 times higher than those of lignocellulosic
biomass. Furthermore, the cultivation of algae is relatively easy,
in which brackish water or even wastewater could be adopted for
nurturing purposes. Some algae could be fed on CO, or nitrous
oxide, thereby contributing to the reduction of environmental

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

272
217
i I

<
5\*.&
N\

= = 300
Forest, agricultural <
__residues &

”"4'&.- a 250
3

, £ 200
E
Food crops &

. " = 150
=

£ 100
MSW =
=

< 50
£
=

3 © o0

Algae 2020

Figure 1. Potential feedstock based on carbohydrates for DMF production.
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pollution.”® However, the deployment of algae for biofuel
production is still in its infancy and requires further investigation
for much higher commercial value. Meanwhile, municipal solid
waste (MSW) is also considered as another feasible carbohy-
drate source, ascribed to the paper, cotton, starch-rich foods,
garden, and vegetable waste in it. The amount of MSW is often
correlated to the population of a particular region. In this sense,
dense countries like China and India are expected to generate
enormous MSW, considering their largest population in the
world. Statistically, India is estimated to release around 300
million tons/year of MSW by 2051,°” while China is anticipated
to release 480 million tons/year by 2030.°® Out of different
waste in MSW, the starch-rich waste food contributed to the
most carbohydrate content, accounting for nearly 416 million/
year by 2025 in Asian countries.”” The hydrolysis process of
starch-containing MSW can break the glycoside bonds,
maltodextrins, or monosaccharides, resulting in valuable
products through fermentation. Also, with 35.5—69% of sugar,
starch-containing MSW could be valorized to high-value
products, where the biobased fuel is widely accepted as a
prospective product.”” It is believed that the conversion of food
waste to biofuels exhibits an economic prospective of 200—400
USD/ton, which is higher than that of electricity and animal feed
(60—150 and 70—200 USD/ton, respectively). Other valorized
products, such as bioplastics, organic acids, and enzymes, could
reach up to 1000 USD/ton.”’

Past research has evidenced the potential of converting
carbohydrate-based feedstock into energy and high-end
chemicals.”””> Therefore, good management and planned
exploitation of carbohydrate-based feedstock (such as glucose,
fructose, cellulose, starch, algae, MSW, etc.) for fuel production
are sure to not only bring large economic-social benefits but also
contribute to improved energy security. Significantly, the typical
carbohydrate-based feedstock for biofuel production is illus-
trated in Figure 1.

Pretreatment Process. Lignocellulosic biomass, such as
crops, wood, and grasses, is touted as an ideal precursor for DMF
production. Similarly, waste materials containing carbohydrates,
such as starch-rich waste food, chitosan from crustacean shells,
tree or fruit peel, and straw, could also be employed for DMF
synthesis. Nonetheless, the direct conversion of these species to
DMEF is daunting due to the recalcitrance of lignocellulosic
biomass. Fortunately, an appropriate pretreatment could reduce
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cellulose crystallinity while promoting pore developments in the
process, thereby enhancing the supply of sugar from biomass for
better DMF yield.74 This, at the same time, reduces the costs to
extract useful chemicals from biomass. In general, Figure 2

I ;
reiation Carbohydrate |

Pretreatment /

Figure 2. Applied methods in the process of carbohydrate pretreat-
ment.

illustrates four basic methods for the pretreatment process of
input materials for DMF production, which can be categorized
as biological, physical, chemical, and physio-chemical pretreat-
ment.” From the economic consideration, a viable pretreatment
should satisfy several central criteria, such as facile removal of
lignin, adoption of reusable reagents, and low operational
difficulties.

Essentially, the physical approach is favored for its simplicity.
The conventional physical pretreatment involves the application
of water as an agent under high temperatures or high pressures
to induce steam explosion and autohydrolysis toward the

precursors.’””” Such stringent conditions enable breaking of

https://doi.org/10.1021/acssuschemeng.1c06363
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Figure 3. Scheme of DMF production from carbohydrates.'"”

polymeric biomass bondings even with a short duration of
exposure, thereby facilitating conversion of biomass to
hydroxymethylfurfural (HMF; an intermediate of DMF syn-
thesis).”® In addition to water, pretreatment by organic solvents
can also boost the readiness of sugar while increasing the DMF
yield from biomass. Evidently, an additional methanol pretreat-
ment step gives rise to 18% HMF yield from biomass, which
recorded a remarkable improvement as compared to the case of
untreated biomass (yield <1%).”” On the other hand, the
application of ultrasound can also expand crystalline cellulose
areas of biomass, breaking down its lignin groups, thereby
improving the cellulose availability and chemical reactivity of
biomass precursors.”® Similarly, hemicellulose could be
decomposed by the ultrasonic treatment too, resulting in a
reduced fiber-to-surface area for facilitated hydrolysis and HMF
synthesis.”’ With an optimum set of operating conditions, the
incorporation of ultrasonics recorded a significant improvement
in the conversion process, promoting the yield to 53.2% from
24.5% of the unsonicated sample.*” Several current physical
approaches for carbohydrate pretreatment were also reported in
the past literature, referenced herein.**~*’

Identically, chemical pretreatment could positively enhance
the subsequent conversion process too. Inorganic acids (HNO;,
H,S0,, H;PO,, and HCl) and organic acids (C,H;COOH,
CH;COOH, and HCOOH) are widely applied in acid
pretreatment.”’ This is attributed to the susceptibility of
cellulosic components to acid hydrolysis, which in turn yields
xylose and/or glucose under the aid of the H*’' The
effectiveness of base pretreatment, however, relies on the
lignin’s solubility efficiency in the base solution. The primary
action of base pretreatment is associated with bond-breaking of
ester and glycosidic molecular dissolution of lignin. For the
pretreatment of lignocellulose, NaOH, Ca(OH),, KOH, and
NH,OH are ideal candidates, as the ester bonds that bind
hemicellulose and other elements are highly receptive to
saponification reaction.”” As reported, the maximum DMF
yielded from wood chips could reach up to 80% after being
pretreated with diluted NaOH, as opposed to only 41% of the
untreated biomass.”> Meanwhile, some metal salts can also
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catalyze the destruction of lignocellulosic biomass,”* which act
as Lewis acids and rupture the glucosidic bond of hemicelluloses
for xylose formation.” Alternatively, ionic liquids (ILs) and
organosolv pretreatment techniques were also researched as
carbohydrate pretreatment due to their cellulose-dissolving
attributes that could facilitate hydrolysis of carbohydrates.”®””
Physico-chemical pretreatment integrated both physical and
chemical methods, aiming to attain synergisms from these
approaches. Representatively, the coupled pretreatment of
ultrasound and acidification prompts a synergistic biomass
conversion, which is 35 and 19% higher than that of only acid
pretreatment and ultrasound pretreatment.”® In addition,
another pretreatment such as the couplin% of ultrasound with
alkaline,”” ionic liquid,100 organic solvent, %! and ammonia in
combination with salt'’” also demonstrated promising output.
In addition to ultrasonics, the integrations of other intensifica-
tion approaches, such as gamma103 and microwave irradiations,
are also equally prospective as they combined with chemical
pretreatment. 105105
Biological pretreatment is considered as a green solution in
the future with its non-emissive, low cost, and non-chemical-
consuming attributes.'® However, biological biomass pretreat-
ment is presently hurdled at laboratory explorations, and its
large-scale investigation is rather limited due to its long
incubation period, strict condition for microbial growth, and
space-consuming features.'’”'*® Generally, biological pretreat-
ment involves selective degradation of lignin and hemicellulose
through various micro-organisms, such as brown/white fungi,
soft-rot fungi, or enzymes, thereby enhancing the biomass
saccharification, as well as subsequent production of biofuels.
Role of Catalysts and Reaction Mechanism. DMF
production from the different carbohydrate feedstocks, whether
cellulosic biomass, starch-rich MSW, or algae, requires a
complicated physicochemical transformation. Most of the
time, the input carbohydrate will be undergoing a hydrolysis
process to obtain fructose or glucose, as depicted in Figure 3."%
It can be inferred from Figure 3 that the initial step of DMF
production from cellulosic biomass could originate from the
glucose or fructose that is produced upon hydrolysis of

https://doi.org/10.1021/acssuschemeng.1c06363
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Figure 4. Conversion pathways from HMF to DMF through the hydrodeoxygenation reaction.'”

S

pretreated biomass, in which HMF was produced upon
dehydrating glucose or fructose, followed by an HDO step to
obtain DMF. Various catalysts with different surface mecha-
nisms have been developed for the aforesaid hydrodeoxygena-
tion (HDO) of HMF to DMF. There are three types of catalysts
for these processes including Bronsted and Lewis acids as well as
bifunctional catalysts. Typically, these catalysts are designed to
increase the efficiency of hydrolysis, isomerization, and
dehydration reaction while hindering undesirable rehydration
and polymerization.

In particular, Bronsted acid catalysts are known to facilitate
the hydrolysis of glucan and the dehydration of fructose and
glucose, with its activity correlated to its acidity. Based on the
support of the Bronsted acid catalyst, C—O—C glycosidic bonds
would be weakened as the hydrolysis of polysaccharides
involved the attacking of the bridging oxygen atom by
protons.' '’ For fructose dehydration, the proton will normally
be attached to the C, atom of the hydroxyl group to eliminate
the water molecule, leading to a carbonium ion and the
formation of a ring intermediate with five carbon members that
are ready for dehydrating. After eliminating the water molecule,
fructose will be transformed into an enol, further dehydrated to
HMEF in a subsequent step.''" A recent study showed that some
Bronsted-acid-based catalysts could prompt one-step glucose
dehydration to HMF, bypassing the isomerization of glucose to
fructose. Nonetheless, the activation energy for the dehydration
of glucose, corresponding to 36.4 kcal-mol™’, in such a direct
conversion path is much higher than that of fructose (29.4 kcal-
mol™"). Also, it was demonstrated that the HMF yield is highly
varied with the acidity of the catalyst. For Bronsted acid catalyst
with pH 2, the HMF yield was 15%, while this yield was
decreased to 4% as the pH was elevated to 2.3."'* Notably, both
organic acids (acetic, lactic, formic, acetic, boric, malic,
mandelic, salicylic, succinic, oxalic, maleic, etc.) and inorganic
acids (HCI, H,SO,, HNO,, HCI, H;PO,, etc.) are functional as
Bronsted-acid-based catalysts for these processes.

Lewis-acid-based catalysts are also explored in the isomer-
ization of glucose into fructose. This isomerization is an
important step that converts polymeric carbohydrates (starch,
algae, biomass) to glucose as the alternative glucose-producing
route; i.e., the hydrolysis of glucan is difficult due to its highly
stable six-membered pyranose structure.'"* The mechanisms of
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catalytic isomerization of glucose in a water-bearing system can
be found in the literature based on the aspects of molecular
dynamics,''* isotope labeling, NMR spectroscopy,''* and DET
simulation.''® Lewis-acid-based catalysts generally initiate the
reaction via glucose ring-opening while forming a complex
containing the acyclic glucose at the oxygen position of the
hydroxyl group at the C; and C, sites. Due to this coordination
(inducing deficient electron of Lewis acids), it results in the
polarization of the carbonyl group at C,. The hydride transfer
from C, to C, is thus promoted to form fructose. Metal- and
mineral-based Lewis acid catalysts including CrCl;, AICI;,
GaCly, and InCl,, Ti*"- and Zr*'-doped tungstite (W), and Sn-
containing zeolite have also been investigated in catalyzing such
areaction.' "7 Nonetheless, the hydride shift while using ionic
liquids occurs under a different mechanism, whereby the Lewis
acii()metal chlorides are used to drive the hydride transfer to
C.

Lewis-acid-based catalysts appear to be more effective to
induce polymerization reactions than Brensted-acid-based
catalysts.''® As analyzed above, Bronsted acid catalysts typically
prompt effective hydrolysis and dehydration, while Lewis acid
catalysts facilitate isomerization. Therefore, developing catalysts
with adequate Breonsted and Lewis acid sites is vital for the one-
step conversion of starch or cellulose into glucose, thereby
enhancing the productivity of HMF. In this context, an optimum
Lewis-to-Brensted acid site ratio on catalyst would promote the
HMEF yield. The strength of these acid sites should also be
carefully considered for the conversion of polymeric carbohy-
drates. In the cases of employing silica—alumina composite and
Nb oxides as catalysts,''”'*" weak acid sites (Lewis and
Bronsted) were detected on the catalytic surface, thus selectively
promoting the desirable reactions for glucose and fructose.
Another work indicated an establishment of 21% HMF yield
from bread waste and glucose over SnCl, catalyst having
moderate Lewis acidity and strong Bronsted acidity in 21 min of
reaction time." "> The combination of metal chloride and mineral
acid has been currently suggested to produce HMF from glucose
or cellulose. As a result, 40% of HMF yield from cellulose was
reported in the case of employing Amberlyst-38 and CrCl;, or
42% of HMF yield from glucose was given with a Lewis—
Bronsted acid catalyst based on HZSM-S zeolite.'*'
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Figure 5. Conversion of fructose to DMF by using the zeolite-derived catalyst NiZnAl hydrotalcite and NiAl catalyst."** Reprinted with permission

from ref 135. Copyright 2017 American Chemical Society.

HMF is an important precursor for various chemicals,
additives, and fuels,'** with its susceptibility to various reaction
pathways including HDO, hydrogenolysis, rehydration, ester-
ification, etherification, and aldol condensation.'*? Significantly,
the production of DMF by HDO of HMF takes place through
various intermediates, including methyl furan (MF), methyl
furfural alcohol (MFA), and dihydroxymethylfuran
(DHMEF)."** The plausible reaction network for conversion of
HMF to DMF, with respective relative rates of each path, is
illustrated in Figure 4.

The DMEF yield from HDO of HMF over suitable catalysts
exhibits a close correlation to reaction time. Notably, HMF, with
a dual-functional group of aldehyde and hydroxyl, could be
involved in a complicated reaction network for its hydro-
genolysis/hydrogenation. One of the paths involves the
hydrogenation of the —CHO group in HMF while generating
DHMEF as the intermediate (Figure 4), which is subsequently
being transformed to MFA, and finally the DMF by the two-step
hydrogenolysis.'*® As for the second pathway, the formation of
MF from HMF hydrogenolysis is first prompted, which then
undergoes hydrogenation of its C=0 group to produce DMF.
Research indicates that the reaction equilibrium constant (Kp)
and the activation energy needed for the second pathway
(HMF—MF—MFA—-DMF) were much higher than those of the
first pathway (HMF—DHMF—MF—DMF)."*

The role of catalysts is undeniably crucial in prompting high
DMEF yield. A bifunctional catalyst is usually preferred, while
some researchers manifested the effectiveness of hydrogenated
metallic components and deoxygenated components for
effective DMF generation. In the case of metal—acid catalysts,
metal—acid synergisms are deemed to be one of the core factors
for enhanced HMF dehydrogenation. In the transformation of
HMF to DMF, evenly distributed metallic ions or atoms could
function as extra sites based on metal—acid correlation, which in
turn improve DMF yields.'*® In metal—acid catalysts, Lewis sites
are more active for the dehydration of C—OH groups in HMF,
thereby accelerating C—O bond cleavage for the subsequent
reaction.'”’ Single-phase metals (for instance, Pt, Cu, Mo, and
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Ru) and bimetallic-system-based catalysts (for instance, Ru—
Cu, Ni—Co, and Pt—Au) are some typical catalytic systems that
could give rise to high DMF production. Comparably, transition
metal oxides are favored for selectivity enhancement due to the
predominance of Lewis acid sites in their structure that can
enhance adsorption of OH™ radical in alcohols and CHO™
radical in aldehydes, resulting in increased DMF selectivity. In
general, laboratory investigation on DMF production, whether
from HMF or carbohydrates, involves either molecular hydro-
gen or chemical hydrogen reagents as the hydrogen supply for
the HDO process. In the case of using molecular hydrogen,
hydrogen gas will be supplied to the reactive system, whereas the
HDO prompted by chemical hydrogen reagents is facilitated by
proton H* from H-bearing chemicals (liquid). Indeed, the yield
of DMF is significantly affected by input components;
furthermore, it also depends largely on the types of solvents
and catalysts used, as well as the reaction conditions such as
temperature and pressure.

B EFFECTS OF CATALYST TYPES ON DMF SYNTHESIS

Zeolite Catalysts. Zeolite-based materials are regarded as
promising candidates for HDO of HMF. They manifested an
excellent nature including augmented shape selectivity, as well as
the ability to maintain hydrothermal stability, which made them
an ideal catalyst for multiple reactions.'** For instance, a zeolite
catalyst built on Ni/ZrP was proposed by Zhu et al. and applied
in the HDO of HMF."*' The authors claimed that the Ni ions in
Ni/ZrP, with their metallic nature, could activate the hydrogen
ions while the ZrP phase activates CH,OH with its acidic
attribute. Microscopically, the activation of CH,OH mainly
involves its C-bonded O atom, mainly contributed by the Zr**
Lewis acidic sites because of its vacant orbital. Similarly, the
oxygen present in the carbonyl group of MF could also be
activated by such Zr*" species under the same mechanistic
framework.

A highly dispersed Ru supported on NaY zeolite was studied
by Nagpure et al."*” in the production of DMF from HMF.
Under optimum parameter sets, a peak DMF production of 78%
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and HMF conversion of 100% were reported in the reaction.
Furthermore, the authors also confirmed the high stability of the
Ru—NaY catalyst over a five-consecutive reaction in the
recyclability test. Other zeolites such as HY could function as
a ring opener which breaks the furanic C—O bond, thereby
permitting the transformation of fructose to DMF over the
hydrotalcite (HT)—Cu/Zn0O/Al,O5-coalesced HY. During the
reaction, the dehydration process of fructose to form HMF has
occurred after using the optimistic outcome of HY zeolite and -
butyrolactone solvent, which subsequently yielded an improved
DMEF output of 48.2% at 140 °C and 40.6% at 240 °C."** Other
catalysts including y-Al,O; and FAU zeolite with the presence of
Pd—Ru (0.5%) were also found active for DMF generation."**
In another study, Kong et al."** synthesized NiZn alloy catalyst
supported on Al,O; through a two-step process (Figure $), and
subsequently disclosed a straight conversion from fructose to
DMEF in the fixed-bed reactor. Accordingly, as-obtained catalyst
exhibited a core—shell heterostructure, with #1-NiZn overlaying
on the a-NiZn core (Figure 5). The authors reported that
incorporated Zn atoms induce the geometrical isolation to Ni
atoms while they electronically modify the composite catalyst.
As a result, the hydrogenolysis rate of C=0/C—O over C=
C/C—C hydrogenation in the case of using NiZnAl-supported
catalyst was increased around 3 times compared to the case of
using a monometallic catalyst based on Ni, leading to a DMF
yield of 93.6%. In a recent study of Guo et al.,"*® they found that
ZSM-5 could play a vital role in promoting the hydrogenolysis
process of HMF, while Ni could promote the hydrogenation
reaction when 40% Ni was combined with ZSM-5 in Ni/ZSM-$§
catalysts. As a result, an excellent selective yield of DMF could
reach 96.2%. In the modern study of Chen et al,"*” the system
based on siliceous *BEA zeolite-supported Co with an open
channel (Co/beta-DA) was suggested to be a potential catalyst
for the conversion of HMF to DMF. They found that the
presence of CoOx on the zeolite surface could improve the
hydrogenolysis reaction on the basis of robust metal—support
interaction. For a catalytic sample containing 20 wt % Co at 723
K, it exhibited an eflicient hydrogenolysis process, inducing a
high DMF productivity of 1.108 h™".

Noble-Metal-Based Catalyst. Earlier research works have
shown that catalytic structures focused on single metals such as
Pd, Ru, Ni, or Pt were employed for the HDO of HMF."*® In
order to evaluate the effects of carbon-supported metal catalysts
on the DMF yield through the three-phase HDO of HMF, six
metal-based catalysts, namely, Pt, Pd, Ir, Ru, Ni, and Co, were
synthesized and subjected to the aforesaid reaction. Accordingly,
the selective conversion reaction of HMF into DMF greatly
depends on catalyst types. In particular, Pd catalyst gives rise to a
major production of DMTHEF, while a mixture of DMTHF and
open-ring products was formed over Ir catalysts. In the analysis
of DMF yield, the carbon balance (maximum for Pt) in the
product stream was found to be paramount for catalytic
poisoning.*” DMF yield could be pushed after complete
HMF conversion by employing Ru-based catalysts.'*’ Mean-
while, non-noble metal catalysts may also generate high DMF
yields/selectivities.'*' The use of heterogeneous Fe-based
catalysts supported on activated carbon was also reported to
achieve 86.2% selectivity of DMF."** Similarly, Cu-doped
porous metal oxides also demonstrated high efficiency in
HDO of HMF under the support of supercritical methanol,
despite the overall yield of DMF being highly influenced by
DMTHEF and 2-hexanol.'**
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Noble-metal-based catalyst system studies are unceasingly
advancing to improve the transformation yields of HMF to
DMEF. Chidambaram et al.'*® studied the two-step process
involved in the conversion of glucose to DMF. Their research
showed that using C4H;;N,Cl as the ionic fluid for the reaction
resulted in a low DMF yield, reasonably due to the insolubility of
H, in the ionic liquid. A maximum of only 47% HMF conversion
and 32% DMF yield was achieved under optimized reaction
conditions over Pd/C. In spite of the less satisfactory outputs,
they managed to identify the formation of unprecedented
intermediates such as 2-methyl furfural (MFf) and 2,S-
bis(hydroxymethyl) furan (BHMF) in the reaction. Signifi-
cantly, MFf was recognized as the main intermediate, which is
then transformed to DMF in the reaction with S-methylfurfyl
alcohol (MFA). In a separate study, an in situ domino process
using hydrophobic Pd/C-based catalyst systems and H, donor
from polymethylhydrosiloxane for the DMF synthesis from
fructose was developed by Li et al.'** The conversion reaction
was maintained at 120 °C in n-butanol without the separation of
unstable intermediates. Gratifyingly, they found that hydro-
phobic Pd/C-TMS (trimethylchlorosilane—modiﬁed Pd/C)
catalyst has afforded the highest yield of DMF, up to 94%.
Moreover, they also confirmed the competency of alcohols as
solvent, although they give rise to lower DMF yields (64—82%)
as compared to that of polymethylhydrosiloxane. More
importantly, Pd was proven as an active, yet sustainable catalyst
for the deoxygenation process, due to its good recyclability.
Interestingly, the employment of hydrophobic catalysts could
eliminate the attachment of water to the catalytic surface,
thereby alleviating side reactions while reserving the reactive
sites to targeted reactants for enhanced outputs. Such hydro-
phobicity-induced positive effects were clarified by Ji et al,'*
who have developed hydrophobic Pd/PDVB-S-143 for the
conversion of fructose to DMF. They reported weakened
subreactions on the hydrophobic surface of the Pd catalyst,
which could be explained by the facilitated H-component
adsorption. Among the as-prepared catalysts in their study, Pd/
PDVB-S-143 manifested the best catalytic activity, with the
highest DMF yield recorded at 94.2%. While the catalyst delivers
similar activity for five consecutive reaction cycles, it could also
convert fructose into DMF through a one-step process, in which
the common intermediate, the HMF, is basically absent in the
product stream. This virtue realizes the reductions in both
organic solvent used and operational costs associated with the
purification of products. In addition, the conversion efficiency of
the whole process can be increased too, with polymethylhy-
drosiloxane being the hydroﬁgen donor.

Similarly, Talpade et al.'** also employed a Pd-based catalyst
(Fe—Pd/C) for DMF production, however, in the system that
adopts H, as the hydrogenation reagent at 20 bar in the liquid-
acid-free environment. The results indicated that the enhanced
selective hydrogenation of HMF to DMF is realizable by Fe—
Pd/C bimetallic nanocatalyst, which provided a DMF yield of
96% at 150 °C within 2 h. Zhang et al.'*” incorporated Pd into
their catalyst, namely, graphitized-carbon (GC)-assisted Pd—
Au, (x = 1—4), with various molar ratios of Au/Pd. The
optimum catalyst, PdAu,/GC800, delivered an excellent DMF
selectivity of 94.4%, ascribed to the strong interaction of Au and
Pd nanoparticles in the catalyst. Interestingly, active Pd’ species
are enhanced with Au content, thereby suggesting that Au—Pd
interactions could stabilize Pd metal against oxidation.
Graphitized carbon is rendered with a large number of large 7-
systems and sp® hybridized graphite-like carbon, which may
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Figure 6. Postulated hydrogenation mechanism of HMF conversion to DMF through Pb-based catalyst systems. ”" Reprinted with permission from

ref 151. Copyright 2016 American Chemical Society.
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promote reactant—graphene interactions. This facilitates the the formation of H-bonding with the OH— and CHO— groups
deposition of HMF onto the activated carbon surface through in HMF,"*® which is promotional for DMF generation. Notably,
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DME produced in the reaction corresponded to the increment
of Pd in catalyst, implying its dominating role in the
hydrogenation of HMF to DMF.

Saha et al."** suggested replacing the exorbitant Au promoter
with Zn, which in turn prompted comparable promotional
effects to Pd-based catalysts. Their results indicate that the
incorporation of Zn(Il) imparted Lewis acidic sites to the
bimetallic Zn—Pd catalyst while realizing an optimum DMEF
yield of 85% from the HMF HDO process under the most
conducive conditions. In comparison, the monometallic Pd
catalyst delivered a lower DMF (60%) under the same
condition, which, however, still outperformed ZnCl, that
exhibited no catalytic effects. Although the production process
of DMF from fructose over the two-step path demonstrated high
DMEF, this approach is usually shadowed by the high energy
requirement and coexistence of an intermediate (HMF) in the
product stream. These may incur additional costs for DMF
production. Meanwhile, the addition of acid was also found to
enhance the conversion efficiency of DMF. Therefore, it is
necessary to design a robust catalyst system, with potential
reactor corrosion, waste acid treatment, and product separation
being considered."*” Significantly, the bifunctional metal—acid
catalyst system of Pd—Cs,HysPW,0,,/K-10 could be the
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solution to the aforesaid problems.">' While the catalytic feature
of Pd was elucidated in previous studies, the adoption of K-10 is
rationalized by its acidic attribute for promoted DMEF
production. Upon incorporating the constituents,
Cs, sHosPW,0,0/K-10 could activate the OH groups in
DHME, thereby prompting its hydrogenolysis reaction to
produce DMF (Figure 6). As a result of the synergisms of Pd
and Cs, H)sPW,,0,,/K-10, 81% of the DMF yield was
obtained after 2 h of reaction. In addition, Liao and co-workers
have also investigated the employment of sulfur-modified Pd—
Co catalyst (Pd—Co,S/S-CNT) for selective catalytic hydro-
genolysis of HMF to DMF."*” The results confirmed the high
activity of the PdCog/S-CNT catalyst that yields 96.0% HMF
conversion with 83.7% DMF selectivity at 120 °C after 13 h of
reaction. More importantly, from the role-determining reaction,
they revealed that Pd plays a key part in catalyzing the
hydrogenation of the CHO™ group while the CoySg phase
induces hydrogenolysis of the OH™ group in HMF. Meanwhile,
the authors also attribute the improvements of the hydro-
genation/hydrogenolysis activity of the bifunctional Pd—CogSg/
S-CNT-based catalyst to the high dispersion of metallic particles
and enhanced adsorption of reactants.
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Ru-based catalysts have also been extensively investigated as
monometallic and bimetallic catalysts for the HDO HMF to
DMF.">’ Roman-Leshkov and co-workers'>” suggested the
production of DMF based upon the catalytic conversion of
fructose that is directly obtained from lignocellulosic biomass or
glucose-to-fructose isomerization (shown in Figure 7a). Initially,
HMEF was produced using a biphasic reactor that employed n-
butanol as a pulled-out organic in an aqueous phase of HCl/
NaCl. The addition of NaCl maintains the high biphasic ratio of
its aqueous medium, which at the same time induces the salting-
out effect to facilitate the conversion of fructose to HMF. The
adoption of NaCl salt results in an extraction ratio of 3.3 in
conjunction with the improved HMF selectivity of 79%. The
conversion of fructose to HMF was followed by hydrogenolysis
of purified HMF over the CuRu/C catalyst for DMF production.
In spite of its activity, the employment of the Cu—Ru/C catalyst
is shadowed by its adverse reaction with chloride ions, which
could lead to the development of the vapor phase hydro-
genolysis process. However, NaCl does not evaporate with the
reactants and reside in the liquid phase; therefore, its reaction
with the catalyst was prevented. To conduct the new
hydrogenolysis process, a flow reactor was designed, which
realized a DMF yield of 76—79%. By using a one-pot reactor in
combination with the multicomponent catalytic method, De et
al."** successfully produced DMF from biomass through a one-
pot operation in the single-vessel reactors. Specifically,
[DMA]*[CH;SO;]” was utilized as the catalyst to convert
untreated biomass into HMF on the account of hydrolysis and
dehydration processes. HMF was subsequently converted into
DME over Ru/C, as illustrated in Figure 7b. It is worth noting
that different types of lignocellulose-based biomass, including
fructose, a-cellulose, sugar cane bagasse, and agar, were adopted
as the substrates in this investigation. However, only 32% of
DME yield was obtained from this method under the optimum
setting, which is far lower than that of the case where a two-vessel
reactor was employed. Further investigations are required to
improve the feasibility of single-vessel reactors. In addition, The
impact of reactor configuration on the efficiency of the catalytic
hydrogenation process in transforming HMF into DMF was
investigated by Luo et al,,"** who compared the performance of
the batch reactor to that of the continuous-flow reactor over the
same catalyst. Compared to the batch reactor, the DMF yield
was increased to 60% in the case of using the continuous-flow
reactor.

In the study by Zu et al,,'>® Ru/Co;0, was employed for the
HMF HDO reaction to synthesize DMF in the presence of both
tetrahydrofuran and H,. The authors confirmed the account-
ability of Ru for hydrogenation, while Co;0, contributed a
major part to the hydrogenolysis of OH groups through C—O
cleaving. Various reaction conditions including temperatures,
pressures, and Ru percentages were analyzed. The use of Ru/
Co;30, catalyst at 130 °C with a hydrogen pressure of 7 bar
provided an improved DMEF vyield up to 24 h. The synergetic
effect of Ru and Co is attributed to the increased HMF-to-DMF
conversion.'*® This is consistent with the results obtained by
Esen etal."”” that stated the advocation of reduction reactions in
the presence of both Ru and Co."” In detail, the effects of three
catalysts, namely, Ru/SiO,, Co/SiO,, and Ru—Co/SiO,, were
evaluated for DMF production. Bimetallic Ru—Co/SiO,
provided quantitative DMF yields at 140 °C. Ru and Co
interactions could be clearly seen in Figure 8, where the Co*"
species in the surface of Ru—Co/CoO, was believed to play an
important role in the adsorption of the C=0O group in HMF.
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Upon adsorbing, electron transfer from the catalyst would be
prompted, resulting in the formation of Co* species and
weakening of HMF’s C=0 bond. The O atom of the weakened
C=0 group could be seated into the oxygen vacancy next to
Co*". Meanwhile, Ru—Co nanoparticles exhibit considerable
activity in dissociating H,, leading to the generation of active
hydrogen species, which would rapidly spill to the support
surface. Along with the oxygen vacancies, the formation of ROH
was further activated to enhance DMF conversion. > In the case
of Ru—Co/CoOx catalyst, two important synergistic effects,
namely, (i) Ru—Co nanoparticles and the high density of
defective sites on the surface and (ii) the unique dandelion-like
nanostructuring of Ru—Co nanoparticles and the spillover
effect of hydrogen, collectively improve the DMF production
rate."”” Cu—Ru/C could also provide 71% DMF yield after 10 h
of batch reaction in the presence of 1-butanol under optimum
conditions (220 °C, 6.8 bar of H, pressure).'® In general,
molecular H, was considered as the H, source in reactions of
HMEF HDO, although the employment of hydrogen-transfer
reagents was thought to be relatively safer.'®" As for the case of
using a Ru/C-based catalyst, formic acid was regarded as the
hydrogen source for the HDO reactions of HMF, lignocellulose,
and fructose. Representatively, a mixture of products (37%
DMF, 3% LA, and 43% S-formyloxymethyl furfural (FMF)) was
obtained while using HMF as the initial substrate.

In another example, HMF was derived from the direct
conversion of substrates that originated from lignocellulose and
carbohydrate via a Bronsted acid IL pathway. Such HMF was
subsequently converted to DMF through a FMF intermediate
over a Ru/C-based catalyst with formic acid being the hydrogen
source. Interestingly, the input feedstock was found to be the
major determinant for DMF yield, whereby only 10% of sugar
was converted to DMF."** The employment of cellulose and
pure HMF could improve that figure to 16 and 37%,
respectively, which, however, are far lower than that of the
investigation utilizing 2,5-bis(hydroxymethyl)-furfural as feed-
stock (81%). Moreover, the use of isopropyl alcohol as a
hydrogen source was also investigated in the HMF-to-DMF
investigation over Ru/ C.'%> The effects of Ry, in the form of Ru/
C and RuQ,, on the DMF selectivity were further investigated by
Jae et al.'® They found that the DMF yield was lower (<30%) in
the case of using either of the Ru catalysts. However, with both
Ru/C and RuO, incorporated, the DMF yield can reach up to
70%. In another study, the promotional effects of ZnCl, onto
Ru/C and Pd/C catalyst systems were also investigated in
converting HMF to DMF.'*’ The catalyst system of Ru/C with
ZnCl, incorporated (Ru/C/ZnCl,) gives rise to 41% DMF yield
alongside 52% DHMF, which is more superior to the catalyst
system of only Ru/C. This can be attributed to the capability of
Zn**in Ru/C/ ZnCl, in enhancing the deoxygenation of BHMF,
and hence the overall yield of DMF. Similarly, Pd/C/ZnCl, also
delivered a better DMF vyield as compared to its Zn-absent
counterpart. Pd/C/ZnCl, was also proven to outperform Ru/
C/ZnCL,"* owing to a sturdy interaction between ZnCl, and
Pd/C. Meanwhile, the Ru—ZrO,—MCM-41 catalyst obtained
from the blending of Ru and ZrO,—MCM-41 delivered a
motivating outcome of 90% DMF yield in a diminutive reaction
time of 1 h. Likewise, the elevated yield was associated with the
high activity of spheroidal Ru nanoparticles (<20 nm) on the
ZrO,—MCM-41 catalyst, which augmented the selective HDO
of HMF and, sequentially, the DMF yield.164 In general, the
combination of Ru and Co afforded an unprecedented
conversion efficiency of HMF to DMF, although H, was usually
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Reprinted with permission of ref 166. Copyright 2014 Springer-Nature.

used as a donor. In the future, other donors should be developed
to not only ensure safety but also improve DMF yield.
Platinum (Pt) is known for its high selectivity for the
hydrogenation of the C=0. Nonetheless, it is quite difficult to
control the hydrogenation rate with its active characteristic. Pt-
based monometallic catalyst is seldom employed in the HDO of
HMEF.*® One of the representative studies involves the synthesis
of high-surface-area Pt;Co BNN catalyst from the reduction of
the complex double-metal salt of [Co(NH;);CI][PtCl,]."*
Succinctly, the authors reported a high DMF selectivity of nearly
80% in the HDO of HMF. Wang et al.'®” studied the catalytic
effect of the bimetallic Pt—Co catalyst coated on multi-walled
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carbon nanotubes (MWCNTs) for DMF generation. Figure 9a
shows the synergistic outcomes of Pt—Co with the sustenance of
Al,O;. From the synergetic effects of Pt—Co with an Al,O,
coating, it can be observed that the electron was transferred
directly from Co to Pt, instead of passing through the MNCNT's
due to the presence of isolated Pt—Co nanoparticles. However,
the hydrogenation of the furan ring present could not be
prevented due to the low charge density of the bimetallic catalyst
system. This resulted in alow DMF yield and high production of
byproducts from the reaction because a low charge density
enhanced the selectivity of the C=0 group. In the case of using
MNCNTs, they acted as a “bridge” to connect Pt with Co,

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06363?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06363?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06363?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06363?fig=fig9&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Figure 10. Synthesis scheme of DMF by using Ni—Cu/SBA-15 catalyst.'”* Reprinted with permission from ref 174. Copyright 2019 American

Chemical Society.

aiming to promote the electronic transfer from Co to Pt,
resulting in the rise in the charge density on metal Pt—Co
nanoparticles. In the reaction of HMF hydrogenolysis, the
achieved results from the enhancement of charge density on
bimetallic Pt—Co nanoparticles were demonstrated to increase
both the rate of adsorption and dissociation for the C=0 group
at Pt>~—Co®" sites (Figure 9b, left). The synergistic effect of the
bimetallic catalyst on Pt—Co nanoparticles and MWCNTs
boosted DMF selectivity. This disclosed a critical Pt and Co
interaction in the hydrogenolysis of HMF in the bimetallic
catalyst to improve the selective HDO of HMF and
consequently the DMF yield. These results were similar to
those of Wang et al,'®® who have reported a novel bimetallic
catalyst system based on Pt—Co/HCS, which was operated on
Pt—Co nanoparticles supported by hollow carbon nanospheres,
to convert HMF to DMF under a temperature of 180 °C with
the support of 1-butanol. Pt—Co/HCS provided up to 98% of
DME yield, although this DMF yield was reduced to 72% after
the third cycle. The conversion efficiency of the bimetallic
catalyst system of P—Co/HCS was found to be much higher
than that of the monometallic catalyst system. Such results were
attributed to the shells containing part of the cobalt ions, while
larger particles were contained in the hollow core. Surprisingly,
Pt and Co elements in HCS almost overlap, leading to the
formation of a concomitant lattice contraction when Co was
incorporated into the Pt(fcc) structure (Figure 9b, right).
Interesting effects were believed to increase DMF vyields,
although only 9 and 56% yields were obtained when using a
monometallic catalyst system of Pt/activated carbon nano-
particles and Pt/graphitic carbon nanoparticles, respectively.
The effects of noble metal on the conversion efficiency of
HMF to DMF were also various. For instance, the use of an Ir/
SiO,-based noble metal catalyst supported by H,SO, in THF
was only given 23% of DMF yield from HMF under the optimal
conditions.'®® However, Pd-based catalyst showed some
excellent results in relation to HMF HDO to DMF. Chatterjee
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et al.'®” have utilized a commercial Pd/C catalyst for the HDO
reaction of HMF. A maximum DMF yield of 100% after 2 h of
reaction time was achieved in the case of using supercritical
carbon dioxide—water under a temperature of 80 °C. The
combination of CO, and water has increased the acidity in the
CO,—water system, enhancing the DMF synthesis efficiency. It
can be observed that the best catalytic performance for the
conversion of HMF to DMF via HDO can be attained when
noble metallic chemical catalysts are used. Although it has the
highest performance among the catalysts, process optimization
of the reaction conditions and catalyst preparation are also
required for further improved performance.
Non-Noble-Metal-Based Catalysts. Current develop-
ments and research are recently focused on non-noble catalysts
because the production costs of noble catalysts are high. Some
bifunctional catalysts such as the Ni/C and ZnCl,/Ni/C
catalysts displayed a lower conversion efficiency during the
hydrogenation process of the reaction. The reason for this is the
presence of a noneffective hydrogenation metal such as Ni. The
Ni ions that are present interact with the Zn** Lewis acid, which
results in a low transformation efficiency. The conversion
efficiency was observed to be improved as the temperature was
increased (88% at 180 °C).'”" Other bifunctional catalysts
including nickel—tungsten carbide (Ni—W,C) supported on
activated carbon (AC) showed excellent conversion efficiency
from HMF to DMF. High synergistic interactions between W,C
and Ni improved the deoxygenation and hydrogenation process
of the conversion. A very high DMF yield of 96% was achieved
by using such catalysts."”" Bifunctional catalysts including Ru—
MoOx/C-based catalyst provided a similar performance as Ni—
W,C, able to achieve a DMF yield of 79.4%.'”* The high yield
from Ni-based catalysts is justified in Ni selectively hydro-
genating C—O, C=0, and C=C bonds. The synergistic effect
of Ni with other metals was demonstrated by using Ni—Al, O,
catalysts for selective conversion to DMF from HMF with 91.5%
DMF yield.'”” The synergistic effect of Ni and Cu was further
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Figure 11. Synergistic mechanism of bifunctional catalysts. (a) Reaction mechanism of the PCNC catalyst for DMF synthesis from HMF
hydrogenolysis.'”” Reprinted with permission from ref 177. Copyright 2020 American Chemical Society. (b) Synergistic effect of Co—CoOx in HMF
HDO to DMF."”® Reprinted with permission from ref 178. Copyright 2019 Elsevier. (c) TEM of the Cu—Co@carbon nanoparticle catalyst and the
route of DMF formation from HMF through support of Cu—Co@carbon nanoparticles."”” Reprinted with permission from ref 179. Copyright 2017

Elsevier.

interpreted in the case of using Ni—Cu/SBA-1S5 as a catalyst for
FMF conversion to DMF, in which FMF was known as a
product of the esterification reaction between HMF and FA
(Figure 10). The yield of DMF was revealed to reach 71.0%
along with the excellent recyclability of catalyst. Finally, the
bilateral incorporation of Ni—Cu was found to boost the
hydrogenolysis selectivity toward the ester bond of C—O for a
new strategy of producing DMF from FMF with high
productivity.'”*

A catalytic system developed on available and inexpensive
metals such as Cu and Zn was reported by Brzezinska et al.'”>
CuZnO could further activate the reaction conversion of HMF
HDO in a suitable environment. High HMF conversion to DMF
was obtained due to the presence of Cu"* and Cu’ sites, where
Cu"" enhanced the HMF adsorption through the C=0 bond
and H, dissociation and reduction was allowed by Cu’. As a
result, the highest DMF yield was achieved with 79% after S h of
reaction time and under a temperature of 493 K. In addition, the
abundant occurrence and financial aspects of Fe as compared
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with Cu or Ni suggest that Fe-based catalysts could be
considered for mass production, through employing instanta-
neous thermolysis of g-C3N, and Fe/AC to prepare Fe-derived
heterogeneous catalysts aiming to produce DMF from the HDO
of HMF. Resultantly, an augmented rate of DMF yield
(~85.7%) was recorded.'”®

Cobalt (Co) displayed remarkable effects on the DMF
production in bimetallic catalysts. The combination of Pd and
Co with MOF was also investigated by Shang et al.'”” A novel
catalyst based on Co—CoOx@ N-doped C catalyst from
pyrolysis of ZIF-67 after immobilizing a series of Pd was
developed to apply in HMF hydrogenolysis to DMF.
Surprisingly, Pd/Co—CoOx@N-doped C has brought not
only an excellent selectivity yield of DMF up to 97.8% but also
the ability of a magnetically recyclable nature and high stability.
This result was attributed to the high surface area, suitable
porosity, and abundant oxygen vacancies in Co species
generated in situ with highly dispersed characteristics,
facilitating the fast transfer of electron and mass in doped
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Figure 12. Synergistic mechanism of multifunctional catalysts. (a) SEM images of Fe—Co—Ni/BN and h-BN and the reaction mechanism of HMF
HDO to DMF using Fe—Co—Ni/BN."®! Reprinted with permission from ref 181. Copyright 2020 Elsevier. (b) The NiCoTi-8-catalyst-based reaction
pathway of HMF hydrogenation for DMF synthesis.'®* Reprinted with permission from ref 183. Copyright 2021 Springer-Nature.

carbon materials (Figure 11a). Moreover, uniform Pd anchoring
in N-doped C nanographene along with a large number of
topological-imperfection surface defects derived from N-doped
C nanographene was considered a favorable factor for polarizing
the C=O0 and removing the —OH bond. However, most
studies have reported that the cost of MOF was still too high and
it was thus difficult to employ under the current conditions.
More clearly, the catalytic mechanism of Co—CoO,, could be
explained in Figure 11b, in which the Co®" species were found to
adjoin O, on the support surface, leading to oxygen atom fixation
on the C=0 bond of HMF via electron transfer. Co®* species
were formed, and the C=O bond was reduced. After that, O,
adjoining Co®* could be taken up by the carboxylate oxygen in
HMF. Remarkably, the chemical adsorption of HMF could be
motivated by the interaction of the defect structure on the
Co**—0,—Co’* surface and HMF, facilitating the C=0 bond
hydrogenation of HMF. Finally, the conversion reaction of
HMEF to DMF benefited from such a superior electron transfer
nature. It is evident that the bilateral effect between metallic Co
and acidic CoO,, in the bifunctional Co—CoO,, catalyst system
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has promoted the selective HDO of HMF, leading to the
increase in the yield of DMF to 839%.'”

Earlier research works also pointed out that bimetallic
nanoparticles built on Cu—Co supported by a carbon layer
coating were a peak efficiency catalyst in the DMF synthesis
reaction through the HMF HDO, leading to a high yield of
99.4% at 180 °C by using ethyl alcohol as the hydrogen
donor.'”” Cu—Co bimetallic nanoparticles coated with carbon
of 10—60 nm in size were uniformly distributed along with a
graphene-layer-like carbon coating. This has the effect of
protection against oxidation and deactivation and helped to
increase the DMF conversion efficiency (Figure 11c). Even with
Mn, although it is not a noble metal, the achieved performance
in the conversion of HMF to DMF was also quite high in the case
of combining with Co under the ratio of Mn/Co (50%/50% of
mass). This result was also proven by Akmaz et al,"*" who
showed the highest DMF yield (around 91.8%) obtained after 4
h of reaction at a temperature of 180 °C. The DMF yield from
the bimetallic Mn—Co catalyst system was even much higher
than that from Ru—Co.
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Figure 13. Reaction pathway for the hydrogenation of HMF on the Cu/Nb,Os—ALO;-623 catalyst."** Reprinted with permission from ref 184.
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Figure 14. Synergistic mechanism of bifunctional catalysts. (a) HRTEM and structure of Cu—BTC—MOF."** Reprinted with permission from ref 181.
Copyright 2020 Wiley-VCH. (b) HR-TEM images of 10Cu—1Pd/U50S50. (c) Plausible transformation of HMF to DMF."'®” Reprinted with
permission from ref 187. Copyright 2019 Elsevier.

In present research works, multifunctional catalysts were catalyst was observed to be a high-efficiency catalyst for an
found to offer a quite high selective yield of DMF from the HDO augmented production rate of DMF (~94%), in which
reaction of HMF. For example, the Fe;g—Co3,—Ni, o/h-BN sequestered Co and Ni—Fe alloy species were homogeneously
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distributed on the BN surface because of the deposition
precipitation, indicating the peak activity for enhancing the
DMF synthesis performance through HDO of HMF (Figure
12a)."®" The achieved results have shown the synergistic and
excellent effects of bifunctional catalysts supported by suitable
metal with an optimal ratio. In another study, Seemala et al."**
proved this, where they employed Cu—Ni/TiO, catalyst for the
conversion. The strong interaction between Ni and TiO, was
found to be selective, which resulted in the development of
active structures. The use of the catalyst resulted in a DMF yield
0£90%. Due to this, the selectivity during HDO was high, which
resulted in higher conversion efficiency. Furthermore, the
interaction between Ni and TiO, was so sturdy that the
bimetallic particles were efficiently attached to the TiO, present
in the catalyst. This reduced the catalyst degradation by a huge
degree and improved the regeneration and reusability of the
catalyst. In the next study of Ma et al,,"®” they further studied the
role of multifunctional catalysts like NiCoTi-8 in the conversion
reaction of HMF to DMF. Interestingly, they explored that the
oxygen in the carbonyl group of HMF was activated by Lewis
acidic sites of NiTiOj;, promoting the hydrogenation reaction of
HMF to form BHMF. In addition, Co** on the Co;0, surface
could adsorb HMF, while Co;0, could activate the hydroxyl
oxygen of BHMF to produce DMF (Figure 12b).
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Esteves et al.'®* recently reported the synergistic effect of Cu
and Nb to significantly increase DMF production. A high
dispersion of Cu with Lewis acid sites played an important role
in the oxygen activation of OH— groups in HMF and BHMF,
aiming to promote DMF formation. In this way, Cu/Nb,O5—
AlO;-623 was employed under mild reaction conditions to
synthesize DMF from HMF. Surprisingly, the promising DMF
yield (around 90%) was achieved after 10 h of reaction. More
importantly, reaction pathways were provided for the hydro-
genation of HMF on Cu/Nb,0s—Al,05-623 (Figure 13) as well
as the potential of Nb,Os—Al,0;-623-supported Cu-based
catalyst as an environmentally benign and relatively inexpensive
catalytic alternative for DMF production.

MOF-Based Catalysts. A metal—organic framework
(MOF) is known as a crystalline material, which possesses
permanent porosity due to the special architecture of the metal
ions and the organic bridging ligand, widely employed in
storage, separation, and catalysis applications with promisin
prospective outputs. In a recent study, Zhang and co-workers'®
developed a series of monometallic Cu catalysts through the
controlled thermolysis of Cu—BTC metal—organic frameworks
(MOFs), in which a Cu—BTC (BTC as 1,3,5-benzenetricarbox-
ylic acid)-derived porous carbon matrix was synthesized to
enwrap CuOx@C catalyst with Cu,0/Cu composites (Figure
14a). The content of Cu* in the catalyst was increased, thereby
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Figure 16. Technique for DMF production from HMF based on electrocatalytic hydrogenation.'”

improving the activity of the catalyst. This was also because of
the synergetic effect between Cu® and Cu*, which is evidenced in
HRTEM images (Figure 14a, below). Based on Figure 14a, the
incorporation of dispersed Cu/Cu,O nanoparticles, as well as a
large number of CuOx@C microparticles, can be observed in
the porous-structure carbonaceous substrate. Such a catalyst
prompted a high DMF selectively of 92% at 180 °C under a
hydrogen pressure of 30 bar. Similarly, Sarkar et al."*® also
reported a Cu/MOF-based catalyst loaded with Pd through the
impregnation process, which exhibited an excellent catalytic
efficiency of 96.5% DMEF yield. More interestingly, they detected
that the intrinsic synergistic effect between Cu and Pd in Cu—
Pd@C—B (MOF) catalyst caused by the electronic interaction
was significant. In this context, the Pd—Pd bond length was
increased in conjunction with a decreased Cu—Cu length,
thereby enhancing the catalytic activity while increasing DMF
yields.

Heterogeneous bimetallic catalysts such as Cu/ Pd on UiO-
66(NH,) have also been reported by Insyani et al.'*” for DMF
production from polysaccharide-based sources via a one-pot
reaction. The authors discovered that Cu/Pd-originated
bimetallic catalysts promoted the hydrogenolysis of C—OH
and C—O groups successively. Meanwhile, the synergistic
effects of Brensted (SO;H™ groups in SGO and Zr(IV)—OH
species in UiO-66(NH,)) and Lewis acid sites (Zr*" species in
UiO-66(NH,)) were augmented because of employing an
optimized UiO-66(NH,)/SGO ratio, thereby improving the
cleavage of glycosidic linkage, dehydration, and isomerization of
polysaccharides. From Figure 14b,c, C=0 groups in molecular
HME tend to bind the unsaturated Zr* nodes in UiO-66(NH,),
while the hydrogenolysis process over Cu—Pd sites was
believed to prompt the removal of C—OH in HMF to form
MFA.'®” After that, DMF was formed through MEFM via
hydrogenolysis of the C—OH group. More interestingly, the
desorption of as-obtained DMF from the catalyst surface was
easy due to the absence of both C=0O and C—OH groups.
Moreover, the interaction between C=C bonds of DMF with
the surface of Cu(111) and the Cu;Pd phase caused by the
Cu;Pd atomic crystalline arrangement was unfavorable, thereby
hindering furan-ring-opening reactions. Overall, a DMF yield of
around 73.4% is recorded with the reaction at 200 °C and 10 bar
in 3 h.

In the recent study of Insyani and co-workers,"* a novel Pd/
UiO-66@SGO catalyst was designed by loading Pd on a
metal—organic framework (UiO-66) based on Zr deposited on
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sulfonated graphene oxide. As a result, a direct conversion
reaction of fructose/glucose to DMF with an unprecedentedly
high yield through a one-pot approach without HMF
purification was reported when using a catalyst of Pd/UiO-
66@SGO in THF solvent under 160—180 °C of temperature
and 10 bar of H, pressure for 3 h. This exceptional phenomenon
was attributed to the crystal structure of UiO-66, in which the
structural defects and in-plane vibration of the sp* carbons could
be seen (Figure 15a). This imperfection in the crystal structure
of UiO-66 was beheved to cause a large surface area, resulting in
a higher total ac1d1ty ? Moreover, such a large surface area of
defected UiO-66 caused by uncoordinated Zrg-cluster nodes
could result in a synergetic effect of Lewis acid at the Zr* metal
center and Bronsted acid at the Zr—OH site or Zr—OH,
site."”” Moreover, the z—r interaction of the C=C sp*
graphene and the unsaturated ring of furan could facilitate DMF
adsorption on the SGO surface, leading to an excellent
performance (99.2% DMF yield from HMF), outperforming
that of fructose (70.5%) and glucose (45.3%). More
importantly, a plausible reaction pathway for the direct
conversion of fructose/glucose to DMF over Pd/UiO-66@
SGO catalyst was also proposed (Figure 15b). In general, the
activity of Pd is intrinsically high for the hydrogenation of the
furan ring instead of the C=0 bond. This is due to the intensive
interaction of 7 bonds in the furan ring and the narrow d band in
the Pd molecule, resulting in the reduction of the selectivity yield
to DMF in conjecture to the subreactions.

Electrocatalysts. Electrocatalytic techniques are a new
promising alternative to the conventional catalytic reactions
used for conversion of HMF which could lead to large-scale
industrial applications in DMF production. Electrocatalysis
could be employed for both oxidation and hydrogenation
processes while maintaining mild to moderate reaction
conditions.'”" The process used the technique of ion shifting,
where a non-catalytic reaction occurs while a proton is
unswervingly transferred from water molecules present in the
electrolytic solution. Nilges et al.'”” used H,SO, with a
concoction of water and ethyl alcohol as the electrolyte to
convert HMF to DMF during the electrocatalysis reaction
(Figure 16). A maximum DMF yield of 34.6% was observed
during the reaction. Other methods such as the utilization of
ZrO,-doped graphite as the electrode during the reaction
resulted in a low conversion efficiency of just 30.7%."”* Using a
CuNi bimetallic electrode resulted in a very high DMF yield of
91.1%.'”* Although the process of electrocatalysis resulted in
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Table 2. Solvent Types for HMF Conversion from Carbohydrates

solvent explanation

polar protic

polar aprotic

subcritical water; alcohol (methanol, ethanol, propanol, butanol); acetone; 1,4-dioxane

methyl isobutyl ketone (MIBK); dimethyl sulfoxide (DMSO); dichloromethane

(DCM); tetrahydrofuran (THF); N,N-dimethylacetamide (DMA); biomass-based

solvents (MTHF, DMF, y-GVL...)

ionic liquids (ILs)
cations

at least two solvents

biphasic/binary

systems

salts in liquid state or the combination of salts and acid, composed of large organic

operating
conditions characteristics
100-374 °C - providing protons and high
polarity
- low conversion efficiency
120—-180 °C - moderate polarity
- non-acidic hydrogen
- quite high conversion efficiency
moderate - disrupting and dissolving the
temperature, polysaccharide macrostructure

around 100 °C

- low melting point and suitable
viscosity

- high conversion efficiency

<200 °C - lower-solubility solvent in water is

more suitable

- using secondary solvent to
increase the partitioning
coeflicient

- increasing the extractive phase
volume, resulting in accelerating
the diffusion rate of HMF

low yields, it was considered an ecofriendly alternative to the
conventional utilization of catalysts. The reaction showed other
great advantages such as the capability to continue the reaction
at room temperature where the hydrogenation process for
conversion of HMF to DMF was achieved by proton addition
from water. The scope of research in this field is to develop a new
electrode material that has a higher yield and conversion
efficiency. Recently, photocatalysts like CoPz/g-C;N, and
WO,;/g-C;N, were established, which used a different pathway
compared to conventional DMF production. These new
catalysts could produce DMF by using selective oxidation
reactions of HMF with the continuous support of oxygen. This
technique is believed as a green novel route for the synthesis of
DME."”>"%® Moreover, using biocatalytic techniques for
production by using enzymes and whole cells could result in a
very high DMF yield and will be considered as green production
of DME. 197,198

DMF Synthesis from Other Intermediates. In other
methods of production, CMF could be converted to DMF. CMF
is a highly reactive chemical used as a vital precursor for various
chemical compounds used in industries. The production of
DMF from CMF has been paid less attention due to the
feasibility of the conversion process from CMF to DMF. CMF
contains chlorine, which adds an extra process of separating
chlorine from CMEF. Initially, Mascal et al. tried to synthesize
DME from CMF by using Pd/C as the catalyst but resulted in
very low DMF yields."”” Other studies have shown that
conversion of CMF into EMF or EL in alcohol or into HMF
or LA in water was more efficient than conversion into DMF.
Recently, a new three-step approach to conversion of CMF to
DME was developed. Initially, MFf was produced from CMF in
toluene/water using the hydrogenation process, followed by
condensation of MFf with 4-tertbutyl aniline in the solvent of
N,N-dimethylformamide/acetic acid. After this, hydrogenation
of the product from the second step using a Pd/C catalyst was
conducted to produce DMF. The three-step process resulted in
a DMF yield of 65% from CMF. Although the process had a
moderate yield, the separation process after each step was a huge
challenge.””® This made the conversion of CMF to DMF
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inefficient when compared to converting from HMF. Although
CMEF to DMF conversion has been disregarded due to the high
cost and low efficiency, conversion of CMF to EMF has been
studied and yields greater than 90% have been achieved.*"’

The effects of reaction conditions (temperature and
pressure), catalyst, solvent, and feedstock are very different.
For example, with the same catalyst Pd/C and reaction
conditions but with two varying solvents, a DMF yield of 32%
was achieved by using EMINCI/acetonitrile, while EMIMCI
gave only 12% DMEF yield.”*” In another instance with the same
catalyst Pd/C, a DMF synthesis reaction from HMF was
conducted with two solvents including [EMIM]Cl-MeCN and
ScCO,—H,0 and various H, pressures (10 and 62 bar).
However, a surprising result was reported that the synthesis
reaction of DMF with ScCO,—H,0 and a H, pressure of 10 bar
gave the maximum DMEF yield of 100% compared to 32% of the
remaining case.'” In the case of using HMF as a precursor for
DMF production, organic solvents and ILs were widely
employed in the HDO reaction. While ILs were usually used
in the biomass conversion, this result was demonstrated when
using the [BMIM]CI system along with the catalyst system
based on both non-noble and noble metal like Ni, Ru, Pt, and Ir.
The change in DMF yield from 34.0 to 89.3% has indicated that
ILs play a vital role in cellulose hydrolysis.”® Furthermore, the
water—y-butyrolactone-based solvent system was found to be
most suitable for directly converting fructose to DMF as using
catalyst supported by HY zeolite and hydrotalcite—Cu/ZnO/
AL, O,."** Besides, the application of formic acid as solvent was
explored to provide a formyl group for the HMF HDO, helping
to increase DMF yields.”” Due to this result, the study on the
effects of solvents, H, donor sources, and reaction conditions
will be further discussed in the next section.

Effect of Solvents on DMF Synthesis. For the conversion
reaction to DMF from direct biomass or the derivatives, some
processes are involved including HDO, hydrolysis, and isomer-
ization. Therefore, in addition to catalyst, the solvent is typically
used to enhance the efficiency of conversion from a feedstock for
HMEF/DMEF production. The solvent is known for a critical role
in dissolving the components in reactionlike substrates and
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Figure 17. Effects of solvents on conversion efficiency to DMF. (a) Catalyst of Ru—NaY under a temperature of 220 °C, a H, pressure of 10 bar, and a
reaction time of 1 h."** Reprinted with permission from ref 132. Copyright 2015 American Chemical Society. (b) Catalyst of Fe-L1/C-800 after 12 h of
reaction (drawn from data in ref 142). Reprinted with permission from ref 142. Copyright 2017 Wiley-VCH.

catalysts, stabilizing the components before and after reaction to
form the thermodynamic equilibrium, acting as the secondary
catalyst. Generally, the solvent types and their features have been
summarized in Table 2.

At high temperatures and pressures, the unique properties of
water were found to play a vital part in the hydrothermal
conversion of cellulosic biomass. Hot water was considered as
the catalyst for both acid- and base-based reactions due to its
capacity of self-dissociation to ions of H and OH". As reported,
the ionic constant for water was Kw = [HY][OH™] = 1074
however, this ionic constant was increased by a thousand times
at a reaction temperature of 200—300 °C,”%* resulting in a
certain favorability for HMF and DMF synthesis. Also, the
activity of each catalyst is believed to strongly associate with the
as-used solvents. Interestingly, for the HMF conversion process,
the performance of polar protic solvents has been demonstrated
to be more superior to that of non-polar or polar aprotic
solvents. For example, the HMF conversion in the case of using
Pt/MCM-41 catalyst with different solvents was reported as
follows: 100% for water > 72.1% for methanol > 55.6% for
ethanol > 27.2% for propanol > 24.4% for butanol > 12.0% for
acetone > 10.1% for hexane under the same reaction
conditions.”"’

The use of polar aprotic-based solvents in the synthesis
process of HMF and DMF could improve the conversion yield.
The most common polar aprotic-based solvents are divided into
two main groups. One group, like DMSO, is miscible with water
and considered as the co-solvents or modifiers. Another group,
like MIBK, DCM, or THEF, is not soluble in water, even salted
out to create the biphasic system. Ionic liquids (ILs) with some
special properties listed in Table 2 are known as “green solvents”
and are typically used for synthesis reactions. Some types of ILs
for DMF production can include [ASBI][Tf], [BMIM]C],
[BMIM][BE,], [EMIM][CI], [HMIM]CI, and [NMM]-
[CH;S0;]. Additionally, renewable ILs could be considered as
potential solvents. Indeed, for DMF synthesis from HMEF,
monophasic solvents such as organic solvents and ILs could be
widely utilized in HMF HDO. Especially, the IL solvent could be
found to bring a high conversion efficiency of biomass into value
chemicals.?%® This was confirmed in the work of Cai et al.,*’
who have investigated the furan synthesis process from biomass
under the mild condition with the support of heterogeneous
catalysts based on Ni, Ru, Pt, and Ir metal and in the monophasic
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[BMIM]Cl system. As a result, the significant influence of ILs on
the reaction efficiency of cellulose hydrolysis was reported as the
conversion efficiency ranged from 34.0 to 89.3%.

In another research work of Chidambaram et al,'*’ the
authors found that the peak yield of DMF for the case of using
EMIMCI-CH;CN solvent was obtained at approximately 15%.
The influence of solvent on the catalytic activity in the HMF
hydrogenolysis conversion to DMF under a temperature of 220
°C, aH, pressure of 7 bar, and Ru-based catalyst was also studied
by Nagpure et al.”*® They have evaluated the effects of different
solvents such as 2-propanol (protic type), THF (aprotic polar),
and 1,2-DME and toluene (nonpolar) on the hydrogenolysis
reaction and the selectivity yield of DMF. The obtained result
has shown a strong dependence of catalyst activity on solvents,
in which the order for the catalytic activity as toluene < 1,2-DME
~ THF < 2-propanol could be seen. The lower hydrogenolysis
activity of HMF to DMF in toluene solvent was because of the
overlap degree of the d bands in Ru metal with the carbon &
molecular orbitals,””” reducing the hydrogenolysis activity of
HMEF. A similar result was also reported in another study as
using a Ru—NaY catalyst for the hydrogenolysis process of HMF
to DMF."**

It could be clearly seen that the catalytic activity was
remarkably dependent on the solvent characteristics, following
the order DMSO < CH;CN < 2-propanol < toluene < 1,2-DME
< THF. Indeed, Wei et al.>'° have found that THF was the most
suitable solvent among as-used solvents, such as [BMIM]C], 1,4-
dioxane, DMSO, N,N-dimethylformamide, THF, methanol,
ethanol, isopropanol, and 1-butanol, with the highest yield of
90.1% being for the THF case in the HMF conversion reaction
to DMF by using Ru/C as a catalyst. Obviously, the negative
effects of DMSO, CH;CN, and toluene solvents on Ru-based
catalyst systems were further demonstrated. In addition, the Ru-
based catalyst system was deactivated by the impacts of solvents
containing sulfur or nitrogen such as DMSO and CH;CN.
Meanwhile, the synergistic effects between THF and Ru—NaY
provided the highest conversion yield of 69.5%, which was
illustrated in Figure 17a. Similarly, the effects of solvents on the
DMEF yield were also evaluated by Li et al.,,'** employing various
solvents such as THF, hexane, methanol, ethanol, 1-propanol, 2-
propanol, 1-butanol, and 2-butanol for the catalyst conversion of
HMF to DMF through Fe-L1/C-800. As a result, 2-propanol
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was found to be the best solvent, yielding the highest efficiency
of 75.3% (Figure 17b).

In the conversion reactions of cellulose/fructose/glucose or
sugars to DMF, biphasic solvents have been reported to be a
better selection because this direct conversion was conducted
through the dehydration of sugars to HMF in the first step.
Roman-Leshkov et al.">® have found that adding NaCl in the
second step of the DMF synthesis from cellulose has yielded the
highest DMF conversion efliciency under the support of Cu—
Ru/C catalyst. In addition, DMF synthesis from fructose by the
one-step process was also reported by Li et al.”'" They used a
biphasic solvent system ([BMIM]Cl/THF) in water along with
a Ru-based modified catalyst. Resultantly, the highest DMF yield
(around 66%) was achieved, while the water amount in the
solvent mixture was explored to have a strong effect on the DMF
yield. In summary, the bilateral effect of catalyst and solvent on
the conversion efficiency and yield of DMF was self-evident,
suggesting the investigation on the reasonable selection of
solvent for each catalyst system.

Effects of H, Donor on DMF Synthesis. Results show that
H,, FA, alkanol (methanol, ethanol, isopropanol, butanol),
cyclohexanol, 1,4-butanediol, water, and even HMF can be
employed as a hydrogen donor for the selective conversion to
DMEF. Recent studies used electrocatalytic hydrogenation for the
HMEF synthesis, and the achieved results were very surprising.”
For H, as a donor, usually is it used for catalyst systems of HMF
HDO to DMF due to its availability and easy activation on the
catalyst surface. Nonetheless, a number of challenges of using H,
as a donor are also pointed out as a transport issue, economic
factor, safety, and sustainability, in which the safety issue is the
top because the solubility of molecular hydrogen is low in most
solvents, leading to the requirement on high pressure in the
catalyst systems.”'® Many studies have tried using other donors
replacing H,; some substances such as FA, alcohol, hydro-
carbon, ammonia, and hydrazine were found to be potential H-
donors with low cost and safety.”*

FA was found to have three roles in catalyst-based HDO
reactions for converting HMF to DMF. On the one hand, it
played a role as a hydrogen source in the hydrogenation process.
On the other hand, it could be considered as the acid catalyst for
converting fructose to HMF through the dehydration process,
and its third role was known as a reagent for the deoxygenation
reaction of furanyl methanol. Using FA as an H, donor was
believed to address and overcome the challenge associated with
the durability of material and catalyst as using other strong acids
such as H,SO,, HC, and HNOj,. In the study of Yang et al,*"*
Ni—Co/C catalyst was employed for HMF hydrogenation to
DMEF in FA as the H, donor and THF as the solvent, with the
highest yield of DMF (around 90%) reported when the reaction
was conducted at a temperature of 120 °C. Furthermore, FA was
also considered as a H-donor for the DMF synthesis from
fructose and HMEF through using Pd/C as a catalyst in THF as
solvent.”"> Surprisingly, a high DMF yield could be achieved
from HMEF, corresponding to 95%, although a DMF yield of only
51% was obtained from fructose. In a recent study, Sun et al.'””
have also reported the effect of FA and the synergistic effect of
Ni—Cu catalyst on the DMF yield. However, they found that 5-
formyloxymethylfurfural has exhibited a better advantage than
HMF in the DMF production under the above-mentioned
catalyst system. Obviously, FA could be considered as the
promising hydrogen donor; however, it runs into some problems
relating to the corrosion of an acid in large-scale applications.
This has suggested a better H-donor base, and the alkanol family
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was thought to be a potential candidate when they have not
caused any corrosion phenomenon to metal.

Jae et al.'®>'®® adopted 2-propanol as a H-donor for DMF
synthesis by using a Ru-based catalyst. They realized that 2-
propanol appeared to be more suitable for Ru/C than Ru/C +
RuO, when the Ru/C-based catalyst system afforded a higher
DME yield than with the Ru/C + RuO,-based catalyst. Similarly,
Scholz et al.”'® utilized 2-propanol in a synthesis reaction of
HMF to DMF with the support of Pd/Fe,O; catalyst. In this
case, 2-propanol was considered as both a hydrogen donor and
solvent. They reported that a DMF yield of 72% could be
achieved. Hansen and co-workers'* have used methanol as a
solvent in the Cu-doped porous-metal-oxide-based catalyst
reaction of HMF HDO to DMF; they have detected that the
highest yield of DMF of 48% could only be achieved after 3 h of
reaction and at 260 °C.

Furthermore, Zhang et al*'’ reported that the catalytic
activity of Cu/Al,O;-based catalyst was the best in the process of
in situ H, production from methanol, which is associated with
the DMF yield of 75%. In a recent study of Nagpure et al,*'®
they have conducted an overall evaluation of the effects of
hydrogen donors originated from alkanol including methanol,
ethanol, 1-propanol, 2-propanol, 1-butanol, and 2-butanol on
the DMF yield as using 2 wt % Ru—NMC-3 catalyst at a
temperature of 160 °C. The obtained results illustrated in Figure
18a have shown the profound dependence of the activity on the
as-used hydrogen donor. The conversion efficiency to DMF was
increased from 10% (for the methanol case) to 84% (for the 2-
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Figure 18. (a) Effects of hydrogen donor originated alkanol on the
conversion efficiency to DMF. (b) The route of active species for
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propanol case). The reactivity order could be seen as follows: 2-
propanol > 2-butanol > 1-propanol > ethanol > 1-butanol >
methanol.”"® Obviously, the tendency of hydrogen release from
the secondary alcohols such as 2-propanol and 2-butanol was
higher than that with the primary alcohols, indicating that dialkyl
ketone possesses the higher reduction potential, while the
etherification reaction was detected to favor primary alcohols.”"”
As a result, the formation of active species for the hydrogenation
process from the secondary alcohols was faster than that of the
primary alcohols over Ru—NMC (Figure 18b).

As mentioned above, the finding route of catalyst or solvent
and hydrogen donor to convert HMF to DMF should satisfy the
requirement of green access and sustainability, which has put out
a challenge for DMF production with no or little toxic release.
Unfortunately, the use of 2-propanol or methanol for the HMF
HDO process to synthesize DMF was difficult to separate the
products, pullulating the idea over the use of a green hydrogen
donor, but it is also easy to separate. Indeed, Li et al."** have used
n-butanol as a solvent and an additional hydrogen source; they
found that n-butanol had an evident effect in the hydrogenation
of the C=0 bond in HMF, leading to quite a high DMF yield as
using Fe-L1/C-800 catalyst, corresponding to 86.2%. In a recent
study, Li and co-workers have explored a pathway of DMF
production without any external oxygen and hydrogen
supply.””” They have used highly efficient vapor-phase
dehydrogenation—hydrogenation combined with bimetallic
Ni—Cu nanocatalysts to synchronize the DMF and phenol
production. Unprecedentedly, the DMF yield could be achieved
to 99% from HMF. Interestingly, such a coupling process with
efficient, eco-friendly, and versatile characteristics was found to
apply in the synchronized production of phenol and DMEF,
showing a promising process based on the criteria of green
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chemistry and sustainable development. In addition, Gao et
al.**' have evaluated the effects of cyclohexanol as a hydrogen
source on the DMF yield when using NC-decorated Cu-based
catalyst, indicating a DMF yield of 96.1%. The use of
polymethylhydrosiloxane (PMHS) as the hydrogen donor was
also found to offer quite a high DMF yield, even if it was applied
to synthesize DMF from fructose.'***** Generally, H, was
typically used under high pressure for the catalyst reaction to
produce DMF. Moreover, it has high dispersion, high cost, and
flammability, resulting in concerns about the safety. Therefore,
the development of other hydrogen sources to meet the
requirements of high efficiency, high degree of safety, and

environment friendliness is imperative.

B EFFECTS OF REACTION CONDITIONS ON DMF
SYNTHESIS

Since temperature plays a critical part in chemical reactions
based on catalysts, the optimization of the reaction temperature
in HMF conversion is very necessary to achieve the best yield.
There are several methods to heat the equipment and vessel in a
reaction such as conventional heating (oil bath or bath,
aluminum heating block, autoclave) and microwave.

Among conventional heating methods, using an oil bath is
more popular, where stirring is usuallz used to enhance the mass
transfer of the reactive phases.22 However, conventional
heating has the disadvantages such as a long time for reaction
and a low heat transfer efficiency. In recent years, the microwave
is emerging as a more efficient method for heating in the
conversion reaction of biomass. Its noticeable advantages such
as shortening reaction time, improving conversion productivity,
and diminishing the subreactions were reported. For instance,
with the same catalyst and solvent, a 91% HMF yield was
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Table 3. Conversion Efficiency to DMF under Various Feedstock/Catalyst/Solvent/Reaction Conditions

feedstock
HMF

fructose

catalyst
Ru/Co;0,
Ru/C
Ru—Co/SiO,
Ru/SiO,
RuCo/Co0O,
Ru-ZrO,—MCM-41

Ru/CNTs
Ru/CoFe—LDO
Pt—Co/MWCNTs
PtCo@HCS
Pt;Ni/C

Pt;Co,/C
PdAu,/GC800
Pd—Cs, Hy PW,,0,40/K-10
Pd—Co,Ss/S-CNT
Pd/C

Pd/Fe,0,
PdCl,/HCl
Pd—Fe/C
Ni—OMD;
Ni—W,C/AC
36Ni—12Cu/SBA-15
Ni—Co/C

Ni—Co/C

Ni/SBA-15

NiCu;/C

NiO/WO,

Cu—-PMO
Cu—BTC-MOFs
Cu—Co@C (Cu:Co = 1:3)
CuZnO

Cu/ALO;
Cu—NC/MgAIO
Cu—Ni/BC
Cu/Nb,0,—AL,0;-773
Cu—CuFe,0,
CuCo@NGr/a-Al, 0O,
Co/beta-DA

Co/SiO,

Co,,/rGO
Fe-L1/C-800

Fegs—Co;—Ni, o/h-BN

4.8Pd/Ui0-66@SGO (MOF)

4.8Pd/SGO (MOF)

CuPd@C—B (MOF) (reduction route

using solid-phase H,)
Pd/Co—CoO,@N-doped C
Pd/C
Pd/C

Pd/C—trimethylchlorosilane (TMS)

Pd/C—SO,H
Pd/C—SO;H-TMS
Pd/PDVB-S-143
2.4Pd/Ui0-66@SGO
4.8Pd/SGO

solvent

THF
isopropanol
THF

1,4-dioxane
THF
n-butanol
4-dioxane
dioxane
THEF
1-butanol
1-BuOH
1-propanol
1-propanol
THEF

THF

THEF

dioxane + formic acid/CH;COOH

2-propanol
ethanol
THEF
water
THEF

THEF

THF

THF
1,4-dioxane
1-propanol
water
methanol
IPA
ethanol
dioxane
methanol
cyclohexanol
THF

THF
2-propanol
THF

THF

THEF
ethanol

n-butanol

THF
THF

THF

dioxane
THF

n-butanol

n-butanol
THF

3100

H,donor/pressure
(MPa)

molecular H,/0.7
molecular H,/0.5
molecular H,/2

molecular H,/1.5
molecular H,/0.5
molecular H,/1.5

molecular H,/<2
molecular H,/1
molecular H,/1
molecular H,/1
molecular H,/3.3
molecular H,/3.3
molecular H,/1
molecular H,/1
molecular H,/0.3
molecular H,/0.2
2-propanol
PMHS

molecular H,/2
molecular H,/3
molecular H,/1
FA

2-propanol

FA

molecular H,/1.5
molecular H,/1
molecular H,/3
molecular H,/3
molecular H,/1
methanol
molecular H,/3
molecular H,/$
molecular H,/2
methanol
cyclohexanol
molecular H,/4
molecular H,/2
molecular H,/3
molecular H,/1
molecular H,/1.5
molecular H,/1.5
molecular H,/2

N-butanol,
molecular H,/4

molecular H,/2

molecular H,/1

molecular H,/1.5

molecular H,/1.5
formic acid
PMHS

molecular H,/1

molecular H,/1

temperature
(®)
403
398
413
483
473
433

423
453
433
453
473
433
423
363
393
393
453
298
423
473
453
493
483

403
453
453
453
433
453
453
493
513
493
493
423
443
413
423
453
493
513

453
433

393

453
353
393

393
433

time

(h)

BN O~

15
15
15

w = O N

}21;01;1 ref
94 156
69.5 140

100 157
96
96.5 158
90 164
70
58
835 229
98.2 230
92.3 167
98 166
98 231
98 232
944 147
81 151
83.7 152
85 203
72 216
89.7 222
88 146
98.7 127
96 171
71 174
20 214
90
60
90 233
71 234
98.7 235
95 236
48 143
73 185
994 179
79 175
75 217
96.1 221
93.5 237
90 184
93 238
99 239
83.1 137
96 157
94.1 240
86.2 142
94 181
99.2 188
68
96.5 186
97.8 177
S1 2158
84 144
94
77
92
94.2 145
259 188
385
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Table 3. continued

feedstock catalyst solvent
Ru/C [BMIM]CITHF
Amberlyst 15/Ni@WC ethanol

glucose 4.8Pd/Ui0-66@SGO THEF
Pd/C-SO;H-TMS n-butanol
10Cu—1Pd/US0S50 THEF

sucrose Pd/C-SO;H-TMS n-butanol
10Cu—1Pd/US0S50
4.8Pd/Ui0-66@SGO THF

cellobiose ~ Pd/C—-SO;H-TMS n-butanol
10Cu—1Pd/US0S50 THE
4.8Pd/Ui0-66@SGO THEF

inulin Pd/C-SO;H-TMS n-butanol

starch 10Cu—1Pd/US0S50 THF
4.8Pd/Ui0-66@SGO THE

cellulose 10Cu—1Pd/US0S50 THF
4.8Pd/Ui0-66@SGO THEF

H,donor/pressure  temperature  time yield

(MPa) (K) (h) (%) ref
molecular H,/$ 403 0.5 50 211
formic acid 423 ~0.3 38.5 241
molecular H,/1 453 3 43.5 188
PMHS 393 4 Ss 144
molecular H,/1 473 3 79.9 187
PMHS 393 3 72 144
molecular H,/1 473 3 73.4 187
molecular H,/1 473 3 38.1 187
PMHS 393 S S3 144
molecular H,/1 473 3 67.7 187
molecular H,/1 473 3 29 187
PMHS 393 3 82 144
molecular H,/1 473 S 53.6 187
molecular H,/1 473 S 19.5 187
molecular H,/1 473 3 29.8 187
molecular H,/1 473 3 103 187

obtained from fructose under microwave heating and 1 min of
reaction time, while the reaction time for oil bath heating was 40
min and achieved only a 79% HMF yield.”** Besides, the
interaction of the photons produced by microwave and CH,OH
group in cellulose molecular promoting the conversion process
faster was also revealed.”*® Furthermore, the use of microwave
heating is indicated to save up to 85% of energy in comparison to
conventional heating methods, although the reaction medium
could be an agent to hinder the irradiation absorption.

Indeed, the effects of reaction temperature versus the reaction
time on the DMF yield as using with Ru—Co/SiO, catalyst
could be illustrated in Figure 19a. It could be observed that the
time for reaching a DMF yield >99.9% was longer,
corresponding to 8 h, at a low temperature of 120 °C.
Nonetheless, the reaction time was seen to be shorter at higher
temperatures; for instance, a DMF yield >99.9% was obtained
for only 4 h at a temperature of 140 °C. If the reaction
temperature was continuously increased, the DMF yield was
decreased. The reason for the lessening of DMF as augmenting
the temperature was attributed to further formation of
byproducts from DMF synthesis at higher temperatures.
Similarly, most studies have reported the significant effects of
reaction temperature on the DMF yield."*>'***° However, this
effect was different between catalyst types. Nishimura et al.**’
have declared the highest DMF yield of 99.96% with Pd—Au/C
catalyst under a mild reaction temperature of 60 °C, while Gao
et al.>*! found the highest DMF vyield of 96.5% with Ru—Co/
CoO, at a temperature of 200 °C. In general, the reaction
temperatures can be changed in a large range, from room
temperature to 250 °C.

For the effect of H, pressure on DMF yield, it was reported
that it is difficult for H, to cause remarkable activity on the
catalyst surface. Due to this reason, the pressure of H, is typically
to increase the catalyst capacity as H, is considered as a donor.
Similar to the reaction temperature, the increase in H, pressure
could lead to an increase in DMF yield. However, if the pressure
was higher than the optimized value, it could cause a decrease in
DME yield. This result was due to the increase in the yield of
intermediates and byproducts. Moreover, the combined effect of
H, pressure and reaction time plotted in Figure 19b was
absolutely demonstrated in most studies,'**"”” suggesting that
the optimization of reaction conditions is very important.
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As illustrated in Figure 19b, the highest DMF yield could be
achieved at a H, pressure of 4 MPa after 12 h of reaction, but the
DME yield tended to decrease with the elevation of H, pressure.
For instance, Nagpure et al. 132 have indicated that, in the case of
using Ru—NaY catalyst, the highest DMF yield of nearly 80%
was obtained in 1 h, under 15 bar of H, pressure. However,
beyond 3 h, a H, pressure of 5 or 10 bar was found to induce
maximized DMF yield, corresponding to 67%. Similarly, Shang
etal.'”” concluded that the highest DMF yield was nearly 100%
when the H, pressure was 1.5 MPa; however, the DMF yield was
seen to decrease along with increasing H, pressure. Generally,
changing tendencies of DMF yield in the correlation with H,
pressure were also reported in the literature.'*”*'% In addition to
reaction temperature and H, pressure, the DMF yield was also
found to have a high sensitivity to the reaction time; this was self-
evident in Figure 19¢."*” A maximum DMF yield could be
reached within 3—4 h, while a shorter or longer reaction time is
detrimental for the DMF yield, judging from its declining trend
reported. It was confirmed in most studies that the ratio of
byproducts was increased, reducing the selectivity yield of
DMF."**'"* Furthermore, from the analysis of the core
relationship between the reaction conditions and the DMF
yield, it was found that the reaction conditions play an important
role in getting the highest yield of DMF. Due to this reason,
Srivastava et al.”*® have suggested a Taguchi method to optimize
the DMF production process. In their study, five factors such as
reaction temperature, reaction time, H, pressure, catalyst
dosage, and HMF conversion were selected as the input data
for the optimization using Cu—Co/Al,Oj; catalyst. As a result,
they found the reaction conditions (temperature = 220 °C, H,
pressure = 30 bar, reaction time = 6 h, catalyst loading = 0.5 g,
and HMF concentration 0.2% weigh) could offer the
maximum DMF vyield of 87%. This method has opened a new
approach to optimize the technical features of the DMF
production based on catalyst. Besides, the number of reaction
cycles was used to evaluate the economic factor and the stability
level of the catalyst (Figure 19d)."** Normally, the greater the
number of reaction cycles, the higher the economic feature and
the stability level of catalyst, and vice versa. Thus, developing
catalyst systems with high techno-economic index, excellent
stability, and environmental friendliness is necessary before
pushing DMF production to the industrial scale. In summary,
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Figure 20. Technology for DMF purification after the synthesis process. (a) Distillation method based on the difference of boiling point for DMF
separation from a mixture of DMF—EL.”*' Reproduced from ref 241 with permission. Copyright 2017 Royal Society of Chemistry. (b) Separation of
DMEF from n-butanol solvent by using defect UiO-66 MOFE.*** Reprinted with permission from ref 242. Copyright 2018 American Chemical Society.
(c) Continuously operated simulated moving bed process based on zeolite-imidazolated framework-8 (ZIP-8). Reprinted with permission from ref

242. Copyright 2018 American Chemical Society. (d) Closed-loop SMB-integrated purification based on absorption for DMF with high purity.

243

Reprinted with permission from ref 243. Copyright 2019 American Chemical Society

the DMF synthesis via HMF or direct conversion based on
various techniques (reaction conditions, catalyst, solvent, H,
source) and carbohydrate-rich raw materials was shown in Table
3.

B PURIFICATION PROCESS OF DMF

For DMF purification, the removal of impurities after the
production is extremely critical.”** By exploiting the difference
of boiling points, Braun and co-workers”*' suggested an
economic method to separate DMF from the mixture consisting
of DMF, ethyl levulinate (EL), and ethanol. Notably, the boiling
points of DMF, EL, and ethanol are 95, 205, and 109 °C,
respectively. Moreover, the evaporation energy of ethanol is 3
times higher than that of DMF. Therefore, they have used
distillation to isolate the molecules. However, it is mentioned
that their method is to target the production of DMF and EL
from fructose through the combination between dehydration
and hydrodeoxygenation in a continuous flow reactor. As a
result, all DMF was found in the distillation process, while EL
stayed in the bottom of the flask; this purification process could
be illustrated in Figure 20a.

In another way, DMF production from fructose using n-
butanol also afforded to provide a high DMF yield, but effective
n-butanol recovery from the products mixture is essential to
sustain the production process. Significantly, Chiang et al.***
have synthesized the zirconium terephthalate (UiO-66) MOF
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for the selective adsorption of n-butanol from the product
stream from DMF generation. This complements the conven-
tional distillation process for its incompetency in recovering
pure DMF from the mixture stream. In their study, polar defects
created by monoacid modulators in UiO-66 promoted a
significant increase in n-butanol selectivity. They have compared
the capacity of separation for DMF in n-butanol of three types of
UiO-66 such as pristine UiO-66 MOFs, UiO-66-MOEF-
modulated BA (BA - benzoic acid), and UiO-66-MOEF-
modulated FA (FA - formic acid). As a result, the adsorption
behavior of UiO-66 in FA showed the highest performance with
99% purification of DMF (see Figure 20b). Obviously, the use of
defect-engineered UiO-66 for the absorption of n-butanol in the
final purification process was demonstrated to bring a high
selective efficiency for the already concentrated/upgraded DMF
stream, while the distillation method was shown to be inefficient
in this range because of forming a azeotrope component
although the differences in pure-component boiling points
between DMF and n-butanol were remarkable. The nonideality
of the DMF/n-butanol mixture was believed to make the
difference in pure-component boiling points less relevant as
usually in the case of polar mixtures.”*” Due to this reason,
upgrading the diluted-reaction product before removing n-
butanol is still a challenging task, requiring a stronger solution
for DMF-selective adsorption. By exploiting the noticeable
differences in the dipole moment and the logarithmic partition
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Figure 21. DMF production process with fructose as input material.**> Reprinted with permission from ref 245. Copyright 2011 Elsevier.

coefficient of octanol/water between DMF and n-butanol,
Chiang et al.”** have developed a separation process of DMF
based on hydrophobic MOFs with the adsorption mechanism of
zeolitic imidazolate framework-8 (ZIF-8). The process of DMF
separation and n-butanol recovery based on the absorption
mechanism could be illustrated in Figure 20c,d. In addition, they
found that fixed-bed adsorption processes should only apply to
remove the minor components because of their restrictions
relating to the selectivity limitation in multicomponent
systems.”*’ Furthermore, the use efficiency of the solid bed
and desorbent could be reduced by using cyclic operation, which
was found to switch between the cycles of adsorption,
desorption, or regeneration aiming to ensure the continuous
running process. A simulated moving bed process (Figure 20c)
was suggested for continuous operation.”** In their suggested
process, high-purity DMF along with a recycling stream of n-
butanol was analyzed. The results indicate that the purification
process based on the simulated moving bed in combination with
ZIF-8 has given a high DMF productivity >100 kg of DMF/m’
of adsorbent during an hour (Figure 20d). More interestingly,
they have reported that this DMF purification process could be
applied to realistic mass transfer as the mini-plant simulated
moving bed was successfully built and trialed.

B COMMERCIALIZATION AND ECONOMIC ASPECT

There is a lack of a full report on the process economy for DMF
production, whether if it is with a direct or indirect path. For the
indirect production methods, DMF could be produced from
HMEF, while carbohydrates were used for the direct production
methods. Most of the production processes were undertaken
under pilot or laboratory scale; the information on industrial-
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scale processes is rather limited presently. In the modeling of
two-step dehydration of fructose to DMF by using (HCI +
biphasic) solvent (Figure 21), some works from Dumesic et
al.'">¥**>2% jdentified fructose feedstock as the largest economic
hindrance to large-scale DMF production, which corresponded
to 47% of the overall operation cost. Other costs include the
expenses associated with the pretreatment of raw material,
reactor and catalyst systems, the product purification process,
and so forth. This, therefore, confirmed the impracticality of
employing fructose for large-scale DMF production. Cheaper
alternatives should be explored for a better chance of
industrialization. In this sense, carbohydrate-based waste or
cellulosic/lignocellulosic biomass could be the suitable material
with their low sourcing costs.

Significantly, the two-step process depicted in Figure 21, with
a DMF capacity of 96.9 MT/day, requires a capital cost of
around 121.9 million US dollars for its setting up. The organic
phase obtained from the first-half process is expected to consist
of 58% HMF, which then is transferred to the aqueous—organic
phase separator and flashed for solvent removal in the flash
separator. Next, the purified HMF will be vaporized and flown
into the plug-flow tubular reactor for DMF production over the
Cu—Ru/C catalyst. Significantly, Ru-based catalyst is costly,
with an estimated initial cost of 36.4 million US dollars and a
biennial cost of 0.2585 million US dollars for the replacement of
catalysts.”**

Furthermore, it is also confirmed that the regeneration of
Cu—Ru/C must be periodically performed, preferably once after
every 10 reaction cycles, with H, being the regenerating agent.
The costs incurred from such a regeneration step could not be
overlooked in the long run. Meanwhile, the side production of
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LA and unidentified products (38 and 50.4 MT/day,
respectively) could also lead to considerable handling costs in
the DMF production. With the high materials and production
costs, the minimum support price (MSP) for DMF is expected
to lie at 7.63 US dollars/gallon, which is much higher than that
of corn-derived ethanol (2.3 US dollar/gallon) and cellulosic-
based ethanol.”*” According to the sensitivity analysis, with the
proposed DMF production in Figure 21, the change in cost for
fructose is roughly 20%, which may lead to a 9.3% fluctuation of
MSP for DMF. On the other hand, a 20% increased DMF yield
would lead to an MSP reduction of 16.7%, in spite of the slight
increment in catalyst cost due to altered throughput. In this
context, the adoption of selective catalysts, as reported in Table
3, including Ni—OMD; (yield = 98.7%),"”” Cu—Co@C (yield =
99.4%),"”” Ru—Co/SiO, (yield = 100%),"*” Pt;Ni/C (yield =
98%),”*" or CuCo@/NGr/a-Al,O; (yield = 99%),”*" is
advantageous for cost reduction.

In general, all production process for DMF were shifted
toward the exploration of low-cost feedstocks and high-yield
catalyst systems. Due to this reason, the one-step DMF
production process from carbohydrate-based sources, especially
waste carbohydrates, with the presence of befitting catalysts
should be investigated. The commercialization strategy for DMF
in engine application can only be realized when the DMF price is
comparably low to that of ethanol. Therefore, research
directions in the future should concentrate on high-efficiency
solutions to convert biomass or carbohydrate in waste to DMF
over an optimized catalyst system. In addition, technologies for
the storage and pretreatment of biomass should be endeavored
too, to reduce the processing time while cutting the cost for
DMEF production. In addition to the economic aspects, the
environmental sustainability in DMF production processes
should also be taken into serious consideration. The deployment
of various established sustainability assessment tools, including
life cycle assessment,”** exergy, and economy-based criteria
analysis,”*”*** could be useful to achieve that.

B CONCLUSIONS AND FUTURE DIRECTIONS

DMEF could be viewed as the impending and novel second-
generation biofuel with many benefits, making it a promising
candidate for engine applications. This contribution was aimed
to provide a broad and comprehensive overview for DMF
production, from pretreatments of input material to catalyst
reactions and types of systems. The latest progress in the HMF
hydrogenolysis for DMF production was thoroughly analyzed
and compared in the aspect of utilized catalysts, reaction
pathways, and mechanisms. Summarizing from these prospects,
some specific conclusions could be drawn as follows:

e DMF yields up to ~100% are possible with the
appropriate processing of feedstock/biomass and opti-
mized catalyst system, solvent, hydrogen donor, and
reaction conditions.

e A two-step production path, with HMF/CMF as the
intermediates, could deliver a high DMF yield. Compared
to cellulosic and starchy biomass, the catalytic conversion
of glucose or fructose for DMF production in ILs is
preferred in the sense of higher DMF yield. However,
algae, starch-rich wastes, and lignocellulosic/cellulosic
biomass are cheaper and more sustainable for the
commercial DMF production process.

Bifunctional catalyst systems supported by hydrogenated
metal generally give rise to a higher selectivity of DMF, as
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compared to those monometallic catalysts. Most of the
time, noble-metal-based bifunctional catalysts could
promote the conversion of intermediate species as
compared to the non-noble metallic systems. However,
a facile catalyst preparatory framework should be
developed to advocate the industrialization of DMF
production.

The optimization of reaction conditions for DMF
production is imperative. While maximizing the DMF
yield, the corresponding reaction conditions, such as
temperature and pressure, must be within the practical
range. Different hydrogenation reagents should be
investigated too, to reduce the dependence on H, while
enhancing the production systems in the aspects of
reactivity and safety. Moreover, the exploration of suitable
green solvent should be focused too, as the conventional
solvent is corrosive due to its high acidity. Also, the
utilization of existing reactors for DMF production
appears to be laborious and time-consuming; therefore,
the development of advanced reactors with robust
reaction engineering analysis must be performed prior
to the implementation process.

The purification of DMF and the economic feature of
DME production should be comprehensively evaluated.
Information in regard to these aforesaid aspects is rather
limited. Therefore, future studies are suggested to close
these knowledge gaps for a more facilitated DMF
industrialization later.

In general, materials with carbohydrate-like molecular
structures, such as starch, fructose, and glucose, have been
studied for the production of DMF. Meanwhile, the advance-
ment of catalytic technology has also permitted a prospective
output from the conversion process. Even though the flourishing
of biomass-transfer technology enables the synthesis of DMF as
a modern generation biofuel, there are several unresolved
problems that have not been addressed. In particular, the
selection of a one-pot reactor or biphasic reactor for DMF
production is an arguable issue, whereby its influences could
even be extended to the DMF yield and its recovery from
product streams, as well as the handling of byproducts from the
reaction. Another unsolved issue is the selection of catalysts for
the reaction. A high-yield catalyst is desired to improve the
production rate of DMF, but its synthesis is normally difficult
and costly. Another issue lies in the selection of input material,
which depends upon various factors such as its availability,
composition, and cost. For the production of DMF, a high
carbohydrate content in the input material is preferable, as it
would increase the yield from the reaction. In such a sense,
biomass appears to be an ideal candidate for DMF production,
with its high carbohydrate content (75%) and renewable feature.

Overall, the current work highlighted the green and
sustainable production of DMF, which is regarded as a novel
class of biofuel. Better than ever, the sleeping giant DMF should
be awakened as soon as possible to harmonize the benefitting
relationships of energy, environment, and carbohydrate-based
economy. That idea is not beyond the pure intended to reduce
the dependence on fossil fuels and to maintain sustainable
development.

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

B AUTHOR INFORMATION

Corresponding Authors

Anh Tuan Hoang — Institute of Engineeringg HUTECH

University, Ho Chi Minh City 700000, Vietnam;
orcid.org/0000-0002-1767-8040; Email: hatuan@

hutech.edu.vn

Ashok Pandey — Centre for Innovation and Translational
Research, CSIR-Indian Institute of Toxicology Research,
Lucknow 226 001, India; Centre for Energy and
Environmental Sustainability, Lucknow 226029 Uttar
Pradesh, India; Present Address: Sustainability Cluster,
School of Engineering, University of Petroleum and Energy
Studies, Dehradun-248 007, Uttarakhand, India;

orcid.org/0000-0003-1626-3529;

Email: ashokpandey1956@gmail.com

Rafael Luque — Departamento de Quimica Orgdnica,
Universidad de Cordoba, E-14014 Cordoba, Spain; Peoples
Friendship University of Russia (RUDN University), 117198
Moscow, Russia; © orcid.org/0000-0003-4190-1916;
Email: rafael.luque@uco.es

Sakthivel Rajamohan — Department of Mechanical
Engineering, Amrita School of Engineering, Amrita Vishwa
Vidyapeetham, Coimbatore 641112, India;
Email: sakthivelmts@gmail.com

Van Viet Pham — PATET Research Group, Ho Chi Minh City
University of Transport, Ho Chi Minh City 700000, Vietnam;
Email: viet.pham@ut.edu.vn

Authors

Zuohua Huang — State Key laboratory of Multiphase Flow in
Power Engineering, Xi’an Jiaotong University, Xi'an 710049,
China

Kim Hoong Ng — Department of Chemical Engineering, Ming
Chi University of Technology, New Taipei City 24301, Taiwan

Agis M. Papadopoulos — Department of Mechanical
Engineering, Aristotle University, 54124 Thessaloniki, Greece

Wei-Hsin Chen — Department of Aeronautics and Astronautics,
National Cheng Kung University, Tainan 701, Taiwan;
Research Center for Smart Sustainable Circular Economy,
Tunghai University, Taichung 407, Taiwan; Department of
Mechanical Engineering, National Chin-Yi University of
Technology, Taichung 411, Taiwan; © orcid.org/0000-
0001-5009-3960

H. Hadiyanto — Chemical Engineering Department, Diponegoro
University, Semarang 1269, Indonesia

Xuan Phuong Nguyen — PATET Research Group, Ho Chi
Minh City University of Transport, Ho Chi Minh City 700000,
Vietnam

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.1c06363

Notes

The authors declare no competing financial interest.

Biographies

Anh Tuan Hoang is Associate Professor of HUTECH University,
Vietnam. He received Ph.D. in 2016. His research interests lie in the
fields of energy conservation, renewable energy resources, alternative
fuels, and internal combustion engines. He has published over 100
papers in international journals. He received the 2018 Highly Cited
Review Article Award (Applied Energy, Elsevier).

Ashok Pandey is currently Distinguished Scientist at the Centre for
Innovation and Translational Research, CSIR-Indian Institute of
Toxicology Research, Lucknow, India, and Executive Director
(Honorary) at the Centre for Energy and Environmental Sustainability
— India. Formerly, he was Eminent Scientist at the Center of Innovative
and Applied Bioprocessing, Mohali, and Chief Scientist & Head of
Biotechnology Division and Centre for Biofuels at CSIR’s National
Institute for Interdisciplinary Science and Technology, Trivandrum.
His major research and technological development interests are
industrial and environmental biotechnology and energy biosciences,
focusing on biomass to biofuels and chemicals, waste to wealth and
energy, industrial enzymes, etc. Professor Pandey is Adjunct/Visiting
Professor/Scientist in universities in France, Brazil, Canada, China,
Korea, South Africa, and Switzerland and also in several universities in
India. He has ~1500 publications/communications, which include 16
patents, 107 books, ~800 papers and book chapters, etc., with an h-
index of 112 and >55,000 citations (Google Scholar). Professor Pandey
is the recipient of many national and international awards and honors,
which include Distinguished Fellow, the Biotech Research Society,
India (2021); Highest Cited Researcher (top 1% in the world),
Clarivate Analytics, Web of Science (since 2018); Top Ranked Scientist
(no. 1 in India and no. 8 in the world) in Biotechnology, Stanford
University world ranking (2020); Fellow, World Society of Sustainable
Energy Technologies (2020); Fellow, Indian Chemical Society (2020);
Distinguished Scientist, VDGOOD Professional Association, India
(2020); Distinguished Professor of Eminence with global impact in

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anh+Tuan+Hoang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1767-8040
https://orcid.org/0000-0002-1767-8040
mailto:hatuan@hutech.edu.vn
mailto:hatuan@hutech.edu.vn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashok+Pandey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1626-3529
https://orcid.org/0000-0003-1626-3529
mailto:ashokpandey1956@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafael+Luque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4190-1916
mailto:rafael.luque@uco.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sakthivel+Rajamohan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:sakthivelmts@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Van+Viet+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:viet.pham@ut.edu.vn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuohua+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kim+Hoong+Ng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agis+M.+Papadopoulos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Hsin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5009-3960
https://orcid.org/0000-0001-5009-3960
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Hadiyanto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuan+Phuong+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06363?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Biotechnology, Precious Cornerstone University, Nigeria (2020);
IconSWM Lifetime Achievement Award 2019, International Society
for Solid Waste Management, KIIT, Bhubaneshwar, India (2019);
Yonsei Outstanding Scholar, Yonsei University, Seoul, Korea (2019);
Lifetime Achievement Award from the Biotech Research Society, India
(2018); Lifetime Achievement Award from Venus International
Research Awards (2018); Most Outstanding Researcher Award from
Career360 (2018); and others.

—
-

—
)M,}\

-~

e ————
\ y,
<L v

VA
Zuohua Huang is professor of Xi’an Jiaotong University, China. He
received his Ph.D. in 1994. He is vice-director of the Combustion
Section of the Chinese Society of Engineering Thermo-physics. He is
Principal Editor of FUEL and Fellow of the Combustion Institute,
Director of Board of the Combustion Institute. His research interests
are combustion and energy science. He has published over 400 papers

in international journals and is a highly cited scholar in engineering.

Rafael Luque is Profesor Titular de Universidad from Departamento de
Quimica Organica, Universidad de Cordoba. He has been leading
research from group FQM-383 (NanoVal) at Universidad de Cordoba
since 2009. He has close to 600 publications (h-index 87; ca. 34,000
citations) and several patents (7) as well as numerous prizes and awards
including the most recent 2018 ACS Sustainable Chemistry &
Engineering Lectureship Award from the American Chemical Society
and Tongjiang Distinguished Scholarship from Quanzhou Normal
University (2021). Prof. Luque was also named 2018, 2019, 2020, and
2021 Highly Cited Researcher (Clarivate Analytics).

Kim Hoong Ng is an Assistant Professor in the Department of Chemical
Engineering at Ming Chi University of Technology, Taiwan. He
received his Ph.D. degree and B.S. degree from Universiti Malaysia
Pahang in 2017 and 2014, respectively. His research interests lie in
catalysis with a focus on waste-to-wealth and waste-to-energy
conversion.

Agis M. Papadopoulos has been Professor for Energy Systems at the
Department of Mechanical Engineering of the Aristotle University of
Thessaloniki, Greece, since 1998 and Director of the Process
Equipment Design Laboratory since 2013. His research interests lie
in the fields of (a) energy conservation and renewable energy resources,
(b) energy and environmental design of buildings, and (c) energy and
environmental economics and policies. He is Editor-in-Chief of the
International Journal of Sustainable Energy and a Visiting Professor at
the Technical University of Himburg, Germany. Since August 2019, he
has been Chairman of the Board of EYATH S.A. — Thessaloniki Water
Supply and Sewage Company, listed at Athens Stock Exchange.

Wei-Hsin Chen is a distinguished professor at the Department of
Aeronautics and Astronautics, National Cheng Kung University,

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Taiwan. His research interests include bioenergy, hydrogen energy,
clean energy, carbon capture and utilization, environmental science, etc.
He has published over 750 papers in international and domestic
journals and conferences. He is the Associated Editor of International
Journal of Energy Research and section Editor-in-Chief of Energies and
the editorial member of some international journals, including Applied
Energy, Scientific Reports, Frontiers in Energy Research, etc. He is also
the author of several books concerning energy science and air pollution.
In recent years, he received 2015 and 2018 Outstanding Research
Award (Ministry of Science and Technology, Taiwan), 2015 and 2020
Highly Cited Paper Award (Applied Energy, Elsevier), 2017 Out-
standing Engineering Professor Award (Chinese Institute of
Engineers), 2019 Highly Cited Review Article Award (Bioresource
Technology, Elsevier), and 2016, 2017, 2018, 2019, and 2020 Web of
Science Highly Cited Researcher Awards. He is the top researcher in
biomass torrefaction and creates much knowledge in torrefaction

technology.

Sakthivel Rajamohan completed his undergraduate in Mechatronics
Engineering and postgraduate in Thermal Engineering. He completed
his Ph.D. in the area of biomass energy conversion from native
feedstocks at Anna University, Chennai, India, in 2018. He is presently
working as Assistant Professor (Sr.Gr) at Amrita Vishwa Vidyapee-
tham, Coimbatore, India. He has published more than 30 research
articles in well reputed high impact journals in the course of his research
career. His expertise includes energy conversion from biomass, stability
assessment of biofuels, life cycle assessment of biofuels, and its
performance assessments.

H. Hadiyanto is Full Professor at the Chemical Engineering
Department, Diponegoro University, Indonesia. He completed his
Master and Ph.D. degrees in Bioprocess Engineering from Wageningen
University in The Netherlands in 2003 and 2007, respectively. His main
research focus is on biomass and bioenergy development including

3107

microalgae and other biomass sources. He has authored more than 100
scientific articles in international journals.

Xuan Phuong Nguyen is Associate Profesor of Ho Chi Minh City
University of Transport, Vietnam. He received his Ph.D degree in 2011.
His research interests lie in the fields of energy conservation, renewable
energy resources, alternative fuels, internal combustion engines,
maritime safety, and engineering transport. Xuan Phuong Nguyen has
been leading research from Progress of Applied Technology and
Engineering in Transport Research Group (PATET) at the University
since 2019. He has authored close to 50 publications with an h-index of
10, 273 citations (scopus.com).

1

Van Viet Pham received his Ph.D degree in 2019. He is interested in the
research areas of energy conservation, renewable energy resources,
alternative fuels, internal combustion engines, and engineering
transport. He has published more than 40 articles in international
journals with an h-index of 15. He has been a main member in Progress
of Applied Technology and Engineering in Transport Research Group
(PATET) at Ho Chi Minh City University of Transport since 2019.

B ACKNOWLEDGMENTS

This publication has been supported by HUTECH University
(A.-T.H.). The paper has also been supported by RUDN
University Strategic Academic Leadership Program (R.L.). R.L.
also gratefully acknowledges funding from Open Access charges
to Universidad de Cérdoba/CBUA.

B REFERENCES

(1) Weerasinghe, W. M. L. I; Madusanka, D. A. T.; Manage, P. M.
Isolation and Identification of Cellulase Producing and Sugar
Fermenting Bacteria for Second-Generation Bioethanol Production.
International Journal of Renewable Energy Development 2021, 10 (4),
699—711.

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


http://scopus.com
https://doi.org/10.14710/ijred.2021.35527
https://doi.org/10.14710/ijred.2021.35527
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(2) Hadiyanto, H.; Aini, A. P.; Widayat, W.; Kusmiyati, K.; Budiman,
A.; Rosyadi, A. Multi-Feedstock Biodiesel Production from Ester-
ification of Calophyllum Inophyllum Oil, Castor Oil, Palm Oil, and
Waste Cooking Oil. Int. . Renewable Energy Dev. 2020, 9, 119.

(3) Hoang, A. T.; Pham, V. V.; Nguyen, X. P. Integrating Renewable
Sources into Energy System for Smart City as a Sagacious Strategy
towards Clean and Sustainable Process. Journal of Cleaner Production
2021, 305, 127161.

(4) Carfora, A.; Scandurra, G. The Impact of Climate Funds on
Economic Growth and Their Role in Substituting Fossil Energy
Sources. Energy Policy 2019, 129, 182—192.

(5) Yang, D.-P.; Li, Z.; Liu, M.; Zhang, X.; Chen, Y.; Xue, H; Ye, E,;
Luque, R. Biomass-Derived Carbonaceous Materials: Recent Progress
in Synthetic Approaches, Advantages, and Applications. ACS
Sustainable Chem. Eng. 2019, 7 (S), 4564—458S.

(6) Hoang, A. T.; Nizeti¢, S.; Olcer, A. L; Ong, H. C.; Chen, W.-H,;
Chong, C. T.; Thomas, S.; Bandh, S. A.; Nguyen, X. P. Impacts of
COVID-19 Pandemic on the Global Energy System and the Shift
Progress to Renewable Energy: Opportunities, Challenges, and Policy
Implications. Energy Policy 2021, 154, 112322.

(7) Kopac, T. Emerging Applications of Process Intensification for
Enhanced Separation and Energy Efficiency, Environmentally Friendly
Sustainable Adsorptive Separations: A Review. International Journal of
Energy Research 2021, 45, 15839.

(8) Nizeti¢, S.; Djilali, N.; Papadopoulos, A.; Rodrigues, J. J. P. C.
Smart Technologies for Promotion of Energy Efficiency, Utilization of
Sustainable Resources and Waste Management. Journal of cleaner
production 2019, 231, 565—591.

(9) Hoang, A. T.; Tabatabaei, M.; Aghbashlo, M.; Carlucci, A. P,;
C)lger, A.L; Le, A. T.; Ghassemi, A. Rice Bran Oil-Based Biodiesel as a
Promising Renewable Fuel Alternative to Petrodiesel: A Review.
Renewable and Sustainable Energy Reviews 2021, 135, 110204.

(10) Joshi, G.; Pandey, J. K; Rana, S.; Rawat, D. S. Challenges and
Opportunities for the Application of Biofuel. Renewable and Sustainable
Energy Reviews 2017, 79, 850—866.

(11) Xu, C.; Paone, E.; Rodriguez-Padrén, D.; Luque, R.; Mauriello, F.
Recent Catalytic Routes for the Preparation and the Upgrading of
Biomass Derived Furfural and S-Hydroxymethylfurfural. Chem. Soc.
Rev. 2020, 49 (13), 4273—4306.

(12) Alalwan, H. A.; Alminshid, A. H.; Aljaafari, H. A. S. Promising
Evolution of Biofuel Generations. Subject Review. Renewable Energy
Focus 2019, 28, 127—139.

(13) Mat Aron, N. S.; Khoo, K. S.; Chew, K. W.; Show, P. L.; Chen,
W.; Nguyen, T. H. P. Sustainability of the Four Generations of
biofuels—A Review. International Journal of Energy Research 2020, 44
(12), 9266—9282.

(14) Nanda, S.; Rana, R; Sarangj, P. K; Dalai, A. K.; Kozinski, J. A. A
Broad Introduction to First-, Second-, and Third-Generation Biofuels.
Recent advancements in biofuels and bioenergy utilization; Springer: 2018;
pp 1-25. DOI: 10.1007/978-981-13-1307-3_1.

(15) Bohre, A; Dutta, S.; Saha, B; Abu-Omar, M. M. Upgrading
Furfurals to Drop-in Biofuels: An Overview. ACS Sustainable Chem.
Eng. 2015, 3 (7), 1263—1277.

(16) Hayes, D. J. M. Second-generation Biofuels: Why They Are
Taking so Long. Wiley Interdisciplinary Reviews: Energy and Environment
2013, 2 (3), 304—334.

(17) Hoang, A. T.; Tran, Q. V.; Al-Tawaha, A. R. M. S.; Pham, V. V;
Nguyen, X. P. Comparative Analysis on Performance and Emission
Characteristics of an in-Vietnam Popular 4-Stroke Motorcycle Engine
Running on Biogasoline and Mineral Gasoline. Renewable Energy Focus
2019, 28, 47-55.

(18) Huang, K; Peng, X.; Kong, L.; Wu, W.; Chen, Y.; Maravelias, C.
T. Greenhouse Gas Emission Mitigation Potential of Chemicals
Produced from Biomass. ACS Sustainable Chem. Eng. 2021, 9, 14480.

(19) Pandey, A; Lee, D. J,; Chang, J.-S.; Chisti, Y.; Soccol, C. R.
Biomass, Biofuels, Biochemicals: Biofuels from Algae; Elsevier: 2018.
DOI: 10.1016/C2017-0-03549-8.

(20) Johnson, T. J.; Jahandideh, A.; Johnson, M. D.; Fields, K. H.;
Richardson, J. W.; Muthukumarappan, K; Cao, Y.; Gu, Z.; Halfmann,

3108

C.; Zhou, R. Producing next-Generation Biofuels from Filamentous
Cyanobacteria: An Economic Feasibility Analysis. Algal research 2016,
20, 218—228.

(21) Zhang, L.; Zhu, Y.; Tian, L.; He, Y.; Wang, H.; Deng, F. One-Pot
Alcoholysis of Carbohydrates to Biofuel 5-Ethoxymethylfufural and 5-
Methoxymethylfufural via a Sulfonic Porous Polymer. Fuel Process.
Technol. 2019, 193, 39—47.

(22) Nguyen, X. P.; Hoang, A. T.; Olcer, A. I; Engel, D.; Pham, V. V,;
Nayak, S. K. Biomass-Derived 2,5-Dimethylfuran as a Promising
Alternative Fuel: An Application Review on the Compression and
Spark Ignition Engine. Fuel Process. Technol. 2021, 214 (April), 106687.

(23) Wang, P.; Ren, L.; Yu, H. Production of S-Hydroxymethylfurfural
from Glucose Catalyzed by Acidic Ionic Liquid. Energy Sources, Part A:
Recovery, Utilization, and Environmental Effects 2018, 37 (16), 1729—
173S.

(24) Zhao, J.; Lee, J.; Weiss, T.; Wang, D. Technoeconomic Analysis
of Multiple-Stream Ethanol and Lignin Production from Lignocellu-
losic Biomass: Insights into the Chemical Selection and Process
Integration. ACS Sustainable Chem. Eng. 2021, 9, 13640.

(25) Yazdizadeh, M.; Nasr, M. R. J.; Safekordi, A. K. A New
Methodology for the Production of Furfural as a Renewable Energy
Source from Bagasse in Acidic Aqueous Media. Energy Sources, Part A:
Recovery, Utilization, and Environmental Effects 2018, 40 (2), 125—133.

(26) Lozano, F. J.; Lozano, R. Assessing the Potential Sustainability
Benefits of Agricultural Residues: Biomass Conversion to Syngas for
Energy Generation or to Chemicals Production. Journal of cleaner
production 2018, 172, 4162—4169. B

(27) Le, V. V,; Hoang, A. T, Nizetic, S,; Olger, A. 1. Flame
Characteristics and Ignition Delay Times of 2,5-Dimethylfuran: A
Systematic Review With Comparative Analysis. J. Energy Resour.
Technol. 2021, 143 (7), 070801.

(28) Tay, K. L.; Yang, W.; Zhao, F.; Lin, Q.; Wy, S. Development of a
Highly Compact and Robust Chemical Reaction Mechanism for
Unsaturated Furan Oxidation in Internal Combustion Engines via a
Multiobjective Genetic Algorithm and Generalized Polynomial Chaos.
Energy Fuels 2020, 34 (1), 936—948.

(29) Hoang, A. T; Nizeti¢, S.; Pham, V. V. A State-of-the-Art Review
on Emission Characteristics of SI and CI Engines Fueled with 2, 5-
Dimethylfuran Biofuel. Environmental Science and Pollution Research
2021, 28, 4918—4950.

(30) Wy, S;; Tay, K. L.; Li, J.; Yang, W.; Yang, S. Development of a
Compact and Robust Kinetic Mechanism for Furan Group Biofuels
Combustion in Internal Combustion Engines. Fuel 2021, 298, 120824.

(31) Tuan Hoang, A; Viet Pham, V. 2-Methylfuran (MF) as a
Potential Biofuel: A Thorough Review on the Production Pathway from
Biomass, Combustion Progress, and Application in Engines. Renewable
and Sustainable Energy Reviews 2021, 148, 111265.

(32) Wang, Z.; Bhattacharyya, S.; Vlachos, D. G. Extraction of Furfural
and Furfural/S-Hydroxymethylfurfural from Mixed Lignocellulosic
Biomass-Derived Feedstocks. ACS Sustainable Chem. Eng. 2021, 9,
7489.

(33) Zhang, Q; Hu, X;; Li, Z,; Liu, B.; Chen, Z.; Liu, J. Combustion
and Emission Characteristics of Diesel Engines Using Diesel, DMF/
diesel, and N-pentanol/diesel Fuel Blends. J. Energy Eng. 2018, 144 (3),
04018030.

(34) Bui, T. T.; Balasubramanian, D.; Hoang, A. T.; Konur, O,;
Nguyen, D. C,; Tran, V. N. Characteristics of PM and Soot Emissions of
Internal Combustion Engines Running on Biomass-Derived DMF
Biofuel: A Review. Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects 2020, 1-22.

(35) Wang, J.; Liu, X;; Hu, B; Lu, G.; Wang, Y. Efficient Catalytic
Conversion of Lignocellulosic Biomass into Renewable Liquid Biofuels
via Furan Derivatives. Rsc Advances 2014, 4 (59), 31101—31107.

(36) Martin, M.; Grossmann, L. E. Optimal Production of Furfural and
DMEF from Algae and Switchgrass. Ind. Eng. Chem. Res. 2016, S5 (12),
3192-3202.

(37) Heo, J. B.; Lee, Y.-S,; Chung, C.-H. Seagrass-Based Platform
Strategies for Sustainable Hydroxymethylfurfural (HMF) Production:

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.14710/ijred.9.1.119-123
https://doi.org/10.14710/ijred.9.1.119-123
https://doi.org/10.14710/ijred.9.1.119-123
https://doi.org/10.1016/j.jclepro.2021.127161
https://doi.org/10.1016/j.jclepro.2021.127161
https://doi.org/10.1016/j.jclepro.2021.127161
https://doi.org/10.1016/j.enpol.2019.02.023
https://doi.org/10.1016/j.enpol.2019.02.023
https://doi.org/10.1016/j.enpol.2019.02.023
https://doi.org/10.1021/acssuschemeng.8b06030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b06030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.enpol.2021.112322
https://doi.org/10.1016/j.enpol.2021.112322
https://doi.org/10.1016/j.enpol.2021.112322
https://doi.org/10.1016/j.enpol.2021.112322
https://doi.org/10.1002/er.6944
https://doi.org/10.1002/er.6944
https://doi.org/10.1002/er.6944
https://doi.org/10.1016/j.jclepro.2019.04.397
https://doi.org/10.1016/j.jclepro.2019.04.397
https://doi.org/10.1016/j.rser.2020.110204
https://doi.org/10.1016/j.rser.2020.110204
https://doi.org/10.1016/j.rser.2017.05.185
https://doi.org/10.1016/j.rser.2017.05.185
https://doi.org/10.1039/D0CS00041H
https://doi.org/10.1039/D0CS00041H
https://doi.org/10.1016/j.ref.2018.12.006
https://doi.org/10.1016/j.ref.2018.12.006
https://doi.org/10.1002/er.5557
https://doi.org/10.1002/er.5557
https://doi.org/10.1007/978-981-13-1307-3_1
https://doi.org/10.1007/978-981-13-1307-3_1
https://doi.org/10.1007/978-981-13-1307-3_1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wene.59
https://doi.org/10.1002/wene.59
https://doi.org/10.1016/j.ref.2018.11.001
https://doi.org/10.1016/j.ref.2018.11.001
https://doi.org/10.1016/j.ref.2018.11.001
https://doi.org/10.1021/acssuschemeng.1c04836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c04836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/C2017-0-03549-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.algal.2016.10.020
https://doi.org/10.1016/j.algal.2016.10.020
https://doi.org/10.1016/j.fuproc.2019.05.001
https://doi.org/10.1016/j.fuproc.2019.05.001
https://doi.org/10.1016/j.fuproc.2019.05.001
https://doi.org/10.1016/j.fuproc.2020.106687
https://doi.org/10.1016/j.fuproc.2020.106687
https://doi.org/10.1016/j.fuproc.2020.106687
https://doi.org/10.1080/15567036.2011.634887
https://doi.org/10.1080/15567036.2011.634887
https://doi.org/10.1021/acssuschemeng.1c05169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c05169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c05169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c05169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15567036.2016.1248801
https://doi.org/10.1080/15567036.2016.1248801
https://doi.org/10.1080/15567036.2016.1248801
https://doi.org/10.1016/j.jclepro.2017.01.037
https://doi.org/10.1016/j.jclepro.2017.01.037
https://doi.org/10.1016/j.jclepro.2017.01.037
https://doi.org/10.1115/1.4048673
https://doi.org/10.1115/1.4048673
https://doi.org/10.1115/1.4048673
https://doi.org/10.1021/acs.energyfuels.9b03272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b03272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b03272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b03272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11356-020-11629-8
https://doi.org/10.1007/s11356-020-11629-8
https://doi.org/10.1007/s11356-020-11629-8
https://doi.org/10.1016/j.fuel.2021.120824
https://doi.org/10.1016/j.fuel.2021.120824
https://doi.org/10.1016/j.fuel.2021.120824
https://doi.org/10.1016/j.rser.2021.111265
https://doi.org/10.1016/j.rser.2021.111265
https://doi.org/10.1016/j.rser.2021.111265
https://doi.org/10.1021/acssuschemeng.1c00982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c00982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c00982?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000549
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000549
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000549
https://doi.org/10.1080/15567036.2020.1869868
https://doi.org/10.1080/15567036.2020.1869868
https://doi.org/10.1080/15567036.2020.1869868
https://doi.org/10.1039/C4RA04900D
https://doi.org/10.1039/C4RA04900D
https://doi.org/10.1039/C4RA04900D
https://doi.org/10.1021/acs.iecr.5b03038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.5b03038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07388551.2021.1892580
https://doi.org/10.1080/07388551.2021.1892580
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Toward Bio-Based Chemical Products. Critical Reviews in Biotechnology
2021, 41, 902.

(38) Kong, X.; Zhu, Y.; Fang, Z.; Kozinski, J. A.; Butler, I. S.; Xu, L.;
Song, H.; Wei, X. Catalytic Conversion of S-Hydroxymethylfurfural to
Some Value-Added Derivatives. Green Chem. 2018, 20 (16), 3657—
3682.

(39) Bhaumik, P.; Dhepe, P. L. Solid Acid Catalyzed Synthesis of
Furans from Carbohydrates. Catalysis Reviews 2016, S8 (1), 36—112.

(40) Yu, I. KM, Tsang, D. C.W. Conversion of Biomass to
Hydroxymethylfurfural: A Review of Catalytic Systems and Underlying
Mechanisms. Bioresource technology 2017, 238, 716—732.

(41) Gandini, A. Furans as Offspring of Sugars and Polysaccharides
and Progenitors of a Family of Remarkable Polymers: A Review of
Recent Progress. Polym. Chem. 2010, 1 (3), 245—251.

(42) Nguyen, Q. A,; Yang, J.; Bae, H.-J. Bioethanol Production from
Individual and Mixed Agricultural Biomass Residues. Industrial crops
and products 2017, 95, 718—725.

(43) Dharmaraja, J.; Shobana, S.; Arvindnarayan, S.; Vadivel, M,;
Atabani, A. E.; Pugazhendhi, A.,; Kumar, G. Biobutanol from
Lignocellulosic Biomass: Bioprocess Strategies. Lignocellulosic biomass
to liquid biofuels; Elsevier: 2020; pp 169—193. DOI: 10.1016/B978-0-
12-815936-1.00005-8.

(44) Hoang, A. T. Prediction of the Density and Viscosity of Biodiesel
and the Influence of Biodiesel Properties on a Diesel Engine Fuel
Supply System. Journal of Marine Engineering & Technology 2021, 20,
299.

(45) Dutta, S. Deoxygenation of Biomass-derived Feedstocks:
Hurdles and Opportunities. ChemSusChem 2012, S (11), 2125—2127.

(46) Hu, L.; Jiang, Y.; Xu, J.; He, A;; Wu, Z; Xu, J. Chemocatalytic
Pathways for High-Efficiency Production of 2, S-Dimethylfuran from
Biomass-Derived S-Hydroxymethylfurfural. Biomass, Biofuels, Biochem-
icals; Elsevier: 2020; pp 377—394. DOI: 10.1016/B978-0-444-64307-
0.00014-7.

(47) Hoang, A. T.; Nguyen, D. C. Properties of DMF-Fossil Gasoline
RON9S Blends in the Consideration as the Alternative Fuel.
International Journal on Advanced Science, Engineering and Information
Technology 2018, 8 (6), 2555—2560.

(48) Liu, H.; Zhang, P.; Liu, X.; Chen, B.; Geng, C.; Li, B.; Wang, H.;
Li, Z.; Yao, M. Laser Diagnostics and Chemical Kinetic Analysis of
PAHs and Soot in Co-Flow Partially Premixed Flames Using Diesel
Surrogate and Oxygenated Additives of N-Butanol and DMF. Combust.
Flame 2018, 188, 129—141.

(49) Szpica, D. Modelling of the Operation of a Dual Mass Flywheel
(DMF) for Different Engine-Related Distortions. Mathematical and
Computer Modelling of Dynamical Systems 2018, 24 (6), 643—660.

(50) Hoang, A. T.; Olger, A. L; Nizetic, S. Prospective Review on the
Application of Biofuel 2,5-Dimethylfuran to Diesel Engine. J. Energy
Inst. 2021, 94, 360.

(51) Hoang, A. T.; Nizeti¢, S.; Olger, A. I. 2,5-Dimethylfuran (DMF)
as a Promising Biofuel for the Spark Ignition Engine Application: A
Comparative Analysis and Review. Fuel 2021, 285, 119140.

(52) Wang, X.; Wang, Y.; Bai, Y.; Wang, P.; Wang, D.; Guo, F. Effects
of 2, S-Dimethylfuran Addition on Morphology, Nanostructure and
Oxidation Reactivity of Diesel Exhaust Particles. Fuel 2019, 253, 731—
740.

(53) Chau, M. Q.; Nguyen, D. C.; Hoang, A. T.; Tran, Q. V.; Pham, V.
V. A Numeral Simulation Determining Optimal Ignition Timing
Advance of SI Engines Using 2.5-Dimethylfuran-Gasoline Blends.
International Journal on Advanced Science, Engineering and Information
Technology 2020, 10 (5), 1933—1938.

(54) Liu, H; Wang, X.; Zhang, D.; Dong, F.; Liu, X; Yang, Y.; Huang,
H.; Wang, Y.; Wang, Q.; Zheng, Z. Investigation on Blending Effects of
Gasoline Fuel with N-Butanol, DMF, and Ethanol on the Fuel
Consumption and Harmful Emissions in a GDI Vehicle. Energies 2019,
12 (10), 1845.

(55) Bui, T. T.; Luu, H. Q; Hoang, A. T.; Konur, O.; Huu, T.; Pham,
M. T. A Review on Ignition Delay Times of 2, 5-Dimethylfuran. Energy
Sources, Part A: Recovery, Utilization, and Environmental Effects 2020, 1—
16.

3109

(56) Nguyen, D. C,; Hoang, A. T,; Tran, Q. V.,; Hadiyanto, H.;
Wattanavichien, K; Pham, V. V. A Review on the Performance,
Combustion, and Emission Characteristics of Spark-Ignition Engine
Fueled With 2,5-Dimethylfuran Compared to Ethanol and Gasoline. J.
Energy Resour. Technol. 2021, 143 (4), 040801.

(57) Qian, Y,; Zhy, L, Wang, Y.; Lu, X. Recent Progress in the
Development of Biofuel 2, 5-Dimethylfuran. Renewable and Sustainable
Energy Reviews 2015, 41, 633—646.

(58) Wang, H.; Zhu, C.; Li, D.; Liu, Q; Tan, J.; Wang, C.; Cai, C.; Ma,
L. Recent Advances in Catalytic Conversion of Biomass to S-
Hydroxymethylfurfural and 2, S-Dimethylfuran. Renewable and
Sustainable Energy Reviews 2019, 103, 227—247.

(59) Tuan Hoang, A.; Nizetic, S.; Viet Pham, V.; Tuan Le, A.; Ga Bui,
V.; Vang Le, V. Combustion and Emission Characteristics of Spark and
Compression Ignition Engine Fueled with 2,5-Dimethylfuran (DMF):
A Comprehensive Review. Fuel 2021, 288, 119757.

(60) Ruane, J.; Sonnino, A.; Agostini, A. Bioenergy and the Potential
Contribution of Agricultural Biotechnologies in Developing Countries.
Biomass and Bioenergy 2010, 34 (10), 1427—1439.

(61) Gémez Milldn, G.; Hellsten, S.; Llorca Piqué, J.; Luque Alvarez
de Sotomayor, R.; Sixta, H.; Balu Balu, A.-M. Recent Advances in the
Catalytic Production of Platform Chemicals from Holocellulosic
Biomass. ChemCatChem 2019, 11 (8), 2022—2042.

(62) Xu, C.; Nasrollahzadeh, M.; Selva, M.; Issaabadi, Z.; Luque, R.
Waste-to-Wealth: Biowaste Valorization into Valuable Bio (Nano)
Materials. Chem. Soc. Rev. 2019, 48 (18), 4791—4822.

(63) Kudakasseril Kurian, J.; Raveendran Nair, G.; Hussain, A.; Vijaya
Raghavan, G.S. Feedstocks, Logistics and Pre-Treatment Processes for
Sustainable Lignocellulosic Biorefineries: A Comprehensive Review.
Renewable and Sustainable Energy Reviews 2013, 25, 205—219.

(64) Cherubini, F.; Ulgiati, S. Crop Residues as Raw Materials for
Biorefinery systems—A LCA Case Study. Applied Energy 2010, 87 (1),
47-57.

(6S) Verkerk, P. J.; Fitzgerald, J. B.; Datta, P.; Dees, M.; Hengeveld, G.
M,; Lindner, M.; Zudin, S. Spatial Distribution of the Potential Forest
Biomass Availability in Europe. Forest Ecosystems 2019, 6 (1), S.

(66) Mathimani, T.; Pugazhendhi, A. Utilization of Algae for Biofuel,
Bio-Products and Bio-Remediation. Biocatalysis and agricultural
biotechnology 2019, 17, 326—330.

(67) Joshi, R.; Ahmed, S. Status and Challenges of Municipal Solid
Waste Management in India: A Review. Cogent Environmental Science
2016, 2 (1), 1139434

(68) Zhang, D; Huang, G.; Xu, Y.; Gong, Q. Waste-to-Energy in
China: Key Challenges and Opportunities. Energies 2015, 8 (12),
14182—14196.

(69) Uckun Kiran, E.; Trzcinski, A. P.; Ng, W. ].; Liu, Y. Bioconversion
of Food Waste to Energy: A Review. Fuel 2014, 134, 389—399.

(70) Aljbour, S. H. Catalytic Pyrolysis of Olive Cake and Domestic
Waste for Biofuel Production. Energy Sources, Part A: Recovery,
Utilization, and Environmental Effects 2018, 40 (23), 2785—2791.

(71) Sanders, J.; Scott, E.; Weusthuis, R.; Mooibroek, H. Bio-refinery
as the Bio-inspired Process to Bulk Chemicals. Macromol. Biosci. 2007,
7 (2), 105-117.

(72) Sharma, K.; Pedersen, T. H.; Toor, S. S.; Schuurman, Y.;
Rosendahl, L. A. Detailed Investigation of Compatibility of Hydro-
thermal Liquefaction Derived Biocrude Oil with Fossil Fuel for
Corefining to Drop-in Biofuels through Structural and Compositional
Analysis. ACS Sustainable Chem. Eng. 2020, 8 (22), 8111—8123.

(73) Hoang, A. T.; Hwai Chyuan, O.; Fattah, I. M. R;; Chong, C. T ;
Chin Kui, C.; Sakthivel, R.; Ok, Y. S. Progress on the Lignocellulosic
Biomass Pyrolysis for Biofuel Production toward Environmental
Sustainability. Fuel Process. Technol. 2021, 223, 106997.

(74) Banerji, A.; Kurian, J.; Kishore, V. V. N.; Balakrishnan, M. The
Evaluation of Two-Stage Chemical Fractionation for the Enhanced
Enzymatic Saccharification of Cellulose in Rice Straw. Energy Sources,
Part A: Recovery, Utilization, and Environmental Effects 2013, 35 (18),
1753—1760.

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1080/07388551.2021.1892580
https://doi.org/10.1039/C8GC00234G
https://doi.org/10.1039/C8GC00234G
https://doi.org/10.1080/01614940.2015.1099894
https://doi.org/10.1080/01614940.2015.1099894
https://doi.org/10.1016/j.biortech.2017.04.026
https://doi.org/10.1016/j.biortech.2017.04.026
https://doi.org/10.1016/j.biortech.2017.04.026
https://doi.org/10.1039/B9PY00233B
https://doi.org/10.1039/B9PY00233B
https://doi.org/10.1039/B9PY00233B
https://doi.org/10.1016/j.indcrop.2016.11.040
https://doi.org/10.1016/j.indcrop.2016.11.040
https://doi.org/10.1016/B978-0-12-815936-1.00005-8
https://doi.org/10.1016/B978-0-12-815936-1.00005-8
https://doi.org/10.1016/B978-0-12-815936-1.00005-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-12-815936-1.00005-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/20464177.2018.1532734
https://doi.org/10.1080/20464177.2018.1532734
https://doi.org/10.1080/20464177.2018.1532734
https://doi.org/10.1002/cssc.201200596
https://doi.org/10.1002/cssc.201200596
https://doi.org/10.1016/B978-0-444-64307-0.00014-7
https://doi.org/10.1016/B978-0-444-64307-0.00014-7
https://doi.org/10.1016/B978-0-444-64307-0.00014-7
https://doi.org/10.1016/B978-0-444-64307-0.00014-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B978-0-444-64307-0.00014-7?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.18517/ijaseit.8.6.7214
https://doi.org/10.18517/ijaseit.8.6.7214
https://doi.org/10.1016/j.combustflame.2017.09.025
https://doi.org/10.1016/j.combustflame.2017.09.025
https://doi.org/10.1016/j.combustflame.2017.09.025
https://doi.org/10.1080/13873954.2018.1521839
https://doi.org/10.1080/13873954.2018.1521839
https://doi.org/10.1016/j.joei.2020.10.004
https://doi.org/10.1016/j.joei.2020.10.004
https://doi.org/10.1016/j.fuel.2020.119140
https://doi.org/10.1016/j.fuel.2020.119140
https://doi.org/10.1016/j.fuel.2020.119140
https://doi.org/10.1016/j.fuel.2019.05.055
https://doi.org/10.1016/j.fuel.2019.05.055
https://doi.org/10.1016/j.fuel.2019.05.055
https://doi.org/10.18517/ijaseit.10.5.13051
https://doi.org/10.18517/ijaseit.10.5.13051
https://doi.org/10.3390/en12101845
https://doi.org/10.3390/en12101845
https://doi.org/10.3390/en12101845
https://doi.org/10.1080/15567036.2020.1860163
https://doi.org/10.1115/1.4048228
https://doi.org/10.1115/1.4048228
https://doi.org/10.1115/1.4048228
https://doi.org/10.1016/j.rser.2014.08.085
https://doi.org/10.1016/j.rser.2014.08.085
https://doi.org/10.1016/j.rser.2018.12.010
https://doi.org/10.1016/j.rser.2018.12.010
https://doi.org/10.1016/j.fuel.2020.119757
https://doi.org/10.1016/j.fuel.2020.119757
https://doi.org/10.1016/j.fuel.2020.119757
https://doi.org/10.1016/j.biombioe.2010.04.011
https://doi.org/10.1016/j.biombioe.2010.04.011
https://doi.org/10.1002/cctc.201801843
https://doi.org/10.1002/cctc.201801843
https://doi.org/10.1002/cctc.201801843
https://doi.org/10.1039/C8CS00543E
https://doi.org/10.1039/C8CS00543E
https://doi.org/10.1016/j.rser.2013.04.019
https://doi.org/10.1016/j.rser.2013.04.019
https://doi.org/10.1016/j.apenergy.2009.08.024
https://doi.org/10.1016/j.apenergy.2009.08.024
https://doi.org/10.1186/s40663-019-0163-5
https://doi.org/10.1186/s40663-019-0163-5
https://doi.org/10.1016/j.bcab.2018.12.007
https://doi.org/10.1016/j.bcab.2018.12.007
https://doi.org/10.1080/23311843.2016.1139434
https://doi.org/10.1080/23311843.2016.1139434
https://doi.org/10.3390/en81212422
https://doi.org/10.3390/en81212422
https://doi.org/10.1016/j.fuel.2014.05.074
https://doi.org/10.1016/j.fuel.2014.05.074
https://doi.org/10.1080/15567036.2018.1511649
https://doi.org/10.1080/15567036.2018.1511649
https://doi.org/10.1002/mabi.200600223
https://doi.org/10.1002/mabi.200600223
https://doi.org/10.1021/acssuschemeng.9b06253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuproc.2021.106997
https://doi.org/10.1016/j.fuproc.2021.106997
https://doi.org/10.1016/j.fuproc.2021.106997
https://doi.org/10.1080/15567036.2012.750398
https://doi.org/10.1080/15567036.2012.750398
https://doi.org/10.1080/15567036.2012.750398
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(75) Howard, J. M. Catalytic Conversion of Sugar Manufacturing by-
Products to S-(Chloromethyl) Furfural and S-(Hydroxymethyl)
Furural. Queensland University of Technology, 2017.

(76) Wyman, C. E. Aqueous Pretreatment of Plant Biomass for Biological
and Chemical Conversion to Fuels and Chemicals; John Wiley & Sons:
2013. DOI: 10.1002/9780470975831.

(77) Chen, W.-H.; Nizeti¢, S.; Sirohi, R.;; Huang, Z.; Hoang, A. T.;
Luque, R.; Papadopoulos, A. M.; Sakthivel, R.; Nguyen, X. P. Liquid
Hot Water as Sustainable Biomass Pretreatment Technique for
Bioenergy Production: A Review. Bioresour. Technol. 2022, 344,
126207.

(78) Steinbach, D.; Kruse, A.; Sauer, J. Pretreatment Technologies of
Lignocellulosic Biomass in Water in View of Furfural and S-
Hydroxymethylfurfural Production-a Review. Biomass Conversion and
Biorefinery 2017, 7 (2), 247—274.

(79) Martel, A. L.; Montaut, S.; Ulibarri, G.; Spiers, G. A. Conversion
of Symphytum Officinale and Panicum Virgatum Plant Extracts to S-
Hydroxymethylfurfural Catalysed by Metal Chlorides in Ionic Liquids.
Can. J. Chem. 2018, 96 (8), 815—820.

(80) Wu, H,; Dai, X.; Zhou, S.-L.; Gan, Y.-Y.; Xiong, Z.-Y.; Qin, Y.-H,;
Ma, J; Yang, L.; Wu, Z.-K.; Wang, T.-L. Ultrasound-Assisted Alkaline
Pretreatment for Enhancing the Enzymatic Hydrolysis of Rice Straw by
Using the Heat Energy Dissipated from Ultrasonication. Bioresource
technology 2017, 241, 70—74.

(81) Shirkavand, E.; Baroutian, S.; Gapes, D. J.; Young, B. R.
Combination of Fungal and Physicochemical Processes for Lignocellu-
losic Biomass pretreatment—A Review. Renewable and Sustainable
Energy Reviews 2016, 54, 217—-234.

(82) da Silva Lacerda, V.; Lépez-Sotelo, J. B.; Correa-Guimaraes, A ;
Hernindez-Navarro, S.; Sidnchez-Bascones, M.; Navas-Gracia, L. M.;
Martin-Ramos, P.; Pérez-Lebena, E.; Martin-Gil, J. A Kinetic Study on
Microwave-Assisted Conversion of Cellulose and Lignocellulosic
Waste into Hydroxymethylfurfural/furfural. Bioresource technology
2015, 180, 88—96.

(83) Hoang, A. T.; Nizeti¢, S.; Ong, H. C.; Mofijur, M.; Ahmed, S. F.;
Ashok, B.; Bui, V. T. V.; Chau, M. Q. Insight into the Recent Advances
of Microwave Pretreatment Technologies for the Conversion of
Lignocellulosic Biomass into Sustainable Biofuel. Chemosphere 2021,
281, 130878.

(84) Irmak, S.; Meryemoglu, B.; Sandip, A.; Subbiah, J.; Mitchell, R.
B.; Sarath, G. Microwave Pretreatment Effects on Switchgrass and
Miscanthus Solubilization in Subcritical Water and Hydrolysate
Utilization for Hydrogen Production. Biomass and Bioenergy 2018,
108, 48—54.

(85) Khan, A. S.; Man, Z.; Bustam, M. A,; Kait, C. F.; Khan, M. L;
Muhammad, N.; Nasrullah, A.; Ullah, Z.; Ahmad, P. Impact of Ball-
Milling Pretreatment on Pyrolysis Behavior and Kinetics of Crystalline
Cellulose. Waste and biomass valorization 2016, 7 (3), 571—581.

(86) Duque, A.; Manzanares, P.; Ballesteros, M. Extrusion as a
Pretreatment for Lignocellulosic Biomass: Fundamentals and Applica-
tions. Renewable energy 2017, 114, 1427—1441.

(87) Kumar, A. K; Sharma, S. Recent Updates on Different Methods
of Pretreatment of Lignocellulosic Feedstocks: A Review. Bioresources
and bioprocessing 2017, 4 (1), 7.

(88) Bak, J. S. Process Evaluation of Electron Beam Irradiation-Based
Biodegradation Relevant to Lignocellulose Bioconversion. SpringerPlus
2014, 3 (1), 487.

(89) Vorobiev, E.; Lebovka, N. Applications of Pulsed Electric Energy
for Biomass Pretreatment in Biorefinery. In Biomass Fractionation
Technologies for a Lignocellulosic Feedstock Based Biorefinery; Elsevier:
2016; pp 151—168. DOI: 10.1016/B978-0-12-802323-5.00007-4.

(90) Hoang, A. T.; Nizetic, S.; Ong, H. C.; Chong, C. T.; Atabani, A.
E.; Pham, V. V. Acid-Based Lignocellulosic Biomass Biorefinery for
Bioenergy Production: Advantages, Application Constraints, and
Perspectives. Journal of Environmental Management 2021, 296, 113194.

(91) Laurens, L. M. L; Nagle, N.; Davis, R; Sweeney, N.; Van
Wychen, S.; Lowell, A.; Pienkos, P. T. Acid-Catalyzed Algal Biomass
Pretreatment for Integrated Lipid and Carbohydrate-Based Biofuels
Production. Green Chem. 2015, 17 (2), 1145—1158.

3110

(92) Chen, H;; Liu, J.; Chang, X.; Chen, D.; Xue, Y.; Liu, P.; Lin, H;
Han, S. A Review on the Pretreatment of Lignocellulose for High-Value
Chemicals. Fuel Process. Technol. 2017, 160, 196—206.

(93) Nguyen, C. V.; Lewis, D.; Chen, W.-H,; Huang, H.-W,;
ALOthman, Z. A.; Yamauchi, Y.; Wy, K. C.-W. Combined Treatments
for Producing S-Hydroxymethylfurfural (HMF) from Lignocellulosic
Biomass. Catal. Today 2016, 278, 344—349.

(94) Marcotullio, G.; De Jong, W. Chloride Ions Enhance Furfural
Formation from D-Xylose in Dilute Aqueous Acidic Solutions. Green
Chem. 2010, 12 (10), 1739—1746.

(95) Kamireddy, S. R; Li, J.; Tucker, M.; Degenstein, J.; Ji, Y. Effects
and Mechanism of Metal Chloride Salts on Pretreatment and
Enzymatic Digestibility of Corn Stover. Ind. Eng. Chem. Res. 2013, 52
(8), 1775—1782.

(96) Vekariya, R. L. A Review of Ionic Liquids: Applications towards
Catalytic Organic Transformations. J. Mol. Liq. 2017, 227, 44—60.

(97) Park, N.; Kim, H.-Y.; Koo, B.-W.; Yeo, H.; Choi, L.-G. Organosolv
Pretreatment with Various Catalysts for Enhancing Enzymatic
Hydrolysis of Pitch Pine (Pinus Rigida). Bioresource technology 2010,
101 (18), 7046—7053.

(98) Yang, G.; Wang, J. Ultrasound Combined with Dilute Acid
Pretreatment of Grass for Improvement of Fermentative Hydrogen
Production. Bioresource technology 2019, 275, 10—18.

(99) Wang, Z.; Qu, L.; Qian, J.; He, Z.; Yi, S. Effects of the Ultrasound-
Assisted Pretreatments Using Borax and Sodium Hydroxide on the
Physicochemical Properties of Chinese Fir. Ultrasonics sonochemistry
2019, 50, 200—207.

(100) Yu, X;; Bao, X.; Zhou, C.; Zhang, L.; Yagoub, A. E.-G. A; Yang,
H.; Ma, H. Ultrasound-Ionic Liquid Enhanced Enzymatic and Acid
Hydrolysis of Biomass Cellulose. Ultrasonics sonochemistry 2018, 41,
410—418.

(101) Yuan, T.-Q.; Xu, F; He, J.; Sun, R.-C. Structural and Physico-
Chemical Characterization of Hemicelluloses from Ultrasound-
Assisted Extractions of Partially Delignified Fast-Growing Poplar
Wood through Organic Solvent and Alkaline Solutions. Biotechnology
advances 2010, 28 (5), 583—593.

(102) Ravindran, R.; Jaiswal, S.; Abu-Ghannam, N.; Jaiswal, A. K.
Evaluation of Ultrasound Assisted Potassium Permanganate Pre-
Treatment of Spent Coffee Waste. Bioresource technology 2017, 224,
680—687.

(103) Jin, L.; Yu, X; Peng, C.; Guo, Y.; Zhang, L.; Xu, Q.; Zhao, Z. K ;
Liu, Y.; Xie, H. Fast Dissolution Pretreatment of the Corn Stover in
Gamma-Valerolactone Promoted by Ionic Liquids: Selective Deligni-
fication and Enhanced Enzymatic Saccharification. Bioresource
technology 2018, 270, 537—544.

(104) Darji, D.; Alias, Y.; Mohd Som, F.; Abd Razak, N. H. Microwave
Heating and Hydrolysis of Rubber Wood Biomass in Ionic Liquids. J.
Chem. Technol. Biotechnol. 2015, 90 (11), 2050—2056.

(105) Chen, Z.; Wan, C. Ultrafast Fractionation of Lignocellulosic
Biomass by Microwave-Assisted Deep Eutectic Solvent Pretreatment.
Bioresource technology 2018, 250, 532—537.

(106) Baral, N. R;; Sundstrom, E. R;; Das, L.; Gladden, J.; Eudes, A.;
Mortimer, J. C.; Singer, S. W.; Mukhopadhyay, A.; Scown, C. D.
Approaches for More Efficient Biological Conversion of Lignocellulosic
Feedstocks to Biofuels and Bioproducts. ACS Sustainable Chem. Eng.
2019, 7 (10), 9062—9079.

(107) Brémond, U.; de Buyer, R;; Steyer, J.-P.; Bernet, N.; Carrere, H.
Biological Pretreatments of Biomass for Improving Biogas Production:
An Overview from Lab Scale to Full-Scale. Renewable and Sustainable
Energy Reviews 2018, 90, 583—604.

(108) Yan, X.; Wang, Z.; Zhang, K; Si, M.; Liu, M.; Chai, L.; Liu, X;
Shi, Y. Bacteria-Enhanced Dilute Acid Pretreatment of Lignocellulosic
Biomass. Bioresource technology 2017, 245, 419—425.

(109) Tuan Hoang, A.; Nizetic, S.; Olcer, A. I; Chyuan Ong, H.
Synthesis Pathway and Combustion Mechanism of a Sustainable
Biofuel 2,5-Dimethylfuran: Progress and Prospective. Fuel 2021, 286,
119337.

(110) Mazzotta, M. G.; Gupta, D.; Saha, B.; Patra, A. K,; Bhaumik, A.;
Abu-Omar, M. M. Efficient Solid Acid Catalyst Containing Lewis and

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1002/9780470975831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biortech.2021.126207
https://doi.org/10.1016/j.biortech.2021.126207
https://doi.org/10.1016/j.biortech.2021.126207
https://doi.org/10.1007/s13399-017-0243-0
https://doi.org/10.1007/s13399-017-0243-0
https://doi.org/10.1007/s13399-017-0243-0
https://doi.org/10.1139/cjc-2017-0663
https://doi.org/10.1139/cjc-2017-0663
https://doi.org/10.1139/cjc-2017-0663
https://doi.org/10.1016/j.biortech.2017.05.090
https://doi.org/10.1016/j.biortech.2017.05.090
https://doi.org/10.1016/j.biortech.2017.05.090
https://doi.org/10.1016/j.rser.2015.10.003
https://doi.org/10.1016/j.rser.2015.10.003
https://doi.org/10.1016/j.biortech.2014.12.089
https://doi.org/10.1016/j.biortech.2014.12.089
https://doi.org/10.1016/j.biortech.2014.12.089
https://doi.org/10.1016/j.chemosphere.2021.130878
https://doi.org/10.1016/j.chemosphere.2021.130878
https://doi.org/10.1016/j.chemosphere.2021.130878
https://doi.org/10.1016/j.biombioe.2017.10.039
https://doi.org/10.1016/j.biombioe.2017.10.039
https://doi.org/10.1016/j.biombioe.2017.10.039
https://doi.org/10.1007/s12649-015-9460-6
https://doi.org/10.1007/s12649-015-9460-6
https://doi.org/10.1007/s12649-015-9460-6
https://doi.org/10.1016/j.renene.2017.06.050
https://doi.org/10.1016/j.renene.2017.06.050
https://doi.org/10.1016/j.renene.2017.06.050
https://doi.org/10.1186/s40643-017-0137-9
https://doi.org/10.1186/s40643-017-0137-9
https://doi.org/10.1186/2193-1801-3-487
https://doi.org/10.1186/2193-1801-3-487
https://doi.org/10.1016/B978-0-12-802323-5.00007-4
https://doi.org/10.1016/B978-0-12-802323-5.00007-4
https://doi.org/10.1016/B978-0-12-802323-5.00007-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jenvman.2021.113194
https://doi.org/10.1016/j.jenvman.2021.113194
https://doi.org/10.1016/j.jenvman.2021.113194
https://doi.org/10.1039/C4GC01612B
https://doi.org/10.1039/C4GC01612B
https://doi.org/10.1039/C4GC01612B
https://doi.org/10.1016/j.fuproc.2016.12.007
https://doi.org/10.1016/j.fuproc.2016.12.007
https://doi.org/10.1016/j.cattod.2016.03.022
https://doi.org/10.1016/j.cattod.2016.03.022
https://doi.org/10.1016/j.cattod.2016.03.022
https://doi.org/10.1039/b927424c
https://doi.org/10.1039/b927424c
https://doi.org/10.1021/ie3019609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3019609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie3019609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2016.11.123
https://doi.org/10.1016/j.molliq.2016.11.123
https://doi.org/10.1016/j.biortech.2010.04.020
https://doi.org/10.1016/j.biortech.2010.04.020
https://doi.org/10.1016/j.biortech.2010.04.020
https://doi.org/10.1016/j.biortech.2018.12.013
https://doi.org/10.1016/j.biortech.2018.12.013
https://doi.org/10.1016/j.biortech.2018.12.013
https://doi.org/10.1016/j.ultsonch.2018.09.017
https://doi.org/10.1016/j.ultsonch.2018.09.017
https://doi.org/10.1016/j.ultsonch.2018.09.017
https://doi.org/10.1016/j.ultsonch.2017.09.003
https://doi.org/10.1016/j.ultsonch.2017.09.003
https://doi.org/10.1016/j.biotechadv.2010.05.016
https://doi.org/10.1016/j.biotechadv.2010.05.016
https://doi.org/10.1016/j.biotechadv.2010.05.016
https://doi.org/10.1016/j.biotechadv.2010.05.016
https://doi.org/10.1016/j.biortech.2016.11.034
https://doi.org/10.1016/j.biortech.2016.11.034
https://doi.org/10.1016/j.biortech.2018.09.083
https://doi.org/10.1016/j.biortech.2018.09.083
https://doi.org/10.1016/j.biortech.2018.09.083
https://doi.org/10.1002/jctb.4516
https://doi.org/10.1002/jctb.4516
https://doi.org/10.1016/j.biortech.2017.11.066
https://doi.org/10.1016/j.biortech.2017.11.066
https://doi.org/10.1021/acssuschemeng.9b01229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b01229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2018.03.103
https://doi.org/10.1016/j.rser.2018.03.103
https://doi.org/10.1016/j.biortech.2017.08.037
https://doi.org/10.1016/j.biortech.2017.08.037
https://doi.org/10.1016/j.fuel.2020.119337
https://doi.org/10.1016/j.fuel.2020.119337
https://doi.org/10.1002/cssc.201402007
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Bronsted Acid Sites for the Production of Furfurals. ChemSusChem
2014, 7 (8), 2342—2350.

(111) Wang, Y.; Prinsen, P.; Triantafyllidis, K. S.; Karakoulia, S. A.;
Trikalitis, P. N.; Yepez, A.; Len, C.; Luque, R. Comparative Study of
Supported Monometallic Catalysts in the Liquid-Phase Hydrogenation
of Furfural: Batch versus Continuous Flow. ACS Sustainable Chem. Eng.
2018, 6 (8), 9831—9844.

(112) Yu, L K. M;; Tsang, D. C. W.; Yip, A. C. K;; Chen, S. S.; Wang,
L,; Ok, Y. S.; Poon, C. S. Catalytic Valorization of Starch-Rich Food
Waste into Hydroxymethylfurfural (HMF): Controlling Relative
Kinetics for High Productivity. Bioresource technology 2017, 237,
222-230.

(113) Carraher, J. M.; Fleitman, C. N.; Tessonnier, J.-P. Kinetic and
Mechanistic Study of Glucose Isomerization Using Homogeneous
Organic Bronsted Base Catalysts in Water. ACS Catal. 2018, 5 (6),
3162—3173.

(114) Mushrif, S. H.; Varghese, J. J.; Vlachos, D. G. Insights into the
Cr (III) Catalyzed Isomerization Mechanism of Glucose to Fructose in
the Presence of Water Using Ab Initio Molecular Dynamics. Physical
chemistry chemical physics 2014, 16 (36), 19564—19572.

(115) Roman-Leshkov, Y.; Moliner, M.; Labinger, J. A.; Davis, M. E.
Mechanism of Glucose Isomerization Using a Solid Lewis Acid Catalyst
in Water. Angew. Chem., Int. Ed. 2010, 49 (47), 8954—8957.

(116) Li, G.; Pidko, E. A.; Hensen, E. J. M. A Periodic DFT Study of
Glucose to Fructose Isomerization on Tungstite (WO3- H20):
Influence of Group IV—VI Dopants and Cooperativity with Hydroxyl
Groups. ACS catalysis 2016, 6 (7), 4162—4169.

(117) Tang, J.; Guo, X.; Zhu, L.; Hu, C. Mechanistic Study of Glucose-
to-Fructose Isomerization in Water Catalyzed by [Al (OH) 2 (Aq)]+.
ACS Catal. 2015, 5 (9), 5097—5103.

(118) Zhang, X.; Hewetson, B. B.; Mosier, N. S. Kinetics of Maleic
Acid and Aluminum Chloride Catalyzed Dehydration and Degradation
of Glucose. Energy Fuels 2015, 29 (4), 2387—2393.

(119) Kreissl, H. T.; Nakagawa, K.; Peng, Y.-K.; Koito, Y.; Zheng, J.;
Tsang, S. C. E. Niobium Oxides: Correlation of Acidity with Structure
and Catalytic Performance in Sucrose Conversion to S-Hydroxyme-
thylfurfural. Journal of catalysis 2016, 338, 329—339.

(120) Li, X; Peng, K; Liu, X,; Xia, Q;; Wang, Y. Comprehensive
Understanding of the Role of Bronsted and Lewis Acid Sites in Glucose
Conversion into S-Hydromethylfurfural. ChemCatChem. 2017, 9 (14),
2739-2746.

(121) Moreno-Recio, M.; Santamaria-Gonzalez, J.; Maireles-Torres,
P. Bronsted and Lewis Acid ZSM-S Zeolites for the Catalytic
Dehydration of Glucose into S-Hydroxymethylfurfural. Chemical
Engineering Journal 2016, 303, 22—30.

(122) Li, X; Jia, P; Wang, T. Furfural: A Promising Platform
Compound for Sustainable Production of C4 and CS Chemicals. ACS
catalysis 2016, 6 (11), 7621—7640.

(123) Liu, X.; Leong, D. C. Y.; Sun, Y. The Production of Valuable
Biopolymer Precursors from Fructose. Green Chem. 2020, 22 (19),
6531—-6539.

(124) Bozell, J. J.; Petersen, G. R. Technology Development for the
Production of Biobased Products from Biorefinery Carbohydrates—
the US Department of Energy’s “Top 10” Revisited. Green Chem. 2010,
12 (4), 539—554.

(125) Chidambaram, M.; Bell, A. T. A Two-Step Approach for the
Catalytic Conversion of Glucose to 2, 5-Dimethylfuran in Ionic Liquids.
Green Chem. 2010, 12 (7), 1253—1262.

(126) Verevkin, S. P.; Emel’yanenko, V. N.; Stepurko, E. N.; Ralys, R.
V.; Zaitsau, D. H.; Stark, A. Biomass-Derived Platform Chemicals:
Thermodynamic Studies on the Conversion of S-Hydroxymethylfur-
fural into Bulk Intermediates. Industrial & engineering chemistry research
2009, 48 (22), 10087—10093.

(127) Goyal, R.; Sarkar, B.; Bag, A.; Siddiqui, N.; Dumbre, D.; Lucas,
N.; Bhargava, S. K.; Bordoloi, A. Studies of Synergy between Metal—
support Interfaces and Selective Hydrogenation of HMF to DMF in
Water. J. Catal. 2016, 340, 248—260.

(128) Mani, C. M.; Braun, M.; Molinari, V.; Antonietti, M.; Fechler,
N. A High-Throughput Composite Catalyst Based on Nickel Carbon

3111

Cubes for the Hydrogenation of 5-Hydroxymethylfurfural to 2, 5-
Dimethylfuran. ChemCatChem. 2017, 9 (17), 3388—3394.

(129) Dou, Y.; Zhou, S; Oldani, C; Fang, W,; Cao, Q. S-
Hydroxymethylfurfural Production from Dehydration of Fructose
Catalyzed by Aquivion@ Silica Solid Acid. Fuel 2018, 214, 45—54.

(130) Chatterjee, C.; Pong, F; Sen, A. Chemical Conversion
Pathways for Carbohydrates. Green Chem. 2015, 17 (1), 40—71.

(131) Zhu, C.; Liu, Q; Li, D.; Wang, H.; Zhang, C.; Cui, C.; Chen, L.;
Cai, C; Ma, L. Selective Hydrodeoxygenation of S-Hydroxymethyl-
furfural to 2, S-Dimethylfuran over Ni Supported on Zirconium
Phosphate Catalysts. ACS omega 2018, 3 (7), 7407—7417.

(132) Nagpure, A. S.; Lucas, N.; Chilukuri, S. V. Efficient Preparation
of Liquid Fuel 2, 5-Dimethylfuran from Biomass-Derived 5-
Hydroxymethylfurfural over Ru—NaY Catalyst. ACS Sustainable
Chem. Eng. 2015, 3 (11), 2909—2916.

(133) Xiang, X.; Cui, J.; Ding, G.; Zheng, H.; Zhu, Y.; Li, Y. One-Step
Continuous Conversion of Fructose to 2, 5-Dihydroxymethylfuran and
2, S-Dimethylfuran. ACS Sustainable Chem. Eng. 2016, 4 (9), 4506—
4510.

(134) Pérez-Bustos, H. F.; Lucio-Ortiz, C. J.; de la Rosa, J. R.; del Rio,
D. A. de H,; Sandoval-Rangel, L.; Martinez-Vargas, D. X.; Maldonado,
C. S.; Rodriguez-Gonzélez, V.; Garza-Navarro, M. A.; Morales-Leal, F.
J. Synthesis and Characterization of Bimetallic Catalysts Pd-Ru and Pt-
Ru Supported on y-Alumina and Zeolite FAU for the Catalytic
Transformation of HMF. Fuel 2019, 239, 191-201.

(135) Kong, X.; Zhu, Y.; Zheng, H.; Zhu, Y.; Fang, Z. Inclusion of Zn
into Metallic Ni Enables Selective and Effective Synthesis of 2, -
Dimethylfuran from Bioderived S-Hydroxymethylfurfural. ACS Sus-
tainable Chem. Eng. 2017, S (12), 11280—11289.

(136) Guo, D.; Liu, X;; Cheng, F.; Zhao, W.; Wen, S.; Xiang, Y.; Xu,
Q.; Yu, N,; Yin, D. Selective Hydrogenolysis of 5-Hydroxymethylfur-
fural to Produce Biofuel 2, 5-Dimethylfuran over Ni/ZSM-$ Catalysts.
Fuel 2020, 274, 117853.

(137) Chen, N.; Zhu, Z.; Ma, H.; Liao, W.; Lii, H. Catalytic Upgrading
of Biomass-Derived S-Hydroxymethylfurfural to Biofuel 2, 5-
Dimethylfuran over Beta Zeolite Supported Non-Noble Co Catalyst.
Molecular Catalysis 2020, 486, 110882.

(138) Zhang, J; Lin, L, Liu, S. Efficient Production of Furan
Derivatives from a Sugar Mixture by Catalytic Process. Energy Fuels
2012, 26 (7), 4560—4567.

(139) Luo, J; Arroyo-Ramirez, L.; Wei, J.; Yun, H.; Murray, C. B,;
Gorte, R. J. Comparison of HMF Hydrodeoxygenation over Different
Metal Catalysts in a Continuous Flow Reactor. Applied Catalysis A:
General 2015, 508, 86—93.

(140) Tzeng, T.-W,; Lin, C.-Y.; Pao, C.-W.; Chen, J.-L.; Nuguid, R. J.
G.; Chung, P.-W. Understanding Catalytic Hydrogenolysis of 5-
Hydroxymethylfurfural (HMF) to 2, S-Dimethylfuran (DMF) Using
Carbon Supported Ru Catalysts. Fuel Process. Technol. 2020, 199,
106225.

(141) Gyngazova, M. S.; Negahdar, L.; Blumenthal, L. C.; Palkovits, R.
Experimental and Kinetic Analysis of the Liquid Phase Hydro-
deoxygenation of S-Hydroxymethylfurfural to 2, S-Dimethylfuran
over Carbon-Supported Nickel Catalysts. Chem. Eng. Sci. 2017, 173,
455—464.

(142) Li, J;; Liu, J.; Liu, H;; Xu, G.; Zhang, J; Liu, J.; Zhou, G.; Li, Q;
Xu, Z.; Fu, Y. Selective Hydrodeoxygenation of 5-Hydroxymethylfur-
fural to 2, S5-Dimethylfuran over Heterogeneous Iron Catalysts.
ChemSusChem 2017, 10 (7), 1436—1447.

(143) Hansen, T. S.; Barta, K.; Anastas, P. T.; Ford, P. C.; Riisager, A.
One-Pot Reduction of 5-Hydroxymethylfurfural via Hydrogen Transfer
from Supercritical Methanol. Green Chem. 2012, 14 (9), 2457—2461.

(144) Li, H,; Zhao, W,; Riisager, A.; Saravanamurugan, S.; Wang, Z.;
Fang, Z.; Yang, S. A Pd-Catalyzed in Situ Domino Process for Mild and
Quantitative Production of 2, 5-Dimethylfuran Directly from
Carbohydrates. Green Chem. 2017, 19 (9), 2101—2106.

(145) Ji, K.; Shen, C.; Yin, J.; Feng, X.; Lei, H.; Chen, Y.; Cai, N.; Tan,
T. Highly Selective Production of 2, 5-Dimethylfuran from Fructose
through Tailoring of Catalyst Wettability. Ind. Eng. Chem. Res. 2019, 58
(25), 10844—10854.

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1002/cssc.201402007
https://doi.org/10.1021/acssuschemeng.8b00984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biortech.2017.01.017
https://doi.org/10.1016/j.biortech.2017.01.017
https://doi.org/10.1016/j.biortech.2017.01.017
https://doi.org/10.1021/acscatal.5b00316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CP02095B
https://doi.org/10.1039/C4CP02095B
https://doi.org/10.1039/C4CP02095B
https://doi.org/10.1002/anie.201004689
https://doi.org/10.1002/anie.201004689
https://doi.org/10.1021/acscatal.6b00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef502461s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef502461s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef502461s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2016.03.007
https://doi.org/10.1016/j.jcat.2016.03.007
https://doi.org/10.1016/j.jcat.2016.03.007
https://doi.org/10.1002/cctc.201601203
https://doi.org/10.1002/cctc.201601203
https://doi.org/10.1002/cctc.201601203
https://doi.org/10.1016/j.cej.2016.05.120
https://doi.org/10.1016/j.cej.2016.05.120
https://doi.org/10.1021/acscatal.6b01838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01838?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0GC02315A
https://doi.org/10.1039/D0GC02315A
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/c004343e
https://doi.org/10.1039/c004343e
https://doi.org/10.1021/ie901012g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie901012g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie901012g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2016.05.012
https://doi.org/10.1016/j.jcat.2016.05.012
https://doi.org/10.1016/j.jcat.2016.05.012
https://doi.org/10.1002/cctc.201700506
https://doi.org/10.1002/cctc.201700506
https://doi.org/10.1002/cctc.201700506
https://doi.org/10.1016/j.fuel.2017.10.124
https://doi.org/10.1016/j.fuel.2017.10.124
https://doi.org/10.1016/j.fuel.2017.10.124
https://doi.org/10.1039/C4GC01062K
https://doi.org/10.1039/C4GC01062K
https://doi.org/10.1021/acsomega.8b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b00857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2018.10.001
https://doi.org/10.1016/j.fuel.2018.10.001
https://doi.org/10.1016/j.fuel.2018.10.001
https://doi.org/10.1021/acssuschemeng.7b01813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b01813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b01813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2020.117853
https://doi.org/10.1016/j.fuel.2020.117853
https://doi.org/10.1016/j.mcat.2020.110882
https://doi.org/10.1016/j.mcat.2020.110882
https://doi.org/10.1016/j.mcat.2020.110882
https://doi.org/10.1021/ef300606v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef300606v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcata.2015.10.009
https://doi.org/10.1016/j.apcata.2015.10.009
https://doi.org/10.1016/j.fuproc.2019.106225
https://doi.org/10.1016/j.fuproc.2019.106225
https://doi.org/10.1016/j.fuproc.2019.106225
https://doi.org/10.1016/j.ces.2017.07.045
https://doi.org/10.1016/j.ces.2017.07.045
https://doi.org/10.1016/j.ces.2017.07.045
https://doi.org/10.1002/cssc.201700105
https://doi.org/10.1002/cssc.201700105
https://doi.org/10.1039/c2gc35667h
https://doi.org/10.1039/c2gc35667h
https://doi.org/10.1039/C7GC00580F
https://doi.org/10.1039/C7GC00580F
https://doi.org/10.1039/C7GC00580F
https://doi.org/10.1021/acs.iecr.9b01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(146) Talpade, A. D.; Tiwari, M. S; Yadav, G. D. Selective
Hydrogenation of Bio-Based S-Hydroxymethyl Furfural to 2, 5-
Dimethylfuran over Magnetically Separable Fe-Pd/C Bimetallic
Nanocatalyst. Molecular Catalysis 2019, 465, 1—185.

(147) Zhang, F,; Liu, Y.; Yuan, F; Niu, X; Zhu, Y. Efficient
Production of the Liquid Fuel 2, S-Dimethylfuran from S-Hydrox-
ymethylfurfural in the Absence of Acid Additive over Bimetallic PdAu
Supported on Graphitized Carbon. Energy Fuels 2017, 31 (6), 6364—
6373.

(148) Yang, J.-H.; Sun, G; Gao, Y.; Zhao, H.; Tang, P.; Tan, J.; Lu, A.-
H.; Ma, D. Direct Catalytic Oxidation of Benzene to Phenol over Metal-
Free Graphene-Based Catalyst. Energy Environ. Sci. 2013, 6 (3), 793—
798.

(149) Saha, B.; Bohn, C. M.; Abu-Omar, M. M. Zinc-assisted
Hydrodeoxygenation of Biomass-derived 5-hydroxymethylfurfural to 2,
S-dimethylfuran. ChemSusChem 2014, 7 (11), 3095—3101.

(150) Wang, J; Ren, J; Liu, X; Lu, G; Wang, Y. High Yield
Production and Purification of S-hydroxymethylfurfural. AICKE J.
2013, 59 (7), 2558—2566.

(151) Gawade, A. B; Tiwari, M. S,; Yadav, G. D. Biobased Green
Process: Selective Hydrogenation of 5-Hydroxymethylfurfural to 2, S-
Dimethyl Furan under Mild Conditions Using Pd-Cs2. SHO.
SPW12040/K-10 Clay. ACS Sustainable Chem. Eng. 2016, 4 (8),
4113—4123.

(152) Liao, W.; Zhu, Z.; Chen, N.; Su, T.; Deng, C.; Zhao, Y.; Ren, W,;
Li, H. Highly Active Bifunctional Pd-Co9S8/S-CNT Catalysts for
Selective Hydrogenolysis of S-Hydroxymethylfurfural to 2, 5-
Dimethylfuran. Molecular Catalysis 2020, 482, 110756.

(153) Romén-Leshkov, Y.; Barrett, C. J.; Liu, Z. Y.; Dumesic, J. A.
Production of Dimethylfuran for Liquid Fuels from Biomass-Derived
Carbohydrates. Nature 2007, 447 (7147), 982.

(154) De, S.; Dutta, S.; Saha, B. One-pot Conversions of
Lignocellulosic and Algal Biomass into Liquid Fuels. ChemSusChem
2012, S (9), 1826—1833.

(155) Luo, J.; Arroyo-Ramirez, L.; Gorte, R. J.; Tzoulaki, D.; Vlachos,
D. G. Hydrodeoxygenation of HMF over Pt/C in a Continuous Flow
Reactor. AICKE J. 2015, 61 (2), 590—597.

(156) Zu, Y.; Yang, P.; Wang, J.; Liu, X;; Ren, J.; Lu, G.; Wang, Y.
Efficient Production of the Liquid Fuel 2, 5-Dimethylfuran from S-
Hydroxymethylfurfural over Ru/Co304 Catalyst. Applied Catalysis B:
Environmental 2014, 146, 244—248.

(157) Esen, M.; Akmaz, S.; Kog, S. N; Giirkaynak, M. A. The
Hydrogenation of S-Hydroxymethylfurfural (HMF) to 2, S-Dimethyl-
furan (DMF) with Sol—gel Ru-Co/SiO 2 Catalyst. J. Sol-Gel Sci.
Technol. 2019, 91 (3), 664—672.

(158) Gao, Z.; Fan, G.; Liu, M.; Yang, L.; Li, F. Dandelion-like Cobalt
Oxide Microsphere-Supported RuCo Bimetallic Catalyst for Highly
Efficient Hydrogenolysis of 5-Hydroxymethylfurfural. Applied Catalysis
B: Environmental 2018, 237, 649—659.

(159) Dutta, S.; Bhat, N. S.; Vinod, N. Oxidation and Reduction of
Biomass-Derived S-(Hydroxymethyl) Furfural and Levulinic Acid by
Nanocatalysis. Advanced Heterogeneous Catalysts Vol. 1: Applications at
the Nano-Scale; ACS Publications: 2020; pp 239—259. DOI: 10.1021/
bk-2020-1359.ch008.

(160) Panagiotopoulou, P.; Martin, N.; Vlachos, D. G. Effect of
Hydrogen Donor on Liquid Phase Catalytic Transfer Hydrogenation of
Furfural over a Ru/Ru02/C Catalyst. J. Mol. Catal. A Chem. 2014, 392,
223-228.

(161) Makhubela, B. C. E.; Darkwa, J. The Role of Noble Metal
Catalysts in Conversion of Biomass and Bio-Derived Intermediates to
Fuels and Chemicals. Johnson Matthey Technology Review 2018, 62 (1),
4-31.

(162) Jae, J.; Zheng, W.; Lobo, R. F.; Vlachos, D. G. Production of
Dimethylfuran from Hydroxymethylfurfural through Catalytic Transfer
Hydrogenation with Ruthenium Supported on Carbon. ChemSusChem
2013, 6 (7), 1158—1162.

(163) Jae, J.; Zheng, W.; Karim, A. M.; Guo, W.; Lobo, R. F.; Vlachos,
D. G. The Role of Ru and RuO2 in the Catalytic Transfer

3112

Hydrogenation of S-hydroxymethylfurfural for the Production of 2, 5-
dimethylfuran. ChemCatChem. 2014, 6 (3), 848—856.

(164) Raut, A. B; Nanda, B; Parida, K. M;; Bhanage, B. M.
Hydrogenolysis of Biomass-Derived S-Hydroxymethylfurfural to
Produce 2, 5-Dimethylfuran Over Ru-ZrO2-MCM-41 Catalyst.
ChemistrySelect 2019, 4 (20), 6080—6089.

(165) Carmiel-Kostan, M.; Nijem, S.; Dery, S.; Horesh, G.; Gross, E.
Composition—Reactivity Correlations in Platinum—Cobalt Nano-
porous Network as Catalyst for Hydrodeoxygenation of S-Hydrox-
ymethylfurfural. . Phys. Chem. C 2019, 123 (50), 30274—30282.

(166) Wang, G.-H.; Hilgert, J.; Richter, F. H.; Wang, F.; Bongard, H.-
J; Spliethoff, B.; Weidenthaler, C.; Schiith, F. Platinum—cobalt
Bimetallic Nanoparticles in Hollow Carbon Nanospheres for Hydro-
genolysis of S-Hydroxymethylfurfural. Nat. Mater. 2014, 13 (3), 293—
300.

(167) Wang, X.; Liu, Y.; Liang, X. Hydrogenolysis of S-
Hydroxymethylfurfural to 2,5-Dimethylfuran over Supported Pt—Co
Bimetallic Catalysts under Mild Conditions. Green Chem. 2018, 20
(12), 2894—2902.

(168) Chimentao, R. J.; Oliva, H.; Belmar, J.; Morales, K.; Miki-
Arvela, P.; Warn3, J.; Murzin, D. Y,; Fierro, J. L. G.; Llorca, J.; Ruiz, D.
Selective Hydrodeoxygenation of Biomass Derived S-Hydroxymethyl-
furfural over Silica Supported Iridium Catalysts. Applied Catalysis B:
Environmental 2019, 241, 270—283.

(169) Chatterjee, M.; Ishizaka, T.; Kawanami, H. Hydrogenation of 5-
Hydroxymethylfurfural in Supercritical Carbon Dioxide—water: A
Tunable Approach to Dimethylfuran Selectivity. Green Chem. 2014, 16
(3), 1543—1551.

(170) Kong, X.; Zhu, Y.; Zheng, H.; Dong, F.; Zhu, Y.; Li, Y.-W.
Switchable Synthesis of 2, S-Dimethylfuran and 2, 5-Dihydroxyme-
thyltetrahydrofuran from S5-Hydroxymethylfurfural over Raney Ni
Catalyst. Rsc Advances 2014, 4 (105), 60467—60472.

(171) Huang, Y.; Chen, M.; Yan, L.; Guo, Q; Fu, Y. Nickel-Tungsten
Carbide Catalysts for the Production of 2, S-Dimethylfuran from
Biomass-Derived Molecules. ChemSusChem 2014, 7 (4), 1068—1072.

(172) Yang, Y.; Liu, Q; Li, D,; Tan, J.; Zhang, Q.; Wang, C.; Ma, L.
Selective Hydrodeoxygenation of S-Hydroxymethylfurfural to 2, 5-
Dimethylfuran on Ru—MoO x/C Catalysts. RSC Adv. 2017, 7 (27),
16311-16318.

(173) Kong, X.; Zheng, R;; Zhy, Y,; Ding, G,; Zhu, Y,; Li, Y.-W.
Rational Design of Ni-Based Catalysts Derived from Hydrotalcite for
Selective Hydrogenation of S-Hydroxymethylfurfural. Green Chem.
2015, 17 (4), 2504—2514.

(174) Sun, Y.; Xiong, C.; Liu, Q.; Zhang, J.; Tang, X.; Zeng, X.; Liu, S.;
Lin, L. Catalytic Transfer Hydrogenolysis/Hydrogenation of Biomass-
Derived S-Formyloxymethylfurfural to 2, S-Dimethylfuran Over Ni—
Cu Bimetallic Catalyst with Formic Acid As a Hydrogen Donor. Ind.
Eng. Chem. Res. 2019, 58 (14), 5414—5422.

(175) Brzezihska, M.; Keller, N.; Ruppert, A. M. Self-Tuned
Properties of CuZnO Catalysts for Hydroxymethylfurfural Hydro-
deoxygenation towards Dimethylfuran Production. Catalysis Science &
Technology 2020, 10, 658.

(176) Li, J.; Zhang, J.; Liu, H; Liv, J.; Xu, G.; Liu, J.; Sun, H.; Fu, Y.
Graphitic Carbon Nitride (g-C3N4)-derived Fe-N-C Catalysts for
Selective Hydrodeoxygenation of S-Hydroxymethylfurfural to 2, 5-
Dimethylfuran. ChemistrySelect 2017, 2 (34), 11062—11070.

(177) Shang, Y.; Liu, C.; Zhang, Z.; Wang, S.; Zhao, C; Yin, X;
Zhang, P; Liu, D.; Gui, J. Insights into the Synergistic Effect in Pd
Immobilized to MOF-Derived Co-CoO X@ N-Doped Carbon for
Efficient Selective Hydrogenolysis of S-Hydroxylmethylfurfural. Ind.
Eng. Chem. Res. 2020, 59 (14), 6532—6542.

(178) Li, D.; Liu, Q.; Zhy, C.; Wang, H.; Cui, C,; Wang, C.; Ma, L.
Selective Hydrogenolysis of S-Hydroxymethylfurfural to 2, 5-
Dimethylfuran over Co304 Catalyst by Controlled Reduction. Journal
of energy chemistry 2019, 30, 34—41.

(179) Chen, B; Li, F.; Huang, Z.; Yuan, G. Carbon-Coated Cu-Co
Bimetallic Nanoparticles as Selective and Recyclable Catalysts for
Production of Biofuel 2, S-Dimethylfuran. Applied Catalysis B:
Environmental 2017, 200, 192—199.

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1016/j.mcat.2018.12.009
https://doi.org/10.1016/j.mcat.2018.12.009
https://doi.org/10.1016/j.mcat.2018.12.009
https://doi.org/10.1016/j.mcat.2018.12.009
https://doi.org/10.1021/acs.energyfuels.7b00428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00428?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3ee23623d
https://doi.org/10.1039/c3ee23623d
https://doi.org/10.1002/cssc.201402530
https://doi.org/10.1002/cssc.201402530
https://doi.org/10.1002/cssc.201402530
https://doi.org/10.1002/aic.14019
https://doi.org/10.1002/aic.14019
https://doi.org/10.1021/acssuschemeng.6b00426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mcat.2019.110756
https://doi.org/10.1016/j.mcat.2019.110756
https://doi.org/10.1016/j.mcat.2019.110756
https://doi.org/10.1038/nature05923
https://doi.org/10.1038/nature05923
https://doi.org/10.1002/cssc.201200031
https://doi.org/10.1002/cssc.201200031
https://doi.org/10.1002/aic.14660
https://doi.org/10.1002/aic.14660
https://doi.org/10.1016/j.apcatb.2013.04.026
https://doi.org/10.1016/j.apcatb.2013.04.026
https://doi.org/10.1007/s10971-019-05047-7
https://doi.org/10.1007/s10971-019-05047-7
https://doi.org/10.1007/s10971-019-05047-7
https://doi.org/10.1016/j.apcatb.2018.06.026
https://doi.org/10.1016/j.apcatb.2018.06.026
https://doi.org/10.1016/j.apcatb.2018.06.026
https://doi.org/10.1021/bk-2020-1359.ch008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2020-1359.ch008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2020-1359.ch008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2020-1359.ch008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2020-1359.ch008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcata.2014.05.016
https://doi.org/10.1016/j.molcata.2014.05.016
https://doi.org/10.1016/j.molcata.2014.05.016
https://doi.org/10.1595/205651317X696261
https://doi.org/10.1595/205651317X696261
https://doi.org/10.1595/205651317X696261
https://doi.org/10.1002/cssc.201300288
https://doi.org/10.1002/cssc.201300288
https://doi.org/10.1002/cssc.201300288
https://doi.org/10.1002/cctc.201300945
https://doi.org/10.1002/cctc.201300945
https://doi.org/10.1002/cctc.201300945
https://doi.org/10.1002/slct.201901145
https://doi.org/10.1002/slct.201901145
https://doi.org/10.1021/acs.jpcc.9b07453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b07453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b07453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3872
https://doi.org/10.1038/nmat3872
https://doi.org/10.1038/nmat3872
https://doi.org/10.1039/C8GC00716K
https://doi.org/10.1039/C8GC00716K
https://doi.org/10.1039/C8GC00716K
https://doi.org/10.1016/j.apcatb.2018.09.026
https://doi.org/10.1016/j.apcatb.2018.09.026
https://doi.org/10.1039/c3gc42145g
https://doi.org/10.1039/c3gc42145g
https://doi.org/10.1039/c3gc42145g
https://doi.org/10.1039/C4RA09550B
https://doi.org/10.1039/C4RA09550B
https://doi.org/10.1039/C4RA09550B
https://doi.org/10.1002/cssc.201301356
https://doi.org/10.1002/cssc.201301356
https://doi.org/10.1002/cssc.201301356
https://doi.org/10.1039/C7RA00605E
https://doi.org/10.1039/C7RA00605E
https://doi.org/10.1039/C5GC00062A
https://doi.org/10.1039/C5GC00062A
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CY01917K
https://doi.org/10.1039/C9CY01917K
https://doi.org/10.1039/C9CY01917K
https://doi.org/10.1002/slct.201701966
https://doi.org/10.1002/slct.201701966
https://doi.org/10.1002/slct.201701966
https://doi.org/10.1021/acs.iecr.9b07099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b07099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b07099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jechem.2018.03.008
https://doi.org/10.1016/j.jechem.2018.03.008
https://doi.org/10.1016/j.apcatb.2016.07.004
https://doi.org/10.1016/j.apcatb.2016.07.004
https://doi.org/10.1016/j.apcatb.2016.07.004
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(180) Akmaz, S.; Esen, M.; Sezgin, E.; Koc, S. N. Efficient Manganese
Decorated Cobalt Based Catalysts for Hydrogenation of S-hydrox-
ymethylfurfural (HMF) to 2, S-Dimethylfuran (DMF) Biofuel.
Canadian Journal of Chemical Engineering 2020, 98 (1), 138—146.

(181) Chen, N.; Zhu, Z; Su, T.; Liao, W.; Deng, C.; Ren, W.; Zhao, Y.;
Lii, H. Catalytic Hydrogenolysis of Hydroxymethylfurfural to Highly
Selective 2, S-Dimethylfuran over FeCoNi/h-BN Catalyst. Chemical
Engineering Journal 2020, 381, 1227585.

(182) Seemala, B.; Cai, C. M.; Wyman, C. E.; Christopher, P. Support
Induced Control of Surface Composition in Cu—Ni/TiO2 Catalysts
Enables High Yield Co-Conversion of HMF and Furfural to Methylated
Furans. ACS Catal. 2017, 7 (6), 4070—4082.

(183) Ma, N; Song, Y.; Han, F.; Waterhouse, G. I. N; Li, Y.; Ai, S.
Multifunctional NiCoTi Catalyst Derived from Layered Double
Hydroxides for Selective Hydrogenation of 5-Hydroxymethylfurfural
to 2, S-Dimethylfuran. Catal. Lett. 2021, 151 (2), 517—525.

(184) Esteves, L. M.; Brijaldo, M. H,; Oliveira, E. G.; Martinez, J. J;
Rojas, H.; Caytuero, A.; Passos, F. B. Effect of Support on Selective S-
Hydroxymethylfurfural Hydrogenation towards 2, S-Dimethylfuran
over Copper Catalysts. Fuel 2020, 270, 117524.

(185) Zhang, Q.; Zuo, J.; Peng, F.; Chen, S.; Wang, Q.; Liu, Z. A Non-
Noble Monometallic Catalyst Derived from Cu—MOFs for Highly
Selective Hydrogenation of S-Hydroxymethylfurfural to 2, 5-
Dimethylfuran. Chem. Select 2019, 4 (46), 13517—13524.

(186) Sarkar, C.; Koley, P.; Shown, L; Lee, J.; Liao, Y.-F,; An, K;
Tardio, J.; Nakka, L.; Chen, K.-H.; Mondal, J. Integration of Interfacial
and Alloy Effects to Modulate Catalytic Performance of Metal—
Organic-Framework-Derived Cu—Pd Nanocrystals toward Hydro-
genolysis of S-Hydroxymethylfurfural. ACS Sustainable Chem. Eng.
2019, 7 (12), 10349—10362.

(187) Insyani, R;; Verma, D.; Cahyadi, H. S.; Kim, S. M.; Kim, S. K;
Karanwal, N.; Kim, J. One-Pot Di-and Polysaccharides Conversion to
Highly Selective 2, S-Dimethylfuran over Cu-Pd/Amino-Function-
alized Zr-Based Metal-Organic Framework (UiO-66 (NH2))@ SGO
Tandem Catalyst. Applied Catalysis B: Environmental 2019, 243, 337—
354.

(188) Insyani, R;; Verma, D.; Kim, S. M.; Kim, J. Direct One-Pot
Conversion of Monosaccharides into High-Yield 2, S-Dimethylfuran
over a Multifunctional Pd/Zr-Based Metal—organic Framework@
Sulfonated Graphene Oxide Catalyst. Green Chem. 2017, 19 (11),
2482—2490.

(189) Vermoortele, F.; Bueken, B.; Le Bars, G.; Van de Voorde, B.;
Vandichel, M.; Houthoofd, K.; Vimont, A.; Daturi, M.; Waroquier, M.;
Van Speybroeck, V. Synthesis Modulation as a Tool to Increase the
Catalytic Activity of Metal—organic Frameworks: The Unique Case of
Ui0-66 (Zr). J. Am. Chem. Soc. 2013, 135 (31), 11465—11468.

(190) Rimoldi, M.; Howarth, A. J.; DeStefano, M. R; Lin, L.;
Goswami, S.; Li, P.; Hupp, J. T.; Farha, O. K. Catalytic Zirconium/
hafnium-Based Metal—organic Frameworks. ACS Catal. 2017, 7 (2),
997—-1014.

(191) Kwon, Y.; Birdja, Y. Y.; Raoufmoghaddam, S.; Koper, M. T. M.
Electrocatalytic Hydrogenation of S-Hydroxymethylfurfural in Acidic
Solution. ChemSusChem 2015, 8 (10), 1745—1751.

(192) Nilges, P.; Schréder, U. Electrochemistry for Biofuel
Generation: Production of Furans by Electrocatalytic Hydrogenation
of Furfurals. Energy Environ. Sci. 2013, 6 (10), 2925—2931.

(193) Yu, X.; Wen, Y.; Yuan, T.; Li, G. Effective Production of 2, 5-
Dimethylfuran from Biomass—derived S-Hydroxymethylfurfural on
ZrO2-doped Graphite Electrode. ChemistrySelect 2017, 2 (3), 1237—
1240.

(194) Zhang, Y.-R.; Wang, B.-X; Qin, L,; Li, Q;; Fan, Y.-M. A Non-
Noble Bimetallic Alloy in the Highly Selective Electrochemical
Synthesis of the Biofuel 2, 5-Dimethylfuran from S-Hydroxymethyl-
furfural. Green Chem. 2019, 21 (5), 1108—1113.

(195) Xu, S;; Zhou, P.; Zhang, Z.; Yang, C.; Zhang, B.; Deng, K;
Bottle, S.; Zhu, H. Selective Oxidation of 5-Hydroxymethylfurfural to 2,
S-Furandicarboxylic Acid Using O2 and a Photocatalyst of Co-
Thioporphyrazine Bonded to G-C3N4. J. Am. Chem. Soc. 2017, 139
(41), 14775—-14782.

3113

(196) Zhang, H.; Feng, Z.; Zhu, Y.; Wu, Y.; Wu, T. Photocatalytic
Selective Oxidation of Biomass-Derived 5-Hydroxymethylfurfural to 2,
S-Diformylfuran on WO3/g-C3N4 Composite under Irradiation of
Visible Light. J. Photochem. Photobiol,, A 2019, 371, 1-9.

(197) Hu, L.; He, A; Liu, X; Xia, J.; Xu, J.; Zhou, S.; Xu, J. Biocatalytic
Transformation of 5-Hydroxymethylfurfural into High-Value Deriva-
tives: Recent Advances and Future Aspects. ACS Sustainable Chem. Eng.
2018, 6 (12), 15915—15935.

(198) Jia, H.; Zong, M.; Zheng, G.; Li, N. One-Pot Enzyme Cascade
for Controlled Synthesis of Furancarboxylic Acids from S-Hydrox-
ymethylfurfural by H202 Internal Recycling. ChemSusChem 2019, 12
(21), 4764—4768.

(199) Mascal, M.; Nikitin, E. B. High-Yield Conversion of Plant
Biomass into the Key Value-Added Feedstocks S-(Hydroxymethyl)
Furfural, Levulinic Acid, and Levulinic Esters via S-(Chloromethyl)
Furfural. Green Chem. 2010, 12 (3), 370—373.

(200) Dutta, S.; Mascal, M. Novel Pathways to 2, S-Dimethylfuran via
Biomass-Derived S-(Chloromethyl) Furfural. ChemSusChem 2014, 7
(11), 3028—3030.

(201) Onkarappa, S. B,; Dutta, S. High-Yielding Synthesis of S-
(alkoxymethyl) Furfurals from Biomass-Derived S-(halomethyl)
Furfural (X= Cl, Br). ChemistrySelect 2019, 4 (19), 5540—5543.

(202) Saha, B.; Abu-Omar, M. M. Current Technologies, Economics,
and Perspectives for 2, 5-Dimethylfuran Production from Biomass-
Derived Intermediates. ChemSusChem 2015, 8 (7), 1133—1142.

(203) Mitra, J.; Zhou, X; Rauchfuss, T. Pd/C-Catalyzed Reactions of
HME: Decarbonylation, Hydrogenation, and Hydrogenolysis. Green
Chem. 2018, 17 (1), 307—313.

(204) Liu, F. Separation and Purification of Valuable Chemicals from
Simulated Hydrothermal Conversion Product Solution. University of
Waterloo, 2013.

(205) Chatterjee, M.; Ishizaka, T.; Kawanami, H. Selective Hydro-
genation of S-Hydroxymethylfurfural to 2, S-Bis-(Hydroxymethyl)
Furan Using Pt/MCM-41 in an Aqueous Medium: A Simple Approach.
Green Chem. 2014, 16 (11), 4734—4739.

(206) Lai, D.; Deng, L.; Li, J.; Liao, B.; Guo, Q.; Fu, Y. Hydrolysis of
Cellulose into Glucose by Magnetic Solid Acid. ChemSusChem 2011, 4
(1), 55—58.

(207) Cai, H; Li, C.; Wang, A.; Zhang, T. Biomass into Chemicals:
One-Pot Production of Furan-Based Diols from Carbohydrates via
Tandem Reactions. Catal. Today 2014, 234, 59—65.

(208) Nagpure, A. S.; Venugopal, A. K; Lucas, N.; Manikandan, M.;
Thirumalaiswamy, R.; Chilukuri, S. Renewable Fuels from Biomass-
Derived Compounds: Ru-Containing Hydrotalcites as Catalysts for
Conversion of HMF to 2, S-Dimethylfuran. Catalysis Science &
Technology 2015, S (3), 1463—1472.

(209) Takagi, H.; Isoda, T.; Kusakabe, K; Morooka, S. Effects of
Solvents on the Hydrogenation of Mono-Aromatic Compounds Using
Noble-Metal Catalysts. Energy Fuels 1999, 13 (6), 1191—1196.

(210) Wei, Z; Loy, J.; Li, Z,; Liu, Y. One-Pot Production of 2, S-
Dimethylfuran from Fructose over Ru/C and a Lewis—Bronsted Acid
Mixture in N, N-Dimethylformamide. Catalysis Science & Technology
2016, 6 (16), 6217—6225.

(211) Li, C,; Cai, H,; Zhang, B,; Li, W,; Pei, G.; Dai, T.; Wang, A,;
Zhang, T. Tailored One-Pot Production of Furan-Based Fuels from
Fructose in an Ionic Liquid Biphasic Solvent System. Chinese Journal of
Catalysis 2015, 36 (9), 1638—1646.

(212) Tang, X.; Wei, J.; Ding, N.; Sun, Y.; Zeng, X.; Hu, L.; Liu, S.; Lei,
T.; Lin, L. Chemoselective Hydrogenation of Biomass Derived S-
Hydroxymethylfurfural to Diols: Key Intermediates for Sustainable
Chemicals, Materials and Fuels. Renewable and Sustainable Energy
Reviews 2017, 77, 287—-296.

(213) Gilkey, M. J; Xu, B. Heterogeneous Catalytic Transfer
Hydrogenation as an Effective Pathway in Biomass Upgrading. ACS
catalysis 2016, 6 (3), 1420—1436.

(214) Yang, P.; Xia, Q; Liu, X;; Wang, Y. Catalytic Transfer
Hydrogenation/hydrogenolysis of 5-Hydroxymethylfurfural to 2, 5-
Dimethylfuran over Ni-Co/C Catalyst. Fuel 2017, 187, 159—166.

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1002/cjce.23613
https://doi.org/10.1002/cjce.23613
https://doi.org/10.1002/cjce.23613
https://doi.org/10.1016/j.cej.2019.122755
https://doi.org/10.1016/j.cej.2019.122755
https://doi.org/10.1021/acscatal.7b01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10562-020-03323-8
https://doi.org/10.1007/s10562-020-03323-8
https://doi.org/10.1007/s10562-020-03323-8
https://doi.org/10.1016/j.fuel.2020.117524
https://doi.org/10.1016/j.fuel.2020.117524
https://doi.org/10.1016/j.fuel.2020.117524
https://doi.org/10.1002/slct.201903256
https://doi.org/10.1002/slct.201903256
https://doi.org/10.1002/slct.201903256
https://doi.org/10.1002/slct.201903256
https://doi.org/10.1021/acssuschemeng.9b00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00350?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2018.10.036
https://doi.org/10.1016/j.apcatb.2018.10.036
https://doi.org/10.1016/j.apcatb.2018.10.036
https://doi.org/10.1016/j.apcatb.2018.10.036
https://doi.org/10.1039/C7GC00269F
https://doi.org/10.1039/C7GC00269F
https://doi.org/10.1039/C7GC00269F
https://doi.org/10.1039/C7GC00269F
https://doi.org/10.1021/ja405078u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja405078u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja405078u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201500176
https://doi.org/10.1002/cssc.201500176
https://doi.org/10.1039/c3ee41857j
https://doi.org/10.1039/c3ee41857j
https://doi.org/10.1039/c3ee41857j
https://doi.org/10.1002/slct.201601522
https://doi.org/10.1002/slct.201601522
https://doi.org/10.1002/slct.201601522
https://doi.org/10.1039/C8GC03689F
https://doi.org/10.1039/C8GC03689F
https://doi.org/10.1039/C8GC03689F
https://doi.org/10.1039/C8GC03689F
https://doi.org/10.1021/jacs.7b08861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jphotochem.2018.10.044
https://doi.org/10.1016/j.jphotochem.2018.10.044
https://doi.org/10.1016/j.jphotochem.2018.10.044
https://doi.org/10.1016/j.jphotochem.2018.10.044
https://doi.org/10.1021/acssuschemeng.8b04356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b04356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201902199
https://doi.org/10.1002/cssc.201902199
https://doi.org/10.1002/cssc.201902199
https://doi.org/10.1039/B918922J
https://doi.org/10.1039/B918922J
https://doi.org/10.1039/B918922J
https://doi.org/10.1039/B918922J
https://doi.org/10.1002/cssc.201402702
https://doi.org/10.1002/cssc.201402702
https://doi.org/10.1002/slct.201900279
https://doi.org/10.1002/slct.201900279
https://doi.org/10.1002/slct.201900279
https://doi.org/10.1002/cssc.201403329
https://doi.org/10.1002/cssc.201403329
https://doi.org/10.1002/cssc.201403329
https://doi.org/10.1039/C4GC01520G
https://doi.org/10.1039/C4GC01520G
https://doi.org/10.1039/C4GC01127A
https://doi.org/10.1039/C4GC01127A
https://doi.org/10.1039/C4GC01127A
https://doi.org/10.1002/cssc.201000300
https://doi.org/10.1002/cssc.201000300
https://doi.org/10.1016/j.cattod.2014.02.029
https://doi.org/10.1016/j.cattod.2014.02.029
https://doi.org/10.1016/j.cattod.2014.02.029
https://doi.org/10.1039/C4CY01376J
https://doi.org/10.1039/C4CY01376J
https://doi.org/10.1039/C4CY01376J
https://doi.org/10.1021/ef990061m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef990061m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef990061m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CY00275G
https://doi.org/10.1039/C6CY00275G
https://doi.org/10.1039/C6CY00275G
https://doi.org/10.1016/S1872-2067(15)60927-5
https://doi.org/10.1016/S1872-2067(15)60927-5
https://doi.org/10.1016/j.rser.2017.04.013
https://doi.org/10.1016/j.rser.2017.04.013
https://doi.org/10.1016/j.rser.2017.04.013
https://doi.org/10.1021/acscatal.5b02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02171?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2016.09.026
https://doi.org/10.1016/j.fuel.2016.09.026
https://doi.org/10.1016/j.fuel.2016.09.026
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(215) Thananatthanachon, T.; Rauchfuss, T. B. Efficient Production
of the Liquid Fuel 2, S-dimethylfuran from Fructose Using Formic Acid
as a Reagent. Angew. Chem. 2010, 122 (37), 6766—6768.

(216) Scholz, D.; Aellig, C.; Hermans, 1. Catalytic Transfer
Hydrogenation/hydrogenolysis for Reductive Upgrading of Furfural
and 5-(hydroxymethyl) Furfural. ChemSusChem 2014, 7 (1), 268—275.

(217) Zhang, Z.; Wang, C.; Gou, X.; Chen, H.; Chen, K; Ly, X;
Ouyang, P.; Fu, J. Catalytic in-Situ Hydrogenation of 5-Hydroxyme-
thylfurfural to 2, S-Dimethylfuran over Cu-Based Catalysts with
Methanol as a Hydrogen Donor. Applied Catalysis A: General 2019,
570, 245—250.

(218) Nagpure, A. S.; Gogoi, P.; Lucas, N.; Chilukuri, S. V. Novel Ru
Nanoparticle Catalysts for the Catalytic Transfer Hydrogenation of
Biomass-Derived Furanic Compounds. Sustainable Energy & Fuels
2020, 4, 3654.

(219) Bertero, N. M.; Trasarti, A. F.; Apesteguia, C. R.; Marchi, A. J.
Solvent Effect in the Liquid-Phase Hydrogenation of Acetophenone
over Ni/SiO2: A Comprehensive Study of the Phenomenon. Applied
Catalysis A: General 2011, 394 (1-2), 228—238.

(220) Li, W.; Fan, G.; Yang, L.; Li, F. Highly Efficient Synchronized
Production of Phenol and 2, 5-Dimethylfuran through a Bimetallic Ni—
Cu Catalyzed Dehydrogenation—hydrogenation Coupling Process
without Any External Hydrogen and Oxygen Supply. Green Chem.
2017, 19 (18), 4353—4363.

(221) Gao, Z; Li, C; Fan, G; Yang, L; Li, F. Nitrogen-Doped
Carbon-Decorated Copper Catalyst for Highly Efficient Transfer
Hydrogenolysis of 5-Hydroxymethylfurfural to Convertibly Produce 2,
S-Dimethylfuran or 2, S-Dimethyltetrahydrofuran. Applied Catalysis B:
Environmental 2018, 226, 523—533.

(222) Zhang, J; Dong, K; Luo, W. PdCI2-Catalyzed Hydro-
deoxygenation of 5-Hydroxymethylfurfural into 2, S-Dimethylfuran at
Room-Temperature Using Polymethylhydrosiloxane as the Hydrogen
Donor. Chem. Eng. Sci. 2019, 201, 467—474.

(223) Seemala, B.; Haritos, V.; Tanksale, A. Levulinic Acid as a
Catalyst for the Production of 5-hydroxymethylfurfural and Furfural
from Lignocellulose Biomass. ChemCatChem. 2016, 8 (3), 640—647.

(224) Wrigstedt, P.; Keskivili, J.; Repo, T. Microwave-Enhanced
Aqueous Biphasic Dehydration of Carbohydrates to S-Hydroxyme-
thylfurfural. RSC Adv. 2016, 6 (23), 18973—18979.

(225) Fan, J; De Bruyn, M.; Budarin, V. L; Gronnow, M. J;
Shuttleworth, P. S.; Breeden, S.; Macquarrie, D. J.; Clark, J. H. Direct
Microwave-Assisted Hydrothermal Depolymerization of Cellulose. J.
Am. Chem. Soc. 2013, 135 (32), 11728—11731.

(226) Mhadmhan, S.; Franco, A.; Pineda, A.; Reubroycharoen, P.;
Luque, R. Continuous Flow Selective Hydrogenation of S-Hydrox-
ymethylfurfural to 2, S-Dimethylfuran Using Highly Active and Stable
Cu—Pd/Reduced Graphene Oxide. ACS Sustainable Chem. Eng. 2019,
7 (16), 14210—14216.

(227) Nishimura, S.; Ikeda, N.; Ebitani, K. Selective Hydrogenation of
Biomass-Derived S-Hydroxymethylfurfural (HMF) to 2, S-Dimethyl-
furan (DMF) under Atmospheric Hydrogen Pressure over Carbon
Supported PdAu Bimetallic Catalyst. Catal. Today 2014, 232, 89—98.

(228) Srivastava, S.; Jadeja, G. C.; Parikh, J. K. Optimization and
Reaction Kinetics Studies on Copper-Cobalt Catalyzed Liquid Phase
Hydrogenation of 5-Hydroxymethylfurfural to 2,5-Dimethylfuran. Int.
J. Chem. React. Eng. 2018, 16 (9),20170197. DOI: 10.1515/ijcre-2017-
0197.

(229) Priecel, P.; Endot, N. A.; Cara, P. D.; Lopez-Sanchez, J. A. Fast
Catalytic Hydrogenation of 2, S-Hydroxymethylfurfural to 2, S-
Dimethylfuran with Ruthenium on Carbon Nanotubes. Ind. Eng.
Chem. Res. 2018, 57 (6), 1991—2002.

(230) Li, Q; Man, P.; Yuan, L.; Zhang, P.; Li, Y.; Ai, S. Ruthenium
Supported on CoFe Layered Double Oxide for Selective Hydro-
genation of S-Hydroxymethylfurfural. Molecular Catalysis 2017, 431,
32-38.

(231) Luo, J.; Lee,J. D.; Yun, H,; Wang, C.; Monai, M.; Murray, C. B,;
Fornasiero, P.; Gorte, R. J. Base Metal-Pt Alloys: A General Route to
High Selectivity and Stability in the Production of Biofuels from HMF.
Applied Catalysis B: Environmental 2016, 199, 439—446.

3114

(232) Luo, J.; Yun, H,; Mironenko, A. V.; Goulas, K.; Lee, J. D.;
Monai, M.; Wang, C.; Vorotnikov, V.; Murray, C. B.; Vlachos, D. G.
Mechanisms for High Selectivity in the Hydrodeoxygenation of S-
Hydroxymethylfurfural over PtCo Nanocrystals. ACS Catal. 2016, 6
(7), 4095—4104.

(233) Yang, P.; Xia, Q.; Liu, X.; Wang, Y. High-Yield Production of 2,
S-Dimethylfuran from S-Hydroxymethylfurfural over Carbon Sup-
ported Ni—Co Bimetallic Catalyst. Journal of energy chemistry 2016, 25
(6), 1015—1020.

(234) Chen, S.; Ciotonea, C.; De Oliveira Vigier, K.; Jérome, F.;
Wojcieszak, R.; Dumeignil, F.; Marceau, E.; Royer, S. Hydroconversion
of S-hydroxymethylfurfural to 2, S-dimethylfuran and 2, S-dihydrox-
ymethyltetrahydrofuran over Non-promoted Ni/SBA-15. ChemCatCh-
em. 2020, 12, 2050.

(235) Luo, J.; Monai, M.; Wang, C.; Lee, J. D.; Duchon, T.; Dvorak,
F.; Matolin, V.; Murray, C. B.; Fornasiero, P.; Gorte, R. J. Unraveling
the Surface State and Composition of Highly Selective Nanocrystalline
Ni—Cu Alloy Catalysts for Hydrodeoxygenation of HMEF. Catalysis
Science & Technology 2017, 7 (8), 1735—1743.

(236) Siddiqui, N.; Roy, A. S.; Goyal, R;; Khatun, R.;; Pendem, C;
Chokkapu, A. N.; Bordoloi, A.; Bal, R. Hydrogenation of 5-
Hydroxymethylfurfural to 2, S Dimethylfuran over Nickel Supported
Tungsten Oxide Nanostructured Catalyst. Sustainable Energy & Fuels
2018, 2 (1), 191—198.

(237) Zhu, C.; Wang, H,; Li, H.; Cai, B.; Lv, W,; Cai, C.; Wang, C;
Yan, L; Liu, Q; Ma, L. Selective Hydrodeoxygenation of S-
Hydroxymethylfurfural to 2, S-Dimethylfuran over Alloyed Cu— Ni
Encapsulated in Biochar Catalysts. ACS Sustainable Chem. Eng. 2019, 7
(24), 19556—19569.

(238) Solanki, B. S.; Rode, C. V. Selective Hydrogenation of S-HMF
to 2, S-DMF over a Magnetically Recoverable Non-Noble Metal
Catalyst. Green Chem. 2019, 21 (23), 6390—6406.

(239) Guo, W,; Liu, H.; Zhang, S.; Han, H.; Liu, H,; Jiang, T.; Han, B.;
Wuy, T. Efficient Hydrogenolysis of 5-Hydroxymethylfurfural to 2, -
Dimethylfuran over a Cobalt and Copper Bimetallic Catalyst on N-
Graphene-Modified Al 2 O 3. Green Chem. 2016, 18 (23), 6222—6228.

(240) Yang, F.; Mao, J; Li, S; Yin, J.; Zhou, J.; Liu, W. Cobalt—
graphene Nanomaterial as an Efficient Catalyst for Selective Hydro-
genation of 5-Hydroxymethylfurfural into 2, S-Dimethylfuran. Catalysis
Science & Technology 2019, 9 (6), 1329—1333.

(241) Braun, M.; Antonietti, M. A Continuous Flow Process for the
Production of 2, 5-Dimethylfuran from Fructose Using (Non-Noble
Metal Based) Heterogeneous Catalysis. Green Chem. 2017, 19 (16),
3813—-3819.

(242) Chiang, Y.; Bhattacharyya, S.; Jayachandrababu, K. C.; Lively,
R. P.; Nair, S. Purification of 2, 5-Dimethylfuran from N-Butanol Using
Defect-Engineered Metal—organic Frameworks. ACS Sustainable
Chem. Eng. 2018, 6 (6), 7931—7939.

(243) Chiang, Y.; Liang, W.; Yang, S.; Bond, C. R.; You, W,; Lively, R.
P.; Nair, S. Separation and Purification of Furans from N-Butanol by
Zeolitic Imidazole Frameworks: Multicomponent Adsorption Behavior
and Simulated Moving Bed Process Design. ACS Sustainable Chem. Eng.
2019, 7 (19), 16560—16568.

(244) S& Gomes, P.; Rodrigues, A. E. Simulated Moving Bed
Chromatography: From Concept to Proof-of-concept. Chemical
engineering & technology 2012, 35 (1), 17—34.

(245) Kazi, F. K; Patel, A. D.; Serrano-Ruiz, J. C.; Dumesic, J. A,;
Anex, R. P. Techno-Economic Analysis of Dimethylfuran (DMF) and
Hydroxymethylfurfural (HMF) Production from Pure Fructose in
Catalytic Processes. Chemical Engineering Journal 2011, 169 (1-3),
329-338.

(246) Dumesic, J. A,; Rom, Y.; Chheda, J. N. Catalytic Process for
Producing Furan Derivatives in a Biphasic Reactor. Google Patents,
August 11, 2009.

(247) Tao, L.; Aden, A. The Economics of Current and Future
Biofuels. In Vitro Cellular & Developmental Biology-Plant 2009, 45 (3),
199-217.

(248) Khoshnevisan, B.; Tabatabaei, M.; Tsapekos, P.; Rafiee, S.;
Aghbashlo, M.; Lindeneg, S.; Angelidaki, I. Environmental Life Cycle

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1002/ange.201002267
https://doi.org/10.1002/ange.201002267
https://doi.org/10.1002/ange.201002267
https://doi.org/10.1002/cssc.201300774
https://doi.org/10.1002/cssc.201300774
https://doi.org/10.1002/cssc.201300774
https://doi.org/10.1016/j.apcata.2018.11.029
https://doi.org/10.1016/j.apcata.2018.11.029
https://doi.org/10.1016/j.apcata.2018.11.029
https://doi.org/10.1039/D0SE00361A
https://doi.org/10.1039/D0SE00361A
https://doi.org/10.1039/D0SE00361A
https://doi.org/10.1016/j.apcata.2011.01.003
https://doi.org/10.1016/j.apcata.2011.01.003
https://doi.org/10.1039/C7GC01387F
https://doi.org/10.1039/C7GC01387F
https://doi.org/10.1039/C7GC01387F
https://doi.org/10.1039/C7GC01387F
https://doi.org/10.1016/j.apcatb.2018.01.006
https://doi.org/10.1016/j.apcatb.2018.01.006
https://doi.org/10.1016/j.apcatb.2018.01.006
https://doi.org/10.1016/j.apcatb.2018.01.006
https://doi.org/10.1016/j.ces.2019.03.011
https://doi.org/10.1016/j.ces.2019.03.011
https://doi.org/10.1016/j.ces.2019.03.011
https://doi.org/10.1016/j.ces.2019.03.011
https://doi.org/10.1002/cctc.201501105
https://doi.org/10.1002/cctc.201501105
https://doi.org/10.1002/cctc.201501105
https://doi.org/10.1039/C5RA25564C
https://doi.org/10.1039/C5RA25564C
https://doi.org/10.1039/C5RA25564C
https://doi.org/10.1021/ja4056273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4056273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b03017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b03017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b03017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cattod.2013.10.012
https://doi.org/10.1016/j.cattod.2013.10.012
https://doi.org/10.1016/j.cattod.2013.10.012
https://doi.org/10.1016/j.cattod.2013.10.012
https://doi.org/10.1515/ijcre-2017-0197
https://doi.org/10.1515/ijcre-2017-0197
https://doi.org/10.1515/ijcre-2017-0197
https://doi.org/10.1515/ijcre-2017-0197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/ijcre-2017-0197?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b04715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b04715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b04715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mcat.2017.01.011
https://doi.org/10.1016/j.mcat.2017.01.011
https://doi.org/10.1016/j.mcat.2017.01.011
https://doi.org/10.1016/j.apcatb.2016.06.051
https://doi.org/10.1016/j.apcatb.2016.06.051
https://doi.org/10.1021/acscatal.6b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jechem.2016.08.008
https://doi.org/10.1016/j.jechem.2016.08.008
https://doi.org/10.1016/j.jechem.2016.08.008
https://doi.org/10.1002/cctc.201902028
https://doi.org/10.1002/cctc.201902028
https://doi.org/10.1002/cctc.201902028
https://doi.org/10.1039/C6CY02647H
https://doi.org/10.1039/C6CY02647H
https://doi.org/10.1039/C6CY02647H
https://doi.org/10.1039/C7SE00363C
https://doi.org/10.1039/C7SE00363C
https://doi.org/10.1039/C7SE00363C
https://doi.org/10.1021/acssuschemeng.9b04645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b04645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b04645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9GC03091C
https://doi.org/10.1039/C9GC03091C
https://doi.org/10.1039/C9GC03091C
https://doi.org/10.1039/C6GC02630C
https://doi.org/10.1039/C6GC02630C
https://doi.org/10.1039/C6GC02630C
https://doi.org/10.1039/C9CY00330D
https://doi.org/10.1039/C9CY00330D
https://doi.org/10.1039/C9CY00330D
https://doi.org/10.1039/C7GC01055A
https://doi.org/10.1039/C7GC01055A
https://doi.org/10.1039/C7GC01055A
https://doi.org/10.1021/acssuschemeng.8b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b01193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b03850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b03850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b03850?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ceat.201100281
https://doi.org/10.1002/ceat.201100281
https://doi.org/10.1016/j.cej.2011.03.018
https://doi.org/10.1016/j.cej.2011.03.018
https://doi.org/10.1016/j.cej.2011.03.018
https://doi.org/10.1007/s11627-009-9216-8
https://doi.org/10.1007/s11627-009-9216-8
https://doi.org/10.1016/j.rser.2019.109493
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Assessment of Different Biorefinery Platforms Valorizing Municipal
Solid Waste to Bioenergy, Microbial Protein, Lactic and Succinic Acid.
Renewable and Sustainable Energy Reviews 2020, 117, 109493.

(249) Soltanian, S.; Aghbashlo, M.; Almasi, F.; Hosseinzadeh-
Bandbafha, H.; Nizami, A.-S.; Ok, Y. S.; Lam, S. S.; Tabatabaei, M. A
Critical Review of the Effects of Pretreatment Methods on the Exergetic
Aspects of Lignocellulosic Biofuels. Energy Conversion and Management
2020, 212, 112792.

(250) Nezam, L; Peereboom, L.; Miller, D. J. Continuous Condensed-
Phase Ethanol Conversion to Higher Alcohols: Experimental Results
and Techno-Economic Analysis. Journal of cleaner production 2019,
209, 1365—1375.

3115

[0 Recommended by ACS

Solvent and Chloride Ion Effects on the Acid-Catalyzed
Conversion of Glucose to 5-Hydroxymethylfurfural

Chotitath Sanpitakseree, Matthew Neurock, et al.
JUNE 22, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ

Critical Assessment of Reaction Pathways for Next-
Generation Biofuels from Renewable Resources: 5-
Ethoxymethylfurfural

Haixin Guo, Richard Lee Smith Jr., et al.
JULY 05, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ &

The Structural Phase Effect of MoS, in Controlling the
Reaction Selectivity between Electrocatalytic Hydrogenation
and Dimerization of Furfural

Shuquan Huang, Jason Chun-Ho Lam, et al.

SEPTEMBER 02, 2022

ACS CATALYSIS READ &

Sulfuric Acid-Catalyzed Dehydratization of Carbohydrates
for the Production of Adhesive Precursors

Wilfried Sailer-Kronlachner, Hendrikus W. G. van Herwijnen, et al.
JUNE 15, 2021

ACS OMEGA READ

Get More Suggestions >

https://doi.org/10.1021/acssuschemeng.1c06363
ACS Sustainable Chem. Eng. 2022, 10, 3079-3115


https://doi.org/10.1016/j.rser.2019.109493
https://doi.org/10.1016/j.rser.2019.109493
https://doi.org/10.1016/j.enconman.2020.112792
https://doi.org/10.1016/j.enconman.2020.112792
https://doi.org/10.1016/j.enconman.2020.112792
https://doi.org/10.1016/j.jclepro.2018.10.276
https://doi.org/10.1016/j.jclepro.2018.10.276
https://doi.org/10.1016/j.jclepro.2018.10.276
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00651?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00651?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00651?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c00651?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01303?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01303?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01303?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01303?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c01303?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acscatal.2c02137?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acsomega.1c02075?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acsomega.1c02075?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acsomega.1c02075?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
http://pubs.acs.org/doi/10.1021/acsomega.1c02075?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1663811243&referrer_DOI=10.1021%2Facssuschemeng.1c06363
https://preferences.acs.org/ai_alert?follow=1

