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Abstract

Energy and the environment will always play key roles in society. The climate emergency cannot be ruled
out to enable the transition for a clean energy future. Currently, non-renewable energy resources are declining,
therefore is important to continuously explore renewable resources. Biomass is a renewable resource that can
be applied to reduce climate changes and to accomplish emission policies. Cellulose is the most abundant type
of biomass worldwide, which can be transformed into biofuels and potential building block platform molecules
(c.g furfural) throughout biological or chemical methods. Furfural can be synthetized from cellulose using
hydrolysis and dehydration reactions. Furfural has a furan ring and carbonyl functional group which makes
it an important intermediary to produce higher value-added molecules at industrial level. These molecules
include gasoline, diesel and jet fuel. However, furfural can also be transformed by hydrogenation, oxidation,
decarboxylation and condensation reactions. The selective hydrogenation of furfural produces furfuryl
alcohol, an important industrial compound, which is widely employed in the production of resins, fibers, and
is considered an essential product for pharmaceutical applications. On the other hand, the oxidation of furfural
produces furoic acid which is applied in the agrochemical industry, where it is commonly transformed to
furoyl chloride which is finally used in the production of drugs and insecticides.

The oxidation and reduction of furfural can carry out through heterogeneous and homogeneous catalysis,
and biocatalysis, etc. Selectivity is an important issue in furfural hydrogenation and oxidation reactions since
different products can be obtained by using monometallic or bimetallic catalysts and/or different catalyst
supports. In biocatalysis approach, different enzymes, complete cells, tools of modern biotechnology, DNA
sequencing, regulation of metabolic networks, overexpression of genes that encode enzymes of interest and
optimization of the cellular properties of the microorganism are used. To degradate furanic compounds,
improving the productivity and selectivity on a target compound. Herein, a review on the current status of
furfuryl alcohol and furoic acid production from furfural by heterogeneous catalysis and biocatalysis has
been studied. The stability, selectivity and activity of catalysts along with the different furfural oxidation
and reduction conditions have been pointed out. Additionally, the main enzymes, microorganisms and
mechanism involved in the furfural degradation process have also been discussed.
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1. INTRODUCTION

The climate emergency cannot be ruled out to
allow the transition for a clean energy future. This
is a timely topic that required immediate attention
to accomplish the emission policies imposed, for
example, by the Paris Agreement [1]-[3]. The
continuous and rapidly increasing demand for
energy has resulted in more innovative, efficient
upgrading and valorization of renewable feedstocks
such as biomass [4], [5]. Although all the potential,
there are several challenges to develop cost-efficient
and large-scale processes to apply renewable
resources for sustainable energy development [6].
Particularly, special attention should be placed on
the production of fuels and value-added chemicals.
The synthesis of chemical products using fossil fuels
is expected to continuously increase at least until
2023 which is the main factor contributing to the
increase in oil consumption [7].

The utilization of the most abundant biomass
resource, lignocellulosic biomass, represents an
attractive and promising strategy for green and
sustainable energy production due to due to its
low cost, carbohydrate-rich constitution [6], [8],
[9]. Moreover, the utilization of lignocellulosic
biomass avoids the food-versus-fuel debate and
can significantly reduce the emissions of the major
greenhouse gas, CO, [10]. Lignocellulose is mainly
composed of three main components, cellulose (35
%—50 %), hemicellulose (20 %—-35 %), and lignin
(10 %-25 %) [6],[11], [12].

The conversion of lignocellulosic biomass to
various “building blocks” molecules via biological
and chemical pathways has aroused greet attention
[11], [13]. Furfural (FAL) is one of those “building
blocks” molecules that deserves special attention
since it is a potential platform for biofuels and
value-added compounds making it one of the key
platform chemicals in lignocellulosic biorefineries.
Furfural and its derivatives have been extensively
used as transportation fuel, gasoline additives,
lubricants, jet fuel blends, and also in agrochemical
(e.g. soil enhancers and organic fertilizers,
fungicide and nematicide) and pharmaceutical
industries [10], [14], [15].
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Furfural is a heterocyclic aldehyde with a densi-
ty of 1160 kg/m? and a boiling point of 161.7°C (at 1
atm). It is colorless but turns quickly darken when
exposed to air. Its molecular formula is C,H,0,
and can also be named as 2-furancarboxaldehyde,
furaldehyde, 2-furanaldehyde, 2-furfuraldehyde,
fural and furfurol [14], [16], [17]. Traditionally,
furfural is synthetized by hydrolysis and dehydra-
tion reactions of pentoses (mainly xylose/xylan)
presented in biomass in severe acid media (HCI
and/or H,SO,). This is a well-explored industrial
process first implemented by Quaker Oats Com-
pany in 1921 [18]. The mechanism route of furfural
production is well described but this process is yet
limited by low yield of furfural, high energy con-
sumption, and high environmental and safety risks
associated to the use of corrosive homogenous
acid catalysts [10], [14]. Hence, many efforts are
being adopted to update and improve the existing
technologies that encompass the use of more selec-
tive heterogeneous catalysts and turn the process
cleaner and greener to accomplish the targets
of green chemistry and sustainable production.
Westpro-modified Huaxia Technology and Supra
Yield processes are two examples of improved
processes where high furfural yields, recovery of
the catalysts and high purity on target product are
obtained [19]-[21].

The global furfural market size is growing
reaching USD 551 million in 2019 with an annual
production around 340 tons. It is expected to grow
until USD 700 million by 2024 with an annual
production around 424 tons at a compound annual
growth rate (CAGR) of 4.9 % during that period
(2019-2024) [16], [22], [23]. The production of
furfural is mainly concentrated in China, the
Dominican Republic and South Africa [14], [22],
[23]. This market growth is primarily driven
by the demand for furfural derivatives from
the pharmaceutical and oil refining industries.
More than 80 chemicals are directly or indirectly
derived from furfural. The majority of furfural
market ( > 50 %) is used for furfuryl alcohol
production, but other potential derivatives are
produced including furoic acid, methylfuran,
tetrahydrofurfuryl alcohol, tetrahydrofuran and
methyltetrahydrofuran [21], [24]. These products
are obtained by several catalytic processes
such as hydrogenation, oxidation, reduction,
hydrogenolysis and decarboxylation [10], [24].

The hydrogenation of furfural is one of the most
versatile reactions from where furfuryl alcohol
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(FFA) can be obtained. Its production represents
approximately 65% of the overall furfural produc-
tion [10] and it can allow the upgrading of furanic
components to biofuels [24]-[27]. This reaction
can be accomplished in gas or liquid-phase but
the gas-phase is the preferred route. The liquid-
phase reaction is limited by high operational costs
of using batch reactors, expensive equipment to
achieve high-pressure conditions and the time bet-
ween successive reactions [15]. Cu-based catalysts
have been extensively used in this reaction and
copper supported in asbestos catalyst was used in
the first report of this gas-phase reaction, in 1929
[15][26]. Thus, copper-chromite (Cu-Cr) has been
widely used on the hydrogenation of furfural but
due to its high toxicity new Cr-free catalysts have
been developed [28]. Both homogenous and he-
terogeneous catalysts have been used to catalyze
this reaction, including noble metal catalysts (Pd,
Pt and Ru) and transition metals (Ni, Cu and Fe)
supported on silica and alumina. Thus, to improve
the performance of the monometallic catalysts,
bimetallic catalysts such as Pt-Cu, Pd-Cu, Cu-Co
and Ni-Cu have been used [15], [26], [29]. There
are other methodologies for catalyst design that
are being proposed such as a simple, easy, inex-
pensive method for the production of noble-metal
free catalysts [10][26]. However, some advances
are still needed to look forward new alternatives
for the reduction of the severe reaction conditions
(e.g. high temperatures) and to improve the catalyst
performance.

Furoic acid (FA - C;H,0,) is another important
furfural derivative obtained through the oxidation
of furfural. FA is commonly transformed in furoyl
chloride which has a market in the agrochemical
and pharmaceutical industries [30], [31]. FA is
traditionally produced through the Cannizzaro
reaction where furfural reacts with a stoichiometric
amount of NaOH used as Brensted base catalyst.
However, the FA yield is limited up to 50% [15],
[31]-[33]. To optimize the FA selectivity, different
catalysts have been examined including noble
metal catalysts, bimetallic catalysts [30], [34]—[36]
and more recently metal-free carbon catalysts [32].

Biocatalysis is a practical and environmentally
friendly approach for the synthesis of furfuryl
alcohol and furoic acid which use different mi-
croorganisms and enzymes to degrade the furanic
compounds of biomass [37]. Using all the potential
of modern biotechnology, protein engineering and
the efficient DNA sequencing, interest genes in-
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volved in processes including the FAL conversion
into furanic compounds can be identified [38] [37].
Biocatalysis in on track in the production of buil-
ding blocks molecules from renewable resources
and the market of bio-based products is expected
toreach € 3.2 billion by 2030 [39]. The degradation
pathway of FAL by some microorganisms such
as Cupriavidus basilensis [40], Saccharomyces
cerevisiae, Escherichia coli, Corynebacterium
glutamicum has been established [41]. Howe-
ver, there’s no information about the metabolic
pathways in which the furanic compounds are
degraded. Although all major efforts done using
modern tools, it’s still necessary to improve and
optimize the actual biocatalyzed processes.

The current review focuses on the catalytic
conversion of Furfural to furfuryl alcohol, furoic
acid and other by heterogeneous catalysis and
biocatalysis. First, the recent progress on furfural
conversion to target products using heterogeneous
catalysts is reviewed by focused on hydrogenation
and oxidation reactions. Then, the state-of-the-art
advances in the biocatalytic production of furfuryl
alcohol and furoic acid is reviewed.

1.1. HETEROGENEOUS PROCESSES

1.1.1 Hydrogenation

The nature of the products from hydrogenation
of furfural is determined by the catalysts
composition and reaction conditions (temperature,
pressure and reactants concentration). Primary
reactions occur by reducing the C=0O group or
the furan ring. Secondary reactions can occur by
hydrogenolysis of the C-O bond, decarbonylation
and hydrogenation of the furan ring [42].

Generally, most hydrogenation catalysts are
capable of hydrogenating the C=C and the C=0
bonds. The control of hydrogenation process of
these bonds has been one of the most important
subjects in study for development of catalysts.
[43]. The addition of hydrogen to the C=C bond
is more thermodynamically and kinetically
favorable compared to the C=0 bond. Thus, is
required a selectively hydrogenation performing
by specific catalysts and suitable reaction
conditions [44], [45].

Hydrogenation can be carried out in both liquid
phase and gas phases. Liquid phase hydrogenation
achieves better results when compared to the gas
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phase process. The selectivity towards furfuryl
alcohol is strongly dependent on the solvent,
which can inhibit an unwanted polymerization
[46]. In addition, in this condition the range of
catalysts that generate yields of FFA close to
100% is greater. Although this vantages of liquid-
phase its application in the large-scale is hindered
due operating cost. Therefore, the gas-phase
hydrogenation is preferred in industry [38].

The main reason for the continuous study
of furfural hydrogenation is the search for a
selective catalyst that controls the reaction route,
as well as the degree of furfural hydrogenation.
[47]. Industrially, catalysts based on copper
and chromium are used, but new catalysts
formulations are still of interest. Recently, Babu
and coworkers [48] evaluated Cu—Cr—Zn mixed
oxide as catalysts for selective vapor phase
hydrogenation of FAL to FFA. In this study
was compared the effect of catalysts synthesis
(conventional and y-irradiation prepared methods)
as the Cr content. First difference was noticed
even prior of hydrogenation reaction, once
gamma radiation exposition led to Cu reduction,
discarding activation step.

(a)
Others
(Co, Cr, Fe, Rh, Ir and Mo)

21%

Cu

Ru ' 8%

Pt

Pd

According to catalytic tests results, the oxides
prepared by gamma radiation were active and
stable catalysts and presented higher activity
compared to the conventional catalysts. The
selective hydrogenation ability of catalysts
depended on the copper metal surface area and
dispersion. These parameters are improved by
small amount of chromium. The catalyst with 0.4
molar percentage in Cu/ZnO presented the better
results, achieving 84% of furfural conversion with
100% furfuryl alcohol selectivity [48].

Despite of good performance of Cu-Cr ca-
talysts, the high toxicity of the chromium-con-
taining catalyst incites the development of new
Cr-free catalytic systems. Figure 1(a) presents
the main metals used as an active phase for
FAL hydrogenation catalysts, while figure 1(b)
summarize the oxide materials that are typically
used as supports or dopants in these systems.
These images graphically represent the search
for the term “furfural hydrogenation” in the
Scienfider database, comprising works available
from 1942 to 2020. The evaluations were limited
to data published as papers (excluding reviews)
and patents.

(b)

Others

(Ca0, ZrO; and CeQ,)

Figure 1. Typical active phases (a) and oxides supports or dopants (b) applied for
catalytic hydrogenation of furfural in published papers and patents.

From figure 1(a) is noticeable that copper is still
the most employed metal in furfural hydrogenation
reaction studies, which is understandable due to
its good activity and low cost. In order to obtained
a copper Cr-free catalyst, Yang and co-workers
[49] evaluated Cu/ZnO catalysts derived from
aurichalcite. The precursor effect was investigated
by preparing catalysts with different Cu/Zn molar
ratios (0.4, 0.6, 0.8, and 1.1). In this series of
catalysts the size of Cu nanoparticles and Cu-ZnO
interactions were determinant for their catalytic
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activity for FAL hydrogenation to FFA. The
catalyst with a Cu/Zn = 0.8 provided the highest
TOF value (17.1) while the selectivity to furfuryl
alcohol did not significantly varied with catalysts’
composition and was around 98% for all catalysts.

Yang and co-worker proceeded the study of Cu-
ZnO aurichalcite derived catalysts [50]. In this new
approach, the researchers prepared Cu/ZnO-Al,O,
composites and investigated the role of aluminum
for FAL hydrogenation in a fixed-bed reactor.
The introduction of this component considerably
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influenced the catalysts’ activity, resulting in an
increase of furfural conversion from 84.9% to
98.0% (at 120°C) and 51.4% to 72.1% (at 100°C),
with a high selectivity of furfuryl alcohol (around
98%). These results were attributed to superior
copper surface area and improvement of Cu-ZnO
interaction due Al presence that acted as structural
and electronic promoter.

Alloys formation also influence at selectivity
and activity of catalysts for furfural hydrogenation.
Recently, was suggested an alloy chemistry
strategy to modify the d-band center of Ni by Cu
incorporation [51]. These catalysts were prepared
by pyrolysis of a metal-organic framework
(MOF) precursor containing cooper and nickel
(NiCux-BTC). Theoretical calculation determines
that Cu introduction lead to a downshifted of Ni
d-band center. This change can improve catalytic
activity by promoting desorption of hydrogen
from Ni surface. And also favor the selectivity to
furfuryl alcohol due transformation of adsorption
orientation of furfural. NiCux/C catalysts exhibited
enhanced activity and selectivity for FFA compared
to pure Ni and Cu, been NiCu0.33/C catalyst the
most promising at 120°C, obtained 96.7% and
93.8% of conversion and selectivity, respectively.

Li and coworker [52] also applied nickel
and MOF materials in their study on catalytic
hydrogenation of furfural. Ni-P-MOFs were
employed as precursor to prepare Ni-P@C catalyst
with graphitized carbon-covering structure. This
carbon/!|covering structure was able to protect the
active components of Ni,P, granting stability and
good reusability to the catalysts. The performance
of Ni-P@C catalyst was influenced by calcination
temperature in preparation step. Increasing the
temperature from 773 K to 973 K, the furfural
conversion increased from 76.6% to 99.9%.
However, another increase to 1073 K caused a
decrease in the convection to 95%. Despite of
minor FAL conversion the catalysts calcined at
mild temperatures (773 K and 873 K) achieved
better FFA selectivity.

In another recent study of nickel applicability
as active phase for the catalytic hydrogenation of
FAL, a series of C-rich nickel nitride nanoparticles
supported on silica catalyst were prepared by
the urea glass route [53]. Ni,N/C/SiO, (10 wt.%
Ni) catalysts exhibited higher conversion and
stability in the gas-phase hydrogenation of FAL,
when compared to Ni/SiO, catalyst with similar
Ni content. The main product was FFA when
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reaction occurred at 170°C, 190°C and 210°C. The
temperature increasing progressively reduced the
selectivity towards furfuryl alcohol and at 230°C
furan was the major product.

Despite provide catalysts a higher cost, noble
metals are also widely used as active phases due
to their high activity in hydrogenation reactions.
Pd/Ni/Ni(OH),/C catalyst was prepared under
mild conditions by hydrazine hydrogen reduction
and galvanic substitution methods [54]. This
catalyst had superior conversion from furfural and
selectivity to furfuryl alcohol than monometallic
catalysts, like Pd/C or Ni/C. Pd/Ni/Ni(OH),/C
presented high selectivity toward FFA (90.0% or
92.4%) at very low reaction temperatures (5°C
or 10°C). The better performance of this catalyst
was attributed to the formation of Pd tiny islands
supported on nickel/nickel hydroxide nanoparticles
which improves the synergy effect between Pd,
Ni and Ni(OH), related species. The catalytic
performance of this novel material did not decrease
significantly after being used for 5 cycles.

Still regarding studies that combined palladium
and carbon for catalysts elaboration, a recent
paper present a series of 1wt% Pd/C materials
as possible catalysts for hydrogenation of FAL
in the liquid-phase [47]. These systems were
prepared by the sol-immobilization method using
different capping agents, like Polyvinyl alcohol
(PVA), polyvinylpyrrolidone (PVP), and poly
(diallyldimethylammonium chloride) (PDDA). It
was observed that the choice of capping agents
could influenced the initial activity of the catalysts
due differences in amount of available Pd surface
sites, but it did not significantly change the Pd
particle size. Pd,, ,/C was the most active catalyst
followed by Pd,  ./C and Pd, /C. However,
with regard to selectivity to furfuryl alcohol, the
opposite trend was observed. P, /C exhibits
better selectivity towards FFA (64% at 25 °C and
56.7% at 50°C) compared to Pd,,,, /C (45.2% at 25
°C and 49.6% at 50°C) and Pd,__,/C (52.8% 25°C
and 49.0% at 50°C) catalysts.

Furfural hydrogenation over silica-supported
Co@Pd and Cu@Pd bimetallic overlayer catalysts
was studied by Liu and coworkers [55]. Both
systems exhibited enhanced reactivity compared
to pure Pd in all evaluated pressure (1 bar, 10
bar and 20 bar). Langmuir-Hinshelwood kinetic
study revealed that this result could be attributed
to the decreased of hydrogen coverage on Co@
Pd and Cu@Pd catalysts surface during reaction,

PDDA
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in contrast to pure Pd. This means that there are
more active sites available for surface reaction or
FAL adsorption.

Co@Pd and Cu@Pd performances were also
compared to copper or cobalt catalysts and the
overlayer catalysts achieved higher furfural con-
version and selectivity towards furfuryl alcohol
than their monometallic corresponding. Being
Cu@Pd the most selective catalysts, reaching more
than 90% in all studied pressures. In this study
was also observed that product selectivity could
be enhanced by increasing the concentration of
oxygen vacancies, after the concentration is higher
than a threshold value [55].

The liquid phase hydrogenation of furfural
was catalyzed by Pt nanoparticles supported on
Si0,, ZnO, y-Al,0,, CeO,[56] In addition to the
effect of oxide support were also evaluated the
influence of solvent and reaction temperature.
Methanol and n-butanol were excellent solvents
for achieving high FFA yields over Pt/MgO, Pt/
CeO, and Pt/y-Al, O, catalysts, with uniform Pt
nanoparticles dispersion. For these catalysts, mild
conditions (ambient hydrogen pressure and 50°C)
were sufficient to occurred FAL hydrogenation
with high conversion and above 99% of selectivity
to FFA. The support choice appears important to
improvement platinum dispersion for achieve high
FFA yields. SiO, support begotten large and broad
particle size distributions which resulted in poorer
activity and selectivity.

Knowing that supported acid-materials are
suitable choices for furfural hydrogenation
reaction, Jouve and coworkers [57] prepared
Pt catalysts supported on niobia, producing
bifunctional catalyst, and modified the acidity of
this oxide by incorporation of dopants (W®" and
Ti*"). The incorporation of theses cations induced
alterations in the surface acidity of the support,
mainly modifying the Lewis acid sites. The W*®"
introducing increased the amount of Lewis acid
sites, whereas the addition of Ti*" decreased this
characteristic. Was observed that the supports
acidity influenced catalysts performance in distinct
ways. While an increase in acidity led to greater
FAL conversion, being the Pt on W-modified
Nb,O, the most active catalyst. A decrease in
surface acidity improved the selectivity to FFA,
making Pt on Ti-modified Nb,O, the most selective
in these series of Pt-Nb catalysts.

Bimetallic catalysts based on Pt are another ap-
proach in recent studies of furfural hydrogenation.
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For example, was noticed that PtSn systems were
more active than monometallic catalyst. Merlo and
coworkers [58] evaluated Pt/SiO, catalysts contai-
ning different amounts of tin (Sn/Pt molar ratio
of 0, 0.3, 0.6, 0.8 and 1). All the studied systems
allowed obtaining furfuryl alcohol with high selec-
tivity (96-98%). However, the bimetallic catalysts
archived higher reaction rates than monometallic
catalyst, being the system with lowest Sn/Pt atomic
ratio the most active one.

A similar conclusion was reached when applied
PtSn/SiO, catalysts with Sn/Pt atomic ratio of 0.2,
0.4 and 0.6 [59]. The TOF obtained for the hydro-
genation of furfural decreased with increase of Sn
content, indicating that there is an optimum Sn/
Pt ratio and that the higher presence of Sn could
block Pt sites, which are active for the hydroge-
nation. The researchers determined that bimetallic
catalysts were more selective towards FFA due the
architecture of active sites resulting of Pt particles
dilution effect. This configuration favored the
hydrogenation of the C=0 group, allowing the
preferential formation of FFA.

Bimetallic Pt—Sn nanoclusters confined in the
pores of a Zr-based MOF acted as suitable catalysts
for FAL hydrogenation to FFA [60]. In this study
the Pt-Sn interaction was investigated by DRIFTS
analysis of adsorbed CO to probe the bimetallic
surface. The results indicated the formation of a
Pt—Sn interface that presents different electronic
surface property compared to only Pt. Moreover,
CO desorption experiments using variable-
temperature IR indicate that the Pt atoms on the
Pt—Sn surface are spatially isolated compared to
the monometallic Pt surface, which is desirable,
once isolated Pt sites on the bimetallic surface
appear to avoid the activation of C=C double bonds
and increase the C=0 bond activation.

Ru/Carbon nanotubes (CNTs) catalysts mo-
dified with Fe,O, were applied to perform the
catalytic hydrogenation of furfural to furfuryl
alcohol, using alcohols as the solvent as also hy-
drogen donors [61]. In addition to effects of Fe,O,
loading the influence of different hydrogen donors
and reaction parameters (temperature, N, pressure,
furfural concentration and catalyst amount) were
also evaluated. The Fe,O, inclusion promoted the
formation of Ru’ species. Moreover, this addition
facilitated catalysts recovered from the reaction
mixture due the magnetic property of this oxide.
Ru-Fe,O,/CNTs catalysts presented higher acti-
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vity and selectivity towards FFA than Ru/CNTs
catalyst, especially at the Fe,O, loading of 5 wt%.
The resulting Ru-5%Fe,O,/CNTs showed 99.4%
FAL conversion and 100% of FFA selectivity using
i-propanol under 453 K and 0.1 MPa (N,) for 4 h.
The reaction mechanism over Ru-Fe O, ,/CNTs pro-
ceeds through metal-mediated hydrogenation (Ru
metal) and Lewis acid-mediated intermolecular
hydride transfer (RuO -Fe,O, Lewis acid).

The relationship between structure and activity
for catalytic hydrogenation of FAL in liquid phase
was verified by evaluating ruthenium catalysts
supported on fumed silica and SBA-15 and varying
the size of the Ru nanoparticles (2-25 nm) [62].
It was observed that the furfural conversion
was directly proportional to the surface fraction
of Ru, indicating an apparent sensitivity of the
structure. The competing reactions that produce
furfuryl alcohol (hydrogenation) and furan
(decarbonylation) presented opposite structure
sensitivity. While the hydrogenation of C=0 is
favored by Ru nanoparticles larger than 17 nm,
decarbonylation occurs preferably in particles
smaller than 10 nm, regardless of the textural
properties of the support. These trends correlate
with the apparent diverging activation energies for
hydrogenation contrasted with decarbonylation.
The increase in hydrogen pressure from 10 bar to
25 bar promoted the hydrogenation of C=0. The
selectivity for FFA reached 98% at 100°C and 25
bar, decreasing slightly at higher temperatures
due to a small degree of ring-opening to 1,2-
pentanediol.

Ru/ALO, was also used in the liquid phase
catalytic hydrogenation of FAL in a recent study
[63]. These catalysts were modified with phos-
phorous to improve Ru stability against leaching.
Phosphorous addition was made by impregnation
with ammonium hypophosphite and varying the
next step (reduction or calcination). The addition
of phosphorus increased ruthenium dispersion
and its reducibility. I addition the catalysts acidity
was changed to a more Brensted-based material
than a Lewis-based material that was an original
characteristic from Al O, support. The catalysts
that experimented reduction step achieved more
activity and selectivity. Despite of phosphorus
inclusion did not led to significantly alterations in
catalyst activity and selectivity, it affected the sta-
bility. The extent of activity loss of P-free catalyst
was significantly higher than P-promoted catalyst,
after six consecutive recycling tests.
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It is evident from the studies presented that
the hydrogenation of furfural is a very complex
reaction that involves several variables in relation
to the catalyst as well the reaction medium.
Regarding the catalyst design, different factors
were presented that can affect its performance.
Like the effect of preparation method, precursor
and presence of dopants. As well as the influence
of support properties, the result of active phases
combination and of alloys formation. That is why
research related to furfural hydrogenation is quite
extensive and involves the employment of classic
materials, such as supported catalysts and typical
oxides and supports such as alumina and silica.
But also, the use of advanced materials, such as
MOF and structured catalysts.

1.1.2 Oxidation

As mentioned above, the furfural has many
applications in the chemistry industry. It can be
employed to produce biofuel to aviation (kerosene)
from the oxidative condensation reaction with
alcohol. Ton and coworkers [64] studied the
oxidative condensation between furfural and
ethanol employing Au/FH, Pt/FH, and Co/FH
catalysts. They obtained furfural conversions
major than 90% and high selectivity. The main
products of reaction were 3-(furan-2-yl-)-2-
methylacrylaldehyde and furan-2-acrolein. In this
reaction, K,CO, and KOH as promotor are used;
however, taking into account that the reactions
should be carried out in clean systems, the
oxidative condensation is still a challenge.

In the same way, recently, Gao and coworkers
[65] prepared Au catalyst supported, which were
used in the oxidative condensation of furfural and
ethanol with O, molecular under mild reaction
conditions. Au@CaO catalyst raised higher
furfural conversion (85.9%) and of furan-2-
acrolein selectivity (81.8%). The results indicated a
synergistic effect between the golden nanoparticles
and the calcium oxide, which favors the furan-2-
acrolein production.

In another study, Signoretto and coworkers
[66] tested Au/ZrO, catalysts in the oxidative
esterification of furfural and studied the calcination
of temperature. They found that the calcination at
500° produces Au nanoparticles of 3 nm that can
dissociate the molecular oxygen. This calcination
temperature was also to eliminate the organic
residue from both Au active sites and ZrO,. The
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main product of the reaction was the furoate ester.
Besides, Pinna et al. used Au/ZrO, and Au/TiO,
systems in the oxidative esterification of furfural
with oxygen and methanol. Au/ZrO, was calcined
at 600°C and 250°C under O, flow. When the
sample was calcined at 650°C, the Aunanoparticles
showed particles above 4 nm, which were detected
by CO chemisorption and HRTEM studies. This
fact caused low activity and selectivity in the
reaction. However, the Au/ZrO, catalyst calcined
at 250°C was more active and selective that Au/
TiO,, and there was not acetal formation [67].
Menegazzo and coworkers [68] analyzed the
support effect in the oxidative esterification
of furfural. Au/ZrO,, Au/CeO,, and Au/TiO,
catalysts were studied. The best system was Au/
Zr0O, followed by Au/CeO, and Au/TiO,. The
zirconia showed good chemical and morphological
properties that allowed obtain high dispersion of
Au particles, adequate specific surface area, and
acid-base properties. This behavior caused a high
selectivity to methyl furoate.

The furfural can also be oxidized to produce
maleic acid with hydrogen peroxide and a solid
catalyst. Alonso-Fagundez and coworkers [69]
used titanium silicalite as catalysts and studied the
effect of temperature and of the concentration of
H,0,. The catalyst was characterized by different
techniques, and it found that the titanium was
incorporated within the silicalite framework. Two
furfural types (pure and derived from biomass)
were used in the reactions. When in the reaction
was used pure furfural, the catalysts raised
six runs without deactivation. Still, when the
furfural was derived from biomass, the system
deactivated quickly due to the presence of organic
compounds. The maleic acid can be dehydrated
and produce Maleic anhydride. These compounds
have many applications in the industry. They
can be used in the manufacture of polymers,
resins, pharmaceuticals, biofuels, each other. The
oxidation of the furfural into maleic acid involves
two steps; decarbonylation, which carries out
423-453 K, and oxidation. A noble metal catalyst
is necessary for the two steps that help to avoid
deactivation. They conclude that the titanium
silicate is an excellent catalyst to obtain maleic
acid from furfural.

Besides, V,0,/Al,0, also was used in the gas
phase oxidation of furfural to maleic anhydride.
In this reaction was studied the temperature effect
and an increase in the temperature of reaction
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contributed to the rise to maleic acid yield. The
catalyst was characterized by different techniques;
however, the solid is deactivate due formation
of maleate and resins as a consequence of an
increase of temperature. In this case, the yield of
maleic anhydride was near 30%. Regeneration is
carried out at high temperature (773 K). The best
conditions of reaction were at 573 K using 1 vol.%
furfural and 20 vol.% O,, to obtain 60% of maleic
anhydride yield after 15 of reaction. Therefore, the
high oxidizing potential of the reaction mixture
favor the selective transformation to maleic acid
and to prevent resin and maleate formation and
subsequent deactivation [70].

In a recent study, Rezaei and coworkers [71].
used vanadyl pyrophosphate and zirconium
pyrophosphate particles in the oxidation of furfural
to maleic acid. The authors demonstrated that the
synthesis of a mixture of vanadyl pyrophosphate
and zirconium pyrophosphate supported on well-
ordered mesoporous KIT-6, which favors the
oxidation of furfural to maleic acid. The reaction
conditions were 0.25 Zr/V ratio-loading at 70
°C with 3:1 (H,0O,: furfural mole ratio), using
acetonitrile as solvent. The solvent was chosen
due to good solubility and polarity. In this case,
the furfural conversion was 81.2 %, and the yield
to maleic was 29.2 % at 1h of reaction. In the
reuse test, the solids showed activity after four
runs; however, the solid showed slight leaching of
zirconium and vanadium, which was determined
by ICP-AES analysis.

The support effect was also studied in the
partial oxidation of furfural to maleic acid.
Santander et al. prepared, characterized, and
evaluated V,0,/Si0,, V,0,/Zr0O,, V,0/TiO,, and
V,0./y-Al,0, solids in the gas phase reaction.
V,0,/8i0, and V,0./y-Al O, catalysts exhibited
the best catalytic performance, achieving a yield
maleic acid of 50%. In this case, V,0/y-AlO,
was more selective to maleic acid that V,0,/Si0O,.
This behavior was attributed to good vanadium
dispersion on y-alumina [72]. However, V,0./
ZrO, and V,0,/TiO, increase the activity with the
decrease in the oxidative conditions. In this case,
these catalysts oxidized the furfural entirely to
CO, and H,0, and the maleic acid production was
scarce. In spite that the performance of V,0,/ZrO,
and V,0/TiO, was not excellent, the oxidation
potential of the reaction feed was decreased, and
the maleic acid yield increased like V,0./SiO,
and V,0./y-Al O,
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On the other hand, the furfural can also be
to furoic acid, another essential value product.
Palombo Ferraz and coworkers [73] used the
Au/MnO, catalyst to obtain furoic acid form
furfural at 110°C. This catalyst was prepared
with different morphologies such as nanoflowers
and nanowires. The systems were characterized
and evaluate catalytically. Au/MnO, nanoflowers
showed a higher selectivity to furoic acid. The
authors attributed this behavior to the presence
of surface Au°* species detected by XPS analysis.
This catalyst also exhibited high surface area
and pore volume, which contributed to excellent
performance in this reaction. Roselli and coworkers
[74] carry out the furfural oxidation in the liquid
phase using pure oxygen and Au/hydrotalcite
with Mg: Al ratios. Au/hydrotalcite system with
4:1 showed the total furfural conversion and the
higher selectivity to furoic acid. This study also

(a)
Others

(Mo, Ni, Sn and V) Au

33%

8%

Mn
Pt

Co

Pd

(Bi, P, ZrO, and Se)

performed the stability tests and found that the
Au/hydrotalcite showed leaching of Mg?* cations.

Douthwaite and coworkers [75] prepared
monometallic catalysts (Au/Mg(OH), and Pd/
Mg(OH),) and bimetallic catalysts (AuPd/
Mg(OH),) and were evaluated in the furfural
oxidation. AuPd/Mg(OH), systems showed an
excellent performance in the reaction. However, it
was reused around five runs, and the TEM results
indicated that the particles formed agglomerated.
The catalysts contributed to the formation of furoic
acid in two ways; direct oxidation to produce the
acid and via aldehyde to acid furoic. Sometimes
occurred parallel reactions such as polymerization,
which conducted to form humins. Search for the
term “furfural oxidation” in the Scienfider databa-
se, comprising works available from 1963 to 2020.
The evaluations were limited to data published as
papers (excluding reviews) and patents.

(b)

Others

40%

10%

Hydroxyapatite

Sb

Figure 2. Typical active phases (a) and oxides supports or dopants (b) applied
for catalytic oxidation of furfural in published papers and patents.

1.2 BIO CATALYTIC PROCESSES

An option to replace and improve the chemical
methods is the oxidation or reduction biocatalytic.
In biocatalysis the enzymes from microbial cells or
whole cells are used for chemical transformations
[37] even to obtain furan compounds or high-value
molecules aggregate coming from biomass. The
most important of this process is that the molecules
obtained can be easily separated and produced
under mild reaction conditions with high yield and
selectivity, while maintaining high chemical purity
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and low or negligible by-product formation [30].
Although the furanic aldehydes are highly toxic to
microorganisms [15], some microrganisms have
developed a wide variety of defense mechanisms
to degrade these compounds. The oxidation/
reduction reactions constitute the initial steps of
the biological pathways for the degradation of FAL,
which in turn produce alcohol and furan acid.
These products are valuable in polymer chemistry,
because these are renewable monomers. Furans
can be oxidized following the Trudgill cycle.
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Furoic acid enters the cycle of tricarboxylic acids
(TCA) [40], and FAL can be reduced aerobically
and anaerobically, generating furfuryl alcohol.

The whole cells are more used for transforma-
tion processes than isolated enzymes because these
are economical, more stable and do not require
complex regeneration systems [76]. The modern
biotechnology and efficient DNA sequencing
[38] have allowed for example, incorporate the
bioinformatic analysis to identify possible genes
involved in processes of interest, propose meta-
bolic networks based on overexpress genes that
encode a specific enzyme. In this sense, the search
of microorganisms capable of tolerating FAL and
transforming it into alcohols or acids furanic as the
identification of the possible genes that encode the
enzymes that microorganisms use to metabolize
aldehydes furanic are the basis for possible large-
scale production.

Successful industrial enzymatic examples
using microorganisms in bioremediation strate-
gies increasingly better for biorefinery [37] [39]
are reported. Also, pathways of degradation of
HMEF/FAL have been established in some mi-
croorganisms such as Cupriavidus basilensis
[40], Saccharomyces cerevisiae, Escherichia
coli, Corynebacterium glutamicum [41]. Howe-
ver, information on metabolic pathways by which
the furanic compounds are degraded is almost
null. The genomes sequencing of some of these
microorganisms has been used to broaden the
understanding of the metabolic pathways involved
in the regulation of these processes. For example,
unifying the hydrolysis and fermentation of bio-
mass in a single microorganism was performed,
although the yields are not entirely successful [37].
At the biological level, studies using microorga-
nisms and specific enzymes produced by them as
catalysts for reactions of agro-industrial interest.
Several oxidoreductases have been identified as
the key enzymes in Saccharomyces cerevisiae, in
enteric bacteria, or in consortia of microorganisms
to oxidize or reduce compounds derived from
biomass. Also, biochemical pathways have been
postulated to explain the metabolism of furans.
Enzymes such as oxidoreductases (dehydrogenases
and oxidases) and decarboxylases have been iden-
tified in these routes [40] [77]. High concentrations
of furan aldehydes have been evaluated in different
strains; expression of genes related to tolerance and
adaptation to general stress, central metabolism,
transport and degradation of damaged proteins
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regulated positively, indicating a stress response
throughout the system [78] [79]. Besides, genes
encoding enzymes with furoyl-CoA dehydroge-
nase activities were found [80].

With respect to isolated microorganisms, Boo-
pathy et al. in 1993 [81], they evaluated the ability
to transform furfural and 5-hydroxymethylfurfural
from seventeen strains of enteric bacteria that
included Enterobacter, Klebsiella, Escherichia,
Citrobacter among others, the enteric bacteria
were able to transform furfural to furfuryl alcohol
or acid furoic if they followed an aerobic route, in
the same way, the strains that grew in a glucose-
peptone medium transformed approximately 95%
of the furfural present in the medium in 24h. Sub-
sequently, Sarvari Horvath et al., In 2003 [82], stu-
died the effect of furfural on the aerobic metabo-
lism of the yeast Saccharomyces cerevisiae during
respiratory growth in the presence of glucose; the
results obtained provided the basis for a metabolic
flux analysis that was carried out under different
substrate conditions, product formation, metabolic
energy, and additionally, the effect that furfural has
on the aerobic and anaerobic metabolism of yeast
S. Cerevisiae In 2004, Mitsukura et al. [83], used
aromatic aldehydes for the production of furoic
acid using strains of Acetobacter and Serratia; and
demonstrated with the batch-fed strategy, that the
whole cells were able to oxidize the aldehyde and
transform it into furoic acid with a conversion rate
of 95% and 97% with Acetobacter and Serratia
respectively, using commercial furfural. For this
reason, Lopez et al., In 2004 [84], isolated and
identified new microorganisms for the biological
treatment of lignocellulosic hydrolysates, and
selected some microorganisms according to their
potential for the degradation of toxic compounds
of acid hydrolysates. The fungal strain C. ligniaria
C8 (NRRL30616), isolated and identified in the
study, presented appropriate characteristics for
the biological treatment of lignocellulosic hydro-
lysates. In this process there are advantages over
other detoxification treatments that include the
complete elimination of furfural and 5-HMF, the
minimum nutrient requirements and the possibility
of performing detoxification in one step without
additional manipulation, however it could not be
proven if the substrate was completely metabo-
lized by the whole cell or only transformed into
a compound less toxic to it. This is why in 2012,
Zhang, Han, and Ezeji [85], studied the ability of
Clostridium acetobutylicum 824 to tolerate furan
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aldehyde inhibitors (furfural and HMF) and im-
prove the bioconversion of lignocellulosic biomass
hydrolysates to fuels and chemicals, and demons-
trated that furfural and HMF were converted to
furfuryl alcohol and 2,5-bis-hydroxymethylfuran,
respectively. However, Zhou, Zhou, and Chen in
2016 [86] used a strain of Gluconobacter oxydans
(ATCC621H) that catalyzed the oxidation of fur-
fural and furfuryl alcohol to produce furoic acid;
this transformation was carried out with a fed-batch
strategy, optimizing the fed-batch process until ob-
taining furoic acid concentrations greater than 40
g/L with a productivity of 0.167 g/Lh and yield of
almost 100%. In turn, Kudahettige Nilsson et al. in
2016 [87] studied the effects of inhibitors of phenol,
levulinic acid, HMF (hydroxymethylfurfural) and
furfural on the growth and enzymatic activity of
different microorganisms, demonstrating that mi-
croorganisms can grow and degrade lignocellulosic
inhibitors. Recently, in 2017, Singh et al. [76] iso-
lated a soil bacterium (Bordetella sp. BTIITR) that
showed the ability to degrade furfural (100%) and
HMF (80%) present in a hydrolyzed lignocellulosic
liqueur. Thus, Wang et al., In 2018 [41], used the
long-term adaptive evolution of the strain Coryne-
bacterium glutamicum S9114 to make it tolerant to
the inhibitor, by means of the continuous transfer
every 24h to the inhibitors present in a corn stubble
hydrolyzate.; after 128 days the strain showed a high
conversion rate of the typical inhibitors of lignoce-
llulose derivatives, where from 1 g/L of furfural in
the medium converted 0.9 g/ L in 2h.

According to the above, the toxicity triggered
by the FAL on the different microorganisms is re-
ason to study, optimize and improve the processes
of oxidation, where the metabolic capacity of the
microorganisms can be improved for the produc-
tion of the corresponding alcohol or carboxylic
acid, generating economic viability in the process;
Likewise, most of the described organisms also
inhibit or rapidly consume the products formed,
this causes that it is often not clear to what extent
the furanic compounds are actually metabolized.

With respect to the enzymes involved in the fur-
fural degradation process, in 2002, Modig, Lidén,
and Taherzadeh [88] evaluated in vitro the kinetics
of furfural inhibition of the alcohol dehydrogenase
(ADH) enzymes, aldehyde dehydrogenase and the
complex pyruvate dehydrogenase (PDH); where
the inhibition caused by HMF of ADH was very
similar to that caused by furfural. The effects of
inhibition on the three enzymes could well explain
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previously the effects caused by furfural and HMF
on the global metabolism of S. cerevisiae, sugges-
ting a critical role since inhibition was observed
in these enzymes. Petersson et al. in 2006 [89], an
alcohol dehydrogenase VI (ADH6) was overex-
pressed in yeast strains, observing a substantially
higher in vivo conversion rate of HMF and furfural
in both aerobic and anaerobic cultures [90]; in
addition, by overexpressing ADH6 with a cofactor,
preferably NADH, the degradation activity was 3.9
times higher than in the control strain. Gutiérrez
et al. in 2006 [91] they purified and characterized
a furfural reductase enzyme (FFR), in the strain
Escherichia coli LYOL, that catalyzed the reductive
detoxification of furfural to furfuryl alcohol; the
activity exhibited by this enzyme was maintained
at the same level (60% of its Vmax) when it was
in reaction with furfural concentrations of 5 and
10 mM. However, it was reported that increasing
concentrations of furfural (5-20 mM) affected the
growth and metabolic rates of the LYOLl strain in
Luria Bertani medium. Almeida et al. in 2008
[92], they used Pichia stipitis xylose reductase (Ps-
XR) to transform strains of S. cerevisiae that can
ferment xylose and showed that strain TMB3400
not only converts xylose but also shows a greater
tolerance to lignocellulosic hydrolyzate, as well
as 3 times greater in vitro reduction activity of
HMF and furfural than the control strain; it is also
important to note that the overexpression of Ps-XR
increased the conversion rate of HMF in vivo by
approximately 20%, thus improving the tolerance
of the yeast towards HMF.

Liu & Moon in 2009 [93], reported the cloned
gene of an aldehyde reductase enzyme in S. cerevi-
siae, which proved to be dependent on NADPH in
reduction activities and was also able to survive at
different concentrations of furfural and 5-HMF in
comparison with the strain without gene insertion.
Moon & Liu in 2012 [94], improved the aldehyde
reductase activity of the GRE2 gene of S. cerevi-
siae towards HMF and furfural using the mutation
of the enzyme; in this study, the enhanced activity
of aldehyde reductase in yeast strains was shown
by overexpressing mutated GRE2. Additionally,
Wang et al, in 2015 [95] identified Aldo-ketoreduc-
tases, aldehyde reductases and aldehyde dehydro-
genases responsible for the degradation of furfural
and HMF to the corresponding alcohols and acids
in A. resinae ZN1 and provided important informa-
tion to understand the mechanism of degradation
of furfural and degradation of HMF[96]. Tsuge et
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al., In 2016 [97], studied an alcohol dehydrogenase
enzyme involved in the process of reducing fur-
fural to furfuryl alcohol in Corynebacterium that
accelerated the detoxification of furfural by its
conversion to furfuryl alcohol and 2-furoic acid.
Recently, Yee et al. 2018 [98] studied the degra-
dation of furfural and 5-hydroxymethylfurfural
using recombinant manganese peroxidase produced
by the yeast Pichia pastoris and demonstrated that
the treatment based on Manganese peroperoxidase
(MnP) was able to detoxify the solutions of fur-
fural and HMF for subsequent fermentation with
microorganisms [99]. Besides, the enzymes that
have been found in the degradation pathway of
furfural for some microorganisms among which are
Cupriavidus basilensis, Saccharomyces cerevisiae,
Escherichia coli, Pichia stipitis, Amorphoteca resi-
nae, Corynebacterium glutamicum, among others;
It is very important to emphasize that the genetic
and biochemical characterization of the microbial
metabolism of enzymes capable of degrading furans
has great potential for industrial applications from
lignocellulosic hydrolysates.

CONCLUSIONS

The utilization of lignocellulosic biomass
represents an attractive and promising strategy
for green and sustainable energy production
due to its low cost and abundance. Furfural is
considered a building block molecule that takes
significant attention due to their applications as
biofuels and value-added compounds. Furfural
and its derivatives have been extensively used as
transportation fuel, gasoline additives, lubricants,
jet fuel blends, and in agrochemical and pharma-
ceutical industries. The hydrogenation of furfural
is one of the most versatile reactions from where
furfuryl alcohol can be obtained. This reaction
can be carried out in gas or liquid phase. The
furfural hydrogenation is performed at different
reaction temperatures, hydrogen pressures, metal,
and supports that allow study and understanding
of furfuryl alcohol. The furfural can also be used
in oxidation and oxidative esterification reactions
to produce maleic acid, furoic acid, and methyl
furoate. In these reactions sometimes are em-
ployed H,O, and pure oxygen. The conventional
catalysts are golden supported catalysts and mixed
oxides, which favor the catalytic performance
and the interest products. However;Bio catalytic
transformation of Furfural could be considered
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a degradation alternative with great potential for
industrial applications with a possible large-scale
production of different derivatives.

REFERENCES

[1]  UNFCCC, Adoption of the Paris Agreement.
United Nations Framework Convention on

Climate Change. 2015.
(2]

R. B. Jackson et al., “Warning signs for
stabilizing global CO2 emissions,” Environ.
Res. Lett., vol. 12, no. 11, p. 110204, 2017,

doi: 10.1088/1748-9326/2a9662.

S. Nabernegg, B. Bednar-Friedl, P. Muiioz,
M. Titz, and J. Vogel, “National Policies for
Global Emission Reductions: Effectiveness
of Carbon Emission Reductions in Interna-
tional Supply Chains,” Ecol. Econ, vol.
158, pp. 146-157, 2019, doi: 10.1016/;.
ecolecon.2018.12.006.

S. Hansen, A. Mirkouei, and L. A. Diaz,
“A comprehensive state-of-technology
review for upgrading bio-oil to renewable
or blended hydrocarbon fuels,” Renew.
Sustain. Energy Rev., vol. 118, no. June
2019, p. 109548, 2020, doi: 10.1016/].
rser.2019.109548.

REN21, “Renewables 2018 Global Status
Report,” Paris, 2018.

(3]

(4]

[5]

[6] P. C. Torres-Mayanga et al., “Production
of biofuel precursors and value-added
chemicals from hydrolysates resulting from
hydrothermal processing of biomass: A
review,” Biomass and Bioenergy, vol. 130,
no. June, p. 105397, 2019, doi: 10.1016/].

biombioe.2019.105397.

I. E. Agency, “Market Report Series: Oil
2018. Analysis and forecasts to 2023,” Paris,
2018.

L. M. Esteves et al., “Effect of support
on selective 5-hydroxymethylfurfural
hydrogenation towards 2,5-dimethylfuran
over copper catalysts,” Fuel, vol. 270, no.
January, p. 117524, 2020, doi: 10.1016/].
fuel.2020.117524.

A. Brandt, J. Grasvik, J. P. Hallett, and T.
Welton, “Deconstruction of lignocellulosic
biomass with ionic liquids,” Green Chem.,

[7]

(8]



[10]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Alejandra Rodriguez - Leidy Y. Rache - Maria H. Brijaldo -

vol. 36, no. 207890, pp. 27292747, 2019,
doi: 10.1039/c7gc01078h.

X. Li, P. Jia, and T. Wang, “Furfural: A Pro-
mising Platform Compound for Sustainable
Production of C4 and C5 Chemicals,” ACS
Catal., vol. 6, no. 11, pp. 7621-7640, 2016,
doi: 10.1021/acscatal.6b01838.

J. Maetal., “Advances in catalytic conversion
of lignocellulose to chemicals and liquid
fuels,” J. Energy Chem, vol. 36, pp. 74-86,
2019, doi: 10.1016/j.jechem.2019.04.026.

Y. Luo et al., “The production of furfural
directly from hemicellulose in lignoce-
llulosic biomass: A review,” Catal. Today,
vol. 319, pp. 14-24, 2019, doi: 10.1016/.
cattod.2018.06.042.

A. Bohre, S. Dutta, B. Saha, and M. M. Abu-
Omar, “Upgrading Furfurals to Drop-in Bio-
fuels: An Overview,” ACS Sustain. Chem.
Eng., vol. 3, no. 7, pp. 1263—1277, 2015, doi:
10.1021/acssuschemeng.5b00271.

M. Kabbour and R. Luque, “Furfural as a
platform chemical: From production to appli-
cations,” in Biomass, Biofuels, Biochemicals,
Elsevier B.V., Ed. 2020, pp. 283-297.

R. Mariscal, P. Maireles-Torres, M. Ojeda, .
Sadaba, and M. Lopez Granados, “Furfural: a
renewable and versatile platform molecule for
the synthesis of chemicals and fuels,” Energy
Environ. Sci., vol. 9, no. 4, pp. 11441189,
2016, doi: 10.1039/C5EE02666K.

P. Rachamontree, T. Douzou, K. Cheenka-
chorn, M. Sriariyanun, and K. Rattanaporn,
“Furfural: A Sustainable Platform Chemi-
cal and Fuel,” Appl. Sci. Eng. Prog., vol.
13, no. 1, pp. 3-10, 2020, doi: 10.14416/;.
asep.2020.01.003.

M. Dashtban, A. Gilbert, and P. Fatehi,
“Production of furfural: Overview and cha-
llenges,” J-for, vol. 2, no. 4, pp. 44-53, 2012.

H. J. Brownlee and C. S. Miner, “Industrial
Development of Furfural,” Ind. Eng. Chem.,
vol. 40, no. 2, pp. 201-204, Feb. 1948, doi:
10.1021/ie50458a005.

S. G. Wettstein, D. Martin Alonso, E. 1.
Giirbiiz, and J. A. Dumesic, “A roadmap for
conversion of lignocellulosic biomass to che-
micals and fuels,” Curr. Opin. Chem. Eng.,

75

[20]

(21]

[22]
(23]

[24]

[25]

[27]

(28]

[29]

Ludmila P. C. Silva - Laura M. Esteves

vol. 1, no. 3, pp. 218-224, 2012, doi: 10.1016/j.
coche.2012.04.002.

R. Karinen, K. Vilonen, and M. Niemel4,
“Biorefining: Heterogeneously catalyzed
reactions of carbohydrates for the production
of furfural and hydroxymethylfurfural,”
ChemSusChem, vol. 4, no. 8, pp. 1002—1016,
2011, doi: 10.1002/cssc.201000375.

C. M. Cai, T. Zhang, and C. E. Wyman, “In-
tegrated furfural production as a renewable
fuel and chemical platform from lignocellu-
losic biomass,” no. April, 2013, doi: 10.1002/
jctb.4168.

M and Markets, “Furfural Market,” 2020.

T. M. Research, “Furfural Derivatives Mar-
ket,” 2020.

K. Yan, G. Wu, T. Lafleur, and C. Jarvis,
“Production, properties and catalytic hy-
drogenation of furfural to fuel additives and
value-added chemicals,” Renew. Sustain.
Energy Rev., vol. 38, pp. 663—676, 2014, doi:
10.1016/j.rser.2014.07.003.

Y. Wang, D. Zhao, D. Rodriguez-Padron,
and C. Len, “Recent advances in catalytic
hydrogenation of furfural,” Catalyst, vol. 9,
pp. 1-33, 2019, doi: 10.3390/catal9100796.

J. Long, W. Zhao, H. Li, and S. Yang, “Fur-
fural as a renewable chemical platform for
furfuryl alcohol production,” in Biomass,
Biofuels, Biochemicals, 2020, pp. 299-322.

B. H. Wojcik, “Catalytic hydrogenation of
furan compounds,” Ind. Eng. Chem. Res.,
vol. 40, no. 2, pp. 210-215, 1948.

R. Lopez-Asensio, J. A. Cecilia, C. P.
Jiménez-Gomez, C. Garcia-Sancho, R.
Moreno-Tost, and P. Maireles-Torres, “Se-
lective production of furfuryl alcohol from
furfural by catalytic transfer hydrogenation
over commercial aluminas,” Appl. Catal. A
Gen., vol. 556, no. November 2017, pp. 1-9,
2018, doi: 10.1016/j.apcata.2018.02.022.

A. O. Driscoll, J. J. Leahy, and T. Curtin,
“The influence of metal selection on catalyst
activity for the liquid phase hydrogenation of
furfural to furfuryl alcohol,” Catal. Today,
2016, doi: 10.1016/j.cattod.2016.06.013.

M. Douthwaite et al., “The controlled ca-
talytic oxidation of furfural to furoic acid



[31]

[32]

[33]

[35]

[36]

[37]

[38]

[39]

Alejandra Rodriguez - Leidy Y. Rache - Maria H. Brijaldo - Ludmila P. C. Silva - Laura M. Esteves

using AuPd/Mg(OH)2,” Catal. Sci. Technol.,
vol. 7, no. 22, pp. 5284-5293, 2017, doi:
10.1039/c7¢cy01025g.

K. J. Zeitsch, “Furoic acid,” in Sugar Series,
vol. 13, 2000, pp. 159-163.

N. K. Gupta, A. Fukuoka, and K. Nakajima,
“Metal-free and Selective Oxidation of Fur-
fural to Furoic Acid with an N-Heterocyclic
Carbene Catalyst,” Sustain. Chem. Eng.,
2018, doi: 10.1021/acssuschemeng.7b03681.

C.D. Hurd, J. W. Garrett, and E. N. Osborne,
“Furan Reactions. IV. Furoic Acid from Fur-
fural,” J. Am. Chem. Soc., vol. 55, no. 3, pp.
1082-1084, 1933, doi: 10.1021/ja01330a032.

Q. Tian, D. Shi, and Y. Sha, “CuO and
Ag20/CuO catalyzed oxidation of aldehydes
to the corresponding carboxylic acids by
molecular oxygen,” Molecules, vol. 13, no.
4, pp. 948-957, 2008, doi: 10.3390/molecu-
1es13040948.

P. Verdeguer, N. Merat, and A. Gaset,
“Lead/platinum on charcoal as catalyst for
oxidation of furfural. Effect of main pa-
rameters,” Appl. Catal. A, Gen., vol. 112,
no. 1, pp. 1-11, 1994, doi: 10.1016/0926-
860X(94)80133-9.

B. Zhou, J. Song, Z. Zhang, Z. Jiang, P.
Zhanga, and B. Han, “Highly selective
photocatalytic oxidation of biomass-derived
chemicals to carboxyl compounds over
Au/Ti02,” Sustain. Chem. Eng., 2016, doi:
10.1039/C6GC030221J.

U. T. Bornscheuer, G. W. Huisman, R. J.
Kazlauskas, S. Lutz, J. C. Moore, and K.
Robins, “Engineering the third wave of
biocatalysis,” Nature, vol. 485, no. 7397, pp.
185-194, 2012, doi: 10.1038/naturel1117.

X. Li, P. Jia, and T. Wang, “Furfural: A Pro-
mising Platform Compound for Sustainable
Production of C4 and C5 Chemicals,” ACS
Catal., 2016.

A. Pellis, E. Herrero Acero, V. Ferrario, D.
Ribitsch, G. M. Guebitz, and L. Gardossi,
“The Closure of the Cycle: Enzymatic
Synthesis and Functionalization of Bio-
Based Polyesters,” Trends Biotechnol., vol.
34, no. 4, pp. 316328, 2016, doi: 10.1016/j.
tibtech.2015.12.009.

76

[40]

[41]

[42]

[43]

(44]

[46]

[47]

F. Koopman, N. Wierckx, J. H. de Winde,
and H. J. Ruijssenaars, “Identification and
characterization of the furfural and 5-(hy-
droxymethyl)furfural degradation pathways
of Cupriavidus basilensis HMF14,” Proc.
Natl. Acad. Sci., vol. 107, no. 11, pp. 4919—
4924, 2010, doi: 10.1073/pnas.0913039107.

X. Wang, 1. Khushk, Y. Xiao, Q. Gao, and
J. Bao, “Tolerance improvement of Cory-
nebacterium glutamicum on lignocellulose
derived inhibitors by adaptive evolution,”
Appl. Microbiol. Biotechnol., vol. 102, no.
1, pp. 377388, 2018, doi: 10.1007/s00253-
017-8627-4.

R. V. Sharma, U. Das, R. Sammynaiken,
and A. K. Dalai, “Liquid phase chemo-
selective catalytic hydrogenation of furfural
to furfuryl alcohol,” Appl. Catal. A Gen.,
vol. 454, pp. 127-136, 2013, doi: 10.1016/j.
apcata.2012.12.010.

V. Ponec, “On the role of promoters in hy-
drogenations on metals; o , f-unsaturated
aldehydes and ketones,” Appl. Catal. A
Gen., vol. 149, no. 1, pp. 27-48, 1997, doi:
10.1016/S0926-860X(96)00250-5.

M. S. Ide, B. Hao, M. Neurock, and R. J.
Davis, “Mechanistic insights on the hy-
drogenation of a,B-unsaturated ketones
and aldehydes to unsaturated alcohols over
metal catalysts,” ACS Catal., vol. 2, no. 4,
pp. 671-683, 2012, doi: 10.1021/cs200567z.

H. Rojas, J. J. Martinez, and P. Reyes, “Ki-
netic behavior in the hydrogenation of fur-

fural over Ir catalysts supported on TiO2,”
DYNA, vol. 77, no. 163, pp. 151-159, 2010.

R. F. Perez and M. A. Fraga, “Hemicellulo-
se-derived chemicals: One-step production
of furfuryl alcohol from xylose,” Green
Chem., vol. 16, no. 8, pp. 3942-3950, 2014,
doi: 10.1039/c4gc00398e.

S. Aljjani et al., “Capping agent effect on
pd-supported nanoparticles in the hydroge-
nation of furfural,” Catalysts, vol. 10, no. 1,
pp. 1-16, 2019, doi: 10.3390/catal10010011.

G. S. Babu, V. Rekha, S. Francis, and
N. Lingaiah, “Vapour Phase Selective
Hydrogenation of Furfural to Furfuryl
Alcohol Over Cu—Cr—Zn Mixed Oxide
Catalysts Prepared by Utilizing Gamma



[49]

[50]

[51]

[53]

[54]

[56]

Alejandra Rodriguez - Leidy Y. Rache - Maria H. Brijaldo -

Radiation,” Catal. Lett., vol. 149, no. 10, pp.
2758-2766, 2019, doi: 10.1007/s10562-019-
02815-6.

X. Yang, H. Chen, Q. Meng, H. Zheng, Y.
Zhu, and Y. W. Li, “Insights into influence
of nanoparticle size and metal-support
interactions of Cu/ZnO catalysts on activity
for furfural hydrogenation,” Catal. Sci.
Technol., vol. 7, no. 23, pp. 5625-5634, 2017,
doi: 10.1039/c7cy01284e.

X. Yang et al., “Construction of novel Cu/
Zn0-A1203 composites for furfural hydro-
genation: The role of Al components,” Appl.
Catal. A Gen., vol. 561, pp. 78—86, 2018, doi:
10.1016/j.apcata.2018.04.005.

F. Tang, L. Wang, M. Dessie Walle, A. Mus-
tapha, and Y. N. Liu, “An alloy chemistry
strategy to tailoring the d-band center of Ni
by Cu for efficient and selective catalytic
hydrogenation of furfural,” J. Catal., vol.
383, pp. 172-180, 2020, doi: 10.1016/].
jcat.2020.01.019.

F. Li, S. Jiang, T. Zhu, Y. Wang, T. Huang,
and C. Li, “Organodiphosphonate Metal-
Organic Frameworks Derived Ni-P@C Ca-
talyst for Hydrogenation of Furfural,” Che-
mistrySelect, vol. 5, no. 7, pp. 22712278,
2020, doi: 10.1002/s1ct.201902827.

C. P. Jiménez-Gomez, C. Defilippi, J. A.
Cecilia, R. Moreno-Tost, P. Maireles-Torres,
and C. Giordano, “The role of nitride species
in the gas-phase furfural hydrogenation
activity of supported nickel catalysts,”
Mol. Catal., vol. 487, pp. 1-12, 2020, doi:
10.1016/j.mcat.2020.110889.

L. Ruan et al., “A highly selective and
efficient Pd/Ni/Ni(OH)2/C catalyst for
furfural hydrogenation at low tempera-
tures,” Mol. Catal., vol. 480, no. Septem-
ber 2019, p. 110639, 2020, doi: 10.1016/].
mcat.2019.1106309.

P. Liu et al., “Kinetics of Furfural Hydroge-
nation over Bimetallic Overlayer Catalysts
and the Effect of Oxygen Vacancy Concen-
tration on Product Selectivity,” ChemCat-
Chem, vol. 11, no. 14, pp. 32963306, 2019,
doi: 10.1002/cctc.201900625.

M. J. Taylor et al., “Highly selective hy-
drogenation of furfural over supported Pt

77

[60]

[62]

[63]

Ludmila P. C. Silva - Laura M. Esteves

nanoparticles under mild conditions,” Appl.
Catal. B Env.,, vol. 180, pp. 580-585, 2016,
doi: 10.1016/j.apcatb.2015.07.006.

A. Jouve et al., “Furfural hydrogenation on
modified niobia,” Appl. Sci., vol. 9, no. 11,
pp- 1-14, 2019, doi: 10.3390/app9112287.

A. B. Merlo, V. Vetere, J. F. Ruggera, and
M. L. Casella, “Bimetallic PtSn catalyst
for the selective hydrogenation of furfural
to furfuryl alcohol in liquid-phase,” Catal.
Commun., vol. 10, no. 13, pp. 1665-1669,
2009, doi: 10.1016/j.catcom.2009.05.005.

A. B. Merlo, V. Vetere, J. M. Ramallo-Lopez,
F. G. Requejo, and M. L. Casella, “Liquid-
phase furfural hydrogenation employing
silica-supported PtSn and PtGe catalysts
prepared using surface organometallic che-
mistry on metals techniques,” React. Kinet.
Mech. Catal., vol. 104, no. 2, pp. 467482,
2011, doi: 10.1007/s11144-011-0374-4.

T. W. Goh, C.-K. Tsung, and W. Huang,
“Spectroscopy Identification of the Bimeta-
llic Surface of Metal-Organic Framework-
Confined Pt—Sn Nanoclusters with Enhan-
ced Chemoselectivity in Furfural Hydroge-
nation,” ACS Appl. Mater. Interfaces, vol.
11, no. 26, pp. 23254-23260, Jul. 2019, doi:
10.1021/acsami.9b06229.

F. Li, W. Zhu, S. Jiang, Y. Wang, H. Song,
and C. Li, “Catalytic transfer hydrogenation
of furfural to furfuryl alcohol over
Fe304 modified Ru/Carbon nanotubes
catalysts,” Int. J. Hydrogen Energy, vol.
45, no. 3, pp. 1-10, 2019, doi: 10.1016/].
ijhydene.2019.11.139.

L.J. Durndell, G. Zou, W. Shangguan, A. F.
Lee, and K. Wilson, “Structure-Reactivity
Relations in Ruthenium Catalysed Furfural
Hydrogenation,” ChemCatChem, vol. 11,
no. 16, pp. 3927-3932, 2019, doi: 10.1002/
cctc.201900481.

T. Fovanna et al., “Ruthenium on phospho-
rous-modified alumina as an effective and
stable catalyst for catalytic transfer hydro-
genation of furfural,” RSC Adv., vol. 10,
no. 19, pp. 11507-11516, 2020, doi: 10.1039/
d0ra00415d.

X. Tong, Z. Liu, L. Yu, and Y. Li, “A tu-
nable process: Catalytic transformation of



[66]

[67]

[68]

[71]

[72]

Alejandra Rodriguez - Leidy Y. Rache - Maria H. Brijaldo - Ludmila P. C. Silva - Laura M. Esteves

renewable furfural with aliphatic alcohols in
the presence of molecular oxygen,” Chem.
Commun., vol. 51, no. 17, pp. 3674-3677,
2015, doi: 10.1039/c4cc09562f.

Y. Gao, X. Tong, and H. Zhang, “A selective
oxidative valorization of biomass-derived
furfural and ethanol with the supported gold
catalysts,” Catal. Today, pp. 1-8, 2019, doi:
10.1016/j.cattod.2019.05.002.

M. Signoretto, F. Menegazzo, L. Contes-
sotto, F. Pinna, M. Manzoli, and F. Boc-
cuzzi, “Au/ZrO2: An efficient and reusable
catalyst for the oxidative esterification of re-
newable furfural,” Appl. Catal. B Environ.,
vol. 129, pp. 287-293, 2013, doi: 10.1016/j.
apcatb.2012.09.035.

F. Pinna et al., “The effects of gold nanosize
for the exploitation of furfural by selective
oxidation,” Catal. Today, vol. 203, pp. 196—
201, 2013, doi: 10.1016/j.cattod.2012.01.033.

F. Menegazzo et al., “Oxidative esterifica-
tion of renewable furfural on gold-based
catalysts: Which is the best support?,” J.
Catal., vol. 309, pp. 241-247, 2014, doi:
10.1016/j.jcat.2013.10.005.

N. Alonso-Fagundez, I. Agirrezabal-Telle-
ria, P. L. Arias, J. L. G. Fierro, R. Mariscal,
and M. L. Granados, “Aqueous-phase
catalytic oxidation of furfural with H202:
High yield of maleic acid by using titanium,”
RSC Adv.,, vol. 4, no. 98, pp. 54960-54972,
2014, doi: 10.1039/c4ral1563e.

N. Alonso-Fagundez, M. Ojeda, R. Maris-
cal, J. L. G. Fierro, and M. Lopez Granados,
“Gas phase oxidation of furfural to maleic
anhydride on V205/A1203 catalysts: Reac-
tion conditions to slow down the deactiva-
tion,” J. Catal., vol. 348, pp. 265-275, 2017,
doi: 10.1016/j.jcat.2016.12.005.

M. Rezaei, A. Najafi Chermahini, H. A.
Dabbagh, M. Saraji, and A. Shahvar, “Fur-
fural oxidation to maleic acid with H202 by
using vanadyl pyrophosphate and zirconium
pyrophosphate supported on well-ordered
mesoporous KIT-6,” J. Environ. Chem.
Eng., vol. 7, no. 1, p. 102855, 2019, doi:
10.1016/j.jece.2018.102855.

P. Santander, L. Bravo, G. Pecchi, and A.
Karelovic, “The consequences of support

78

[73]

[74]

[75]

[77]

[78]

[79]

identity on the oxidative conversion of
furfural to maleic anhydride on vanadia
catalysts,” Appl. Catal. A Gen., vol. 595,
no. December 2019, p. 117513, 2020, doi:
10.1016/j.apcata.2020.117513.

C. P. Ferraz, A. G. M. Da Silva, T. S. Ro-
drigues, P. H. C. Camargo, S. Paul, and
R. Wojcieszak, “Furfural oxidation on
gold supported on MnO2: Influence of the
support structure on the catalytic perfor-
mances,” Appl. Sci., vol. 8, no. 8, 2018, doi:
10.3390/app8081246.

A. Roselli, Y. Carvalho, F. Dumeignil, F.
Cavani, S. Paul, and R. Wojcieszak, “Liquid
phase furfural oxidation under uncontrolled
pH in batch and flow conditions: The role
of in situ formed base,” Catalysts, vol. 10,
p- 73, 2020, doi: 10.3390/catal10010073.

M. Douthwaite et al., “The controlled ca-
talytic oxidation of furfural to furoic acid
using AuPd/Mg(OH) 2,” Catal. Sci. Tech-
nol., vol. 7, no. 22, pp. 5284-5293, 2017, doi:
10.1039/C7CY01025G.

B. Singh, A. Verma, Pooja, P. K. Mandal,
and S. Datta, “A biotechnological approach
for degradation of inhibitory compounds
present in lignocellulosic biomass hydro-
lysate liquor using Bordetella sp. BTIITR,”
Chem. Eng. J., vol. 328, pp. 519-526, 2017,
doi: 10.1016/j.cej.2017.07.059.

H.Ran, J. Zhang, Q. Gao, Z. Lin, and J. Bao,
“Analysis of biodegradation performance of
furfural and 5- hydroxymethylfurfural by
Amorphotheca resinae ZN1,” Biotechnol.
Biofuels, vol. 7, no. 1, pp. 1-12, 2014, doi:
10.1186/1754-6834-7-51.

F. M. Lin, B. Qiao, and Y. J. Yuan, “Com-
parative proteomic analysis of tolerance and
adaptation of ethanologenic Saccharomyces
cerevisiae to furfural, a lignocellulosic
inhibitory compound,” Appl. Environ. Mi-
crobiol., vol. 75, no. 11, pp. 3765-3776, 2009,
doi: 10.1128/AEM.02594-08.

M. Ma and Z. L. Liu, “Comparative trans-
criptome profiling analyses during the
lag phase uncover YAP1, PDR1, PDR3,
RPN4, and HSF1 as key regulatory genes
in genomic adaptation to the lignocellulose
derived inhibitor HMF for Saccharomyces



[80]

[81]

[82]

[83]

[84]

[87]

Alejandra Rodriguez - Leidy Y. Rache - Maria H. Brijaldo -

cerevisiae,” BMC Genomics, vol. 11, no. 1,
p. 660, 2010, doi: 10.1186/1471-2164-11-660.

C. Kisker, H. Schindelin, D. Baas, J. Rétey,
R. U. Meckenstock, and P. M. H. Kroneck,
“A structural comparison of molybdenum
cofactor-containing enzymes,” FEMS Mi-
crobiol. Rev., vol. 22, no. 5, pp. 503-521,
1998, doi: 10.1016/S0168-6445(98)00040-0.

R. Boopathy, H. Bokang, and L. Daniels,
“Biotransformation of furfural and 5-hy-
droxymethyl furfural by enteric bacteria,”
J. Ind. Microbiol., vol. 11, no. 3, pp. 147-150,
1993, doi: 10.1007/BF01583715.

I. Sarvari Horvath, C. J. Franzén, M. J.
Taherzadeh, C. Niklasson, and G. Lidén,
“Effects of furfural on the respiratory me-
tabolism of Saccharomyces cerevisiae in
glucose-limited chemostats.,” Appl. Envi-
ron. Microbiol., vol. 69, no. 7, pp. 407686,
2003, doi: 10.1128/AEM.69.7.4076.

K. Mitsukura, Y. Sato, T. Yoshida, and T.
Nagasawa, “Oxidation of heterocyclic and
aromatic aldehydes to the corresponding
carboxylic acids by Acetobacter and Serratia
strains,” Biotechnol. Lett., vol. 26, no. 21, pp.
1643-1648, 2004, doi: 10.1007/s10529-004-
3513-4.

M. J. Lopez, J. Moreno, N. N. Nichols, B.
S. Dien, and R. J. Bothast, “Isolation of mi-
croorganisms for biological detoxification of
lignocellulosic hydrolysates,” Appl. Micro-
biol. Biotechnol., vol. 64, no. 1, pp. 125-131,
2004, doi: 10.1007/s00253-003-1401-9.

Y. Zhang, B. Han, and T. C. Ezeji, “Bio-
transformation of furfural and 5-hydro-
xymethyl furfural (HMF) by Clostridium
acetobutylicum ATCC 824 during butanol
fermentation,” N. Biotechnol., vol. 29,
no. 3, pp. 345-351, 2012, doi: 10.1016/j.
nbt.2011.09.001.

X. Zhou, X. Zhou, and R. R. Chen, “Gluco-
nobacter oxydans ( ATCC 621H ) catalyzed
oxidation of furfural for detoxification of
furfural and bioproduction of furoic acid,”
no. June, 2016, doi: 10.1002/jctb.5122.

R. L. Kudahettige Nilsson, M. Holmgren,
B. Madavi, R. T. Nilsson, and A. Sellstedt,
“Adaptability of Trametes versicolor to the
lignocellulosic inhibitors furfural, HMF,

79

[88]

[89]

[90]

[92]

[93]

[94]

Ludmila P. C. Silva - Laura M. Esteves

phenol and levulinic acid during ethanol
fermentation,” Biomass and Bioenergy,
vol. 90, pp. 95-100, 2016, doi: 10.1016/j.
biombioe.2016.03.030.

T. Modig, G. Lidén, and M. J. Taherzadeh,
“Inhibition effects of furfural on alcohol de-
hydrogenase, aldehyde dehydrogenase and
pyruvate dehydrogenase,” Biochem. J., vol.
363, no. 3, pp. 769-776, 2002, doi: 10.1042/
bj3630769.

A. Petersson et al., “A 5-hydroxymethyl
furfural reducing enzyme encoded by the
Saccharomyces cerevisiac ADH6 gene con-
veys HMF tolerance,” Yeast, vol. 23, no. 6,
pp- 455—464, 2006, doi: 10.1002/yea.1370.

O. Sepulveda Delgado, Z. E. Suarez Aguilar,
M. Patarroyo Mesa, S. Bautista Diaz, and L.
C. Canaria Camargo, “Estudio del compor-
tamiento e impacto de la climatologia sobre
el cultivo de la papa y del pasto en la region
central de Boyaca empleando los sistemas
dinamicos,” Ciencia En Desarrollo, vol. 6,
no. 2, pp. 215224, 2015.

T. Gutiérrez, L. O. Ingram, and J. F. Pres-
ton, “Purification and characterization of a
furfural reductase (FFR) from Escherichia
coli strain LYO1 - An enzyme important in
the detoxification of furfural during ethanol
production,” J. Biotechnol., vol. 121, no.
2, pp. 154-164, 2006, doi: 10.1016/].jbio-
tec.2005.07.003.

J. R. M. Almeida, T. Modig, A. Roder, G.
Lidén, and M. F. Gorwa-Grauslund, “Pichia
stipitis xylose reductase helps detoxifying
lignocellulosic hydrolysate by reducing
5-hydroxymethyl-furfural (HMF),” Biote-
chnol. Biofuels, vol. 1, pp. 1-9, 2008, doi:
10.1186/1754-6834-1-12.

Z. L. Liu and J. Moon, “A novel NADPH-
dependent aldehyde reductase gene from
Saccharomyces cerevisiae NRRL Y-12632
involved in the detoxification of aldehyde
inhibitors derived from lignocellulosic bio-
mass conversion,” Gene, vol. 446, no. 1, pp.
1-10, 2009, doi: 10.1016/j.gene.2009.06.018.

J.Moon and Z. L. Liu, “Engineered NADH-
dependent GRE2 from Saccharomyces
cerevisiae by directed enzyme evolution
enhances HMF reduction using additional
cofactor NADPH,” Enzyme Microb. Tech-



[95]

[96]

[97]

Alejandra Rodriguez - Leidy Y. Rache - Maria H. Brijaldo - Ludmila P. C. Silva - Laura M. Esteves

nol., vol. 50, no. 2, pp. 115-120, 2012, doi:
10.1016/j.enzmictec.2011.10.007.

X. Wang, Q. Gao, and J. Bao, “Transcrip-
tional analysis of Amorphotheca resinae
ZNI1 on biological degradation of furfural
and 5-hydroxymethylfurfural derived from
lignocellulose pretreatment,” Biotechnol.
Biofuels, pp. 1-13, 2015, doi: 10.1186/
s13068-015-0323-y.

C. Tejada, A. Herrera, and E. Ruiz, “Utili-
zacion de biosorbentes para la remocion de
niquel y plomo en sistemas binarios,” Cien-
cia En Desarrollo, vol. 7, no. 1, pp. 31-36,
2016, doi: 10.19053/01217488.4228.

Y. Tsuge, M. Kudou, H. Kawaguchi, J.
Ishii, T. Hasunuma, and A. Kondo, “FudC,
a protein primarily responsible for furfural

80

[99]

detoxification in Corynebacterium glu-
tamicum,” Appl. Microbiol. Biotechnol.,
vol. 100, no. 6, pp. 2685-2692, 2016, doi:
10.1007/s00253-015-7115-y.

R. Boopathy and L. Daniels, “Isolation and
Characterization of a Furfural Degrading
Sulfate-Reducing Bacterium from an Anae-
robic Digester,” Appl. Environ. Microbiol.,
vol. 58, no. 9, pp. 2874-2878, 1991, doi:
10.1128/aem.58.9.2874-2878.1992.

K. L. Yee, L. E. Jansen, C. A. Lajoie, M. H.
Penner, L. Morse, and C. J. Kelly, “Furfural
and 5-hydroxymethyl-furfural degradation
using recombinant manganese peroxidase,”
Enzyme Microb. Technol., vol. 108, no.
July 2017, pp. 59-65, 2018, doi: 10.1016/.
enzmictec.2017.08.009.



