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Levulinic acid is a sustainable platform molecule that can be
upgraded to valuable chemicals and fuel additives. This article
focuses on the catalytic upgrading of levulinic acid into various
chemicals such as levulinate esters, d-aminolevulinic acid, suc-

1. Introduction

One of the greatest challenges that industry faces in the
21 century is the transition from a fossil-fuels economy to one
based on renewable resources with various economic, social,
and environmental benefits: 1) environmentally beneficial re-
duction in the carbon footprint of chemicals and liquid fuels;
2) a more profitable agricultural economy; and 3) the substitu-
tion of existing products by alternatives that are safer and
have a reduced environmental footprint, for example, biocom-
patible and biodegradable polymers.'-?

Biomass can be used as an alternative resource for fuels and
chemicals production.”’ Biomass is defined as any organic
matter, including energy crops and trees, agricultural food,
aquatic plants, wood and wood residues, animal wastes, and
other waste materials.”” Lignocellulose is the key structural ele-
ment of plants and is found in roots, stalks, and leaves. It is
composed® of three major components: cellulose (38-50%),
lignin (15-30%), and hemicellulose (23-32%). Cellulose is
a linear polymer of glucose linked by (3-1,4 bonds. Hydrogen
bonds occur between adjacent cellulose polymers chains that
determine a crystalline structure that gives structural strength
to the plants and that makes them particularly difficult to be
attacked by enzymes. Cellulose can be converted into glucose
through chemical or enzymatic hydrolysis®” and can be used
to produce ethanol and platform chemicals, such as LA, 5-hy-
droxynethylfurfural (HMF), and liquid fuels.®® Lignin is a poly-
mer formed out of phenylpropane units linked by ether bonds.
Lignin acts as a glue for cellulose. The structure of lignin de-
pends on the source of the biomass, if it is hardwood or soft-
wood. Mainly, lignin is composed of three main precursors: p-
coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol." De-
spite the complexity of its structure, there are many examples
in the literature to convert lignin into fuels and high-value
chemicals."” Hemicellulose is a highly branched polymer com-
posed primarily of five-carbon sugars (mostly xylose). It is
chemically bonded to lignin and serves as an interface be-
tween lignin and cellulose."? Hemicellulose is usually used to
produce xylitol, furfural, and furfural derivatives.">'¥

Levulinic acid (also known as 4-oxopentanoic acid or y-keto-
valeric acid) has been classified by the United States Depart-
ment of Energy as one of the top-12 promising building blocks
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cinic acid, diphenolic acid, y-valerolactone, and y-valerolactone
derivatives such valeric esters, 5-nonanone, a-methylene-y va-
lerolactone, and other various molecular-weight alkanes (C,
and C,4-C,; olefins).

and is considered to be a promising organic intermediate for
the synthesis of several chemicals for applications in fuel addi-
tives, fragrances, solvents, oil additives, pharmaceuticals, and
plasticizers.">"”! Levulinic acid contains ketone and carboxylic
acid groups. These two functional groups are important for
the production of a wide range of chemicals®® such as levuli-
nate esters, y-valerolactone (GVL), acrylic acid, 1,4-pentadiol,
angelica lactone, 2-methyltetrahydrofuran (MTHF), &-aminole-
vulinic acid (DALA), and so on (Figure 1).

The purpose of this paper is to provide a comprehensive
review on the production of levulinic acid as a platform mole-
cule and its utilization to produce various chemicals. The
review will present different approaches and strategies that
have been reported for catalytic levulinic acid conversion with
focus on the manufacture of valuable bulk and platform chem-
icals for the chemical industry. The first part of this review will
focus on LA derivatives (i.e., produced directly from levulinic
acid), whereas the last part we will focus on the production of
LA intermediates such as y-valerolactone (GVL) and its further
conversion into valuable chemicals and fuels.

2. Production of Levulinic Acid from Lignocel-
lulosic Biomass

This part of the review will provide possible mechanisms for
the transformation of carbohydrates and raw biomass into lev-
ulinic acid, according to current literature data. In the case of
using cellulose as a biomass precursor, the first step in the pro-
cess is the hydrolysis of cellulose into glucose monomers, fol-
lowed by dehydration of glucose into HMF.2? Under acidic
conditions, the hydrothermal process allows effective conver-
sion of p-glucose into HMF supported by the Lobry de Bruyn-
Alberta van Ekstein rearrangement, which implies that p-glu-
cose isomerizes to p-fructose and then undergoes dehydration
to HMF"?" During dehydration of the sugars, furfural is the
main product obtained by pentoses, whereas HMF is generat-
ed by hexose dehydration.” Levulinic acid is produced
through the hydrolysis of HMF under acidic conditions. In the
acid-catalyzed conversion of hexose sugars into levulinic acid,
formic acid is coproduced as a low-value chemical used in the
production of formaldehyde, rubber, plasticizers, pharmaceuti-
cals, and textiles.”

Another process for the efficient conversion of lignocellulo-
sic biomass into valuable chemicals and fuels is so-called hy-
drogenolysis, which results in cleavage of C—C and C—O bonds
by hydrogen. This technology could allow the direct transfor-
mation of poly- and monosaccharides into established plat-
form chemicals, including sugar alcohols glycols and even alka-
nes.” In 2006, Fukuoka and Dhepe™ reported the hydroge-
nolysis of cellulose to sugar alcohols (yield of sorbitol: 31 %)
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over supported noble metal catalysts in the aqueous phase
and under a hydrogen atmosphere to provide a very promis-
ing green route for cellulose conversion. Palkovits® also men-
tioned the use of heteropolyacids (HPAs) combined with Ru-
supported catalysts to achieve high yields of C,~C; sugar alco-
hols derived from cellulose. The high stability of sugar alcohols
allows further degradation reactions to be avoided, such as hy-
drolysis of the sugars. Zhang et al.”® have presented Ni-pro-
moted tungsten carbides and tungsten-promoted Ni catalysts
as efficient systems; the former is supported on 3D mesopo-
rous carbon and is the best system. However, the catalytic
transformation of cellulose into key building blocks or platform
chemicals such as HMF, levulinic acid, and lactic acid under
mild conditions has attracted much attention in recent years,
as these conversions can be operated without consumption of
hydrogen or oxygen and thus are more economical than the
hydrogenolysis or oxidation of cellulose.

Figure 2 shows a possible pathway for the conversion of bio-
mass into levulinic acid.
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A well-known approach to convert lignocellulosic materials
into bulk chemicals is treatment of the biomass with a mineral
acid, such as sulfuric acid, at elevated temperatures (100-
250°C). Upon treatment, the hemicellulose and cellulose frac-
tions of lignocellulosic materials are converted into soluble
low-molecular-weight components. Extraction of levulinic acid
from lignocellulosic biomass can be enhanced in the presence
of a homogenous or heterogeneous catalyst in the reaction
system. Homogeneous acids (e.g., H,SO,, HCl, etc.) were used
for a long time to synthesize levulinic acid.”® Cha and
Hanna®” have studied the effectiveness of dilute acids on the
production of levulinic acid from sucrose. A number of investi-
gations have also been performed to determine the effects of
various processing conditions on reaction yields.”® According
to this review, Chang mentions that reaction temperatures be-
tween 150 and 230°C, acid concentrations between 3.5 and
10 wt %, and long reaction times normally lead to higher yields
of levulinic acid. Extensive research on the production of LA
from various biomass precursors under different catalytic con-
ditions has been conducted by Raghavan et al.”® They men-
tion the use of high-concentration mineral acids and long reac-
tion times to achieve high yields of LA and the absence of
HMF as an intermediate to undergo degradation of lignocellu-
losic biomass or monosaccharides. A summary of possible lev-
ulinic acid yields from different biomass feedstocks is reported
in Table 1.

Although these hydrolysis reactions are effective, mineral
acid is harsh and corrosive and promotes degradation of the
used equipment. Besides, it is difficult to recover the acid cata-
lyst from the reaction products for recycling purposes.2>*" As
an alternative, heterogeneous acid catalysts have been used,
as these catalysts can overcome the problems occurring in ho-
mogeneous catalysts.®? Heterogeneous catalysts represent
a viable alternative to homogeneous catalysts and may offer
an environmental advantage owing to their selective and easy-
to-handle nature, reduced equipment corrosion issues, and rel-
atively low cost if the catalyst can be easily separated and recy-
cled.®¥ Table 2 summarizes studies on the production of levu-
linic acid from different biomass feedstocks in the presence of
solid heterogeneous catalysts. The drawbacks include low reac-
tion yields, slow reaction rates, and prolonged reaction times
to obtain reasonable quantities of levulinic acid. The highest
yields (up to 43 mol%) of levulinic acid from fructose can be
achieved with the use of the LZY zeolite catalyst.” Alonso, Du-
mesic, and Horvath®3" suggest alternative and efficient bio-
based solvents for the conversion of biomass feedstocks into
LA such as GVL and tetrahydrofuran (THF). The use of GVL as
a solvent provides significant advantages, as GVL is completely
miscible with water and effectively solubilizes the biomass,
which thereby eliminates the formation of solid deposits and
simplifies separation steps, as GVL is a product of the process.
This process allows sufficient utilization and conversion of
both the cellulose and hemicellulose fragments, which elimi-
nates the initial pretreatment—extraction steps, and allows ad-
ditional solubilization and further degradation of lignin into
typical low-molecular-weight products.?¥ The use of the
monophasic THF/water solvent systems allows efficient conver-
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Figure 1. Levulinic acid derivatives and their applications.'®'"
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Figure 2. Formation of levulinic acid from lignocellulosic biomass.

sion of Cs sugars from hemicellulose into furfuryl alcohol and
further hydrolysis to levulinic acid. Low furfuryl alcohol concen-
trations are maintained in monophasic systems to decrease
the formation of the polymerization and degradation products

(humins).2”
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The production of LA is generally performed in batch or
continuous mode; however, the highest yield is obtained in
continuous flow reactors rather than in batch mode.*? A sig-
nificant challenge is the recovery and purification of levulinic
acid, which depends on the mode and technology used for its
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Table 1. Yield of levulinic acid under homogeneous modification of bio-
mass feedstocks.

Biomass precursor  Acid concentration T Yield Ref.

[°Cl [%]

fructose 3.6-7.2% HCl 95 81 [22]
glucose 5% H,SO, 170 80.7 [27]
starch 6% H,SO, 200 66.4 [22,28]
paper 5% H,S0, 240 59.8 [28]
pulp residues 1-5% H,SO, 210-230 70-80  [30]
wheat straw 3.5% H,SO, 200 68.8 [30]
sorghum grain 8% H,SO, 200 45.6 [30]
glucose MeSO;H 180 41 [30]
fructose 4-MeC¢H,SO;H 240 337 [31]

Table 2. Heterogeneous acid catalyzed production of levulinic acid.

Biomass precursor Catalyst T[°Cl/t[h] Yield [%)] Ref.

fructose Amberlite IR-120 25/27 235 [30]
LZY-Zeolite 140/15 43.2

glucose Amberlite IR-120 25/124 5.8 [31]
clay catalyst 150/24 12
HY-zeolite 150/24 6

sucrose Amberlite IR-120 25/41 15.6 [32]
Resin-Dowex 100/24 24

cellulose Nafion SAC-13 190/24 9 [33]

HMF ZSM-5 116/2 70 [33]

corn stover Amberlyst 70 160/16 54 [38]

cellulose 49

glucose sulfonated graphene 200/2 50 [39]
oxide (GO-SO;H)

cellulose sulfonated chloromethyl 170/10 24 [40]
polystyrene resin

cellulose metal chlorides 180/2 [30]
CrCl; and AICl,

rice straw solid acid S,04 200/0.17 58 [41]
2-/Zr0,-Si0,-Sm,0,

production. The various recovery methods and their advantag-
es and limitations are reported in Table 3.

In the continuous mode of the Biofine process,*? humins
are removed by filtration, followed by atmospheric/vacuum
distillation and steam stripping for the separation of LA, which
can be obtained in a final purity of approximately 95-
97%.13°% Solvent extraction has also been applied for the pu-
rification and isolation of LA. Solvents such as butyl alcohol,
methylene chloride, and diethyl ether have been utilized. Vola-

CHEM:>USCHEM

tility, toxicity, and extraction of colored compounds with LA
leads to the utilization of furfural as an extraction solvent for
LA recovery.*** Membrane separation and adsorption can
also be employed to recover and purify LA. Raghavan et al.”
mention the high boiling point of LA as an inhibitory factor of
its recovery by distillation, as large quantities of solvent need
to be evaporated, which makes the process energy intensive.
Further research has been conducted for the production of
greener extraction solvents and to minimize the costs of these
processes. In the case of batch-mode processes, extraction of
levulinic acid can also be applied in the presence of furfural as
an extraction solvent.™ After the extraction step, levulinic acid
is separated from furfural by distillation of furfural.

Levulinic acid has been produced since 1870. Over the years,
its basic chemistry and properties have been studied exten-
sively. As levulinic acid has significant potential as an industrial
precursor for value-added chemicals and fuels from biomass,
over the last decades there has been increasing interest to
scale up its production and to use it at both the research and
industrial levels for commercial applications. On the research
scale, the University of Limerick is a pioneer and the main co-
ordinator of two scientific projects, the Biofine process and the
DIBANET project, which mainly focus on the production of
ethyl levulinates from organic wastes and residues (DIBANET)
and the optimization of LA production and its products [8-ami-
nolevulinic acid (DALA) and methyltetrahydrofuran (MTHF)]
through the Biofine process. DIBANET stands for the Develop-
ment of Integrated Biomass Approaches NETwork, which pro-
motes the collaboration of six universities from the European
Union and seven universities from Latin America. The total
budget for the project is €3.7 million."*® The Biofine process in-
volves the use of dilute sulfuric acid as a catalyst to initiate
multiple acid-catalyzed reactions of C; and C; monosaccharides
to give the platform chemicals levulinic acid and furfural as
final products.* The maximum yield of LA obtained from cel-
lulose through the Biofine process is 50%, and 20% is convert-
ed into formic acid and 30% into tars. The main advantage of
the Biofine process is that it does not rely on the use of any
form of microorganism, as is the case in enzymatic hydrolysis
and in conventional dilute/concentrated acid hydrolysis tech-
nologies. The use of biological agents is often responsible for
poor yields and a lower range of feasible feedstocks.

On the industrial scale, levulinic acid is available on the
market but in insufficient quantities and is produced by a pro-

Table 3. Advantages and limitations of different recovery processes for levulinic acid (reproduced from review).“
Recovery process Advantages Limitations Ref.
vacuum distillation simple, easy, and well-established technology extensive energy requirement, formation of byproducts [43]
solvent extraction no additional processing step required large volume of solvent is required, thereby increasing [44,45]
the cost; toxicity of solvents, extraction of colored compounds

steam stripping high purity product is obtained energy requirement is extensive [31,43]
membrane separation single-step separation; continuous separation costly, membrane fouling [46]

of products, which leads to enhanced productivity;

minimizes undesired byproduct formation
adsorption simple low absorbent capacity limits use at industrial level [31]
ionic liquids still in research phase expensive; difficulty in purification [47]
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cess that has trouble meeting environmental standards. GF
Biochemicals is a company, founded in 2008, that operates
a 2 kt per year production facility in Caserta, Italy, and intends
to scale up to 8 kt per year by 2017. Eridania Sadam, an Italian
agroindustrial group, will invest €1.8 million in the develop-
ment of its levulinic acid production technology. Segetis an-
nounced in 2013 the successful start-up of their pilot plant fa-
cility in Golden Valley, Minnesota, and has demonstrated the vi-
ability of its proprietary process to convert biomass into levu-
linic acid. Avantium is a leading technology company specializ-
ing in the area of advanced catalytic research, and it has
developed a novel process for the creation of commercial poly-
ethylene furanopate (PEF), a novel 100% biobased polyester
with enhanced barrier, thermal, and mechanical properties
over existing packaging materials."® Avanitum’s YXY process
for the production of PEF also produces methyl levulinate as
a byproduct (Figure 2), a potential precursor of various bio-
based feedstocks and applications. (DALA for agrochemicals,
diphenolic acid as a polycarbonates monomer, valeric acid for
fragrances and plasticizers.)

Levulinic acid is a biomass-derived platform chemical that
could play a central role in emerging industries as an inter-
mediate that facilitates the production of biobased commodi-
ties. Levulinic acid can be extensively produced from raw
lignocellulosic biomass and mono- and polysaccharides such
as cellulose and glucose in the presence of liquid mineral acids
and heterogeneous solid catalysts. The problems with mineral
acids, that is, environmental pollution and equipment corro-
sion, have led to their replacement by more environmentally
beneficial solid catalysts. Further research should be conducted
to improve the final yield of LA in the presence of solid hetero-
geneous catalysts relative to the yield obtained by homogene-
ous processes. The recent increase in the amount of literature
data regarding the production and applications of levulinic
acid confirms its potential capability to serve as a biobased
chemical intermediate to produce fuels through conventional
petrochemical technology. In this review, significant focus will
be given on some commercial applications of LA and its pro-
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duction on an industrial scale, whereas extensive information
will be given regarding its potential products such y-valerolac-
tone, levulinate esters, aminolevulinic acid, and valeric biofuels.
We will first focus on chemicals produced from levulinic acid,
such levulinate esters, the different catalytic methods for their
production, succinic acid, aminolevulinic acid, and diphenolic
acid, whereas later on the review with focus on y-valerolac-
tone, a LA-based product, and the different catalytic routes for
the conversion of y-valerolactone into valuable chemicals such
as valeric esters, 5-nonanone, 2-methyltetrahydrofuran, and a-
methylene-y-valerolactone.

3. Levulinic Acid Derivatives and Their Poten-
tial Applications

3.1. Levulinate esters

Esterification can be defined as the transformation of carboxyl-
ic acids or their derivatives into esters in the presence of an al-
cohol. The synthesis of ester compounds by the reaction of
carboxylic acids with alcohols is a reversible reaction with
water as a byproduct. Starting materials to produce alkyl levuli-
nates are mainly raw biomass or biomass derivatives. Levuli-
nate esters can be mainly produced from levulinic acid
through esterification with an alcohol. As levulinic acid is de-
rived from the carbohydrates fraction of biomass, researchers
have studied the direct synthesis of alkyl levulinates from car-
bohydrates or even raw biomass in the presence of various ho-
mogeneous, heterogeneous, and enzymatic catalysts.

Levulinate esters have potential applications in the flavoring
and fragrance industries and as additives for diesel and biodie-
sel fuels.”'*¥ Several technoeconomic studies have been con-
ducted regarding the use of levulinate esters as fuel additives
and for further production of liquid hydrocarbon fuels.*>>% A
possible pathway for the formation of alkyl levulinates from
various biomass precursors is shown in Figure 3.

The most applied method for the reaction of carboxylic
acids with alcohols for their conversion into esters is per-

HO OH o
OoH \ ;o: ‘ o H* \ﬂ/\)]\
Cellulose —» o — : /O\ L T o
HO = =Tl > =
" o > © OH Levulinic Acid
Glucose Fructose 5-HMF
+ ROH, H ROH, H' || 1 o
- ' H,0 20,
H,0[rRoH, H* ROH,H —HZO o 0.
(0]

Biomass OH HO
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(] —_—
HO

HO OR OH

OH
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CHZOH

OH H+
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3H70

Xylose

alkyl fructoside

OR
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Figure 3. Different possible pathways for the formation of alkyl levulinates from biomass."*”
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formed in the presence of a homogeneous mineral acid or
a heterogeneous catalyst. Uncatalyzed reactions have also
been reported as a possible way to produce esters, but the re-
action is very slow, as it is a self-catalytic process involving the
carboxylic acid itself.®" Bankole has reported the uncatalyzed
esterification of various acids including levulinic acid to ethyl
levulinate (levulinic acid/ethanol 1:1) at temperatures of 25 to
250°C. The highest conversion is achieved at 250°C after
60 min (60% levulinic acid conversion).®"

3.1.1. Homogeneous esterification

The most commonly used mineral acids for the homogeneous
esterification of carboxylic acids include sulfuric acid, hydro-
chloric acid, phosphoric acid, p-toluenesulfonic acid, and a mix-
ture of these acids. The liquid-phase reaction is generally a fast
and cheap option as a result of the wide availability of acid
catalysts and the fact that it is not energy intensive, as it can
be performed under temperatures milder than those required
for heterogeneous esterification.””%? Although the homogene-
ous esterification of acids has been reported to give better
conversions than heterogeneous esterification, it is well known
that the use of mineral acids has some significant disadvantag-
es associated with handling, equipment corrosion owing to
their miscibility with the reaction medium, separation prob-
lems, and disposal and regeneration owing to their toxic and
corrosive nature.®” The liquid-phase esterification of acids in
the presence of a suitable acid catalyst has been studied by
various groups. Bart et al. have studied the kinetics of levulinic
acid esterification with butanol in the presence of sulfuric
acid.® Yields of 46% methyl levulinate, 44% ethyl levulinate,
and 37% propyl levulinate have been reported by Garves in
the degradation of cellulose.®™ Pileidis et al® have studied
the efficiency of H,SO, relative to that of sulfonated carbons
and the effect of time and ethanol/acid ratio in the production
of ethyl levulinate. Wang et al.®® have studied the direct syn-
thesis of levulinate esters in the presence of mineral acids
(e.g., H,SO, and H;PO,) and acid mixtures {e.g., 2-napthalene-
sulfonic acid as Brensted acid and indium(lll) trifluoromethane-
sulfonate [In(OTf);] as Lewis acid} in the two-step degradation
of cellulose involving alcoholysis of cellulose and formation of
glucosides in the first step catalyzed by the Brgnsted acid and
further conversion into levulinate esters catalyzed by the Lewis
acid. As noted above, a high concentration of H,SO, can cause
equipment corrosion, and serious drawbacks in separation and
recycling might be encountered. Several researchers have sug-
gested the use of extremely low acid (ELA), thus an acid con-
centration less than 0.01 molL™". Several studies have shown
the advantages of ELA in the production of glucose®’ and lev-
ulinic acid®® from biomass. Zhu et al. have studied the direct
production of ethyl levulinate through glucose ethanolysis in
the presence of ELA® They have studied the effect of differ-
ent acid concentrations in the formation of ethyl levulinate
through acid-catalyzed hydration of glucose into ethyl gluco-
side with ethoxymethylfurfural as the reaction medium fol-
lowed by further alcoholysis of ethoxymethylfurfural with etha-
nol to obtain a maximum yield of ethyl levulinate of approxi-
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mately 40-45% at 200°C after 120 min.* Peng et al.” have
also presented the efficiency of ELA in the methanolysis of glu-
cose and the synthesis of methyl levulinate. The highest yield
of methyl levulinate in this case is 45% at 200 °C after 120 min
(ELA concentration 0.01 molL™"). ELA has also been used to
synthesize methyl levulinate directly from cellulose.”” At the
highest ELA concentration (0.01 molL™") at 210°C, the maxi-
mum yield obtained is 50% after 150 min. Under the same ex-
perimental conditions, methyl glucosides have been reported
as reaction media. The maximum yields are 28% at 180°C and
6% at 210°C after 180 min.""

Furfuryl alcohol is another possible precursor for the synthe-
sis of alkyl levulinates. Furfuryl alcohol has been reported for
the production of butyl levulinate at extremely low sulfuric
acid concentrations in the presence of butanol as the
medium.”® The production of alkyl levulinates directly from
pentoses involves a dehydration reaction that produces furfu-
ral, followed by hydrogenation to form furfuryl alcohol, which
is then converted into alkyl levulinates.” At extremely low sul-
furic acid concentrations, furfuryl alcohol is converted into
butyl levulinate and the maximum yield (80%) is observed
after 8 h of reaction at 120°C. In this study, 2-(butoxymethyl)-
furan is the key intermediate during the conversion of furfuryl
alcohol into butyl levulinate.”>’® Several studies have also
been conducted for the synthesis of alkyl levulinates in the
presence of liquid-soluble catalysts from various types of bio-
mass and mono- and polysaccharides.”>*” The formation of
different alkyl levulinates from lignocelluloses or starches was
first reported by Garves.” Bianchi and Romano”® report the
use of naphthalenesulfonic acid for the direct conversion of
coniferous wood biomass into alkyl levulinates. Le Van Mao
et al’”7® state that the amounts of produced esters depend
on the carboxylic acid intermediates. To improve the amounts
of acid intermediates, they have treated biomass (i.e., pine
wood, paper pulp) in ethanol in the presence of sulfuric acid
and the Fenton reagent, Fe(SO,) and H,0O,, to achieve a final
yield of ethyl levulinate of 20%. Under acidic conditions, in the
presence of various alcohols, furfuryl alcohol has also been
converted into alkyl levulinates (methyl levulinate: 52% yield,
decyl levulinate: 98% yield).®"” Peng et al.”? report the use of
a low sulfuric acid (ELA) concentration as a catalytic system for
the conversion of biomass-derived furfuryl alcohol into butyl
levulinate.”

High yields of butyl levulinate (60%) have also been ach-
ieved by the direct solvolysis of cellulose.”” Various types of
biomass such as paper pulp (cellulose 78 wt%) and grass (cel-
lulose 35 wt%) containing different amounts of cellulose have
also been efficiently converted into ethyl levulinate in the pres-
ence of liquid catalysts.®”

Various catalytic processes for the synthesis of alkyl levuli-
nates in the presence of homogeneous catalysts are reported
in Table 4.

3.1.2. Heterogeneous esterification

Heterogeneous catalysts are now the preferred choice to
obtain high yields of levulinic acid esters. The advantage of
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Table 4. Synthesis of alkyl levulinates in the presence of homogeneous catalysts.
Conditions Biomass precursor Ester, yield [%] Ref.
sulfuric acid, butanol, 24 h, 90°c levulinic acid butyl, 100 [59]
cellulose methyl, 46 [60]
ethyl, 44
propyl, 37
sulfuric acid, ethanol, 3 h, 60°c levulinic acid ethyl, 91.2 [59]
sulfuric acid (ELA), ethanol, 2 h, 200°C, 4 MPa filter paper ethyl, 40-45 [64]
sulfuric acid (ELA), methanol, 2 h, 200°C, 4 MPa glucose methyl, 45 [65]
sulfuric acid (ELA), methanol, 2.5 h, 210°C, 4 MPa cellulose methyl, 50 [66]
sulfuric acid (ELA), butanol, 8 h, 120°C furfuryl alcohol butyl, 75 [67-69]
methyl, 52
decyl, 98
sulfuric acid, ethanol, or butanol, 8 h, 190-200°C furfuryl alcohol ethyl or butyl 35-39 [711
p-toluenesulfonic acid (ELA), methanol, or propanol, 8 h, 190-200°C furfuryl alcohol methyl or propyl 26.7 [711
sulfuric acid and Fenton reagent [Fe(SO,) and H,0,], ethanol, 8 h, 180-200°C pine wood chips, paper pulp ethyl, 20 [72,73]
sulfuric acid, butanol, 25 h cellulose butyl, 60 [74]
sulfuric acid, ethanol, 15-45 min, 180-200 °C cellulosic biomass ethyl, 17.9 [75]
2-naphthalenesulfonic acid, ethanol, 4 h, 200 °C coniferous wood ethyl, 97 [76]
heterogeneous catalysts is that they can easily be separated  promising catalyst for acid-catalyzed reactions.”*°" Patil

from the reaction mixture for recyclability and reuse. The use
of heterogeneous catalysts limits equipment corrosion com-
pared to liquid acids.

Among various heterogeneous catalysts, HPAs are on the
most preferred category of solid catalysts. Owing to their
strong Brensted acidity, HPAs show excellent catalytic activity
in various acid-catalyzed reactions. Amongst all HPAs, dodeca-
tungstophosphoric acid (DTPA) is the most stable, and it has
the highest Brgnsted acidity and thermal stability up to 250-
300°C.%>® The disadvantages of HPAs are their limited specific
surface areas and high solubilities in polar media. To overcome
these problems and to stabilize their activity, HPAs are often
dispersed in porous supports, such as zeolites, SBA-15, activat-
ed carbon, and metal oxides.®**¥ Lawson and Salzberg®"
report the use of the montmorillonite K10 HPA for the effective
esterification of levulinic acid into butyl levulinate (ester yield
of 97% after 4 h at 120°C). Nandiwale et al.®*5 also report the
use of desilicated H-ZSM-5 as a support on hetepolyacids.
Owing to HPA leaching, loss of activity is noticed after three to
four runs. In that study, several solid acid catalysts including
sulfated zirconia, resin Amberlyst-15, sulfated zirconia, and 3 Y-
ZSM-5 have been used. The combination of DTPA on desilicat-
ed H-ZSM-5 results in an efficient robust catalyst that is capa-
ble of achieving a conversion of levulinic acid of 94% with
100% ethyl levulinate selectivity. The solid catalyst is stable
over four cycles® Yan etal.®® also report the synthesis of
mesoporous silica supported Keggin (H,SiW;,0,,-SiO,) hetero-
polyacid for the esterification of levulinic acid in methanol and
ethanol media. The highest yield/selectivity for ethyl levulinate
is 75/67% and for methyl levulinate is 79/73%.%¥ Silica-sup-
ported Wells-Dawson heteropolyacid is a selective catalyst for
the production of ethyl levulinate (70% vyield at 78°C after
10 h).®”

Zeolites are crystalline, microporous, highly ordered alumi-
nosilicates with intracrystalline pore structures of molecular di-
mensions.® Its unique acid properties, its high surface area,
and its large pore dimensions make H- (H-BEA) zeolite a very
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et al.®” and Maheria et al.”" report the use of H-BEA zeolite for
the efficient conversions of ethyl levulinate and butyl levuli-
nate, respectively. In these studies, the high surface area (600-
700 m?>g™") and the stability of the catalyst after four to five
catalytic runs is also reported.*®°"

During the last years, sulfonated materials have also been
studied as efficient catalysts for esterification reactions.”>”
The esterification of levulinic acid in the presence of various al-
cohols by using sulfonic mesostructured silicas has been stud-
ied by Melero et al.”® The materials show remarkable yields of
ethyl levulinate owing to their strong acidity provided by the
SO;H and SO,* functional groups.®® Sulfonic materials under-
go significant leaching, which has also been reported in other
studies.”>°"** Teixeira da Silva et al.”® have achieved 55 % yield
of ethyl levulinate by using sulfonated carbon nanotubes. Sev-
eral studies have been conducted with sulfated oxides.”**”
Teixeira da Silva et al.”” and Leahy et al.® report highly acidic
S0,/Sn0, and SO,/TiO, for the efficient conversion of levulinic
acid into ethyl levulinate.

Sulfonated carbonaceous materials have been synthesized
and investigated as environmentally benign, cheap, and recy-
clable catalysts for esterification processes. Budarin et al.””’
have synthesized a sulfonated Starbon 400 with a SO;H load-
ing of 0.5 mmolg~". Pileidis et al.*® have synthesized sulfonat-
ed hydrothermal carbons from various biomass precursors as
solid acid catalysts for the esterification of levulinic acid into
ethyl levulinate. Roldan et al.”® have optimized esterification
catalysts obtained by hydrothermal carbonization of glucose
for the production of glycerol esters. The highest selectivity of
the sulfonated catalysts is obtained at mid-reaction tempera-
tures of 90-110°C and is 57 % for triacylglycerides, whereas the
selectivity of diacylglycerides is approximately 38%.° Valle-
Vigén, Sevilla, and Fuertes® have synthesized highly function-
alized porous silica-carbon composites made up of sulfonic
groups attached to a carbon layer coating the pores of three
types of mesostructured silica. The high density of the sulfonic
groups in combination with the mesoporous structure of the
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composites ensures that a large number of active sites are
easily accessible to the reactants.

Glucose, the monomer of cellulose, is the most abundant
monosaccharide, and extensive research has been conducted
on the conversion of glucose into valuable levulinate esters.
Fructose, which is also obtained by glucose isomerization, has
also been intensively used for the production of alkyl levuli-
nates. Most research efforts mainly focus on the production
and optimization of solid acids for the direct transformation of
saccharides into alkyl levulinates. Despite their low thermal sta-
bility, Amberlyst resins have extensively been used in the case
of fructose.®'°" Saravanamurugan, Nguyen Van Buu, and Riis-
ager report the use of acidic ionic liquids™? and sulfonic acid
functionalized SBA-15 catalysts and zeolites"® ' in the pro-
duction of alkyl levulinates from different carbohydrates in the
presence of ethanol. In the case of ionic liquids, fructose gives
significant yields at 140°C (74 %), whereas the glucose reaction
stops at the alkyl glycoside stage. After separation, the ionic
liquids are reusable. In the presence of zeolites, the conversion
of fructose mainly stops in the HMF ether, whereas the ester
yield is low (a10%). Sulfonated SBA-15 materials give good
yields of ethyl levulinate from glucose (~50%)."% In the case
of glucose, ethyl glycoside is mainly formed, except from sul-
fated zirconia, which gives an efficient quantity of ethyl levuli-
nate owing to its Lewis acid sites that can promote glucose
isomerization to fructose. Recently, Wilson et al.'®™ have re-
ported the use of sulfated zirconia for the one-pot synthesis of
ethyl levulinate from glucose. The yield of ethyl levulinate is
dependent on the reaction temperature, and the highest yield
is obtained at 140-150°C. The appearance of polymer degra-
dation products (i.e., humins) is reported at higher tempera-
tures."® The use of zeolites and mesoporous (SO;H) function-
alized carbon/silica composites for the efficient conversion of
glucose™ and fructose® into ethyl levulinate has also been
studied by Wilson and Valente, respectively.

For pure biomass and polysaccharides, several studies have
been conducted with solid acids. The efficiency of sulfated zir-
conia, sulfonated carbons, sulfonated resins, and heteropolya-
cids has been studied for the treatment of cellulose in the
presence of ethanol and methanol at 180°C."*” Deng et al.'””!
have achieved the use of alkyl glycosides as main reaction
products, whereas alkyl levulinates are only obtained as by-
products. Sulfonated carbons obtained from biochar have
been reported as solid catalysts and provide a 30% yield of
methyl levulinate. The recyclability and reusability after five
catalytic cycles is also mentioned."® Carbon and carbon-silica
catalysts containing SO;H groups (chemical activation with p-
toluenesulfonic acid) have also been studied by Valente
et al."® The effect of reaction time and the acid/organic pre-
cursor ratio are also mentioned in this study, and the highest
yield of ethyl levulinate (70%) is achieved after a reaction time
of 4 h. Heteropolyacids have also been reported as efficient
catalysts for alkyl levulinates directly from cellulose. Rata-
boul™? reports the production of methyl levulinate in super-
critical methanol/water with yields close to 20%. The Tominaga
group reports the direct production of methyl levulinate in the
presence of Lewis/Brgnsted acid mixtures.'™ In the absence of
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a Lewis acid, sugars are mainly reported as products, whereas
the yield of methyl levulinate is 20%. The highest yields of
ethyl levulinate (70%) are obtained in the presence of acid
mixtures. The effectiveness, reusability, and robustness of
Al,(SO,); after five cycles has been reported by Xu et al."'? The
highest yield of alkyl levulinate (44%) from cellulose is ach-
ieved after 300 min at 180°C. The synthesis and properties of
sulfonated TiO, have also been studied by Kuo et al.!""

The first reports of the use of furfuryl alcohol as a non-cellu-
lose-derived reactant for the production of alkyl levulinates are
mainly found in the patent literature."*"¥ The efficiency of
resins and zeolites for the ethanolysis of furfuryl alcohol has
been studied by Van de Graaf. The authors of these studies
mainly describe that the accessibility of furfuryl alcohol to the
acid sites plays a more crucial role during the reaction than
the acid strength. This is the main reason why gel-type resins
promote the formation of diethyl ether, as ethanol has better
accessibility to the acid sites than less-polar furfuryl alco-
hol."""'%1 The relationship between the texture of the zeolites
or Amberlyst resins and the formation of ethyl levulinate has
also been studied by Neves et al.""® The main conclusion is
that a synergy between porosity, acid site strength, and densi-
ty is necessary, but the main parameter for the efficient forma-
tion of alkyl levulinates is the accessibility of the reactants to
the acid sites. Gonzalez Maldonado et al.""” have undertaken
a theoretical and experimental approach to the formation of
ethyl levulinate by furfuryl alcohol by using LC-MS and NMR
spectroscopy with high-level quantum-chemical calculations.
Finally, in the case of furfuryl alcohol, several studies have
been conducted for the use of SO;H-functionalized ionic lig-
uids as efficient acid catalysts with environmental and eco-
nomic benefits, owing to their recyclability and their flexibility
to act as solvent/catalyst systems.["'®121]

3.1.3. Enzymatic esterification

The use of enzymes in the synthesis of esters has increased ex-
tensively in recent years (Table 5).'”*"%! Enzymatic synthesis
offers several advantages over conventional chemically cata-
lyzed reactions (e.g., mild reaction conditions, low energy re-
quirements, minimal waste disposal, ease of product isolation,
and biocatalyst reusability)."?? The enzymatic synthesis of levu-
linate esters has been studied by Yadav and Borkar.'* These
authors mainly focus on the kinetics and the mechanism of
the lipase-catalyzed esterification of levulinic acid with butanol
in the presence of tetrabutyl methyl ether as a solvent. Butyl
levulinate is obtained in 90% yield and full selectivity is ach-
ieved at low temperatures in the presence of immobilized No-
vozyme 435 (Candida Antarctica lipase) in a macroporous poly-
acrylic resin (3 equiv. butyl alcohol, tetrabutyl methyl ether as
solvent).” The same experiments conducted in the absence
of the solvent give a final yield of butyl levulinate of 96 %.

3.1.4. lonic liquids

As mentioned above, homogeneous and heterogeneous cata-
lytic systems are quite efficient for the production of levulinate
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Table 5. Production of alkyl levulinates in the presence of enzymes.
Conditions Biomass precursor Ester, yield [%] Ref.
Novozym 435 (500 mg, 65°C, 24 h) glycerol ethyl, 65 [122]
Novozym 435 (35 mg, 50°C, 2 h) levulinic acid ethyl, 80 [123]
Lipozyme RM IM (35 mg, 50°C, 2 h) ethyl, 40
Lipozyme TL IM (35 mg, 50°C, 2 h) ethyl, 30
Novozym 435 (300 mg, 55°C, 4 h) levulinic acid ethyl, 94 [124]

esters from various biomass precursors. However, problems as-
sociated with these processes, such as extreme corrosiveness
and the separation and neutralization of the mineral acids in
homogeneous reactions and the deactivation and reusability
of heterogeneous catalysts,®? limit their practical application in
esterification reactions. To limit these problems, multiphase
systems such as ionic liquids (ILs) have been revealed as green
reaction systems with remarkable solubility, thermal stability,
and negligible volatility."® In the case of esterification reac-
tions, ionic liquids have been extensively studied as catalysts,
and high rates of conversion and high selectivity have been re-
ported. The main disadvantages are the high IL content of the
reaction media, long reaction times, and the removal of water
as a byproduct from the reaction system.

Research on the use of ionic liquids for the synthesis of levu-
linate esters is quite limited. Imidazolium- and pyridinium-
based ILs functionalized with acidic groups such as SO;H, p-tol-
uenesulfonic acid (PTSA), and CISO;H have been studied by
Saravanamurugan et al.; in the presence of naphthalene as an
added solvent, these systems show 70% selectivity to methyl
levulinate with hydroxy methyl furfural ether as a byproduct.'*?
Rode et al. report the use of ionic liquids functionalized with
acidic anions such as HSO,, CISO;H, PTSA, trifluoroacetic acid
(methylimidazolium), HSO,, and trifluoroacetic acid 1-methyl-
pyrrolidin-2-one to catalyze the alcoholysis of furfuryl alcohol
in the presence of methanol, ethanol, butanol, and isopropyl
alcohol to the corresponding levulinic esters under mild tem-
perature (90-130°C) conditions.!?

The production process of alkyl levulinates involves the use
of ionic liquids and homogeneous and heterogeneous or enzy-
matic catalytic systems. Both the advantages and disadvantag-
es of these systems have been extensively studied and men-
tioned above. The depletion of fossil-fuel resources and their
negative environmental impact has turned the interest of the
scientific community to their replacement with alternative re-
newable resources. Among the efforts for the conversion of
abundant biomass into valuable chemicals and fuels, the pro-
duction of alkyl levulinates as replacements of petroleum-
based products has attracted significant attention. Alkyl levuli-
nates are known for their properties as diesel and biodiesel ad-
ditives and for widespread applications in the fragrance and
flavor industries.

A significant problem that is not often mentioned and that
has not been extensively studied by researchers is the isolation
and purification of the final alkyl levulinates. This issue should
seriously be taken into account, especially on scale-up process-
es and on the industrial-scale production of alkyl levulinates.
Peng et al.”"”? mention product isolation during the efficient
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esterification of cellulose and furfuryl alcohol into methyl levu-
linate and butyl levulinate in the presence of extremely low
concentrations of sulfuric acid. Upon completion of the reac-
tion, the resulting product mixture is neutralized and dehydrat-
ed with calcium oxide and is then filtered to collect the liquid-
phase products for isolation. On the basis of boiling tempera-
tures, the liquid-phase components are isolated by a distillation
technique combining atmospheric distillation with vacuum dis-
tillation. The light fraction (low-boiling substances) is separated
first by atmospheric distillation at 80°C and contains approxi-
mately 96% alcohol and a very small amount of esters, as de-
termined by GC analysis. This fraction can be reused as the re-
action medium without any substantial change in the yield of
the levulinate ester. Next, high-boiling products in the residual
component are very difficult to distill, even at high tempera-
ture by vacuum distillation, probably because they are firmly
bound to the solid humins. For this reason, high-boiling paraf-
fin (dodecane) is added to the residual component to help
distil the heavy products; it acts as a desorption driving agent
for heavy products. At this stage, the component mixture is
isolated by vacuum distillation at 145°C, whereas the heavy
fraction is collected. The heavy fraction automatically divides
into two layers. The upper layer contains predominantly do-
decane (over 99%), which can be reused to help distil the
heavy fraction, and the lower layer contains primarily levulinate
ester (over 96%), a very small amount of levulinic acid, dodec-
ane, and unknown substances, as detected by GC-MS.

We have extensively reported research conducted on the
production and applications of alkyl levulinates. Levulinate
esters can be produced in high yields from biomass-derived
molecules such as levulinic acid and furfuryl alcohol or by
starting from raw lignocellulosic materials. Much effort has
been made to use homogeneous mineral acids and heteroge-
neous solid catalysts. Improvements are necessary owing to
limited yields and selectivity issues in the case of solid cata-
lysts. This will be possible by introducing robust, efficient, and
selective solid catalysts to minimize the formation of byprod-
ucts. Research has also been focused on the use of enzymes
and ionic liquids to achieve yields comparable to those ob-
tained with homogeneous catalytic systems by avoiding limita-
tions associated with separation in the case of soluble mineral
acids. The recent increase in literature data regarding the pro-
duction and applications of alkyl levulinates as fuel additives
and solvents confirms their potential as biobased compounds
that can participate in the development of green-chemistry
processes. After extensive research on the conversion of levu-
linic acid into esters under different catalytic methods (e.g., ho-
mogeneous and heterogeneous catalysis and ionic liquids and
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enzymes as catalysts), our interest will be on LA products such
as DALA succinic acid and diphenolic acid and their applica-
tions as agrochemicals and soil additives, solvents, fuel and
food additives, cosmetics, and pharmaceutical products.

3.2. A-Aminolevulinic acid

A-Aminolevulinic acid (DALA, Figure 4) is a natural substance
that is present in plants and animals cells.?*7'? DALA is a sus-
tainable, highly selective, environmentally benign herbicide
that shows high activity towards dicotyledonous weeds and
little activity towards monocotyledonous crops (e.g., corn
maize, wheat, and barley)."® Recently, studies have shown
that DALA can be useful as an insecticide and as an active
component in photodynamic therapy in cancer treat-
ment.[129'130]

The conventional mechanism for the production of DALA
from LA involves the selective introduction of an amino group
at the C5 position. The most common approach is the bromi-
nation of LA in an alcohol medium to give mixtures of the 5-
bromo- and 3-bromoesters that can be separated by distilla-
tion" and then 5-bromolevulinate is aminated by using nu-
cleophilic nitrogen species.*? The conventional synthesis of
DALA is shown on Figure 5. LA is brominated to give 5-bromo-
levulinic acid, which is then treated with potassium phthali-
mide to introduce an amino group. Reaction intermediate A is
then hydrolyzed under acidic conditions to give DALA. The
major disadvantages of this process are the low yields of the
first two steps and the large amount of waste product B in the
final step. The introduction of an amino group is highly ineffi-
cient because of the single atom that is used from potassium

O

HzN\)J\/\
COOCH

DALA
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\)j\/\ —>Br2, MeOH
COOH

64%
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Figure 5. Conventional synthesis of DALA."*?
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phthalimide. In general, the conventional synthesis of DALA
can be performed on laboratory scale, but it is not suitable for
the large industrial-scale synthesis of DALA owing to the use
of expensive starting materials, toxic intermediates, and the
need for multistep processes.

A study by the National Renewable Energy Laboratory
(NREL) has been mainly focused on the improvement of the
synthesis steps and the overall cost (Figure 6). The work of the
NREL has significantly improved the yield of each step (=80 %)
and the purity of DALA (~90%)."*¥

Several studies are still being performed for the efficient pro-
duction of DALA from LA. The conventional synthesis of DALA,
which has major problems and suffers from low product yield,
results in the formation of an expensive product that is mainly
used for highly selective herbicidal treatments and expensive
cancer therapies. Lower-costing Biofine-derived DALA has large
potential applications in agricultural and horticultural process-
es.

3.3. Succinic acid

Succinic acid (SA) is a 1,4-dicarboxylic acid and is considered
one of the top 12 value-added chemicals produced from bio-
mass."* Covering a total market of $400million USD per year,
succinic acid is used as a C, building block for various fine
chemicals with potential applications as fuel additives, sol-
vents, food/cosmetics/pharmaceuticals, and polymers.'*74% Al-
though several studies have been conducted for the transfor-
mation of LA into various products, until recently, little atten-
tion has been given to its oxidation processes. V,05 has been
referred to as an efficient oxidation catalyst to convert LA into
SA. Dunlop, Smith and Shelbert have patented the oxidation
of LA with V,0s at high reaction temperatures (360-400 °C)."*"
Van Es et al.™ have also patented the oxidation of LA to SA
under mild conditions (40-60°C) over 1-4 h in the presence of
V,0s and nitric acid as the oxidant. Another approach for the
oxidation process is the reaction with bromoamides in
perchloric acid (HCIO,) with mercuric acetate [Hg(OAc),], simi-
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Figure 6. NREL synthesis of DALA.['**]

lar to the V,0;-based transformation, but the toxicity of mercu-
ric salts is a significant issue for environmental concern. Lately,
Parvulescu et al."* have reported the synthesis of ruthenium-
based magnetic nanoparticles as efficient solid catalysts for the
conversion of LA into SA. Higher yields are achieved at temper-
atures of approximately 150-180°C. The effect and efficiency
of different mineral acids during the oxidation of levulinic acid
to succinic acid has been studied by Mascal et al.™ The reac-
tion with H,0, in aqueous sulfuric acid gives a mixture of suc-
cinic acid (48%) as the main product with acetic acid, formic
acid, methanol, and other byproducts. The isolation of succinic
acid is mentioned as the main problem of the process as
a result of the process used to recycle sulfuric acid, which sig-
nificantly increases the energy cost of the reaction.*”

The industrial potential of succinic acid was first recognized
by Zeikus."*' The main applications of succinic acid™® are in
the food market as a pH regulator, antimicrobial agent, and fla-
voring agent, and in the pharmaceutical industry as an additive
for vitamins and for the production of antibiotics and amino
acids."™” Succinic acid is also used as a foaming agent, surfac-
tant, and detergent, and it is also used in the metal industry as
an ion chelator preventing metal corrosion and pitting."*® Suc-
cinic acid can be used as a precursor of many important chem-
icals, including maleic anhydride, 1,4-butanediol, 2-pyrrolidi-
none, 1-methylpyrrolidin-2-one (NMP), THF, succinate salts, and
y-butyrolactone (GBL)."*® Maleic anhydride is an important
starting material for the manufacture of valuable chemicals
such as GBL, 1,4-butanediol, and THF. GBL is mainly used for
the production of pyrrolidones, such as NMP and N-vinylpyrro-
lidone. GBL can also be used as a solvent. The annual produc-
tion of GBL is approximately 250000 t (20% from USA produc-
tion sites)."* 2-Pyrrolidone is an intermediate for the produc-
tion of nylon-4-type polymers and is used in the synthesis of
medicines, pharmaceuticals, and agrochemicals.™*' NMP is
a useful solvent for polyurethanes, polyacrylonitriles, and het-
erocyclic polymers with high melting points."*” Lately, NMP
has been used as the solvent of choice for the exfoliation of
graphene.”*3 NMP can also be used as a replacement for
chlorinated solvents because of its low volatility in the emis-
sions of volatile organic compounds. 1,4-Butanediol is the pre-
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cursor for the production of THF and polybutylene terephtha-
late, which are formed on a large global marketof 1.3 Mt per
year."® Finally, THF is the monomer for the production of pol-
ytetramethylene ether glycol, which is produced widely at
a level of 440000 t annually."* The main derivatives of succin-
ic acid are shown in Figure 7:

3.4. Diphenolic acid

Diphenolic acid (DPA) is produced by the condensation of lev-
ulinic acid with two moles of phenol (Figure 8). DPA is a struc-
tural analogue of bisphenol A (BPA), and it is used as a direct
replacement of BPA in the production of polycarbonates,
epoxy resins, polyarylates, and other polymers, especially if
phenol can also be produced from the depolymerization of
lignin.">* DPA has numerous applications in lubricants, adhe-
sives, and paints.'> The lower cost of BPA as a precursor has
reduced the market for DPA. The development of DPA as
a BPA replacement and the properties of the resulting poly-
mers will provide new sustainable opportunities for the chemi-
cal industry. The production of DPA is shown in Figure 8.
Traditional catalysts for the production of DPA include
strong Brgnsted mineral acids such as HCl and H,S0,"*” Re-
cently, environmental and economic issues have encouraged
the design of processes, in which the use of harmful substan-
ces and toxic wastes are avoided. Heterogeneous catalysts
have significant advantages over mineral acids. Clark et al."*®
suggest the design of mesoporous HPAs for the effective pro-
duction of DPA from levulinic acid. Bulk HPAs have low surface
areas and low efficiencies owing to a limited number of acid
sites for catalytic reactions."™ Silica-supported Keggin catalysts
have been produced with a pore size of approximately 0.6 nm
and a BET surface area of 400-800 m*g~". Leaching during the
catalytic process has also been reduced. The highest conver-
sion of LA into DPA is 60-80% (similar to mineral acids)."*®
The thiol-promoted synthesis of diphenolic acid in the pres-
ence of sulfonated hyperbranched poly(arylene oxindole)s has
also been studied by Sels et al.’™®® In the presence of thiols as
additives, the final yield of DPA is 38-52% (LA conversion 55—
70%). In the case of Nafion and Amberlyst catalysts, the final
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Figure 8. Condensation of levulinic acid and phenol to diphenolic acid.!*®

LA conversion is approximately 35-40%, whereas at the same
time the DPA selectivity is decreased to 18-30%. Guo et al."™>
have also suggested the production of Wells—Dawson support-
ed HPAs, but the yields and selectivities of the final DPA prod-
uct are limited relative to those obtained with other supported
heteropolyacids.

The main disadvantage in the production of DPA is the high
cost of levulinic acid, which increases the market price of DPA
(56 per kg). The production of LA from biomass at an economi-
cally competitive cost could result in a market price of $2.4 per
kg, which would lead to the progressive substitution of BPA
and an increase in the use of renewable biomass-derived DPA.
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3.5. Angelica lactone and hydroxypentanoic acid

Angelica lactone and hydroxypentanoic acid are mainly re-
ferred to the bibliography of intermediates in the production
of GVL from LA. There are two different pathways for the for-
mation of these intermediates: the first one involves produc-
tion of GVL through hydrogenation of levulinic acid with hy-
droxypentanoic acid as an intermediate, and the second path
is the acid-catalyzed dehydration of levulinic acid to angelica
lactone and further hydrogenation to GVL. In the case of hy-
droxypentanoic acid, Wang et al."®” report the use of secon-
dary alcohols in Meerwein-Ponndorf-Verley reduction. In the
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second case, an acidic medium is used to promote the poly-
merization of angelica lactone with lower yields of GVL as
a consequence.™ Cao et al" have studied the use of ionic
liquids with a Pd/C catalyst for the effective conversion of an-
gelica lactone into GVL. The angelica lactone dimer (Figure 9),
the intermediate product in the production of GVL, is a novel
feedstock for the production of branched C,~C,, hydrocarbons
as gasoline blends with a high volatility range."*® In the pres-
ence of different catalytic systems, higher yields are achieved
for the C,, hydrocarbon (i.e., 3-ethyl-4-methylheptane, ~70%).

3.6. y-Valerolactone

In the last part of this review, for which we focus on levulinic
acid biorefineries, levulinic acid products, and their potential
applications, we will also focus on y-valerolactone (GVL). GVL is
a five-carbon (valero-) cyclic ester with five atoms (four carbon
atoms and one oxygen atom) in the ring (y-lactone). The prop-
erties of GVL make it a stable and reactive compound to pro-
duce valuable chemicals from biomass such as valeric esters, 5-
nonanone, 2-methyltetrahydrofuran, and a-methylene-y-valer-
olactone B#36141661 Gy| can be produced from LA through

N

KlO 165 °C

50 Torr
92%

O
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multiple pathways (Figure 10). Starting from LA, hydrogenation
leads to the formation of y-hydroxyvaleric acid as an unstable
intermediate, which undergoes ring closure by intramolecular
esterification and loses a water molecule to form GVL.'® The
second pathway starts with the dehydration of LA to form an-
gelica lactone, which is followed by hydrogenation to GVL.'®"

Significant research has been conducted on the catalytic hy-
drogenation of levulinic acid into y-valerolactone. Several stud-
ies have been focused on homogeneous and heterogeneous
catalysts, on ionic liquids, and the use of supercritical CO, con-
ditions for the production of biomass-derived GVL."%>'%") |n the
case of homogeneous studies, Heeres et al."® report the use
of the water-soluble Ru-TPPTS [TPPTS =tris(m-sulfonatophenyl)
phosphine trisodium salt] catalyst for the effective hydrogena-
tion of levulinic acid into GVL. To improve the economic viabili-
ty of the homogeneous process, a possible solution is the use
of a biphasic catalysts, for which the catalyst is present in
a second, product-immiscible phase after the reaction and is
easily separated from the product phase and recycled."®*'%
For that approach, a well-known case in homogeneous hydro-
genation reactions is the use of aqueous/organic biphasic sys-
tems with the use of water-soluble ruthenium complexes with

o o
— o
o

Angelica Lactone Dimer

_KCO;

70 °C
94%

Figure 9. Production of angelica lactone dimer from levulinic acid."*® 1 Torr=133 Pa.

OH

LA

Hydroxyvaleric Acid

s

OH

E
+
“/ =
9]
o

(0}

aAngelica Lactone

B-Angelica Lactone

Figure 10. Reaction pathways to produce y-valerolactone."®"
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sulfonated phosphine ligands such as sodium tris(m-sulfonato-
phenyl)phosphine. In the case of biphasic homogeneous cata-
lysts, Curtiss et al."”" report the use of the Shvo catalyst for
the catalytic reduction of LA to GVL via 2-hydroxypentanoic
acid as an intermediate. Under supercritical conditions, Poliak-
off et al."”? have achieved high yields of GVL (~99%) under
high-temperature (180-200°C) and high-pressure (10-20 MPa)
reaction conditions.

In terms of heterogeneous catalysts, ruthenium-supported
materials have been mentioned in research on the catalytic
conversion of LA into GVL. Weckhuysen et al."”*'"¥ have stud-
ied the catalytic performance of ruthenium-supported cata-
lysts, the influence of the solvent, and the acidity of the sup-
port (i.e., Nb,O;, TiO,, H-b, and H-ZSM5). Ru/TiO, gives excel-
lent selectivity to GVL (97.5%) at 100% conversion and is re-
markably stable even under severe reaction conditions. Ru/H-
ZSM5 shows a 45.8% yield of pentanoic acid and its esters in
dioxane, which is the first example of this one-pot conversion
directly from LA at 473 K."”>'7¥ Ortiz-Cervantes and Garcia"’”
have studied the effective hydrogenation of LA to GVL in the
presence of ruthenium nanoparticles (Ru-NPs) as heterogene-
ous catalysts, and they have also tested the efficiency of differ-
ent solvents. In the presence of H,0 as the solvent, the Ru-NPs
show 99% vyield of GVL, whereas in the presence of MeOH
(under H, conditions) a high yield of methyl levulinate (59 %) is
reported as a reaction byproduct. Other cases of ruthenium-
supported catalysts have been studied by Zhang et al'”® (e.g.,
a Ru/polyethersulfone catalyst) and by Venugopal et al. (e.g.,
a Ru/hydroxyapatite catalyst).'””’ Noble palladium (Pd) nano-
particles have also been testified as efficient hydrogenation
catalysts by Yan et al.'®'7? pPd-supported nanoparticles show
significant selectivity and are able to produce GVL at 96%
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yield at 100% conversion of levulinic acid. The Pd nanoparticle
catalysts exhibit stable catalytic performance over several runs,
which is promising for the clean production of chemicals and
biofuels from biomass. Conditions for the catalytic hydrogena-
tion of LA into GVL are shown in Table 6.

To reduce the cost of catalytic processes, non-noble metal
catalysts have been suggested for improved process econom-
ics. Noble-metal-free catalysts have been extensively studied as
highly efficient hydrogenation catalysts for the production of
GVL by the reduction of LA. Yan and Chen"® '8 report the use
of environmental friendly copper catalysts for the hydrogena-
tion of levulinic acid. The reaction is highly selective and gives
GVL in 90% yield at 97.8% conversion.'® " Another advant-
age of non-noble metal catalysts is reduced leaching. Hengne
and Rode™®? have studied the hydrogenation of LA and its
ester over Cu-ZrO, and Cu-Al,O; nanocomposites. Between
the two catalysts, metal leaching in water is substantially re-
duced (Cu leaching: 34 ppm) for the Cu-ZrO, catalyst relative
to the Cu-AlLO; (Cu leaching: 174 ppm) catalyst owing to the
formation of stable tetragonal phase ZrO,, which strongly
binds to active Cu. Another non-noble metal option studied by
Chia and Dumesic® involves the use of metal oxides, such as
ZrO, and y-Al,O; to produce GVL by transfer hydrogenation
through the Meerwein-Ponndorf-Verly reaction by using sec-
ondary alcohols as the solvent and hydrogen donor. The high-
est yield of GVL (92%) is achieved with 2-butanol and ZrO,. A
significant issue regarding the effectiveness of the process is
the economics of the noble and non-noble metal catalysts.
The economics of the noble and non-noble metal catalysts is
a significant issue with regard to the effectiveness of the hy-
drogenation process. Palkovits et al."®* report that the produc-
tion of GVL heavily relies on the use of noble metals, which

Table 6. Catalytic hydrogenation of LA into GVL.

Conditions Biomass precursor GVL yield [%] Ref.

RU-TPPTS, 2 h, 115°C levulinic acid 80 [169]

Ru/SiO, under supercritical CO,, 10-20 MPa, 115°C levulinic acid 99 [172]

Ru/H-f in dioxane, 10 h, 200°C levulinic acid 40.5 [173]

H-ZSM5, 4 h, 200°C

Ru/TiO,, 10 h, 200°C levulinic acid 91.6 [174]

Ru-NPs in water, methanol, or THF, 130°C levulinic acid 99 (in water) [175]
98 (in THF)
41 (in MeOH)

Ru/polyethersulfone, 2 h, 130°C levulinic acid 85 [176]

Ru/hydroxyapatite, water, ethanol/water or toluene, 4 h, 70°C levulinic acid 99 (in water) [177]
75.4 (in water/toluene)
27.6 (in toluene)

Pd/SiO,, 6 h, 160°C levulinic acid 8.2 (1 wt% catalyst) [178]
74.2 (7 wt% catalyst)

Pd/MCM-41, 6 to 10 h, 140 to 240°C levulinic acid 33 (6 h/140°Q) [179]
85.2 (6 h/240°C)

Cu-Fe catalyst, H, (9.0 MPa), 14 h, 220°C levulinic acid 50.8 [180]

Cu-Cr catalyst, H, (3.5 to 7.0 MPa), 3 to 6 h, 120 to 220°C levulinic acid 3.2 (3 h/140°Q) [181]
74.7 (3 h/220°C)

Cu-ZrO, or Cu-Al,0,;, 5 h, 200°C levulinic acid 90 (Cu-Zr0,) [182]
86 (Cu-Al,0,)

ZrO, or MgO/ZrO,, 16 h, 160°C levulinic acid 92 (ZrO,) [183]
54 (MgO/Zr0,)

[a] RU-TPPTS =tris(m-sulfonatophenyl) phosphine trisodium salt.
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could be a significant problem in the case of scale up because
of their costs and the uncertainty in their future availability.
Graedel etal"™ ' report that although the availability of
base metals such as Al, Cu, Ni, Sn, and so on will not be a prob-
lem in the future, the increasing use of rare metals such as Ru,
Rh, Pd, and Re may jeopardize their future availability. Replace-
ment of noble metals by nonprecious and more widely avail-
able metals, and the recovery and recycling of the metal, will
become important issues in the future. Finally, the next step
will be the conversion of GVL through various catalytic pro-
cesses into 1,4-pentanediol, 2-methyltetrahydrofuran, valeric
biofuels, and 5-nonanone with potential applications in the
fuels industry and as precursors for the production of alkanes
with different chain lengths for fuel, biodiesel, and gasoline ad-
ditives.

4. Catalytic Conversion of y-Valerolactone into
Valuable Chemicals and Fuels

4.1. 1,4-Pentanediol and 2-methyltetrahydrofuran

GVL can be directly used as a liquid fuel or as an additive in
current petroleum fuels, similar to ethanol. Horvath et al."™”
report the use of GVL in a 90:10 mixture of conventional gaso-
line/GVL or 10% ethanol, observing improved combustion
with lower vapor pressure at similar octane numbers. GVL has
combustion energy (29.7 MJkg™") similar to that of ethanol
and higher energy density."™ The main problem of GVL as
a pure fuel is its high water solubility.

GVL can be further hydrogenated to produce fuel additives
such as 1,4-pentanediol (1,4-PDO) and 2-methyltetrahydrofuran
(MTHF; Figure 11). Palkovits et al."®" report the solvent-fee hy-
drogenation of GVL into MTHF in the presence of a Ru/C cata-
lyst. The highest selectivity for MTHF is achieved at 190°C after
a reaction time of 24 h (conversion: 99%, MTHF vyield: 43%).
Little attention has been focused on the involved reaction
pathways. Their study focuses on the influence of reaction con-
ditions in the heterogeneous-catalyzed hydrogenation mecha-
nism of GVL into MTHF. Du et al."® have used an inexpensive
Cu catalyst and have converted GVL into MTHF with a GVL/
MTHF conversion selectivity ratio of 98:93. A decrease in the
reaction temperature and the use of a calcined Cu catalyst in
the presence of H, (instead of air) leads to the formation of
1,4-pentanediol. These results show that control of the reac-
tion conditions can lead to different hydrogenation prod-
ucts."¥ Elliott and Frye®® report the transformation of LA into
MTHF by using 1,4-dioxane and water as solvents. They have
tested noble metals as catalysts for the reaction of LA into
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MTHF, with GVL and 1,4-PDO as intermediates. Homogeneous
ruthenium catalysts have also been studied for the efficient
conversion of LA into GVL and then into MTHF.'?%94

4.2, Valeric biofuels and 5-nonanone

As shown in Figure 12, GVL can undergo different catalytic re-
action pathways for the production of various molecular-
weight alkanes as liquid hydrocarbon fuels. For the production
of liquid fuels, GVL can be converted by two different routes:
One, a ring-opening reaction of GVL results in the formation of
pentenoic acid. Further decarboxylation of pentenoic acid
leads to the formation of butenes, a monomer precursor for
the production Cg alkanes. Two, a combination of ring open-
ing/hydrogenation leads to the formation of pentanoic acid.
Significant research has been focused on the catalytic upgrad-
ing of pentanoic acid into valeric biofuels as fuel additives and
in the ketonization of pentanoic acid into 5-nonanone, a valua-
ble monomer for the production of higher molecular weight
alkanes (C,4—C,, alkanes) that can be used as diesel fuels.*”

Lange et al"™ report the synthesis of new LA derivatives,
the “valeric biofuels”, which are gasoline and diesel compo-
nents fully compatible with transportation fuels, in a two-step
process. They report the conversion of GVL into pentanoic acid
over a bifunctional metal-acid catalyst (Pt/ZSM-5). In the next
step, esterification of pentanoic acid into valerate ester is per-
formed in the presence of alcohols and solid-acid catalysts.
Yields of pentanoic over 90% are achieved in the presence of
Pt bifunctional catalysts. Zaccheria et al."® report the single-
step production of pentyl valerate from GVL in the presence of
a Cu-supported (SiO,—ZrO,) catalyst in pentanol as the solvent.
They also perform the synthesis of valeric esters in the pres-
ence of ethanol and report the formation of ethyl 4-ethoxy-
pentanoate as the main byproduct."®

To upgrade GVL into liquid fuels, its molecular weight needs
to be increased and the oxygen content should be decreased.
Instead of esterification of pentanoic acid, Serrano-Ruiz!'®” re-
ports the ketonization of pentanoic acid into 5-nonanone. An
overall yield of 84% of 5-nonanone is obtained in the presence
of a CeZrO, catalyst. They also report the use of Pd/Nb,O; for
the efficient conversion of GVL into pentanoic acid versus 5-
nonanone. The upgrading of 5-nonanone produced from GVL
has many possibilities for valuable alkane liquid fuels. 5-Nona-
none can be converted into nonane by hydrogenation and de-
hydration reactions over metal-acid catalysts. Nonane can be
used as a fuel additive to diesel, and it can undergo isomeriza-
tion and aromatization over zeolites to produce C, olefins. C,

o) o)
OH
O H, -H,O
— = —
OH
GVL 1,4-PDO MTHF
Figure 11. Conversion of 1,4-PDO and MTHF from GVL."""
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Figure 12. Reaction pathways for the production of targeted molecular weight alkanes by catalytic upgrading of GVL."%'%!

alkanes can be oligomerized over acid catalysts for the produc-

tion of higher molecular weight C,3-C,, alkanes.®*'%

4.3. a-Methylene-y-valerolactone

Instead of renewable fuels, GVL can be used to synthesize in-
teresting monomers to produce polymers similar to those de-
rived from petroleum but with different chemical properties.
a-Methylene-y-valerolactone (MeMBL) is an attractive acrylic
monomer that transmits high thermal stability to polymers.
MeMBL (Figure 13) has a structure similar to that of methyl
methacrylate, but by adding the lactone structure into the
polymeric chain, the glass-transition temperature of the homo-
polymer is 100°C higher than that of polymethyl methacry-
late."*? Manzer has studied the synthesis of MeMBL from
GVL with formaldehyde over a heterogeneous catalyst in the
gas phase. Several issues regarding the problematic synthesis
of MeMBL have also been reported. The high boiling tempera-
ture of the materials, the rapid polymerization of MeMBL, and
the difficulty to handle formaldehyde in the gas phase have
also been reported.

A summary of GVL derivatives and their potential applica-
tions is shown in Figure 14.
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5. Conclusions

Over the last centuries, our society has become heavily depen-
dent on petroleum as a source to produce chemicals and fuels.
The increasing demand for energy sources and the challenge
of CO, emissions affecting earth’s climate have led efforts to
find renewable substitutes for petroleum-derived products. For
this reason, research has focused on using biomass as an alter-
native carbon source, as it offers multiple advantages over pe-
troleum. Levulinic acid (LA) is a promising renewable platform
molecule for the synthesis of several chemicals for applications
such as fuel additives, fragrances, solvents, oil additives, phar-
maceuticals, and plasticizers.>'*'® Levulinic acid can be pro-
duced from lignocellulosic biomass by dehydration of biomass

o CHs

~

o
H,C

Methyl Methacrylate (MMA) a-Methylene-v-Valerolactone

Figure 13. Chemical structure of methyl methacrylate and a-methylene-y-va-
lerolactone.
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Figure 14. GVL derivatives and their potential applications."®”

sugars (glucose) into HMF and further hydrolysis of HMF into
formic and levulinic acid. LA has been classified as one of the
top value-added chemicals from biomass by the National Re-
newable Energy Laboratory and the United States Department
of Energy. Levulinic acid can be upgraded to a variety of chem-
icals with main applications in the areas of fuels and fuel addi-
tives. Different catalytic pathways can lead to the synthesis of
levulinate esters, vy-valerolactone, and various molecular
weight alkanes (mainly C, and C,3-C,; olefins), which can be
used as fuels and diesel and fuel additives. y-Valerolactone can
also be used as a solvent or gasoline blender and in the pro-
duction of valuable monomers. Several industrial and universi-
ty-based projects show the significance of levulinic acid as
a potential feedstock in the economy of biobased chemicals.
Companies such as GFBiochemicals, Segetis, and Avantium
have already introduced the use of levulinic acid for the pro-
duction of several biobased chemicals on the industrial and
commercial scales, and this offers new opportunities to replace

ChemSusChem 2016, 9, 1-22 www.chemsuschem.org

petroleum-derived chemicals and fuels with biomass-derived
options.

Summarizing all the information provided above, it is clear
that several major opportunities and advantages have been
studied and considered during the production and use of levu-
linic acid from biomass: one, levulinic acid is a promising plat-
form molecule that can be produced directly from lignocellulo-
sic biomass sources; two, levulinic acid provides a variety of al-
kanes with different chain lengths as fuels, so technoeconomic
analyses of different alkane pathways will be critical to deter-
mine the feasibility and effectiveness of these products as fuel
additives and substitutes to petroleum-derived products;
three, levulinic acid upgrade technologies still require improve-
ment to produce pure and cost-competitive products (fuels
and chemicals); four, the design and use of efficient heteroge-
neous catalysts with high cyclability to avoid homogeneous
mineral acids; five, further improvements in selectivity and cat-
alyst lifetime are needed. Hence, more chemical, catalysis, and
engineering research is valuable to realize the potential of lev-
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ulinic acid biorefineries and to optimize their potential for the
manufacture of fuels and chemicals.

Keywords: biomass
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