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Levulinic acid is a reactive polar organic compound deemed as a building block for several products with relevant applications,

replacing traditional substances in the petrochemical industry. Considered a platform molecule, levulinic acid is industrially produced
from the acid hydrolysis of biomass — mainly plant-based — using hydrochloric or sulfuric acid in homogenous catalysis. However,
considering the World Market for levulinic acid is expected to reach US$ 71.9 million in 2027, growing annually at 14.1%, and its
applications in agriculture, pharmaceuticals, plasticizers, cosmetics, and food additives, the development of alternative production
processes is sought. Hence, a survey was performed on publications considering the alternatives for biomass-based levulinic acid

production processes: I) alternative homogenous catalysts to avoid using noble materials in the reactor; II) heterogeneous catalysis

to facilitate and reduce the catalyst’s separation and recovery costs; III) ionic liquids, exploiting their high solvency, stability, and
catalytic capacity. Additionally, biomass alternatives for obtaining levulinic acid are presented, showing that other agricultural residues
and animal biomass options are being considered, targeting process flexibilization while reducing costs and producing derivatives
at more competitive prices. Thus, it can be stated that levulinic acid is an important platform molecule for biorefineries’ economics,

replacing fossil fuels with renewable raw materials.

Keywords: biomass; biorefinery; building block; levulinic acid.

INTRODUCTION

Environmental awareness has directed research to the obtainment
of ecofriendly chemicals from biomass.!? In the 21* century, the
focus has been on the efficient recovery of sugars contained in
biomass, through cellulose and hemicellulose hydrolysis, followed
by the chemical conversion of such sugars into high added-value
products.>*

Levulinic acid (LA), also known as 4-oxopentanoic acid® and
classified as a ketoacid, was listed as a platform molecule of interest
by the U.S. Department of Energy. Platform molecules present several
chemical functions, and are the basis for new products obtained from
biomass within the concept of biorefineries.*’

LA is industrially obtained by the dehydration of six-carbon
carbohydrates using acid homogeneous catalysis, with an average
yield of 70% when compared to the theoretical value.®® However,
new routes involving heterogeneous catalysts and ionic liquids (ILs)
have been studied. Due to its high reactivity, LA is a precursor to
several derivatives, such as y-valerolactone, diphenolic acid, 5-amino
levulinic acid, and 2-methyl tetrahydrofuran.!*-

It is estimated that, in 2020, the World Market for LA has reached
US$ 28.6 million, and is projected to reach US$ 71.9 million in 2027,
at a compound annual growth rate (CAGR) of 14.1%." The price of
LA was USS$ 3.80 per kg (2020),'* yet the industrial sector expects that
production costs will be reduced, and thus achieve better results in the
manufacturing of LA derivatives.!> The largest LA Market (30% of
total) is in the production of fertilizers and pesticides for agriculture,
followed by applications in pharmaceuticals and plasticizers (18%).
Cosmetics and food additives correspond to 15% and 14% of the LA
market, respectively. Other applications correspond to 5%.'°

*e-mail: Isgt@utba.br

Among the factors that should heat the LA market, the growing
application of pesticides in Asia (the largest world market)
is highlighted, and the greater consumption of cosmetics and
pharmaceuticals by the European market, currently the second-
largest consumer market of LA.'¢ Most LA production facilities are
located in China, meeting the domestic consumption of fertilizers
and pesticides.!>!7 Perspectives on production cost reduction in the
manufacturing of LA derivatives exist, with the development of new
research and processes, besides upscaling and increase in the varieties
of LA applications and its derivatives.'>!

Considering the importance of LA as a precursor to innumerous
high added-value chemical derivatives, this paper performs a critical
analysis, from articles, patents, and consulting firms’ reports, on
several LA synthesis routes, and of its industrial processes from
biomass.

Levulinic acid properties and production routes

LA presents the molecular formula C;H;O;, whose structure
contains a carboxyl and a carbonyl group (Figure 1). Some of its
physical-chemical properties are displayed in Table 1.
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Figure 1. Molecular structure of levulinic acid

One LA synthesis petrochemical route is the conjugate
addition of nitroethane to acrolein in the presence of Al,O; to form
4-nitropentanal.'®* 4-Nitropentanal is then oxidated in the presence
of H,0,-K,CO; to form LA (Figure 2a). Through another LA route
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Table 1. Physical-chemical properties of levulinic acid

Property Value
Molar mass (g mol ') 116.12
Density (kg m™) 1136 (at 25 °C)
Melting point (°C) 33
Boiling point (°C) 245
Flashpoint (°C) 98

from oil, maleic acid is used as feedstock (Figure 2b), which is then
converted in acidic media into its respective ester, and, with the
breakage of the double bond between carbons, acetyl succinate is
obtained, followed by ethyl levulinate, and, after hydrolysis in the
presence of acid or base, LA is formed.?!

One of the main characteristics of biomass is being renewable,
and an important alternative for obtaining chemicals usually
synthesized from petroleum.? Both LA synthesis routes from biomass
use lignocellulose as feedstock, and depend on the cellulose and
hemicellulose content in biomass. Pretreatment with a diluted acid
(H,S0,) is necessary, aiming at destructuring lignocellulosic biomass
and reducing its recalcitrance, allowing for the depolymerization of

Al,O,
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cellulose into glucose. While still in the presence of mineral acid,
the dehydration of glucose occurs, with the afterward formation of
5-hydroxymethyl furfural (HMF), followed by rehydration in LA
and formic acid (FA) (Figure 3a).* In the latter route, xylose, a sugar
obtained from the depolymerization of hemicellulose, is dehydrated
into furfural, which is then hydrogenated in the presence of a metal
so that furfuryl alcohol is obtained. Thence, the hydration in acidic
media with ring-opening for forming LA occurs (Figure 3b).?

Scientific publications and patents on levulinic acid mapping

An overview in LA production technologies using biomass and
their respective applications is presented, made possible by collecting
data from scientific articles and book chapters, through the Science
Direct (www.sciencedirect.com) platform, in the period from 1996 to
2020, and patent search performed through the Derwent Innovations
Index (www.derwentinnovationsindex.com) database in the period
from 1963 to 2020.

Within the scientific articles data bank, the keyword “levulinic
acid” was used, followed by “and”, combined with the words that
define the use of LA from biomass. The terms used in combination
with the keyword “levulinic acid” were “biomass™ or “biorefinery”
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Figure 2. Petrochemical routes for the obtainment of levulinic acid from: a) nitroethane and acrolein; b) maleic acid.***
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Figure 3. Main paths for levulinic acid formation from biomass, having as precursors: a) glucose, b) xylose*
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or “building block”, yielding 3,454, 1,170, and 979 scientific
publications, respectively. In order to refine the search, the keywords
“levulinic acid” and “biomass” were used with the terms “catalysis”
or “ionic liquid”, resulting in 1,510 and 1,046, respectively. Regarding
patents, the keywords used in the search were “levulinic acid”
followed by “and”, and the denominations “biomass” or “biorefinery”
or “building block” whose dataset yielded 301, 4, and 26 patents,
respectively.

According to the data displayed in Figure 4, from 2007 onwards,
there was a growth in the number of publications related to LA, due
to the reports released by the U.S. Department of Energy on platform
molecules, > with a more significant increase from 2010, with the
presentation of the concept of biorefinery.

In order to analyze the prospection results, the articles were
separated by substrate type, and catalysis type used for the obtainment
of LA (Figure 5).

The substrates from plant-based residues, such as bamboo, pine,
and eucalyptus correspond to 21% of publications, just as much as
agricultural products like bark, stalk or straw from rice, sugarcane, and
maize, which also represent 21% of publications, demonstrating that
the production of LA is associated to large plantations. Nine percent of
publications used commercial cellulose as a substrate, much the same
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as 30% used commercial sugars, like glucose, fructose, and cellobiose.
The use of commercial sugars has the advantage of accelerating the
obtainment of LA, for the biomass pretreatment and cellulose and
hemicellulose hydrolysis steps are made unnecessary, shifting the
focus of the study to analyses related to the mechanism, yield, catalyst,
and reaction conditions. Nevertheless, the use of sugars from biomass
requires pretreatment and hydrolysis steps, fundamental to obtain
higher LA yields. The substrates indicated as “other” correspond to
19% of publications referent to LA, and encompass all compounds
not included in the four main criteria; that is, animal-based products
(chitin, chitosan, and glucosamine), and residue found in garbage
such as paper and wasted food.

Regarding the process, homogeneous and heterogeneous catalysis
were used in 38% and 45% of the published articles, respectively.
It can be noted that there is scientific interest in the search for
heterogeneous catalysts that may replace the use of mineral acids
H,SO, and HCI, used in homogeneous systems. The use of ionic
liquids appears in 17% of publications relative to LA production.
These compounds have been used as solvents or catalysts for their
low vapor pressure, thermal stability, besides their solvency in
several substances,’ for which they have attracted the attention of
researchers in recent years, increasing the number of publications on
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these substances.”” The published works on the synthesis of LA from
biomass were carried out, in general, on a bench scale. Laboratory-
scale experiments are important for studying possible ways to expand
LA production on a commercial scale.

The countries with the largest number of patents related to LA
synthesis are the United States, China, Brazil, and India, together
corresponding to 67% of prospected patents in the Derwent
Innovations Index. This fact is explained by the large agricultural
production and territorial extension of those countries, since these
nations are among the five greatest in agricultural land availability,
according to the Food and Agriculture Organization of the United
Nations (FAO),” thus having the greatest biomass availability.

Levulinic acid synthesis from biomass technologies

The LA obtainment process, besides depending on reaction
conditions, varies with the substrate chosen as feedstock, the
composition of biomass, and concentration of six-carbon sugars
present in biomass.? Since cellulose and hemicellulose are present
in plant-based organic matter in large quantities, the obtainment of
LA can be performed from several kinds of feedstock, including
biomass residue.

LA synthesis consists primarily of the biomass pretreatment
with mineral acids, leading to the depolymerization of cellulose,
turning the reactional medium rich in glucose. Afterwards, glucose
is dehydrated through acid catalysis with heating, transforming into
HMEF, and then into LA and FA. This process is preferable in relation
to the hemicellulose route because furfural is quite reactive, forming
more FA and other byproducts.”® Heterogeneous and homogeneous
processes, including those using ionic liquids, have been explored
in the proposal of LA obtainment procedures.

Processes that use homogeneous catalysis

Strong Brgnsted acids in the liquid phase are used to hydrolyze
biomass.?” These processes take place in reactors manufactured
using special materials due to the reactional media corrosiveness.
Furthermore, there is the necessity of separating and recovering the
acid, being the optimization of these operations for LA production
cost reduction fundamental.'***3! Table 2 showcases a comparison
of several substrates and reaction conditions, while employing
homogeneous catalysts in the obtainment of LA 33254

Glucose and fructose (180 g mol!) are the most used feedstock
in homogeneous processes, and the theoretical yield in LA for the
hydrolysis of these sugars is 64.4%.* Experimentally, from glucose,
yields over 40% were obtained, working in the liquid phase and
temperatures between 150 °C and 180 °C, with residence times
between 15 min and 8 h, using, as a catalyst, H,SO, or HCL.* With
fructose, LA yields were up to 47%, at 140 °C and 10 min, using
H,SO, as a catalyst.* Glucose and fructose conversion varied between
68% and 100%, having, as the main byproduct, humins, which are
solid polymers with a bituminous aspect, and insoluble in LA, that
can cause blockage and fouling in piping and industrial equipment.?*
Fructose is more expensive than glucose, yet reaction conditions are
milder, since it is more selective to the formation of HMF.#* It should
be pointed out that higher temperatures favor the formation of humins,
making the process more costly.'* The yield in humins can reach 40%,
significantly decreasing the amount of LA formed.?¢-%

Another kind of feedstock used as a substrate is cellulose, with
a theoretical yield of 71.6%.* Experimentally, the highest yield
(42,4%) was achieved at 180 °C, reactional time of 11 min and HCI1
as a catalyst, which represents 59% of the theoretical yield. When
the same reaction is carried out at 200 °C, the yield reduces to 38%,
due to the formation of humins.*® The main advantage of cellulose
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over glucose and fructose is process economics, since its commercial
value is significantly lower.®°

The most used homogeneous catalysts in the reactions were
sulfuric and hydrochloric acid, because besides being low-cost,
reactional times were shorter than other studied acids.*® LA synthesis
from glucose using a mixture of H;PO, and CrCl,, at 170 °C, for 4.5 h,
had a yield of 32.1%.%® However, reactional times were reduced to
30 min when using HCI or H,SO,, with yields of 31.4% and 26.4%,
respectively. Methane sulfonic acid, CH,;SO;H, showed potential for
LA production. Using glucose as a substrate, at 180 °C, for 15 min, the
yield was 40.7%,* which can be explained by the fact that CH,SO;H
is a strong acid, which reduces humin formation and parallel reactions.
Its disadvantage lies in its high cost when compared to sulfuric and
hydrochloric acid.

In natura biomass and its derivatives have been used as feedstock
for the direct production of LA. The higher the cellulose content in
the substrate (TC), measured in%g g’!, the greater the availability
of glucose will be, and consequently, the higher the LA production
yield will be. The great challenge is the direct hydrolysis of low-
cost biomass residues with good LA yields. The possibility of
varying feedstock in the industrial process is strategic, because it
decreases dependency on seasonality, harvests, and commodity
prices that originate the residue. The yield that best evaluates process
efficiency when the feedstock is in natura biomass or its residues is
RG (Table 2), which indicates LA yield considering the amount of
glucose available in the substrate.

The acidic hydrolysis of rice straw (40% glucose in mass) yielded
the best results among the evaluated biomass residues, with an RG
of 51% (79% of theoretical yield) using HCI, at 180 °C and 2 h of
reaction. When using cane sugar bagasse (48% glucose in mass) at
150 °C and 8 h, in the presence of H,SO,, an RG of 40.4% (62.7% of
the theoretical yield) was obtained.* The direct hydrolysis of corn cob
(60.7% cellulose in mass) led to an RG of 48% (76% of the theoretical
yield), under the conditions of 200 °C and 4 h with H,SO,.*' Paper
sludge (57.1% cellulose in mass) treated with HCI, at 200 °C, 30 bar,
for 1 h led to the RG of 50%* (78% of the theoretical yield), and
poplar sawdust (57.6% cellulose) reached an RG of 45.8%* (71% of
the theoretical yield, under equivalent reactional conditions: 200 °C,
30 bar, and 1 h).

Using Arundo donax in natura as raw material (40.7% weight
glucose), RG reached 56.1%3 under conditions of 190 °C and
30 bar in N,, using a continuous reactor. However, this is a noble raw
material, and is used in the market for other ends.

According to Table 2, good yields were obtained using biomass
when compared to sugars and cellulose. It is verified that, when
using cellulose, glucose and fructose as a substrate, the best values
for RG were equal to 42.4%, 44.1%, and 47.7%,%%* respectively.
When using biomass residues, RG values were 40.4% for sugar cane
bagasse, 51.5% for rice straw, 48.9% for corn cob, 50.0% for paper
sludge, and 45.8% for poplar sawdust.*>*>#14° Despite the separation
difficulties inherent to the process containing impurities in the
biomass residue, it seems economically advantageous to use these
materials as feedstock for producing LA in a biorefinery.

The temperature range in the biomass residue processes was
between 150 °C and 200 °C, similar to the one used for cellulose
and hexoses. Nevertheless, reaction times in the processes that
used biomass residues as feedstock were longer. This problem can
be diminished in case a pretreatment step that exposes cellulose is
applied, reducing its crystallinity in order to favor hydrolysis.®!

Animal-based biomass residues have also been studied as
feedstock for producing LA. Chitin, a fishing industry residue, is
the second most abundant polymer on the planet, and is present
in crustaceans.’”¢? It consists of a polysaccharide formed by the
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Table 2. Comparison of different substrates and reaction conditions used in homogeneous LA production processes*
Substrate Reaction conditions Catalyst %RgS;_l %TgC;l %TgG;l %RgG; Reference
Sugar cane bagasse 150 °C and 8 h H,S0O, (0.55 mol L") 19.4 432 48.0 40.4 32
Arundo donax 190 °C and 30 bar HCI (0.55 mol L") 22.8 36.6 40.7 56.1 33
175 °C and 75 min H,SO, (4% weight) 11.8 31.0 344 34.3 34
Rice straw 180°Cand 2 h HCI1 (2 mol L") 20.6 - 40.0 51.5 35
180°Cand 3 h HCl (0.4% weight) 10.0 36.4 40.4 29.0 36
. 170 °C and 30 min HCI (2 mol L) 29.9 (e) (e) 28.4
Cellobiose 37
170 °C and 30 min H,SO, (2 mol L) 28.0 (e) (e) 26.6
170 °C and 50 min HCI (2 mol L) 31.0 100 ) 27.9
Cellulose 37
170 °C and 50 min H,SO, (2 mol L") 23.0 100 (f) 20.7
160 °C and 11 min HCI1 (2.4 mol L) 39.1 100 352
Cellulose 180 °C and 11 min HCI (1.6 mol L) 424 100 (f) 38.2 38
200 °C and 11 min HCI (0.8 mol L") 38.0 100 34.2
130°Cand 8 h H,PW ,0,,(0.16 mol L") 11.3 100 10.2
Cellulose 130°Cand 8 h H:BW,0,,(0.16 mol L") 17.2 100 () 15.5 39
130°Cand 8 h H,SiW,0,,(0.16 mol L") 18.6 100 16.7
g;’fg"’”m crassipes (aquatic 175 °C and 30 min H,S0, (1 mol L) 9.0 - 257 35.0 40
Corn cob 200°Cand 4 h H,SO, (3% weight) 33.0 60.7 67.4 48.9 41
170 °C and 30 min H,SO, (2 mol L") 27.8 - 27.8
Fructose 100 37
170 °C and 30 min HCI1 (2 mol L") 31.8 - 31.8
Fructose 140 °C and 10 min H,SO, (1 mol L") 47.7 - 100 47.7 42
Glucose 170°C and 30 min HCI1 (2 mol L") 314 - 100 31.4 3
170 °C and 30 min H,SO, (2 mol L") 26.4 - 26.4
Glucose 149 °C and 41 bar HCI (0.1 mol L) 44.1 - 100 44.1 8
Glucose 181 °C and 44 min CH,SO;H (0.35 mol L") 31.5 - 100 31.5 43
Glucose 180 °C and 60 min InCl; (2.5% mol) 29.0 - 29.0 44
Glucose 180 °C and 15 min H,SO, (0.5 mol L") 42.1 - 100 42.1 "
Glucose 180 °C and 15 min CH,SO;H (0.5 mol L") 40.7 - 100 40.7
Glucose 170°Cand 4.5 h H,PO, + CrCl,(0.02 mol L) 32.1 - 100 32.1 16
Glucose 170°Cand 4.5 h H,PO, + FeCl;(0.02 mol L) 19.2 - 19.2
Glucose 170 °C and 4.0 h H,PO, + CuCl,(0.02 mol L") 22.6 - 100 22.6 47
Glucosamine 170 °C and 10 min HCI (2 mol L) 19.6 - - - 3
Glucosamine 170 °C and 10 min H,SO, (2 mol L") 13.8 - - -
Lemna minor (aquatic plant) 180°Cand 2.5h HCI (1.2% weight) 26.2 - 50.4 52.0 48
Paper sludge 200 °C,30barand 1 h H,SO, (8.3% weight) 15.4 571 634 24.3 2
Paper sludge 200 °C,30barand 1 h HCI (11.5% weight) 31.7 50.0
Eucalyptus wood 170°Cand 5 h H,SO, (0.2 mol L") 15.9 48.9 54.3 29.3 50
Paper towel 200°Cand 1 h H,SO, (1 mol L) 13.9 8.1 %6.3 16.0 51
Paper towel 200 °C, 50 bar and 5 min H,SO, (0.135 mol L) 9.7 11.1 52
Olive tree prunes 200 °C,30barand 1 h HCI (11.5% weight) 18.6 394 43.8 42.5 49
‘Wood pulp 188 °C and 126 min H,S0,(0.193 mol L) 21.0 42.0 46.6 45.0 53
Chitin 190 °C and 30 min HCI (2 mol L) 18.7 - - -
Chitin 190 °C and 30 min H,SO, (2 mol L") 21.6 - - - 37
Chitosan 190 °C and 20 min HCI (2 mol L) 26.3 - - -
Chitosan 190 °C and 20 min H,SO, (2 mol L") 22.8 - - - 3
Chitosan 200 °C and 30 min CH,SO;H (0.2 mol L") 28.2 - - - 54
Poplar sawdust 200 °C, 30 barand 1 h HCI (11.5% weight) 29.3 57.6 64.0 45.8 49

*The reactions occur in the liquid phase. In some cases, indicated in the table, the process occurs under N, pressure. “RS: LA yield compared to substrate quan-
tity; "TC: Substrate content; “TG: Glucose or fructose content that can be obtained from the substrate based on the cellulose quantity that can be hydrolyzed;
YRG: LA yield compared to the glucose quantity that can be obtained from the substrate; ¢1 mol cellobiose (342 g mol™') plus 1 mol of water resulting in 2 mol
of glucose (180 g mol!); 1 mol of cellulose (162 g mol') plus 1 mol of water result in 1 mol of glucose (180 g mol™).
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condensation of N-acetylglucosamine with a molecular structure
similar to lignocellulose. Chitosan is derived from chitin, after the
removal of part of its acetyl groups, resulting in repeated structures
of D-glucosamine glued together by glycosidic bonds.®>% In 2018,
the global production of crustaceans was 9.4 million tons per year,%
which resulted in a significant quantity of residue,* that can be used
for obtaining LA in a biorefinery.

The theoretical yield is 57.1% (g g'), considering one mole of
chitin (203 g mol") results in one mol of LA. Nevertheless, RS in
the obtainment of LA from chitin (21.6%),” chitosan (28,2%),>* and
glucosamine (19.6%)* are still low when compared to plant-based
residues, needing further studies for their use as a substrate.

Processes that use heterogeneous catalysis

LA synthesis from heterogeneous catalysts uses solids with strong
acid sites that allow the conversion of glucose.” Heterogeneous
processes can be conducted in cheaper reactors, and the catalyst can
be used for longer without the need for its separation from the end
product, as happens in homogeneous systems.!***! Therefore, the use
of a solid acid catalyst is an alternative for industrial applications in
LA synthesis from biomass, in an attempt to reduce production steps,
and consequently, production costs.®*” Table 3 displays a comparison
of LA production processes employing heterogeneous catalysts under
several LA synthesis operational conditions.!!-368-!

From the analyses of publications presented in Table 3, it can be
verified that the used temperatures varied between 120 °C and 230 °C,
equivalent to those used in homogeneous processes (Table 2). In batch
reactors, in order to reach comparable yields, much longer reaction
times in heterogeneous processes were needed.?’” Longer residence
times led to an increase in reactor volume, leading to higher costs.

Cellulose hydrolysis yields depend on the strength and type of
acid (Brgnsted or Lewis) present in the catalyst. Among the evaluated
catalysts presented in Table 3, heteropolyacids can be highlighted,
which have been used in the conversion of cellulose into LA. When
the substrate was commercial cellulose, the best RS value was
65.6% under the conditions of 130 °C and 8 h in the presence of
the H,PW TiO,, catalyst,* a value much superior to the best RS of
42.4% obtained with the homogeneous catalyst.*® For the temperature-
responsive catalyst (ChH,PWTi) an RS of 76.1% was obtained using
cellulose as a substrate, and hydrochloric acid, though there was a
higher reaction time requirement of circa 8 h.* The catalyst was
recycled 12 times with no significant activity loss. The authors report
that strong Brgnsted acid sites are responsible for the conversion of
cellulose, and the presence of Lewis acid sites improves selectivity to
LA.* Despite the reported yield was based on mass (mass of LA/initial
mass of cellulose), the value is, probably, molar yield, indicating the
theoretical value of the yield of the cellulose transformation in LA,
as confirmed in previous citations for the work.*>** In any case, the
theoretical yield obtained of 76.1% is an outstanding value, surpassing
the value of 70.0% obtained in the industrial production of LA.°

Emphasis can also be given to the innovative process that
displayed a molar yield of 91.0% in LA (mol of carbon in LA)/(mol
of carbon in initial cellulose), using cellulose as feedstock while
operating at 200 °C for 6 h and 60 bar hydrogen pressure.” This yield

Glucose

Fructofuranose

Figure 6. Formation of levulinic acid from glucose through Lewis acid sites
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corresponds to an RS of 78.2%, and the value surpasses the maximum
possible theoretical yield, which would be 83.3% (6 mol of carbon
in cellulose resulting in 5 mol of carbon in LA).

Considering that glucose can be easily isomerized to and
coexist with fructose, and both can suffer dehydration, glucose and
fructose can directly lead to 5-HMF and then to LA and FA.®7"% A
mechanism, hinged on a nickel-based mesoporous ETS-10 catalyst
containing only Lewis strong acid sites, proposes that oxygen from
the glucose hydroxyl or fructose group adsorbs onto these Lewis
sites, producing fructofuranose,” which isomerizes into HMF, later
forming LA (Figure 6).”!

Most publications shown in Table 3 used sugars or cellulose as a
substrate, which indicates difficulty in performing the hydrolysis of
in natura biomass in single-step heterogeneous processes. Glucose
and fructose were used to obtain LA with an RS value of 50.3%
at 200 °C and 2 h, which is superior to the yield of homogeneous
catalysis (RS: 44.1% for glucose® and 47.7% for fructose*?),
employing graphene sulfonated oxide as a catalyst.”

The use of biomass residues resulted in satisfactory results,
e.g. corn cob, which under the conditions of 193 °C and 17 min, in
the presence of SnCl, catalyst, was hydrolyzed, obtaining an RS of
17.8% and an RG of 49% (76% of theoretical yield).”* Corn straw
was used under the conditions of 190 °C and 80 min, using SAPO-18
as a catalyst, obtaining an RG of 45.2%.% LA was synthesized from
bamboo residue at 140 °C and 4 h on mordenite, obtaining an RS
of 13.5% and an RG of 39.2%.% Glucose was used as a substrate,
obtaining an RS of 50.3% (78% of theoretical yield) at200°C and 2 h
in the presence of graphene sulfonated oxide.” This value is superior
to corn straw and bamboo residue RG,%# though, in comparison
to corn cob, the yield was somewhat higher. Besides, corn cob was
hydrolyzed at a lower temperature and shorter reaction times,’* which
would turn the process from this residue more advantageous because
of reduced operational costs.

Heterogeneous catalysis has the advantage of allowing the reuse
of the catalyst, reducing its replacement and separation costs. The
regeneration of catalysts in the synthesis of LA to reactivate the
catalytic sites, gaining efficiency, can be done by different processes.
Calcination, for example, at temperatures around 500 °C is efficient
for removing organic deposits on the surface of the catalyst, while
an acid immersion treatment can be used to recover hydrogen
ions through an ion exchange process with metal cations.” Other
procedures involve washing the catalyst with organic solvents or with
H,0, to regenerate catalyst active sites.?*!

A problem of LA synthesis in heterogeneous processes is
humin deposition on the catalyst surface, covering active sites, and
provoking its deactivation.*>* In addition, the high acidity of Lewis
sites increases the conversion of glucose into humins.?”” Currently,
LA industrial production processes use homogeneous catalysts.
However, technical and economic feasibility studies of heterogeneous
processes are important because this path may aggregate flexibility
to the biorefinery with another alternative.

Processes that use acid catalysis and ionic liquids
Ionic liquids (IL) have been thoroughly studied as solvents,

o)
OH + COOH

HMF LA FA
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Table 3. Comparison of different substrates and reaction conditions used in heterogeneous catalysis for producing LA*

Substrate Reaction conditions Catalyst %Rl:ag’,l %ngl %TS; %l}ngg’, . Reference

Cellulose 180°Cand 3 h Zr0O, 38.6 100 (e 34.7 68

Cellulose 200°Cand 3 h CrCly 48.0 100 (e 432 69

Cellulose 170 °C and 10 h Chioromethyl polystyrene ¢ 100 @) 422 70
sulfonated resin

Cellulose 200 °C, 60 bar and 6 h Ni—]-%ls/?]éi”?S—l 0 78.2 100 (e 70.4 71

Cellulose 180°Cand 7 h Nafion® NR50. with H,SO, 404 100 (e 36.4 72

Cellulose 180°Cand 2 h Amberlyst 15 and AL(SO,), 52.5 100 (e) 47.2 73

Cellulose 130°Cand 8 h H,PW,,TiO,, 65.6 100 (e 59.0

Cellulose 130°Cand 8 h H,PW,,CuO;, 54.7 100 (e 49.2

Cellulose 130°Cand 8 h H,PW,,SnO,, 47.1 100 (e) 42.4

Cellulose 130°Cand 8 h H,PW,,ZrO,, 43.8 100 (e) 39.4 39

Cellulose 130°Cand 8 h H,PW,,Zn0;, 31.6 100 (e) 28.4

Cellulose 130°Cand 8 h H,PW, ,FeO,, 29.9 100 (e) 26.9

Cellulose 130°Cand 8 h H,PW,,CrO;, 28.5 100 (e) 25.7

Cellulose 130°Cand 8 h ChH,PWTi 76.1 100 (e) 68.5

Corn cob 193 °C and 17 min SnCl, 17.8 32.6 36.2 49.0 74

Fructose 120 °C and 3 h Sulf"“szesgzzzz'ii;?ylben' 315 - 100 315 .

Fructose 120°Cand 3 h Nb,Os 0.8 - 100 0.8

Fructose 160°Cand 1 h Graphene sulfonated oxide 39.4 - 100 39.4 76

Fructose 180 °C, 10 bar and 5 h SBA-1 19.3 - 100 19.3 77

Fructose 120 °C, 7-34 bar and 24 h  Polystyrene sulfonates resin 46.4 - 100 46.4 78

Fructose 200 °Cand 2 h Graphene sulfonated oxide 47.7 - 100 47.7

Glucose 200°Cand2h Graphene oxide 8.4 - 100 8.4 79

Glucose 200 °Cand 2 h Graphene sulfonated oxide 50.3 - 100 50.3

Glucose 170 °C and 10 h Chloromethyl polystyrene 285 - 100 28.5 70
sulfonated resin

Glucose 130 °C and 30 min (CsH';(;;I;I;);:iISE \SVIZO‘“’ 339 - 100 339 80

Glucose 180°Cand3 h Cr/HZSM-5 41.5 - 100 415 81

Glucose 180°Cand 3 h Niobium oxides 41.5 - 100 41.5 82

Glucose 180°Cand4 h Fe/HY Zeolite 425 - 100 425 83

Glucosamine 200 °C and 20 min ZrOCl, 13.8 - - - 84

Levogluco-senone 180°Cand 2 h Amberlyst 70 79.8 - - - 85

Mannose 120°Cand 3 h Nb,O; 0.1 - - - 75

Corn straw 190 °C and 80 min SAPO-18 Zeolite - - - 45.2 86

Corn straw 230 °C and 10 min FeCl, 14.5 41.5 46.1 31.4 87

Chitin 200 °C and 30 min SnCl,.5H,0 239 - - - 88

Bamboo residue 140°Cand4h Mordenite Zeolite 13.5 31.0 34.4 39.3 89

Bamboo residue 200 °Cand 2 h SnCl, 7.2 41.0 45.5 15.9 90

Corn cob hydrolyzes residue 170 °C and 40 min FeCl, 25.8 61.0 67.8 38.0 91

Xylose residue 180°Cand2h FeCl, 29.7 61.0 67.8 43.8 11

Sucrose 120°C and 3 h Sulfonated Styrene-div.inylben- 58 : ) 58 75
zene porous resin

Sucrose 170 °C and 10 h Chloromethyl polystyrene 16.5 - ® 17.3 70

sulfonated resin

*RS: LA yield compared to substrate amount; "TC: Substrate cellulose content; “TG: Glucose or fructose content that can be obtained from the substrate based
on the amount of cellulose that can be hydrolyzed; ‘RG:LA yield compared to the amount of glucose that can be obtained from the substrate; ¢1 mol cellulose
(162 g mol™!) plus 1 mol water result in 1 mol glucose (180 g mol™); {1 mol sucrose (342 g) results in 2 mol glucose (360 g).
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reactants or catalysts in various reactions due to their low vapor
pressure, thermochemical stability, and versatility of their
physical-chemical properties.”®*° These properties can be adjusted
by the combinations of cations and anions, allowing for the use
of these substances in several chemical processes.!®!°! ILs are
formed, for example, by cations derived from alkyl imidazoles,
pyrrolidines, quaternary alkyl amines, and alkyl phosphines,
and anions, derived from halides, alkyl sulfates, fluorinated
hydrocarbons, carboxylic acids, and aminoacids.'® IL reactions
can be homogeneous, heterogeneous with two-phase liquids, and
solid-liquid heterogeneous with the IL immobilized in support.*”®
Despite the immobilized IL being preferable for it facilitates the
separation and recovery of the catalyst, it is a limited option because
of low activity and selectivity.!??

Acidity is a fundamental characteristic for ionic liquids to be
used in LA obtainment processes. The acidity, intrinsic to some ILs,
promotes the weakening of glycosidic cellulose bonds, easing its
hydrolysis.'>!%' Table 4 shows a comparison of LA synthesis processes
employing ionic liquids under several reaction conditions.! 96103114

Most reactions presented in Table 4 were conducted at
temperatures between 100 and 200 °C, with the addition of ILs, which
increase system acidity. ILs containing cations and hydroxyl groups
form strong hydrogen bonds with glucose, and present better results
at biomass conversion. The IL hydrogen bond weakens C-O bonds
of glucose, decreasing the activation energy at the dehydration step.?
Reactions in IL-containing media are slower, and most authors have

Alternatives for the production of levulinic acid obtained from biomass 1307

worked with long reaction times, leading to an increase in operational
costs when scaling up.

ILs containing an imidazolium cation (C;H;N,*) is present in
most publications herein evaluated, due to their physical-chemical
characteristics and malleability: it is non-flammable, possesses
high thermal stability and low volatility.'> Cellulose hydrolysis in
[C;SO;HMIm]JHSO, containing media for 5 h and 170 °C led to an RG
of 55.2%,'® and rice straw hydrolysis in [C;SO;HMIm]Cl solution at
180 °C and 1.5 h obtained an RG of 62.2%.!% The hydrolysis of fruit
bunch (TC of 41.0%) under the conditions of 177 °C and 140 min,
in the presence of [EMIm][CI] ionic liquid, resulted in an RG of
43.9% while commercial cellulose under the same reaction conditions
presented an RG of 41.4%.'” The reaction with Crotalaria juncea
fiber (TC of 75.6%), in a system containing [BMIm][Cl], and palm
(TC 0f 45.2%), in a system with [SMIm][FeCl,], resulted in an RS of
53.5% and 49.4%, respectively. Though yields are close, palm leaves
hydrolysis used lower temperatures and longer residence times.*!%

It can be verified that there are several publications aiming at
LA production in IL media, although its commercial use is currently
limited due to economic, scientific, technical and environmental
factors.'® The high cost of ionic liquids is a barrier when compared
to other solvents and catalysts. During processing, several stages
of purification, with a high consumption of energy and chemicals,
are needed.!'® The processes downstream to the reactor are of great
importance to LA recovery and IL separation for reuse. In washing,
with water or organic solvent, there is the formation of three phases:

Table 4. Comparison of LA synthesis processes employing ionic liquids under several reaction conditions*

Substrate Reaction conditions Ionic liquid %Rgsaé_l %Tg;_, %:F gG:b;' %l} g;' Reference
Fruit bunch 177 °C and 140 min [EMIm][CI] 20.0 41.0 45.6 43.9 103
Palm mesocarp 160 °Cand 5 h [HMIm][HSO,] 8.9 332 36.9 24.1 104
Hemp 120°Cand 12 h [C,C,Im]ClI 11.5 34.0 37.8 30.4 105
Rice straw 180°Cand 1.5h [C;SO;HMIm]C1 21.6 - 34.7¢ 62.2 106
Cellulose 170 °C and 30 min [C;SO,HMIm]HSO, 394 100 (69) 354 107
Cellulose 177 °C and 140 min [EMIm][CI] 46.0 100 ® 41.4 103
Cellulose 100°Cand 3 h [B(MIm),][2(HSO,)(H,SO,),] 36.3 100 () 32.7 1
Cellulose 170°Cand 5 h [C;SO;HMIm]1-NS 38.5 100 ) 34.7

Cellulose 170°Cand 5h [C;SO;HMIm]CH,SO; 38.6 100 ) 34.7

Cellulose 170°Cand 5 h [C;SO;HPPh;]HSO, 39.5 100 ) 35.6 108
Cellulose 170°Cand 5 h [C;SO;HMIm]H,PO, 12.0 100 3] 10.8

Cellulose 170°Cand 5 h [C;SO;HMIm]HSO, 61.7 100 ) 55.5

Cellulose 170°Cand 5 h [C;SO;HPy]HSO, 40.7 100 ® 36.7

Crotalaria juncea fibers 200 °C and 46 min [BMIm][CI] 44.9 75.6 84.0 535 109
Palm fibers 160°Cand 5h [HMIm][HSO,] 10.3 332 36.9 279 104
Palm leaves 155 °C and 222 min [SMIm][FeCl,] 24.8 45.2 50.2 494 96
Fructose 95°Cand 1h [BMIm-SO,H]HSO, 45.1 - 100 45.1 110
Glucose 150°Cand 4 h [BMIM][FeCl,] 22.4 - 100 224 111
Glucose 150°Cand 4 h [SMIm][CI] 25.8 - 100 25.8 111
Glucose 155°Cand 1.5h [IL-SO;H][CI] and NiSO,.6H,0O 36.3 - 100 36.3 112
Hibiscus cannabinus 177 °C and 140 min [EMIm][CI] 17.0 32.0 35.6 47.8 106
Chitin 180°Cand 2 h [C;SO;HMIm]JHSO, 38.3 - - - 113
Chitosan 170°Cand 5 h [C;SO;HMIm]HSO, 415 - - - 114
Bamboo residue 110°Cand 1 h B(MIm),[(2HSO,)(H,SO,),] 13.7 40.3 44.7 30.6 102

*#RS: LA yield according to substrate quantity; °TC: Substrate cellulose content; “TG: Glucose or fructose content that can be obtained from the substrate based
on the cellulose amount that can be hydrolyzed; ‘RG: LA yield according to the amount of glucose that can be obtained from the substrate; ¢ Total hexose content
in biomass ‘1 mol cellulose (162 g mol™) plus one mol water result in one mol glucose (180 g mol™).
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Figure 7. Levulinic acid production process (Segetis Inc)>

the organic, the intermediary (aqueous), and the bottom (humins
and non-reacted solids). Isolating LA involves separating the bottom
phase and then extracting LA and the IL from the reactional media,
using an appropriate solvent. For the IL has more affinity to water,
it stays in the aqueous phase, while LA will preferably be present in
the organic phase. Phases are then separated, and the IL returns to
the reactor after purification.

It is expected that LA synthesis in a one-pot IL process becomes
feasible with the IL acting in the pretreatment and in substrate
hydrolysis.®! A worsening factor for in natura biomass processing is
that IL purity, stability, and humidity are significantly altered, leading
to extra recovery costs. Every step and solvent use must be analyzed
to avoid the formation of liquid waste, which would turn the process
unattractive when it comes to environmental protection, which is
considered the main reason for the use of biomass in the obtainment
of sustainable products.

Industrial processes for obtaining levulinic acid

Biofine and Segetis Inc. are the most widely known LA production
processes. Biofine was developed by Stephen W. Fitzpatrick in 1997,
and was one of the first means of producing and commercializing
LA, having biomass as feedstock.? Initially, the mixing of sulfuric
or hydrochloric acid occurs (up to 5% weight of the mixture) with
biomass, promoting biomass hydrolysis, producing glucose. The
mixture is then pumped to a tube reactor with steam injection in
order to keep the mixture heated between 215 and 230 °C at 31 bar
and residence time of 12 s. In this first reactor, total degradation of
biomass into glucose occurs, and some glucose that may already be
present in the mixture is converted into HMF. After the tube reactor,
the mixture heads to a CSTR (continuous stirred-tank reactor) which
must be at a temperature between 210 and 220 °C, pressure around
15 bar with a residence time between 20 e 30 min, converting HMF
into LA having furfural, residual lignin, and humins as byproducts.®?

The Biofine process presents an average RG of 38.6% (60% of
theoretical yield), and can reach an RG of up to 45.1% under better
control conditions (70% of theoretical yield).#*%

Segetis Inc., a company purchased in 2016 by GFBiochemicals,
uses a more elaborate process for producing LA as opposed to Biofine
(Figure 7).2!"7 A higher concentration of acid in the initial mixture

Quim. Nova

FORMIC ACID @
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HEAT

WATER

WATER = AZID
E LIGHIN AND HUMINS

r._.“

CENTRIEUGATION

(between 20% and 80% of the mixture) results in a faster reaction with
lower production of unwanted humins and other byproducts. Besides,
the reaction can be performed at temperatures between 90 °C and
160 °C, lower temperatures than those of the Biofine process. With
these operational conditions, humins become suspended on the liquid
media, easing separation. However, the high concentration of mineral
acid makes it difficult to separate it from FA and LA. At low acid
concentrations, a neutralization with a base and consequent formation
of salts is made, which would be unfeasible for high concentrations.
Therefore, Segetis Inc. developed a process of liquid-liquid extraction
with an organic solvent.> The counterpoint to these improvements is
that, at high concentrations of mineral acid, the possibility of corrosion
becomes a concern, being necessary to use more resistant materials
and alloys of higher cost.'®

CONCLUSIONS

Levulinic acid is an important platform molecule for the
economics of a biorefinery and substitution of fossil fuels by
renewable raw materials, considering that there is a great diversity
of biomasses that can be hydrolyzed. LA presents applications in
agriculture, pharmaceuticals, cosmetics, and food additives; and
the competitiveness of the innovated industrial process depends
on production cost reduction with technological innovation and
upscaling. LA industrial production processes from biomass currently
use homogeneous reactions, having hydrochloric or sulfuric acid as
catalysts, though heterogeneous catalysts have demonstrated to also
be active and selective, even using biomass residue as feedstock. The
use of ionic liquids faces economic and technological barriers due
to the high cost of ILs, longer reaction time, and higher operating
costs of separation and recycling when compared to catalytic
processes. Among the laboratory studies, high yields obtained with
heterogeneous (RG of up to 49%) and homogeneous catalysts (RG
of up to 51.5%) are highlighted, using low-cost agricultural residues
such as rice straw, corn cob, corn straw, and sugar cane bagasse. Bench
studies demonstrated that ILs possess a potential for LA production,
reaching RG values of up to 62.2% using rice straw, and 53.5% with
Crotalaria juncea fibers, thus being able to be pointed as a perspective
for one-pot process development. These experiments, although carried
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out on a laboratory scale, are important to indicate the possible routes
and perspectives for expanding LA production to commercial scale.
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