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 Abstract: Biomass represents an abundant and relatively low cost carbon resource that can be utilized to produce 

platform chemicals such as levulinic acid. Current processing technology limits the cost-effective production of lev-

ulinic acid in commercial quantities from biomass. The key to improving the yield and effi ciency of levulinic acid pro-

duction from biomass lies in the ability to optimize and isolate the intermediate products at each step of the reaction 

pathway and reduce re-polymerization and side reactions. New technologies (including the use of microwave irradia-

tion and ionic liquids) and the development of highly selective catalysts would provide the necessary step change for 

the optimization of key reactions. A processing environment that allows the use of biphasic systems and/or continu-

ous extraction of products would increase reaction rates, yields and product quality. This review outlines the chem-

istry of levulinic acid synthesis and discusses current and potential technologies for producing levulinic acid from 

lignocellulosics. © 2011 Society of Chemical Industry and John Wiley & Sons, Ltd
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Introduction

T
he bulk of energy needs and vast majority of synthetic 
products and chemicals have historically been sourced 
from fossil fuels due to their abundant supply and rel-

atively low cost. Eventually the utilization of fossil resources 
will become unsustainable due to world population increases 
and modernisation, rising prices and decline of available 
fossil resources and environmental pressures (due to toxic 
emissions).1 In contrast to other renewable energy resources 
(solar, thermal, tidal, wind, hydro etc), biomass is the only 
renewable resource of fi xed carbon, which is essential for the 
production of liquid hydrocarbon fuels and chemicals.2–5 

Nature produces over 150 billion tonnes of biomass per 
year by photosynthesis, with only 3–4% used by humans for 
food and non-food purposes.5 Low value agricultural and 
forestry residues, grasses and energy crops are the preferred 
sources of biomass from both a techno- and socio-economi-
cal point of view, as the biomass feedstock does not compete 
with the food chain.6,7 A substantial amount of research is 
currently being carried out worldwide to identify attrac-
tive chemical transformations of biomass into bulk organic 
chemicals.7 

National Renewable Energy Laboratory (Denver, 
USA) identifi ed levulinic acid as one of a number of key 
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 sugar-derived platform chemicals that can be produced from 
biomass.8,9 Levulinic acid, a member of the gamma-keto 
acids, can be produced through acid-catalyzed dehydration 
and hydrolysis of hexose sugars. It is an ideal platform chemi-
cal that can be utilized to produce a number of bio-chemicals 
including succinic acid, resins, polymers, herbicides, phar-
maceuticals and fl avouring agents, solvents, plasticisers, anti-
freeze agents and biofuels/oxygenated fuel additives as shown 
in Figure 1.10–12 Some of the biofuel derivatives of levulinic 
acid such as 2-methyl-tetrahydrofuran and γ-valerolactone 
can be readily blended with petroleum products to create 
cleaner-burning fuels with the advantage that they do not suf-
fer from phase separation to become contaminated with water 
(c.f. ethanol). Alternatively γ-valerolactone can be converted 
to valeric biofuels by esterifi cation to pentenoate esters13 or 
hydrogenated to pentanoic acid which can be catalytically 
upgraded to 5-nonanone by ketonization and hydrogenated 
to alkanes or alcohols (depending on the catalyst employed). 
Th e alcohols can be subsequently dehydrated to alkenes and 
oligomerized enabling the production of C6-C27 hydrocarbon 
fuels.14–16 A recently developed thermal de-oxygenation proc-
ess is also able to convert levulinic acid to energy dense (low 

oxygen to carbon ratio) cyclic and aromatic products that 
may be easily upgraded to hydrocarbon fuels.17

Th e major intermediate in the dehydration/hydroly-
sis process of levulinic acid from hexose sugars is 
5-hydroxymethylfurfural (HMF). While HMF is unsta-
ble under acidic conditions, it can be catalytically con-
verted to energy dense biofuels such as 2-methylfuran and 
2,5-dimethylfuran in aqueous solvents18–20 or oxidised to 
highly functional monomers such as 2,5-furandicarbald-
ehyde and 2,5-furandicarboxylic acid (FDCA).21,22 FDCA 
is a monomer for production of many polymers and has 
been touted as a green replacement for terephthalic acid and 
polyethylene terephthalate, principally used as a precursor to 
polyester for clothing and plastic bottles.21 

In the acid-catalyzed conversion of hexose sugars to lev-
ulinic acid, formic acid is co-produced. Formic acid is a low 
value commodity chemical used in the production of for-
maldehyde, rubber, plasticizers, pharmaceuticals and textiles 
but in future may fi nd increased utilization in fuel cell appli-
cations,23 as a feed source for hydrogen storage and produc-
tion,24 or used in the transfer hydrogenation of levulinic acid 
to higher value products.15,25–27 

Figure 1. Levulinic acid as a platform chemical for other chemical products and fuels.
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One of the reasons why levulinic acid has not been pro-
duced in commercial quantities is the cost of the raw mate-
rials used for its synthesis. Th e main method for produc-
tion of high purity levulinic acid in use today involves the 
petrochemical conversion route from maleic anhydride28 or 
hydrolysis of furfuryl alcohol.29,30 Th ese conversion routes 
are more complex than the acid hydrolysis of biomass and 
result in the relatively high market price of levulinic acid 
of ~US$10/kg.28 Cheap feedstocks are required as techno-
economic evaluations show that the raw materials are the 
largest cost contributor to the production process.31 Th is 
is currently been addressed with investigations on cel-
lulosic feedstocks such as lignocellulosics and municipal 
solid waste as suitable sources of sugars.2,32,33 Other reasons 
for the limited manufacture of levulinic acid include the 
following:8,9,12,34

• Low yield. Th is is due to the inherent physical properties 
of levulinic acid which do not allow for its effi  cient recov-
ery. In addition, the non-selective nature of the catalysts 
result in undesired of side reactions and re-polymerized 
products at each step of the reaction pathway.

• Equipment costs. Expensive construction material for 
both reactor and acid recovery plant.

• High temperatures are required to convert feedstocks 
resulting in high heating inputs.

• Waste disposal issues or high operating costs for catalyst 
recovery.

In this paper, technologies for the production of levulinic 
acid from lignocellulosics are reviewed and some of the limi-
tations and challenges discussed. 

Lignocellulosic feedstocks

Th e most abundant hexose sugar found in nature is glu-
cose which is available in the polysaccharide form as starch 
or cellulose (in biomass) and in the disaccharide form as 
sucrose (derived from glucose and fructose). Other naturally 
occurring hexoses include galactose and mannose present in 
the hemicellulose component of biomass and fructose which 
along with glucose are found in many foods and are impor-
tant dietary monosaccharides. 

Lignocellulosics are a type of biomass, and mainly consist 
of: cellulose, hemicellulose, and lignin. Lignocellulosics can 

be grouped into four main categories: agricultural residues 
(including corn stover and sugarcane bagasse), dedicated 
energy crops, forestry residues (including sawmill and paper 
mill discards), and municipal organic and paper wastes.33,35 
Agricultural and forestry residues have a major advantage 
over other lignocellulosic resources in that they have the infra-
structure in place for collection, transport and processing and 
combined with their abundance represent a promising low 
cost feedstock for the production of bio-based chemicals. Th e 
composition of various lignocellulosics are detailed in Table 1 
and show that variations exist between sources.36,37

In lignocellulosic materials, cellulose is ordered into fi brils 
which are surrounded by a matrix of lignin and hemicellu-
loses.38 Cellulose is a high molecular weight linear polysac-
charide of β(1→4) linked α-D-glucopyranose joined by a net-
work of inter- and intra-molecular hydrogen bonding and 
van der Waals forces allowing the formation of a relatively 
ordered (crystalline) structure.39 

In contrast to the ordered structure of cellulose, the char-
acter of the hemicellulose and lignin fl uctuates with respect 
to the biomass type.37 Hemicellulose consists of a branched 
structure that provides an interpenetrating matrix to cel-
lulose through hydrogen bonds and van der Waals forces. 
Hemicellulose is mostly composed of xylan, though arab-
inan, galactan and mannan are also present, and the core 
structure consists of a linear backbone of β(1→4) linked 
D-xylopyranosyl residues. Lignin is an amorphous, mono-
nuclear aromatic compounds that is cross-linked to both 
cellulose and hemicellulose through combinations of hydro-
gen bonds, ionic interactions, ester and ether linkages and 
van der Waals interactions. Th e presence of lignin in ligno-
celluloses leads to a protective barrier that prevents plant cell 
destruction.37,40 

As a result of the architectural features of lignocellulosics, 
one of the challenges of our time is to develop cost-eff ective 

Table 1. Chemical analysis of selected 
lignocellulosic sources.

Cellulose 
(wt%)

Hemicellulose 
(wt%)

Lignin 
(wt%)

Agricultural residues 35–55 25–35 15–30

Energy crops 30–50 20–40 10–20

Forestry residues 40–50 25–35 20–30
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fractionation procedures for the release of sugars from ligno-
cellulosics. Th ese sugars can then be converted to platform 
chemicals such as levulinic acid.

Chemist  ry of levulinic acid production

Levulinic acid (C5H8O3), also known as laevulinic acid, 
4-oxopentanoic acid, β-acetylpropionic acid and γ-ketovaleric 
acid, is a water soluble, organic compound with a ketone and 
carboxylic group giving it a wide range of functionality and 
reactivity. It is also soluble in alcohol and ether. Th e reactiv-
ity of levulinic acid makes it an ideal intermediate for the 
production of useful derivatives but unfortunately inhibits its 
facile recovery. Th e production of levulinic acid is dependent 
on both the feedstock and processing conditions.41

An extensive historical review of how levulinic acid has been 
synthesized via acid-catalyzed decomposition of feedstocks 
ranging from sugars (sucrose, glucose, fructose), starch (corn 
starch), inulin, cellulose, sawdust, woods, paper and pulp, and 
various crop residues (bagasse, rice hulls, corn stalks sorghum 
grains, cotton stems, wheat and rice straw) is provided by 
Girisuta.42 Saeman43 found that the particle size of cellulose 
in the range 74–840 μm did not aff ect the hydrolysis reaction 
rate, while Sharples44 found that crystallinity had an inverse 
relationship on the hydrolysis reaction rate. 

A possible way to improve the yields and reaction rates 
with lignocellulosic feedstocks is through pre-treatment 
processes. Pre-treatment processes serve to increase the 
accessibility of cellulose.45–48 Th ese include methods 
designed to disrupt the tight packing arrangement of cel-
lulose fi brils in the lignocellulosic structure and can include 
mechanical methods to reduce the particle size and increase 
the surface area, and explosive depressurisation processes 
(e.g. steam, ammonia freeze and carbon dioxide explosion) 
that swell and break up the fi bre bundles through rupturing 
the weakly bound hydrogen bonding within the lignocellu-
losic material.49–51 Some alkali treatment52,53 and ionic liq-
uids (ILs) such as N-methylmorpholine-N-oxide also serve 
to swell the cellulose.54,55 Th ere are also other processes that 
result in complete decrystallization of the cellulose compo-
nent (e.g. ILs)47,56,57 and those that convert the cellulose and 
hemicellulose into sugars (e.g. concentrated acids).45,46

Th e effi  cient and optimised production of levulinic 
acid requires detailed understanding of the kinetics and 

 mechanisms of the key reaction pathways. A number of 
mechanistic studies have been undertaken on the acid-
catalyzed conversion of hexose sugars to HMF58,59 and 
subsequently to levulinic acid60 using nuclear magnetic reso-
nance spectroscopy to elucidate intermediate products and 
to determine the reaction pathways. Proposed mechanisms 
of hexose sugar decomposition to HMF under acid-catalyzed 
conditions have been simplifi ed and include isomeriza-
tion reactions between glucose and fructose via keto-enol 
tautomerization with acyclic dehydration routes from the 
1,2-enediol intermediate and cyclic dehydration routes from 
fructose.61 Th e acyclic route is generally accepted as the 
prevalent mechanism based on the limited data obtained 
from mechanistic studies from glucose substrates61 while 
cyclic routes are preferentially prevail from fructose sub-
strates.62 Th e simplifi ed reaction pathways are illustrated 
in Scheme 1 and also show the two hydrolysis mechanisms 
for the subsequent degradation of HMF to levulinic acid.60 
Retro-aldol condensation products (formed by C–C bond 
breaking),63 irreversible dehydration products from glucose 
such as 1,6-anhydroglucose63 and cross-polymerization 
products that conceivably form between the numerous inter-
mediate products have not been included in Scheme 1. 

Th e thermochemistry of the conversion of glucose to lev-
ulinic acid through fructofuranosyl intermediates was inves-
tigated by Assary and co-workers.64 Th ey found that the fi rst 
two dehydration steps are highly endothermic likely indicat-
ing these to be key steps in controlling the overall progress 
of the reaction, while the other steps, including the addi-
tional water elimination and rehydration to form levulinic 
acid, are exothermic. Th e dehydration reaction steps were 
predicted to be more favourable thermodynamically under 
elevated temperatures and aqueous reaction environments.64

Th e hemicellulose and lignin components of lignocellulos-
ics can also aff ect the decomposition reactions. Th e hexose 
sugars of hemicellulose can be converted to levulinic acid or 
other organic acids, while the pentose sugars are converted 
to furfural. Acetyl groups associated with some hemicellu-
lose components also commonly form acetic acid. Th e acid 
hydrolysis process also forms various acid soluble lignin-
derived components, increasing the product complexity. 
Th e simplifi ed acid-catalyzed conversion of lignocellulos-
ics to various liquid products is shown in Scheme 2. Th e 
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products (and intermediate products) from the decomposi-
tion of lignin (as well as cellulose and hemicellulose) can 
re- polymerize to undesired insoluble-polymeric materials 
(humins) and are not shown in Scheme 2.

In the fi rst stage of cellulose (polyglucan) hydrolysis, the 
glucoside bonds between the α-D-glucose units need to be 
broken. Th e mechanism for C-O-C bond cleavage in cel-
lulose involves protonation of glucoside bonds. Th e proton 
can either attack the oxygen bond between the two glucose 
units or the cyclic oxygen.2 In addition to these two hydroly-
sis pathways Mok et al.65 proposed another pathway that 
produces modifi ed cellulose that is non-reactive in nature. 

Th e non-reactive cellulose is one limitation of using ligno-
cellulosics in comparison to other feedstocks and highlights 
the importance of biomass pre-treatment to assist cellulose 
accessibility.66

Many kinetic studies have been conducted on the hydroly-
sis of various biomass materials to sugars but there are lim-
ited reports on the kinetics of levulinic acid production from 
glucose,41,67,68 cellulose69,70 and other biomass sources.7,71 
Saeman43 was one of the fi rst to use a systematic approach 
to model the hydrolysis of various wood materials to glucose 
and the glucose decomposition in two consecutive fi rst-order 
reactions. Th is approach was extended to the production of 

Scheme 1. Reported reaction mechanisms for the conversion of hexose sugars to levulinic acid.
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levulinic acid and includes the kinetics of the formation of 
intermediates and by-products as shown in Scheme 3.7,41,67–

69,71 Th e kinetic modelling studies for biomass to levulinic 
acid suggest the reactions follow a pseudo–homogeneous 
(and partly irreversible) consecutive fi rst-order reaction 
sequence.7,41,67–71

Th e reactions are assumed to be dependent on the reac-
tant concentration (Ri) with the rate constants (kiH and kiP) 
typically defi ned by modifi ed Arrhenius equations7,41,67–69,71 
using a power-law approach, including the eff ects of temper-
ature (T) and acid hydrogen ion concentration (AH+) or pH if 
the hydrogen ion concentration is not quantifi ed.70 A simpli-
fi ed expression for the reaction rate is defi ned as follows:

dR

dt
i x Ri AH kip

Eip
R f T kiH= + +( ) ( ) exp ( ) eexp ( ) ;

EiH
R f T

 i = 1,2,3,4  (Equation 1)

Where σ and φ are the reaction order of the reactant and 
acid hydrogen ion concentrations respectively; EiP and EiH 
are the activation energy of the decomposition products and 

humic side reaction products respectively; and R is the uni-
versal gas constant. 

Girisuta et al.7 used a correction factor (x) to account for 
the lower rate of depolymerization of hexose sugars from bio-
mass compared to reaction rate data previously determined 
for pure cellulose.69 Th e lower rate is expected to be due to 
the matrix of the biomass (e.g. the presence of lignin) and 
diff erence in the cellulose properties (e.g. degrees of polym-
erization and crystallinity). For homogeneous acid catalysis, 
the literature shows lower EiP values to the corresponding 
EiH indicating the reaction favours the formation of products 
(glucose, HMF and levulinic acid) rather than the side reac-
tions.7,41,67–71 Th e activation energy was also higher earlier 
in the reaction sequence explaining the necessity of higher 
temperatures required for the initial depolymerization and 
hydrolysis of biomass. Th e more structured (higher molecu-
lar weight) or crystalline nature of the cellulose component 
also results in higher activation energy values.44

An oft en overlooked pathway in the production of lev-
ulinic acid from lignocellulosics is derived from the pentose 
sugar content involving additional synthetic steps via the 
intermediate, furfural.72 Typical furfural yields of 50 mol% 

Scheme 2. Simplifi ed acid-catalyzed decomposition of lignocellulosics.

Scheme 3. Reaction network for the conversion of biomass to levulinic acid.
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are obtained in acid-catalyzed conversion of pentose sugars. 
Furfural can then be catalytically reduced to furfuryl alco-
hol by a well established industrial process72 (yields of >95 
mol%) and further acid hydrolysis of furfuryl alcohol will 
produce levulinic acid29 in yields of up to 83 mol% or up to 
93 mol% using aliphatic ketone solvents.73 Th e reaction path-
way is shown in Scheme 4. An alternative process consisting 
of the hydroxymethylation of furfural with formaldehyde to 
produce HMF can only achieve low yields (<50 mol%) and 
also requires the use of organic co-solvents.74 Th e HMF can 
be subsequently converted to levulinic acid. Th is approach 
is oft en disregarded due to the processing complexity 
(increased operating costs) and the intermediates, furfural 
and furfuryl alcohol in their own rights are valuable com-
modity products. However, if furfural can be produced using 
biphasic systems as reported by Weingarten et al.75 to obtain 
up to 85 mol% yields, then the process may be viable. 

Current technologies for the production of 
levulinic acid

Homogeneous acid catalysts

Th e majority of research into levulinic acid production 
from sugars, cellulose and biomass has been conducted with 
mineral acid (in particular, Brønsted acids) catalysts. Cha 
and Hanna76 found the eff ectiveness of dilute acids on the 
production of levulinic acid from sucrose were as follows 
HBr>HCl>H2SO4 which also corresponds to the magnitude 
of their dissociation constants (pKa); HBr=–9, HCl=–8 and 
H2SO4=–3. However, other research indicated the highest 
yielding acid catalyst is dependent on both the feedstock and 
concentration.11,42 Interestingly, while nitric acid was found 

to be more eff ective than other strong acids in hydrolysing 
sugarcane bagasse to sugars and conversion of hemicellulose 
to furfural,77 it was not as eff ective in producing levulinic 
acid, indicating acidic strength is not the most important 
characteristic of the catalyst. Under limited reaction condi-
tions, Girisuta42 found that nitric acid was able to convert 
HMF to a similar extent as other Brønsted acid catalysts, but 
the main products formed were formic acid, unidentifi ed 
gaseous products and insoluble humins rather than levulinic 
acid. Th is may indicate the role of the anion in aff ecting the 
activity-selectivity of the reaction pathway.

A review of the possible levulinic acid yields from diff erent 
cheap and readily available feedstocks (and including hexose 
sugars) is provided in Table 2 and show a limit of ~80 mol% 
yield can be obtained through optimized reaction condi-
tions. Th e high levulinic acid yields shown for some ligno-
cellulosic material in Table 2 may be distorted due to the 
basis considered (i.e., cellulose/hexose sugar content). Th e 
highest yields of levulinic acid result from bagasse, wheat 
straw and pulp. Th ese materials would have undergone some 
form of pre-treatment allowing easier access to the cellulose 
component of the biomass. Depolymerization has long been 
recognized as the bottleneck for the conversion of biomass 
to chemical products due to limited solubility of cellulose in 
aqueous solutions and high temperatures required.78  Th is 
shows that the biomass architecture and pre-treatment can 
impact favourably on cellulose accessibility and resulting 
process yields. Th e variability of the yield data also refl ects 
the diff erent processing conditions (i.e., heating rates), ana-
lytical techniques and reactor design employed in each of 
the laboratory studies. Th ese factors will infl uence the ability 
to replicate high yields on an industrial scale. 

Scheme 4. Reaction pathway for the conversion of pentose sugars to levulinic acid.
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A number of investigations have also been carried out to 
determine the eff ects of various processing conditions on 
reaction yields. In order of proposed importance according 
to Chang et al.81 these include: 

• Acid concentration. Reaction yields increase with 
acid concentration up to a critical concentration limit 
which depends on other processing conditions and 
the feedstock.30 Generally too aggressive conditions 
lead to a higher prevalence of side reactions and re- 
polymerization of products and intermediates with the 
optimal acid concentration found to vary between 3.5 
and 10 wt%.7,30,76,80–82 

• Temperature. Generally the yield of levulinic acid from 
biomass increases with increasing temperatures in the 
range 150°C–230°C with many researchers fi nding an 
optimum temperature of 200°C–220°C.30,34,76,80–83 

• Solvent concentration. Too much or too little amounts of 
solvent (water) can inhibit the hydrolysis process and the 
optimal concentration was also found to depend on acid 
concentration but generally was >90 wt%.81,84

• Residence time. Th e eff ect of residence time on yield was 
found to be dependent on the intrinsic composition of 
the cellulose content of the biomass source.30 

Volatile acid catalysts (e.g. HCl) provide the simplest lev-
ulinic acid recovery process and involve fi ltering to remove 
solids and atmospheric/vacuum distillation and steam 

stripping. Th is process allows 90–95% of the acid catalyst 
and water to be recycled to achieve levulinic acid of 95–97% 
purity.85,86 Alternatively, the acid catalyst can be neutralized 
and removed as a salt but the ability to recycle catalysts is 
benefi cial for cost-eff ective production processes.

For less volatile acid catalysts (e.g. H2SO4), solvent extrac-
tion, or reactive extraction separation methods have been 
employed as a means to improve separation and purifi cation 
of levulinic acid. Reactive extraction methods using water-
immiscible alcohols as both the esterifying agent and solvent 
removes the need for additional solvents and processing.87 
Furthermore it is claimed that processing (neutralization) 
of the reaction mixture to recover/remove the acid catalyst 
is not required (less waste) allowing the acid catalyst-water 
mixture to be recycled and the levulinate ester product is a 
useful chemical products in its own right. Enhanced reactive 
extraction methods have also been developed utilizing mem-
branes for more effi  cient separation.88 Simulated moving bed 
chromatography using multiple chromatographic columns 
have also been reported to recover the levulinic acid in high 
purity.34 One drawback of homogeneous acid-catalyzed 
processes is the corrosive reaction conditions requiring spe-
cial materials for reactor construction and chemical recov-
ery systems increasing capital and operating costs. Also, 
depending on the recovery process of levulinic acid signifi -
cant amounts of waste are produced causing environmental 
pollution. 

Table 2. Yield of levulinic acid for various raw materials.

Feed
Cellulose content 

(%)
Acid and 

concentration 
Operating temperature 

(°C)
Yield a 

(mol%) Ref.
Fructose 3.6–7.2% HCl 95 ~81 79

Glucose 5% H2SO4 170 80.7 41

Starch 6% H2SO4 200 66.4 76

Paper 85 >5% H2SO4 <240 59.8 34

Pulp residues 80 1–5% H2SO4 1st stage: 210–230 
2nd stage: 195–215

70–80 80

Wheat straw 40.4 3.5% H2SO4 210 68.8 81

40 4.5% HCl 220 79.6 30

Sorghum grain 73.8 8% H2SO4 200 45.6 82

Bagasse 42 4.5% HCl 220 82.7 30

Water hyacinth 26.3 10% H2SO4 175 53 7
a Based on theoretical yield of the conversion of cellulose/hexose sugars.
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Th is may be overcome by conducting the reaction in the 
vapour phase which will allow simple catalyst recovery and 
product separation.89 Zeitsch90 reported furfural yields of up 
to 95.8 mol% from pentose sugars using gaseous HCl com-
pared to typical yields of 50 mol% obtained in a liquid acid-
catalyzed process. Only HCl was investigated as the boiling 
point or the dew point of the water-HCl mixture was reason-
ably low allowing the reaction to be conducted at <160°C. 

Flourinated solvents/acids

Fluorine being the most electronegative of all the elements 
with a very high ionization potential makes fl uorochemistry 
a powerful solvent/catalyst system ideal for use in organic 
chemistry. Biphasic fl uorous techniques allow the separa-
tion of catalyst and reagents from the product.91,92 Recently 
Heeres et al.27 identifi ed tri-fl uoroacetic acid (TFA), with a 
pKa of 0.5, as an attractive alternative to mineral acids for 
the conversion of hexose sugars to levulinic acid. D-glucose 
gave yields of levulinic acid up to 57 mol% which Heeres 
et al.27 indicated was marginally less than then 60 mol% 
obtained with H2SO4. It should be noted that the referenced 
60 mol% yield of levulinic acid from glucose was obtained at 
140°C and only 90% glucose conversion (2 h reaction time) 
whereas the TFA study was conducted at 180°C and half the 
reaction time. Other research obtained ~80 mol% yield of 
levulinic acid from glucose at 170°C and 1 h reaction time.41 
Th e experimental data obtained using TFA was modeled 
using the power law developed for H2SO4 and obtained good 
agreement, indicating that the kinetic models developed for 
H2SO4 can be used for TFA.27 Th e problem with using TFA 
is it forms an azeotrope with water when its boiling point of 

105°C is reached complicating recovery processes. However, 
Heeres et al.27 indicated that the biphasic ability of fl uori-
nated compounds can be exploited by using a TFA derivative 
such as heptadecafl uorononanoic acid as the catalyst in the 
presence of a soluble solvent such as perfl urohexane. Th is 
would result in the effi  cient recovery and recyclability of the 
acid catalyst reducing operating costs. 

Solid catalysts

Heterogeneous catalysts represent a viable alternative to 
homogeneous catalysts and may off er an environmental 
advantage due to their selective and easy to handle nature, 
reduced equipment corrosion issues and relatively low cost if 
the catalyst can be easily separated and recycled.93–96

Table 3 summarises the limited studies conducted on the 
synthesis of levulinic acid using solid acid catalysts from 
various feedstocks. Low reaction yields were obtained, reac-
tion rates were slow and prolonged reaction times were 
required to get reason quantities of levulinic acid. Girisuta42 
conducted adsorption experiments and found that levulinic 
acid can be heavily absorbed onto the catalyst surface reduc-
ing the amount of the product recovered. Th e use of LZY 
zeolite catalyst for the formation of levulinic acid from 
fructose achieved the highest yields of up to 43 mol%.97 
Corma et al.5 are of the view that the selectivity of the zeolite 
catalyst to levulinic acid formation may be due to reactions 
occurring within the pores of the zeolite in addition to those 
occurring on the outer surface of the zeolite particles. As 
shown in Table 3 very poor results were obtained for glucose 
and cellulose implying that the same would be obtained with 
lignocellulosics.

Table 3. Heterogeneous acid-catalyzed production of levulinic acid.

Process conditions

Feed Catalyst Conc (wt%) Temp. (°C) Time (h) Yield (mol%) Ref.
Fructose Amberlite IR-120 19 25 27 23.5 98

LZY-zeolite 50 140 15 43.2 97

Glucose Amberlite IR-120 19 25 124 5.8 98

Clay-catalyst 3 150 24 12 99

HY-zeolite 3 150 24 6 99

Sucrose Amberlite IR-120 19 25 41 15.6 98

Resin-Dowex 6.25 100 24 24 95

Cellulose Nafi on SAC-13 3 190 24 9 100

HMF ZSM-5 5 116 2 70.0 42
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While heterogeneous catalysts have not successfully been 
used to produce levulinic acid from sugars, they have been 
used to convert sugars to HMF.61,101–103 High yields of HMF 
were able to be achieved through suppression of the HMF 
hydrolysis reactions by using non-aqueous solutions61,101–103 
and ILs (discussed later). Selected results from these stud-
ies have been detailed in Table 4. Kuster61 reports the use 
of ion-exchange resins in the presence of dimethylsulfoxide 
(DMSO) and methylisobutylketone (MIBK) to obtain a 
97 mol% yield of HMF from fructose. Shimizu et al.104 used 
Amberlyst-15 with small particle sizes (0.05–0.15 mm) in the 
presence of DMSO to convert fructose in 100 mol% yield by 
conducting the dehydration reaction under a slight vacuum 
to continuously remove water which suppressed the hydroly-
sis of HMF to levulinic acid and condensation of intermedi-
ates. Th is approach and others, off er the potential for multi-
stage processes using diff erent catalysts/solvents to enable 
optimized and selective production of HMF from biomass 
and subsequent conversion to levulinic acid in high yields.

Heterogeneous catalysts combined with solvolysis reac-
tions will aid the subsequent product separation and recov-
ery process. Th e catalysts highlighted in Table 4 require low 
operating temperatures, and while this can minimize proc-
ess energy requirements, it comes at the detriment of longer 
reaction times. However, for solid catalysts to be used on 
lignocellulosics there is the need to design new and effi  cient 
catalyst based systems.

Other technologies 

Th e following section highlights several alternative tech-
nologies that could be applied to the production of levulinic 
acid from lignocellulosics. Th ese technologies are in their 

infancy compared to the well-established homogeneous and 
heterogeneous acid catalysis research but show potential 
from application with simple sugars as the starting mate-
rial. Currently these technologies would require an initial 
conversion step to supply the sugars but further development 
may allow the hydrolysis and dehydration of biomass and 
lignocellulosic materials to be implemented in a single reac-
tion stage. Th ese solvent technologies have yet to be applied 
to levulinic acid production but are able to produce HMF 
(an intermediate in the formation of levulinic acid) in high 
yields showing the potential that a multi-stage process will 
improve the overall process of converting lignocellulosics to 
levulinic acid. 

Biphasic media

Solvolysis has an advantage over hydrolysis in that solvents 
can be used to alter the properties of the reaction mixture 
to promote more selective reactions and due to their higher 
dielectric constant, allow reactions to occur at lower tem-
peratures. Solvents can also be used in biphasic systems 
which allow products to be selectively isolated from the reac-
tion mixture preventing re-polymerization reactions and 
improving recovery effi  ciency. Under laboratory conditions, 
such biphasic systems have been used to convert fructose to 
HMF in high yields with homogeneous catalysts, heteroge-
neous catalysts and ILs (discussed later). Th e solvent was uti-
lized to suppress subsequent conversion to levulinic acid. 

Roman-Leshkov et al.105 produced HMF in 75 mol% yield 
from fructose in DMSO and poly(1-vinyl-2-pyrrolidinone) 
with HCl catalyst and an organic phase of MIBK and 2-buta-
nol used to enhance partitioning of the reactive species. 
Roman-Leshkov and Dumesic106 were able to improve the 

Table 4. Heterogeneous acid-catalyzed production of HMF.

Process conditions

Feed Catalyst  Conc (wt%) Temp. (°C) Time (h) Yield (mol%) Ref.
Fructose C-ZrP2O7 + water 3 110 1 45 101

SO4
2–/ZrO2-Al2O3 + DMSO 1.5 130 4 68 103

Zeolite + MIBK 0.5 165 2 73 102

C-ZrP2O7 + MIBK 3 100 1 85 101

IE resin + water – 90 15 90 61

IE resin + DMSO + MIBK – 76 5 97 61

Amberlyst 15 + DMSO 16.7 120 2 100 104

Glucose SO4
2–/ZrO2-Al2O3 + DMSO 1.5 130 4 48 103
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HMF yield from fructose to 78 mol% using tetrahydrofuran 
as the solvent with HCl catalyst and addition of an inor-
ganic salt such as NaCl to improve the partitioning into 
the extracting phase. NaCl has also been shown to improve 
yields of homogeneous acid-catalyzed production of lev-
ulinic acid through an improved catalytic eff ect because of 
increase in acidity possibly due to an increase in chloride 
ions.85 On the other hand, Chheda et al.107 produced HMF 
in 87 mol% yield from fructose in DMSO without HCl 
catalyst and using dichloromethane as the organic phase. 
Other feed materials were also tested by Chheda et al.107 
but HMF yields were signifi cantly lower from sucrose (~51 
mol%), glucose (~30 mol%) and starch and cellubiose (~38 
mol%). Th e low yields from glucose and its polymers is due 
to the comparatively stable (less reactive) nature of glucose 
resulting in less selective dehydration routes59 and the con-
version of polyglucans (starch and cellubiose) requires both 
a hydrolysis and dehydration step. Unfortunately, DMSO 
is a high boiling point solvent so is not suitable because of 
the high energy expenditure during distillation and solvent 
degradation.106 Binder and Raines108 used the cellulose sol-
vent N,N-methylacetamide (DMA) to convert fructose with 
mineral acids and inorganic salts to HMF in 92 mol% yields 
and glucose to HMF in 81 mol% yield with the addition of 
chromium chloride. 

Th e development of appropriate organic solvents is one 
limitation of biphasic solvent systems as small amounts of 
product left  in the aqueous phase reduces yields especially if 
the partitioning is inadequate. To overcome low partitioning 
large amounts of solvent are used which would necessitate 
high energy expenditures in the subsequent product recov-
ery stage.107 Likewise, these multi-solvent processes would 
require a relatively complex plant design which may increase 
capital costs. 

Supercritical fl uids

Supercritical fl uids are another class of solvents with inter-
esting features that can be used to enable more selective 
reactions and effi  cient separation of products. Supercritical 
fl uids exhibit both acidic and basic properties. A review of 
the use of sub- and supercritical water to produce HMF from 
sugars, gave low yields.21 However, Bicker et al.109 was able to 
achieve >75 mol% yield of HMF from fructose using super-
critical acetone. 

Supercritical carbon dioxide has also been used to continu-
ously extract furfural from the acid hydrolysis of biomass in 
higher yields (~90 mol%) than conventional reactions.110 Th e 
supercritical fl uid acts as a solvent to separate the product 
from the reaction mixture to suppress unwanted side reac-
tions that would otherwise reduce the yield. However, the 
process requires substantially higher operating pressures than 
conventional processes warranting higher equipment costs. 

Research on supercritical fl uids should concentrate on 
identifying fl uids that can allow selective extraction of HMF 
from the reaction mixture. Th is would limit contamination 
of low boiling organic products (e.g. formic acid, acetic acid 
and furfural) and limit re-polymerization reactions. HMF 
could then be stepwise converted to levulinic acid in a more 
selective secondary process.

Ionic liquids

ILs are molten salts that are liquid at room temperature, are 
an important class of chemicals that can act as both a solvent 
and catalyst.111,112 Other attractive properties of ILs include 
low vapour pressure, non-fl ammability and thermal stabil-
ity.112 ILs off er similar advantages to heterogeneous catalysts 
in that they can usually be easily separated from the reaction 
mixture for reuse and retain high activity plus they off er the 
advantage of allowing the reaction process to be conducted 
at much lower temperatures (<100°C).113 

While ILs have yet to be used in the synthesis of levulinic 
acid, they have been used to produce HMF in high yields 
from sugars in conjunction with mineral or heterogeneous 
acid catalysts, metal salts and co-solvents as summarised in 
Table 5. Moreau et al.111 was able to achieve a 92 mol% yield 
of HMF from fructose dissolved in 1-H-3-methylimidazolium 
chloride ([Hmim]Cl) and diethylether (DEE) as co-solvent 
with Amberlyst-15 in a relatively short reaction time of 45 
min. Similarly Lima et al.114 was able to achieve a 88 mol% 
yield of HMF from fructose dissolved in 1-ethyl-3-methyl-
imidazolium hydrogen sulphate ([Emim]HSO4) acting as the 
acidic catalyst and MIBK as the co-solvent in a 30 min reac-
tion. Other IL systems were also able to achieve high HMF 
yields from fructose though requiring longer reaction times 
of >3 h.115,116 As ILs are expensive and diffi  cult to purify, a 
simple solvent catalyst system would be preferred rather than 
the multi-catalyst/solvent processes described above. Hu 
et al.117 reported a simple choline  chloride-citric acid based 
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IL (ChoCl/CA) and ethyl acetate biphasic system that gave 
more than 90 mol% HMF yields from fructose in 1 h. Th e IL 
was cheaply synthesized from renewable materials and easily 
recycled, however the selectivity of the system was not tested 
on other sugars or polymers.117 

Binder and Raines108 used DMA with [Emim]Cl to convert 
fructose with mineral acids to HMF in 84 mol% yields and 
glucose to HMF in 67 mol% yield with chromium chlo-
ride. Th ese yields were lower than that achieved without 
the use of [Emim]Cl as co-solvent. Two IL systems were 
able to achieve high yields of HMF with both glucose and 
 fructose.114,116 Yong et al.116 used [Bmim]Cl and DEE cata-
lyzed by N-heterocyclic carbene (NHC) chromium com-
plexes to  convert fructose and glucose to HMF in 99 mol% 
and 81 mol% yields respectively. Lima et al.114 also used 
[Bmim]Cl but with toluene co-solvent and chromium chlo-
ride catalyst to convert glucose to HMF in 91 mol% yield. 
Longer reaction times (>4 h) were necessary to produce 
high yields from glucose. On the other hand, Li et al.118 was 
able to convert glucose to HMF in 91 mol% yield in [Bmim]
Cl with chromium chloride but under microwave irradia-

tion (MI) for 1 min at 400 W. Th e use of MI is known to 
accelerate organic reactions and improve catalytic processes 
especially in the hydrolysis and dehydration of sugars.119 MI 
results in dielectric heating where the solvent absorbs micro-
wave energy and converts it into heat in a more effi  cient and 
rapid fashion compared to conventional heating. Th is can 
cause superheating, selective heating of reagents/catalysts, 
re-orientation of dipolar molecules to lower the activation 
energy resulting in reactivity enhancements and the elimi-
nation of wall heating eff ects.120

No IL system has yet been reported to produce high yields 
of HMF from cellulose or biomass possibly implying that 
an initial depolymerization/hydrolysis/fractionation step is 
required. Th e highest HMF yields from cellulose or biomass 
were achieved with chromium chloride dissolved in [Bmim]
Cl under MI.118,121 Interestingly, while a 62 mol% yield of 
HMF was obtained for cellulose, there remained a ~20% 
un-reactive carbohydrate component in the reaction mix-
ture. Th is highlights the need for further development of IL 
systems to ensure high selectivity when processing lignocel-
lulosic materials. 

Table 5. Production of HMF using ionic liquids.

Feed Catalyst IL/Solvents Temp. (°C) Time Yield (% HMF) Ref.

Fructose Amberlyst-15 [Hmim]Cl + DEE 90 45 min 92 111

[Emim]HSO4 MIBK 100 30 min 88 114

ChoCl/CA Ethyl acetate 80 1 h 91 117

NHC/Cr [Bmim]Cl + DEE 100 6 h 99 116

H2SO4 + KI DMA 100 5 h 92 108

H2SO4 DMA + [Emim]Cl 100 2 h 84 108

Glucose CrCl2/CrCl3 [Emim]Cl 80 3 h 70 20

CrCl3 [Bmim]Cl 100 (MI) 1 min 91 118

CrCl3 [Bmim]Cl + toluene 100 4 h 91 114

NHC/Cr [Bmim]Cl + DEE 100 6 h 81 116

CrCl2 + HCl + NaBr DMA 100 5 h 81 108

CrCl2 DMA + [Emim]Cl 100 6 h 67 108

Cellubiose CrCl3 [Bmim]Cl + MIBK 100 4 h 50 114

Cellulose CrCl3 [Bmim]Cl 200 (MI) 2 min 61 118,121

CrCl2/CuCl2 [Emim]Cl 120 8 h 58 122 

CrCl2 + HCl + LiCl DMA + [Emim]Cl 140 2 h 54 108

Cornstover CrCl3 + HCl + LiCl DMA + [Emim]Cl 140 2 h 48 108

Wood CrCl3 [Bmim]Cl 200 (MI) 3 min ~52 121

CrCl3 + H2SO4 [Bmim]Cl 200 1 h ~35 121
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Th e dissolution of metal salts in the IL appeared to play 
a role in both stabilizing the HMF product and assisting 
proton transfer to selectively convert the sugars via cyclic 
routes to HMF rather than the acyclic route typical of acid 
catalyzed aqueous processes.20 Th e optimum IL-metal salt 
complex is dependent on feedstock but the results show the 
IL-catalyst system can be tuned, opening the possibility for 
a combination of ILs (and/or metal salts) to be used to opti-
mise yields from various feedstocks.108,122

On the provision that additional co-solvents are not 
required, the recovery of HMF in a reaction-distillation 
process would be theoretically relatively simple due to the 
advantage of ILs having little vapor pressure and HMF hav-
ing a low boiling point.118 While attractive, the use of ILs in 
the production of bio-chemicals is likely to be a long term 
prospect as several key limitations need to be overcome 
including reducing the cost of ILs and developing effi  cient 
processes for the separation and recovery of ILs, co-solvents 
and metal salts for recycling.123 Th e use of ILs in conjunction 
with solid catalysts showed that the stability of the solid cat-
alysts in the solvent was an important issue that govern the 
choice of IL.124 Th e use of metal salts like chromium chloride 
also pose a potential health risk introducing further process-
ing complications.114 Th e use of MI in combination with 
IL show potential because microwave eff ects are more pro-
nounced on polar materials. Th e practical issues of imple-
menting MI on an industrial scale need to be addressed if 
such a technology is to be used in the near future.

As with conventional acid hydrolysed processes, IL based 
processes that are designed to produce HMF from the 
hexose component of lignocellulosics will also convert the 
pentose sugars to other products such as furfural in signifi -
cant yields.108,114,121,125 Th e co-production of other valuable 
commodities such as furfural would contribute to a sustain-
able and cost-eff ective process by greater utilisation of the 
feedstock.

Manufacture of levulinic acid 

Th e wide spread application of bio-based products such as 
levulinic acid requires the production process to be econom-
ically viable, the existence of sizable markets, and consumer 
acceptance of bio-based products. Bio-based products need 
to be functionally similar to the petroleum products they are 

replacing placing importance on quality control. However, 
the biodegradability and biocompatibility properties of bio-
based products compared to hydrocarbon-derived products 
should improve their marketability.126 

Th e development of production methods has progressed 
from batch processes able to achieve <50% of the theoretical 
yield of levulinic acid to continuous processes incorporating 
recycling and utilizing multi-stages to optimize processing 
conditions to improve the yields to ~80% of the theoretical 
limit. Th e most promising commercial process utilises the 
Biofi netm technology developed by Fitzpatrick80 and involves 
a two-stage acid-catalyzed reaction process to optimize 
process conditions.12 In the fi rst plug fl ow reactor the feed is 
dehydrated to HMF at between 210–230°C (>3 MPa) for less 
than 30 s. Levulinic acid is produced in the second reactor 
at 195–215°C (~1.5 MPa) for 15 to 30 min. Th e reaction con-
ditions in the second reactor are such that formic acid and 
furfural are kept in the vapour phase to allow simple sepa-
ration of these products. Th e variation in reactor volumes 
(residence times) refl ects the fast cellulose conversion into 
sugars and subsequent slower sugar conversion into levulinic 
acid and the reactor system design minimizes conditions 
amenable to side product formation.

Lignocellulosics are an extremely cheap feedstock at <5% 
of the cost compared to maleic anhydride which is the main 
feedstock used to produce analytical grade levulinic acid of 
high purity in use today. So, if lignocellulosic materials can be 
used the market price can be considerably reduced. Utilizing 
low cost feedstocks such as lignocellulosics or cellulose-rich 
waste streams, Fitzpatrick127 suggests production costs of 
levulinic acid can be reduced to <US$0.2/kg by expanding 
production of the Biofi netm process to >1000 t/day. However 
these costs do not include the recovery of capital investment.

Concluding remarks

Th e production of chemicals from biomass represents 
a major challenge because of the complex nature of the 
biomass substrate and the presence of non-cellulose com-
ponents. Also, as the conversion reaction of biomass to 
levulinic acid proceeds through a number of pathways 
involving multiple steps and intermediates, a multi-stage 
process with individual synthetic steps optimized for high 
yields may provide the key to improving overall process 
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yields and effi  ciency. Although multi-stage processes may 
be more complex, continuous processes and optimized 
reactor designs can be very eff ective in minimizing labour, 
maintenance and energy costs associated with compa-
rable batch operations. Additionally, the development of 
more selective catalysts remains a key technical barrier to 
improve existing and new catalyst based systems includ-
ing those detailed in this review. Heterogeneous catalysts 
off er the greatest potential due to their simple and energy 
effi  cient separation, reusable nature, limited corrosion and 
waste disposal issues but development needs to overcome 
the limited yield and selectivity or temperature that can 
currently be achieved. 
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