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Levoglucosan: a promising platform molecule?

Ivaldo Itabaiana Junior, 2P Marcelo Avelar do Nascimento,®
Rodrigo Octavio Mendonga Alves de Souza, € Anthony Dufour @9 and
Robert Wojcieszak & *?

Lignocellulosic biomass is the most abundant carbon source and it is a base of the whole biorefinery
concept. Levoglucosan (1,6-anhydro-f-p-glucopyranose) (LG) is an anhydrous sugar formed as a major
product during pyrolysis of cellulose. LG might be a promising chemical platform. It can be converted to
different high added-value chemicals such as levoglucosenone, 5-hydroxymethylfurfural and styrene
directly or through a glucose intermediate via chemical, catalytic and biochemical processes. In this criti-
cal review we focus not only on the pyrolytic methods for the synthesis of levoglucosan, but above all
also on the recent scientific progress in the chemical and biochemical transformation of levoglucosan to
highly valued compounds. The catalytic performances of the heterogeneous and enzymatic catalytic
systems used for different reactions of LG conversion are reviewed. Specific properties of the active sites,
roles of additives, and solvents and conditions are discussed in detail. We conclude on recommendations
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to further improve LG conversion to high added-value products.

1. Introduction

The need for natural resources has influenced the develop-
ment of human society throughout history. Due to the increase
of life expectancy, the world population has been growing alar-
mingly, bringing as immediate consequences the increase of
industrial and agricultural activities as a way to supply the
energy and food demands."” As a direct consequence of this
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Fig. 1 Schematic overview of the lignocellulosic biomass structure.

development, the generation of industrial waste has also been
increasing, as well as the concern about the environmental
impact caused, and the development of new practices to
reduce residue generation and new approaches for valoriza-
tion. In this trend, the integration between researchers and
industry has been crucial to the search for short-term solu-
tions. The unsustainability of fossil fuels requires a shift
towards the use of renewable sources to meet future energy
and chemical needs. Scientific advances in renewable techno-
logies are promising, but no technology can completely
replace fossil fuels and fine chemicals.® Therefore, the use of
each resource is necessary to gradually reduce the dependence
on these fuels. Biomass is currently the largest source of
renewable carbon-based energy. Lignocellulosic biomass, con-
sisting of cellulose (40-50%), hemicellulose (15-25%) and
lignin (15-30%) (Fig. 1), is the most abundant source of
carbon-based molecules.*™®

This fact is often overlooked, as most of this biomass is
used non-commercially for energy and heating, which is ineffi-
cient in terms of productivity, in addition to generating more
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pollution. Due to its chemical and structural complexity,
biomass can be used in a better way through the synthesis of
bio-based fuels or value-added chemicals.”®

Lignocellulosic biomass can be fractionated by pulping pro-
cesses like the Kraft or Organosolv processes in order to valor-
ize more selectively each of its macromolecules.”' Lignin and
hemicelluloses can be further valorized to produce green
chemicals by various chemical or biochemical processes.'’
Cellulose is a polydispersed linear polysaccharide consisting of
p-1,4-glycosidic linked p-glucose units (so-called anhydroglu-
cose units). It can be converted to various chemical platforms
such as furans derivatives, glucose and itaconic acid.

The purpose of this review is to focus on the production of
levoglucosan from cellulose and on its conversion to various
added-value chemicals. Levoglucosan (LG) is a 1,6-anhydro
derivative of beta-p-glucopyranose, which is mainly formed by
cellulose or starch pyrolysis. Cellulose is preferred over starch
because it does not compete with food supply.

The industrial interest in a LG production and other
anhydro sugars has recently increased.'! This growing interest
is due to a number of factors. LG is potentially useful in the
chemical industry for the manufacture of plastics, surfactants,
pharmaceuticals, propellants and resins, and as a saving sub-
stitute for materials such as sorbitol. Furthermore the process
of the levoglucosan synthesis involves pyrolysis. Pyrolysis does
not use any solvent or enzyme to depolymerize cellulose. It is
easily up-scalable facilitating commercial applications.'?
Furthermore, other by-products formed during cellulose pyrol-
ysis can also have considerable commercial value (such as
furan derivatives)."

Fig. 2 presents an overview of levoglucosan conversion
through various downstream chemical platforms. The hydro-
lysis of LG generates the fermentable sugar glucose. Glucose
can be taken up by microorganisms and follow fermentative
pathways of biotransformation or be modified by chemical,
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Fig. 2 Examples of highly valued products obtained by chemical and biochemical transformation.

enzymatic, homogeneous or heterogeneous catalysis."* In this
review we focus on the catalytic and biocatalytic transform-
ation of LG. Various highly valued products can be obtained as
represented in Fig. 2. The main objective of the present review
is to go beyond a simple description of the process of LG valor-
ization. We discuss the key factors that influence the catalytic
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performances of the heterogeneous and enzymatic catalytic
systems used for different reactions. In order to efficiently
improve the reaction yields for a given process, specific pro-
perties of the active sites, roles of additives, and solvents and
conditions are discussed in each approach. We summarize the
most important factors to be taken into account in the further
industrial applications of these processes. The first part of this
review presents the production of LG via pyrolytic processes.
The second part is devoted to the conversion of LG using bio-
chemical processes, for which promising results have been
obtained over the last decade. The following part deals with
the chemical transformation for which general trends linking
the catalyst composition and structure are established.

2. Production of levoglucosan by
cellulose fast pyrolysis

LG is a major product of cellulose pyrolysis. Cellulose pyrolysis
has already been reviewed extensively."”° The purpose of this
section is only to give a brief overview of LG production from
cellulose pyrolysis with the main important parameters
impacting LG production, its selectivity and side product for-
mation. The production of LG by cellulose pyrolysis has been
largely reported in the literature. However, the LG yields vary
in a wide range from 5 to 80 per cent carbon (%C) depending
on the experimental conditions, the type of the reactor and the

Green Chem., 2020, 22, 5859-5880 | 5861
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nature of the lignocellulosic substrate, as reviewed by
Maduskar et al.®>* This wide range of LG yields can easily be
explained by the fundamental mechanisms of cellulose.
Pyrolysis of cellulose presents a complex interplay between
heat transfer, phase changes, reactions and mass
transfer.'>?>** Upon heating, cellulose particles not only
undergo depolymerization reactions, but also phase changes
(formation of liquids and gas). Then various secondary reac-
tions can occur in the liquid or gas-phase. Products (liquid or
vapor) are then transferred to the gas surrounding cellulose
particles.

An initial step during cellulose fast pyrolysis is the pro-
duction of an intermediate reactive liquid from depolymerized
cellulose (see Fig. 3).>* This intermediate liquid undergoes
complex competitive phenomena, namely: reactions in the
liquid phase, evaporation (forming a vapor phase) and
mass transfer through bubble formation and aerosol
ejection.15’23’25727

Firstly, heat is brought by the pyrolysis reactor to the
surface of the cellulose particles. Heat is usually brought to
the outer surface of cellulose particles by a hot sand (in a flui-
dized bed reactor), a hot surface (in micro analytical reactors)
and/or by convection of a hot gas and radiation. The reactor
must provide a high heat flux density (W m™2) to particle sur-
faces in order to promote the reaction of LG formation.**>°
The optimal temperature of the heat source to promote LG
formation is around 450-500 °C (for a fluidized bed
reactor).>®*" But the true temperature of pyrolysis reactions
remains unknown during fast pyrolysis and is lower than the
temperature of the heat source.® The first step of depolymeri-
zation is endothermic (consuming heat), the evaporation of
intermediate liquids is also endothermic but crosslinking
reactions which form char (solid rich in carbon) are
exothermic.>**?

Secondly, upon heating, cellulose undergoes various chemi-
cal reactions. Mechanisms of cellulose pyrolysis are proposed
since the early twentieth century.'® The primary conversion of
cellulose occurs principally from 300 °C to 450 °C. These
mechanisms are favored or inhibited by the operating con-
ditions (temperature of the heat source, heat flux density) or
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Fig. 3 Schematic representation of primary and secondary reactions in
cellulose pyrolysis. Reprinted with permission from ref. 28.
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the presence of inorganics. Cellulose can be converted by three
main pathways:

(1) Transglycosylation which leads to the formation
of anhydro-sugars (levoglucosan, cellobiosan, etc.);

(2) Dehydration®™” which induces the formation of un-
saturated bonds;

(3) Open-ring/fragmentation reactions leading to the
formation of light oxygenated compounds.

The compounds formed from cellulose (furans, methyl-
glyoxal) are produced by the combination of these different
mechanisms. For instance, the formation of furans needs
open-ring reactions and dehydration in order to form furan
rings from the glucopyranose structure. LG is formed by trans-
glycosylation reactions. Important novel findings have been
revealed on the fundamental reactions by theoretical chemistry
(ab initio calculation, density functional theory-DFT model).
The modeled reactants are small surrogates of cellulose like
glucose, cellobiose or cellotriose due to the high computing
cost of this type of DFT modeling.*' It becomes now recog-
nized that the main reactions of cellulose pyrolysis occur
through a concerted mechanism.*” Fig. 4 presents an impor-
tant recent result from DFT modeling to explain notably LG
formation during cellulose fast pyrolysis.

Cellulose presents three main types of units: the indigenous
interior units, reducing end (RE end) and non-reducing end
(NR end) (Fig. 4).*""® Each cellulose chain has one RE end,
one NR end and hundreds or thousands of interior units
depending on their degree of polymerization (DP). The
amount of the interior units is proportional to DP. When DP
increases, reactions occurring at the interior unit and NR end
are favored vs. the RE end, resulting in distinct pyrolytic
product distribution.** The LG end and NR end tend to gene-
rate LG in a chain de-propagation pattern, which results in the
formation of LG as the predominant product. As a result, the
larger the DP is, the more LG will be formed.**

A catalytic mechanism was proposed by Dauenhauer et al.**
wherein vicinal hydroxyl groups from neighboring cellulose
sheets promote transglycosidic C-O bond activation and there-
fore LG formation. Catalytic promotion of LG with reactive
hydroxyl groups may be promoted in mass-transport limited
experiments where the intermediate liquids generated by cell-
ulose fast pyrolysis are important.

The degree of polymerization and also the crystallinity of
cellulose and its allomorph type impact LG formation. Wang
et al.™ have shown that at temperatures between 350 and
450 °C, higher yields of mono-anhydrosugars (levoglucosan
and levoglucosenone) were obtained with the samples with
higher crystallinity during fast pyrolysis (by Py-GC/MS). On the
other hand, Shanks et al.*® have demonstrated that the crystal-
linity index, DP, and feedstock type had a negligible influence
on the resulting product distribution. Whether the cellulose
sequence was arranged by crystallinity, DP, or feedstock
source, no trend could be found in the yields of a single
product. The results suggested that H-bonding and van der
Waals forces do not play a significant role in the primary reac-
tions of cellulose thermal deconstruction under fast pyrolysis

17,33,34

38-40
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Fig. 4 Major fast pyrolysis pathways for glucose-based carbohydrates and cellulose pyrolysis. Adapted with permission from ref. 41.

conditions. Therefore, there is not yet a consensus on the
effect of the DP and crystallinity of cellulose on LG yields. But
the important effect of minerals on LG formation is a
consensus.

Indeed, it is well known that inorganics (or nutrients, min-
erals, especially potassium, sodium, magnesium, etc., present
naturally in biomass) have an important impact on cellulose
pyrolysis product distribution due to their inherent catalytic
effects.>®*7*°

The fundamental effects of minerals (such as potassium,
sodium, etc.) have been studied in detail both
experimentally*®*”>! and by DFT modeling.>*>* Minerals cat-
alyze the reactions that led to the formation of low molecular
weight species from cellulose as compared to those leading to
anhydro-sugars like LG. A mechanism explaining the effect of
potassium on volatile product formation has been proposed
(Fig. 5).>°

Minerals inhibit LG formation by transglycosylation reac-
tions and promote the formation of cyclopentenones by
rearrangement  (aldol reaction) and dehydration of
carbohydrates.*>*® For this reason, it has been proposed to
demineralize lignocellulosic biomass in order to increase the
LG yield.*®*® Woody biomass presents a relatively small
content in inorganics but this low content is sufficient to
inhibit LG production. Several review articles on removing
minerals from biomass and the corresponding effect on the
pyrolysis of cellulose have been published.”””® Only a brief
example is provided here. It has been shown that leaching
pinewood with an acid-rich bio-oil fraction prior to pyrolysis of
the biomass effectively removed the alkali ions initially present

This journal is © The Royal Society of Chemistry 2020
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in biomass.’® No significant consumption of acetic acid
during the washing step was observed. Rinsing of the biomass
after acid washing was required for maximal levoglucosan pro-
duction, to remove the washing liquid containing the dissolved
minerals. By this method, Oudenhoven et al. have produced
17 wt% LG (based on anhydrous wood mass) after de-
mineralization of pine wood by the acid-rich fraction of the as-
produced bio-oil.

The residence time of the reactive intermediate liquid in
hot particles also considerably impacts the product formation

Green Chem., 2020, 22, 5859-5880 | 5863
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and notably the LG yield. Indeed, LG is a highly reactive com-
pound. Therefore its fast evacuation from hot particles is of
tremendous importance in order to reduce its secondary reac-
tions, notably to char. This important mechanism (char for-
mation from liquid LG) is not captured by the simplified
scheme as proposed in Fig. 3.%® It has been shown that char
formation from cellulose highly depends on intermediate
liquid (and LG) removal from the particle.>*>>2%?8 The effect
of sample size has been studied in detail, showing a decrease
of LG yield and an increase of char yield when the particle
thickness increases. The increase of biomass particle size
reduces apparent heating rates, but also impedes the mass
transfer of products from the inside of particles to their outer
surface (and surrounding gas). Higher pressure in bigger par-
ticles may promote the ejection of the intermediate in the
form of aerosols.>® The particle thickness plays a role in LG
evacuation, but also the velocity of carrier gas surrounding
cellulose should be high in order to promote the evacuation of
volatiles.?

Once LG is evacuated from the particles, it can undergo
further secondary reactions in the vapor-phase (or in liquid
aerosols). For this reason, it is of high importance to design a
fast pyrolysis reactor with a short residence time of gas in
order to maximize LG mass yields.”® LG gas-phase conversion
has been studied in detail.®”®" Methanol, acetaldehyde,
glyoxal and furans are some secondary products of LG conver-
sion.® It is admitted that secondary reactions are low for a
gas-phase residence time of about 1 s at 500 °C.

To summarize, best on the fundamental knowledge of cell-
ulose pyrolysis, LG yield can be optimized by:

(1) the use of small particles (to promote both intra-particle
heat and mass transfers);

(2) demineralization of woody biomass by acid leaching;

(3) fast heating rate (as in a fluidized bed reactor);

(4) a moderate reactor temperature of about 500 °C;

(5) a low residence time of vapours of about 1 s at 500 °C.

Despite the numerous studies on the fundamentals of LG
formation, the works on the production of LG in a significant
yield in bigger and continuous reactors are still scarce.>*%*8
Up to 38 wt% of LG (based on the mass of anhydrous cell-
ulose) has been produced by Piskorz et al. in a continuous
pilot fluidized bed at 0.5 s gas residence time and at 500 °C
sand temperature on Avicel cellulose (with 5 mass % sulfuric
acid at 90 °C for 5.5 hours).*® 42 wt% (based on cellulose) has
been reported by P. R. Patwardhan in a fluidized bed at 500 °C
(1.3 s gas residence time).**

3. Purification of levoglucosan

One of the main challenges in the production of LG by cell-
ulose pyrolysis is the further separation and purification of the
obtained mixture in the pyrolysis oil. Generally LG is con-
densed with other cellulose pyrolysis products (aldehydes,
furans, acids) into a viscous bio-oil. If real lignocellulosic
biomass is used, other compounds from lignin and hemicellu-

5864 | Green Chem., 2020, 22, 5859-5880
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loses are also present in the bio-oils. Pyrolysis bio-oils contain
hundreds of organic compounds.®

Due to its complex and reactive structure, LG is difficult to
separate and purify. In addition, classically used methods
such as liquid chromatography or solvent extraction are quite
expensive and difficult to scale up for a further industrial
application.™

The first purification stage is a staged condensation of
vapours at the outlet of the pyrolysis reactor in order to selec-
tively condense the compounds present in the vapour phase
based on their boiling points. Therefore, the condensation
system allows recovering the heavy oil rich in LG (for further
conversion) separated from the light oil (aldehydes, alcohols,
carboxylic acids).®*** The light fractions can be valorised for
other purposes, such as the pre-treatment of biomass for its
demineralization in order to increase the LG yield after fast
pyrolysis.”®

The levoglucosan production was concentrated, by staged
condensation, in a single fraction up to a concentration of
37 wt% in the first condenser oil by Oudenhoven et al>®
Various fractions with distinct chemical and physical pro-
perties were obtained by staged condensation by Pollard
et al.®® The sugar fractions were recovered with the phenolic
compounds as so called “heavy ends”. The condensed bio-oil
with a rich LG fraction needs further purification for down-
stream chemical or biological conversion. In order to enhance
the fermentation of the LG fraction by fungi and yeasts, LG
rich bio-oils (produced from wood pyrolysis) have been puri-
fied in three different ways: (1) an aqueous extract (lignin
removed); (2) activated charcoal treated (lignin and aromatics
removed); and (3) acid hydrolysate (lignin and aromatics
removed with the levoglucosan hydrolyzed to glucose). It was
clear that yeast and fungi were capable of utilizing levogluco-
san present in wood pyrolysate liquor after this detoxification
of bio-oils.®

The differences in water solubility can be exploited to
recover a sugar-rich aqueous phase and a phenolic-rich
raffinate (formed from lignin pyrolysis). Rover has demon-
strated that the sugars (mainly LG) were extracted effectively at
over 93 wt% with two waterwashes.**

A vacuum pyrolysis process was operated between 1958 and
1970 at the Krasnodar hydrolysis plant (USSR) for the pro-
duction of purified levoglucosan (75 kg h™"). Levoglucosan was
crystallized using acetone. Detailed information on the exact
process is however lacking.®® To the best of our knowledge,
Brown et al. have presented recently the first study on the pro-
duction of purified LG crystals by a combination of liquid/
liquid extraction, adsorption and crystallization. This method-
ology is schematically represented in Fig. 6.""

The combination between bio-oil fractionation, liquid-
liquid extraction and filtration using acid resins yielded
81.2 wt% of total sugars. The LG part in this fraction was
44.7 wt%. The phenolic fraction was successfully removed
using filtration with Sepabeads SP207 resins. After the solvent
evaporation the crystallization permitted to obtain 24.7% of
LG recovery from the mother liquor with a high purity level of

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Methodology for the production and purification of LG from
lignocellulosic biomass. Reprinted with permission from ref. 11.

102.5% (£3.109% at the 99% confidence level). The authors
performed also the techno-economic analysis. They indicated
that high purity crystals of LG could be produced at a cost of
$1333 per MT, which is much lower than the current market
price for comparable LG purity crystals.'*

The reduction of inhibitory compounds and enhancement
of LG or the efficient separation between them have been the
major challenges in bio-oil valorization. As stressed before,
almost all kinds of pretreatment can lead to inhibitory
compounds.®””®® The microbial growth is affected by the pres-
ence of inhibitors in reaction media, which also impact the
fermentation steps. Phenolic compounds are considered as
higher inhibitors due to their ability to interact with biological
membranes.®® Furfural and HMF have also been described as
potential inhibitors as synergic effects with acetic, formic and
phenolic acids.”® Many articles have reported several detoxifi-
cation methods to overcome these issues.”’””* These strategies
can be physicochemical detoxification of hydrolysate, solvent
extraction, microbial engineering and plant improvements for
reduced lignin content.

Some strategies in adsorption methods have been studied
aiming to remove inhibitors from bio-oil or its
hydrolysate.®>”*”® Yu and Zhang’® after a screening of several
adsorbents for the improvement of ethanol yield by bio-oil
hydrolysate found that Ca(OH), for neutralization and diato-
mite for adsorption are the best systems, generating a concen-
tration of 0.4 g ethanol per g glucose from Saccharomyces
Cerevisiae 2.399. Zhuang et al.”’ applied activated carbon to
retain inhibitors after pyrolysis of cotton cellulose. The LG was
applied as a substrate for direct fermentation for citric acid
production by mutant Aspergillus niger CBX-209. The strain
produced higher citric acid concentrations, comparable to that
obtained from commercial LG (70 g L™") in five days. Wang
et al.”® also applied activated carbon (4 °C overnight) for the
hydrolysate detoxification of bio-oil of loblolly pine, obtaining
expressively decreases of furfural and acetic acid.

The overliming is also a current method applied to remove
efficiently phenolic derivatives, furans and aldehydes from bio-
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oil. Lian et al.”® investigated the production of styrene by an
engineered styrene-producing E. coli strain from the sugars
detoxified by overliming (100 g L™" pyrolytic sugar was added
in 18.5 ¢ L' solution of Ca(OH),) and laccase from Trametes
versicolor treatment. The modified strain was able to produce
around 240 mg L' styrene from pure LG, similar to 251 +
3 mg L produced from glucose. Chi et al.®° studied the best
conditions to improve the fermentability of pyrolytic sugars by
engineered E. coli KO11+Igk. Among several systems the over-
liming with 18.5 g L™" of Ca(OH), at 60 °C for 4 h was the best
conditions. A NaOH overliming treatment has been also pro-
posed and provided the most successful results with no
removal of sugars during the treatment. Ethanologenic E. coli
were able to utilize pyrolytic sugars at 2 wt% after NaOH over-
liming. However, this weight percent is too low to produce
commercially viable ethanol and requires additional
research.®® For this reason, further purification must be
looked for.

Another simple method that has gained significant notori-
ety in the detoxification of bio-oil is solvent extraction whose
main feature is to separate pyrolytic sugars and inhibitors by
polarity difference through liquid-liquid extraction. Several
authors have described the separation of inhibitors by extrac-
tion with linoleic acid, hexane, ethyl acetate, n-butanol and
water. Among them, ethyl acetate is the most suitable to
extract inhibitors of low polarity from bio-oil. Chang et al.®'
found that on increasing the ratio between ethyl acetate and
bio-oil most inhibitors could be extracted at an 1: 0.5 ratio, an
ethanol productivity of 0.93 ¢ L™" h™" in batch fermentation
was found for E. coli ACCC 11177. The efficiency of ethyl
acetate was also pointed out by Lian et al.”> who found ethyl
acetate to be the best solvent to extract phenolic compounds in
the organic phase, leaving LG and acetic acid in the aqueous
phase. The group of Luque et al.®* suggested that hydrolysis of
bio-oil, followed by neutralization and extraction with ethyl
acetate was the best system to generate glucose and remove the
major amounts of inhibitors. Islam et al.** obtained 8.62 g L™
of ethanol from detoxified hydrolysate of waste cotton bio-oil.
For the process the hydrolysate was adsorbed on activated
carbon, neutralized with Ba(OH), and extracted with ethyl
acetate. Besides ethyl acetate, n-butanol has been showing
expressive results on the extraction of phenolic compounds, as
evidenced by the group of Hassan et al.,** who found that a
proportion of 1.8: 1 between n-butanol and the aqueous phase
of bio-oil was able to remove furfural, HMF and acetic and
formic acid. Chan and Duff®> when investigating the most suit-
able solvent system for extraction of bio-oil hydrolysate found
that a mixture of tri-n-octylamine in 1-octane (25% v/v)
removed more than 90% of acetic acid and retained all
amount of glucose, expressing high selectivity. The combi-
nation of solvents was also explored by Wang et al.®® where the
mixture of hexane and linoleic acid could reduce furfural by
61% and acetic acid by 61%.

Due to its polarity, safety and economic viability, water has
also been widely used to remove inhibitors in crude or hydro-
lysed bio-oil. Aqueous systems have been applied with relative
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ease in the precipitation of compounds of reduced polarity,
such as some phenolic derivatives.®”%8

Several proportions between water and bio-oil have been
reported, as well as the application of different temperature
ranges. Bennett et al® found that a proportion between
water-bio-oil 62:100 at 34 °C and 22 min of extraction was
able to concentrate LG up to 87 g L' Li et al.® also optimized
the water extraction conditions to concentrate LG of bio-oil
from Loblolly Pinewood. High yields of LG (>12 wt%) were
obtained with a 1.3:1 water-bio-oil ratio for 20 min at 25 °C.
In the experiments of the group of Chan and Duff,* water was
crucial to achieve a LG yield of 4.98 wt% from bio-oil. Lian
et al.”* applied different temperatures for aqueous extraction
of LG from bio-oil, where more than 93 wt% of sugars in bio-
oil were extracted by coupling hot water extraction at 60 °C for
1 h and further extraction with cold-water at 4 °C overnight.
Sukhbaatar et al.”" attested that a system of bio-oil with a 1:1
ratio was not selective for isolation of LG from the aqueous
phase, but was an efficient combination to separate water-
soluble constituents from other inhibitors. Wang et al.®> pro-
posed a combination of strategies for LG purification where
after bio-oil adsorption with activated carbon, water extraction
and overliming with Ca(OH), and Soxhlet extraction, LG was
recovered from the straw bio-oil with a yield of 78% and >95%
of purity.

As we showed above, the catalytic valorization of LG is
highly dependent on the by-products present in the pyrolysis
oil. To the best of our knowledge, there is still an important
lack of study on the effect of by-products and LG purity on the
deactivation and selectivity of catalysts.

4. Biotechnological transformations
of levoglucosan

The LG present in the bio-0il can follow the fermentation
pathway for the direct production of ethanol, and lipids, or be
hydrolyzed to glucose as a carbon source for several micro-
organisms for the production of high-added value compounds
such as organic acids, solvents and biopolymers. In all cases,
several detoxification methods have been applied.”® Several
papers have reported the most diverse types of pre-treatment
so that lignocellulosic biomass can provide the highest poss-
ible yields of LG. In fact, the kind of pre-treatment applied has
an influence on the final characteristics of the biomass to be
pyrolyzed, impacting the process both economically, in the
downstream stage, as well as in the efficiency of the pyrolytic
process applied in obtaining the final LG, since the appropri-
ate pre-treatment method can increase the yield of the desired
product in addition to reducing the amount of the final inhibi-
tory by-products in the bio-0il.”* With the increase in the gene-
ration of residual lignocellulosic biomass coupled with the
advances in the development of cost-effective pre-treatment
and pyrolysis processes nowadays, increased yields in LG have
been achieved.®*°> This approach, albeit in a subtle way, has
aroused the interest of researchers in the development of pro-
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cesses for the full use of this anhydrous sugar.’® The LG
present in the bio-o0il can be reused directly, through fermenta-
tive processes using microorganisms able to directly assimilate
LG as a source of organic carbon. For this, the presence of the
enzyme LG kinase (LGK), present in some filamentous fungi
and yeasts and LG Dehydrogenase (LGDH) present in some
bacteria strains in a wild form is essential, or should be
acquired, through protein engineering tools.”” '°° Another
suitable approach is the hydrolysis of LG to glucose, through
chemical or enzymatic catalysis, where the product can be fully
assimilated by different strains and culminates in the pro-
duction of several compounds of biotechnological interest. For
these purposes it is essential the entire process of obtaining
LG is efficient in removing microbial metabolism inhibitors.
Finally, LG can also be separated and applied in biotechnologi-
cal routes for the production of several compounds with high
added value, either directly or through conversion to glucose
and other sugars by the application of chemical, and enzy-
matic catalysts, or by hybrid catalysis.

4.1. Direct fermentation of LG from bio-oil

Although the direct application of bio-oil as a microbial sub-
strate is both an economically and environmentally favorable
approach, there are many challenges to overcome, both on lab-
oratory or industrial scales, since several metabolic inhibitors
may be present. Therefore, the coupling between biomass pre-
treatment and the subsequent detoxification of the bio-oil may
influence the assimilation of sugars by different microbial
strains, in addition to the biotransformation of phenolic com-
pounds. Besides, the correct understanding of inhibitors’
effect on growth and fermentation is necessary for the choice
of the more adequate detoxification system to be applied in
each matrix.

Among all classes of inhibitors, furan derivatives and car-
boxylic acids are typical hinderers of microbial growth,
especially fungi and yeasts, where furfural, HMF and acetic
acid when in critical concentrations are able to change the pH
of the medium and the solubility of fermentable sugars, gener-
ating cellular stress as well as decreasing the growth rate and
suppression of the activity of key-enzymes, culminating in
reducing the productivity of the metabolites of interest.'°’ In
addition, several studies have reported that some phenolic
compounds are more toxic to microbial cells, where mainly
phenolic derivatives of low molecular weight are able to pene-
trate through the microbial membrane, causing osmotic stress
and disturbing the balance of the lipid bilayer, generating cell
death.'®® There are also several potentially inhibitory com-
pounds whose mechanisms of action have not yet been eluci-
dated, despite knowing that they can act in a synergistic or
antagonistic way with those previously mentioned. Thus,
several bio-oil detoxification techniques must be applied in
order to improve efficiency in the fermentation stage.

4.2. Metabolic engineering for levoglucosan assimilation

Although most microbial metabolism inhibitors can be
removed from the medium by various detoxification methods,
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or even be avoided according to the type of pretreatment
applied to the biomass before the pyrolysis process, these
approaches are not selective for all inhibitors. In addition, the
coupling of pre-treatment and detoxification techniques can
increase not only the number of steps, but also the final costs,
in addition to leading to a non-ecologically favorable
approach. Thus, understanding the interaction between inhibi-
tors and microbial metabolism has been a current field of
study. The construction of strains resistant to high concen-
trations of inhibitors can also promote improvements in the
metabolic systems of fungi, yeasts and bacteria for better
direct uptake of LG and introduce LG into the glycolytic
pathway for the production of the most diverse products of
interest.

The microbial metabolism of LG was first described in
1991, with the identification and isolation of the enzyme LG
kinase (LGK) from the yeast Sporobolomyces Salmonicolor'®**%*
in a screening of several species of yeasts and fungi that had
previously been shown to be functional for LG assimilation.
From then on, several strains capable of assimilating LG
directly have been isolated in recent decades including yeasts
(genera Candida, Rhodotorula, Saccharomyces, Cryptococcus and
Schwanniomyces), fungi (genera Geotrichum, Asperigillus,
Neurospora, Penicillium, Phanerochaete, Alternaria,
Eupenicillium) and bacteria (genera Arthrobacter, Escherichia
and Others).65’97'103_107

The metabolic pathways of LG differ between prokaryotes
and eukaryotes. On bacterial systems, LG can be converted
into glucose in three different steps (Fig. 7): NAD'-dependent
dehydrogenation by the enzyme levoglucosan LG dehydrogen-
ase (LGDH) leading to the production of 3-keto-levoglucosan
LG (1,6-anhydro-p-o-ribo-hexopyranos-3-ulose, 3-keto LG),
intramolecular hydrolysis producing 3-keto bp-glucose, and
NADH-dependent reduction, leading the production of final
p-glucose. %81

Although the glucose biosynthesis is already well described,
the whole bacterial LGDH pathway is still unknown as the
target genes for the metabolic pathway have not been comple-
tely identified. Recently Sugiura et al.'®® identified and cloned
the Ilgdh gene from the bacterium Pseudarthrobacter phenan-
threnivorans and characterized the recombinant LGDH. The
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Hydrolysis
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Fig. 7 Proposal of LG metabolism by bacterial systems. Adapted from
ref. 108.
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Fig. 8 3D structure of LGDH from Pseudarthrobacter phenanthrenivor-
ans evidencing a biological tetramer structure. Data obtained from
PDB.nO'ln

enzyme showed weak activities (4%) toward r-sorbose and 1,5-
anhydro-p-glucitol. The reverse (reductive) reaction using
3-keto-levoglucosan and NADH exhibited significantly lower
K., and higher k., values than those of the forward reaction.
The crystal structures (Fig. 8) of LGDH revealed that LGDH has
a typical fold of Gfo/Idh/MocA family proteins, similar to those
of scyllo-inositol dehydrogenase, aldose-aldose oxidoreduc-
tase, 1,5-anhydro-p-fructose reductase, and glucose-fructose
oxidoreductase.

The LGDH active site extensively recognized the LG mole-
cule with six hydrogen bonds, and the C3 atom of LG was
closely located to the C4 atom of NADH nicotinamide, eviden-
cing a C3-specific oxidation for the first time."%®

Despite the recent advances in the LGDH pathway, the
eukaryotic system for LG metabolism is well established.
Biochemical studies have indicated that the metabolism of LG
in fungi and yeasts is initiated by the direct phosphorylation
to glucose 6-phosphate by LGK followed by the glycolytic
pathway (Fig. 9).7'"2

Previous studies of LGK substrate selectivity demonstrated
activity for only LG and no activity for galactosan or maltosan
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oy X~
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Fig. 9 Eukaryotic enzymatic cleavage and phosphorylation through the
action of LGK to produce G6P. Adapted from ref. 112.
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and only very weak activity for mannosan (1% relative activity)
that also contain the same 1,6-anhydro intramolecular linkage
as LG, demonstrating that the nature of the pyranose frame is
also important for substrate recognition by LGK."** Some bio-
technological products have already been obtained by wild
type strains which evidenced the presence of LGK coupled to
intrinsic metabolic ability: organic acids such as itaconic,
malic and citric were obtained directly from LG by Aspergillus
terreus, Aspergillus oryzae and Aspergillus niger CBX-209
respectively.””'°711311 1jan et al’* achieved a similar level
of lipid accumulation to glucose fermentation by LG as
a substrate for Rhodotorula glutinis ATCC204091 and
Rhodosporidium Toruloides ATCC10788.

Despite the previous promising results, wild types strains
are not more efficient than industrial biocatalysts in LG
uptake. The concentrations of LG assimilated by these species
are highly inferior to those of glucose as a substrate, demon-
strating that there is competition between metabolic pathways.
Furthermore, mainly in bacterial systems, LG transporters and
the mechanisms of inhibition of the LGDH metabolic pathway
are still unknown. Due to this, traditional industrial strains
have been targeted for metabolic engineering approaches.'"
In the research of Lian et al,”® engineered E. coli produced
240 mg L' styrene from pure LG (Fig. 10), which was similar
to that from glucose (251 mg L ™).

Codon-optimized Lipomyces Starkeyi
expressed in E. coli KO11 for effective pure LG utilization to
convert detoxified pyrolytic sugars to ethanol.’''® However,
the experimental yield was much lower than the theoretical
yield. Kim et al.''” expressed Igk gene from Lipomyces Starkeyi
in Corynebacterium glutamicum for succinic acid production
from LG, giving a higher yield (0.25 g succinate per g LG) from
LG as compared to that from glucose. Although in the last few
years the mechanisms of LGK have been discovered and

LG kinase was

Chemical approach
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/&‘Y\A
9’ (0]
D7, é/ o oH
P —— -
G6P engineered E. coli 0
Benzene
SR i .................. } ........... K OH OH
: 9 LG
s on |
E NH, E
Ethylbenzene Phenylalanine i

Styrene

Fig. 10 Production of styrene from LG by engineered E. coli. Adapted
from ref. 79.
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several molecular techniques have facilitated protein engineer-
ing, the limited LG assimilation and the persistent low cata-
Iytic activity of LGK on engineered strains are still challenging.
Furthermore, a rational multifaceted strategy that combines
structural, biochemical and protein engineering efforts is
needed to improve LG consumption in organisms. The group
of Klesmith et al.''® described the method of FluxScan to
enable the mapping of sequence determinants to the pathway
of LG assimilation in E. coli strains. As results were mapped 15
beneficial mutations supported a 15-fold improvement in
growth rate and a greater than 24-fold improvement in enzyme
activity relative to the starting pathway.

Numerous studies have been reported that the combination
of hydrolysis of lignocellulosic bio-oil and subsequent fermen-
tation to ethanol is feasible. This is possible because through
this application, glucose is released not only from LG, but
from other oligomers resulting from pyrolysis, in addition to
the release of other fermentable sugars. Chang et al.®' found
that the fermentation of bio-oil by E. coli ACCC 11177 gave an
ethanol yield of 0.41 g g~* and a productivity of 0.93 g L™* h™.
Yu and Zhang”®%’ reported that the diluted acid hydrolysate of
bio-oil (containing 31.6 g L' glucose) was fermented by
S. Cerevisiae, giving an ethanol concentration of 14.2 g L™
with a higher yield than the pure glucose control. Bennett
et al.®® found that under the optimal hydrolysis conditions
(125 °C, 0.5 M H,SO, and 44 min), the hydrolysis of LG
(extracted from a softwood bio-oil via phase separation) gave a
maximum glucose yield of 216%. The yield of 216% based on
the original levoglucosan proved that other precursors of
glucose were also present in the aqueous phase during hydro-
lysis. Without any detoxification process, S. Cerevisiae T2 suc-
cessfully fermented the hydrolysate to ethanol with both high
yield (0.46 g ethanol per g glucose) and high productivity
(0.55 g L' h™"). The yield was comparable to the theoretical
yield from pure glucose (0.51 g ethanol per g glucose). In the
research of Sukhbaatar et al.®! the hydrolysis of bio-oil (76.6 g
L' LG) was performed under the optimal hydrolysis con-
ditions (125 °C, 0.5 M H,S0,, 44 min).*® The hydrolysate rich
in glucose (114.19 g L™') was fermented by Saccharomyces
patorianus, obtaining a considerably high ethanol yield (98%
of the theoretical yield). In the work of Lian et al.,”® after acid
hydrolysis and detoxification, the aqueous phase was con-
verted to ethanol with a yield of 0.473 g ethanol per g glucose
by S. cerevisiae, and to lipids with a yield of 0.167 g lipids per g
glucose by Cryptococcus curvatus and Rhodotorula glutinis."*®
The maximum ethanol concentration (32 g L") and the yield
of ethanol (0.473 g ethanol per g glucose) were very close to
those from pure glucose (35 g L™ and 0.50 g ethanol per g
glucose), indicating that the hydrolysate of bio-oil was an
attractive substrate for fermentation.

The integration between the pre-treatment of biomass,
pyrolysis, and detoxification techniques, followed by fermenta-
tion with wild or genetically modified strains has been used by
researchers to obtain biotechnological products. In fact,
ethanol is still the most obtained bio-product. However, lipids
and organic acids have also been reported (Table 1). In a
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Table 1 Bio-products obtained by integration between the pre-treatment of biomass, pyrolysis, detoxification and fermentation. Adapted from

ref. 120
Scale of
Feedstock  Pretreatment Detoxification method Strain the process Bioproduct Yield Ref.
Pinewood = H;PO, solu- Extraction with n-butanol, hydrolysis  Saccharomyces Flasks Ethanol 0.5 g of ethanol perg 90
particles tion, 100 °C, with H,SO,, neutralization with pastorianus of glucose
1h NaOH and CaCO;, filtration reverse
osmosis
Poplar Acid wash Extraction with ethyl acetate and Saccharomyces Flasks Ethanol 0.473 g of ethanol per 74
wood biodiesel, hydrolysis with H,SO,, cerevisae ATCC g of glucose
neutralization with Ba(OH), and 00062
detoxification with activated carbon
Bio-oil — LG hydrolysis with H,SO,4 and over-  Saccharomyces Flasks Ethanol 0.19 g ethanol per g 84
liming with Ca (OH), cerevisae T2 glucose at 50%
volume hydrolyzate
and 0.45 (g ethanol
per g glucose) at 40%
volume hydrolyzate
Loblolly Acid Water extraction, hydrolysis with Saccharomyce Flasks Ethanol 0.4 g of ethanol perg 120
pine pretreatment H,S0, and activated carbon pastorianus ATCC of glucose; 79% yield
2345
Waste — H,S0, (0.2 M) hydrolysis, Ba(OH), Saccharomyce Stirred Ethanol 14.78 g L' of ethanol 121
cotton neutralization, ethyl acetate extrac- cerevisiae 2.399 fermenter
tion, activated carbon
Waste H,S0, hydrolysis, Ba(OH), neutraliz- Escherichia coli Fermenter Ethanol 0.41 g ethanol per g 80
cotton ation, ethyl acetate extraction ACCC 11177 glucose
Red oak Water extraction, overliming with Escherichia coli Flasks Ethanol 0.9 g L™ ethanol 122
wood NaOH
Pure LG — — Engineered Flasks 0.35 g ethanol 115
Escherichia coli produced per g LG
KO11
Red oak — Fractionating bio-oil, water Engineered Flasks 0.24 g ethanol per g 79
wood extraction, Ca(OH), treatment Escherichia coli LG
KO11
Cotton — — Aspergillus niger Flasks Citric acid  87.5% of citric acid 76
cellulose CBX 209 citric acid
LG — — Engineered Flasks Styrene 0.24 g L' styrene; 118
Escherichiacoli 0.021g g LG
Pure LG — — Rhodotorula Flasks Lipid R. glutinis: 2.7 g lipid 73
glutinis per L medium (20 g
L)
Poplar LGA extracted with ethyl acetate, Cryptococcus Flask Lipid C. curvatus: 0.167 g 74
wood hydrolysis with H,SO,, neutralization curvatusor lipids per g sugar;
with Ba(OH),, detoxification with R. glutinis R. glutinis 0.089 g lipid

activated carbon

recent publication," the main products obtained through

this combined approach were compiled.

4.3. Applications of pure LG

Currently, several studies have turned their attention to the
application of pure LG in different approaches for the pro-
duction of high added value compounds. In fact, the use of LG
in the absence of pyrolysis inhibitors and by-products may
provide new biotechnological possibilities. However, the mole-
cule also imposes barriers. LG is not highly hydrophilic, its
dissolution in organic solvents usually applied in the organic
synthesis can be limited."”" In addition, it is already known
that LG has instability in some organic solvents, leading to the
formation of side products, decreasing the efficiency of some
catalytic systems. Hu et al.'** analyzed the effect and the influ-
ence of several solvents on the stability of LG during acid cata-
lysis at 70 °C using Amberlyst 70, and demonstrated that the
nature of the solvent strongly impacts the product distribution

This journal is © The Royal Society of Chemistry 2020

per g glucose

and polymer formation in acid-catalyzed conversions. Alcohols
could inhibit the growth of soluble polymers, different from
water. Chloroform is not a suitable solvent, although acetone
reacted with LG, resulting in polymerization. DMSO catalyzed
the conversion of a complex series of derivatives of LG (Fig. 11)
including HMF, the corresponding sulfur and 2,5-furandicar-
boxaldehyde, that according to Climent et al.'** is a platform
molecule for value-added chemicals.

Although the aqueous medium is favorable for LG and
enzyme systems, some transformations are also limited due to
the low solubility of hydrophobic substrates. Thus, medium
polarity solvent systems, ionic liquids, application of immobi-
lized enzymes and catalysts resistant to drastic conditions are
the strategies currently used to counteract these barriers in LG
biocatalysis.

Sugar esters are notably known as good biosurfactants and
biolubricants, with several industrial applications. The esterifi-
cation reaction of several sugars has been performed both in
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Fig. 11 Possible pathways of LG in DMSO. Definition of the abbrevi-
ation: DAGP: 1,4:3,6-dianhydro-a-p-glucopyranose; HMF: 5-(hydroxy-
methyl) furfural;, MMFC: 5-[(methylthio) methyl]-2-furancarboxalde-
hyde. Adapted from ref. 122.

chemical and enzymatic approaches."”* By biocatalysis, esteri-
fication and transesterification reactions constitute another
major class of enzymatic biomass processing. In general,
lipases (triacylglycerol hydrolases, EC 3.1.1.3) are the most
suitable class of enzymes. Among some advantages, lipases
show activity in organic solvents, do not need co-factors, are
enzymes abundant in nature and catalyze a reaction with high
region-, chemo- and enantioselectivity.'>® In addition, because
they recognize a high range of substrates, they can be modeled
through immobilization or metabolic engineering tools to
adapt to reaction conditions. The large amount of hydroxyl
groups makes sugars very polar, making them difficult to dis-
solve with long carbon chain acyl donors.

The first work involving the esterification of LG was pub-
lished in 1973 where among several sugars, LG was esterified
with different acid chlorides or acid anhydrides in pyridine. As
a result we evidenced that in the reaction medium LG reaches
different conformations, leading to the formation of intra-
molecular hydrogen bonds, resulting in different hydroxyl
reactivities, generating different products according to the acid
chloride used."® The same rules were found in the work of
Ward and Shafizadeh.'”” However, different from the previous
work, linear chain acyl donors (octanoyl and hexadecanoyl
chloride) were used as reagents. For this reason, there was less
steric impediment between the reagents, generating mixtures
of mono and diesters as well as regioisomers.

Due to these characteristics, just a few papers have been
reported on the enzymatic acylation of LG. However, in LG the
positions 1 and 6 present anacetalic function and the remain-
ing secondary hydroxyl groups are in the axial position.
Therefore, LG is much less reactive than glucose or other
sugars both to chemical or enzymatic attack. This peculiar
feature can be extended to the regioselective acylation of a
single secondary OH function that represents a very challen-
ging task since the presence of three hydroxyls in its structure
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allows the formation of monoesters and diesters at positions
C2, C3 and C4."*® The pyranose ring of LG can adopt two con-
formations: inverted chair and boat type.'*® In the chair con-
formation, the intramolecular interactions, due to hydrogen
bonding occurring between the hydroxyl of C3 in the axial
position and the oxygen in C6, also in axial, contribute to a
greater stabilization of the molecule, increasing its population,
but decreasing its reactivity as a nucleophile.””'** The same
interaction, hydrogen donor-acceptor, can occur with the
hydroxyls in C2 and C4, according to Fig. 12A1-A3 (Fig. 12).

Galletti et al.'* studied the lipase-catalysed acylation of LG
by esterification and transesterification reactions with a wide
range of acyl donors and both free and immobilized lipases.
As green solvents CH;CN and ionic liquids were investigated
and reaction times of 5 days were also applied. The commer-
cial lipases Novozym 435 (lipase B from Candida Antarctica
immobilized on acrylic resin) and PS (lipase from Burkholderia
cepacia) were more suitable biocatalysts (Fig. 13).

On LG acetylation in CH3CN (Fig. 13), the product 4-O-acetyl
LG (blue structure) was the major compound obtained with all
tested immobilized lipases. By transesterification, higher selec-
tivities were found when the ionic liquid 1-methoxyethyl-
3-methylimidazolium in dicyanamide ([MOEMIm] [dca]) was
added to the system. It is also important to note that the water
formed by the esterification reaction was adsorbed through
molecular sieves. Because acetate is a small soluble molecule
in solvents of medium polarity, there was great diffusion
through the LG molecule, which may explain the mixture of
compounds obtained. However, in larger carbon chains, the
best results were only obtained by transesterification, indicat-
ing hysterical and solubility limitation. However, no assay to
detect the presence of diesters has been performed. Recently

o}

O—H
~O
6
o
Lipase, solvent OAc OH
1+ + ROH
OR 55°C
(] o
OAc OAc
2 a: R=CH=CH, N o
b:R=H
OAc OAc  OAc OH OH OAc
LG ethyl esters

Fig. 13 Lipase-catalysed acetylation of LG in CH3zCN and ionic liquids
with vinyl acetate and acetic acid. Adapted from ref. 100 and 129.
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Fig. 14 General procedure for lipase-catalyzed transesterification reaction of LG (LG). Conditions: 2 ethyl esters of a: lauric, b: palmitic, c: stearic,

and d: oleic acids, LG monoester aliphatic chains, and 4 ethanol.*>

our research group investigated the LG acylation by transesteri-
fication with ethyl esters of long chain (laurate, oleate and pal-
mitate) catalyzed by Novozyme® 435, PS IM (immobilized
lipase from Burkholderia cepacia) and the homemade biocata-
lyst CaLB_epoxy (lipase CaLB immobilized on epoxy resin by
hydrophobic adsorption)."*" As a result, all biocatalysts gener-
ated mostly monoesters, where N435 was more selective to
produce lauric esters (99% at 50 °C) and PSIM to produce oleic
esters (97% at 55 °C) while CaLB_epoxy was more selective to
produce oleic esters of LG (83% at 55 °C) (Fig. 14). In this work
the final products were carefully identified by NMR: 'H, *C,
HMBC, HSQC, 'H,"H-COSY (“Correlation Spectroscopy”)
and NOEdiff (NOE “difference spectroscopy”) spectra, FTIR
spectrum v (ecm™', KBr), HRMS (High-Resolution Mass
Spectrometry) and GC-MS. These experiments clearly showed
that there were marked differences between reactivities on C2
and C4 hydroxyl groups and also the type of binding and the
support chosen for enzyme immobilization can influence the
selectivity of the enzyme so that the hydroxyl groups can be
selectively transesterified, since CaLB_epoxy and N435 have
the same enzyme (CALB), but immobilized on different sup-
ports, generating different interactions between the enzyme
and support and consequently different spatial confor-
mations, revealing different preferences in the reaction under
study."®!

5. Levoglucosan catalytic
transformation

The hydrolysis of LG generates the fermentable sugar glucose,
and therefore the lignocellulosic material has great potential
as a renewable feedstock. Moreover, due to its peculiar struc-
ture, LG can also follow other important reactions for the
obtaining of several high valued products. In the following

This journal is © The Royal Society of Chemistry 2020

topics we have discussed the catalytic and biocatalytic trans-
formations of LG.

In recent years, economic and environmental concerns
have encouraged the use of heterogeneous catalysts to carry
out various organic transformations, as they facilitate catalytic
separation of products, are less vulnerable to contamination
and allow easy regeneration.”'**> Thus, in general, these cata-
lysts make processes clean, safe, highly efficient and low cost.
LG is a platform molecule that permits to obtain various high
value-added value products as discussed below.

During the pyrolysis of cellulose, two anhydrous sugars
could be obtained: LG and LGO. The yield of LG is generally
much higher than that of LGO as discussed above. LGO has
been a highly desired molecule as it is the intermediate of
numerous important compounds (Fig. 15).

Thus, direct catalytic transformation of LG to LGO (Fig. 16)
instead of performing selective pyrolysis directly to LGO (low
yield) is of high importance.

Recently Oyola-Rivera et al. showed that propylsulfonic acid
functionalized silica materials significantly increase the LGO
yield."®® They showed that Brgnsted acid catalysts permit to
obtain up to 59% of LGO yield. The synthesis of LGO via de-
hydration reactions was already studied in the past, but almost
exclusively using homogeneous acids. Sulfuric acid was found
to be very efficient in the conversion of cellulose to LGO in
aprotic solvents.””'**'** The authors compared the catalytic
performances of various homogeneous acids: formic, hydro-
chloric, sulfuric and phosphoric acids. The best results in
terms of LGO yield were obtained using sulfuric acid as a cata-
lyst. As expected the catalytic results depended strongly on the
reaction medium. Polar aprotic solvents were studied and THF
was found to be the most efficient. This was attributed to the
lower degradation rate in this solvent."** Sulfuric and 1-propa-
nesulfonic acids as well as propylsulfonic acid functionalized

silica were also studied by the group of Cardona-Martinez.'*
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Fig. 16 Schematic reaction pathways of LG dehydration using hetero-
geneous catalysts.

A LGO selectivity of 68% was obtained using the former catalyst.
They stated that the water production during the dehydration
reaction strongly affects the catalytic activity of the acid sulfo-
nic groups due to the acid proton stabilization. However, they
showed that this negative effect could be minimized by using a
solid acid catalyst with hydroxyl groups on the surface. This
permits to obtain higher LG conversion and LGO selectivity."*?
The authors used relatively harsh conditions (210 °C and 69
bar He) that should limit the industrial implementation of
this process. The new catalysts able to work at atmospheric
pressure and lower temperature are needed.

LG is an example of an anhydrosugar, and thus it could be
easily converted to glucose by acid-catalyzed hydrolysis. The
hydrolysis of LG to glucose follows a first order reaction, with
the activation energy of 114 kJ mol™". The most used mineral
acid for the hydrolysis of LG is sulfuric acid.'*® It was found
that the conversion and LG yield strongly depend on the temp-
erature and sulfuric acid concentration (Fig. 17).

The conversion of LG to GLC in water using solid and
homogeneous acid catalysts such as Amberlyst 16 and sulfuric
acid is also possible. Abdilla-Santes et al'*®'*” studied the
effects of reaction temperature, initial LG concentration and
catalyst loading. The highest glucose yield of 98% was
obtained for the Amberlyst 16 catalyst at 115 °C.'*® The
authors studied also the kinetic parameters of this reaction
using a first order approach and taking into account the
diffusion limitations inside of the Amberlyst pores. The acti-
vation energy was calculated to be 132.3 + 10.1 k] mol™".
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Fig. 17 Effect of the sulphuric acid concentration of kinetics of LGO
synthesis. Hydrolysis at 120 mM of H,SO, (M), 250 mM of H,SO, (A) and
500 mM of H,SO, (®@). All experiments performed at 110 C. Reprinted
with permission from ref. 135.

Acid catalysts were also used by other groups to study the
conversion of LG to various products. Murzin’s group"’®
studied the H-MCM-36 mesoporous and H-MCM-22 micro-
porous materials. The yield of the oxygenated products and
their distribution were strongly influenced by the acidity of the
zeolite materials. Oxygenated compounds were the main
liquid products (aldehydes and furfural) and their formation
was higher over MCM-36 than over MCM-22."*® Only acetone
formation was higher over MCM-22. The severe deactivation of
the catalyst was the most important issue. However, as stated
by the authors, the possible regeneration of the catalysts
permits to restore the good activity.'*®

Wang et al."* studied the synergetic effect of a Lewis acid
and base on LG conversion to lactic acid. The authors prepared
a series of acid-base catalysts based on Sn-f -catalysts
exchanged with various alkali cations (Na, K, Mg, Ca). They
showed that the exchange with alkaline earth cations is
effective in promoting the retro-aldol condensation. Lewis
acids can stabilize the oxygen atom of the deprotonated alkox-
ide. As demonstrated by the authors, the lactic acid yield can
reach up to 66% on the Sn-p-Ca catalyst. The activity of the
modified catalyst follows the order: Sn-p < Sn-p-Na < Sn-f-K <
Sn-p-Mg, Sn-B-Ca. They demonstrated also that this synergetic
effect shows universality toward enhanced retrol-aldol
condensation."*’

Lactic acid was also prepared by a simple universal method
using a La(OTf); water resistant Lewis acid.'*® They demon-
strated that under moderate conditions (250 °C, 1 h) levogluco-
san was transformed to lactic acid with the total yield was
75%. This yield was comparable to that obtained with other
sugars such as glucose and xylose (74 and 64% respectively).
The real advantage of this method is that no hydrolysis step is
needed before the levoglucosan conversion to lactic acid.

Sorbitol is one of the 12 major building blocks according to
the US Department of Energy.'*" The global demand for sorbi-
tol is growing at about 2-3% per year and reached over
2.5 million metric tons in 2018."*> It is widely used as an addi-
tive in many industrial products, particularly in the food, cos-
metics and paper industries, and in the synthesis of various
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fine chemicals. Over the past decade, sorbitol has also been pro-
posed as a feedstock for the production of biofuels and hydro-
gen by water-phase reforming. This polyol is generally produced
by the catalytic hydrogenation of glucose.'*®> However, it could
be also obtained with high yield from LG using heterogeneous
catalysts. During this reaction two reactions are important:
hydrolysis of LG to glucose and the hydrogenation of glucose to
sorbitol. Hydrogenolysis and the formation of smaller diols
such as glycerol and propylene glycol from sorbitol should be
avoided, as well as subsequent acid-catalysed conversions of
glucose to HMF and levulinic acid. Even if the acid hydrolysis of
the LG is already well documented in the literature, a highly cor-
rosive medium and post-reaction neutralization steps are
required to remove the acid. Thus it is important to develop a
heterogeneous catalyst for the one-step conversion of LG to sor-
bitol without using additional homogeneous catalysts.'**

Only a few studies on the LG hydrogenation have been
reported.”**'*> Bindwal et al.'*® reported that LG could be
hydrogenated to ethylene glycol (4.7 wt%), 1,2-propanediol
(28.6 wt%) and 1,4-butanediol (1.8 wt%) in water (140 °C, 20
bar H, pressure) using a Ru based catalyst. However, in their
study sorbitol was not detected, which strongly indicated that
hydrogenolysis is the main reaction pathway.'** Indeed, in the
proposed reaction pathways the first step is the hydrolysis of
LG to glucose on acid sites, followed by selective hydrogen-
ation of glucose. The subsequent hydrogenolysis of sorbitol to
lower diols could be also observed. The authors used sup-
ported bifunctional catalysts possessing both acidic sites
(hydrolysis reaction) and noble metal particles (hydrogenation
step) and observed excellent performance of the Ru/CMK-3
catalyst. This efficacy was due to the low rate of secondary
hydrogenolysis reactions forming low-molecular weight polyols.

OH OH
LG

Hydrolysis | + H,O

Hydrogenation

View Article Online
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Heterogeneous bifunctional catalysts have also been
applied for the direct conversion of disaccharides to sugar
alcohols. In this case, the disaccharide first hydrolysed to a
monosaccharide and then hydrogenated on metal active sites
to the corresponding sugar alcohol. A strong analogy with the
proposed pathway for sorbitol synthesis from LG could be pro-
posed. The CMK-3 support applied for the hydrogenation of
LG is characterized by a large surface area and high acidity
due to the highly oxygen-functionalized surface.'** The pro-
posed mechanism for the selective hydrogenation of LG to C6
polyols is given in Fig. 18. The main route involves firstly the
hydrolysis of LG to glucose (catalysed by acid sites), followed
by the hydrogenation of glucose to sorbitol (catalysed by Ru).
Unfortunately the formation of undesired products via a C-C
cleavage reaction has also been observed indicating the
catalytic hydrogenolysis reaction of intermediates and/or
products.***

The reactivity scheme implies that the formed sorbitol is
converted to glycerol and 1,2-propanediol. It is also worth
noting that neither 5-hydroxymethylfurfural (HMF) nor levuli-
nic acid were detected in the reaction mixture. This indicates
that the rate of the glucose hydrogenation to sorbitol is much
faster than the dehydration reaction catalyzed on acid sites.'**

Only rare works have been reported on the production of
gluconic acid from LG. Santhanaraj et al.'*’ first reported a
method of producing gluconic acid from a very pure solution
of LG. They adapted a two-step process in which LG is firstly
converted to glucose by hydrolysis catalyzed by acid sites of the
Amberlyst-15 resins. The formed glucose was then separated in
another reactor and partially oxidized to gluconic acid over a
Pd/C catalyst in high pH medium. Hydrolysis of levoglucosan
to glucose was reported earlier using sulfuric acid as a
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Fig. 18 Reaction pathways of the levoglucosan hydrolysis and successive hydrogenation. Adapted from ref. 144.
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Bronsted acid catalyst.'*® Unfortunately, it was difficult to
achieve good performances by simply integrating the two
above-mentioned catalysts into a single reactor. The main
difficulty lies in the control of selectivity, as the reaction pool
is interspersed with various reagents — products (intermedi-
ates) that are simultaneously influenced by two distinct cata-
Iytic functions.'*® Recently the selective synthesis of gluconic
acid from LG was reported on a bifunctional gold catalyst sup-
ported by Cs, sHg 5PW;,04, without a pH control. With con-
certed exploitation of the active gold and acidic sites gluconic
acid was obtained with a high selectivity of 93.1% with almost
complete conversion.'*® The gluconic acid yield obtained on
this catalyst was much higher compared to homologues cata-
lysts supported on phosphated TiO,, sulfated ZrO, and
HZSM-5. LG conversion increased with the reaction time,
reaching 93.6% after 180 min of the reaction. Selectivity to glu-
conic acid followed the same trend. However, a longer reaction
time resulted in the degradation of gluconic acid into by pro-
ducts such as glycolic and glyoxylic acids.'*® The effect of O,
pressure was also studied. In the absence of oxygen the conver-
sion of LG reached 64.7% while the selectivity of only 18.5% to
gluconic acid was observed. As expected glucose was the main
product (selectivity of 76.7%) observed in this case. The
maximum gluconic acid selectivity (93.1%) was observed for
the reaction conducted under 0.5 MPa of oxygen. A further
increase in the oxygen pressure resulted in a decrease in gluco-
nic acid selectivity.'*® The effect of the temperature of the reac-
tion on gluconic selectivity is shown in Fig. 19.

At 100 °C, LG conversion was only 3.8% with glucose as
the major product formed. This clearly indicates that hydro-
lysis of LG to glucose takes place. At 120 °C, LG conversion
reached 27.1%. Both glucose and gluconic acid formations
were observed (gluconic acid selectivity of 74.9%). At high
temperature LG conversion of 93.6% was obtained with the
selectivity to gluconic acid of 93.1%. Other by-products, such
as HMF and levulinic acid, originating from the dehydration
and hydration reactions were not observed. However, a higher
reaction temperature leads to a strong decrease in the gluco-

N glucose I glycolic acid
I glyoxylic acid W gluconic acid

100- o

80

60

Conversion and selectivities (%)

378 398

418 428
Temperature (K)

Fig. 19 Effect of the reaction temperature on the catalytic performance
of the Au/Cs;sHosPW1,040 catalyst. Reaction conditions: 77.1 mM LG,
0.15 g catalyst, 20 ml H,O, 0.5 MPa O,, 3 h. Reprinted with permission
from ref. 148.
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nic acid increase of undesirable
products.

HMTF is one of the most important platform molecules and
it is formed by the dehydration of certain sugars. It consists of
a furan ring, containing both aldehyde and alcohol functional
groups.'*H1915% HMF can be converted to various important
products such as 2,5dimethylfuran (DMF, used as a biofuel)
and 2,5-furandicarboxylic acid (FDCA, highly important in
green polymer synthesis), a possible substitute for terephthalic
acid (Fig. 20)."*°

LG then undergoes a double dehydration step to produce
HMEF. The water produced in this reaction can react with LG to
produce glucose. HMF can also be rehydrated with water over
an acid catalyst to produce Levulinic acid and formic acid.
Once glucose is formed, it can also undergo dehydration to
produce HMF, as well as degradation to produce humid
species. Furfural has also been detected in carbon yields below
7%. Furfural has been reported to be a by-product of the
decomposition of LG or glucose. Separate decomposition
studies with HMF in THF and sulfuric acid have shown that
HMF is relatively stable in the non-aqueous environment with
conversions below 8% at 190 °C after 180 min. Other studies
have also reported that THF prevents further degradation of
furfural and HMF.""

Separate experiments with LG in THF under acidic con-
ditions confirmed that HMF and levulinic acid could be pro-
duced directly from LG. Hu et al. also reported that LG under-
goes dehydration to form HMF in the presence of Amberlyst
70 in organic solvents, but it is important to note that their
reaction systems were not completely free of water due to the
ionic resin that was not dried prior to the reaction (about 57%
water content).'** The yield of HMF was higher when glucose
was used as the raw material compared to LG, but not more
than 3%. Polar aprotic solvents, including y-valerolactone
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Fig. 20 Proposed reaction scheme for the production of HMF from
cellulose in polar aprotic solvents under acidic conditions. Adapted from
ref. 152.
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(GVL), acetone and THF, showed significantly higher yields of
HMF from cellulose compared to ethyl acetate, water and
ethanol, as shown in Fig. 20. The HMF yield increased in the
following order: ethanol < water < ethyl acetate < GVL <
acetone = THF."*?

The system proposed in Fig. 20 has several distinct advan-
tages over other existing processes for the production of HMF
from cellulose, including a 20-fold reduction in acid use, a
20-fold increase in reaction rate (compared to aqueous
systems), the ability to use cheaper raw materials (ligno-
cellulosic biomass), operation at lower reaction temperatures,
and improved stability of the HMF product in the solvent. In
addition, reagents and products can be separated from the
solvent using conventional petrochemical separation techno-
logy. This type of system also does not require the use of Lewis
acids to promote the isomerization of glucose to fructose as a
preliminary step in the production of HMF. Future advances in
this technology promise to further improve the performance of
HMF by developing a more detailed mechanistic understand-
ing of how solvents affect acid-catalyzed chemistry, combined
with the study of LG chemistry. This study opens new avenues
to develop highly efficient and commercially feasible processes
for converting cellulosic biomass into platform chemicals
using polar aprotic solvents.">>

LG can also be transformed via esterification using homo-
geneous acids as a catalyst."?”">*">* Ward et al.'*” studied the
esterification of LG with a fatty acid using HCI. As reported by
the authors, the high reactivity of the hydroxyl groups in posi-
tion 1 is not sufficient to obtain high yields of mono-esters by
simply increasing the chain length of the acid. Steric hin-
drance is not enough to prevent polyesterification of the LG
molecule.”® One step continuous esterification of LG with
ethanol coupled with direct hydrogenation was studied on a
bifunctional zeolite catalyst.">> The main products were ethyl
levulinate and other various ethyl esters with carbon numbers
greater than three. The authors concluded that a strong acid
functionality is mandatory to efficiently hydrolyze the LG and
subsequently performed esterification, dehydration, and ring
opening reactions. In addition the metal functionality is
necessary for hydrogenation reaction. The authors stated that
the best results were observed for Ru/H-ZSM5 at 180 °C with
elevated yields to ethyl levulinate and ethyl valerate esters. The
acid zeolite H-ZSM5, with the SiO,/Al,0; ratio of 50, efficiently
transformed LG and acetic acid to ethyl levulinate (EL) and
ethyl acetate (EA) with 4% and 85% yields, respectively.'>>

Regio/site-selective acylation of levoglucosan was achieved
using the [Fe(acac);] (acac = acetylacetonate) catalyst.">® The
authors studied the acetylation of various glycosides contain-
ing a cis-vicinal diol. The authors showed that the Fe(m) active
site formed cyclic dioxolane-type intermediates with vicinal
diols of the substrates. The efficient and selective acylation of
one hydroxyl group was subsequently achieved by adding acyla-
tion reagents in the presence of diiso-propylethylamine
(DIPEA). Most of the tested substrates were selectively acylated
at the equatorial hydroxyl groups in high yields (>80%). 84%
was reached in the case of levoglucosan."*®
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Levoglucosan was also used as the substrate for the prepa-
ration of porous polymers with three dimensional nanochan-
nels."®” Cationic ring-opening polymerization of levoglucosan
was performed in the nanochannels of [Cuz(benzene-1,3,5-tri-
carboxylate)],. After the removal of the host frameworks poly-
saccharide particles as replicas of the original molds were
obtained. After 144 hours of polymerization, high surface area
polymers were obtained (150 m* g~'). The application of the
produced polymer on drug delivery protocols demonstrated
that the simple polymerization method was efficient to control
the polymer particle size and porosity."*’

The physical and biological properties of the sugars could
be modified using fluorination. This was the object of the
work reported by Quiquempoix et al.'®® They described a
6-step synthesis of 2,3,4-trideoxy-2,3,4-trifluoroglucose start-
ing from levoglucosan with a final yield of 24%. The crucial
step involved a selective difluorination of 2,4-di-O-tosyl levo-
glucosan and the deoxyfluorination of 2,4-dideoxy-2,4-
difluorolevoallosan. In this step, a rare F---H(O)---F bifurcated
hydrogen bond was clearly observed. But as reported by the
authors, even if this particular conformation was also present
in the crystalline state, the clearly dominated intermolecular
O-H:-:O bond was observed in the crystal packing of this
compound.'*®

6. Perspectives

Although several efforts have been made for the valorization of
lignocellulosic biomass in combined approaches, there are
still few studies in which enzymatic catalysis goes hand in
hand with chemical catalysis for the better use of biomass. In
enzymatic catalysis, ethanol has still been the main product of
interest when protein-engineering maneuvers are applied to
improve strains for the use of LG or its glucose hydrolysate,
since the number of papers published for this purpose is still
very expressive compared to other products. However, in recent
years, LG derivatives have been obtained through microbial
biotransformation and biocatalysis, such as LG esters and
organic acids.

In chemical catalysis, several strategies have been combined
for the production of furfural derivatives, LGO and organic
acids, where temperature, nature of the catalyst and stability
have been crucial to obtain the desired selectivity to molecules
of interest.

According to the works discussed in this review, it is fore-
seeable that some methodological gaps will be filled, such as
the coupling of biochemical and chemical steps in the
biomass hydrolysis or the application of hybrid catalysts in
obtaining products of high added value as a way to better use
the residual biomass. Protein engineering has advanced in the
development of techniques for improving the metabolic engin-
eering of microbial strains, for the construction of engineered
strains capable of both capturing larger amounts of LG as well
as performing unusual metabolic pathways to obtain several
other derived compounds. Therefore, there is the prospect of
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greater integration between the chemical, biochemical and
enzymatic approaches.

7. Conclusions

There are many advantages of pyrolytic cellulose transform-
ation to levoglucosan compared to the classical hydrolysis to
glucose. It is well documented that enzymatic hydrolysis of
cellulose allows high selectivity to glucose to be obtained.
However, the main drawback of this process concerns the rela-
tively high operational cost because of the enzyme cost and
high complexity in their recycling. The pyrolysis process does
not use solvents or enzymes to depolymerize cellulose. This
reduces the wastes and risk of water pollution. It could also be
easily scaled up facilitating its commercial application. It is an
inexpensive technology and a wide variety of feedstocks can be
used. Moreover, other products formed during cellulose pyrol-
ysis can also have considerable commercial value (such as
furan derivatives).

The main advantage of producing levoglucosan from cell-
ulose is the direct access to other valuable products such as
HMF-platform, levoglucosenone, cyrene and HBO. Fig. 21 pre-
sents the comparison between the main products that could
be obtained from levoglucosan and glucose. As an example,
the absence of the isomerization step to access the furan
derivative platform molecules such as HMF and 2,5-furandicar-
boxylic acid (FDCA) is of high importance. FDCA is a highly
promising building block for the resin and polymer industries
and it is advocated as a green replacement for (fossil-based)
terephthalate. The main issue in the FDCA synthesis is the

Cellulose

OH OH
; ol
3 0 o
o Ho, 0.
o 0 d 07w v
on on
OH a
I’_I'ml_rxy Y}vllﬂ(ltviv
0

oH on

+H,0/-H,0

il Ho,
- > Ho

~~0—
O on

on
o on

Levoglucosan Glucose

Y

HOH,C CH,0H o o

o
Ol
on
H' H on %0 o A

HO HO! 9 OH

H,

Sorbitol

Fructose Gluconic acid

0
[o (\‘ Fa e [ -H,O/H*
1o 0 -
A
o I
OR  OR

Levoglucosenone 0.

Polyethers/Polyesters HO \ °

HMF

Lo} o
o o,
pos A~
‘ o on o
Y
ik

Cyrene Tetrahydrofuran dimethanol Dairy lactone

Fig. 21 Main reaction pathways for
transformations.

levoglucosan and glucose

5876 | Green Chem., 2020, 22, 5859-5880

View Article Online

Green Chemistry

glucose to fructose isomerization step. HMF is usually
obtained from fructose, which must be very pure. However, the
dehydration and then the oxidation processes for obtaining
FDCA are not always very selective and more stable by-products
are formed. In the case of levoglucosan the HMF synthesis
could be easily done in a one-step reaction of LG with dimethyl
sulfoxide (DMSO).

In addition, as discussed above in Section 4, in the LG
molecule the positions 1 and 6 present an acetalic function
and the remaining secondary hydroxyl groups are in the axial
position. Therefore, LG is much less reactive than glucose or
other sugars both to chemical and enzymatic catalysts. This
peculiar feature can be beneficial in the regioselective acyla-
tion of a single secondary OH function that represents a very
challenging task since the presence of three hydroxyls in its
structure allows the formation of monoesters and di-esters at
the positions C2, C3 and C4. This gives access to the specific
building blocks for the synthesis of chiral intermediates and
polymers. Due to the specific rigid structure the pyranose ring
is locked in the 'C4 conformation, which implies several conse-
quences such as easy control of the regiochemical and stereo-
chemical properties of axial hydroxyls, the thermal stability is
considerably increased and the reduced number of OH groups,
as compared to glucose, enhances its solubility in organic
solvents."®

The increase in the life expectancy of the world population
and the finitude of fossil fuels have driven the valorization of
biomass as a means of obtaining energy and products with
high added value, leading to trans disciplinary approaches
where the combination of pre-treatment, pyrolysis, separation,
(bio) catalysis and protein engineering has been an important
tool for the obtaining of LG, which can be directly transformed
into various value-added products, through heterogeneous cat-
alysis, biocatalysis or biotransformation, or be hydrolyzed to
glucose and further applied as a starting material of a range of
other products. In each of these approaches, there are several
obstacles to overcome, such as the combination of steps to
reduce microbial growth inhibitors, the low catalytic efficiency
of the LGK and LGDH enzymes in the recombinant strains,
and even the median selectivity of the applied chemical cata-
lysts from obtaining some compounds derived from LG, such
as LGO and furfural. Although several efforts have been made,
the improvement of methodologies and the construction of
new catalysts are still important for the better valorization of
biomass and the increased yield in LG.
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