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Abstract: Miscanthus represents a key candidate energy crop for use in biomass-to-liquid fuel-conversion processes
and biorefineries to produce a range of liquid fuels and chemicals; it has recently attracted considerable attention.
Its yield, elemental composition, carbohydrate and lignin content and composition are of high importance to be
reviewed for future biofuel production and development. Starting from Miscanthus, various pre-treatment technolo-
gies have recently been developed in the literature to break down the lignin structure, disrupt the crystalline structure
of cellulose, and enhance its enzyme digestibility. These technologies included chemical, physicochemical, and
biological pre-treatments. Due to its significantly lower concentrations of moisture and ash, Miscanthus also repre-
sents a key candidate crop for use in biomass-to-liquid conversion processes to produce a range of liquid fuels and
chemicals by thermochemical conversion. The goal of this paper is to review the current status of the technology for
biofuel production from this crop within a biorefinery context. © 2012 Society of Chemical Industry and John Wiley &
Sons, Ltd
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Introduction important role in the sustainable production of renewable
fuels and chemicals via thermo-chemical conversion.>* The

. genus Miscanthus comprises around 17 species of perennial
energy and concerns about the growing greenhouse

T aking into account the global rise in demand for

gas emissions, lignocellulosic biomass stands out with non-wood rhizomatous tall grasses native to subtropical

great potential for biofuel and biomaterial production based and tropical regions originating from Asia, among them

on the biorefinery philosophy."2 Miscanthus tinctorius, Miscanthus sinensis and Miscanthus
Miscanthus as a key biomass energy crop with relatively sacchrisflorus are of primary interest for biomass produc-

low maintenance and hlgh yield/energy Content’ has an tion.5’6 In Order to broaden the genetic base Of Miscanthus,
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maximize the productivity and adaptive range of the crop,
the sterile hybrid genotype Miscanthus x giganteus from
Miscanthus sacchariflorus and Miscanthus sinensis has
attracted attention and widely used in Europe and recently
in North America for productivity trials.””

Conversion from biomass into biofuel via biological conver-
sion includes three steps: (i) pre-treatment remove hemicel-
lulose and get reactive cellulose, (ii) enzymatic hydrolysis for
fermentable sugars, and (iii) fermentation for production of
ethanol and chemicals.'®"* In order to overcome recalcitrance
of biomass and release bound polysaccharides for fermenta-
tion, we need cost-effective chemical, biological, physical and
thermal pre-treatments such as dilute acid, ammonia fiber
explosion, aqueous lime, organosolv and steam explosion.'*™*#

In addition, coupled to biorefinery technology improve-
ment is the need of desirable energy-related characteristics,
including cellulose, hemicellulose and lignin content, heat-
ing value, ash content, extractives composition and content
and their effect on combustion quality.'*~*> Over the past
decade, reported results of chemical processes used for the
conversion of biomass feedstock are closely related to biomass
chemical component and structure. In-depth compositional
information from a biofuels perspective is required in order to
optimize strategies for the conversion efficiency and applica-
tions. In this review, broad and detailed compositional char-
acteristics with practical biorefinery technologies are sum-
marized for Miscanthus species used for biofuel and chemicals

production.

Yield and compositional characteristics
of Miscanthus

Yield potential of Miscanthus

Miscanthus was first introduced from Japan and cultivated
in Europe in the 1930s. Field trials have been carried out
to investigate the biomass potential of Miscanthus across
the Europe since 1980s. Then the USA also realized its
large-scale production and typical management, such as
Freedom Giant Miscanthus commercialization by REPREVE
Renewables LLC. Harvestable Miscanthus yields (dry mat-
ter) have been estimated to be in the range of 2 to 44 t ha™,
yields of 27 to 44 t ha™ have been reported in Europe and
US Midwestern locations, and 10 to 11 t ha™ of small-scale

trials at spring harvest in Montreal Canada.?*"* However,
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there is very limited data in the literature from other conti-
nents. The mass yield depends on many factors: genotypes,
soil types, nutrients used, crop age, bioclimatic location, and
the weather during the growing season. A large number of
Miscanthus genotypes have been evaluated for their yield
(Table 1). It appears from the data in Table 1 that yield is
greatly influenced by genotype, location and harvest time.
Miscanthus x giganteus has great potential for biomass yield
compared with other genotypes and is non invasive. Higher
yield can be achieved in the southern Europe irrigated area
than northern Europe due to its higher average temperature

and abundant global solar radiation.

Feedstock characteristics for fuel production
Heating values

Heating value as an important parameter in defining the
biomass fuel energy content is used for numerical simula-
tions of thermal systems to evaluate combustion quality.
Biomass heating value is tightly connected with elemental
composition and affected by the variation in cell wall com-
position and ash. Several equations have been determined
to describe Miscanthus thermal behavior, for example the
reported higher heating value for Miscanthus x giganteus
ranges from 17 to 20 MJ.kg™". The proportion of lignin in
biomass can be used as an indicator of the heating value
due to its relatively lower oxygen concentration than
holocellulose. 72335738

Mineral concentration

The major elemental composition based on dry matter in
Miscanthus includes 47.1 to 49.7 % C, 5.38 to 5.92 % H, and
41.4 to 44.6 % O, which reflects the variation of three major
lignocellulosic components to some extent.”"*>?° Mineral
content including K, Cl, N, and S plays an important role in
affecting biomass combustion quality. K and Cl enrichment
can reduce ash melting point and cause corrosion issue.
High concentrations of N and S can result in emissions of
NO, and SO,. The main mineral concentration of different
Miscanthus genotypes grown in Europe is compiled from
literature in Table 2. Mineral content varies significantly
depending on different genotypes, harvest time, locations,
and even fertilization. Delayed spring harvest time benefits
the Miscanthus combustion quality due to relatively lower K,

Cland N elemental level.?*

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb
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Table 1. Miscanthus yields reported for Europe

and North America.

Yield
Harvest Ageof (t ha™)dry
Location Genotype period stand matter
Sweden?* Sin-H Autumn 3 11.0-24.7
Winter 3 11.2-14.7
Sin Autumn 3 9.7-17.3
Winter 8 7.1-10.3
Denmark?* Sac Autumn 3 1.4
Winter 3 0.4
Sin-H Autumn 8] 0.9-18.2
Winter S 0.4-10.9
Sin Autumn S 6.8-15.0
Winter 3 4.9-8.6
England?* Gig Autumn 3 13.8-18.7
Winter 3 9.2-12.7
Sac Autumn g 11.1
Winter 3 6.3
Sin-H Autumn 3 6.5-17.7
Winter S 5.4-12.8
Sin Autumn S 4.6-10.9
Winter 3 3.1-7.3
Germany?* Gig Autumn 3 22.8-29.1
Winter g 17.5-20.7
Sac Autumn 3 12.6
Winter 3 12.7
Sin-H Autumn 3 10.3-20.0
Winter S 5.9-14.3
Sin Autumn 3 9.1-12.8
Winter 8 6.8-11.1
Portugal®* Gig Autumn 3 34.7-37.8
Winter g 19.6-26.4
Sac Autumn S 35.2
Winter 3 22.4
Sin-H Autumn 3 20.3-40.9
Winter 3 12.2-31.9
Sin Autumn 3 16.1-22.4
Winter 8 11.6-17.6
Northwestern Gig 4 14-34
Spain®
Northern Gig September 2 44
Greece®!
Central Gig End of 2-3 26
Greece® growing
season
Western Gig 3 28
Turkey®®
Southern Gig Spring 2-3 30-32
Italy3
USA lllinois®” Gig 2-4 24-44
Canada Gig Spring 1 10-11
Montreal®®

Gig: Miscanthus x giganteus; Sac: Miscanthus sacchariflorus;
Sin-H: Miscanthus sinensis hybrids; Sin: naturally occurring diploid
Miscanthus sinensis

Ash content, volatiles, and char
Ash concentration of Miscanthus can affect combustion

quality especially heating value. Ash consisting of 20 to 40 %

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb
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Si0,, 20 to 25 % K,0, 5 % P,0s, 5 % CaO and 5 % MgO is
closely related to silt and clay content of the soil, its lower
melting point brings about slag and causes agglomeration
during thermal process thereby lowers combustion effi-
ciency.*"*? Higher moisture content in biomass impedes the
ignition, causes transportation problems and produces more
harmful gases.”! A compilation of data on volatiles, char,
ash, and activation energy of different Miscanthus genotypes
and species are given in Table 3. There is significant varia-
tion of activation energy, volatiles, and char content among
different species and genotypes at different harvest periods,
which derives from the variation in cell wall composition

and has some relations with ash concentration in biomass.**

Extractives content

Miscanthus extractives include fatty acids, sterols, and other
aromatic compounds. The exploitation of these low-volume-
high-value chemicals can make an important contribution to
the global valorization of plant biomass. The main structures of
the phenolic compounds and sterols of Miscanthus x giganteus
bark and core include vanillic acid, p-coumaric acid, vanil-

lin, p-hydroxybenzaldehyde, syringaldehyde, campesterol,
stigmasterol, S-sitosterol, stigmast-3,5-dien-7-one, stigmast-4-
en-3-one, stigmast-6-en-3,5-diol, 7-hydrozy-f-sitosterol and

7-ox0-B-siterol. 2

Total extractives content based on dry matter
typically ranges from 0.3 to 2.2 % under different extraction
reagents, the proportion of core and bark extractive under
dichloromethane extracts for Miscanthus x giganteus has been
reported to 0.53% and 0.63%, respectively.”** Parveen et al. also
report the composition of hydroxycinnamates in the stems and
leaves of Miscanthus and more than 20 hydroxycinnamic acids
and their derivatives were described.** The interest for these
phenolic compounds is justified by the potential of plant phe-
nols in the pharmaceutical industry (antioxidant, antimicrobial,
anti-inflammatory, anti-cancer, anti-HIV, cholesterol-lowering

activities and prevention of thrombosis and atherosclerosis).

Saccharides and lignin in Miscanthus

Chemical composition of cellulose, hemicellulose,

and lignin

Cellulose, hemicellulose, and lignin are the three main com-
ponents in Miscanthus lignocellulosic feedstock. Cellulose
(40 to 60 % wt) with its unique structure of repeating §-D-
glucopyranose molecules to form the framework is the main
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Table 2. Mineral concentration of Miscanthus reported for Europe.

Location Genotype Harvest period Mineral concentration (g/kg) dry weight
K Cl N S Ca Mg P
Sweden?* Sin-H Autumn 6.1-12.7 2.9-54 4.0-7.7
Winter 3.7-4.8 1.6-2.8 3.2-5.8
Sin Autumn 6.6-12.3 2.8-6.1 3.3-6.0
Winter 1.2-2.6 0.4-0.9 3.1-4.1
Denmark?* Sac Autumn 8.8 5.9 7.4
Winter 2.9 1.5 3.9
Sin-H Autumn 10.3-15.8 4.0-5.9 5.5-9.7
Winter 2.1-6.7 0.8-1.7 3.9-6.8
Sin Autumn 8.0-12.9 4.4-6.6 4.9-6.5
Winter 1.2-1.8 0.5-0.6 3.6-4.0
England?* Gig Autumn 6.1-10.0 5.2-6.5 3.4-3.9
Winter 5.1-8.8 3.0-4.3 2.4-3.0
Sac Autumn 7.8 6.0 4.6
Winter 3.6 2.3 1.9
Sin-H Autumn 6.8-12.1 3.2-5.6 3.3-6.1
Winter 3.2-10.5 1.4-4.7 3.1-4.4
Sin Autumn 3.6-6.5 2.3-4.5 3.0-3.7
Winter 1.8-2.9 0.8-1.6 2.6-3.2
Germany Gig?* Autumn 9.6-13.2 1.6-1.8 4.1-4.9
Winter 9.8-10.8 0.9-1.0 3.6-4.4
Sac?* Autumn 9.4 1.6 3.5
Winter 7.0 0.8 2.6
Sin-H Autumn 9.4-12.2 1.3-2.3 4.2-6.7
Winter 4.3-6.8 0.6-0.9 3.1-5.0
Sin?* Autumn 5.6-7.9 0.8-1.5 3.1-4.6
Winter 2.5-3.1 0.2-0.4 2.4-3.2
Gig*° Feb/Mar 5.2-12.1 1.9-6.2 0.8-1.9 0.5-1.4 0.2-0.6 0.4-1.1
Gig®' Feb 5.2-9.4 1.0-1.7 1.9-3.9 0.7-1.0 0.9-1.4
Portugal®* Gig Autumn 4.7-7.8 3.7-4.3 4.6-4.8
Winter 3.4-4.4 2.6-3.2 2.0-2.1
Sac Autumn 6.5 4.8 4.8
Winter 2.9 2.6 1.4
Sin-H Autumn 4.5-12.1 2.5-6.4 3.8-6.8
Winter 2.5-4.3 1.0-2.6 2.2-4.0
Sin Autumn 5.7-11.4 2.9-9.8 6.0-7.5
Winter 2.5-4.4 1.0-2.0 4.4-5.6

Table 3. Combustion characteristics of Miscanthus species and genotypes.?®

Harvest Moisture Volatiles Char
Species Genotype  period Ash(%wt PM) (%wt) (%wtPMAR)  (%witPMARY  Eg(kd/mol)
M. x giganteus EMIO1 November 2.7 4.2 73.9 19.3 76.3
February 2.7 4.9 72.6 19.8 76.7
M. sacchariflorus EMIO5 November 2.3 3.8 73.6 20.3 69.3
February 2.2 4.1 73.4 20.4 69.0
M.sinensis (hybrid) EMIO8 November 3.5 4.3 74.8 17.4 65.9
February 2.7 4.5 75.6 17.2 67.7
M.sinensis EMI11 November 3.2 4.2 74.7 17.9 64.6
February 3.0 4.4 74.9 17.7 65.7
M.sinensis EMI15 November 2.4 4.2 78.2 15.1 66.3
February 2.2 4.5 7.7 15.6 70.4

DM = dry matter; DMAF = dry matter ash free basis

resource for most biomaterials and biofuels production. comprises of a three dimensional phenyl propyl-based poly-
Hemicellulose (20 to 40 % wt) is the matrix substance con- mer which provides structure rigidity, integrity, and preven-
sisting of various polysaccharides. Lignin (10 to 30 % wt) tion of swelling of lignocelluloses.

4 © 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb
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The composition of cellulose, hemicellulose and lignin
in Miscanthus plays a crucial role in optimizing strategies
for biochemicals, biopower, and biofuels. Table 4 lists data
on the contents of cellulose, hemicellulose and lignin for
different Miscanthus species and genotypes at two harvest
periods. There are clear differences in cell wall composition
among Miscanthus species and genotypes. Holocellulose
content ranges typically from 76.20 to 82.76 % and lignin
from 9.23 to 12.58 %. Harvesting Miscanthus in February
generally leads to higher cellulose, hemicelluloses and lignin
contents and lower ash content for most Miscanthus species.
In addition, detailed component analysis of Miscanthus sac-

charides is given in Table 5.

Cellulose structure

In terms of the conversion of cellulose to ethanol, the degree

45-51

of polymerization (DP) and crystallinity of cellulose can

N Brosse et al.

be two limiting factors. The number of glucose units that
make up one polymer molecule is referred to as its degree of
polymerization. There is very limited data in the literature
on cellulose DP for Miscanthus. X-ray diffraction and solid-
sate ?C CP/MAS NMR spectroscopy are two of the most
commonly used techniques for determination of cellulose
crystallinity. Yoshida et al.'"® measured the cellulose crystal-
linity for Miscanthus sinensis with different particle sizes by
X-ray diffraction. The X-ray diffraction results show that the
cellulose crystallinity declined as the particle size decreased
(Table 6). It is generally believed that crystalline regions of
celluloses are more difficult to degrade than amorphous
domains due to the strong intermolecular hydrogen bond-
ing. Some studies showed that amorphous cellulose is
hydrolyzed faster than crystalline cellulose, which causes the

increase of crystallin ity as hydrolysis proceeds, while others

Table 4. Main cell wall composition of Miscanthus species and genotypes.?®

Species Genotype Harvest period Cellulose (%) Hemicellulose (%) Lignin (%) H:L Ash (%)
M. x giganteus EMIO1 November 50.34 24.83 12.02 6.3 2.67
February 52.13 25.76 12.58 6.2 2.74
M. sacchariflorus EMIO5 November 49.06 27.41 12.10 6.3 2.29
February 50.18 28.11 12.13 6.5 2.16
M.sinensis(hybrid) EMIO8 November 43.06 33.14 9.27 8.2 3.47
February 45.36 32.99 9.70 8.1 2.71
M.sinensis EMI11 November 43.18 33.98 9.69 8.0 3.19
February 45.52 33.83 10.32 7.7 3.04
M.sinensis EMI15 November 47.59 33.00 9.23 8.8 2.44
February 52.20 30.56 9.34 8.9 2.22

Data reported on a dry matter basis; H: L = holocellulose: lignin ratio

Table 5. Chemical composition of Miscanthus.

Component Percentage (% dry basis)
Miscanthus x giganteu325 (late winter harvest) Miscanthus* (spring harvest)
Ash 0.8 2.0
Extractives Ethanol/Toluene 2.2 4.2
Ethanol 0.3
Hot water 1.6 1.4
Lignin Acid insoluble 20.8 241
Acid soluble 0.9 0.9
Polysaccharides Holocellulose 76.5 62.5
o-cellulose 50.9
[S-cellulose 11.9
y-cellulose 10.6
Monosaccharides Arabinose 1.1 1.8
Xylose 14.9 19.0
Galactose 0.3 0.4
Glucose 38.0 39.5
Uronic acids 1.2 1.8

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb
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Table 6. Cellulose crystallinity of Miscanthus from

X-ray diffraction.

Particle size Cellulose crystallinity (%)
250-355um 54.2
150-250 ym 50.7
63-150 pm 41.9
<63 pm 24.8

reported that cellulose crystallinity remains approximately
constant during the enzymatic hydrolysis process.”** So
the change of crystallinity upon enzymatic hydrolysis and its
overall glucan to glucose conversion remains an unresolved
issue to date. For Miscanthus sinensis, it was found that the
initial rate of cellulose hydrolysis increased with decreasing

crystallinity.'

Hemicellulose structure

Unlike cellulose, hemicelluloses have lower degree of polym-
erization, usually only 50-300, with side groups on the chain
molecule and are essentially amorphous.'! The predomi-
nant hemicellulosic polymer for Miscanthus is arabinoxy-
lans, which contains a chain of 1,4 - linked xylose units.*
Hemicellulose is known to coat the cellulose microfibrils in
the plant cell wall, protect the cellulose from the enzymatic
attack, and the removal of hemicellulose has been reported
to increase the enzymatic hydrolysis of cellulose.'® To evalu-
ate the effect of hemicellulose on the enzymatic hydrolysis

of Miscanthus sinensis, Yoshida et al.'®

attempted removal of
hemicellulose by enzymatic hydrolysis. After the hemicellu-
lase, Multifect xylanase, was added to the reaction solution,
the increased yield of glucose was observed. Results suggest
that hemicellulose covers some of substrate sites suscepti-
ble to cellulase on cellulose in the cell wall of Miscanthus
sinensis. Although hemicellulose can be hydrolyzed by
hemicellulase, a suitable pre-treatment such as dilute acid
pre-treatment can remove the hemicellulose, therefore
eliminates or reduces the need for the use of hemicellulase
enzyme mixtures for biomass degrading. In addition, sugar
components in hemicellulose can take part in the formation
of lignin-carbohydrate complexes (LCCs) by covalent link-
ages between lignin and carbohydrates. Despite significant
analytical efforts directed at characterizing LCCs, they still
remain poorly defined and their biosynthetic pathways need

further investigation.

Review: Miscanthus for biofuels and chemicals

Lignin structure

Lignin distribution, structure, and content are considered as
one of the important factors responsible for recalcitrance of
lignocellulosic to enzymatic degradation. The biosynthesis of
lignin is generally considered to stem from the polymerization
of three types of phenylpropane units as monolignols: conifer,
sinapyl, and p-coumaryl alcohol, which give rise, respectively,
to the so-called guaiacyl (G), syringyl (S), and p-hydroxyphe-
nyl (H) lignin units. The main Miscanthus X giganteus native
lignin inter-unit linkages are shown in Fig. 1. It was found
that Miscanthus X giganteus native lignin is highly acylated at
Cy of the lignin side chain possibly with acetate or p-couma-
rate groups, and showed a predominance of $-O-4 linkages
(up to ~93% of all linkages).”!

It is well known that the nuclear magnetic resonance
(NMR) spectroscopy is one of the most widely used tech-
niques for the structural characterization of lignin.””>° The
combination of quantitative "*C and two-dimensional het-
eronuclear single quantum coherence (2D HSQC) NMR has
been shown to provide comprehensive structural informa-
tion on lignin.®® The most frequently used method to isolate
lignin for NMR analysis is the ball milling wood to a fine
meal, followed by lignin extraction with the aqueous diox-
ane. This milled wood lignin (MWL) is usually considered
as being similar to native lignin. The structure of MWL for
Miscanthus x giganteus has been extensively studied using
several spectroscopic techniques including °C and *'P NMR

spectroscopy.61

Pre-treatment of Miscanthus for the
production of bioethanol and chemicals

Miscanthus is a lignocellulosic feedstock and is natu-

rally recalcitrant to chemical and enzymatic hydrolysis.
Therefore, its effective utilization in a biorefinery approach
requires the development of pre-treatment technologies
which are necessary to separate the main constituents.'!
The pre-treatment is a key step for subsequent enzymatic
hydrolysis and fermentation steps in order to maximize
the production of the desired products. The goals of pre-
treatment are (i) to produce of highly digestible solids with
enhanced sugar yields during enzyme hydrolysis; (ii) to
avoid the degradation of sugars to furans derivatives and

carboxylic acids, which act as fermentation inhibitors; (iii)

6 © 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb
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Figure 1. Main structures identified in Miscanthus x giganteus lignin.

A) -O-4 aryl ether linkages with a free —-OH at the y-carbon; (A1) S-O-4 aryl ether linkages with
acetylated —OH at y-carbon; (A2) 5-O-4 aryl ether linkages with p-coumaroylated -OH at y-carbon;
(A3/A4) p-O-4 aryl ether linkages with o-acylated substructure, which is especially abundant in

the vitro acetylated lignins (R=acetyl or p-coumaroyl); (B) resinol structures; (C) phenylcoumarane
structures; (D) spirodienone structures; (G) guaiacyl unit; (S) syringyl unit; (S1) oxidized syringyl units

with a Ca ketone; (S2) oxidized syringyl units with a Cea carboxyl group.

to recover lignin for conversion into valuable coproducts; to the Kraft paper pulping technology. The major effect of
and (iv) to be cost effective, for future developments at pilot, the alkaline pre-treatment is the removal of lignin from
demonstration and commercial scales. Table 7 depicts the the biomass, thus improving the reactivity of the remain-
reaction conditions of Miscanthus pre-treatments described ing polysaccharides. Alkali pre-treatment processes utilize
in the literature. lower temperatures and pressures compared to other pre-

treatment technologies but the reaction durations are usu-
Alkali pre-treatment ally longer.®? Serrano et al. have demonstrated that in using
Herbaceous crops and agricultural residues are well suited Miscanthus the soda process reveals a stronger fractionation
for alkali pre-treatment processes which are rather similar effect than other pre-treatments technologies.®’

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb 7
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Table 7. Miscanthus pretreatment.

Pretreatment Conditions References
1 step pretreatments Soda 145°C, 30 min, 1.5M NaOH 62,63
AFEX 160°C, 5 min, 2:1 (w/w) ammonia to biomass 68
Wet explosion 170°C, 5 min, 18 bars, O,, H,0, 3
Organosolv Formic acid/acetic acid/water for 3 h at 107°C 73
EtOH-H,0O 170-190°C, 60 min, H,SO,4 0.5-1.2%EtOH- 16
H,0 180°C, 90 min
AcOH, HCI, 60-180 min 71,72
Milox : formic acid-hydrogen peroxide-water 74,75
Ammonia Agueous ammonia (25% w/w) for 6 h at 60°C. 73
Dilute acid 130°C, 15 min, 1-4% H,SO, 66,67
Autohydrolysis Oligo xylanes 86, 129
Fungi 88,89
Photocatalytic TiO2, UV-irradiation 87
2 steps pretreatments  Dilute acid and wet explosion 1. 80-100°C, 3-25 h, 0.5-1.5% H,SO, &
2. 170°C, 5 min, 18 bars, 02, H202
Dilute acid and ethanol organosolv 1. 100°C, 17 h, H,SO, 16
2. 170-180°C, 60 min, H,SO,, 0.5-0.9%
Enzyme and ethanol organosolv 1. Cellulyve® 86
2. 150-170°C, 30-60 min, H,SO,, 0.5-1%
Autohydrolysis and ethanol organosolv. 1. 130-150°C, 1-40 h, H,O 87
2. 170-180°C, 60 min, H,SO4, 0.5-0.9%
lonic liquids [C2mim][OAc], 140°C, 3h 81
[C2mim][OAc], H,0, K3PO,4 70 -140°C for 1- 44 h 80
[C4mim][MeSQ,4], [C4mim][HSO,], 120°C + H,O 84
[C2mim]CI + H,SO, 6-10 h at 343 K 83
[C2mim][OAc] + H,O 82
Variety of hydrophilic ionic liquids 78

Dilute acid and autohydrolysis

Hydrolysis with the dilute sulfuric acid is also one of the pre-
treatment technologies of choice for lignocellulosic ethanol
production starting from agricultural wastes (e.g. switch-
grass,** corn stover®). The main effect is the depolymerization
of hemicellulose sugars, cellulose and lignin being slightly
affected. The effects of dilute sulfuric acid pre-treatment on
Miscanthus as a biofuel source was studied by Guo et al.*** Tt
was demonstrated that the release of sugars during hydrolysis
resulted in an increase in specific surface area and hydro-
phylicity of the pre-treated Miscanthus but did not enhance

its enzymatic digestibility. It was proposed that the increase in
hydrophilicity may enhance enzymatic adsorption onto lignin
and may increase the inhibitive effects of lignin. Serensen et al.
have studied the pre-hydrolysis of Miscanthus by acid presoak-
ing using different sulfuric acid concentrations.” From this
study it was deduced that 0.75% w/w of acid at 100°C for 14 h
corresponded to the best conditions, resulted in the extraction
of the easily hydrolyzable fraction of the hemicelluloses; more
harsh conditions could result in the formation of inhibiting

compounds.

Explosive pre-treatments
The steam explosion treatments require biomass impreg-
nation with steam to reach fiber saturation with a sudden
decompression to atmospheric pressure through forcing
destructuring and defibration of the lignocellulosic tissues.
Specific catalysts can be added to the medium leading to dif-
ferent variant of the process. Wet explosion is a pre-treatment
which combines steam explosion and wet-oxidation in one
process and then includes both the chemical degradation
and physical rupture of the biomass. The effect of wet explo-
sion of Miscanthus was investigated by Serenson et al. using
both atmospheric air and hydrogen peroxide as the oxidizing
agent.” The authors showed that the addition of oxygen dur-
ing wet explosion influences the extent of the disruption and
sugar accessibility toward enzymes. On the other hand, the
use of hydrogen peroxide results in harsh conditions leading
to the decomposition of a part of the sugars.

Ammonia fiber expansion (AFEX) pre-treatment was also
experimented on Miscanthus.%® This process contacts bio-
mass with concentrated ammonia at temperatures of 70-180

°C and pressure ranges between 15 and 70 bars and then the
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pressure is explosively released, effectively disrupting the from 5 to more than 20 wt%.”® The more commonly used
structure of the biomass. AFEX decrystallizes cellulose, par- ionic liquids for this application are based on imidazolium
tially hydrolyzes hemicellulose, and depolymerizes lignin. cations (e.g. 1-butyl, 3- methyl imidazolium chloride ([Bmim]

Cl), and 1-ethyl-3- methylimidazolium acetate ([Emim]
Organosolv ) )

[OAc]). From the IL solution, cellulose can be selectively
Organosolv pulping is the process to extract lignin from o ] ] )
] ) i ) ) precipitated with an anti-solvent such as water. The resulting
ligocellulosic feedstocks with organic solvents or their o ) )
6 material is significantly less crystalline, has a higher surface
aqueous solutions.” It allows a clean fractionation of ligno- ) . ) . ]
area and is very susceptible to enzymatic hydrolysis. This new
cellulosic feedstocks into three major components: a cellu-
pre-treatment technology was recently evaluated through the
lose-rich pulp, an organosolv lignin fraction and mono and ] ) ) ) -

perspective of a virtual operating biorefinery.
oligosaccharides (from hemicelluloses) as syrup. In an orga- ) ) )
Padmanabhan et al. described a systematic study to inves-
nosolv treatment, a mixture water-organic solvent is used as ) = ) . )
N Kine 1 for the hvdrolvsis and the solubilizati tigate the solubility and rate of dissolution for Miscanthus
the cooking liquor for the rolysis and the solubilization
lignin & §1d dy 1 }’]Ih ducti l in several hydrophilic ionic liquids.”® These authors dem-
of lignin fragments so produced. The production of large
8 8 P P 8 onstrated that (i) ILs having high hydrogen bond acceptor
amounts of a high quality lignin is one of the advantages ) ) ) ) N
-0 strength and high polarity can dissolve Miscanthus; (ii) ILs
of the organosolv process.”” The organosolv treatment can i i
that have acetate, chloride and phosphate anions are good
be performed using a large number of solvents and several ) ) ] .
solvents for Miscanthus while other ILs show little solubility;
of them have been recently used for the pre-treatment of ) . )
) 0 o and (iii) that moisture decreases solubility of Miscanthus.
Miscanthus.™ Brosse et al. have evaluated and optimized the ) . ) ) ) o
Table 8 gives the solubility of Miscanthus in various ionic

liquids at 120°C.

Several authors have recently reported the pre-treatment

aqueous-ethanol organosolv treatment for the conversion of
Miscanthus x giganteus in presence of a catalytic amount of
sulphuric acid.'® This process produced a cellulose-rich pul
. P .p . .p B PP of Miscanthus using IL.””~** It was reported that [Emim][Ac]
with a good enzymatic digestibility. The study showed that o o o
shows minimal inhibitory effect compared to IL containing
halide ion (CI, Br").”® After dissolution, the addition of a

basic aqueous solution of phosphate was studied by Shill et

sulfuric acid concentration and temperature were the most
influencing variables. Acetone is a good solvent for lignin

and thus is the most favored ketone used for delignifica- 50 . ]
al.®” The resulting three-phase system has a salt-rich aqueous
tion. The Acetosolv process is generally based on the utili- ) o )
phase, a solid-phase rich in cellulose, and an IL-rich phase
zation of HCl-catalyzed acetic acid media and has proved o o ] )
containing most of the lignin. This process partially sepa-
to be promising process to achieve complete utilization of

rates lignin from the cellulose and significantly enhances

lignocellulosics under mild conditions.”! This treatment was

experimented with and optimized starting from Miscanthus

-ps - - - - - - 78
using a face-centered composite experimental design.”? Table 8. Solubility of Miscanthus in ionic liquids.
Acetic acid / formic acid mixtures were also used without lonic iquid  Solubility (wt%) Time for dissolution (h)

b
any additional acidic catalysts for the pre-treatment of [MMIMJ[Ac] ~5b 8-10
[EMIM][Ac] 4 8-10
Miscanthus giganteus under differing conditions.”® The Milox [BMIM][AC] 4 >12
process, which is based on the action of the in situ generated {Es/l}:]l\[/lc]:[lél] g >;5
peroxyformic acid, is one of the most promising organosolv [EMIM][CI] 4 8-10
methods. It was applied successfully on different biomass EEIIZE)I'\\/IAIIII\\/IA]][[SII]] :25 190
material and recently on Miscanthus.”*” [MMIM][DMP] 2 15
[EMIM][DMP] 4 >15
lonic liquids. (BMIM)[DMP] S >15
g [BMIM][HSO,] 2P >10
Recently, some ionic liquids (ILs) have been shown to be good [EMIM][MeSO,] 15 10-14
solvents for cellulose and lignocelluloses and can completely [EMIMITS] 1 __ >12 :
34 mm particle size, at 130 °C PVery high viscosity of the solution
dissolve cellulose and lignocellulose at concentrations ranging discouraged further measurements.
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the rate of hydrolysis of the precipitated cellulose. Rodriguez
et al. studied the addition of gaseous ammonia or oxygen
for the delignification of Miscanthus dissolved in [C2mim]
[OAc].*" A substantial improvement in delignification yield
was observed (compared to air or nitrogen under identical
conditions). Francisco et al. reported the adsorption of glu-
cose extracted from Miscanthus straw on different types of
zeolite-based adsorbents from an aqueous solution of IL.”
The goal of this study was to establish a possible process for
recovery of glucose and of ionic liquid for recycle in a con-

tinuous process.

Two-stage pre-treatments

During pre-treatment, the harsh conditions previously
described to promote lignin depolymerization also cause
production of degradation products which inhibit down-
stream processing.®® To circumvent these drawbacks,
two-stage pre-treatments are generally considered to be
the best option: a first step is performed to hydrolyze the
hemicelluloses and a second step, where the solid mate-
rial from the first step is pre-treated again with higher
severity conditions. This approach permits to obtain
higher sugar yields than one-step pre-treatment but also
enhanced the dissolution of lignin and has been proposed
in the literature several times using dilute acid,*'® aque-
ous ammonia,”” enzymatic cocktail,*® and autohydroly-
sis.’” It was demonstrated that, during an autohydrolysis
pre-treatment, the lignin homolytical fragmentation was
enhanced with an increase of the temperature and that an
the addition of a catalytic amount of 2-naphthol enhances
the lignin deconstruction.’” A combined process involving
an optimized autohydrolysis step and a low severity etha-
nol organosolv treatment was described for the separation
and recovery of lignin, cellulose and hemicelluloses from

Miscanthus.®”

Other pre-treatments

The effect of the photocatalytic pre-treatment of Miscanthus

with TiO, under UV was recently examined by Yasuda et

al.% Tt was shown that, compared with the other pre-treat-

ments, the photocatalytic pre-treatment shortened the reac-

tion time of the saccharification and fermentation reactions.
Biological treatment using rot fungi is an environmentally

friendly process to remove lignin from a lignocellulosic

Review: Miscanthus for biofuels and chemicals

biomass (white rots) or to deconstruct the polysaccharide
(mainly hemicelluloses) with minor modification of the
lignin (brown rot). This kind of pre-treatment is attractive
because it does not require high energy and/or chemicals. A
high-throughput cultivation of fungi has been proposed for
the identification of efficient and rare rot species of fungi,
potentially useful for the bioconversion of Miscanthus.®
Osono has evaluated 12 litter-decomposing fungi for the del-
ignification of Miscanthus leaf. For some of them the mass
loss of lignin was correlated with the mass loss of the raw

material demonstrating marked ligninolytic activities.*’

Summary of miscanthus pre-treatments

In this paragraph, different kinds of pre-treatment technolo-
gies have been reported for the pre-treatment of Miscanthus
and advantages for each process have been highlighted by
the authors. Nevertheless, some technological factors such
as energy balance, solvent recycling, and corrosion of the
reactors, as well as environmental factors should be carefully
considered for industrial developments. Table 9 highlights
the advantages and disadvantages of the pre-treatment
technologies previously described for Miscanthus.”* The
improvement of existing pre-treatment technologies, the
design of new processes as well as the elaboration of pre-
dictive pre-treatment models will necessitate a greater
fundamental understanding of the chemical structure of
miscanthus and a greater fundamental understanding of the

mechanisms that occur during pre-treatment.

Thermal treatment

Main routes of Miscanthus thermal valorization
Miscanthus, as a low-moisture-content lignocellulosic
biomass, can be valorized by thermochemical routes. The
thermochemical routes with the main final products and
operating conditions are presented in Fig. 2. They are ranked
from left to right as a function of the O, supply to the reac-
tor. From left to right the oxygen supply decreases.

Figure 3 sums-up a simplified picture of the two main
routes for chemicals and fuels production from the thermal
conversion of biomass. The first route is gasification fol-
lowed by Fischer-Tropsch synthesis that needs large scale
plants.”®** Large-scale plants could be not adapted to the

biomass supply chain without energetic densification of
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Table 9. Advantages and disadvantages of different pretreatment methods of miscanthus (adapted from 91).

Pretreatment technology Advantages

Disadvantages

Alkali Efficient removal of lignin High cost of alkaline catalyst
Low inhibitor formation Alteration of lignin structure
Dilute acid High glucose yield High costs of acids and need for recovery
Hydrolysis/recovery of hemicellulose High costs of corrosive resistant equipment
Formation of inhibitors
Autohydrolysis No need for catalyst High energy/water input

Hydrolysis/recovery of hemicellulose

Solid mass left over will need to be dealt with
(cellulose/lignin)

Wet explosion

Cost effective

Sugars degradation

Lignin transformation and hemicellulose solubilization

High costs of corrosive resistant equipment

High yield of glucose and hemicellulose

AFEX High effectiveness for herbaceous material Recycling of ammonia is needed
Cellulose becomes more accessible High cost of ammonia
Causes inactivity between lignin and enzymes Alters lignin structure
Low formation of inhibitors

Organosolv Efficient removal of lignin Recycling of solvent and / or catalyst is needed
High glucose yield High costs of corrosive resistant equipment
Low inhibitor formation High cost of reagents
Lignin recovery

lonic liquid Lignin and hemicellulose hydrolysis Very high solvent costs

Ability to dissolve high loadings of different
biomass types

Need for solvent recovery and recycle

Mild processing conditions (low temperatures)

BIOMASS feedstock
(like miscanthus)

. T=700 - T=200 - T=200 - 400 °C
T>800 °C 1500 °C 1000 °C P,,,=20-200 Bars
o, ~1/30, No O,
Combustion Gasification Pyrolysis Liquefaction
v Y / \ 2
CO, + H,0 Syngas Char Bio-oils
+ ashes
+ Up-grading | Gasification //’ N:efineries
y v A ’
Heat and/or Electricity, liquid biofuels, Biofuels,
electricity Gaseous biofuels (CH,4, H,,), etc. chemicals

Figure 2. Main thermo-chemical routes for miscanthus valorization.?

aT refers to the temperature of the reactor but not of the solid biomass decomposition in the reactors.

biomass by pyrolysis before its long distance transport.”* The purpose readers can refer to many extensive reviews on these

second route is biomass fast pyrolysis or liquefaction fol- topics..””*® We focus on Miscanthus pyrolysis, gasification

lowed by bio-oils up-grading (HDO) in the actual-modified and combustion tests.

refineries. Biomass fast pyrolysis could even be conducted in

5

the energy crops or forests by mobile pyrolysis reactors.’ Pyrolysis of Miscanthus and its polymers

The aim of the next sections is not to give an overview Pyrolysis is the first physical-chemical phenomena that
of pyrolysis, gasification or combustion processes. For this occurred in all thermo-chemical reactors (combustion and
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Char/ co
bio-oil H,
Pyrolysis . FT Fisch. Trop.
—> asification >
Pre-treatment Gasi 'I : process products
|
; co
1 H2
BIOMASS And/or ! Refinery
(like miscanthus) N2 ]
Liquefaction i
(> 50 bar H,) Up-grading | Fyels
|| Liquid-phase or B_IO-
Pre-treatment oil
Co- . —> Chemicals
‘l‘ Fast pyrolysis > Processing
Extracts (chemicals)

1

Crude oil

Figure 3. Simplified scheme of the main routes for fuels and chemicals productions from Miscanthus

thermal conversion.

gasification). The main operating conditions of pyrolysis are
the heating rate profile and the temperature of the reactor.
The heating rate is not constant during biomass pyrolysis
and the temperature of biomass pyrolysis is different than
the reactor temperature.mo

Thermal properties of polymers can be studied by ther-
mogravimetry (TG) with a low imposed heating rate (5-20K
min"). Mass loss of Miscanthus and its 3 main polymers
(cellulose, lignin, xylan) as a function of temperature
obtained by TG experiments was studied.'”! TG analysis
of Miscanthus, Miscanthus organosolv lignin and xylan
were also investigated by other authors.*>'%>71% It is known
that cellulose thermal properties depend on its crystallin-

ity and degree of polymerization'?”!%®

and consequently on
its extraction procedure. Mass loss for Miscanthus occurs
mainly between 250 and 350°C with a maximum mass loss
rate at 330°C (at 5 K min™"). Lignin mass loss starts at about
200°C. The temperatures of maximum mass loss rate for
xylan, cellulose and lignin are 275°C, 342°C, and 380°C,
respectively.

Different species and genotypes of Miscanthus were ana-
lyzed by TG analysis and pyrolysis-gas chromatography-
mass spectrometry (Py-GC-MS) methods to determine the
influence of genotypic variation and harvest time on cell
wall composition and the pyrolysis products.”® Volatiles
and char mass yields range between 73-78% and 15-20%,
respectively for all genotypes. Thirty-nine tar species

were identified by Py-GC-MS. Major tar originated from

p-hydroxyl and guaiacyl lignin subunit were 4 vinyl-phenol
and 4-vinyl-guaiacol respectively for all Miscanthus spe-
cies. Major compounds from holocelluloses pyrolysis were
acetic acid, 3-hydroxypropanal, dihydro-methyl-furanone,
levoglucosenone. Levoglucosan was not found to be the
most abundant tar probably due to catalytic effects of
minerals.'”” Genotypes other than the commercially cul-
tivated Miscanthus x giganteus may have greater potential
for use in bio-refining of fuels and chemicals. The low

holocellulose:lignin (H:L) ratio, low-ash Miscanthus saccha-

riflorus genotype exhibited quality characteristics favourable

to combustion whilst the high H:L ratio of the M. sinensis
EMII5 genotype exhibited characteristics more suitable
for fast-pyrolysis to bio-oil and/or biological conversion by
fermentation to alcohols. M. sinensis EMI15 exhibited char-
acteristics of low lignin and char. Its pyrolysis gives higher
yields in valuable product chemicals currently in use as food

additives, adhesives, and other platform chemicals such as

levoglucosan and 5-hydroxymethyl-2-furaldehyde which can

be further converted to higher value chemicals such as lev-
ulinic and formic acid.''°

Pyrolysis of Miscanthus x giganteus straw or pellets both
in tubular reactor and in rotary kiln were reported."”” At
400-600°C, the fractions obtained from both reactors are:
solid 16-25 (wt.%), liquids (or bio-oils) 25-40, water 15-20,
and gases 15-50. The chars produced by the pyrolysis of

Miscanthus x Giganteus pellets in rotary kiln presented good

calorific values close to 29 k].g™'. Activated carbons with a
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BET surface area as high as 800-900 m*/g were produced
from Miscanthus pellets. Miscanthus chars would have

a good potential either for energy production, for exam-
ple, briquetting, or as adsorbents precursors. Moreover,
Miscanthus bio-char could be used for carbon sequestration
by land application."! It was shown that low-temperature
slow pyrolysis offers an energetically efficient strategy for
bioenergy production, and the land application of biochar
reduces greenhouse emissions to a greater extent than when
the biochar is used to offset fossil fuel emissions.""!

Fast pyrolysis of Miscanthus was investigated in a fluidized
bed reactor for production of bio-oil as a function of temper-
ature (350-550 °C), particle size (0.3-1.3 mm), feed rate and
gas flow rate.!* Pyrolysis temperature was the most influen-
tial parameter upon the yield and properties of bio-oil. The
highest bio-oil yield of 69.2 wt.% was observed at a tempera-
ture of 450 °C. With increasing temperature, the amount
of oxygenates in the bio-oil decreased gradually while that
of water and aromatics increased. The bio-oil yield was not
significantly affected by particle sizes or feed rates. The use
of product gases as a fluidizing medium aided in increasing
bio-oil yield.!*

The cost and experimental results of fast pyrolysis bio-oils
productions have been reviewed recently.""* It should be
possible to produce bio-oil in the UK from energy crops for
a similar cost as distillate fuel oil and that there was little
difference in the processing cost for woodchips and baled
Miscanthus.

Finally, the effect of minerals of Miscanthus and of
catalysts added to Miscanthus during pyrolysis has
been studied. It was shown that a partial removal of
sodium and potassium enhances the devolatilization of
Miscanthus X giganteus at the expense of char formation.*
The influence of phosphorus impregnation on the pyrolysis
behaviour of both Miscanthus x giganteus, and its cell wall
components (cellulose, xylan, and organosolv lignin) was
studied.'’ Levoglucosan is a major component produced
in fast pyrolysis of cellulose. Furfural and levoglucosenone
become more dominant products upon P-impregnation.'”

Mesoporous catalysts were compared in order to obtain
improved bio-oil properties.'™* For Miscanthus the unmodi-
fied AI-MCM-41 was the best performing catalysts. A better
quality bio-oil has been obtained with Miscanthus compared

with spruce wood. Catalysts supports with low acidity and

N Brosse et al.

high hydrodeoxygenation selectivity have still to be looked
for bio-oils hydrotreatment.'>!1¢
No work was found on direct hydro-liquefaction of

Miscanthus.

Gasification of Miscanthus

The steam gasification of Miscanthus x giganteus was carried
out in a fluidized bed with the use of olivine as primary cat-
alyst."'” Miscanthus produces about 1.1 m? kg™ of gas con-
taining more than 40% of H, and 24% of CO. The gas yield
and the H, concentration increase with the temperature,
while the yield of tar, char, CO, CO, and CH, concentrations
in dry gas decrease, with a H,/CO ratio about two.

Experiments of Miscanthus gasification were conducted
with a 100 kW circulating fluidized bed under O,-steam
conditions, with magnesite or olivine as bed material and
kaolin as additive to reduce bed agglomeration. Miscanthus
gasification was compared with two woods and straw sam-
ples."® The alkali elements (mainly Na, K, and ClI) in the ash
of Miscanthus lead to agglomeration of the silica-rich bed
materials (sand or olivine) in fluidized bed.”®!'® Successful
application of kaolin during the gasification of Miscanthus
and Dutch straw was reported.''® The Virnamo gasifier is the
only industrial gasification plant that performed some runs
with agricultural fuels such as Miscanthus."'® Miscanthus
forms higher yield in KCl and HCI than wood'" leading to
higher downstream deposit and heat exchangers corrosion.

The use of magnesite either as an additive or as a bed mate-
rial leads to significant increase in hydrogen volume frac-
tion in the product gas.""® The maximum hydrogen volume
fraction was close to 40% during Miscanthus gasification
with magnesite bed. Gasification of other fuels at similar
conditions gave lower H, volume fractions, which could be
an implication of special (catalytic) properties of Miscanthus
ash. Magnesite has shown excellent results also in terms of
tar reduction and the boosting of H,:CO ratio.

Further tar reduction (srubber, etc.) is still needed down-
stream the gasifier even with a highly active catalyst in the
gasifier to achieve the low tar amount (~ 50 mg of tar per
Nm of syngas) needed for syngas valorization in engine.”®

A life cycle assessment (LCA) was performed for nine sys-
tems for bio-SNG (e.g. gasification followed by syngas up-
grading into CH,); three types of gasification technologies
with three different types of feedstock (forest residues,
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Miscanthus and short rotation forestry).'** Forest residues
using the air steam indirect gasification technology result

in the lowest greenhouse gas emissions (in CO,-eq. 32 kg
MWh™! of heat output) and in 80% reduction of greenhouse
gas emissions when compared to natural gas. When compar-
ing feedstocks in the bio-SNG systems, Miscanthus had the
highest greenhouse gas emissions bio-SNG systems produc-
ing in CO,-eq. 57-75 kg MWh™ of heat output mainly due to

the different cultivation route.

Other utilizations

According the refinery concept, the full recovery of the
feedstock through optimum utilization of all lignocellulosic
components including non-sugar compounds as marketable
products is one of the major goals of optimizing a biomass-
to-biofuel process. Several papers have been published deal-
ing with the utilization of non-sugar compounds extracted

from Miscanthus.

Valorization of Miscanthus organosolv lignin

Organosolv pre-treatment procedures generate a large
amount of lignin with valuable properties, including high
hydrophobicities, low glass transition temperatures, low
polydispersity and high functionalization. These organosolv
lignins could find promising applications in the fields of
biodegradable polymers and adhesives.””!*! The replacement
of phenol by lignin and its derivatives has attracted increas-
ing attentions in research and industry. In the literature,

the utilization of organosolv lignin in phenol-formaldehyde
resins was achieved through various approaches.'** The use
of organosolv lignin as a partial replacement for phenolic
resins was successfully proposed by Nehez. The use of 20%
lignin/80% phenolic resin resulted in competitive advantages
relative to controls prepared with 100% phenolic resin.!*®
Because of the low chemical reactivity of lignin, utilization
of higher lignin content resulted in a decrease in the resin
properties. This low reactivity has been partially overcome
by some pre-treatment methods such as the methylolation
and more recently the glyoxylation of lignin before introduc-
tion to the phenol-formaldehyde synthesis. Thus, adhesive
formulations based on Miscanthus glyoxylated organosolv
lignin and mimosa tannin mixtures (50/50) were prepared

and the rigidity of bonded wood joint in function of tem-
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perature was studied by TMA.'** Environment-friendly,
non-toxic polymeric materials of natural origin constitute as
much as 94% of the total panel binder formulation. The 0.5%
non natural material is composed of glyoxal, a non-toxic and
non-volatile aldehyde.

Lignins as well as other polyphenols are potent free radi-
cal scavengers and organosolv lignins are considered to be a
valuable source of antioxidant phenolic compounds, which
could be recovered as functional food or feed ingredients.
The influence of isolation and fractionation processes on the
antioxidant capacity of the lignin obtained from Miscanthus
using different pre-treatment processes (autohydrolysis, soda
and ethanol organosolv) was studied.'*>'?® It was demon-
strated that the main factors that can determine the antioxi-
dant activity of the Miscanthus lignin are molecular weight
distribution, the content on phenolic hydroxyl groups and

the purity of the lignin fraction.

Recovery of Miscanthus xylo-oligosaccharides

Xylans are the most abundant hemicellulose-type polysac-
charides constituent in Miscanthus and present important
potential applications for food and feed industries, materials,
and pharmaceutical applications. Autohydrolysis Miscanthus
giganteus performed in water at a temperature range of 160-
200°C was described to be an eflicient way for the produc-
tion of xylo-oligosaccharides in solution in water.'*”
Recovery of Miscanthus extracts

The recovery of the extractives fraction could be seen as a
promising source of low-molecular-weight components, such
as sterols and aromatic compounds. Indeed, the search for
new sources of low-volume-high-value chemicals can give

an important contribution to the global valorization of plant
biomass. The behavior of Miscanthus lipophilic extractives
during three acid organosolv pulping processes (Acetosolv,
formic acid fractionation, and Milox) was investigated by
Villaverde et al.” It was demonstrated that nearly 90% of
the lipophilic extractives were removed from the pulps. The
organosolv liquors were found to be rich in vanillin, syrin-
galdehyde, and ferulic, vanillic, and p-coumaric acids. The
Acetosolv fractionation process was found to be the most
efficient for the production of valuable lipophilic compo-
nents as well as in the generation of low-molecular-weight

phenolic components. Sterols constitute an important
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family of hydrophobic extracts of Miscanthus from which
[3-sitosterol, 7-oxo-f-sitosterol, stigmasterol, and campes-
terol were described to be the major components. On the
other hand, sterol derivatives are extensively oxidized and
degraded during the organosolv pre-treatment, excluding
the possibility of using organosolv liquors as a stream to

recover Miscanthus sterols.

Conclusion

Owing to its high carbon dioxide fixation rate, relatively low
mineral content, and its high biomass yield and polysac-
charide contents, Miscanthus has attracted considerable
attention as a possible energy-dedicated crop and has been
described as a candidate for a wide range of applications
within the emerging concept of the biorefinery. Recent stud-
ies carried out at the laboratory scales have highlighted the
potential of Miscanthus for the production of bioethanol
and for thermochemical valorizations. Multidisciplinary
works that compare Miscanthus genotypes, cultivation, pre-
treatment routes followed by bio-chemical, chemical and/

or thermo-chemical are still needed to assess the best route
for Miscanthus valorization. Nevertheless, technological and
environmental factors should be carefully considered for
future industrial developments. In addition, further proc-
ess improvements will necessitate a greater fundamental
understanding of the chemical structure and of the mecha-
nisms that occur during pre-treatment and the pyrolysis

of miscanthus. There is also a need for LCAs of biorefinery
with the comparison between Miscanthus and other biomass

resource (like wood waste).

Acknowledgment

Nicolas Brosse gratefully acknowledge CPER 2007-2013
“Structuration du Pole de Compétitivité Fibres Grand Est”
(Competitiveness Fibre Cluster). This work was also sup-
ported and performed as part of the BioEnergy Science
Center. The BioEnergy Science Center is a US Department of
Energy Bioenergy Research Center supported by the Office
of Biological and Environmental Research in the DOE Office
of Science. Qining Sun is also grateful for the financial sup-
port from Paper Science & Engineering (PSE) Fellowship
program at Institute of Paper Science & Technology (IPST)
at Georgia Tech.

N Brosse et al.

References

1.

10.

1.

12.

13.

14.

15.

17.

Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert
CA et al., The path forward for biofuels and biomaterials. Science
311:484-489 (2006).

. Ragauskas AJ, Nagy M, Kim DH, Eckert CA, Hallett JP and Liotta

CL, From wood to fuels, integrating biofuels and pulp production. Ind
Biotechnol 2:55-65 (2006).

. Serensen A, Teller PJ, Hilstram T and Ahring BK, Hydrolysis of

Miscanthus for bioethanol production using dilute acid presoaking
combined with wet explosion pre-treatment and enzymatic treatment.
Bioresource Technol 99:6602-6607 (2008).

. de Vrije T, de Haas GG, Tan GB, Keijsers ER and Claassen PA, Pre-

treatment of Miscanthus for hydrogen production by Thermotoga elfii. Int
J Hydrogen Energ 27:1381-1390 (2002).

. Deuter M, Breeding approaches to improvement of yield and quality

in Miscanthus grown in Europe, in European Miscanthus Improvement

(FAIR3 CT-96-1392) Final Report, ed by Lewandowski | and Clifton-Brown

JC. Stuttgart, pp. 28-52 (2000)

. Greef JM, Deuter M, Syntaxonomy of Miscanthus x giganteus GREEF et

DEU. Angew Bot 67:87-90 (1993).

Eppel-Hotz A, JodI S, Kuhn W, Marzini K and MYunzer W, Miscanthus:
New cultivations and results of research experiments for improving the
establishment rate, in Biomass for Energy and Industry: Proceedings of
the 10th European Conference, Wirzburg, Germany, 8-11 June 1998 ,
ed by Kopetz H, Weber T, Palz W, Chartier P, Ferrero GL. C.A.R.M.E.N,,
Rimpar, Germany, pp. 780-783 (1998).

. Jorgensen U, Genotypic variation in dry matter accumulation and content

of N, Kand Cl in Miscanthus in Denmark. Biomass Bioenerg 12:155-69
(1997).

. Clifton-Brown JC and Lewandowski |, Frosttoleranz der Rhizome ver-

schiedener Miscanthus Genotypen. Mitteilungen der Gesellschaft fuer
Pflanzenbauwissenschaften 11:225-226 (1998).

Cornu A, Besle JM, Mosoni P and Grent E, Lignin-carbohydrate com-
plexes in forages: Structure and consequences in the ruminal degrada-
tion of cell-wall carbohydrates. Reprod Nutr Dev 24:385-398 (1994).
PuY, Zhang D, Singh PM and Ragauskas AJ, The new forestry biofuels
sector. Biofuels Bioprod Bioref 2:58-73 (2008).

Zhang YH, Ding SY, Mielenz JR, Cui JB, Elander RT, Laser M et al.,
Fractionating recalcitrant lignocellulose at modest reaction conditions.
Biotechnol Bioeng 97:214-223 (2007).

Kumar P, Barrett DM, Delwiche MJ and Stroeve P, Methods for pre-
treatment of lignocellulosic biomass for efficient hydrolysis and biofuel
production. Ind Eng Chem Res 48:3713-3729 (2009).

Teymouri F, Laureano LP, Alizadeh H and Dale B, Optimization of the
ammonia fiber explosion (AFEX) treatment parameters for enzymatic
hydrolysis of corn stover. Bioresource Technol 96:2014-2018 (2005).

Chang VS, Burr B and Holtzapple MT, Lime pre-treatment of switch-
grass. Appl Biochem Biotech Spring 63/65:3-19 (1997).

. Brosse N, Sannigrahi P and Ragauskas AJ, Pre-treatment of

Miscanthus x giganteus using the ethanol organosolv process for
ethanol production. Ind Eng Chem Res 48:8328-8334 (2009).

Lloyd TA and Wyman CE, Combined sugar yields for dilute sulfuric acid
pre-treatment of corn stover followed by enzymatic hydrolysis of the
remaining solids. Bioresource Technol 96:1967-1977 (2005).

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb

15



N Brosse et al.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

16

Yoshida M, Liu Y, Uchida S, Kawarada K, Ukagami Y, Ichinose H et al.,
Effects of cellulose crystallinity, hemicellulose, and lignin on the enzy-
matic hydrolysis of Miscanthus sinensis to monosaccharides. Biosci
Biotech Bioch 72:805-810 (2008).

Michel R, Mischler N, Azambre B, Finqueneisel G, Machnikowski J,
Rutkowski P et al., Miscanthus x giganteus straw and pellets as sustain-
able fuels and raw material for activated carbon. Environ Chem Lett
4:185-189 (2006).

Villaverde JJ, Domingues RM, Freire CS, Silvestre AJ, Neto CP, Ligero
P and Vega A, Miscanthus x giganteus extractives: A source of valuable
phenolic compounds and sterols. J Agr Food Chem 57:3626-3631 (2009).

Lewandowski | and Kicherer A, Combustion quality of biomass: Practical
relevance and experiments to modify the biomass quality of Miscanthus x
giganteus. Eur J Agron 6:163-177 (1997).

Hodgson EM, Fahmi R, Yates N, Barraclough T, Shield I, Allison G et al.,
Miscanthus as a feedstock for fast-pyrolysis: Does agronomic treatment
affect quality? Bioresource Technol 101:6185-6191(2010).

Friedl A, Padouvas E, Rotter H and Varmuza K, Prediction of heating
values of biomass fuel from elemental composition. Anal Chim Acta
544:191-198 (2005).

Lewandowski |, Clifton-Brown JC, Andersson B, Basch G, Christian DG,
Jorgensen U et al., Environment and harvest time affects the combustion
qualities of Miscanthus genotypes. Agron J 95:1274-1280 (2003).
Hodgson EM, Nowakowski DJ, Shield I, Riche A, Bridgwater AV, Clifton-
Brown JC and Donnison IS, Variation in Miscanthus chemical composi-
tion and implications for conversion by pyrolysis and thermo-chemical
bio-refining for fuels and chemicals. Bioresource Technol 102:3411-3418
(2011).

Pyter R, Heaton E, Dohleman F, Voigt T and Long S, Agronomic experi-
ences with Miscanthus x giganteus in lllinois, USA, in Biofuels: Methods
and Protocols (Methods in Molecular Biology), ed by Mielenz JR. Humana
Press, New York, NY, USA, pp. 41-45 (2009).

Pyter R, Voigt T, Heaton E, Dohleman F and Long S. Giant miscanthus:
Biomass crop for lllinois. Issues in New Crops and New Uses, ed by
Janick J and Whipkey A. ASHS Press, Alexandria, VA (2007).

Heaton AE, Dohleman FG and Long SP, Meeting US biofuel goals with
less land: The potential of Miscanthus. Glob Change Biol 14:1-15(2008).
Scurlock JMO, Miscanthus: A review of European experience with a
novel energy crop, ORNL/TM-13732. Oak Ridge National Laboratory, Oak
Ridge, TN, USA, pp. 26 (1998).

Bao Iglesias M, Rodriguez-R JL and Crespo-R |, Lamas J, Miscanthus
sinensis plantations in Galicia, north-west Spain: Results and experience
over the last three years, in Biomass for Energy and the Environment:
Proceedings of the Ninth European Bioenergy Conference, Copenhagen,
Denmark, June 24-27, 1996, ed by Chartier P, Ferrero GL, Henius UM,
Hultberg S, Sachau J and Wiinblad M. Pergamon, New York, NY, USA pp.
608-612 (1996).

Danalatos NG, Dalianis C and Kyritsis S, Growth and biomass pro-
ductivity of Miscanthus sinensis “giganteus” under optimum cultural
management in north-eastern Greece, in Biomass for Energy and the
Environment: Proceedings of the 9th European Bioenergy Conference,
Copenhagen, Denmark, June 24-27, 1996, ed by Chartier P, Ferrero GL,
Henius UM, Hultberg S, Sachau J and Wiinblad M. Pergamon, New York,
NY, USA pp. 548-553 (1996).

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

Review: Miscanthus for biofuels and chemicals

Christou M, Papavassiliou D, Alexopoulou E and Chatziathanassiou A,
Comparative studies of two potential energy crops in Greece, in Biomass
for Energy and the Environment: Proceedings of the 10th European
Bioenergy Conference, Wirzburg,Germany, 8-11 June 1998, ed by
Kopetz H, Weber T, Palz W, Chartier P and Ferrero GL. C.A.R.M.E.N.,
Rimpar, Germany, pp. 935-938 (1998).
Acaroglu M and Aksoy AS, Third year growing results of C4 energy plant
Miscanthus sinensis in producing energy from biomass, in Biomass
for Energy and the Environment: Proceedings of the 10th European
Bioenergy Conference, Wirzburg, Germany, June 8-11. Ed by Kopetz
H, Weber T, Palz W, Chartier P and Ferrero GL. C.A.R.M.E.N., Rimpar,
Germany, pp. 758-759 (1998).
Foti S, Cosentino SL, Patane C and Guarnaccia P, Growth and yield of
C4 species for biomass production in the Mediterranean environment,
in Biomass for Energy and the Environment: Proceedings of the 9th
European Bioenergy Conference, Copenhagen, Denmark, June 24-27, ed
Chartier P, Ferrero GL, Henius UM, Hultberg S, Sachau J and Wiinblad M.
Pergamon, New York, NY, USA, pp. 616-621 (1996).
Collura S, Azambre B and Weber JV, Thermal behaviour of Miscanthus
grasses, an alternative biological fuel. Env Chem Lett 3:95-99 (2005).
Collura S, Azambre B, Finqueneisel G, Zimny T and Weber JV,
Miscanthus x Giganteus straw and pellets as sustainable fuels:
Combustion and emission tests. Environ Chem Lett 4:75-78 (2006).
Demirbas A, Calculation of higher heating values of biomass fuels. Fuel
76:431-434 (1997).
Demirbas A, Potential applications of renewable energy sources, bio-
mass combustion problems in boiler power systems and combustion
related environmental issues. Prog Energ Combust 31:171-192 (2005).
Lygin AV, Upton J, Dohleman FG, Jack Juvik J, Zabotina OA, Widholm
JM and Lozovaya VV, Composition of cell wall phenolics and polysac-
charides of potential bioenergy crop — Miscanthus. GCB Bioenergy
3:333-345 (2011).
Beuch S, Zum Einu /i des Anbaus und der Biomassestruktur von
Miscanthus x giganteus (GREEF et DEU.) auf den Néhrstoffhaushalt und
die organische Bodensubstanz. Shaker, Aachen, Germany, pp.163 (1998).
Moilanen A, Nieminen M, Sipila K and Kurkela E, Ash behavior in thermal
uidized-bed conversion processes of woody and herbaceous biomass,
in Biomass for Energy and the Environment: Proceedings of the 9th
European Bioenergy Conference, Copenhagen, Denmark, June 24-27, ed
by Chartier P, Ferrero GL, Henius UM, Hultberg S, Sachau J and Wiinblad
M. Pergamon, New York, NY, USA pp. 1227-1232 (1996).
Acaroglu M and Aksoy AS, Third year growing results of C4 energy plant
Miscanthus sinensis in producing energy from biomass, in Biomass
for Energy and the Environment: Proceedings of the 10th European
Bioenergy Conference, Wurzburg, Germany, 8-11 June 1998, ed by
Kopetz H, Weber T, Palz W, Chartier P and Ferrero GL. C.A.R.M.E.N.,
Rimpar, Germany, pp. 1700-1703 (1998).
Villaverde JJ, Ligero P and Vega A, Miscanthus x giganteus as a source
of biobased products through organosolv fractionation: A Mini Review.
Open Agr J 4:102-110 (2010).
Parveen |, Threadgill MD, Hauck B, Donnison | and Winters A, Isolation,
identification and quantitation of hydroxycinnamic acid conjugates,
potential platform chemicals, in the leaves and stems of Miscanthus
giganteus using LC-ESI-MS". Phytochemistry 72:2376-2384 (2011).

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb



Review: Miscanthus for biofuels and chemicals

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Antoinette CO, Cellulose: The structure slowly unravels. Cellulose 4:173-
207 (1997).

Sugiyama J, Persson J and Chanzy H, Combined infrared and elec-

tron diffraction study of the polymorphism of native celluloses.
Macromolecules 24:2461-2466 (1991).

Larsson PT, Wickholm K and Iversen T, A CP/MAS 13C NMR inves-
tigationof molecular ordering in celluloses. Carbohyd Res 302:19-25
(1997).

Larsson PT, Hult EL, Wickholm K, Pettersson E and Iversen T, CP/
MAS13C-NMR spectroscopy applied to structure and interaction studies
on cellulose |. Solid State Nucl Magn 15:31-40 (1999).

Pu'Y, Ziemer C and Ragauskas AJ, CP/MAS 13C NMR analysis

of cellulose treated bleached softwood kraft pulp. Carbohyd Res
341:591-597(2006).

De Souza Lima M and Borsali R, Rod-like cellulose microcrystals:
Structure, properties and applications. Macromol Rapid Comm 25:771-
787 (2004).

Atalla RH and VanderHart DL, Native cellulose: A composite of two dis-
tinct crystalline forms. Science 223:283-285 (1984).

Sannigrahi P, Miller SJ and Ragauskas AJ, Effects of organosolv pre-
treatment and enzymatic hydrolysis on cellulose structure and crystallin-
ity in Loblolly pine. Carbohyd Res 345:965-970 (2010).

Fan LT, Lee Y-H and Beardmore DR, Mechanism of the enzymatic
hydrolysis of cellulose: Effects of major structural features of cellulose on
enzymatic hydrolysis. Biotechnol Bioeng 22:177-199 (1980).

Hall M, Bansal P, Lee JH, Realff MJ and Bommarius AS, Cellulose
crystallinity — a key predictor of the enzymatic hydrolysis rate. FEBS J
227:1571-1582 (2010).

Ralph J, Lundquist K, Brunow G, Lu F, Kim H, Schatz PF et al., Lignins:
Natural polymers from oxidative coupling of 4-hydroxyphenyl-propa-
noids. Phytochem Rev 3:29-60 (2004).

Villaverde JJ, Li J, Ek M, Ligero P and Vega AD, Native lignin structure
of Miscanthus x giganteus and its changes during acetic and formic acid
fractionation J Agr Food Chem 57:6262-6270 (2009).

Martinez AT, Rencoret J, Marques G, Gutierrez A, Ibarra D, Jimenez-
Barbero J and del Rio JC, Monolignol acylation and lignin structure in
some nonwoody plants: A 2D-NMR study. Phytochemistry 69:2831-2843
(2008).

Holtman KH, ChangHM, Jameel H and Kaddla JF, Quantitative '*C NMR
characterization of milled wood lignins isolated by different milling tech-
niques. J Wood Chem Technol 26:21-34 (2006).

Zhang LM and Gellerstedt G, Quantitative 2D HSQC NMR determination
of polymer structures by selecting suitable internal standard references.
Magn Reson Chem 45:37-45 (2007).

Capanema EA, Balakshin MY and Kadla JF, A comprehensive approach
for quantitative lignin characterization by NMR spectroscopy. J Agr Food
Chem 52:1850-1860 (2004).

El Hage R, Brosse N, Chrusciel L, Sanchez C, Sannigrahi P and
Ragauskas AJ, Characterization of milled wood lignin and ethanol orga-
nosolv lignin from Miscanthus. Polymer Degrad Stabil 94:1632-1638
(2009).

Han M, Choi GW, Kim Y and Koo BC. Bioethanol production by
Miscanthus as a lignocellulosic biomass: Focus on high efficiency con-
version to glucose and ethanol. BioRes 6(2):1939-1953 (2011).

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

N Brosse et al.

Serrano L, Eglies |, Gonzalez Alriols M, Llano-Ponte R and Labidi J,
Miscanthus sinensis fractionation by different reagents. Chem Eng J
156:49-55 (2010)

Li C, Knierim B, Manisseri C, Arora R, Scheller HV, Auer M et al.,
Comparison of dilute acid and ionic liquid pre-treatment of switchgrass:
biomass recalcitrance, delignification and enzymatic saccharification.
Bioresource Technol 101:4900-4906 (2010).

Xu J, Thomsen MH and Thomsen AB, Pre-treatment on corn stover

with low concentration of formic acid. J Microbiol Biotechn 19:845-850
(2009).

Guo G, Chen W, Chen W, Men L and Hwang W, Characterization of dilute
acid pre-treatment of silvergrass for ethanol production. Bioresource
Technol 99:6046-6053 (2008).

Guo G, Hsu D, Chen W, Chen W and Hwang W, Characterization

of enzymatic saccharification for acid-pre-treated lignocellulosic
materials with different lignin composition. Enzyme Microb Tech
45:80-87 (2009).

Murnen HK, Balan V, Chundawat SPS, Bals B, da Costa Sousa L and
Dale BE. Optimization of ammonia fiber expansion (AFEX) pre-treatment
and enzamatic hydrolysis of Miscanthus x giganteus to fermebtable sug-
ars. Biotechnol Progr 23:846-850 (2007).

Zhao X, Cheng K and Liu D, Organosolv pre-treatment of lignocellulosic
biomass for enzymatic hydrolysis. App! Microbiol Biotechn 82:815-827
(2009).

Brosse N, Mohamad lbrahim MN and Abdul Rahim A, Biomass

to bioethanol: Initiatives of the future for lignin. ISRN Mater Sci
Doi:10.5402/2011/461482 (2011).

Ligero P, Vega A and Bao M, Acetosolv delignification of Miscanthus
sinensis bark. Influence of process variables. Ind Crops Prod 21:235-240
(2005).

Villaverde JJ, Ligero P and de Vega A, Bleaching Miscanthus x giganteus
acetosolv pulps with hydrogen peroxide/acetic acid. Part 1: Behaviour in
aqueous alkaline media. BioresourceTechnol 100:4731-4735 (2009).
Vanderghem C, Richel A, Jacquet N, Blecker C and Paquot M, Impact of
formic/acetic acid and ammonia pre-treatments on chemical structure
and physico-chemical properties of Miscanthus x giganteus lignins.
Polymer Degrad Stabil 96:1761-1770 (2011).

Ligero P, Vega A and Villaverde JJ. Delignification of Miscanthus x
Giganteus by the milox process. Bioresource Technol 101:3188-3193
(2010).

Villaverde JJ, Li J, Ligero P, Ek M and de Vega A, Mild peroxyformic acid
fractionation of Miscanthus x giganteus bark. Behaviour and structural
characterization of lignin. Ind Crops Prod 35:261- 268 (2012).

Tadesse H and Luque R, Advances on biomass pre-treatment using ionic
liquids: An overview. Energ Environ Sci 4:3913-3929 (2011).

Klein Marcuschamer D, Simmons BA and Blanch HW, Techno economic
analysis of a lignocellulosic ethanol biorefinery with ionic liquid pre treat-
ment. Biofuels Bioprod Bioref DOI: 10.1002/bbb.303 (2011).
Padmanabhan S, Kim M, Blanch HW and Prausnitz JM, Solubility and
rate of dissolution for Miscanthus in hydrophilic ionic liquids. Fluid Phase
Equilibr 309:89- 96 (2011).

Francisco M, Mlinar AN, Yoo B, Bell AT and Prausnitz JM, Recovery of
glucose from an aqueous ionic liquid by adsorption onto a Zeolite based
solid. Chem Eng J 172:184-190 (2011).

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb

17



N Brosse et al.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

18

Shill K, Padmanabhan S, Xin Q, Prausnitz JM, Clark DS and Blanch HW,
lonic Liquid Pre-treatment of cellulosic biomass: Enzymatic hydrolysis
and ionic liquid recycle. Biotechnol Bioeng 108:511-520 (2011).
Rodriguez H, Padmanabhan S, Poon G and Prausnitz JM, Addition of
ammonia and/or oxygen to an ionic liquid for delignification of miscant-
hus. Bioresource Technol 102:7946-7952 (2011).

Binder JB and Raines RT, Fermentable sugars by chemical hydrolysis of
biomass. PNAS 107:4516-4521 (2010).

Dee S and Bell AT, Effects of reaction conditions on the acid-catalyzed
hydrolysis of miscanthus dissolved in an ionic liquid. Green Chem
13:1467-1475 (2011).

Brandt A, Ray MJ, To TQ, Leak DJ, Murphy RJ and Welton T, lonic liquid
pre-treatment of lignocellulosic biomass with ionic liquid-water Mixtures.
Green Chem 13:2489-2499 (2011).

Thomsen MH, Thygesen A and Thomsen AB, Identification and charac-
terization of fermentation inhibitors formed during hydrothermal treat-
ment and following SSF of wheat straw. App/ Microbiol Biot 83:447-455
(2009).

Obama P, Ricochon G, Muniglia L and Brosse N, Combination enzy-
matic hydrolysis and ethanol organosolv pre-treatments : effect on lignin
structures, delignification yields and cellulose-to-glucose conversion.
Bioresource Technol 112:156-163 (2012).

El Hage R, Chrusciel L, Desharnais L and Brosse N, Effect of autohy-
drolysis of Miscanthus x giganteus on lignin structure and organosolv
delignification. Bioresource Technol 101:9321-9329 (2010).

Yasuda M, Miura A, Yuki R, Nakamura Y, Shiragami T, Ishii Y and Yokoi H,
The effect of TiO2-photocatalytic pre-treatment on the biological produc-
tion of ethanol from lignocelluloses. J Photoch Photobio A 220:195-199
(2011).

Shrestha P, Szaro TM, Bruns TD and Taylor JW, Systematic search for
cultivatable fungi that best deconstruct cell walls of Miscanthus and sug-
arcane in the field. App! Env Microbiol 77:5490-5504 (2011).

Osono T, Decomposition of grass leaves by ligninolytic litter-decompos-
ing fungi grassland. Science 56:31-36 (2010).

Brodeur G, Yau E, Badal K, Collier J, Ramachandran KB, and
Ramakrishnan S, Chemical and physicochemical pre-treatment of
lignocellulosic biomass: A review. SAGE-Hindawi Access to Research,
Enzyme Research Doi:10.4061/2011/787532 (2011).

Larson ED, Jin H and Celik FE, Large-scale gasification-based coproduc-
tion of fuels and electricity from switchgrass. Biofuels Bioprod Bioref
3:174-194 (2009).

Ng KS and Sadhukhan J, Techno-economic performance analysis of
bio-oil based Fischer-Tropsch and CHP synthesis platform. Biomass
Bioenerg 35:3218-3234 (2011).

Raffelt K, Henrich E, Koegel A, Stahl R, Steinhardt J and Weirich F, The
BTL2 process of biomass utilization entrained-flow gasification of pyro-
lyzed biomass slurries. Appl Biochem Biotech 129:153-164 (2006).
Badger PC and Fransham P, Use of mobile fast pyrolysis plants to densify
biomass and reduce biomass handling costs - A preliminary assessment.
Biomass Bioenerg 30:321-325 (2006).

Hasler P and Nussbaumer T, Gas cleaning for IC engine applications from
fixed bed biomass gasification. Biomass Bioenerg 16:385-395 (1999).
Bridgwater AV, Renewable fuels and chemicals by thermal processing of
biomass. Chem Eng J 91:87-102 (2003).

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Review: Miscanthus for biofuels and chemicals

Siedlecki M, de Jong W and Verkooijen AHM, Fluidized bed gasification
as a mature and reliable technology for the production of bio-syngas
and applied in the production of liquid transportation fuels-a review.
Energies 4:389-434 (2011).

Nussbaumer T, Combustion and co-combustion of biomass: funda-
mentals, technologies, and primary measures for emission reduction.
Energy Fuels 17:1510-1521 (2003).

Villermaux J, Antoine B, Lede J and Soulignac F, A new model for ther-
mal volatilization of solid particles undergoing fast pyrolysis. Chem Eng
Sci 41:151-157 (1986).

Dufour A, Castro-Diaz M, Brosse N, Bouroukba M and Snape CE, Origin
of molecular mobility during biomass pyrolysis as revealed by in situ 'H
NMR analysis. ChemSusChem, in press, (2012).

Szabé P, Varhegyi G, Till F and Faix O, Thermogravimetric/mass spec-
trometric characterization of two energy crops, Arundo donax and
Miscanthus sinensis. J Anal Appl Pyrol 36:179-190 (1996).

De Jong W, Pirone A and Wéjtowicz MA, Pyrolysis of Miscanthus
Giganteus and wood pellets: TG-FTIR analysis and reaction kinetics.
Fuel 82:1139-1147 (2003).

Dorge S, Jeguirim M and Trouve G, Thermal degradation of Miscanthus
pellets: Kinetics and aerosols characterization. Waste Biomass Valoriz
2:149-155 (2011).

Jakab E, Faix O, Till F and Székely TJ, Thermogravimetry mass-spec-
trometry study of 6 lignins within the scope of an international round
robin test. J Anal Appl Pyrol 35:167-179 (1995).

Muller-Hagedorn M, Bockhorn H, Krebs L and Muller U, A comparative
kinetic study on the pyrolysis of three different wood species. J Anal
Appl Pyrol 68:231-249 (2003).

Broido AC, Javier-Son AC and Ouano EM Barrall, Molecular weight
decrease in the early pyrolysis of crystalline and amorphous cellulose. J
App! Polym Sci 17:3627-3635 (1973)

Kim UJ, Eom SH and Wada M,Thermal decomposition of native cellulose:
Influence on crystallite size. Polym Degrad Stabil 95:778-781 (2010).
Nowakowski DJ, Woodbridge CR and Jones JM, Phosphorus catalysis
in the pyrolysis behaviour of biomass. J Anal Appl Pyrol 83:197-204
(2008).

Girisuta B, Janssen LPBM and Heeres HJ, Green chemicals. A kinetic
study on the conversion of glucose to levulinic acid. Chem Eng Res Des
84:339-349 (2006).

111.Gaunt L and Lehmann J, Energy balance and emissions associated with

112.

113.

114.

115.

biochar sequestration and pyrolysis bioenergy production. Env Sci
Technol 42:4152-4158 (2008).

Heo HS, Park HJ, Yim JH, Sohn JM, Park J, Kim SS et al., Influence

of operation variables on fast pyrolysis of Miscanthus sinensis var.
Purpurascens. Bioresource Technol 101:3672-3677 (2010).

Rogers JG and Brammer JG, Estimation of the production cost of fast pyrol-
ysis bio-oil, Biomass Bioenerg DOI: 10.1016/j.biombioe.2011.10.028 (2011).
Adam J, Antonakou E, Lappas A, Stocker M, Nilsen MH, Bouzga A et al.,
In situ catalytic upgrading of biomass derived fast pyrolysis vapours in
a fixed bed reactor using mesoporous materials. Micropor Mesopor Mat
96:93-101 (2006).

Mortensen PM, Grunwaldt JD, Jensen PA, Knudsen KG and Jensen

AD, A review of catalytic upgrading of bio-oil to engine fuels. Appl Catal
A-Gen 407:1-19 (2011).

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb



Review: Miscanthus for biofuels and chemicals

116.

117.

118.

119.

120.

121.

122.

1283.

124.

125.

126.

127.

Olcese RN, Bettahar M, Petitjean D, Malaman B, Giovanella F and
Dufour A, Gas-phase hydrodeoxygenation of guaiacol over Fe/SiO,
catalyst. Appl Catal B-Environ 1156/116:63-73 (2012).

Michel R, Rapagna S, Burg P, di Celso GM, Courson C, Zimny T and
Gruber R, Steam gasification of Miscanthus x Giganteus with olivine as
catalyst production of syngas and analysis of tars (IR, NMR and GC/
MS). Biomass Bioenerg 35:2650-2658 (2011).

Siedlecki M and de Jong W, Biomass gasification as the first hot step in
clean syngas production process - gas quality optimization and primary
tar reduction measures in a 100 kW thermal input steam-oxygen blown
CFB gasifier. Biomass Bioenerg 35(1):S40-S62 (2011).

Porbatzki D, Stemmler M and Muller M, Release of inorganic trace ele-
ments during gasification of wood, straw, and miscanthus. Biomass
Bioenerg 35(1):S79-S86 (2011).

Pucker J, Zwart R and Jungmeier G, Greenhouse gas and energy analy-
sis of substitute natural gas from biomass for space heat. Biomass
Bioenerg 38:95-101 (2012).

Brosse N, Organosolv Lignins: Extraction, characterization and uti-
lization for the conception of environmentally friendly materials, in
Lignin: Properties and Applications, ed by Paterson RJ, Nova Science
Publishers Inc., New York, NY, USA (2011).

Pizzi A, Recent developments in eco-efficient bio-based adhesives for
wood bonding: Opportunities and issues. J Adhes Sci Technol 20:829-
846 (2006).

Nehez NJ, Lignin-based friction material. Canadian Patent 2,242,554
(1997).

El Hage R, Brosse N, Navarrete P and Pizzi A, Extraction, characteriza-
tion and utilization of organosolv miscanthus lignin for the conception
of environmentally friendly mixed tannin/lignin wood resins. J Adhes Sci
Technol 25:1549-1560 (2011).

Garcia A, Toledano A, Andres MA and Labidi J, Study of the antioxidant
capacity of Miscanthus sinensis lignins. Process Biochem. 45:935-940
(2010).

El Hage R, Perrin D and Brosse N, Effect of the pre-treatment sever-

ity on the antioxidant properties of ethanol organosolv Miscanthus x
Giganteus lignin. Nature Resour in press (2012).

Ligero P, van der Kolk C, de Vega A and van Dam JRG, Production of
xylo-oligosaccharides from Miscanthus x giganteus by autohydrolysis.
BioRes 6(4):4417-4429 (2011).

Nicolas Brosse

Nicolas Brosse is Professor in Lorraine Uni-
versity (France) and is a research group leader
in LERMAB (laboratory dedicated to wood
material). He is an organic chemist with expe-
rience in multiple areas of organic synthesis,
characterization of organic compounds and
solid phase synthesis. His current interests

include ligniocellulosics pretreatment, polyphenolics characteriza-
tions and utilizations. His recent focus is Miscanthus characteriza-
tion and pretreatment.

N Brosse et al.

Anthony Dufour

Anthony Dufour is a research scientist at
CNRS (National Research Center, France)
working on biomass pyrolysis and gasifica-
tion. He is a doctor in chemical engineering.
His work mainly deals with the mechanisms
of biomass pyrolysis, char oxidation and tar
cracking reactions.

Qining Sun

Qining Sun is a Graduate Research Assistant
in the School of Chemistry and Biochem-
istry at Georgia Institute of Technology. His
research is focused on the development of
novel nano-composite film based on hemicel-
luloses and nano-cellulose whiskers.

Xianzhi Meng

Xianzhi Meng is a PhD candidate in the
school of Chemistry and Biochemistry at
Georgia Institute of Technology. His research
is focused on fundamentally understand-
ing the biochemical conversion of lignocel-
lulosic biomass to sugars, specifically the
factors affect biomass recalcitrance and the
structural transformations that occur to the plant cell wall during
pre-treatment.

Arthur Ragauskas

Arthur Ragauskas held the first Fulbright
Chair in Alternative Energy and is a Fellow of
the International Academy of Wood Science
and TAPPI. His research program at Georgia
Institute of Technology is seeking to under-
stand and exploit innovative sustainable
bioresources. This multifaceted program is
targeted to develop new and improved applications for nature’s
premiere renewable biopolymers for biomaterials, biofuels,
biopower, and bio-based chemicals. He is GA Tech’s team leader
for Biological Energy Science Center (BESC) research efforts and
project leader for an industrial consortium program directed at
recovering and utilizing wood-based hemicelluloses.

© 2012 Society of Chemical Industry and John Wiley & Sons, Ltd | Biofuels, Bioprod. Bioref. (2012); DOI: 10.1002/bbb

19



