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Résumé — Relation entre la structure et la réactivité en conversion hydrothermale des macro-
molécules de lignocellulosique — Ce travail porte sur I’étude des voies réactionnelles
accompagnant la liquéfaction thermochimique du bois et de ses constituants lignocellulosiques
lors d’un traitement hydrothermal. Pour ce faire, une approche analytique multi-technique
originale combinant des méthodes chromatographiques et spectroscopiques complémentaires a
¢té développée afin de caractériser les structures et les masses moléculaires des produits. Les
résultats obtenus montrent que la fraction holocellulosique et la fraction ligneuse de la
biomasse ont des réactivités trés différentes. Bien que les deux matériaux réagissent selon des
schémas réactionnels complexes faisant intervenir de nombreuses voies de fragmentation et de
condensation compétitives, la fraction holocellulosique réagit par une premiére étape de
fragmentation suivie de la condensation des fragments générés alors que la lignine réagit
principalement par dépolymérisation partielle. Au cours de la liquéfaction de la biomasse
lignocellulosique, les composés provenant de la transformation des fractions holocellulosique
et ligneuse se trouvent en contact les uns avec les autres dans le milieu hydrothermal et
réagissent ensemble pour former des produits de condensation.

Abstract — Correspondence Between Structure and Reactivity During Hydrothermal Conversion of
Lignocellulosic Macromolecules — In this study, reaction pathway of a woody biomass under hydro-
thermal conditions is investigated in order to further understand reactions that occur during the ther-
mochemical liquefaction of a lignocellulosic biomass. A multitechnique analytical approach
combining chromatographic and spectroscopic techniques has been developed in order to character-
ize both chemical structure and molecular weight of the products. From our experiments, we can
assume that the holocellulosic and the ligneous fractions of biomass have different reactivity under
hydrothermal condition. Although hydrothermal conversion of holocellulose and lignin occur both
according to a complex pathway composed of competitive fragmentation and condensation reactions,
holocellulose reacts first by total fragmentation to low molecular weight compounds followed by the
condensation of the fragment to heavy molecular weight compounds, whereas lignin reacts essentially
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by partial depolymerisation. Since compounds produced from both the holocellulosic and the ligneous
fraction are together in the reaction medium then they condense each other during the conversion of

lignocellulosic material.

INTRODUCTION

Lignocellulosic biomass is considered as an interesting
resources to produce chemicals and biofuels since it could
reduce the emission of fossil CO, and decrease the depen-
dence towards petroleum resources [1]. Direct thermo-
chemical liquefaction seems a promising way to convert
lignocellulosic biomass, the most studied thermochemical
liquefaction process being flash pyrolysis which produces
bio-oils. However, bio-oils have poor fuel properties
compared to conventional fuel oils (i.e. chemical instabil-
ity, high oxygen and moisture contents, low heating
value) [2]. Alternative thermochemical processes using
catalysts are under development to improve selectivity
towards interesting molecules. However, reactions that
occur during thermochemical liquefaction of lignocellu-
losic materials need to be further understood in order to
enhance selectivity towards interesting molecules.

The aim of this study is to investigate reactions which
occur during a thermochemical treatment of a lignocel-
lulosic biomass. To reach this goal, we have developed
an original experimental approach which consists of
using of water near its critical point (i.e. 374°C and
22.1 MPa) as a reaction medium and the development
of a multitechnique analytical approach to identify and
quantify products as much as possible.

Water has singular physico-chemical properties near
its critical point [3, 4]. Its dielectric constant drops from
80 in ambient conditions to about 20 in the critical region,
which is close to the one of acetone and methanol. The
low dielectric constant, combined with a density value
(=~ 0.6) close to a liquid one, provides to the medium a sol-
vent power which enables solubilisation of organic com-
pounds. Consequently, conversion of lignocellulosic
compounds in hot and compressed water near the critical
region, also called hydrothermal conversion, occurs in a
medium where organic products could be solubilised. In
addition, the ionization constant of liquid water just
below the critical point is about 10~ !, providing much
more hydroxide and hydronium ions for acid-base cata-
lyzed reactions compared to ambient conditions. Conse-
quently, ionic reactions which occur during biomass
conversion raise whereas radical reactions are limited.
These singular properties of the hydrothermal medium
lead to limit the formation of tar and coke compare with
the flash pyrolysis treatment. Therefore, the hydrother-
mal conversion has been used to favour the investigation
of biomass transformation reaction pathways.

Lignocellulosic biomass is a complex polymeric mate-
rial composed of almost 75 wt% of polysaccharidic mac-
romolecules called holocellulose and of around 25 wt% of
lignin, all these macromolecules being linked together by
covalent bondings [5]. Holocellulose is roughly consti-
tuted of two thirds of cellulose which is a semicrystalline
polymer of glucose and a third of hemicelluloses which
are amorphous macromolecules composed of hexoses
and pentoses. Despite extensive investigations, the com-
plex structure of lignin is not completely understood
yet, however it is known that the bulk of lignin in biomass
consists of oxygen and carbon bridges between alkylated
phenol rings [6]. Due to the complex chemical composi-
tion of lignocellulosic biomass, its hydrothermal conver-
sion produces a complex mixture of products. The high
polydispersity of these products in terms of oxygenated
chemical functions and molecular weights makes their
characterization awkward [7-14]. The approach that can
be carried out to simplify the reaction pathway investiga-
tion consists in studying transformation of compounds
representative of lignocellulosic constituents (i.e. saccha-
ridic and phenolic compounds) [15-24]. Nevertheless,
hydrothermal conversion of lignocellulosic model com-
pounds, even from simple compounds such as glucose
or catechol, generates also complex mixtures of products
whose complete characterization is an analytical chal-
lenge.

In our previous studies focused on hydrothermal con-
version of glucose and lignin [25, 26], we have developed
an original multitechnique analytical approach based on
chromatographic and spectroscopic techniques. This
analytical approach represents a real input for the com-
prehension of reactions which occur during hydrother-
mal conversion since it provides key information about
the composition of products in terms of chemical struc-
tures and molecular weight. In the present work, we have
applied this analytical approach to get further under-
standing of hydrothermal transformation of a woody
biomass.

1 EXPERIMENTAL SECTION

Three starting materials were used in this study: a fir
wood, the CF1 cellulose purchased from Whatman and
the Protobind 1000 lignin provided by Granit.
Experiments were carried out in a 500 mL stirred
reactor described in our previous study [25] (Fig. I).



J. Barbier et al. | Correspondence Between Structure and Reactivity During Hydrothermal Conversion 743
of Lignocellulosic Macromolecules

o N ?/ njctor
5 2]
:?/—‘ g T @ @E%ﬁj

Syringe pump T

Sample cell

A

~ Autoclave

Electric resistance heater
Air cooling =»

Figure 1

Scheme of the reactor used for hydrothermal conversions.

Experiments were performed in batch mode with a
heating time of 20 min from ambient temperature to
370°C and then a time of 10 min at a temperature of
370°C and a pressure of 25 MPa before using an air
stream which was used to decrease the reactor tempera-
ture below 100°C in 10 minutes (i.e. a reaction time of
about 40 min). Experiments were carried out using a
2 wt% aqueous solution containing the starting material
into the reactor with a 1 500 rpm stirring.

Conversion led to the production of three fractions: a
Gas phase (G), a Water Soluble fraction (WS) and a
Water Insoluble fraction (WI). Figure 2 presents the
fractionation procedure. The amount of gaseous prod-
ucts was quantified at ambient conditions and the gas
phase was collected for analysis. The WI and WS frac-
tions were separated by filtration at atmospheric pres-
sure using a 0.7 um porosity fiberglass filter. WI
products were dried 12 hours at 105°C. WI products
were characterized in solid state and then they were dis-
solved in methanol. After filtration at atmospheric pres-
sure using a 0.7 pm porosity fiberglass filter, a Methanol
Soluble (WI-MS) fraction and a Methanol Insoluble
(WI-MI) fraction were recovered. Therefore, the WI-
MS compounds were characterized in solution.

Gaseous products were analyzed by a Gas Chromato-
graph (GC) equipped with a Thermal Conductivity
Detector (TCD) and a Flame Ionization Detector
(FID). The carbon content of the WS fraction was
determined by the measurement of Total Organic Car-
bon (TOC) according to the normalized method NF
EN 1484. The carbon content in the WI fraction was
determined by combustion according to the ASTM
D5291 method. The molecular weight distribution of
solubilised products was measured using a Size Exclu-
sion Chromatograph (SEC) equipped with a UV
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T
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| G products

[ Liquefaction products ]
Filtration
|

1
WS products Drying
WI products

Solubilization in MeOH
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Figure 2

Products fractionation procedure (G: Gas; WS: Water Sol-
uble; WI: Water Insoluble; MS: Methanol Soluble; MI:
Methanol Insoluble).

detector at 270 nm using tetrahydrofuran as a mobile
phase and columns with 5-10° nm gel pores. Polystyrene
standards were used to calibrate SEC elution time. Solu-
bilised products that can be characterized by GC were
analyzed by GC-MS and GC-FID with a polar column
and a split injection. Analytes were identified using a
quadrupole mass spectrometer operated with 70 eV Elec-
tronic Impact (EI) ionization mode and by comparing
experimental mass spectra with the ones from the
National Institute of Standards and Technology (NIST)
library data. Retention times of the main analytes were
confirmed by injection of standards purchased from
Sigma-Aldrich. Identified analytes were quantified using
a FID. Methanol was added to the aqueous samples
before the analysis in order to prevent the breakdown
of the FID due to a large amount of water in the samples.
2 mL of WS fraction was mixed with 1 mL of methanol.
An analyte was quantitatively considered when the peak
area was higher than 0.004% of the total peaks area.
An average response factor for each chemical family
(i.e. carboxylic acids, linear hydroxycarbonyls, cyclic
hydroxycarbonyls, furans and substituted benzenes)
was determined and quantification was calculated using
internal normalization. Solid state NMR analysis of WI
products were done with a Bruker Avance 400 MHz
equipped with a CPMAS probe of 4 mm. A Hahn echo
was used with 0.015 ms of contact time, 12 MHz of
rotation rate, 30 s of relaxation time and 38 MHz of
radio frequency field.
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TABLE 1
Carbon balances of hydrothermal conversion of lignocellulosic materials at 370°C and 25 MPa with a batch reaction time of 40 min

Starting material Gas carbon yield (wt%)

WS carbon yield (wt%)

WI carbon yield (wt%) Total carbon yield (wt%)

Wood 541 37 £5 41 £ 6 83 + 12
Cellulose 6+ 1 47 £ 7 31 £ 4 84 + 12
Lignin 2+1 26 + 4 51 £ 7 79 + 12

2 RESULTS AND DISCUSSION

2.1 Distribution of Products

Table 1 shows carbon balances resulting from the wood,
cellulose and lignin hydrothermal conversions. The car-
bon balance is defined as the ratio of carbon content
quantified in the recovered fractions (Gas, WS fraction
and WI fraction) and the initial carbon content mea-
sured in the starting materials.

Since the total carbon balance was around 80 wt% for
each lignocellulosic material, we can see that the initial
carbon contained in the feedstock was mainly recovered
in the product fractions, the 20 wt% carbon content of
starting materials not recovered in products was possibly
attributed to the loss of WI matter in the walls of the
reactor.

Carbon matter was mainly distributed in condensed
products present in WS and WI fractions. WI-MS frac-
tion corresponds to WI products that are soluble in
methanol. WI-MS fraction represents 43 wt% of the
WI fraction for the conversion of wood. WI-MS fraction
represents 51 wt% and 43 wt% of the WI products for
the conversion of cellulose and lignin respectively.
Therefore, WI-MS fractions correspond to about
18 wt%, 16 wt% and 22 wt% of the recovered carbon
which was initially contained in wood, cellulose and
lignin respectively.

Figure 3 shows the SEC-UV chromatogram of the WS
and the WI-MS fractions resulting from the hydrother-
mal conversion of wood. Elution times in SEC are inver-
sely proportional to the molecular size of eluted
compounds. It clearly appears that WI-MS products
are higher molecular weights than WS products. Cali-
bration with Polystyrene Standards (PS) allows to esti-
mate the molecular weights from the SEC elution
times. The heaviest compounds in the WS fraction exhib-
ited about 200-500 Da molecular weights (expressed in
PS equivalents) whereas the molecular weights of WI-
MS products were up to about 1 500-4 000 Da. Com-
pounds with similar molecular weight (equal to about
100-500 Da) were detected in the both fractions. Thus,

WS Products

™

WI-MS Products

N

25 27 29 31 33 35
4000 1500 500 200 100

Elution time (min)
PS calibration (Da)

Figure 3

SEC-UV chromatogram of the WS and WI-MS fractions
from the hydrothermal conversion of wood at 370°C and
25 MPa with a batch reaction time of 40 min (PS: Polysty-
rene Standard).

the role of the product distribution into both fractions
seems to depend on the molecular weights: the smallest
compounds being mainly solubilised in WS fraction
whereas the WI fraction being essentially composed with
the heaviest products.

2.2 Gaseous Products Characterization

Figure 4 shows the weight yield of gaseous products
resulting from hydrothermal conversion of wood, cellu-
lose and lignin. For each experiment, the main gaseous
product was CO, which corresponds to about 5 wt%
of the starting material weight. CO was also produced
in significant amounts but only for cellulose and wood
conversions (around 1.5 wt%). Some other gaseous
products as H,, CH4 and volatile hydrocarbons were
detected in few amounts. The main significant difference
observed in gaseous products compositions between
wood, cellulose and lignin conversion is the amount of
produced CO. The gaseous product yields are consistent
with other studies performed in similar condi-
tions [10, 27].
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2.3 Water Soluble Products Characterization

In order to obtain structural and quantitative character-
ization of the WS fraction, a GC method has been devel-
oped to identify and quantify oxygenated compounds.
Figure 5 shows the GC chromatogram of WS products
from the hydrothermal conversion of wood. More
than 250 peaks can be observed showing the large

8

7
R ® HC
£ 5 0 CH,
Z 4 W H
e 3 % CO
~ 2 B CO,

1

0 T

Cellulose Lignin
Figure 4

Gaseous products yield (wt%) from hydrothermal conver-
sion of wood, cellulose and lignin at 370°C and 25 MPa
with a batch reaction time of 40 min (HC: Hydrocarbons).

uV (x1,000)

polydispersity of oxygenated compounds resulting from
the hydrothermal conversion of wood. The main peaks
have been identified by GC-MS and quantified by GC-
FID (Tab. 2). Compounds analyzed in the WS fraction
mainly belong to five chemical families: carboxylic acids,
linear and cyclic hydroxycarbonyls, furans and substi-
tuted benzenes. The comparison of compounds which
were produced from the conversion of cellulose and lig-
nin allows to identify the origin of products during the
conversion of wood. Hydroxycarbonyls and furans
come principally from the holocellulosic fraction, meth-
oxyled benzenes come principally from the ligneous frac-
tion while carboxylic acids, hydroxyled and alkyled
benzenes are produced from both fractions.

Carboxylic acids and linear hydroxycarbonyls were
compounds having a lower number of carbon atoms
than cyclic hydroxycarbonyls, furans and substituted
benzenes (Fig. 6). Carboxylic acids had essentially 2
and 3 carbon atoms and linear hydroxycarbonyls had
mainly 3 or 4 carbon atoms while cyclic hydroxycarbo-
nyls had essentially 5 or 6 carbon atoms such as furans
and substituted benzenes had more carbon atoms than 6.
Therefore, products which have more than 5 carbon
atoms have essentially cyclic structures.

Results from GC analysis of the main compounds
present in WS fraction of wood degradation products

4.0
Carboxylic acids and linear hydroxycarbonyls

AN
30l ([ IR

2.5

3.5

Cyclic hydroxycarbonyls and furans

A

\
2.0 Substituted benzenes
5] - /R
1.0
0.5 1
b
0.0 -~ w
25 50 75 100 125 min
Figure 5

GC-FID chromatogram of the WS fraction from the hydrothermal conversion of wood at 370°C and 25 MPa with a batch reaction time

of 40 min.
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TABLE 2

Weight yield (wt%) of main GC analytes in WS fraction from the hydrothermal conversion of wood, cellulose and lignin at 370°C and 25 MPa with

a batch reaction time of 40 min

Name Structure Cellulose Lignin Wood
Carboxylic acids 7.8 £ 0.8 3.7 £04 20.8 + 2.1
Acetic acid OH 0.5 £ 0.1 24 +£02 1.8 £ 0.2
0]
Acrylic acid i 0.2 % 0.1 0.2 % 0.1 1.6 + 0.1
)—OH
o)
Glycolic acid HO 46 + 0.5 0.9 + 0.1 10.6 + 0.9
_>:O
HO
Lactic acid OH 1.0 £ 0.1 0.1 £ 0.1 54 + 0.5
#o
HO
Levulinic acid /O 1.3 £ 0.1 n.q. 1.0 £ 0.1
S
o)
Linear hydroxycarbonyls 33+£03 1.6 £ 0.2 35+ 04
Acetone //O 1.4 £0.2 0.8 £ 0.1 1.8 £0.3
Hydroxypropanone /0 0.1 = 0.1 n.q. 0.1 £ 0.1
HO
Butanedione ‘/i)i 0.5 £ 0.1 n.q. 0.4 £ 0.1
o)
Butanone ‘/<: 0.5+ 05 n.q. 0.3 +£0.1
2,3-Pentanedione 0.2 + 0.1 n.q. 0.2 + 0.1
a
(0]
Cyclic hydroxycarbonyls 1.7 £ 0.2 0.2 £ 0.1 1.2 £ 0.1
2-Cyclopentenone |C|) 0.6 + 0.1 0.1 + 0.1 0.6 + 0.1
Methyl-2- ] 0.5+ 0.1 n.q. 0.2 £ 0.1
cyclopentenone //
B3

(continued)
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TABLE 2 (continued)

Name Structure Cellulose Lignin Wood
Dimethyl-2- 0\ 0.2 + 0.1 n.q. 0.1+ 0.1
cyclopentenone .
NX
Methyl-1,2- o 0.1 + 0.1 n.q. 0.1 + 0.1
cyclopentanedione |
_—0
7
Furans 32+ 0.3 0.3 £ 0.1 2.0 £ 0.2
Furfural o 24 £ 03 0.3 £ 0.1 1.0 £ 0.1
L)
5-Methylfurfural o) 0.4 + 0.1 n.q. 02+ 0.1
\@/\o
S-hydroxymethylfurfural 0\ 0.1 £ 0.1 n.q. 0.3 £ 0.1
o
\ // OH
Substituted benzenes 33+£03 7.0 £ 0.7 23 +£0.2
Phenol OH 0.1 £ 0.1 0.8 £ 0.1 0.1 £ 0.1
Cresols OH 0.1 £ 0.1 0.1 £ 0.1 0.1 = 0.1
X
=
Methoxyphenols OH n.q. 1.6 £ 0.2 04 + 0.1
X
| —o
PZE
Methylmethoxyphenols OH n.q. 0.3 £ 0.1 0.1 £ 0.1
Dimethoxyphenols OH n.q. 1.1 £ 0.1 0.1 £ 0.1
‘ \70/
X
o]
/
Benzenediols OH 0.2 £ 0.1 0.6 £ 0.1 03+ 0.1
X
| —ron
=

(continued)
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TABLE 2 (continued)

Name Structure Cellulose Lignin Wood
Methylbenzendiols OH 0.4 £ 0.1 0.1 £ 0.1 0.1 £0.1
| X
OH
Benzentriols OH 1.6 £ 0.2 0.2 + 0.1 0.2 + 0.1
‘ 2 OH
X
OH
Biphenols — — 0.2 £ 0.1 0.1 £ 0.1 0.1 = 0.1
X/ \_om
n.q.: not quantifiable.
3.0
| ]
- L
25 -
)
£ 201 mEm = = . .
Substituted benzenes 8
Furans 5’ n
Cyclic hydroxycarbonyls T 1.5 - X u- n n e
C1 g2 ca Linear hydroxycarbonyls o <%
C4 c5°cg c Carboxylic acids T >§*x><
C8 o9 C10- o Xy "X
C15 € 1.0% XX K %
s XX 5
b= >Es< ‘x X
Figure 6 e
o 0.5
Carbon number distributions of the GC analytes character-
ized in the WS fraction obtained from the hydrothermal
conversion of wood at 370°C and 25 MPa with a batch
reaction time of 40 min. 0 0 075 1f0 115 20
Atomic ratio O/C (mol/mol)
Figure 7

can be represented with a van Krevelen diagram (Fig. 7).
Carboxylic acids had the highest O/C atomic ratio (i.e.
values included between 0.5-1.5) whereas every other
products had lower oxygen contents than wood
(i.e. values inferior than 0.7). Concerning the H/C
atomic ratio, carboxylic acids and linear hydroxycarbo-
nyls which were the lightest products had essentially
higher H/C ratio than wood (i.e. value superior than
1.6) whereas cyclic hydroxycarbonyls, furans and substi-
tuted benzenes which were the heaviest products had
lower H/C ratio than wood (i.e. values inferior than
1.6). Since a low H/C ratio corresponds to a high unsat-
uration degree, we can assume that products tend
towards to loss oxygen and to have unsaturated struc-
ture when their number of carbon increases.

Van Krevelen diagram of the GC analyte chemical families
in the WS fraction obtained from the hydrothermal conver-
sion of wood at 370°C and 25 MPa with a batch reaction
time of 40 min (@ wood; carboxylic acids; W linear
hydroxycarbonyls; A cyclic hydroxycarbonyls; — furans;
x substituted benzenes).

In order to estimate the proportion of the total carbon
content which was identified by GC in the WS fraction
obtained from hydrothermal conversion of wood, we
have compared the carbon content measured by TOC
analysis with the carbon content quantified by our GC
method (Fig. 8). About 80 wt% of the Total Organic
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Figure 8

Carbon content in GC analytes compared with the carbon
content measured by TOC in the WS fraction from the
hydrothermal conversion of wood at 370°C and 25 MPa
with a batch reaction time of 40 min.
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Figure 10

Echo/MAS 'C NMR spectra of wood and WI products
from the hydrothermal conversion of wood at 370°C and
25 MPa with a batch reaction time of 40 min.
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Figure 9

Van Krevelen diagram of the elementary composition of
wood, cellulose, lignin and their WI products (® wood,
M cellulose, A lignin; in grey: starting material; in black:
WI products).

Carbon content in WS fraction was identified. Carbox-
ylic acids, linear hydroxycarbonyls, cyclic hydroxycar-
bonyls, furans and substituted benzenes represented
respectively about 45 wt%, 13 wt%, 5 wt%, 7 wt%
and 9 wt% of the WS organic carbon content. Besides,
we have shown in our previous study [25] that some
hydrothermal products from glucose and lignin cannot
be eluted using our gas chromatographic method since
they have poorer volatilities. Therefore, although GC
technique is limited to detect the whole of products
and more particularly it is limited to detect heaviest
products, we assume that our GC method enables to
identify and quantify the majority of WS compounds
produced from hydrothermal conversion of wood.

2.4 WI Products Characterization

The van Krevelen diagram in Figure 9 shows that wood
has H/C and O/C ratios about equal to 1.6 and 0.7
respectively. Cellulose is the most oxygenated and satu-
rated constituent of wood (H/C and O/C ratios equal to
1.8 and 0.9 respectively) while lignin is the most unsatu-
rated (H/C and O/C ratios equal to 1.2 and 0.35 respec-
tively). Concerning WI products obtained from
hydrothermal conversion of wood, cellulose and lignin,
their H/C and O/C ratios were equal to 0.8 and 0.2 respec-
tively and they had almost the same global elementary
compositions independently of the starting material.
Therefore, WI products were unsaturated species with
lower oxygen contents when compared to the initial lig-
nocellulosic materials. It should be noticed that the ele-
mentary composition area of WI products in the van
Krevelen diagram is similar than the one of polycyclic
aromatic compounds detected in WS fraction by GC.
The '*C NMR spectra of the wood and of its WI prod-
ucts (Fig. 10) provide information about evolution of
saturated and unsaturated chemical function during
hydrothermal conversion. The NMR spectra are com-
posed of an area of saturated carbon atoms
at 0-110 ppm and of an area of unsaturated carbon
atoms at 110-225 ppm. Peaks located between 0 and
45 ppm correspond to C-H groups, peaks located
between 45 and 110 ppm can be attributed to
C-O groups (mainly methoxy groups of holocellulose
and lignin), peaks located between 110 and 160 ppm cor-
respond to C = C groups, peaks located between 160 and
190 and between 190 and 210 ppm can be attributed to
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Scheme of the lignocellulosic biomass hydrothermal conversion reaction pathway. LFP: Low Fragmented Products. HCP: Heavy Con-

densed Products.

respectively O—C=0 and H-C=0 groups of holocel-
lulose [28]. The NMR spectrum of wood shown a more
intense signal for the C—O bounds than the O—C=0
and the C=C bounds which had similar intensities than
the C—C bounds. The intensity of these signals was mod-
ified in WI fractions. In particular, signals which corre-
sponded to oxygen atoms linked to saturated and
unsaturated carbons significantly disappeared while the
relative intensities of C=C signals had become signifi-
cant. Therefore, these results emphasize the result of
Figure 9 that bounds between oxygen and carbon in
wood are broken during hydrothermal conversion so
WI products are significantly more unsaturated species
than the ones that are present in the initial wood.

2.5 Reaction Pathway

As already mentioned, we have previously investigated
the hydrothermal conversion pathway of glucose and
lignin [25]. From these previous studies and from
the analytical results obtained in this work, a reaction
pathway for the hydrothermal conversion of a woody
biomass has been elaborated (Fig. 11).

The holocellulosic part of biomass is hydrolyzed and
fragmented to low molecular weight products which
are detectable using our GC methods (R1 in Fig. 11).

Sasaki et al. [23] showed that above 350°C, cellulose
is hydrolyzed to glucose and oligosaccharides with a
higher reaction rate than glucose decomposition. Fur-
thermore Jacobsen and Wyman [29] showed that
hydrothermal conversion of hemicellulose involves a
similar hydrolytic reaction pathway than for cellulose
with a higher reactivity due to the amorphous hemicel-
lulose structures. Studies on the hydrothermal conver-
sion of pentose and hexose monosaccharides show that
they exhibit both similar reactivities [15-17]. They are
simultancously dehydrated to form substituted aro-
matic compounds such as furan and benzentriol and
also fragmented by retro-aldol splitting to mainly oxy-
genated aliphatic compounds such as hydroxycarbo-
nyls and carboxylic acids.

In our previous study [26], we demonstrated that the
reactivity of ligneous part of biomass implies essentially
the cleavage of only their ether links whereas their car-
bon-carbon bonds are relatively unreactive. Therefore,
depolymerisation of lignin is incomplete and produces
low molecular weight substituted aromatics such as
methoxyphenols (R2 in Fig. /7) and also some heavy
aromatic oligomers (R3 in Fig. 11).

However, heavy aromatic oligomers are not produced
only from depolymerisation of lignin but also from con-
densation reactions. Among low fragmented products,
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oxygenated aliphatics and substituted aromatics are pro-
duced in significant amounts from both holocellulose and
lignin. These compounds are reactive under hydrother-
mal conditions and they are mixed together in the
reaction medium. Therefore, they react each over and
produce condensed compounds (R4 in Fig. 11). Our
results are consistent with data from literature. Indeed,
Nolen et al. in 2003 [30] showed that carbonyls can be
condensed by aldol addition followed by dehydration to
form conjugated enones. Besides, Catallo et al. in 2010
[31] showed during the hydrothermal conversion of
glucose that conjugated enones are also condensed by
concerted Diels-Alder addition to produce cyclic unsatu-
rated cyclic products such as cyclopentenones and
substituted benzenes. Therefore, hydroxycarbonyls can
condense each over under hydrothermal conditions by
inter and intra molecular aldol condensations to linear
and cyclic conjugated enones respectively, which can also
condense by concerted Diels-Alder addition.

Moreover, we showed also in our previous study [26]
that, during hydrothermal conversion of lignocellulosic
compounds, condensations occur also by alkylation
reactions of aromatic rings with electrophilic com-
pounds such as hydroxyled compounds (R4 in Fig. 11).
Siskin et al. in 1990 [32] investigated the aryl alkylation
mechanisms in hot and pressurized solvent such as
water, decalin or nonane. They showed that several com-
petitive mechanisms are involved such as electrophilic
substitutions, elimination/addition and free radical
recombinations. Therefore, the complex mixture of low
fragmented products is a reactive system which favours
condensation reactions and contributes to the formation
of heavy compounds. These heavy condensed products
are strongly cyclic and unsaturated, weakly oxygenated
and then mainly hydro-insoluble.

We showed in our previous study that during hydro-
thermal conversion of lignin during a reaction time
between 5 and 40 minutes, the yields of heavy hydroinsol-
uble products decreased during the time [26]. Therefore,
heavy polymeric compounds are partly depolymerised
under hydrothermal conditions (RS in Fig. /7). Concern-
ing the formation of gaseous products, CO, and CO can
be produced from decarbonylation and decarboxylation
reactions of oxygenated fragments (R6 in Fig. 11).

The established reaction pathway for holocellulose
and lignin hydrothermal conversion demonstrates that
specific molecule family could be reached from chosen
starting material, holocellulose, lignin or wood. So, main
reactions accurate kinetic determination is needed to
ascertain the interest of lignocellulose fractionation
before the hydrothermal treatment. Finally this knowl-
edge would orientate the choice of cellulosic material

or lignocellulic one’s and the need of fractionation in
function of selectivity on desired product. This point will
be treated in a following study.

CONCLUSION

In this study, batch hydrothermal conversions of
a woody biomass and its representative polymeric
components (cellulose and lignin) are investigated
thanks to an analytical approach involving complemen-
tary chromatographic and spectroscopic techniques. We
have shown that the conversion of the whole lignocellu-
losic compounds occurs by a complex pathway com-
posed of competitive fragmentation and condensation
reactions with both hetero- and homolytic mechanisms.
The holocellulosic and the ligneous fractions of biomass
are different reactivity under hydrothermal condition.
Holocellulose reacts by total fragmentation to low
molecular weight compounds followed by the condensa-
tion of the fragment to heavy molecular weight com-
pounds whereas lignin reacts essentially by partial
depolymerisation. Since compounds produced from
both the holocellulosic and the ligneous fractions are
together in the reaction medium then they condense each
other during the conversion of lignocellulosic material.
The established reaction pathway for holocellulose and
lignin hydrothermal conversion demonstrates that spe-
cific molecule family could be reached from chosen start-
ing material, holocellulose, lignin or wood.

ACKNOWLEDGMENTS

The project was financially supported by the Enerbio
Fund of the Tuck Foundation and by IFP Energies
nouvelles. Acknowledgements to IFP Energies nouvelles
GC, LC, NMR and MS laboratory teams for their tech-
nical support.

REFERENCES

1 Huber G.W., Iborra S., Corma A. (2006) Synthesis of
Transportation Fuels from Biomass: Chemistry, Catalysts,
and Engineering, Chem. Rev. 106, 9, 4044-4098.

2 Czernik S., Bridgwater A. V. (2004) Overview of Applica-
tions of Biomass Fast Pyrolysis Oil, Energy Fuels 18, 2,
590-598.

3 Beslin P., Cansell F., Rey S. (1998) Thermodynamic aspects
of supercritical fluids processing: applications to polymers
ans wastes treatment, Oil Gas Science and Technology —
Rev. IFP 53, 1, 71-98.

4 Akiya N., Savage P.E. (2002) Roles of Water for Chemical
Reactions in High-Temperature Water, Chem. Rev. 102, §,
2725-2750.



752

5

10

11

12

13

14

15

16

17

18

19

20

Himmel M.E. (2008) Biomass Recalcitrance - Deconstruct-
ing the plant cell wall for bioenergy, Blackwell Publishing
Ltd, Oxford, UK.

Lin S.Y., Dence C.W. (1992) Methods in Lignin Chemistry,
Springer Verlag, Berlin.

Bobleter O. (1994) Hydrothermal degradation of polymers
derived from plants, Prog. Polymer Sci. 19, 5, 797-841.

Faix O., Meier D., Beinhoff O. (1989) Analysis of lignocel-
luloses and lignins from Arundo donax L. and Miscanthus
sinensis Anderss., and hydroliquefaction of Miscanthus,
Biomass 18, 2, 109-126.

Karagoz S., Bhaskar T., Muto A., Sakata Y., Oshiki T.,
Kishimoto T. (2005) Low-temperature catalytic hydrother-
mal treatment of wood biomass: analysis of liquid prod-
ucts, Chem. Eng. J. 108, 1-2, 127-137.

Kruse A., Gawlik A. (2003) Biomass Conversion in Water
at 330-410 C and 30-50 MPa. Identification of Key Com-
pounds for Indicating Different Chemical Reaction Path-
ways, Ind. Eng. Chem. Res. 42, 2, 267-279.

Loppinet-Serani A., Aymonier C., Cansell F. (2008) Cur-
rent and foreseable applications of supercritical water for
energy and the environment, ChemSusChem 1, 6, 486-503.

Saka S., Konishi R. (2001) Chemical conversion of biomass
resources to useful chemicals and fuels by supercritical water
treatment, in Progress in Thermochemical Biomass Conver-
sion, Bridgwater A.V. (ed), Blackwell Science Ltd, London.

Loppinet-Serani A., Aymonier C., Cansell F. (2010) Super-
critical water for environmental technologies, J. Chem.
Technol. Biotechnol. 85, 5, 583-589.

Toor S.S., Rosendahl L., Rudolf A. (2011) Hydrothermal
liquefaction of biomass: A review of subcritical water tech-
nologies, Energy 36, 5, 2328-2342.

Aida T.M., Sato Y., Watanabe M., Tajima K., Nonaka T.,
Hattori H., Arai K. (2007) Dehydration of d-glucose in
high temperature water at pressures up to 80 MPa, J. Su-
percrit. Fluids 40, 3, 381-388.

Aida T.M., Tajima K., Watanabe M., Saito Y., Kuroda K.,
Nonaka T., Hattori H., Smith J., Arai K. (2007) Reactions
of d-fructose in water at temperatures up to 400°C
and pressures up to 100 MPa, J. Supercrit. Fluids 42, 1,
110-119.

Aida T.M., Shiraishi N., Kubo M., Watanabe M., Smith J.
(2010) Reaction kinetics of D-xylose in sub- and supercrit-
ical water, J. Supercrit. Fluids 55, 1, 208-216.

Gonzalez G., Salvado J., Montane D. (2004) Reactions of
vanillic acid in sub- and supercritical water, J. Supercrit.
Fluids 31, 1, 57-66.

Gonzalez G., Montané D. (2005) Kinetics of dibenzylether hy-
drothermolysis in supercritical water, AIChE 51, 3, 971-981.
Kabyemela B.M., Adschiri T., Malaluan R.M., Arai K.
(1997) Kinetics of Glucose Epimerization and Decomposi-

tion in Subcritical and Supercritical Water, Ind. Eng.
Chem. Res. 36, 5, 1552-1558.

21

22

23

24

25

26

27

28

29

30

31

32

Oil & Gas Science and Technology — Rev. IFP Energies nouvelles, Vol. 68 (2013), No. 4

Knezevic D., van Swaaij W.P.M., Kersten S.R.A. (2009)
Hydrothermal Conversion of Biomass: I, Glucose
Conversion in Hot Compressed Water, Ind. Eng. Chem.
Res. 48, 10, 4731-4743.

Saisu M., Sato T., Watanabe M., Adschiri T., Arai K.
(2003) Conversion of Lignin with Supercritical Water-Phe-
nol Mixtures, Energy Fuels 17, 4, 922-928.

Sasaki M., Fang Z., Fukushima Y., Adschiri T., Arai K.
(2000) Dissolution and Hydrolysis of Cellulose in Subcrit-
ical and Supercritical Water, Ind. Eng. Chem. Res. 39, 8,
2883-2890.

Wahyudiono Sasaki M., Goto M. (2009) Conversion of
biomass model compound under hydrothermal conditions
using batch reactor, Fuel 88, 9, 1656-1664.

Barbier J., Charon N., Dupassieux N., Loppinet-Serani A.,
Mahé L., Ponthus J., Courtiade M., Ducrozet A., Fonverne
A., Cansell F. (2011) Hydrothermal conversion of glucose
in a batch reactor. A detailed study of an experimental
key-parameter: The heating time, J. Supercrit. Fluids 58,
1, 114-120.

Barbier J., Charon N., Dupassieux N., Loppinet-Serani A.,
Mahé L., Ponthus J., Courtiade M., Ducrozet A.,
Quoineaud A.-A., Cansell F. (2012) Hydrothermal conver-
sion of lignin compounds, A detailed study of fragmenta-
tion and condensation reaction pathways, Biomass and
Bioenergy 46, 479-491.

Bocanegra P.E., Reverte C., Aymonier C., Loppinet-Serani
A., Barsan M.M., Butler L.S., Kozinski J.A., Gokalp 1.
(2010) Gasification study of winery waste using a hydrother-
mal diamond anvil cell, J. Supercrit. Fluids 53, 1-3, 72-81.

Mao J., Holtman K.M., Scott J.T., Kadla J.F., Schmidt-
Rohr K. (2006) Differences between Lignin in Unprocessed
Wood, Milled Wood, Mutant Wood, and Extracted Lignin
Detected by 13C Solid-State NMR, J. Agric. Food Chem.
54, 26, 9677-9686.

Jacobsen S.E., Wyman C.E. (2002) Xylose Monomer and
Oligomer Yields for Uncatalyzed Hydrolysis of Sugarcane
Bagasse Hemicellulose at Varying Solids Concentration,
Ind. Eng. Chem. Res. 41, 6, 1454-1461.

Nolen S.A., Liotta C.L., Eckert C.A., Glaser R. (2003) The
catalytic opportunities of near-critical water: a benign med-
ium for conventionally acid and base catalyzed condensa-
tions for organic synthesis, Green Chem. 5, 5, 663-669.
Catallo W.J., Shupe T.F., Comeaux J.L., Junk T. (2010)
Transformation of glucose to volatile and semi-volatile
products in hydrothermal (HT) systems, Biomass and
Bioenergy 34, 1, 1-13.

Siskin M., Brons G., Vaughn S.N., Katritzky A.R.,
Balasubramanian M. (1990) Aqueous organic chemistry.

3. Aquathermolysis: reactivity of ethers and esters, Energy
Fuels 4, 5, 488-492.

Manuscript accepted in November 2012
Published online in September 2013

Copyright © 2013 IFP Energies nouvelles

Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not
made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for
components of this work owned by others than IFP Energies nouvelles must be honored. Abstracting with credit is permitted. To copy otherwise,
to republish, to post on servers, or to redistribute to lists, requires prior specific permission andfor a fee: Request permission from Information
Mission, IFP Energies nouvelles, fax. +33 147 52 70 96, or revueogst@jifpen.fr.






