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ABSTRACT: The liquefaction of lignocellulose is strongly affected by
the choice of the liquefaction solvent. This effect was studied by
processing pinewood at 310 °C in various organic solvents, including
some refinery streams. The impact on yields of char, biocrude, and gas
was determined. The resulting biocrude was analyzed with GPC and
GC-MS, the solid residue with FTIR and HR-SEM, and the gas with
GC. The solvents appeared to influence the liquefaction through
interaction with early carbohydrate degradation products rather than
interaction with the final biocrude. Indeed, biocrude is soluble in all
solvents, and char is not formed by degradation of biocrude but rather
by degradation of early carbohydrate intermediates. Effective solvents
show a good affinity with the biomass, e.g., as expressed by Hildebrand
values of 25−40 MPa1/2 or small Hansen distances (Ra) to cellulose and
lignin. Protic solvents further slowed the liquefaction reaction.

1. INTRODUCTION
The development of biofuels has been motivated by the
increasing energy demand, the need to secure energy supply,
and the growing concern about climate change.1−5 Lignocellu-
lose is a promising feedstock for manufacturing biofuels for it is
expected to be available in large amounts at low cost and with a
small environmental footprint.2,6−8 Numerous technologies can
be used for the conversion of lignocellulose to biofuels.2,7−10

One such route is the liquefaction of biomass to biocrude,
which is carried out by cooking the biomass in a liquid solvent
at 300−400 °C, generally in the absence of any catalyst or
additive.10−14 Depending on the solvent, biomass liquefaction
can proceed with high liquid yields (>90 C%).9,14−17 However,
it always produces a biocrude that is heavy and, thereby,
difficult to handle and upgrade to biofuels.15,18

The choice of the liquefaction solvent strongly influences the
chemistry and yields of the process, but how these influences
are playing is not yet properly understood, despite several
studies.11,14,19 Stevens et al.20 reported that solvents with
Hansen distance (Ra) to coniferyl alcohol smaller than 15
MPa1/2 lead to low solid yields (<10%) as they allow a good
dissolution of the biocrude and early biomass liquefaction
products. Heitz et al.21 observed a significant effect of the
solvent on the extent of the liquefaction of wood and proposed
that alcohols have a protective effect on the wood matrix,
decreasing the wood liquefaction rate. The choice of solvent
has also critical implications for the engineering and process
execution, e.g., by dictating operating pressures,12,22,23 the need
and methodologies to separate the biocrude from the solvent,24

and/or strategies to supply or recycle it.25 Hence, a deeper
understanding of the influence of the solvent on the chemistry

is a prerequisite for developing a cost-competitive liquefaction
process.
The present publication investigates the effect of the

liquefaction medium on the liquefaction of wood, using a
wide range of solvents and solvent mixtures, with different
chemical functionalities and molecular weights. Most of the
solvents chosen have a high atmospheric boiling point (e.g.,
>200 °C) to avoid excessive operating pressure during the
liquefaction reaction. The biocrude, solid, and gas products
were quantified and characterized by various techniques (GPC,
GC, GC-MS, elemental analysis (EA), FTIR, and HR-SEM).
The aim of the study was to understand which solvent
properties guarantee a good biomass decomposition into
biocrude, prevent char formation, and minimize the production
of heavy components.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. Pine wood was obtained
from Rettenmaier & Söhne GmbH (Germany). Before
liquefaction, the wood was ground, sieved (diameter ≤0.5
mm), and dried at 105 °C during 24 h. Its composition is
depicted in Table S1 of the Supporting Information. Cellulose
(Avicel PH-101) was acquired from Sigma-Aldrich. Organosolv
lignin was obtained from pine wood according to the method
described by Huijgen et al:26 300 g of wood was mixed with 2.5
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kg of an ethanol:water mixture (60:40 wt %) and heated at 200
°C during 60 min. The product was then filtered, and the
resulting liquid was added dropwise onto cold water to
precipitate the lignin. The resulting lignin was finally filtered,
washed, and dried under vacuum (10 mbar) at room
temperature. The solvents used during liquefaction experi-
ments, product recovery, and analysis are shown in Table S2
(Supporting Information). Information about the refinery
streams is shown in Section 1.1 of the Supporting Information.
2.2. Liquefaction and Product Recovery. The liquefac-

tion experiments were performed in a 45 mL batch autoclave
made of Inconel 825 and equipped with a mechanical stirrer. In
all experiments, 10 wt % of dry biomass and 90 wt % of solvent
were introduced into the reactor, adding to either 20 or 30 g of
total intake. After closing it tightly, the reactor was flushed and
pressurized several times with N2 for oxygen removal and a leak
test. After releasing the pressure to 5−6 bar at ambient
temperature, the autoclave was then automatically submerged
into a fluidized sand bed set at the reaction temperature of
about 310 °C for a specific amount of time and then submerged
into a cold water bath to quench the reactions. The
temperature and pressure inside the reactor were recorded
with the Pico Log program.
After liquefaction, three products were obtained, namely, gas,

solid residue, and biocrude. The gas was collected through the
gas valve once the reactor was at room temperature. The gas
volume was measured at atmospheric pressure, and a sample
was taken for GC analysis. Afterward, the slurry containing
solids and biocrude was collected and filtered. The solid residue
remaining in the autoclave and on the filter was thoroughly
washed with acetone and dried at 105 °C during 24 h. The
acetone was then evaporated, and the residual product was
added to the biocrude.
2.3. Product Definition and Calculation. All the yields

reported in the current manuscript are expressed as carbon
percentage (C%) of the wood intake. The following equations
were used for the calculation of yields.

= ×

× ×

Gas yield (C%) (moles of carbon gas 12)/

(grams of wood intake

carbon content of wood) 100

=

×

× ×

Solid yield (C%) (grams of solid

carbon content of solid)/

(grams of wood intake

carbon content of wood) 100

= − −Biocrude yield (C%) 100 Gas yield Solid yield

These equations are only valid when the solvent is not
reacting to form solid on its own or upon reaction with wood-
derived products. The stability of selected aromatic and
phenolic solvent was confirmed through blank experiments
reported in previous works. The possibility of the solvent
reacting with the wood-based products is discussed later in this
paper, together with additional blank experiments.
The volume percentages of CO2, CO, H2, CH4, C2H4, C2H6,

C3H6, and C3H8 in the gas were quantified with Micro-GC (see
Section 1.7, Supporting Information), converted to moles using
the ideal gas law, and then converted to carbon. The carbon
content of the solid was determined by elemental analysis (see
Section 1.6, Supporting Information). The liquid yield was
defined as the difference “feed − (solid + gas)” for convenience
and reliability. This definition has the obvious weakness of
counting eventual missing wood-based carbons as “liquid
product”. It nevertheless avoids the risk of counting solvent-
based products as “biocrude”, as is discussed later in this paper.
Moreover, the liquid definitions were validated by integrating
the distillate and vacuum residue fraction of the GPC spectra as
discussed in Section 4.3.
Duplicates were run for most solvents and showed average

and maximum deviations of ±1.2 and ±2.7 C% for gas yield
and ±0.4 and ±0.7 C% for solid yield and, consequently, ±1.3
and ±2.8 C% for biocrude yields, respectively.
Solvent recovery was estimated with GPC by comparing the

area corresponding to the solvent in the biocrude to the area
from a sample with pure solvent:

=

×

Solvent recovery (%)

area solvent peak in the biocrude/area solvent peak in 

the pure solvent sample 100

The liquefaction liquid was described in terms of two main
fractions: vacuum residue (VR) and distillate fractions. The VR
fraction has an apparent molecular weight (Mw,GPC) higher
than 1000 Da, while the distillate fractions has a Mw,GPC

Figure 1. Methods for the quantification and qualification of heavies in the biocrudes: Vacuum Residue (a) and a fixed intensity value (b).
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between 75 and 250 and 1000 Da, as defined below. The lower
limit of 75−250 Da was varied, depending on the solvent used
and its trace in GPC (Figure 1a).

= >
>

Vacuum Residue fraction RID Area Mw  1000 Da/

RID Area Mw  75 Da

= < <
>

Distillate fraction RID Area 75  Mw  1000 Da/

RID Area Mw  75 Da

The yields of VR and distillate were then calculated by
multiplying the content of these fractions in the biocrude by the
biocrude yield obtained with the GPC chromatogram.
Eventual changes in the molecular weight of the heavy tail of

the biocrude were investigated by determining the apparent
Mw (Mw,GPC) measured at an arbitrary RID signal intensity of
150 (namely, RID150; Figure 1b). We ensured us that the
choice for RID150 does not affect the ranking of biocrude
heaviness by checking for good correlations between RID50
and RID250 (Figure S10, Supporting Information).
2.4. Product Characterization. Various analysis techni-

ques were performed for product characterization. GPC and

GC-MS were used for biocrude characterization; elemental
analysis (EA), FTIR, and SEM for solid characterization; and
GC to analyze gas composition. Finally, composition and
properties of the refinery streams were determined via GPC,
EA, GC-MS, 1H and 13C NMR analyses. The detailed analysis
procedures and the equipment used can be found in the
Supporting Information.

3. RESULTS

3.1. Liquefaction in Single Solvents. Initial experiments
were performed for 30 min at 310 °C with 10 wt % of dry wood
and 90 wt % of solvent intake. The set of solvents included
paraffinic and aromatics hydrocarbons, phenolics, and anisols as
well as few other components. The various solvents yielded a
wide range of product yields, with char yields varying between 0
and 57 C%, gas yields between 3 and 31 C%, and biocrude
yields between 40 and 94 C% (Figure 2). The highest char yield
was generally observed with paraffinic solvents, followed by
aromatics, anisols, and then phenols. The general beneficial
presence of oxygen functionalities in the solvent agrees with the
results reported earlier.15 The impact of the solvent properties
on the biocrude and solid yields are discussed in detail later

Figure 2. Product yields obtained in various solvents. Experiments performed at 310 °C for 30 min and with 10 wt % of wood and 90 wt % of
solvent intake (data based on average of duplo’s with average of ±1.2, ±0.4, and ±1.3 C% for gas, solid, and biocrude, respectively).
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(Section 4.1). The relatively high solid and gas yields observed
with pyrogallol comes largely from the thermal degradation of
the solvent itself, as confirmed by blank experiments (Table S6
and Figure S4a, Supporting Information). Hence, pyrogallol
will not be considered in subsequent discussions.
The liquefaction reaction appeared to result in one of two

types of solid residue, based on FTIR analysis detailed in
Section 2 of the Supporting Information and reported
earlier.18,27 Solvents with hydroxyl groups resulted in a solid
residue that resembled unconverted wood (represented as
dotted bar segment in Figure 2), whereas the other solvents
resulted in an aromatic char-like solid (represented as black bar
segment in Figure 2). 1-Hexanol seems to be an exception here
as its FTIR spectrum suggests the co-presence of a minor
fraction of char within a dominant fraction of cellulose. SEM
images showed that both unconverted wood and char solids
retained the fibrous structure of the wood (see Section 2,
Supporting Information). This suggests that the char is formed
via direct dehydration of the wood fibers rather than by
condensation of biocrude products into insoluble polymer.
This last point is further confirmed by experiments series

carried out at various reaction times (see Figure 3 and Figure

S5 in Supporting Information). An increase in reaction time
resulted in a monotonous decrease in solid residue as long as it
mainly consists of unconverted wood, i.e., it shows a
carbohydrate fingerprint in FTIR (open symbols, Figure 3).
Once the solid residue consists of char, as confirmed by FTIR
(closed symbols, Figure 3), the yield of residual solid remains
stable with a further increase in reaction time. Such behavior is
also consistent with the char being formed from wood and not
biocrude. Such behavior was already reported for liquefaction in
guaiacol or 1-methylnaphthalene.16,27

The time series of Figure 3 shows another interesting point:
protic solvents (i.e., solvent with alcohol groups) resulted in
deep but slow liquefaction. Here, 20−30 min was sufficient to
achieve complete conversion with hydrocarbon solvent but was
insufficient for phenolic solvents (Figure 2).
3.2. Liquefaction in Refinery Streams. Liquefaction was

also performed using four refinery streams with different Mw
and degree of aromaticity, namely, cracked gasoil (CGO), light

cycle oil (LCO), vacuum gasoil (VGO), and Hydrowax. These
streams are either aromatic diesel fractions produced by a steam
cracker (CGO) or by a fluid catalytic cracker (LCO) or more
paraffinic and heavier fractions coming from vacuum distillation
(VGO) or from an hydrocracker (hydrowax). A wide range of
char yields was obtained (Figure 4), with CGO giving the

lowest char yield (2 C%) and Hydrowax the highest one (60 C
%). Consistently with the observation made above, a higher
degree of aromaticity (percentage of sp2 carbon measured by
13C NMR) of the solvent resulted in lower char yields (Figure
4). It is worth mentioning though that a blank experiment
performed with CGO revealed the formation of a heavy liquid
product (Figure S4b, Supporting Information), indicating that
CGO is not stable under liquefaction conditions. Thus, CGO is
not considered in subsequent discussions.

3.3. Liquefaction in Solvent Mixtures. Additional
experiments were also performed using solvent mixtures and
showed lower solid yields than with single solvents. According
to Figure 5, the addition of water improves the liquefaction in
all cases, i.e., when the solid residue is either unconverted wood
(e.g., guaiacol) or when it is char (e.g., 1-methylnaphthalene).
The former case indicates an acceleration of the liquefaction
reaction, while the latter suggests a deeper ultimate liquefaction.
These results are discussed in more detail in Section 4.2. Figure
5 further confirms that protic solvents result in lower
conversion rates: solvents that tend to give char after 30 min
of liquefaction (e.g., water and methylnaphthalene) lead to
unconverted wood after the addition of a phenolic cosolvent
(e.g., guaiacol or Naphthol).

3.4. Solubility Experiments in Capillaries. Solubility
experiments were performed to determine whether the
formation of char was caused by a poor solubility of the
biocrude in the solvent. For these experiments, biocrude and
solvent were introduced in a glass capillary, which was then
sealed and heated at the liquefaction temperature (≥300 °C),
while visually monitoring the mixing behavior in an attempt to
determine the temperature at which the biocrude dissolved in
the solvent. Results showed that at reaction conditions biocrude
was soluble in all the solvents. Furthermore, no correlation was
found between the minimum mixing temperature and the
product yields (Figure 6).

Figure 3. Effect of reaction time on solid yield, with residual solid
being mainly unconverted wood (open symbols) or char (closed
symbols). Guaiacol,15 decalin, and phenol experiments performed with
90 wt % of solvent and 10 wt % of wood at 310 °C. (1-
Methylnaphthalene (wet) means 85 wt % 1-methylnaphthalene and
5 wt % water).

Figure 4. Product yields obtained in refinery streams. Experiments
performed at 310 °C for 30 min and with 10 wt % of wood and 90 wt
% of solvent intake (key characteristics of the solvents are reported
beside the table, namely, fraction of sp2 carbon and Mw).
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4. DISCUSSION
4.1. Solvent−Biomass Interaction. The strong impact of

solvent choice on ultimate solid and biocrude yields could
originate from solvent−solute interactions between the
liquefaction solvent and the biomass. Accordingly, the solvent
ranking should be consistent with solvent−solute interactions
parameters. This appeared to be the case as the char yield
(obtained for liquefaction times of 30 min) showed a clear

trend vs common solvent parameters such as the Hildebrand
solubility (Figure 7a,b) and the Hansen distance (Ra) (Figure
7c,d). Minimum char yields (or maximum biocrude yields) are
observed with solvents with either a Hildebrand value close to
that of the biomass components (cellulose and lignin) or with a
small Hansen distance (Ra) vs the biomass components. Notice
that Figure 7 is meant to represent the ultimate char and
biocrude yields that are achieved when the yield of unconverted
wood falls <5 C%. Since protic solvents did not achieve full
conversion after 30 min but showed low char yield at longer
reaction times, they are reported with 0 C% char yield Figure 7.
A proper understanding of these figures may warrant a small

discussion of solvent−solute interaction. As reported by
Hildebrand et al.,28 components with similar Hildebrand
parameters should have a good interaction and should thereby
be miscible with one another. Hence, the similarity in
Hildebrand parameters between solvent and biomass compo-
nents can be taken as an indicator for their solvent−solute
interaction. However, the Hildebrand parameter has the
shortcoming of not differentiating between the various types
of interactions. This shortcoming is largely alleviated by using
the Hansen solubility parameters, which decompose the
Hildebrand parameters into three main constituting inter-
actions, namely, dispersion, dipolar, and hydrogen bonding
interactions (see Section 1.2, Supporting Information). The
Hansen distances (Ra) are calculated such as to represent the
average of the individual interaction gaps; the smaller the Ra is,
the smaller the sum of the gaps and the stronger the sum of the
individual interactions are. Good liquefaction solvents show a
small Ra vs cellulose. A similar trend was obtained with the
Hansen distance Ra to lignin, although water behaved as an
outlier in that case, as it gave less solid residue than expected
from the Ra distance (Figure 7d).

Figure 5. Product yields obtained in solvent mixtures (single solvents shown as reference). Experiments performed at 310 °C for 30 min and with 10
wt % of wood and 90 wt % of solvent intake (the solvent weight ratio is reported between brackets).

Figure 6. Results of the solubility tests in glass capillaries. The arrows
pointing down indicate that the solid yield may decrease upon deeper
wood conversion. The arrows pointing to the left indicate that the
mixing temperature is below the temperature that could conveniently
be measured (either room temperature or the melting temperature of
the solvent).
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The results reported in ref 27 revealed that carbohydrates are
the main source for char; lignin leads to very low char yields
(Figure 8). This observation is consistent with the need for
good solvent−cellulose interaction suggested by the Hansen
distance analysis.
Interestingly, the solubility parameters appeared also to

rationalize the beneficial effect of adding water to the medium
or adding phenolic solvents to hydrocarbon solvents. The
addition of a more polar solvent to a liquefaction medium
resulted in a medium with an increased Hildebrand parameter
and with a decreased Hansen distance, thus with a better

interaction with the wood components. This effect can be
observed with the mixtures of 1-methylnaphthalene with
guaiacol or 1-naphthol (Figure 5). The addition of water on
the liquefaction medium also resulted in an increase in biomass
conversion18 (see guaiacol liquefaction with and without water,
Figure 5), suggesting that water acts as a catalyst and increases
the conversion rate. Similar results have been reported in the
literature.15,16,20

It should be mentioned here that the Hildebrand and Hansen
parameters are known to vary with temperature;, namely, they
decrease with increasing temperature.29 This effect is largely
accounted for by an increase in molar volume in all parameters
and an additional T correction for the Hildebrand and the H-
bonding parameters.29,30 We applied these temperature
corrections and confirmed a decrease in Hildebrand and
Hansen parameters but did not find any significant change in
ranking (Supporting Information). Moreover, no temperature
correction seems available for the solid references, lignin, and
cellulose, which hindered the correction of Ra for higher
temperatures. Hence, we chose for simplicity and used room-
temperature parameters.
It is worth mentioning that a relation between the solid yields

and the dielectric constant of the solvents was observed (Figure
S8, Supporting Information). These results were not surprising,
as Darby et al. reported that Hildebrand (δ) and dielectric
constant (ε) are related through the equation δ = 7 × ε.31

The literature reports that the molecular size of a solvent has
an important effect on its solvation capacity.29 Smaller
molecules are generally better solvents as they provide a larger
entropic driving force to dissolution. Furthermore, they can
diffuse more easily through polymeric structures. While
investigating this possibility, we limited the analysis to the

Figure 7. Effect of the Hildebrand parameter of the solvent on the ultimate (a) char and (b) biocrude yields and correlations between solid yield and
Ra of the solvent respect to (c) cellulose and (d) lignin. (Ultimate char yields are taken at 30 min for most solvents but set to 0 C% for protic
solvents because they achieve low char yields at longer reaction times).

Figure 8. Solid yields obtained for wood, cellulose, lignin, and glucose
at various reaction times. Experiments performed at 300−310 °C with
10 wt % of biomass, 5 wt % of water, and 85 wt % of 1-
methylnaphthalene (redrawn from ref 27).
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hydrocarbons and refinery streams in an attempt to limit the
variability of chemical functionality and maximize the impact of
Mw. However, no convincing effect of the Mw on the solid
yield was observed. For instance, Figure 4 shows similar char
yields for hydrowax and n-undecane, which are similar in the
paraffinic character (sp2 carbon content of 11 and 0%) but very
different in their Mw (562 and 156 Da). A linear regression
analysis of the data revealed a modest effect of the Mw beyond
that of Ra on solid yield. However, the effect of Mw was largely
dictated by a single data point (Hydrowax) and is, thereby, not
reliable (Section 4, Supporting Information).
The results presented in the current section need also to be

compared with earlier work. Stevens et al.20 reported that
solvents with Ra distances to coniferyl alcohol smaller than 15
MPa1/2 led to solid yields below 10 wt %. Our results agree that
lower solid yields are generally obtained for lower
Raconiferyl alcohol (Figure S7, Supporting Information). However,
the trend showed considerable scatter with several outliers
(solid yield > 10 wt % for Raconiferyl alcohol < 15 MPa1/2). We
therefore consider more appropriate the use of the Ra distance
to cellulose or lignin, as their interaction (or the interaction of
their immediate decay products) with the solvents is what
determines the product distribution. Heitz et al.21 also looked
at the role of the solubility parameter in liquefaction. However,
they were operating at partial conversion and, thereby,
unraveled kinetic effects rather than ultimate yields at full
conversion. The kinetics of liquefaction is discussed further in
the next section.
A word of caution is recommended while concluding this

discussion. The shift in selectivity induced by the solvent
cannot be related to the solubility of either of the feed
components or the final product; cellulose does not dissolve in
any solvent below the reacting temperature, and the final
biocrude dissolves in all of them at reaction temperature. So we
need to speculate on the difference in solubility of undefined
reaction intermediates, as detailed later in Section 4.3. These
intermediates have not been observed so far. Hence, further
study is needed to consolidate the present hypothesis.
4.2. Kinetics of Liquefaction. Earlier studies27 showed

that conversion of wood proceeds via a monotonous decrease
in solid residue as long as it shows a cellulose-like structure in
FTIR. Once the remaining solid shows mainly a char like
structure, its residual yield remains constant even after extended
reaction time. This trend was confirmed here for a number of
solvents, namely, decalin, 1-methylnaphthalene, guaiacol, CGO,
LGO, and hydrowax (Figure 3 and Figure S5, Supporting
Information). However, the present data also show large
differences in reaction rates. All aprotic solvents, i.e., hydro-
carbon and anisoles, reached the stage of char solid within 30
min at 310 °C. In the case of methyl-naphthalene, reaction
times lower than 10 min were needed to detect unconverted
wood in the solid (Figure 3). In contrast, the protic solvents,
i.e., phenolic solvent and 1-hexanol, needed more than 30 min
to reach the stage of char residue. For instance, guaiacol needed
120 min and phenol more than 60 min (Figure 3). The
addition of guaiacol or naphthol to methylnaphthalene also left
unconverted cellulose after 30 min. Hence, we can support21

concluding that protic solvents slow the conversion of the
wood, arguably by strongly interacting (and possibly reacting)
with the cellulose and protecting it against liquefaction and
charring.
This effect of hydroxyl groups contrasts with the effect of

water, which showed a high liquefaction rate.18,21 Indeed, water

led to char residue within 30 min. The addition of water to a
“slow” solvent such as guaiacol led to lower residual
unconverted wood, which suggests a rate enhancement.
Interestingly, the addition of water to a “fast” solvent such as
methylnaphthalene resulted in lower char yield. This can be
rationalized in terms of faster kinetics combined with improved
solubilization of reaction intermediates, e.g., through reduced
overall Ra distance, as discussed earlier.

4.3. Reaction Scheme. The results presented here can now
be used to improve the reaction schemes proposed earlier.16,27

The proposed reaction scheme accommodates the following
observations:

• Char comes from the carbohydrates and not from the
lignin (Figure 8, ref 20), and it is formed on the biomass
fibers prior to dissolution. It is not formed by
condensation of dissolved biocrude components.

• Well-interacting solvents favor the formation of biocrude
over char, even though all solvents solubilize the
biocrude under reaction conditions. The role of solvent
needs, therefore, to proceed prior to biocrude formation,
e.g., at the stage of the depolymerization to biocrude
precursors.

• The solvent affects the rate of biomass conversion since
some additives accelerate it (e.g., water), while other
decelerate it (e.g., phenolics). The effect on rate is not
limited to a selective acceleration or deceleration of the
biocrude formation though. It also needs to affect the
rate of char formation since some phenolic solvents lead
to slow but deep liquefaction. Hence, we can eliminate
the possibility that biocrude would form in places that
are properly solvated by the solvent, while the char
would form in places that are inaccessible for solvent.

On the basis of this information, we have to conclude that
the formation of oil and char proceeds in contact with the
solvent, being at the interface between the cell wall and solvent
or in the bulk of (part of) the cell wall that is swollen by the
solvent. The solvated/swollen biomass undergoes fragmenta-
tion reactions, either purely thermal or assisted by the solvent
(e.g., hydrolysis with residual water). When these fragments are
effectively removed from the biomass surface by a well-
interacting solvent, they are converted to biocrude through
dehydration reactions and, eventually, minor fragmentation
and/or condensation. Early carbohydrate fragments that are not
properly solvated and removed undergo condensation and
dehydration reactions to form char on the biomass surface.
Because of abundant hydroxyl groups, the heavy oligosacchar-
ides are the most difficult components to dissolve in the organic
liquefaction solvent. They, thereby, tend to convert into char.
Protic solvents may partly react with these hydroxyl groups to
favor their solvation and, thereby, favor the formation of
biocrude. Such a scheme is illustrated in Figure 9.

4.4. Solvent Reactivity and Heavy Biocrude. Some
liquefaction experiments appeared to show moderate to poor
solvent recovery (Table 1), as indicated by a significant drop of
the “solvent” peak in the GPC trace of the liquefaction product.
Phenolic solvents seemed to exhibit the highest reactivity, with
naphthol and catechol giving the highest solvent losses of 30%
and 23%, respectively (Table 1).
In fact, some liquefaction solvents reacted and were

incorporated in to the biocrude, even though they were
found stable in a blank run under liquefaction conditions, as
indicated by quantification of the “biocrude” products (beyond
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∼200 Da) by means of GPC. Figure 10a shows indeed that
certain liquefaction solvents lead to “biocrude” yields (VR +
distillate, calculated with GPC) that significantly exceeded the
biocrude yield calculated from “100-gas−char” and, occasion-
ally, even exceeded the feed intake, e.g., reaching up to 525 C%.
The solvents led to similar selectivity toward VR but to
different selectivity toward distillate (Figure 10a). Hence,

reactive solvents are mainly incorporated into the distillate
fraction.
A higher VR fraction in the biocrude seems to correspond to

heavier VR for most solvents (Figure 10b). Phenol, catechol,
and decalin might be exceptions here as they exhibit a
considerably lighter VR than expected from their VR yield.
They may warrant future investigations, for the amount and
heaviness VR was identified as major issue of liquefaction
processes.
It is worth stressing that the eventual conversion of solvent

into heavier products does not change the discussion made so
far. Indeed, the biocrude yield was calculated as being the wood
intake minus char and gas and not by using the area of biocrude
range product seen by GPC.

5. CONCLUSIONS

The role of the solvent during liquefaction was studied by
treating pine wood in several solvents at 310 °C. The results led
to the following conclusions:

• Solid yields, ranging from 0 to 57 C%, can be related to
the biomass−solvent interaction. We propose that
solvents with a Hildebrand value of 25−40 MPa1/2 or a
small Hansen distance (Ra < 25 vs sugars or Ra < 15 vs
lignin) enhance the dissolution of the initial carbohydrate
fragmentation products and prevent their recombination
with the biomass to form char. Solvents with poor
interaction can be made more effective by blending a
minor amount of a well-interacting solvent. Thus,
addition of water or phenols to aromatic solvents
generally decreases char yield.

• All solvents considered here were able to dissolve the
biocrude under reaction conditions.

• Water enhances the wood conversion rate, whereas
protic solvents depress it. Thus, protic solvents might
require longer reaction times to achieve complete
liquefaction. This effect is not yet fully understood and
warrants further studies.

• Wood liquefaction and charring occur at the biomass−
solvent interphase, as competing parallel reactions.

• Solvents of phenolic nature tend to degrade and
incorporate into the distillate fraction of the biocrude
during liquefaction.

Figure 9. Artist impression of the liquefaction reaction.

Table 1. Percentage of Solvent Recovered after Liquefaction
in Various Solvents

solvent % solvent recovered

1-naphthol 69.9
catechol 76.9
phenol 86.3
guaiacol 89.3
1,2-dimethoxybenzene 89.4
toluene 90.2
anisole 91.2
tetralin 93.1
1-methoxynaphthalene 94.8
1-methylnaphthalene 94.9
naphthalene 95.8
decalin 97.4
phenanthrene 98.9
2,6-diethylnaphthalene 101.1

Figure 10. (a) Biocrude yield (calculated as 100-solid−gas) vs VR and biocrude yields (calculated from GPC). (b) Fraction of VR in biocrude
(calculated with GPC) vs Mw corresponding to FIV150.
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• Generally, higher VR content on the biocrude also leads
to heavier VR. However, penol, catechol, and decalin are
exceptions that warrant future investigations.

• On the basis of these conclusions, the perfect solvent
should have a good interaction with the biomass and/or
its initial decay products to minimize char formation.
Typical solvents that give low char yields are aromatics
containing oxygenated substituents (phenols or anisoles).
However, phenolic solvents also slow wood decom-
position and, therefore, require longer reaction times.
The solvent could be composed of a mixture of solvents
and should contain low concentrations of water (high
concentrations would lead to high pressures) to increase
the wood conversion rate. This water could be already
contained in the (wet) biomass or added as a solvent.
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