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ABSTRACT: Torrefaction is an effective pretreatment method to improve the uniformity and quality of lignocellolosic biomass
before further thermal processing (e.g., gasification, combustion). The objective of this study was to determine the impacts of
torrefaction as a pretreatment before liquefaction. Wood chips were torrefied for 2 h at three different temperatures (230, 260,
290 °C) and then subjected to microwave-assisted liquefaction, as was the untreated wood control. The dielectric properties of
liquefaction materials, including the biomass samples and liquefaction reagent, were measured to evaluate their abilities to
convert electromagnetic energy to heat. The effects of liquefaction time, temperature, and catalyst concentration on the
liquefaction efficiency were also investigated. It showed that torrefaction temperature had significant influence on the liquefaction
behavior of wood materials. Wood treated at the lowest torrefaction temperature (230 °C) retained the most structural/
compositional characteristics of untreated wood and therefore they both exhibited similar liquefaction behaviors. The higher
treatment temperature (290 °C) led to higher liquefaction residue contents, attributed to the increase in carbon content and

hydrophobicity from torrefaction.

1. INTRODUCTION

The depletion of fossil energy resources and global environ-
mental concerns have driven current research interests in
alternative fuel and chemical sources." Biomass is a renewable
resource, and its utilization in biofuels is seen as a carbon-
neutral source of energy with lesser impacts on climate change.
Lignocellulosic biomass is one of the most abundant sources of
biomass in nature, comprised primarily of cellulose, hemi-
cellulose, and Iignin.2 Its liquefaction in organic solvents, either
with or without a catalyst under moderate temperatures (100—
250 °C),” has been used to produce useful chemical products*
including raw materials for various applications, such as resins,’
foams,” and biofuels.” In particular, biomass is naturally rich in
hydroxyl groups, and liquefied products with polyhydric
alcohols could be used as polyols for polyurethane production
and improve the biodegrability of the resulting product.®

Biomass liquefaction using conventional heating methods
(e.g., electrical furnace, oil bath) often present limitations of
low rates of heat transfer, high energy consumption, and
uneven heating;8 the thermal transmission of these methods
occurs by means of conduction and convection from the surface
of the vessel toward the center of the material within.” In recent
years, microwave liquefaction technology has shown potential
as an efficient method for rapid thermal processing of biomass.
Compared with conventional heating, microwave heating by
electromagnetic induction improves the efficiency of heating
and temperature controls, therefore enhancing the quality of
the final product in biomass liquefaction.'” Microwave heating
has been widely implemented, including the liquefaction of
wood,11 corn stover, wheat straw, cotton straw, rice straw,12
pine sawdust,"> and poplar sawdust."*

Liquefaction is one of several thermochemical processes used
to obtain biobased chemicals and biofuels. Gasification converts
lignocellulosic biomass primarily into producer gas (targeting
carbon monoxide and hydrogen) while pyrolysis affords fuel-
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quality liquids (bio-oil) and gases along with biochar
comprising 15—25% of the original feedstock as a byproduct."
Torrefaction is yet another thermochemical process; however,
it is used primarily as a pretreatment to improve biofuel
performance by increasing energy density, uniformity, grind-
ability, and reducing moisture uptake, the latter of these
augmenting storage by making microbial degradation less
favorable.'*™"” Torrefaction conditions are typically anaerobic
with atmospheric pressure and temperatures from 200 to 300
°C.* Briefly, chemical changes include the softening of the
hemicelluloses at 200 °C and their deacetylation, dehydration,
and depolymerization as the temperature increases;”"”*” below
250 °C the lignin and cellulose are largely unchanged.*

To date, most research on the liquefaction of biomass has
been concentrated on transformations from its native state. The
above-mentioned benefits of torrefaction for other thermo-
chemical operations presents the possibility of torrefied
biomass being diverted to liquefaction operations. Alterations
in the chemical composition, particularly in the hemicelluloses,
have the potential to generate liquefaction products having
different compositions/properties. Illustrating this possibility,
during thermochemical processing by pyrolysis, torrefaction has
been used to improve the thermal and storage stability of
resultant bio-oils.”* "> Improved grindability afforded by
torrefaction also has the potential to benefit liquefaction
operations since smaller particle sizes are preferable; however,
since torrefaction had yet to be investigated as a pretreatment
for the liquefaction of lignocellulosics, the possibility remained
that the benefits observed for other thermochemical processes
(e.g., gasification, pyrolysis) may not extend to liquefaction,
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with the distinct possibility of a thermally degraded
lignocellulosic being resistant to liquefaction.

Accordingly, the objective of the present study was to
investigate the liquefaction of torrefied pine wood using
microwave heating. The liquefaction behavior of pine wood
treated at different torrefaction conditions were explored.
Moreover, the liquefaction residues, and acid insoluble contents
of those residues, were compared. Dielectric properties and
element analyses of the torrefied wood samples were also
discussed, which partly explained the differences between the
liquefaction residue yields from different feedstocks. Further,
the liquefaction residues were characterized using Fourier
transform infrared spectroscopy (FTIR).

2. EXPERIMENTAL SECTION

2.1. Materials. Pulp-grade pine wood chips (mostly Pinus taeda L.)
were obtained from a commercial supplier and torrefied at three
different temperatures (230, 260, and 290 °C) for 2 h as previously
described.”® Untreated and torrefied wood chips were ground in Wiley
mills and screened to obtain samples with a particle size range of 60—
80 mesh; samples were dried in an oven (105 °C) overnight, and then
stored in a desiccator over desiccant (Drierite) until needed. Carbon,
hydrogen, and nitrogen contents were determined by dry combustion
at contract laboratories. Polyethylene glycol (PEG, Mn = 400) and
glycerin were obtained from Sinopharm Chemical Reagent Co., Ltd.
All other chemicals were analytical grade. Untreated and torrefied
wood samples at three different temperatures (230, 260, and 290 °C)
were labeled as UW, TW-230, TW-260, and TW-290, respectively.

2.2. Wood Liquefaction. The liquefaction of untreated wood and
torrefied wood particles was carried out in a Milestone (Shelton, CT)
Ethos A microwave digestion system equipped with 100 mL sealed
Teflon reaction vessels and an internal fiber optic temperature sensor.
The sample temperature was controlled at desired temperature with
the preset microwave power. Polyethylene glycol and glycerin were
used as the liquefaction reagent at the ratio of 70/30 (w/w) with a
solvent to wood (torrefied wood) ratio of 3/1 (w/w). Sulfuric acid was
used as the catalyst at 1.5% and 3% (w/w of liquefaction reagent). A
typical liquefaction reaction was as follows: 2.0 g of wood particles, 6.0
g of liquefaction agent, premixed with sulfuric acid catalyst. Each
mixture was transferred into a Teflon reaction vessel containing a
magnetic stir bar. Liquefaction then proceeded under the preset
temperature and time. After liquefaction, the reaction vessel was
cooled to room temperature before opening. The liquefied product
was transferred into a 400 mL beaker with 100 mL methanol and
stirred for 2 h followed by vacuum filtration. The solid residues were
dried at 105 °C for 12 h in an oven and weighed.

The yield of liquefaction residue was calculated as a percentage of
the weight of the starting wood. The solid residues obtained from the
liquefaction of untreated and torrefied woods at three different
temperatures (230, 260, and 290 °C) were labeled as RUW, RTW-
230, RTW-260, and RTW-290, respectively.

2.3. Measurement of Acid Insoluble (Klason) Contents of
Liquefaction Residues. The acid insoluble contents of the
liquefaction residues was determined by the Klason lignin method.””
In brief, 0.3 g of oven-dried liquefaction residue was digested by 3 mL
of sulfuric acid (72%) at 30 °C for 1 h. Then the mixture was diluted
to 100 mL with distilled water and hydrolyzed at 121 °C for 1 h. The
hydrolyzed mixture was filtered. The acid insoluble residue (retentate)
was oven-dried at 105 °C overnight and weighed. Subsequent
combustion at 575 °C in the muffle furnace for S h was carried out
to determine the ash content of the acid insolubles.

The acid insoluble content of liquefaction residue was calculated by
the following:

Wi=W o100
0

Where R is the percentage of acid insoluble content (%), W, is the
weight of acid insolubles, W, is the weight of the ash determined for
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the acid insolubles, and W, is the weight of oven-dried liquefaction
residue. The acid insoluble content (i.e., Klason lignin) of untreated
wood (UW) was also determined using the same method.

2.4. Measurements of Dielectric Properties. Dielectric proper-
ties of the wood materials were measured in the frequency range of
300 MHz to 4.5 GHz, according to the transmission/reflection
method using an Agilent ES071C series vector network analyzer and
an Agilent 85031B 7 mm calibration kit. Before measuring, the vector
network analyzer was in operating mode for at least 30 min. The wood
materials were molded in a coaxial die with inner diameter of 3 mm
and outer diameter of 7 mm before testing.

The dielectric measurement of liquid (mixtures) was carried out
using the same analyzer but with an Agilent 85070 E dielectric probe
kit. Before the measurement, the analyzer was calibrated by a three-
point method (air, SO Q short circuit and deionized water at 25 °C).

2.5. FTIR Spectroscopy. The dry liquefaction residues were
analyzed by using a Thermo Scientific Nicolet 380 FTIR
spectrophotometer. In each case, a small amount of liquefaction
residue was homogenized with KBr and then pressed to prepare
pellets. The spectra were collected in the absorbance range from 4000
to 400 cm™" over 32 scans with a 4 cm™ spectral resolution.

3. RESULTS AND DISCUSSION

3.1. Chemical and Physical Properties of Raw
Materials. 3.7.1. Elemental Analysis. The result from
elemental analysis of untreated and torrefied wood samples is
shown in Table 1. Compared to untreated wood sample,

Table 1. Elemental Analysis for Untreated and Torrefied
Wood Samples

weight [%]

sample nitrogen carbon hydrogen H/C
uw 0.08 47.64 6.29 0.13
TW-230 0.08 49.57 S.64 0.11
TW-260 0.09 53.28 5.55 0.10
TW-290 0.08 57.57 5.39 0.09

torrefled woods have higher carbon contents and lower
hydrogen contents; the carbon content of the torrefied wood
increased while the hydrogen content slightly decreased with
the increasing torrefaction temperature. All these changes
indicated an alteration in chemical composition among the
three main components of woody biomass during torrefaction.

During torrefaction, dehydration, deoxygenation, and de-
hydrogenation reactions occur as major components decom-
posed, leading to a general carbonization and devolatilisation of
the biomass substrate.”**” Oxygen was removed via reactions
releasing it as water vapor, CO, and COZ.30 Decreasing
hydrogen contents in torrefied wood resulted from the removal
of hydroxyl groups in the form of water.”* Loss of organic
volatiles could also contribute to the decrease of oxygen and
hydrogen contents in torrefied wood.”" Thus, the increase of
carbon coincided with decreases in oxygen and hydrogen
contents, undoubtedly impacting both the integrity and
proportions of the wood polymer constituents, cellulose,
hemicellulose, and lignin. The contents of nitrogen in wood
were very small and thus the trends may have been obscured by
the limits of the analytical technique. Altogether, the release of
volatile matter, and the decomposition of the wood chemical
components were increased with the severity of torrefaction,
herein with higher temperatures given that the torrefaction time
remained constant.

The ratio of hydrogen to carbon (H/C) of a compound
determined by elemental analysis can be used to describe the
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Figure 1. Frequency dependence of dielectric constant (a) and dielectric loss factor (b) of untreated and torrefied wood samples at room
temperature (UW untreated wood; TW-230, TW-260, and TW-290 torrefied wood treated at 230, 260, and 290 °C, respectively).
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Figure 2. Dielectric constant (2) and dielectric loss factor (b) of liquefaction solvent (PEG/ glycerol, 7/ 3,w/w) as a function of temperature at 2.45

GHz (acid catalyst content: 1.5 wt % of liquefaction solvent).

degree of unsaturation/aromaticity.”> The H/C ratio of natural
woody materials, such as lignin or cellulose is around 1.5. The
H/C ratio of black carbon is less than 0.2.>* During
torrefaction, the loss of volatile matter and bound water
resulted in the decrease of hydrogen content and oxygen
content, while the relative carbon content increased. The
decreasing H/C ratio with increasing temperature of treatment,
although subtle, would appear to coincide with a limited
increase in the degree of aromaticity of the torrefied wood
samples, which would improve the chemical stability of wood
materials.”*

3.1.2. Dielectric Properties. Microwave heating depends
largely on the dielectric properties of the materials to be heated.
The dielectric property of a material is usually expressed as a
complex permittivity (¢), which can be defined as ¢ = ¢’ — je’,
where ¢’ is the real part and termed as dielectric constant and
€” is the imaginary part and as dielectric loss. The dielectric
constant (¢&’) signifies the ability of the material to store electric
energy, while the dielectric loss (¢”) signifies the ability of the
material to convert electric energy to heat.”> The ratio of &” to
€' is called the dielectric loss tangent (tan §) and it defines the
efficiency of a material to convert the electric energy to heat.
The dielectric properties of a material is mainly determined by
its chemical composition.’® Figure 1 shows the dielectric
properties of untreated and torrefied wood samples at the
frequency range from 300 MHz to 4.5 GHz under room
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temperature. In general, the dielectric constant (&¢’) and
dielectric loss factor (¢”) of all samples decreased with the
increase of frequency. The untreated wood has higher ¢’ and &”
than torrefied wood. And the value of ¢’ and &” decreased as
the torrefaction temperature increased. Lignocellulose is mainly
composed of cellulose, hemicellulose, lignin, and fewer amounts
of bound water and volatile and semivolatile matter (i.e.,
extractives). Both the water and many of these volatile materials
are highly polar substances which greatly contribute to the high
& and &” of untreated wood. For instance, the dielectric
constant and dielectric loss factor of water are 78.22 and 9.9,
respectively, at 245 GHz under ambient temperature. It is
expected that the &’ and &” of torrefied wood decreased after
the release of the bound water and volatile materials during the
torrefaction process. As discussed previously, the three main
components in lignocellulosic biomass undergo different
chemical conversions during torrefaction process. Torrefaction
can be classified as light (200—23S °C), mild (235-275 °C),
and severe (275—300 °C) in terms of the degree of
torrefaction.”” Hemicellulose undergoes significant thermal
degradation even under light torrefaction. The decomposition
of cellulose begins under conditions of mild torrefaction;
however, it is not significant without more severe torrefaction
conditions. Lignin is the most thermally stable of the
lignocellulosic polymers, decomposing only slightly within the
temperature range of torrefaction.”® With losses of hydroxyl

DOI: 10.1021/acs.energyfuels.6b01004
Energy Fuels 2016, 30, 5862—5869


http://dx.doi.org/10.1021/acs.energyfuels.6b01004

Energy & Fuels

groups during the decomposition of hemicellulose and
cellulose, the torrefied wood increases in hydrophobicity.*

Therefore, the decrease of the & and &” values of torrefied
wood with increasing torrefaction temperature could be well
explained by the following factors: (1) the loss of polar
hydroxyl groups in hemicellulose and cellulose and (2) the
decomposition of hemicellulose and cellulose and with an
increasing proportion of less polar lignin. The values of ¢’ and
&" for untreated wood and wood treated at 230 °C were
relatively close, indicating that wood treated under light
torrefaction conditions retained the most structural/composi-
tional characteristic of untreated wood material.

Liquefaction solvent generally took up to 75% of the
liquefaction reaction system. The dielectric properties of the
liquefaction solvent therefore contributed greatly to the heating
behavior of the liquefaction system under microwave
irradiation. Figure 2 shows the dielectric constant and dielectric
loss factor of the PEG/glycerol (7/3, w/w) at 2.45 GHz
frequency as a function of liquefaction temperature. As the
liquefaction temperature increased from 30 to 130 °C, the
dielectric constant of liquefaction solvent increased and then
decreased when the temperature increased beyond that range.
The dielectric loss factor also increased and then decreased
with temperature, reaching its highest value at around 90 °C.
Given the fact that the dielectric loss tangent is the ratio of &”
to ¢, it can be expected that the ability of the PEG/glycerol
mixed solvent at this ratio to convert microwave energy to heat
gradually increased and then reached the maximum at 50 °C.

3.2. Liquefaction of Torrefied Wood. 3.2.1. Effects of
the Reaction Time. The three main components of wood,
namely cellulose, hemicellulose, and lignin, all had the potential
for thermal degradation, albeit at different levels, during the
torrefaction.” It was therefore expected the torrefied wood
would possess different liquefaction behaviors than untreated
wood due to changes in their physical and chemical properties.
Figure 3 shows the influence of reaction time on the amounts
of solid residue remaining after liquefaction for untreated and
torrefied wood samples. The beginning point was defined as the
time when the reaction system reached the desired liquefaction
temperature. It can be seen from Figure 3 that the residue

100
90 §
] v v v
80 = UW
1 ®— TW-230
=~ 7 —A—TW-260
% 60 v TW-290
5 ) A
g 0] a4 —
5]
S |
2 40
.'E 4
g 30 o
=4 ]
20
10 H
0 T T T T T T T T T
3 4 5 6 7
Time (min)

Figure 3. Residue contents of untreated and torrefied wood samples as
a function of liquefaction time (liquefaction temperature 130 °C;
catalyst content 1.5%; UW untreated wood; TW-230, TW-260, and
TW-290 torrefied wood treated at 230, 260, and 290 °C, respectively).
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contents of all wood samples increased slightly when reaction
time increased from 3 to 7 min. It is known that
thermochemical decomposition of wood components and
recondensation of decomposed wood fragments are the two
major types of reactions occurring simultaneously during the
liquefaction process.”’ The decomposition of wood compo-
nents generally dominates the initial stage of the process. With
prolonged reaction times, the recondensation of degraded
products becomes profound and results in increased residue
contents.

Microwave heating also substantially enhanced the lique-
faction rate with a high conversion level in a very short time,
likely staying at a relatively stable equilibrium stage. Therefore,
the residue content did not change greatly with prolonged
reaction time as that typical of liquefaction with convection
heating. Results showed that higher torrefaction temperatures
led to a dramatic increase in residue contents compared to
untreated wood liquefied under the same reaction condition.
These different liquefaction behaviors were ascribed to
alterations in the physical and chemical properties of wood
materials after torrefaction. First, most thermally unstable
components in woody biomass underwent degradation,
releasing gases and volatile liquids during torrefaction and
leaving behind a biochar that was more thermal-resistant. This
was particularly true for wood samples treated at the most
severe torrefaction condition (i.e., 290 °C). In addition, woody
biomass was transformed into hydrophobic materials due to the
loss of hydroxyl groups, as well as the carbohydrate fractions via
the dehydration, deoxygenation and dehydrogenation reac-
tions.”” The increasing hydrophobicity of the wood samples
treated at high torrefaction temperatures could have excluded
the polar liquefaction solvent from the lignocellulosic polymer
components comprising the wood cell walls. Therefore, much
higher liquefaction residue contents were expected for the
torrefied woods, especially those treated under mild to severe
torrefaction conditions, than untreated wood. Torrefied wood
treated under the light condition exhibited similar liquefaction
behavior as untreated wood, indicating that light torrefaction
preserved most physical and chemical properties of wood
sample. This result was in good agreement with that from the
elemental analysis.

3.2.2. Effects of the Reaction Temperature. Reaction
temperature plays a key role in the liquefaction of woody
biomass. Figure 4 shows the effect of liquefaction temperature
on the residue contents of the untreated and torrefied wood
samples. The residue contents obtained with torrefied wood
treated at 230 °C displayed a parallel trend as that of the
untreated wood, except with slightly higher values for residue
content at each liquefaction temperature. This result was
attributed to the limited physical and chemical property
changes for the torrefied wood treated at this torrefaction
temperature. The residue contents of both samples decreased
slightly as the temperature increased from 130 to 150 °C,
indicative of a degradation rate being slightly higher than the
recondensation rate. When the temperature further increased to
170 °C, the collisions between degraded small molecules likely
increased in intensity, promoting the recondensation of these
degradation products into insoluble residues.

In the case of torrefied wood samples TW-260 and TW-290,
liquefaction temperature did not have significant effects on the
residue contents of these two samples. They only slightly
increased as the liquefaction temperature increased from 130 to
170 °C, most likely due to the aforementioned recondensation
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Figure 4. Residue contents of untreated and torrefied wood samples as
a function of liquefaction temperature (liquefaction time 3 min;
catalyst content 1.5%; UW untreated wood; TW-230, TW-260, and
TW-290 torrefied wood treated at 230, 260, and 290 °C, respectively).

of degraded wood components. Nevertheless, they were much
higher than those of TW-230 and untreated wood samples.
This result was similar to the effect of liquefaction time,
suggesting that higher torrefaction temperature transformed
woody biomass to a more thermochemically stabile material.
3.2.3. Effects of the Catalyst Concentrations. Acid catalyst
is one of the critical factors in the liquefaction of woody
biomass. The influence of acid catalyst content on the
liquefaction residue content is presented in Figure Sa that the
higher amount of acid catalyst (3% vs 1.5%) led to higher
recoveries liquefaction residues for both untreated wood and
torrefied wood. This result was the opposite of that from the
liquefaction of wood biomass using conventional heating®”
whereby higher amounts of acid catalyst enhanced the cleavage
of the glycosidic bonds in carbohydrates, as well as other C—O
bonds in woody biomass, promoting the decomposition of
wood components during the liquefaction reaction.*’ To
investigate this anomaly, the dielectric loss tangent (tan &) of
the liquefaction solvent with the two different acid catalyst
contents were determined (Figure Sb). Although the tan & of

the two solvent systems followed the similar trend along the
temperature range, the solvent system with higher acid catalyst
content exhibited significant higher tan  than that with lower
acid catalyst, when temperature was higher than 70 °C; this
difference increased dramatically with increased temperature.
As discussed previously, the ability of a material or solvent to
convert microwave energy is determined by its dielectric loss
tangent (tan &). In general, woody materials have much lower
tan 6 values than organic solvents. Liquefaction solvent with
higher acid catalyst (ie, high tan §), under microwave
irradiation, could have generated locally high temperatures
(i.e., hot-spots) in the reaction system as much as S0 °C higher
than the bulk temperature.”* Locally high temperatures might
promote the recondensation reactions of degraded products
from wood components, leading to the formation of insoluble
humins/chars and consequently, higher residue contents.**
3.2.4. Characterization of Solid Residues after Liquefac-
tion. Compositional analysis of liquefaction residues can
provide some useful information on the liquefaction behavior
of the main components (cellulose, hemicelluloses, lignin)
comprising lignocellulosic biomass. The acid-insoluble fraction
of wood is obtained by acid hydrolysis as a measure of lignin
content, so-called Klason lignin. Results in Figure 6 show again
that sample RUW and RTW-230 shared similar trend in the
changes of the amounts of acid insoluble fractions under
different liquefaction temperatures. At lower liquefaction
temperature, the acid insoluble fraction of RUW and RTW-
230 were higher than the Klason lignin content of UW (29%),
suggested that a few condensed products formed during the
liquefaction reaction. The higher value of RTW-230 than RUW
can be attributed to the formation of acid insolubles during
torrefaction. At the higher liquefaction temperatures, more than
70% of RUW and RTW-230 were collected in the acid
insoluble fraction, indicating that the recondensation reaction
dominated the liquefaction process under high liquefaction
temperature.*’ Compared to RUW and RTW-230, the acid
insolubles of RTW-260 and RTW-290 were consistently high at
all liquefaction temperatures. It was worth noting that TW-260
yielded a residue content around S0% after liquefaction (Figure
4), yet RTW-260 yielded acid insolubles as high as 80%, which
was comparable to that of RTW-290. This suggested that mild
torrefaction temperature (260 °C) might decompose muost
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Figure 5. Residue contents of untreated and torrefied wood samples (a) and dielectric loss tangent of liquefaction solvent (b) at two acid catalyst
contents (liquefaction time 3 min; liquefaction temperature 130 °C; UW untreated wood; TW-230, TW-260, and TW-290 torrefied wood treated at
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RTW-290 liquefaction residue of torrefied wood treated at 230, 260,
and 290 °C, respectively).

hemicellulose and some cellulose, transforming some of the
carbohydrates into condensed products. However, about half of
the torrefied sample was still susceptible to liquefaction
reaction, while in the case of TW-290, the high torrefaction
temperature completely turned the wood into thermal- and
acid-resistant substances. This change in torrefied wood could
increase its storage time but also decrease its accessibility by
liquefied solvent and resulted in less extent of liquefaction. Ku
et al.*® reported that torrefaction reduced both H, production
and carbon conversion when subjected to gasification
compared to its raw parent biomass. Therefore, the benefit of
torrefaction as a pretreatment for later thermal conversion of
biomass varied largely in different case scenario.

To assess the changes in chemical functionality by both
torrefaction and liquefaction conditions, samples before
torrefaction and the liquefaction residues were analyzed by
FTIR. Figure 7a and b shows the FTIR spectra of the untreated
wood and torrefied wood samples and the corresponding
liquefaction residues, respectively. A broad peak at around 3400
cm™" was assigned to —OH groups either from carbohydrates
(cellulose and hemicellulose) or lignin,47 and the peak at
around 2900 cm ™" was assigned to the C—H stretch in methyl
and methylene groups.”® These intense absorbance peaks
appeared in both spectra of untreated and torrefied wood. The
intensities of the —OH group in torrefied wood samples were
lower than that of the untreated wood, confirming the loss of
some hydroxyl groups in torrefied wood, most likely from the
hemicelluloses. Both spectra provided bands at around 1720
cm™, caused by the stretching of the carbonyl (C=0) groups
in hemicellulose.”” As was shown in Figure 7a, the intensity at
peak 1720 cm™ was lower in torrefied wood samples than that
of the untreated wood, consistent with the thermal degradation
of hemicellulose during torrefaction process. However, the
intensity of this peak in the liquefaction residues became
stronger at higher torrefaction temperature (Figure 7b).
Providing most hemicellulose has already decomposed during
torrefaction, the peak at 1720 cm™ in residues should not
belong to the carbonyl groups in hemicellulose. Therefore, it
was inferred that the band at 1720 cm™ was assigned to
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Figure 7. IR spectra of untreated wood and torrefied wood samples
(a) and liquefaction residues of untreated and torrefied wood samples
(b) (liquefaction temperature 130 °C; liquefaction time 3 min; acid
catalyst content 1.5%; UW untreated wood; TW-230, TW-260, and
TW-290 torrefied wood treated at 230, 260, and 290 °C, respectively;
RUW liquefaction residue of untreated wood; RTW-230, RTW-260,
and RTW-290 liquefaction residue of torrefied wood treated at 230,
260, and 290 °C, respectively).

derivatives of cellulose and esterification products; it has been
reported that during the liquefaction process, the hydroxyls
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were most likely to be oxidized partly and then reacted with
alcohol to form esterification products.”’

The intense peaks at 1600 and 1500 cm™ were assigned to
the aromatic skeletal (lignin) vibrations.”” The band at 1460
cm™" was derived from C—H deformation combined with
aromatic ring vibration, and the peak at 1270 cm™" was due to
the methoxyl groups of lignin.>* All the peaks that characterized
for aromatic compounds (lignin) were strong in the spectra of
untreated and torrefied wood samples, indicating that
torrefaction process preserved most of the structure of lignin.
In addition, the intensities of these peaks increased as the
torrefaction temperature increased (Figure 7b), suggesting that
the degree of aromaticity of torrefied wood increased
significantly with the increase of torrefaction temperature due
to the loss of most hemicellulose and part of the cellulose at
mild and severe torrefaction conditions. This result was in good
agreement with the elemental analysis.

By comparing the spectra of the untreated wood sample, the
torrefied wood samples, and the corresponding liquefaction
residues, polysaccharide (hemicelluloses) decomposition oc-
curred during the torrefaction process, with the aromatic nature
of the torrefied wood increasing after subsequent liquefaction
reactions. This result might suggest that (1) polysaccharides
remaining in the torrefied wood underwent further decom-
position during liquefaction reaction and/or (2) the lignin was
the most stable component during both the torrefaction
pretreatment and subsequent liquefaction.

5. CONCLUSION

The liquefaction of torrefied wood was carried out at different
liquefaction conditions (time, temperature, catalyst concen-
tration) with microwave irradiation. The dielectric properties of
liquefaction materials, including the woody biomass and
liquefaction reagent, were measured to evaluate their abilities
to convert electromagnetic energy to heat. The &’ and &” value
of torrefied wood decreased with increasing torrefaction
temperature due to the loss of polar hydroxyl groups, the
decomposition of hemicellulose and cellulose, and with an
increasing proportion of less polar lignin. It was also found that
wood treated at the mildest torrefaction condition retained the
most compositional characteristics of untreated wood material
and therefore exhibited similar liquefaction behavior. As the
torrefaction temperature was increased from 230 to 290 °C, the
wood was more carbonized; reduced reactivity during
liquefaction resulted in the significantly amounts of material
being collected as insoluble liquefaction residues. The FTIR
analysis on torrefied wood and their liquefaction residues
confirmed the increase in the aromaticity of woody biomass
after torrefaction process. The results suggest that benefits of
torrefaction for preprocessing of lignocellulosics for further
thermochemical processing are largely offset with liquefaction
because of hydrophobic torrefied wood recalcitrance, partic-
ularly at the higher torrefaction temperatures.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: hpan@njfu.edu.cn.
Notes

The authors declare no competing financial interest.

5868

B ACKNOWLEDGMENTS

The authors are grateful for the financial support by Forestry
Industry Research Special Funds for Public Welfare Projects of
China (201504602) and the Jiangsu Specially-Appointed
Professor program of the State Minister of Education of
Jiangsu Province, China.

B REFERENCES

(1) Larabi, C; al Maksoud, W.; Szeto, K. C.; Roubaud, A.; Castelli,
P; Santini, C. C.; Walter, J. J. Thermal decomposition of
lignocellulosic biomass in the presence of acid catalysts. Bioresour.
Technol. 2013, 148, 255—260.

(2) Wyman, C. E; Dale, B. E; Elander, R. T.; Holtzapple, M,;
Ladisch, M. R;; Lee, Y. Coordinated development of leading biomass
pretreatment technologies. Bioresour. Technol. 2005, 96 (18), 1959—
1966.

(3) Pan, H. Synthesis of polymers from organic solvent liquefied
biomass: A review. Renewable Sustainable Energy Rev. 2011, 15 (7),
3454—3463.

(4) Pan, H. Wood liquefaction in the presence of phenol with a weak
acid catalyst and its potential for novolac type wood adhesives, Ph.D.
dissertation, Lousisana State University, Lousisana, 2007.

(S) Zhang, Y,; Yuan, Z; Mahmood, N.; Huang, S; Xu, C. C.
Sustainable bio-phenol-hydroxymethylfurfural resins using phenolated
de-polymerized hydrolysis lignin and their application in bio-
composites. Ind. Crops Prod. 2016, 79, 84—90.

(6) Hu, S; Wan, C,; Li, Y. Production and characterization of
biopolyols and polyurethane foams from crude glycerol based
liquefaction of soybean straw. Bioresour. Technol. 2012, 103 (1),
227-233.

(7) Biller, P.; Ross, A. B. Hydrothermal processing of algal biomass
for the production of biofuels and chemicals. Biofuels 2012, 3 (3),
603—623.

(8) Pan, H.; Zheng, Z.; Hse, C. Y. Microwave-assisted liquefaction of
wood with polyhydric alcohols and its application in preparation of
polyurethane (PU) foams. Eur. ]. Wood Prod. 2012, 70 (4), 461—470.

(9) Motasemi, F.; Afzal, M. T. A review on the microwave-assisted
pyrolysis technique. Renewable Sustainable Energy Rev. 2013, 28, 317—
330.

(10) Motasemi, F.; Afzal, M. T.; Salema, A. A. Microwave dielectric
characterization of hay during pyrolysis. Ind. Crops Prod. 2014, 61,
492—-498.

(11) KrZan, A.; Kunaver, M. Microwave heating in wood liquefaction.
J. Appl. Polym. Sci. 2006, 101 (2), 1051—1056.

(12) Xiao, W.; Niu, W,; Yi, F; Liu, X; Han, L. Influence of crop
residue types on microwave-assisted liquefaction performance and
products. Energy Fuels 2013, 27 (6), 3204—3208.

(13) Xu, J; Jiang, J; Hse, C,; Shupe, T. F. Renewable chemical
feedstocks from integrated liquefaction processing of lignocellulosic
materials using microwave energy. Green Chem. 2012, 14 (10), 2821—
2830.

(14) Krzan, A; 2agar, E. Microwave driven wood liquefaction with
glycols. Bioresour. Technol. 2009, 100 (12), 3143—3146.

(15) Jackson, M. A.; Eberhardt, T. L.; Boateng, A. A.; Mullen, C. A;
Groom, L. H. Evaluation of biochars by temperature programmed
oxidation/mass spectrometry. BioResources 2013, 8 (4), 5461—5474.

(16) Toscano, G.; Pizzi, A.; Pedretti, E. F.; Rossini, G.; Ciceri, G.;
Martignon, G.; Duca, D. Torrefaction of tomato industry residues. Fuel
2018, 143, 89-97.

(17) Chen, W.-H.; Kuo, P.-C. A study on torrefaction of various
biomass materials and its impact on lignocellulosic structure simulated
by a thermogravimetry. Energy 2010, 35S (6), 2580—2586.

(18) Arias, B.; Pevida, C.; Fermoso, J.; Plaza, M.; Rubiera, F.; Pis, J.
Influence of torrefaction on the grindability and reactivity of woody
biomass. Fuel Process. Technol. 2008, 89 (2), 169—175.

(19) Cerone, N.; Zimbardi, F.; Villone, A.; Strjiugas, N.; Kiyikdi, E. G.
Gasification of Wood and Torrefied Wood with Air, Oxygen, and

DOI: 10.1021/acs.energyfuels.6b01004
Energy Fuels 2016, 30, 5862—5869


mailto:hpan@njfu.edu.cn
http://dx.doi.org/10.1021/acs.energyfuels.6b01004

Energy & Fuels

Steam in a Fixed-Bed Pilot Plant. Energy Fuels 2016, 30 (5), 4034—
4043.

(20) Eberhardt, T. L.; Reed, K. G. Technical note: Evaluation of a
crucible furnace retort for laboratory torrefactions of wood chips.
Wood Fiber Sci. 2014, 46, 600.

(21) Couhert, C.; Salvador, S.; Commandré, J. Impact of torrefaction
on syngas production from wood. Fuel 2009, 88 (11), 2286—2290.

(22) Ciolkosz, D.; Wallace, R. A review of torrefaction for bioenergy
feedstock production. Biofuels, Bioprod. Biorefin. 2011, S (3), 317—329.

(23) Ben, H.; Ragauskas, A. J. Torrefaction of Loblolly pine. Green
Chem. 2012, 14 (1), 72—76.

(24) Chen, D.; Zheng, Z; Fu, K; Zeng, Z; Wang, J; Lu, M.
Torrefaction of biomass stalk and its effect on the yield and quality of
pyrolysis products. Fuel 2015, 159, 27-32.

(25) Meng, J.; Moore, A; Tilotta, D. C.; Kelley, S. S.; Adhikari, S.;
Park, S. Thermal and Storage Stability of Bio-Oil from Pyrolysis of
Torrefied Wood. Energy Fuels 2015, 29 (8), 5117—5126.

(26) Wannapeera, J.; Fungtammasan, B.; Worasuwannarak, N. Effects
of temperature and holding time during torrefaction on the pyrolysis
behaviors of woody biomass. J. Anal. Appl. Pyrolysis 2011, 92 (1), 99—
10S.

(27) Sluiter, A; Hames, B.; Ruiz, R; Scarlata, C.; Sluiter, J;
Templeton, D.; Crocker, D. Determination of structural carbohydrates
and lignin in biomass, Report N. TP-510-42618; National Renewable
Energy Laboratory: Golden, CO, 2011; p 17.

(28) Wilk, M.; Magdziarz, A.; Kalemba, L; Gara, P. Carbonisation of
wood residue into charcoal during low temperature process. Renewable
Energy 2016, 85, 507—513.

(29) Wang, G.; Luo, Y.; Deng, J.; Kuang, J.; Zhang, Y. Pretreatment
of biomass by torrefaction. Chin. Sci. Bull. 2011, 56 (14), 1442—1448.

(30) Chen, Y,; Yang, H; Yang, Q; Hao, H; Zhu, B,; Chen, H.
Torrefaction of agriculture straws and its application on biomass
pyrolysis poly-generation. Bioresour. Technol. 2014, 156, 70—77.

(31) Park, J; Meng, J; Lim, K. H; Rojas, O. J; Park, S.
Transformation of lignocellulosic biomass during torrefaction. J.
Anal. Appl. Pyrolysis 2013, 100, 199—206.

(32) Van Krevelen, D. Graphical-statistical method for the study of
structure and reaction processes of coal. Fuel 1950, 29 (12), 269—284.

(33) Krull, E. S; Baldock, J. A; Skjemstad, J. O.; Smernik, R. ],
Characteristics of biochar: organo-chemical properties. Biochar for
environmental management: Science and technology; Earthscan: London,
2009; pp 53—65.

(34) Gronnow, M. J.; Budarin, V. L.; Masek, O.; Crombie, K. N.;
Brownsort, P. A.; Shuttleworth, P. S,; Hurst, P. R; Clark, J. H.
Torrefaction/biochar production by microwave and conventional slow
pyrolysis—comparison of energy properties. GCB Bioenergy 2013, S
(2), 144—152.

(35) Chandrasekaran, S.; Ramanathan, S.; Basak, T. Microwave food
processing—A review. Food Res. Int. 2013, 52 (1), 243-261.

(36) Campos, D. C.; Dall’'Oglio, E. L.; de Sousa, P. T.; Vasconcelos,
L. G; Kuhnen, C. A. Investigation of dielectric properties of the
reaction mixture during the acid-catalyzed transesterification of Brazil
nut oil for biodiesel production. Fuel 2014, 117, 957—965.

(37) Chen, W.-H; Kuo, P.-C. Torrefaction and co-torrefaction
characterization of hemicellulose, cellulose and lignin as well as
torrefaction of some basic constituents in biomass. Energy 2011, 36
(2), 803—811.

(38) Rousset, P.; Aguiar, C.; Labbé, N.; Commandré, J.-M.
Enhancing the combustible properties of bamboo by torrefaction.
Bioresour. Technol. 2011, 102 (17), 8225—8231.

(39) Li, H; Liu, X;; Legros, R; Bi, X. T,; Lim, C.; Sokhansanj, S.
Torrefaction of sawdust in a fluidized bed reactor. Bioresour. Technol.
2012, 103 (1), 453—458.

(40) Chen, W.-H; Peng, J.; Bi, X. T. A state-of-the-art review of
biomass torrefaction, densification and applications. Renewable
Sustainable Energy Rev. 2015, 44, 847—866.

(41) Zou, X; Qin, T,; Huang, L,; Zhang, X,; Yang, Z; Wang, Y.
Mechanisms and main regularities of biomass liquefaction with
alcoholic solvents. Energy Fuels 2009, 23 (10), 5213—5218.

5869

(42) Alma, M,; Shiraishi, N. Preparation of sulfuric acid-catalyzed
phenolated wood resin. J. Polym. Eng. 1998, 18 (3), 179—196.

(43) Cabiac, A;; Guillon, E.; Chambon, F.; Pinel, C.; Rataboul, F.;
Essayem, N. Cellulose reactivity and glycosidic bond cleavage in
aqueous phase by catalytic and non catalytic transformations. Appl.
Catal, A 2011, 402 (1), 1-10.

(44) Galema, S. A. Microwave chemistry. Chem. Soc. Rev. 1997, 26
(3), 233—-238.

(45) Budarin, V. L.; Shuttleworth, P. S.; Farmer, T. J.; Gronnow, M.
J.; Pfaltzgraff, L.; Macquarrie, D. J.; Clark, J. H,; De bruyn, M. The
potential of microwave technology for the recovery, synthesis and
manufacturing of chemicals from bio-wastes. Catal. Today 2015, 239,
80—89.

(46) Ku, X,; Lin, J.; Yuan, F. Influence of Torrefaction on Biomass
Gasification Performance in a High-Temperature Entrained-Flow
Reactor. Energy Fuels 2016, 30 (S), 4053—4064.

(47) Schwanninger, M.; Rodrigues, J.; Pereira, H.; Hinterstoisser, B.
Effects of short-time vibratory ball milling on the shape of FT-IR
spectra of wood and cellulose. Vib. Spectrosc. 2004, 36 (1), 23—40.

(48) Ibrahim, A. A.; Adel, A. M.; El-Wahab, Z. H. A;; Al-Shemy, M.
T. Utilization of carboxymethyl cellulose based on bean hulls as
chelating agent. Synthesis, characterization and biological activity.
Carbohydr. Polym. 2011, 83 (1), 94—118.

(49) Li, G; Hse, C; Qin, T. Wood liquefaction with phenol by
microwave heating and FTIR evaluation. J. For. Res. 2015, 26 (4),
1043—1048.

(50) Rivera-Armenta, J.; Heinze, T.; Mendoza-Martinez, A. New
polyurethane foams modified with cellulose derivatives. Eur. Polym. J.
2004, 40 (12), 2803—2812.

(51) Hassan, E. H.; Shukry, N. Polyhydric alcohol liquefaction of
some lignocellulosic agricultural residues. Ind. Crops Prod. 2008, 27
(1), 33-38.

(52) Xie, J.; Hse, C. Y.; Shupe, T. F,; Qi, J; Pan, H. Liquefaction
behaviors of bamboo residues in a glycerol-based solvent using
microwave energy. J. Appl. Polym. Sci. 2014, 131 (9), 40207.

DOI: 10.1021/acs.energyfuels.6b01004
Energy Fuels 2016, 30, 5862—5869


http://dx.doi.org/10.1021/acs.energyfuels.6b01004

