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Abstract

Non-catalytic liquefaction of Japanese beech (Fagus crenata) wood in subcritical phenol
was investigated using a batch-type reaction vessel. After samples were treated at
160°C/0.9MPa - 350°C/4.2MPa for 3 - 30min, they were fractionated into a phenol-
soluble portion and phenol-insoluble residues. These residues were then analyzed for
their chemical composition. Based on the obtained data, the kinetics for liquefaction was
modeled using first-order reaction rate law. Subsequently, the liquefaction rate constants
of the major cell wall components including cellulose, hemicellulose and lignin were
determined. The different kinetic mechanisms were found to exist for lignin and cellulose
at two different temperature ranges, lower 160 - 290°C and higher 310 - 350°C, whereas
for hemicellulose, it was only liquefied in the lower temperature range. Thus, the
liquefaction behaviors of these major cell wall components highlighted hemicellulose to
be the most susceptible to liquefaction, followed by lignin and cellulose.

Keywords: Japanese Beech; Subcritical Phenol; Cell Wall Components; Non-catalytic

Liquefaction of Wood



1. Introduction

The recent changes in oil prices and the increasing concerns of a petroleum-deprived
future are driving the fuel market towards innovative and sustainable solutions
(Damartzis and Zabaniotou, 2011). In such a situation, woody biomass known as
renewable resources can be used as an alternative to the continuously-depleting fossil
fuels (Yamazaki et al., 2006) as well as petroleum-derived chemicals (Lee and Ohkita,
2003). Thus, for such alternatives, the liquefaction of lignocellulosic biomass has been
tried and investigated with various polyhydric alcohols (Hassan and Shukry, 2008; Yan et
al., 2010), and phenol using acidic or alkaline catalyst at various treatment conditions
(Maldas and Shiraishi, 1997, Alma et al., 1998). Liquefaction of lignocellulosic biomass
with various organic solvents such as polyols (ethylene glycol, polyethylene glycol, etc.)

with addition of catalysts was also investigated (Yao et al., 1994).

However, these works have been carried out with catalysts. Thus, post-treatment
becomes complicated and environmental burden would be increased. Therefore, with
keeping focus on biomass utilization, a new approach of liquefying the whole biomass
was developed by supercritical fluid technologies (Minami and Saka, 2003, Wen et al.,
2009). One representative example is non-catalytic liquefaction of wood with
supercritical alcohols for its effective and efficient utilization (Saka, 2006, Minami et al.,
2003, Minami and Saka, 2005, Yamazaki et al., 2006). It was reported in the literature
(Minami and Saka, 2005) that more than 90% of wood could be decomposed and

liquefied when treated with methanol at 350°C/43MPa for 30min.



This supercritical fluid technology is one of the potential technologies to convert
biomass to liquefied substances as valuable fuels and chemicals (McKendry, 2002).
Through this liquefaction, all major cell wall components of biomass such as cellulose,
hemicellulose and lignin are converted to low-molecular weight compounds. Cellulose
and hemicelluloses are converted to various monosaccharides apart from decomposed
products like 5-HMF and furfural. Whereas, lignin is converted to many phenolic
compounds such as coniferyl alcohol, sinapyl alcohol etc, and can be expected to be used
in many useful potential lignin-based applications such as preparation of resins, adhesives

etc as done by catalytic systems (Alma et al., 1998).

The non-catalytic treatment of biomass with various kinds of alcohols is reported
to need a prolonged treatment time of about 30min for its liquefaction (Minami et al.,
2003). Hence, phenol as a solvent was primarily selected so as to evaluate the potential to
shorten the treatment time. In addition to this, the usage of phenol as a solvent has gotten
different benefits. At subcritical conditions, phenol is expected to have low dielectric
constant and to behave as non-polar organic solvent. Therefore, the use of phenol at
subcritical conditions is expected to readily dissolve relatively high molecular weight
products from cellulose, hemicellulose and lignin without using any catalysts. On the
other hand, phenol is also used as a solvent to convert biomass to various biomass—based
wood chemicals and to plasticize it for the synthesis of various biomaterials like
polyurethane foams, novolok-type phenolic resins, adhesives etc. Therefore, the use of
phenol as a solvent to achieve complete utilization of wood was hereby suggested under

catalytic liquefaction.



In this study, therefore, as a further approach, phenol was selected for non-
catalytic liquefaction in its subcritical state and its kinetic behaviors of these three cell
wall components were investigated so as to know the liquefaction mechanism of these

components.

2. Materials and methods

2.1 Subcritical phenol treatment

The air-dried wood flours (80 mesh pass) of matured Japanese beech (Fagus crenata)
was prepared from sapwood portion using Wiley mill. The flour samples were then
extracted with reagent grade acetone purchased from Nacalai Tesque Inc., Japan. Such
extracted samples were oven-dried for 12 hours at 105°C and then kept in desiccator to
cool down. Approximately 150mg of such oven-dried sample and 4.9ml of reagent grade
phenol from Nacalai Tesque Inc., Japan, were fed into a 5-ml batch-type cylindrical
shaped reaction vessel made of Inconel-625 to which thermocouple and pressure gauge
were attached for the measurement of temperature and pressure. It was then subjected to
various subcritical conditions of phenol (T.=421.2°C, P.=6.13MPa) as shown in Table 1.,
by immersing its reaction vessel into the molten salt bath of KNO3 (supplied by Parker
Netsushori, Kogyo Co. Ltd, Japan) preheated at a designated temperature. Such a wide
range of treatment conditions was chosen to study the liquefaction behavior and the

whole utilization of biomass in a better way.



The reaction vessel was oscillated inside the molten salt bath to maintain the
homogenous mixing inside the vessel and for proper heat transfer. The treatment time
mentioned here in this study, includes the total time from insertion into the molten salt
bath for a designated treatment time. It takes less than a minute to bring the sample to the
reaction temperature inside the reaction vessel, therefore, the starting points are always
neglected in calculating the data points for the kinetic study. After the treatment, the
reaction vessel was dipped into water bath maintained at ambient temperature to stop the

reaction.

The resulting reaction mixture was then filtered with Polytetrafluoroethylene
(PTFE) filters (ADVANTEC, Japan) of 0.2-um pore size and 47mm diameter, under
negative pressure and the phenol-soluble portion was separated from phenol-insoluble
residue. Its residue was then washed properly with reagent grade methanol from Nacalai
Tesque Inc., Japan, to remove phenol. The obtained residue was then oven-dried for 12
hours at 105°C and transferred to desiccators for cooling to determine the weight percent
content, as phenol-insoluble residue. For lignin in its residue, the Klason lignin content
and the acid-soluble lignin were determined (Dence, 1992). The amounts of constituent
monosaccharides in the phenol-insoluble residue were determined by high-performance
liquid chromatography (HPLC) for the clear filtrate from acid hydrolysates in the Klason
lignin determination (Wormeyer et al., 2011). Such HPLC analysis were carried out with
a Shimadzu LC-10A system under the following conditions: column, Aminex HPX-87P
(Bio-Rad) of 300 x 7.8mm dimensions; flow-rate 1.0ml/min; eluent, distilled water;

detector, refractive-index detector RID-10A; temperature, 40°C. The cellulose and



hemicellulose contents in the phenol-insoluble residue were then estimated according to

literature (Agblevor et al., 2004, Sluiter et al., 2004).

In such a manner, the weight percent contents of the major cell wall components
(cellulose, hemicellulose and lignin) were obtained. Such data were collected after
repeating the experiments thrice, in order to check the variations. Less than 2% variations
were recorded, suggesting that the experiments can be replicated and data can be
reproduced anytime and anywhere, by keeping the same treatment conditions. The weight
percent contents of major cell wall components were used for the calculation of their
individual liquefaction rate constant at various treatment conditions, based on the
assumed first-order reaction rate kinetics for their liquefaction. The temperature
dependence of its rate constant was then studied as per the Arrhenius Equation. The
activation energies were, therefore, determined based on the slope of their respective
curves on the Arrhenius plot between the natural logarithm of the liquefaction rate

constant k and T™ (Kelvin).

3. Results and discussion

3.1 Liquefaction behaviors of Japanese beech by subcritical phenol treatment

The solvent of phenol used in this study has a critical point at 421.2°C/6.13MPa
(Ambrose, 1963, Nikitin et al., 2007). This critical point is remarkably high for
liquefaction of wood. Therefore, subcritical conditions were selected as milder treatments

in a range between 160°C/0.9MPa and 350°C/4.2MPa for 3 - 30min, so as to minimize



the thermal decomposition of wood. The treated sample was then fractionated into
phenol-soluble portion and phenol-insoluble residue. Fig. 1 shows the obtained changes
in the phenol-insoluble residues at various conditions. Such trends are non-linear and in
exponential logarithmic function, thus the first-order reaction kinetics may be used for its

mechanism (Xin et al., 2009).
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Fig. 1. Changes in the phenol-insoluble residues of Japanese beech as treated in

subcritical phenol at various conditions.

As Japanese beech was subjected to various subcritical conditions, the initial
amount of the phenol-insoluble residue denoted as W, (100wt %) decreased and, in turn,
phenol-soluble portion increased, which can be obtained by W, (100wt %) minus
phenol-insoluble residue (wt %). At treatment temperatures in a range between 160°C
and 200°C, Japanese beech was modestly liquefied and phenol-insoluble residues for
more than 60wt % was left, even after 30min treatment time. At 270°C/1.8MPa, the
phenol-insoluble residue was reduced to 40%. On further increasing the treatment

temperature, Japanese beech was liquefied more, and at the highest temperature of 350°C,



it was efficiently liquefied, with less than 10wt % phenol-insoluble residue left after the

4min treatment time.
3.2 Liquefaction Kinetics of Japanese beech and its cell wall components

The rate of liquefaction of Japanese beech in subcritical phenol was considered on a basis
of the kinetics of the first-order reaction as in Eq. (1)

aw _

= —kw (1)
where W is the oven-dried weight of Japanese beech used in the study, t the treatment
time at which Japanese beech was subjected to various subcritical conditions of phenol,
and k the liquefaction rate constant. The Eq. (1) has led to Eq. (2), which is further re-
arranged into Eq. (3), in which W, and W are, respectively, the initial and final oven-
dried weights of the residue in subcritical phenol at the initial and final treatment times

(tinand trrespectively).

aw

W = Tkat 2)

Win
The first-order reaction kinetics was used for the liquefaction mechanism. The

liquefaction rate constant k of the three major cell wall components was determined

based on the weight percent contents as mentioned in Table 1, by plotting the respective



points between their In(W.,/ Wp and (t.—t), treated in a temperature range between
160°C and 350°C for 3 - 30min.

Fig. 2 shows the obtained temperature dependence of the liquefaction rate
constant of these cell wall contents, cellulose, hemicellulose and lignin under high
pressure (0.9-4.2MPa). The individual data points on the curves, therefore, provide the

liquefaction rate constants for the cell wall components at particular treatment conditions.
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Fig. 2. Comparison of liquefaction rate constant of the major cell wall components of

Japanese beech at various subcritical conditions of phenol.

It could be seen that, in the low temperature range (160°C - 290°C), the
liquefaction rate constant did not change much for cellulose which may be explained by
its crystalline nature. Thus, cellulose was difficult to be decrystallized in this low
temperature range. On increase in temperature from 310°C onwards, a sharp increase in
liquefaction rate constant of cellulose was noticed, which could suggest the destruction of

its crystalline structure. On the other hand, the hemicellulose and lignin being amorphous



in nature show a similar trend in low temperature range, with higher liquefaction rate
compared to cellulose. Above 290°C, the liquefaction rate constant of hemicellulose was
unable to be determined, due to the complete removal of hemicellulose, whereas the
remaining lignin continued to be liquefied. It is apparent that the liquefaction rate
constant of lignin in the lower temperature range is gradually increasing, but above
290°C, it became almost constant.

Table 1. The whole wood of Japanese beech and its insoluble-residue yield of major cell
wall components as treated by various subcritical conditions of phenol.

Yidd (wt %5
Reaction Condition
Cellulose Hemi cellul ose Lipgmin Wholewood
Untreated 450 300 250 1000
160~/ 0 9P/ Smin 427 12.5 9.1 265
4min 421 21 92 909
10min 376 21 71 TR S
20min 324 86 4.9 T6_1
30min 317 [ 3 35 T0_4
2001 1MPa/3min 40_4 119 89 T6 2
4min 415 117 TT 5.9
10min 351 97 38 662
20min 321 115 29 588
30min 282 6.6 16 562
2701 _BMPa/Amin 431 93 39 574
4min 385 13 4 33 550
10min 346 932 0.7 46.5
20min 297 12 0 0.5 45 4
30min 263 62 03 377
2902 AP/ Smin 433 4.1 63 507
Amin 40,6 36 42 43_4
10min 305 32 18 390
20min 28 6 0 1.4 360
30min 178 0 10 231
310°CF3_ 1MPa/Smin 390 1.7 29 41 8
4min 348 0 21 319
10min 256 0 11 26.6
20min 188 0 0.7 229
30min 115 0 0.4 214
330~CF3_6MMPa/Smin 213 15 19 285
4min 143 0 10 174
10min 24 0 04 51
20min 1] 0 002 32
30min 1] 0 001 1.1
33504 IMPa/Amin 215 13 0.5 126
4min 108 1} 03 T
10min 11 0 0 3.2
20min 1] 0 0 21
30min 1] 0 0 o9
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The chemistry of all three major cell wall components of wood was explained in a

better way as shown in Fig. 3. It reveals the decomposition followed by liquefaction of

cellulose, hemicellulose and lignin in two different temperature ranges, suggesting the

existence of the two different kinetic mechanisms. At lower temperature range (160°C -

290°C), the amorphous substances of wood would be more liquefied like hemicellulose

and lignin, whereas at higher temperature range (310°C - 350°C), the destruction of

crystalline cellulose along with the substantial removal of the amorphous hemicellulose

and lignin would be taken place. However, hemicellulose being the amorphous polymer

was mostly liquefied only at lower temperature range.
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Fig. 3 Temperature dependence of the logarithm (In) of liquefaction rate constant (k) of

the major cell wall components of Japanese beech.

11



On the other hand, the lignin was continued to be liquefied even at higher
temperature range. Thus, two different liquefaction mechanisms must exist for lignin.
According to the literature (Freudenberg, K., 1932, Adler, E., 1977, Monties, 1994), two
different kinds of linkages exist in lignin macromolecules such as non-condensed ether
linkages and condensed carbon-carbon (C-C) linkages. In the lower temperature range,
therefore, the cleavage of ether linkages would take place in lignin, whereas the cleavage
of carbon-carbon linkages, which has resistance against liquefaction in lower temperature
range, would possibly take place at higher temperature range. The cleavage of such bonds
in lignin macromolecule at different temperature ranges are in good agreement with

literature (Pandey and Kim, 2011).

Cellulose being mainly crystalline in nature, on the other hand, consists of some
para-crystalline structure in it which is assumed to get decomposed and liquefied to some
extent in the lower temperature range, whereas most of the crystalline cellulose was
suggested to be decomposed and liquefied at the higher temperature range, leading to the
substantial destruction of its crystalline structure. This is in good agreement with the
change in the apparent crystallinity of cellulose with different subcritical treatment
conditions (Mishra and Saka, 2010).

In order to check whether the individual liquefaction rate constant k for all three
major cell wall components satisfies the Arrhenius equation as Eq. (4), a relation between

Inkand 7-1 shown in Eq. (5) was obtained by taking the natural logarithm of Eq. (4).

k=Aexp (_ITET“) (4)

12



Eq
Ink=-2+8B (5)

where E, is activation energy, R ideal gas law constant (8.314 J/mol K), B a constant

that intercepts the straight line to vertical axis, and A4 the pre-exponential factor.

Activation energy of any reaction mainly explains its degree of temperature-
sensitiveness; reactions with high activation energies are very temperature-sensitive,
while the reactions with low activation energies are low in temperature-sensitiveness
(Xin et al., 2009). It can also be said that activation energy is defined as the minimum
energy required for liquefaction, denoted by E,. The smaller E; for liquefaction of any
particular component signifies the requirement of less energy for its liquefaction, whereas

the larger E, suggests more energy for liquefaction of that component.

In Table 2, the obtained activation energies for such two temperature ranges are
shown. In lower temperature range, the activation energy for hemicellulose (Ea (emiceliulose)
= 6.9 KJ/mol) is lowest, suggesting that its complete liquefaction can be achieved at
lower temperature treatments. The activation energy associated with cellulose (Ea (cellutose)
= 15.2 KJ/mol) at the same temperature range is higher than those of hemicellulose and
lignin (Ea gigniny = 12.4 KJ/mol). This suggests that cellulose requires much higher energy
for its liquefaction as compared to hemicellulose and lignin and thus get liquefied at

higher temperature treatments.
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Table 2. Activation Energies of the different cell wall components of Japanese beech on
its liquefaction as treated with subcritical phenol for 3 - 30min.

Activation Energy (KJ/mol)

Cell Wall -
Component Low temperature range High temperature range
(160°C - 290°C) (310°C - 350°C)
Cellulose 15.2 74 .9
Hemicellulose 6.9 -
Lignin 12.4 65.7

In higher temperature range, the phenol-insoluble residue consists of only
cellulose and lignin due to the complete removal of hemicellulose at lower temperature
treatments. As shown in Table 2, the activation energy for the liquefaction of cellulose
(Ea (cellutose) = 74.9 KJ/mol) is higher than that of lignin (Ea gigniny = 65.7 KJ/mol), which
can be justified by more energy required for the substantial destruction of its crystalline
structure as compared to the energy required in cleaving mainly the C-C linkages of
lignin. The activation energies thus obtained from Fig. 3 can suggest the two different
kinetic mechanisms to exist for cellulose and lignin, whereas amorphous hemicellulose

can be liquefied by only single kinetic mechanism at lower temperature range.

4. Concluding remarks

The liquefaction of Japanese beech was achieved successfully in phenol at various

subcritical conditions and the total treatment time in liquefying it, has been successfully

14



reduced as compared to non-catalytic liquefaction with methanol or ethanol. The
increase in its liquefaction rate constant was found with a rise in the treatment
temperature under similar treatment pressures. The evaluation of liquefaction rate
constants of the major cell wall components suggested that in the lower temperature
range (160°C - 290°C), the cellulose did not take much part in the liquefaction process,
thus not decomposed much due to its high crystalline structure, whereas, the
hemicellulose being the amorphous substance got liquefied almost completely, and lignin
was liquefied partially in such lower temperature range. The lignin and cellulose were
later completely liquefied into phenol at higher temperature treatments (310°C - 350°C).
The two different kinetic mechanisms were thus suggested for lignin and cellulose
liquefaction. The activation energies in liquefaction for cellulose, lignin and
hemicellulose at both lower and higher temperature ranges shows that hemicellulose is
liquefied first, and lower temperature conditions are sufficient for its liquefaction,
whereas the lignin requires higher temperature conditions compared to the hemicellulose,
but milder than the conditions required for cellulose liquefaction. These lines of evidence
are in good agreement with knowledge of the chemical composition and physicochemical

properties of wood as a natural composite material.
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