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Nonisothermal Kinetics of wood degradation in supercritical methanol
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Abstract—The kinetic analysis of wood degradation in supercritical methanol has been studied by a nonisothermal
weight loss technique. The weight loss data according to degradation temperature have been analyzed using two integral
methods based on Arrhenius form to obtain the kinetic parameters, such as apparent activation energy and overall reac-
tion order. The experiments were carried out for three heating rates of 5.2, 11.6 and 16.3 °C/min. It was found that there
are the distinct mass changes over the temperature range of 260-370 °C for all three heating rates, and the weight loss
curves were displaced to higher temperatures as increasing of heating rate. The activation energies of wood degradation
in supercritical methanol were 73.5-74.5 kJ/mol and 45.2-48.8 kJ/mol, and the reaction orders were 0.59-0.64 and 0.25,
depending on the mathematical approach taken in the analysis and the heating rate.
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INTRODUCTION

Most of all transportation energy is derived currently from petro-
leum. The fact that petroleum is nonrenewable is an excellent in-
centive for developing renewable energy sources. Also, the accel-
erated rate of growth of energy consumption raises this incentive
for all countries. In addition, the buming of fossil fuels, which pro-
duces carbon dioxide, has serious environmental consequences. In
contrast to fossil fuels, the use of biomass for energy provides sig-
nificant environmental advantages. Plant growth needed to generate
biomass feedstocks removes atmospheric carbon dioxide, which
offsets the increase in atmospheric carbon dioxide that results from
biomass fuel combustion [1]. Wood and other forms of biomass
can be used in various ways to provide energy, such as combus-
tion, gasification, pyrolysis, etc. [2]. Pyrolysis, which converts wastes
to fuel or useful hydrocarbons, is a promising and economical pro-
cess to produce liquid fuels that can be readily stored and trans-
ported [3]. But it was never commercialized because of some prob-
lems to be tackled such as excessively long degradation time, tar
formation and the coking of reactants. These are the reason why
new technologies using supercritical fluid are needed in the ther-
mal treatment process of biomass.

Supercritical fluid technology has made enormous progress in
the past decade in terms of commercial application and fundamen-
tal understanding of solution behavior [4]. Supercritical fluids have
distinct properties that may improve many types of chemical pro-
cess operations. Having the density to liquid, the supercritical fluid
has the ability to dissolve many components, whereas the high dif-
fusivity and low viscosity of the supercritical fluid also enable it to
behave similar to gas. Such properties of the supercritical fluid tend
to maximize the yields of the product in the prescribed reaction time.
Thus, they have been used in a variety of polymer process such as
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polymerization, extraction, separation, and industrial application [5-
7]. Recently, the use of supercritical fluid has been thought to be
attractive for chemical conversion of biomass resources [8-11]. There-
fore, supercritical water treatment of biomass resources has been
studied to convert them to useful chemicals [8,9]. However, hydrol-
ysis products such as glucose were further decomposed rapidly in
supercritical water due to its high critical temperature. On the other
hand, the critical temperature and pressure of methanol, which are
lower than those of water, offer milder conditions for the reaction
[12]. Minami and Saka [12] studied the decomposition behaviors
of wood biomass in supercritical methanol and reported the metha-
nol with reaction products can be used as liquid fuel because metha-
nol itself'is a good fuel.

In this work, the kinetic analysis of wood degradation in super-
critical methanol has been studied by a nonisothermal weight loss
technique. It is well known that a kinetic investigation is very im-
portant to get information for rationally designing the reactor for
biomass degradation in supercritical fluids. But unfortunately, such
factors as hard reaction conditions, complicated compositions of de-
gradation products, difficulty of continuous operation, etc. tend to
limit the kinetic analysis on the degradation of biomass in supercrit-
ical fluids. The purpose of this work is to propose a kinetic analysis
method of wood degradation in supercritical methanol. The weight
loss data according to degradation temperature have been analyzed
using two integral methods based on Arrhenius form to obtain the
kinetic parameters such as apparent activation energy and overall
reaction order.

EXPERIMENTAL

The wood chopstick was used as a sample for kinetic analysis in
this work. Proximate and elemental analyses of wood sample are
shown in Table 1. We can see that the volatile material is the major
component of the wood used in this work, and the weight percentages
of carbon and oxygen are 52.35 and 39.75%, respectively. Metha-
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Table 1. Proximate and elemental analyses of wood sample

Proximate analysis Elemental analysis

Weight Weight
tems fraction (%)  CSMEMS g ction (%)
Initial moisture 7.78 Carbon 52.35
Volatile matter 78.52 Hydrogen 6.63
Fixed carbon 13.25 Nitrogen 0.16
Ash 0.45 Oxygen 39.75

Sulfur 0.01
® «3
r N
1 o [; ]
TC
Methanol

Magnetic bar

PC

Fig. 1. Schematic diagram of experimental apparatus.
1. Autoclave reactor 4. Hot plate with magnetic stirrer
2. Shut-off valve T1, T2. Termocouple
3. Pressure gauge TC. Temperature controller

nol used as supercritical fluid is a first reagent grade methanol (with
at least 99.5% of purity) manufactured by Ducksan Chemical Co.,
and was used without any further purification. The critical temper-
ature and pressure of methanol were 512.6 K and 8.14 MPa [13].
Fig. 1 shows the schematic diagram of the experimental apparatus
used in this work. The stainless steel reactor, whose volume is 25 ml,
was fabricated by Parr Instrument Co. The permissible reactor con-
ditions are 500 °C and 55 MPa. Preliminarily, the wood sample was
put in a 105 °C oven for a least 24 hr to make the sample dense and
dry. At room temperature, a total of 1 g of the wood sample was
charged in a stainless steel autoclave with 16 g of methanol. The
pressure inside the vessel was monitored by a pressure gauge. The
reaction temperature was controlled by PID controller to raise the
temperature at the preset temperature with heating rates of 5.2, 11.6
and 16.3 °C/min. During the reaction, the contents in the vessel were
agitated by magnetic stirrer to minimize the heat transfer lag. When
the reaction temperature reached the preset temperature, the heat-
ing of the vessel was interrupted. After the vessel was cooled to
room temperature by chiller for rapid cooling, the products were
taken out of the vessel. In the nonisothermal weight loss technique
proposed in this work, the total conversion of wood degradation
with reaction temperature is used for kinetic analysis. Therefore, the
fractions of liquid and gas products were not analyzed in this work.
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The liquid-solid mixture was filtered on a membrane filter. The solid
residue was rinsed with methanol to remove the absorbed liquid
organic fraction and weighed after removal of the solvent in dry oven
for 24 hours. The conversion o of wood was calculated as follows:

g VoW
W,

)

where W, and W are the initial and final masses of the sample, re-
spectively.

KINETIC MODELS

A kinetic study utilizes the basic rate equation of conversion &/
for wood degradation, based on Arrhenius forms as:

o -arenf

where, A, E, T and R are the pre-exponential factor (1/min), the
activation energy (J/mol), the temperature of reaction (K), and the
gas constant (8.314J/mol-K), respectively, and n denotes the over-
all reaction order. If the basic Eq. (2) is taken and a heating rate 5=
dT/dt (K/min) is employed, it can be shown that

dd-o_ A —-E
o= 7R ®
Integrating, using the approximation by Horowitz [14], gives
(1-@)'"-1__ ART/ E(, 6
I-n B E eXp[RT (1 T J @

In Eq. (4), @1is defined as T-T,, and T, is the temperature where
d(1- @)/dT is maximum or &*(1— &)/dT*=0.

Thus,
(d(l a)) ﬁn(l yddi= a)exp(RT)
—,—Ba—ao'exp(ﬁ =0 ®

Where 1-¢; is the weight fraction when T=T,, that is, inflection
occurs in weight loss curve. Substituting Eq. (3) for d(1-¢)/dT one
obtains

E - a) (2 ©

Substituting this expression for RT; in Eq. (4):

l_anfl_l
1-n

1 v (EO
== tew(i ) ™
When 8=0, (1- 2)=(1-¢;) and Eq. (7) yields

(1-a)=n"" ®)

Thus, the weight fraction at which the inflection occurs determines
the reaction order, n. Substituting Eq. (8) into (7) one obtains

o2
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After considering logarithms, the following equations can be obtained:

1—(1—“)”71 _i
111[—1_n }Rng (10)

Once n has been estimated by Eq. (8), a plot of

1I-(1-a)"'

Y=ln[ =

} vs. Ofornz1 )
results in straight lines with slopes to E/RT.. If n=1, Eq. (10) is in-
determinate. From the integral approximation and logarithm of Eq.
(3), it can be obtained that

E
In[-In(1-@)]=—6 12
n[-In(1-a)] RT (12)
Thus, a plot of
Y=In[-In(1- )] vs. Ofor n=1 (13)

should give a straight line whose slope is E/RT’.
Also from Eq. (3), the following integral expression is obtained:

F(a)=[ ‘3% —éj:exp(—E/RT)dT (14)

i(1-a) B

After considering integral approximation and logarithm [15], the fol-
lowing equations can be obtained:

ln[%}zln{%{(l—% J—}% for n#1 (15)
ln[W}zln[%O—% }—% forn=1 (16)

Thus, plots of

1-(1-a)"" 1
Y = ln[%} vs. = fornz#l a7
T(1-n) T
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Fig. 2. Pressure according to degradation temperature.

-In(1-¢ 1
Y = ln[%} vs. T for n=1 (18)

result in straight lines with slopes equal to —E/R for the correctly
chosen values of n.

RESULTS AND DISCUSSION

The pressures of each degradation temperature are plotted in Fig.
2. As can be seen, the degradation conditions employed in this work
exceeded the critical point of methanol, so the degradation dealt
with in this work took place in supercritical methanol. It was also
found that the pressures according to degradation temperature are
similar between heating rates. The weight loss data of wood degra-
dation in supercritical methanol are shown in Fig. 3. Obviously, it
can be seen that there are the distinct mass changes over the tem-
perature range of 260-370 °C for all three heating rates. And it was
found that the weight loss curves were displaced to higher temper-
atures due to the heat transfer lag as increasing of heating rate. At a
lower heating rate, the retention time required to reach a given tem-
perature is longer. This would generally result in a higher conversion.
Thus, the weight loss curve with a lower heating rate is lower than
or leftward to that with a higher heating rate.

The application of Eq. (8) to obtain the reaction order requires

1.0
094 Byo A Heating rate : 5.2°C/min
~
E\&:&\ O Heating rate : 11.6°C/min
0.8 1 A 8~o O Heating rate : 16.3°C/min
~ ~ . :
AN, O
0.7 4 \E\“D\\
3 LN
— 064 \ tk\q
s b \
% 0.5 \ \q\\
g ) \\\O\
= ] A
E 0.4 N q\\
% \b A\
= 031 Yo o®
\ \\
0.2 4 h\ }:l \
\
Vo
W B
0.1 1 DA SR=A-
Bfeq
0.0 4 #Inflection point used in kinetic analysis

240 260 280 300 320 340 360 380 400 420
Temperature (°C)
Fig. 3. Weight loss data of wood degradation in supercritical meth-

anol.

Table 2. Weight fraction and temperature at which the inflection
occurs in weight loss curve

Heating rates, Temperature, Weight fraction,
A (*C/min) T, (°C) (1-a)
5.2 345 0.275
11.6 355 0.285
16.3 360 0.290
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the weight fraction, 1— ¢ at which the inflection occurs in weight
loss curve. However, the weight fraction, 1—¢ cannot easily be ob-
tained in the case of wood degradation in supercritical methanol by
hard reaction conditions. Therefore, the weight fraction, 1— ¢ was
calculated by interpolation of two points at which the slope of weight
loss curve was most steep (Fig. 3). These weight fractions and de-
gradation temperatures at which the inflection occurs are shown in
Table 2. From this work, it was obtained that the reaction orders
were 0.59, 0.62 and 0.64 for heating rates of 5.2, 11.6 and 16.3 °C/

1.0

A Heating rate : 5.2°C/min
m Heating rate : 11.6°C/min
@ Heating rate : 16.3°C/min

0.5 1

0.0 1

-0.5 1

-1.0 1

Y in Eq. (11)

-1.5

2.0 4

25 4

-3.0 T T T T
-120  -100 -80 -60 -40 -20 0 20 40

0 (K)

T T T

Fig. 4. Plots of Eq. (11) for the application of kinetic analysis meth-
od.
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Fig. 5. Plots of Eq. (17) or (18) for the application of kinetic analy-
sis method at heating rate of 5.2 °C/min.
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min, respectively. Fig. 4 shows the plot of Eq. (11) to determine
the activation energy. Eq. (10) should also pass through the origin
because the intercept of the Y-axis is zero, and the constraint of origin
pass was applied to all plots in linear regression. From Fig. 4, it was
found that the activation energies of wood degradation in supercrit-
ical methanol were 73.7, 73.5 and 74.5 kJ/mol for heating rates of
5.2, 11.6 and 16.3 °C/min, respectively.

Figs. 5-7 show the plots of Eq. (17) or (18) for the application of
the kinetic analysis used in this work at heating rates of 5.2, 11.6

115
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-12.0 1 Activation energy: 45.2 kJ/mol
n=10 e
= . o
125 | n=0.75
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145, | 705 : =0.9753
-4 n=0.75 :r’=0.9645
n=1.0 :r’=0.9513
-15.0

0.0015 0.0016 0.0017 0.0018 0.0019
UT (K

Fig. 6. Plots of Eq. (17) or (18) for the application of kinetic analy-
sis method at heating rate of 11.6 °C/min.
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Fig. 7. Plots of Eq. (17) or (18) for the application of kinetic analy-
sis method at heating rate of 16.3 °C/min.
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Table 3. Summary of the kinetic parameters obtained in this work

Heating rates,  Activation energy, Reaction

Methods B ("C;gmin) E (kJ/mol)rgy order, n
Eq. (8) and (11) 52 73.7 0.59
11.6 73.5 0.62
16.3 74.5 0.64
Eq. (17) 52 48.8 025
11.6 452 025
16.3 476 025

and 16.3 °C/min, respectively. This method has been applied to our
data and the best fit values for each heating rate were determined
by employing the reaction order values n of 0.0, 0.25, 0.5, 0.75 and
1.0. The best overall fit values were obtained using a value for n=
0.25. And this kinetic analysis method gave apparent activation ener-
gies of 48.8, 45.2 and 47.6 kJ/mol for heating rates of 5.2, 11.6 and
16.3 °C/min, respectively.

The kinetic parameters obtained from this work are summarized
in Table 3. It can be seen that there were variations in the calculated
kinetic parameters depending on the mathematical approach taken
in the kinetic analysis. These observations clearly indicate the prob-
lems and pitfalls in the selection and utilization of different analyti-
cal methods to solve the degradation of wood in supercritical meth-
anol. The use of Eq. (8) requires the weight fraction, 1—¢; at which
the inflection occurs in the weight loss curve. However, as men-
tioned above, the weight fraction, 1— ¢ cannot easily be obtained
in the case of wood degradation in supercritical methanol by hard
reaction conditions. Therefore, in this work, 1— ¢, was calculated
by interpolation of two points at which the slope of weight loss curve
was most steep. Meanwhile, the application of Eq. (17) and (18)
only uses experimental data, and therefore this application is capa-
ble of providing reasonably reliable.

CONCLUSIONS

The kinetic analysis of wood degradation in supercritical metha-
nol has been studied by a nonisothermal weight loss technique. The
weight loss data according to degradation temperature have been
analyzed using two integral methods based on Arrhenius form to

obtain the kinetic parameters, such as apparent activation energy
and overall reaction order. The experiments were carried out for
three heating rates of 5.2, 11.6 and 16.3 °C/min. From this work, it
was found that there were distinct mass changes over the tempera-
ture range of 260-370 °C for all three heating rates, and the weight
loss curves were displaced to higher temperatures as increasing of
heating rate. The activation energies of wood degradation in super-
critical methanol were 73.5-74.5 kJ/mol and 45.2-48.8 kJ/mol, and
the reaction orders were 0.59-0.64 and 0.25, depending on the math-
ematical approach taken in the analysis and the heating rate. It was
also found that there were variations in the calculated kinetic param-
eters depending on the mathematical approach taken in the kinetic
analysis. These observations indicate the problems and pitfalls in
the selection and utilization of different analytical methods to solve
the degradation of wood in supercritical methanol.
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