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Thermal decomposition characteristics of microwave liquefied
rape straw residues using thermogravimetric analysis
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Abstract The thermal decomposition characteristics of
microwave liquefied rape straw residues with respect to
liquefaction condition and pyrolysis conversion were
investigated using a thermogravimetric (TG) analyzer at
the heating rates of 5, 20, 50 °C min~'. The hemicellulose
decomposition peak was absent at the derivative thermo-
gravimetric analysis (DTG) curve of liquefied residues,
because it had been decomposed during the liquefaction.
Furthermore, among the liquefied residues, the one from
the reaction condition of 180 °C/15 min had the highest
thermal stability under a high temperature (>700 °C). The
DTG profiles revealed that raising the temperature heating
rate could result in an increase in the maximum decom-
position temperature. The apparent activation energy (E,)
values of the liquefied residues were lower than that of
non-liquefied raw rape straw, whereas the recondensation
reaction occurred at 180 °C/15 min remarkably increased
the E,. A noticeable increase in the E, was observed for the
liquefied residue from the 180 °C/10 min samples as the
pyrolysis conversion increased from 0.15 to 0.55, sug-
gesting a complex decomposition process with the
increasing pyrolysis temperature. The liquefaction process
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could decrease the thermal decomposition temperature of
biomass, which means higher reactivity and lower opera-
tional costs during pyrolysis.

Keywords Thermogravimetry - Liquefied residue - Rape
straw - Microwave

Introduction

With the growing concern of environmental protection and
rapid depletion of fossil fuel, the utilization of lignocellu-
losic biomass, a type of degradable and renewable
resource, has attracted an increasing worldwide attention.
Specially, in China, a large quantity of rape straw is pro-
duced annually as agro-waste. Liquefaction is one of the
widely investigated methods to convert lignocellulosic
biomass into valuable chemicals of fuels in recent years
[1, 2]. Through liquefaction, the high molecular weight
components of biomass are broken down to low molecular
weight gases, liquids and liquefied residues. Generally, the
gases are omitted because the yield of gaseous products is
negligible. The liquid portion is the most commonly uti-
lized liquefaction product. It can be applied to produce
wood adhesive [3], bio-based polyurethane foam [4],
methyl levulinate [5], etc. However, there are a few reports
about the utilization of the liquefied residues. The con-
ventional one is to add it into polymer composites as a
reinforcing agent [6]. The latest utilization method is to
isolate cellulose nanofiber from liquefied residues [7, 8]. A
potential utilization method of the liquefied residue should
be to pyrolyze it into value added products.

Pyrolysis is one of the promising thermochemical con-
version routes, playing an important role in biomass con-
version. The end products of pyrolysis of gases and liquids
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can be used as fuel due to their high calorific value [9, 10].
Information on pyrolysis kinetics is vital to evaluate biomass
as a feedstock for fuel or chemical production. It is also
crucial in the control of thermochemical conversion pro-
cesses [11]. The study of the thermal decomposition char-
acteristics of condensed wood liquefied residues was used to
clarify the condensation reaction mechanism during lique-
faction [12]. The evaluation on pyrolysis properties of agro-
waste, such as corn stalk, can be found in previous study [13].
However, there is no study on the thermal decomposition
characteristics of liquefied residues from agro-waste.
Therefore, it is essential to study the fundamentals of thermal
decomposition properties of the liquefied rape straw residue.

Thermogravimetric analysis (TG) can quantify mass
change and thermal decomposition of the samples [14]. It
has been extensively used in the research on pyrolysis of
biomasses, such as polar wood [14], corn stalk [15],
macroalgae [16] microalgae [17], cellulose nanofibers and
nanowhiskers [18], tar from gasification [19], and pseu-
docomponents of biomass (i.e., cellulose, hemicelluloses
and lignin) [20]. These studies help clarify our under-
standing of pyrolysis kinetic.

The main chemical components in biomass including
hemicellulose, lignin and cellulose are the basic factors to
interpret the pyrolysis properties. A previous study indi-
cated that the mass loss of hemicellulose, cellulose and
lignin mainly happened at 220-315, 315400 and
160-900 °C, respectively [21]. However, hemicellulose is
the most susceptible chemical component to liquefaction,
followed by the lignin and cellulose [22]. Therefore, the
main chemical components in liquefied residues will be
inhomogeneity with the change in liquefaction conditions.
It will result in the difference of pyrolysis properties of
liquefied residues from different liquefaction conditions.

Thus, in this study, the thermal decomposition character-
istics of microwave liquefied residues from different lique-
faction conditions were investigated using thermogravimetric
analysis at three different heating rates (5, 20, 50 °C rninfl)
under an inert nitrogen atmosphere. Kinetic parameters,
including apparent activation energy (E,) and pre-exponen-
tial factor (expressed as In A,), were determined by the model
reported by Kissinger 1957 [23]. The pyrolysis properties of
liquefied residue with conversion were also studied using the
Kissinger method to provide fundamental pyrolysis param-
eters for the integrated utilization of liquefied residue.

Methods
Materials

Rape straw from Sichuan province (Southwest of China)
was milled in a knife mill to pass through a 20-mesh and
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maintain in 40-mesh sieve. Then, the milled sample was
oven-dried at 105 °C until constant weight. The holocel-
lulose, o-cellulose, lignin content, alcohol-toluene extrac-
tives and ash content of raw rape straw were determined
according to ASTM standards D 1104-56 (1971), D
1103-60 (1971), D 1106-96 (1996), D 1107-96 (1996) and
ASTM D 1102-84 (2001), respectively. The hemicellulose
content was established in accordance with the method
reported in previous study [24]. The chemical components
of rape straw were as following: o-cellulose (36.72%),
hemicellulose (32.67%), Klason lignin (13.66%), alcohol-
toluene extractives (4.46%), and ash content (8.27%). All
reagent grade chemicals, including sulfuric acid (95-98%)
and methanol, were purchased from commercial sources
and used without further purification.

Microwave liquefaction

Liquefaction of rape straw was performed in a Milestone
MEGA laboratory microwave oven (Shelton, CT, USA)
equipped with an ATC-400FO automatic fiber-optic tem-
perature control system. A typical run was carried out with
a loading of 2 g of rape straw, 12 g of methanol and 0.36 g
of sulfuric acid, i.e., so that the concentration of H,SO, was
3%. The mixed reactants were sealed in a 100-mL Teflon
reaction vessel with a magnetic stirring bar. The output
power of the microwave energy was auto-adjusted based on
the temperature feedback from the sensor under maximum
power of 700 W. The sealed vessels were subjected to
microwave irradiation. The reaction temperature was
increased from room temperature to the desired tempera-
ture (i.e., 140, 160 and 180 °C) within 5 min, and then
maintained for 2.5, 5 or 10 min. An ice bath was applied to
quench the reaction when it was done. After cooling, the
liquefied products were dissolved in 150 mL of methanol
under constant stirring for 4 h and filtered through What-
man No. 4 filter paper to separate the liquid and the solid
residue. The solid residue contents from a series of lique-
faction conditions are shown in Table 1.

Thermogravimetric analysis

The TG analysis measurements of raw rape straw and
liquefied residues (Fig. 1) were conducted with a thermal
analyzer Q50 TG (TA Instruments, New Castle, DE, USA)
to simultaneously obtain thermogravimetric data. As the

Table 1 Solid residue contents with respect to liquefaction condition

Liquefaction 140 °C/ 160 °C/ 180 °C/ 180 °C/ 180 °C/

conditions 15 min I5min 7.5 min 10 min 15 min

Residue 44.22 30.15 23.44 13.46 16.78
content/%
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Fig. 1 Raw material and
liquefied rape straw residues (/:
rape straw; 2: 140 °C/15 min; 3:
160 °C/15 min; 4: 180 °C/

7.5 min; 5: 180 °C/10 min; 6:
180 °C/15 min)

potential purpose of this study is to explore the pyrolysis
utilization of liquefied residues instead of its combustion
properties, the TG analysis was only performed under an
inert nitrogen atmosphere. Each sample, about 3 mg, was
placed in a platinum pan and then heated from 30 to
800 °C with constant heating rates of 5, 20 and 50 °C
min~" under a flow of 40 mL min~"' of high-purity nitro-
gen atmosphere (99.999%).

Non-isothermal thermogravimetric kinetics

In this study, o is defined as the conversion of sample
expressed as normalized mass loss of decomposed sample,
as Eq. 1,

W, — Wi

= " 1
= W W (1)

where W, is the initial sample mass, W, represents the
actual mass at time t and Wy stands for the final sample
mass after pyrolysis.

The conversion rate of solid sample to volatile product
is commonly based on a single-step kinetic equation
[19, 25], as Eq. 2,
do
— =k(T)f (« 2
= KT (2) @
where do/dt, t, T;, k(T;) and f(x) are the conversion rate,
time, absolute temperature, rate coefficient and the reaction

model, respectively. k(7;) and f(«) are determined as Eqs. 3
and 4, respectively.

Ey
k(T)) =A -
(1) = Azexp( - 1) ®)
where A, is the pre-exponential factor (min~"), R is the gas
constant (8.314 T K~! mol™") and E, is the activation
energy (kJ mol™').

fla)=(01—-a) (4)

where n is the reaction order. The most common reaction
models for solid-state kinetic are organized in four cate-
gories that are nucleation, geometrical, diffusion and
reaction order. The detailed description of reaction order
was reported by Tadini et al. [26].

Combining Egs. 2, 3 and 4, the reaction rate can be
written as Eq. 5,

do Erx n
—=A, —— (1 - 5
. exp< )= (5)
The constant heating rate f§ is expressed as Eq. 6,
dT;
-1 6
= (©)

As the conversion rate is a function of temperature, and
the temperature is related to the heating time, the conver-
sion rate can be described by Eq. 7,
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doo  do dT; do

& dr dr B dar, (7)
Substituting expression (7) into Eq. 6, the sample

decomposition can be expressed as Eq. 8,

= e () ®

A model-free non-isothermal function is obtained by
transforming Eq. 9 in accordance to the method reported
by Kissinger 1957.

In <7€> =1In <AEaf> — If;l )

Model-fitting and model-free methods are used to obtain
the thermal degradation kinetic parameters under non-
isothermal conditions. The former is insufficient in kinetic
studies due to the limited applicability of single heating
rate data, whereas the model-free approach based on multi-
heating rates and isoconversional data is more helpful in
the study of kinetic parameters [19, 27, 28].

The most used methods mentioned in previous publi-
cations to calculate the kinetic parameters are Ozawa-—
Flynn—Wall (OFW), Kissinger, Kissinger—Akahira—Sunose
(KAS), and Starink [15, 26, 29]. The OFW provides the
lowest accuracy because it is based on a crude approxi-
mation, while the others could give more accurate kinetic
parameters [26]. The Kissinger method was used previ-
ously to study thermal degradation kinetics of liquefied
residues [12]. It is also recommended by the Kinetics
Committee of the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) for conducting kinetics
computation on thermal analysis data [16]. In the present
study, the classic Kissinger method was only considered to
be used as the computational method to calculate the
activation energy and the pre-exponential factor by plotting
ln(/)’/Tiz) against 1/T; for different liquefaction conditions or
different pyrolysis conversions (x). The E, and A, can be
obtained from the slope and intercept of a straight line [30].

Results and discussion
Thermal decomposition characteristics

The thermogravimetry/derivative thermogravimetric anal-
ysis (TG/DTG) curves of the raw rape straw and liquefied
residues are shown in Figs. 2 and 3. The first stage of mass
loss (<150 °C) was attributed to the removal of absorbed
moisture and light volatile components. After this peak, the
DTG cure of raw rape straw showed three decomposition
regimes: (1) the first decomposition shoulder peak at about
180-275 °C was attributed to thermal depolymerization of
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Fig. 2 TG curves of rape straw and liquefied residues from different
liquefaction conditions at the heating rate of 5 °C min~" (a), 20 °C min~"
(b), and 50 °C min~" (¢) (I: rape straw; 2: 140 °C/15 min; 3: 160 °C/
15 min; 4: 180 °C/7.5 min; 5: 180 °C/10 min; 6: 180 °C/15 min)

hemicelluloses or pectin; (2) the primary decomposition
peak in the temperature range of 280-390 °C corresponded
to cellulose decomposition [21]; (3) peak from 410 to
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Fig. 3 DTG curves of rape straw and liquefied residues from
different liquefaction conditions at the heating rate of 5 °C min~"
(a), 20 °C min~! (b), and 50 °C min~" (¢) (I: rape straw; 2: 140 °C/
15 min; 3: 160 °C/15 min; 4: 180 °C/7.5 min; 5: 180 °C/10 min;
6: 180 °C/15 min)

585 °C corresponded to lignin degradation [9]. As com-
pared with raw rape straw, liquefied residues lacked the
shoulder peak corresponding to the hemicellulose

decomposition. This was explained by the removal of
hemicellulose at the initial liquefaction stage because it is
the most susceptive to liquefaction among the main
chemical components of fiber cell wall [22]. Furthermore,
all of the liquefied residues had lower maximum decom-
position temperatures, as indicated from the shift of major
DTG peaks to lower temperature in comparison with raw
material, suggesting that liquefied residues have higher
reactivity. Although lignin is susceptive to liquefaction and
decompose easily during liquefaction [22], the DTG cure
of liquefied residue from 140 °C/15 min presented a broad
function peak of lignin at around 520 °C. This suggested
that a little lignin remained in the liquefied residue.

Unlike the raw rape straw, the liquefied residues were
observed to have a shoulder at about 350 °C, which is
attributed to the degradation of a-cellulose [31], except
for the one from 180 °C/15 min. There were a few of
peaks (around 740 °C) presented on the DTG curves of
the liquefied residues, but that from 180 °C/15 min.
Those peaks might be attributed to the decomposition of
charred residues. It could be the result of the breakdown
of C—C and C-H bonds of the char [32]. A similar result
was reported by Ceylan et al. [11]. This result suggested
that the char obtained from 180 °C/15 min has the highest
thermal stability under a high temperature (>700 °C).
This was further evidenced by the higher char content in
comparison with the ones from other liquefaction condi-
tions. With the increasing of liquefaction temperature and
time, the char at 770 °C, obtained from liquefied residue,
increased remarkably regardless of the heating rate
(Table 2). One possible reason was that the formation of
insoluble substances at severe liquefaction conditions
increased the thermal stability. It was demonstrated that
the insoluble substance mainly consisted of humins and
unreacted cellulose [33], or recondensation resultant of
hemicellulose and lignin fragments [12]. The formation of
insoluble substances also resulted in the increasing lig-
uefied residue content, as shown in Table 1. Generally,
the char content increased with the increasing of heating
rate. It was attributed to the low thermal transfer effi-
ciency at a high heating rate. This result was in agreement
with a previous report [12]. A unique mass loss peak of
liquefied residue at about 420 °C was observed from
180 °C/15 min. This might be attributable to the decom-
position of a high degree of cellulose crystallinity. The
removal of non-cellulose components during liquefaction
could enhance the crystallinity index of cellulose and
increase its thermal stability [6].

The maximum thermal decomposition rate and temper-
ature somewhat decreased with the increase in liquefaction
temperature and time. It was related to the difference of
chemical components among liquefied residues. The
decomposition of hemicellulose and lignin at the initial
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Table 2 Thermal parameters of rape straw and liquefied residues
obtained from TG analysis

Table 3 Activation energy (E,), pre-exponential factor (In A,) and
coefficients (R?) of rape straw and liquefied residues obtained by the
Kissinger method

Liquefaction  Heating Peak Maximum Char/
residues rate/°C temperature/ decomposition % Liquefaction  Fitted equation E,/ InA,/ R?
min~"! K rate/pg min parameters kJ mol™' min~"
Rape straw 5 565.92 4.24 8.16 Rape straw y = 33.63 — 25266.70x 210.07 36.86  0.9933
20 581.28 18.04 7.02 140 °C/ y = 24.52 — 18759.21x 155.96 2745 0.9625
50 595.37 33.06 - 15 min
140 °C/ 5 531.09 531 071 160 °C/ y =25.82 — 19643.14x 163.31  28.80 0.9826
o 20 77 o104 1638 1805 Zl/n 22.01— 17409.75x 14474  24.86 0.9858
50 565.49 55.60 1037 : y=eaum i : : :
7.5 min
160 °¢/ > 535.34 5.34 1464 1500y y=2173 — 1697872x 14091 2456 0.9904
15 min 20 551.5 31.93 20.68 10 min
50 569.13 50.37 22.11 180 °C/ y =28.42 — 26448.53x 219.89  31.69 0.9551
180 °C/ 5 527.92 4.23 19.60 15 min
7.5 min 20 552.80 28.16 28.65
50 564.02 43.96 31.34
180 °C/ 5 518.96 2.32 30.08 -85
. . 1
10 min 20 543.14 19.28 36.39 . o
50 555.05 31.46 39.53 oo, .3
180 °C/ 5 666.92 0.81 54.51 o5l . g
15 min 20 682.69 424 65.16 <6
50 705.17 7.97 5673 S —00f .
2
=
Z 05t
£
liquefaction stage contributed to the decrease in the max- 110k 3
imum decomposition rate and temperature. As can be seen )
in Table 2, the maximum decomposition temperatures 115 ‘
shifted to higher temperature zones when increasing the ' L ' . :
. R o 0.0014 00015  0.0016  0.0017  0.0018  0.0019
heating rate from 5 to 50 °C min~ . The temperature T
i

resistance time in the samples shortened as the heating rate
was increased, resulting in the retard of decomposition
temperature [32]. Furthermore, the pool thermal conduc-
tivity of lignocellulosic biomass leads to a pool heat
transfer [34]. The maximum thermal decomposition rate
was also increased with the increase in heating rate. Ceylan
and Topcu reported that the formation of volatile matter
during hazelnut husk pyrolysis was slightly affected by the
increasing heating rate [11]. Additionally, a higher heating
rate would increase the activation energy for hemicellulose
and cellulose and decrease that for lignin [8].

Non-isothermal thermogravimetric Kkinetics

The kinetic analysis parameters of raw rape straw and
liquefied residues were determined by the Kissinger
method in Eq. 9 (Table 3). Figure 4 depicted the linear
regression of ln([f/Tiz) versus 1/T;. Three maximum
decomposition rate temperatures from DTG profiles cor-
responding to three heating rates were fitted to determine
activation energy and pre-exponential factor. This
approach has proven to be an effective way to calculate the
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Fig. 4 Kissinger plots of rape straw and liquefied residues (/: rape
straw; 2: 140 °C/15 min; 3: 160 °C/15 min; 4: 180 °C/7.5 min; 5:
180 °C/10 min; 6: 180 °C/15 min)

thermal degradation kinetic parameters from various
materials [12]. Since the kinetic parameters were calcu-
lated from the maximum decomposition temperatures, the
peak of lignin at around 520 °C observed from the DTG
cure of liquefied residue from 140 °C/15 min would not
affect the results of activation energy and pre-exponential
factor. The coefficients (R?) corresponded to linear
regression in Fig. 4 were in the range of 0.955-0.993.

A reaction with higher E, requires a higher energy to
break down chemical bonds and results in a slower reaction
[34]. As presented in Table 3, the E,, of raw rape straw was
higher than those for liquefied residues except for 180 °C/
15 min. The E, of liquefied residues increased slightly at
first from 155.96 to 163.31 kJ mol ™' with the increase in
temperature from 140 to 160 °C for 15 min and then
decreased to 140.91 kJ mol ' as the liquefaction condition
was changed to 180 °C/10 min. Finally, the E, for 180 °C/
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Fig. 5 Kissinger plots of liquefied residue from reaction condition of
180 °C/10 min at different pyrolysis conversion

15 min noticeably increased to 219.89 kJ mol~'. This
suggests that liquefying residue at 180 °C/10 min is
preferable over other liquefaction conditions, because it
requires the lowest activation energy.

The decomposition of hemicellulose, lignin and cellulose
during liquefaction undermined the thermal stability of liq-
uefied residues; thus, the E,, of liquefied residues reduced as
compared with raw rape straw. In contrast, the recondensa-
tion reaction occurring at 180 °C/15 min enhanced the
thermal stability and hence increased the E,. Therefore, the
increase in E, from 140 to 160 °C for 15 min was attributed
to the rapid decomposition of hemicellulose and lignin that
resulted in a relatively increasing cellulose content with high
thermal stability. The pre-exponential factor had a similar
variation pattern with apparent activation energy, ranging
from 24.56 to 36.86 min™~".

Since the liquefaction condition of 180 °C/10 min provided
the maximum liquefaction conversion yield with lowest con-
tent of liquefied residue and the minimum E,, it was used as an
optimal liquefaction condition to further investigate the pyrol-
ysis properties of liquefied residues with conversion. It was
worth mentioning that there was little or no correlation between
In(B/T?) and 1/T, when the pyrolysis conversion was less than
0.15 and greater than 0.55, in this study. The lack of correlation
would introduce an erroneous interpretation of the phenomena.
The linear regression lines are shown in Fig. 5, and the pyrol-
ysis properties are presented in Table 4. The coefficients varied
from 0.956 t0 0.996, and the value of apparent activation energy
was highly dependent upon conversion. The E, gradually
increased from 142.06 to 212.27 kJ mol ™" with the increase in
conversion from 0.15 to 0.45, and then remarkably increased to
540.95 kJ mol " as the conversion reached to 0.55. It implied
that the pyrolysis of liquefied residue was a complex process
consisting of different degradation mechanism with pyrolysis
conversion. The In A, increased with the increasing of con-
version from 0.15 to 0.55, varying from 25.41 to 107.45 min™".

Table 4 E,, In A, and coefficients (Rz) of liquefied residues from
liquefaction condition of 180 °C/10 min obtained by the Kissinger
method

o Fitted equation E,/ In A/ R?
kJ mol™! min~'

0.15 y =12227 — 17087.40x  142.06 25.41 0.9560
0.20 y =124.46 — 18293.92x 152.10 27.36 0.9619
025 y=2576 — 19174.69x  159.42 28.71 0.9723
030 y=27.11 —20073.86x 166.89 30.11 0.9762
0.35 y=128.67 —21092.99x 175.37 31.72 0.9825
040 y=131.44 — 22796.72x 189.53 34.56 0.9870
045 y =36.04 — 25585.56x 212.72 39.28 0.9907
0.50 y =49.04 — 33229.73x  276.27 52.54 0.9946
0.55 y = 103.27 — 65064.76x 540.95 107.45 0.9960

Conclusions

Thermogravimetric analysis of raw rape straw and lique-
fied residues indicated that the primary decomposition
occurred in the temperature range of 280-390 °C. The
hemicellulose decomposition peak was absent at the DTG
curves of liquefied residues. The liquefied residue from
180 °C/15 min had the highest thermal stability under a
high-temperature (>700 °C) condition among all liquefied
residues. The maximum decomposition temperatures of
liquefied residues shifted to higher temperature zones as
the heating rate increased from 5 to 50 °C mol ' It sug-
gested that the decomposition processes were delayed with
the increasing heating rate. The rapid decomposition of
hemicellulose and lignin during liquefaction contributed to
the decrease in activation energy (E,), whereas the recon-
densation reaction occurring at 180 °C/15 min remarkably
increased the E,. The lowest E, was found in the liquefied
residue from 180 °C/10 min. A noticeable increase in E,
was observed in the liquefied residue from the 180 °C/
10 min condition with pyrolysis conversion, which sug-
gested a complex decomposition process with the
increasing of pyrolysis temperature.
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