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Abstract

Low-temperature thermal decomposition (LTTD) of Rice straw hydrolysis residue (RSHR) was studied using thermogravimetric analysis 

and Fourier Transform Infrared spectroscopy (TGA-FTIR) at different heating rates. During thermogravimetry, the maximum rate of 

mass loss of 135% per min was observed at 339 °C ( Tmax ) for heating rate of 50 °C per min. Tmax decreased to 323, 315, and 299 °C 

with decrease in heating rate to 40, 30, and 20  °C  min−1, respectively. LTTD of RSHR yields volatile oxygenated organics – acids, 

esters, aldehydes, ketones, alcohols and phenols – as revealed by the FTIR spectra of evolved gases. At increased decomposition 

temperature, carbonyl moieties were less conjugated. The main gaseous products of LTTD were carbon dioxide, carbon monoxide, 

and methane. Kinetics of LTTD of RSHR was analysed using thermogravimetry results. Activation energy of LTTD followed a Lorentzian 

distribution with respect to residual mass fraction (RMF). Dependence of LTTD rate on RMF was found to adhere to the truncated 

Sestak and Berggren model.
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1 Introduction
On one hand, managing the agricultural residue from food 
grain cultivation is a big challenge in India. The current 
practice of large scale burning of rice straw in the field 
is associated with colossal environmental implications 
and the loss of precious renewable resource [1, 2]. On the 
other hand, our country faces the challenge of reducing its 
dependence on fossils for its energy needs [3]. Production 
of 2nd generation bioethanol is one possible alternative to 
manage this waste and there is special thrust on this in 
the National Policy on Biofuels [4]. In all 12 lignocellu-
losic biorefineries are planned at estimated investment 
of USD 1.4 billion (INR 10 billion). Govt. of India has 
ambitious investment plans to promote this in the com-
ing years through Viability Gap Funding to the tune of 
USD 0.7 billion (INR 50 billion) [4]. Production of bioeth-
anol from lignocelluloses targets the carbohydrate frac-
tion. Among several methods, acid hydrolysis remains 
a method of choice for obtaining fermentable sugars 
from the carbohydrate fraction of the lignocellulosic bio-
mass [5, 6]. Typically, about half the starting material, 

most of it being lignin, ends up as solid residue after the 
hydrolysis step. At present it is only used as a low value 
fuel or soil conditioner which puts economic constraints 
on the process. Value addition of this residue can address 
this issue and improve the sustainability of 2nd generation 
bioethanol production [7, 8].

Thermochemical modification is one potential route for 
biomass valorization which can yield bio-oil for transpor-
tation applications, combustible gases for power genera-
tion, as well as other chemical intermediates [9]. In this 
context, pyrolysis of lignocelluloses has been extensively 
investigated. Pyrolysis of saw dust waste in N2 and CO2 
atmosphere was found to release condensable compounds 
like carbonyls, ethers, and amines, besides non con-
densable gases like carbon dioxide and carbon monox-
ide [10]. Similarly, pyrolysis of oil palm empty fruit bunch 
is reported to yield pyrolysis oil containing oxygenated 
organics and hydrocarbons [11]. Use of catalysts, includ-
ing noble metals and zeolites, can alter the composition 
and yields of pyrolysis products [9]. Different components 
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of the lignocellulosic biomass fares differently during 
pyrolysis [12]. Phenols constitute one important product 
group in the pyrolysis of lignin [13], which is somewhat 
more resistant to thermal degradation than cellulose and 
hemicellulose [14]. 

One important variation in biomass pyrolysis is 
low-temperature thermal decomposition (LTTD), in which 
the material is thermally treated under oxygen limited 
atmosphere at comparatively low temperatures. In addi-
tion to the evolved volatiles, the solid residue from LTTD 
may be industrially important [15]. Residues from low 
temperature thermal decomposition of lignin shows sig-
nificant changes from the parent lignin [16]. While CO2 , 
and CO are the major gaseous products during LTTD, 
the condensable portion mainly consists of organic acids, 
ketones, and phenolics [17]. LTTD of biomass to tempera-
ture of 300 °C resulted in solid residue with substantially 
increased higher heating value than the starting mate-
rial [18]. Relatively mild degradation conditions during 
LTTD leads to the evolution of water vapour and light vol-
atiles. While hemicellulose is fairly decomposed, the deg-
radation of cellulose and lignin is limited [19]. 

Several research groups have focussed on the tem-
perature dependence of thermal decomposition rate. One 
approach has been to trace the variation in activation 
energy with the progress of thermal decomposition using 
the isoconversional method [15, 20, 21]. The obtained acti-
vation energy distribution is then used for kinetic inter-
pretation [22]. In another kinetic model the rate equations 
for different reactions are combined with the rate of heat 
transfer into the biomass particle through conduction [23]. 
Different kinetic models are proposed in technical litera-
ture to account for the dependence of biomass decompo-
sition rate on residual mass fraction (RMF). Dependence 
of pyrolysis rate of sewage sludge on RMF in temperature 
range of 240–330 °C was analysed according to ten differ-
ent model equations. For each equation form, the investi-
gators found reasonable fit of experimental data with the 
correlation coefficient ranging from 0.952 to 0.997 [24]. 
nth order dependence of pyrolysis rate on RMF was 
observed for Acetocell and Lignoboost lignins with reac-
tion order between 1.22 and 1.27 [25]. In another study, 
kinetics of fast pyrolysis of alkali lignin followed either 
a first order or a 1/(1 − RMF) dependence [26]. Considering 
the mechanistic complexity of biomass thermal decompo-
sition, several researchers have examined combined kinet-
ics using the Sestak Berggren empirical model [27, 28].

Most of the research on thermochemical processing 
of lignocelluloses has inadvertently concentrated on the 
whole biomass or the individual components – cellulose, 
hemicellulose, and lignin. In addition, these studies mainly 
focus on intermediate to high temperature processes, the 
primary target being energy products. No research finding 
is reported on the possible LTTD of leftover solid residue 
after hydrolysis of lignocelluloses. The present study is an 
analysis of the LTTD behaviour of the solid residue left 
after acid hydrolysis of rice straw to ascertain the potential 
of producing intermediate organic chemicals as possible 
replacement to petrochemicals. Attempt is also made to 
analyse the process kinetics and propose a uniform model.

2 Materials and methods
2.1 Materials
Rice straw used in the study was sourced from a nearby 
farm situated at village Longowal, Punjab, India, after the 
harvesting of paddy. Straw stalks were washed with water 
to remove external dust and dirt. Washed material was air 
dried in sunlight to constant mass and coarsely cut into 
small pieces of 1±0.2 cm. Rice straw so obtained was sub-
jected to two stage acid hydrolysis. In the first stage 100 g 
(oven dry mass) of rice straw pieces was taken in a 2 L 
stainless steel reaction bomb. To this was added 1 L dilute 
H2SO4 solution having 3% acid based on oven dry mass of 
rice straw. The material was thoroughly mixed to uniformly 
impregnate the rice straw with the acid solution and the 
reaction bomb was sealed. It was then heated for 20 min-
utes in a preheated oven at 120 °C. The contents were 
cooled to room temperature and poured onto a 400 mesh 
stainless steel wire screen. Free liquid was squeezed out. 
Solid residue was washed with water several times till the 
washings were free of acid. The washed solid residue was 
subjected to a second stage of acid hydrolysis following the 
same procedure. However, in this stage heating was done 
in a preheated oven at 200 °C for 10 minutes. Rice straw 
hydrolysis residue (RSHR) obtained from two stage acid 
hydrolysis was oven dried and used in subsequent studies. 
Amount of RSHR obtained was gravimetrically determined 
to be 37.75% of the starting amount of rice straw. 

Chemicals and reagents were procured from S. D. Fine-
chem Ltd. Analytical grade chemicals were used in wet 
chemistry experiments. Deionised water was used for 
all experimental needs obtained from Millipore RiOS 5 
Century Synergy water purifier. FTIR spectra were 
recorded using spectroscopy grade potassium bromide.
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2.2 Preliminary characterization
Characterization of rice straw and RSHR is presented in 
Table 1. Results are the mean of experiments performed 
in duplicate. Klason lignin was determined using TAPPI 
standard test method T 222 om-11. For holocellulose deter-
mination the method of Lee et al. was used, as reported 
by Rabemanolontsoa and Saka [29]. In brief, 5 g of the 
material was reacted in an Erlenmeyer flask at 70 °C for 
1 h with 1.5 g sodium chlorite dissolved in 150 mL water 
and acidified with 2 mL glacial acetic acid. At the end of 
1 h, another dose of same reagents – sodium chlorite solu-
tion and acetic acid – were added to the contents of the 
flask and reaction continued for another hour. At the end 
of 2 h the procedure was repeated again. At the end of 3 h 
reaction the contents of the flask were filtered through a 
tared sintered glass filter. The solid residue was washed 
with water till free of acid and finally with 50 ml acetone. 
Washed residue was oven dried and gravimetrically deter-
mined as holocellulose. Obtained holocellulose was fur-
ther tested for α, β, and γ cellulose according to TAPPI 
standard test method T 203 cm-09.

2.3 TGA-FTIR
For TGA-FTIR studies, Netzsch make TG 209 F3 Tarsus 
thermogravimetric analyser was coupled with the gas 
cell of Bruker make Tensor 27 FTIR instrument through 
a heated transfer line to prevent condensation of evolved 
species, especially water vapour. For each experiment, 
about 10 mg of RSHR was placed in alumina crucible 
and heated according to the pre-set temperature protocol. 
TGA was performed with heating rates of 20, 30, 40, and 
50 °C/min. Inert atmosphere during TGA was maintained 
by nitrogen flowing at 80 mL/min. Mass loss and mass 
loss rate were calculated as a percentage of the initial sam-
ple mass for each TGA run. Evolved gases during TGA 
passed through the transfer line to enter the gas cell where 

FTIR spectra were recorded in real time. The transfer line 
and the FTIR gas cell were maintained at 250 °C. Spectra 
were recorded in the 4000–650 cm−1 range every 16 s at a 
spectral resolution of 4 cm−1 with co additions of 8 scans.

3 Results and discussion
As shown in Table 1, RSHR is lignocellulosic in nature. 
But there is a distinct deviation from the parent rice straw. 
Compared to rice straw, RSHR has significantly higher 
amount of lignin and γ cellulose. The high amount of lig-
nin present should have a strong bearing on its thermo-
chemical degradation behaviour.

3.1 TGA-FTIR analysis of LTTD
3.1.1 Thermogravimetric analysis
Fig. 1 (a) represents the percentage mass loss of RSHR 
during heating to 350 °C at different heating rates. The initial 

Table 1 Characterization of rice straw and RSHR

Parameters Rice straw RSHR

Volatile matter (%)a 60.6±3.7 63.8±4.2

Fixed carbon (%)a 21.2±1.4 20.8±1.2

Ash (%)a 18.2±1.0 15.4±0.9

Klason lignin (%)a 14.6±0.9 47.7±3.7

Holocellulose (%)a 67.2±4.2 36.9±2.8

α Cellulose (%)b 31.2±2.8 29.4±2.4

β Cellulose (%)b 32.5±2.2 29.8±1.9

γ Cellulose (%)b 36.3±2.9 40.8±3.1
a Values based on oven dry weight of respective materials
b Values based on oven dry weight of holocellulose from respective 
materials

Fig. 1 TGA and DTG results of LTTD of RSHR at different heating 
rates, (a) TGA showing percent residual mass at different temperature, 

(b) DTG showing rate of mass loss at different temperature

(a)

(b)
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mass loss up to a temperature of 120 °C is attributed to loss 
of moisture. Thereafter, up to a temperature of 250 °C the 
material loses very little mass, about 2% up to 200 °C at 
heating rate of 20 °C/min and another about 3% between 
200 to 250 °C, which is mainly due to the loss of bound 
moisture. These values are even less at higher heating rates 
and account for 0.85% and 1.36%, respectively. 

It is, therefore apparent that no appreciable thermal 
decomposition sets in in RSHR up to a temperature of 
250 °C. Past 250 °C, we can observe the onset of ther-
mal decomposition. At heating rate of 20 °C/min, material 
loses 32% mass between 250 and 300 °C, and another 38% 
between 300 and 350 °C. At heating rate of 30 °C/min, mass 
loss between 250 and 300 °C was 10%, and that between 
300 and 350 °C was a significant 53%. When heating rate 
was raised to 40 °C min−1, the mass loss in these temperature 
intervals were 8%, and 50%, respectively. At 50 °C min−1 
heating rate, RSHR lost only 5.3% mass between 250 and 
300 °C, which increased to 39% between 300 and 350 °C.

These observations are further strengthened by the 
differential thermogravimetry (DTG) curves shown in 
Fig. 1 (b). Up to a temperature of 280 °C the rate of mass loss 
is less than 10%/min for all heating rates. Beyond this tem-
perature, RSHR thermally decomposes with progressively 
increasing rates of mass loss. At heating rate of 20 °C/min, 
the maximum rate of mass loss is obtained at 299 °C where 
the instantaneous rate of mass loss is 89%/min. With fur-
ther increase in temperature the rate of mass loss keeps on 
decreasing which may be due to the diminishing residual 
mass left in the material. Similar trends were observed at 
increased heating rates but the occurrence of the maximum 
rate of mass loss shifted to progressively higher tempera-
tures with sharper peaks as the heating rate was increased.

3.1.2 Evolved gases analysis through FTIR spectra
Real time composite 3D FTIR spectra of the gases evolved 
during the heating of RSHR up to 350 °C at 50 °C min−1 
is shown in Fig. 2 (a). The extracted FTIR spectra at tem-
peratures 250 °C, 300 °C, 350 °C, and 327 °C are shown 
in Fig. 2 (b). It is clearly visible that the absorption bands 
are insignificant in the FTIR spectra recorded up to a tem-
perature of about 250 °C which conforms to the mass 
loss behaviour observed during TGA. Feeble absorption 
bands which did appear between 200 and 250 °C are clus-
ter between 3900–3550 cm−1 ( major peaks 3866, 3730, 
and 3553 cm−1 ), 2347 cm−1, and a pair of peaks at 1790 and 
1752 cm−1. These may be assigned to O–H stretching in 
H2O and low molecular mass carboxylic acids [17], C=O 
stretching in CO2 , and C=O stretching in carbonyls of 

acids, respectively [9, 30, 31]. In the temperature interval 
of 250 to 300 °C, which accounts for 5.29% mass loss, the 
major absorption bands appearing in the FTIR spectra are 
cluster between 3900–3550 cm−1 ( major peaks 3739, 3648, 
and 3555 cm−1 ), 2929 cm−1, 2347 cm−1, 2181 cm−1, 2117 cm−1, 
1752 cm−1, and 1514 cm−1. Of these, the 3900–3550 cm−1 
cluster of bands arise from O–H stretching in H2O, low 
molecular mass carboxylic acids, and methanol [17]. The 
bands at 2929 cm−1, and 2181 cm−1, are due to C–H sym-
metric stretching in CH4 , and C–O stretching in CO, 
respectively [32]. The carbonyl stretch at 1790 cm−1 only 
appears as a shoulder indicating some decarboxylation. 
1514 cm−1 band arises from skeletal stretching in aromatic 
ring. 1378 cm−1 band is assigned to C–H symmetric bend-
ing in methyl groups of acetic acid and methanol [17].

Fig. 2 FTIR spectra and temperature dependent evolution profiles of 
evolved gases during heating of RSHR, (a) Real time composite 3D 
FTIR spectra (b) Extracted spectral traces at different temperatures

(a)

(b)
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There is a marked increase in the evolution of gaseous 
products beyond 300 °C as noticed in the sharp increase in 
absorption band intensities in the FTIR spectra. Besides the 
bands for H2O, CO2 , CO, CH4 , other non-methane hydro-
carbons, carboxylic acids, and aromatic carbonyls, addi-
tional bands are observed in the FTIR spectra. The band 
at 1363 cm−1 is assigned to C–C and C–H stretching of 
alkanes, whereas the band at 1055 cm−1 is owing to C–O 
stretching from the formation of alcohols and phenols [32]. 
There is also a shoulder centred at 1378 cm−1. It is, how-
ever, interesting to note the shift in carbonyl peaks to 
lower wavenumbers as the decomposition temperature is 
increased. At 250 °C it appears at 1790 cm−1 which is most 
likely due to phenyl esters. At 300 °C the carbonyl peak 
is at 1752 cm−1. At 327 °C it appears at 1741 cm−1 and at 
350 °C it further shifts to 1735 cm−1 which indicates the 
presence of aldehydes or ketones.

3.2 LTTD kinetics of RSHR using thermogravimetry
3.2.1 Activation energy of LTTD
The rate of a chemical reaction depends on the tempera-
ture and composition of the reacting system [33], which, in 
general terms, may be represented as

Rate , composition� � �f T . (1)

For single reactions, it is adequate to transform the 
Eq. (1) as

Rate composition� � � � �f T f1 2
, (2)

where f1 is a function independent of composition, and f2 
is a function independent of temperature. Thus, at given 
composition of the reacting system, f2(composition) may 
be taken as a constant, and Eq. (2) reduces to 

Rate � � �Af T1
. (3)

Similarly, at a given temperature, f1(T) may be taken as 
a constant, and Eq. (2) reduces to

Rate composition� � �Bf2 , (4)

where A, and B are constants at given composition and 
temperature, respectively. In majority of cases the func-
tion f1(T) follows the well known Arrhenius equation.

Attempts have been made to adopt a similar approach 
for the kinetic interpretation of biomass thermal decompo-
sition process [20] with the rate being expressed as 

�
� �

� � � � �d
dt

f T f
RMF

RMF1 2 , (5)

where RMF is the residual mass fraction, t is decomposi-
tion time, and T is the absolute temperature. 

If the temperature dependence of decomposition rates 
follows the Arrhenius equation, Eq. (5) would transform to

�
� �

�
� � ��
�
�

�
�
�

� �d
dt

A
E
RT

faRMF RMF
RMFexp 2

, (6)

where A is the pre exponential factor, and R is the uni-
versal gas constant. The term Ea(RMF) is the activation 
energy dependent on RMF, according to the Distributed 
Activation Energy Model (DAEM) [34]. This model 
accounts for the fact that thermal decomposition of bio-
mass components is a complex process, which involves 
several reaction steps intricately joined through series as 
well as parallel combinations. The measured activation 
energy for the thermochemical decomposition as a whole 
is, in fact, the cumulative weighted average of the different 
activation energies of all the contributing reaction steps. 
Further, the individual contribution of each of these steps 
follows a continuous distribution over the entire range of 
RMF. As a result, the measured activation energy for the 
thermochemical decomposition as a whole should vary 
with RMF and follow a continuous distribution over the 
entire range of RMF. 

For evaluating the activation energy at different RMF, 
the differential method of analysis using the isoconver-
sional approximation was used [35]. At each RMF, exper-
imental rates at different temperatures were regressed into 
Eq. (6) using nonlinear least square fitting. The results 
are shown in Fig. 3 (a) and (b). This allowed for the com-
putation of activation energies at different RMF and the 
distribution of activation energies is shown in Fig. 3 (c). 
Through nonlinear regression, the distribution of activa-
tion energies fits well into a Lorentzian distribution with 
a coefficient of determination, R2, of 0.945 and Adj. R2 of 
0.932. Variation of activation energies for thermal decom-
position of RSHR over varying RMF may be expressed as

Ea RMF
RMF

� � �
�

��
�
�

�
�
�

159 8982

1
0 7524

0 0779

2

.

.

.

. (7)

3.2.2 Rate dependence on residual mass fraction
Model fitting through nonlinear regression was used to 
determine the form of the function f2(RMF) in Eq. (6). 
Considering the complexity of the decomposition process, 
phase transformations, mass transfer, and chemical trans-
formation are all involved. Attempts have been made to 
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model the decomposition process based on the predom-
inance of one or the other mechanism [21]. In kinetics 
parlance, it is often useful to express the reaction rate to 
be proportional to RMF raised to an exponent n; n being 
termed as the order. But in the present case, the rate data 
could not be satisfactorily fitted into a reaction model 
following nth order kinetics. Next, model fitting of rate 
data was done to different diffusional models as well as 
Avrami–Erofeev models [21]. But in every case the data 
did not give a satisfactory fit. 

The extent of correlation of regressed equation with the 
experimental rates is shown in Table 2. 

Obviously, the coefficients of determination are abys-
mally low indicating lack of fit. It points to the fact that 
thermal decomposition of RSHR is neither a one step 
process nor is it a process controlled by one or the other 

Fig. 3 Activation energies of LTTD of RSHR by isoconversional 
differential method, (a) computation by nonlinear least squares 

fitting to Eq. (6), RMF 0.25–0.54; (b) computation by nonlinear least 
squares fitting to Eq. (6), RMF 0.6–0.83; (c) Lorentzian distribution 
of activation energies over varying RMF. In all figures, solid lines 

represent regressed equations and markers represent experimentally 
determined values.

(a)

(b)

(c)

Table 2 Coefficients of determination for regression of experimental 
rate data into different model equations

f2(RMF) Heating rate R2 Adj. R2

Avrami Erofeev
4(RMF)[−ln(RMF)]3/4

20 °C/min 0.241 0.224

30 °C/min 0.402 0.39

40 °C/min 0.387 0.375

50 °C/min 0.36 0.346

Avrami Erofeev
3(RMF)[−ln(RMF)]2/3

20 °C/min 0.221 0.203

30 °C/min 0.332 0.318

40 °C/min 0.321 0.307

50 °C/min 0.294 0.28

Avrami Erofeev
2(RMF)[−ln(RMF)]1/2

20 °C/min 0.134 0.115

30 °C/min 0.168 0.151

40 °C/min 0.174 0.157

50 °C/min 0.162 0.145

nth order
0.0023(RMF)–0.86

20 °C/min –0.16 –0.185

30 °C/min 0.19 0.173

40 °C/min 0.17 0.153

50 °C/min 0.131 0.113

3 dimensional diffusion
3/2(RMF)2/3[1−(RMF)1/3]–1

20 °C/min 0.0984 0.0782

30 °C/min 0.5 0.49

40 °C/min 0.5 0.49

50 °C/min 0.499 0.489

2 dimensional diffusion
[−ln(RMF)]–1

20 °C/min –0.692 –0.73

30 °C/min –0.33 –0.357

40 °C/min –0.287 –0.314

50 °C/min –0.224 –0.249

1 dimensional diffusion
1/2[1−(RMF)]–1

20 °C/min –0.657 –0.694

30 °C/min –0.321 –0.348

40 °C/min –0.28 –0.306

50 °C/min –0.218 –0.243
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mechanistic steps. To find the dependence of decomposi-
tion rate on RMF the empirical rate equation of truncated 
Sestak and Berggren model [21, 27, 28] was fitted into the 
experimental rate data under different decomposition con-
ditions. The resultant kinetic equation, with the following 
general form, fits well into the experimental data:

�
� �

�
� � ��
�
�

�
�
�

�� � � �d
dt

A
E
RT

a m nRMF RMF
RMF RMFexp 1 , (8)

where Ea(RMF) is following Eq. (7). Dependence of 
reaction rate on RMF is expected and self-explanatory. 
The quantity (1 − RMF) at any instance represents the 
fraction of material lost as a result of thermal decomposi-
tion. This fraction is made up of the gaseous products of 
LTTD. As gases are produced and make their way through 
the residual solid mass, the internal structure of the solid 
offers a resistance to their escape. At the same time, the 
escaping gases have a bearing on the morphological char-
acter of the solid left behind. As thermal decomposition 
progresses, the residual solid mass gradually increases in 
void fraction. The increased porosity facilitates the escape 
of gases. This explains the positive influence of the quan-
tity (1 − RMF) on decomposition rate.

Model parameters are given in Table 3. Results for ther-
mal decomposition of RSHR under different heating rates 
are shown in Fig. 4. The coefficients of determination, 
as measured by R2, is sufficiently high which shows that 
most of the variations in decomposition rates can be accu-
rately correlated to the variations in temperature, activa-
tion energy, and RMF by the proposed model. Close cor-
respondence between the values of R2 and Adj. R2 further 
points to the unbiased statistical significance of the model. 
A single rate equation that could cater to all the heating 
rates should be preferred because of better adaptability in 
equipment design. Report on LTTD kinetics of RSHR is 
not available in technical literature. For closest compari-
son the exponents m, and n are reported to be 1.8428, and 
1.1816, respectively for TGA of mixed agricultural residue 
up to 800 °C [28]. In another study, the values for m, and n 
for the pyrolysis of lignin varied in different mass fraction 
ranges. In 0.8–0.9 range of RMF exponent m was 2.718 

Fig. 4 Kinetic equations from DAEM with Sestak and Berggren model 
[Eq. (8)] fitted to experimental data for LTTD of RSHR at different 

heating rates

Table 3 Parameters for kinetic equations from DAEM with truncated 
Sestak and Berggren model

Heating rate A m n R2 Adj. R2

20 °C/min 40.7904 4.8067 6.3264 0.934 0.933

30 °C/min 40.7904 4.8067 6.3264 0.975 0.975

40 °C/min 40.7904 4.8067 6.3264 0.981 0.980

50 °C/min 40.7904 4.8067 6.3264 0.972 0.972
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