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A B S T R A C T

The present study characterized the kinetic, thermodynamic and performance parameters, products, factorial
interactions, and optimal conditions of combustions of waste tea (WT) and tea leaves (TL) in N2/O2 and CO2/O2

atmospheres through a thermogravimetric/Fourier transform infrared spectrometry (TG–FTIR). The main
combustion occurred in the range of 200–600 °C. The increased heating rate increased all the combustion
parameters regardless of the fuel and atmosphere type. Activation energy was shown different change tendency
with the increasing conversion (α). CO2, H2O, CH4, CO, C]O, NH3, and HCN were the main gas products of WT
and TL combustions. A three-way interaction among fuel type, atmosphere type and heating rate was found to be
significant. The joint optimization of mass loss, derivative TG, and differential scanning calorimetry was
achieved using 1049.3 °C, TL, 40 °C/min, and CO2/O2 atmosphere for the operational settings of temperature,
fuel type, heating rate, and atmosphere type, respectively.

1. Introduction

Globally, biofuels and biomass wastes account for about 14% of the

total energy consumption (Chen et al., 2018b). Biomass feedstock re-
sources have been explored as the renewable and environmental
friendly sources for energy generation, including cornstalk (Wen et al.,
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2016), rice husk (Ma et al., 2015), para grass (Ahmad et al., 2017a),
cattle manure (Yuan et al., 2017), coffee grounds (Bok et al., 2012), red
pepper (Maia and Morais, 2016), water hyacinth (Huang et al., 2018b),
pomelo peel (Xie et al., 2018a), and sugarcane bagasse (Xie et al.,
2018b). Globally, tea is the second most widely consumed drink of the
beverage industry. In 2015, China produced 42.8% of the global tea
production of 5.3 million tons. The rapidly developed tea industry has
now accounted for 20% of the Chinese beverage market (Zhao et al.,
2018).

The deep processing by tea factories generates a large amount of
unqualified tea leaves (TL), also known as refused tea, about 10% of
yield (Pelvan and Özilgen, 2017). As over 90% of tea is left as waste tea
(WT) after tea beverage industry (Zhong et al., 2017), the disposal and
reuses of WT have been explored through composting (Ahmed et al.,
2015), pyrolysis (Tian et al., 2016), and the preparation of biological
carbon (Fan et al., 2016; Uzun et al., 2010) and an adsorbent to remove
mercury (Shen et al., 2017).

In the face of the pressure on the environment by the vast accu-
mulation of highly recalcitrant WT and TL, combustion as the simplest
waste-treatment technology has the significant advantages of waste-
stream reduction, reuse, and power generation and accounted for over
97% of the global bio-energy production (Chen et al., 2017b). The
development and optimization of biomass combustion technologies
necessitate the quantification of operational conditions and their re-
lative importance. For example, the replacement of N2 by CO2 was
reported to exert some negative effects on the performance indices of
biomass combustion such as ignition, burning stability, heat transfer,
gas temperature, and burnout (Chen et al., 2015). Combustion in CO2/
O2 atmosphere was pointed out to minimize waste heat in the process,
organic pollutants in exhaust gases, and the thermal energy of the ex-
haust gases (Huang et al., 2016). Combustion characteristics and per-
formances of coal gangue were stated to differ in response to the oxy-
fuel (CO2/O2) and air (N2/O2) atmospheres (Meng et al., 2013).

Operation conditions are analyzed using different techniques in
order to characterize and optimize the combustion process and per-
formance. For example, thermogravimetric analysis (TGA) is an effec-
tive way to better quantify the combustion, kinetic and thermodynamic
parameters, and thus, to understand the thermal degradations and
processes of solid biofuels (Zhuo et al., 2017). Various iso-conversional
methods such as Friedman, Flynn-Wall-Ozawa (FWO) and distributed
activation energy model (DAEM) were developed to estimate solid-state
kinetic parameters (Chen et al., 2017a; Fang et al., 2018). TG-Fourier-
transform infrared spectroscopy (FTIR) can dynamically track the
composition of substances released from the complex thermal decom-
position of biofuels with multiple chemical reactions (Lin et al., 2016).
However, to the best of our knowledge, there exists no study about the
combustion characteristics, products and performances of WT and TL in
the N2/O2 and CO2/O2 atmospheres.

Therefore, the objectives of this study were to: (1) quantify the
combustion performances of WT and TL in N2/O2 and CO2/O2 atmo-
spheres by using combustion parameters; (2) estimate activation energy
(E) via three iso-conversional methods; (3) determine thermodynamic
changes through four indices; (4) characterize main gaseous products
by using TG-FTIR; and (5) detect interaction effects of operational
conditions as well as joint optimizations of the multiple responses of
mass loss, derivative TG (DTG), and differential scanning calorimetry
(DSC) using empirical models.

2. Materials and methods

2.1. Materials preparation

TL was sampled from those planted in the Anhui province, while WT
was generated from TL samples soaked in hot water after several times.
Waste tea was taken out of soaked TL and dried naturally under good
ventilation for 24 h. To further remove their moisture content, the TL

and WT samples were dried in an oven at 105 °C for 24 h. The samples
were grounded into 200 mesh before the TG experiments. The Proximate
Analysis of Solid Biofuels of China (GB/T 28732-2012) was adopted to
carry out the proximate analysis. The ultimate analysis was performed
using an elemental analyzer (Vario EL cube by Elementar). The heating
values were measured with a WZR-1T-CII microcomputer calorimeter.

2.2. TGA experiment

The TGA experiments were carried out using an NETZSCH STA 409
thermal analyzer with a gas flow rate of 50mL/min in the following
two atmospheres of 79% N2/21% O2 and 79% CO2/21% O2. The four
heating rates used in this study were 5, 10, 20 and 40 °C/min. The
combustion temperature was increased from room temperature (RT) to
about 1100 °C. The control parameters of the temperature rise, the at-
mosphere type, and the gas flow rate were set beforehand. The sample
was put into an alumina crucible with mass of 6 ± 0.5mg (weighed by
an electronic balance) for the analyzer in each test. The real-time var-
iation of the sample mass loss was monitored during the entire com-
bustion process. To ensure repeatability, each experiment was con-
ducted in triplicates.

2.2.1. TG-FTIR
The combustion products of WT and TL were analyzed using a TGA

system (NETZSCH STA 409 PC Luxx, Germany) coupled with an FTIR
spectrometer (TENSOR 27 FTIR, Germany). The N2/O2 atmosphere was
used as the agent gas at a flowing rate of 50mL/min. All the samples
were kept at the weight of 6 ± 0.5mg for reducing the heat transfer
limitation. The samples were heated from RT to 1100 °C at heating rate
of 20 °C/min. Moreover, the volatiles released during the combustion
process were detected online using a FTIR spectrometer whose spectra
were recorded from 4000 to 600 cm−1. The FTIR analysis was carried
out at a resolution of 4 cm−1. The test data were processed using the
OMNIC software (Thermo Electron, USA). To eliminate the background
signal, blank experiments were carried out before the loading of the
samples.

2.3. Combustion characteristics

To evaluate the combustion performances of WT and TL, the eight
parameters and/or indices of ignition temperature (Ti), burnout tem-
perature (Tb), maximum weight loss rate (-Rp), peak temperature (Tp),
volatile matter release (Dv), ignition (Ci), burnout (Cb), and compre-
hensive combustibility (S) were used in this study. These parameters
can be described as a function of the characteristic temperature and the
weight loss rate as follows (Chen et al., 2015):
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where −Rp is maximum weight loss rate, % min−1; −RV is average
weight loss rate, % min−1; TV represents the initial devolatilization
temperature, K; Ti is ignition temperature, K; Tp is peak temperature, K;
ΔT1/2 is time interval at the half value of -Rp, K; Tb is burnout tem-
perature, K. ti, tp, tb, and Δt1/2 represent ignition time, peak time,
burnout time, and time interval at the half value of −Rp, respectively.
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2.4. Kinetic and thermodynamic analyses

The biomass combustion is a very complex process because its
chemical composition is complicate. Many reactions occur simulta-
neously within a fraction of second during the thermal decomposition
(Maia and Morais, 2016; Chen et al., 2018a). In this study, the integral
and differential methods were employed to calculate the kinetic para-
meters during the thermal decompositions of WT and TL. The kinetic
equations can be expressed using Eq. (5):

=dα
dt

kf α( ) (5)

where α is sample conversion rate, t is reaction time, T is actual tem-
perature (K), k is reaction rate constant, and f (α) is the function of the
reaction mechanism. α can be determined using Eq. (6):
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where m0, mt, and mf is the initial, actual and end masses of the samples,
respectively.

According to the Arrhenius equation, k (T) was expressed as follows:
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The TG experiments were performed with the linearly increased
heating rates. For the non-isothermal reactions, =β  dT/dt combining
Eqs. (5) and (7) yielded the following:
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Based on the E estimates, it is possible to select the best kinetic
model to describe the experimental data (Moussout et al., 2016). Per-
forming the integration of Eq. (8) under the initial conditions (α =0, at
T= T0), Eq. (9) was obtained:
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The TGA method was used to determine the kinetic parameters of A,
E, and f (α) or G (α). The methods applying Eq. (8) are referred to as the
differential methods while those using Eq. (9) are known as the integral
methods (Yuan et al., 2017). In this study, activation energy (E) was
estimated using the three iso-conversional methods of Friedman, FWO,
and DAEM.

2.4.1. Friedman method
The first and more general iso-conversional method is the Friedman

method. By applying the natural logarithm on both sides of Eq. (9), the
following was obtained:
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In this method, the conversion function f α( ) remains constant, thus
indicating that the biomass decomposition depends only on mass loss
rate being independent on temperature.

2.4.2. FWO method
In the FWO method, Eq. (9) was integrated using the Doyle’s ap-

proximation for the temperature integral. The resultant equation was
given below (Tran et al., 2014):
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5.3305 1.052
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Since ( )ln AE
RG α( ) does not relate to β, E was estimated as the slope of

(1.052 E/R) of the least square regression line plotted for lnβ as y-axis
versus 1/T as x-axis.

2.4.3. DAEM
The DAEM method is a common approach to simulate complex re-

actions such as co-combustion of fossil fuels and biomass (Huang et al.,
2018a). Eq. (9) was rewritten thus:
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From Eq. (12), the plot of ( )ln β
T2 versus 1/T gives a linear equation

with E/R as its slope. ( )ln AR
E provides an intercept value when 0.6075 is

kept constant for simplicity.
The four thermodynamic parameters of A, ΔH, ΔG, and ΔS were also

estimated using the following equations (Maia and Morais, 2016):

=A βEexp E RT RT[ ( / )]/( )m
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where KB is the Boltzmann constant (1.381× 10−34 J/K); h is the Plank
constant (6.626×10−34 J S); and Tm is peak temperature (K).

2.5. Statistical analyses

Correlation matrix was performed to detect linear relationships
among the measured variables. Three-way multivariate of analysis
(MANOVA) were used to detect significant interaction effects among
the atmosphere type (the two levels), the heating rate (the four levels),
and the fuel type (the two levels) on the three mean responses of re-
maining sample mass (RM, %), DTG (%/min), and DSC (mW/mg).
Tukey’s multiple comparison tests following general linear models
(GLM) were further used to capture significant mean differences. The
joint optimization of the responses as well as sensitivity analyses of the
operational conditions were based on the best-fit multiple non-linear
regression models. The best-fit models were chosen using a stepwise
procedure at p value of 0.001 as a function of temperature (temp), fuel
type (FT), atmosphere type (ATM), heating rate (HR), and their inter-
action and polynomial terms. Atmosphere type, FT, and HR were used
in the model as the categorical variables. The goodness-of-fit and the
predictive power of the models were evaluated using adjusted (R2

adj)
and predictive (R2

pred) coefficients of determination, respectively. The
joint optimal settings of the operational variables for the responses
were determined maximizing the composite desirability (D) with a
range of zero to one (the ideal case), the weighted geometric mean of
the individual desirabilities (d). All the statistical analyses were im-
plemented using Minitab 17.1.

3. Results and discussion

3.1. Proximate, ultimate and calorific value analyses

The proximate analysis (Table 1) showed that both moisture and
volatile matter contents were higher in WT than TL, and the volatile
matter content in the WT and TL was 82.31% and 74.80%, respectively.
The ash and fixed carbon contents were higher in TL than WT. Their
main elements were C, H and O, with the lower N and S contents. The
calorific values of WT and TL (20.86 and 19.69MJ/kg, respectively)
were higher than those of common crop parts such as corn stalk
(17.56MJ/kg), and wheat-straw (17.45MJ/kg) (Wen et al., 2016).
These results point to the promising potential of the WT and TL com-
bustions for energy generation.

3.2. Thermogravimetric analysis

Fig. 1(a–d) shows the (D)TG curves of WT and TL at the heating
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rates of 5, 10, 20, and 40 °C/min in both atmospheres. The increased
heating rate caused the TG curves and DTG peak to move to a higher
temperature region, not changing the patterns of the thermal decom-
positions of TL and WT. This appeared to be related to the thermal
hysteresis effect since the higher heating rate induced lowered heat
transfer efficiency, as was generally reported in the TGA results (Zhou
et al., 2017).

The combustion characteristics of WT and TL in the N2/O2 and CO2/
O2 atmospheres at a heating rate of 20 °C/min are presented Fig. 1(e, f)
and Table 2. The combustions in the two atmospheres were divided into
three stages. As for the WT combustion, the first stage was the water
loss. Its main weight losses by 54.69% and 49.52% occurred at the
second stage in the ranges of 207.3–397.5 °C and 202.5–401.2 °C, re-
spectively. These weight losses were attributed to the thermal de-
gradation of volatiles such as hemi-celluloses, celluloses and partial
lignin (Chen et al., 2017a). The maximum weight loss rates were esti-
mated at 17.02%/min at 328.6 °C and 16.76%/min at 326.3 °C in the
N2/O2 and CO2/O2 atmospheres, respectively, in the second stage. In
stage III, the weight loss was associated with the decomposition of fixed
carbon, lignin and other organic matters. Similarly, this stage was re-
ported to involve the combustion of fixed carbon and residual volatiles
with stronger chemical bonds such as aromatic compounds (Huang
et al., 2018a). At above 637 °C, the weight loss was caused by the slow
thermal decomposition of minerals.

The combustion process of TL exhibited a lower amount of weight
loss than did that of WT although its weight loss in the second stage was
similarly attributed to the decomposition of its hemicellulose and
lignin. This was related to the higher cellulose content of WT than TL.
The cellulose and crude protein contents of WT were found to increase
when WT was obtained from soaked TL (Wang et al., 2016). The third
stage of TL had an additional larger peak on the DTG curve of weight
loss. This peak may be caused by the rapid decompositions of large
amounts of fixed carbon and the volatiles produced by the second de-
composition of tar, as was also reported for the decomposition of tea
polyphenols (Yao et al., 2017).

The replacement of N2 by CO2 had similar effects on the WT and TL
combustions. As shown in Fig. 1(e, f), the atmosphere type had no
significant effect on the (D)TG curves at below 450 °C. At above 500 °C,
the peak weight loss rate was higher in the N2/O2 than CO2/O2 atmo-
sphere, and the replacement of N2 by CO2 postponed the locations of
the peaks. CO2 has higher density and heat capacity than N2, thus ab-
sorbing more heat from the combustion furnace. Therefore, in the
process of heating, more heat was removed by the carrier gas of CO2

which resulted in lower surface temperatures of WT and TL (Wall et al.,
2009). As shown in Table 2, the samples underwent a more thorough
combustion in the N2/O2 than CO2/O2 atmosphere given the lower
residues of WT and TL in the N2/O2 atmosphere. This case agreed well
with mass loss rates obtained by (Tang et al., 2013). Replacing N2 by
CO2 at the same concentration was reported to lower flame propagation
speed, flame stability, and gas temperature, thus increasing the un-
burned carbon content in the CO2 atmosphere (Chen et al., 2015). Our
finding of the lower residues supported the reduction aimed for the WT
and TL volumes.

3.3. Combustion characteristics

To better understand effects of the heating rate on the combustion
performances of WT and TL in both atmospheres, the eight combustion
characteristic parameters are presented in Table 3. With the increased
heating rate, all the eight combustion parameters increased in both
atmospheres regardless of the fuel type. Pearson’s correlation matrix
was performed for each atmosphere and each fuel type (n=4). For
both atmospheres as well as both fuel types, the heating rate had a
significantly positive correlation with −Rp (p≤ 0.004), Ci (p≤ 0.04),
and S (p≤ 0.02), but no significantly positive correlation with Ti, Tp,
and Cb (p > 0.05). The increases in Tb in both atmospheres as a
function of the increased heating rate were significant only for TL
(p≤ 0.01). Only the Dv value of WT in the CO2/O2 atmosphere was not
significantly correlated with the heating rate. The increased heating
rate postponed the decomposition process. The better comprehensive
combustion performances with the increased heating rate were sup-
ported by Zhou et al. (2017). As for the impact of the atmosphere type
on the WT and TL combustion characteristics (Table 3), Tukey’s mul-
tiple comparison tests showed significant mean differences only in Ti
and Tb (n=16; p < 0.001). In both atmospheres, the mean Ti values of
WT were significantly higher than those of TL. The mean Tb value of
WT in the CO2 atmosphere was higher than those of TL in both atmo-
spheres.

3.4. Kinetic estimates

The model-free methods without the assumption of mechanism
functions involved have gained popularity in estimating more reliable E
(Tian et al., 2016). The E values of the WT and TL combustions were
estimated using the three iso-conversional methods of Friedman, FWO,
and DAEM in both atmospheres as a function of the conversion rate (α).
The apparent E values, and their associated R2 values are shown in
Table 4 and Fig. 2. The E values were negatively correlated with α
values (r=−0.51; n=108; p < 0.001). The mean highest E value
(240.6 ± 29 kJ/mol) at α=0.4 (which was similar at α=0.2, 0.3,
and 0.5) was significantly different from the mean lowest E value
(120.6 ± 22 kJ/mol) at α=0.7 (which was similar at α=0.6)
(n=108; p < 0.001). A significant variation in E with the conversion
rate was found to point to a kinetically complex process (López-
González et al., 2017). The impacts of the atmosphere types on the WT
and TL combustions were also reflected in their E values. The change
from N2/O2 to CO2/O2 atmosphere was found to significantly decrease
the E values from 204.9 ± 49 to 176.2 ± 45 kJ/mol (r=−0.29;
n=108; p=0.002). A similar finding was also reported about the
combustion of swine manure (López-González et al., 2017). The lower E
values also indicate an easily converted biofuel that can be also used in
co-firing with other biofuel types with either lower or higher E values.

In terms of the kinetic models and the fuel types, the mean E values
did not differ significantly (n=108; p > 0.05). The mean R2 values
were estimated at 95.5, 97.8 and 97.6 for the Friedman, FWO, and
DAEM methods, respectively, thus confirming the admissible accuracy
of the results. According to Tukey’s multiple comparison test, the mean
R2 values of the FWO and DAEM methods were higher than that of the
Friedman method (n=108; p=0.017). For the FWO method, the

Table 1
Proximate, ultimate and calorific value analyses of WT and TL.

Samples Ultimate analysis (wt. %) Proximate analysis (wt. %) Qnet (MJ/kg)

Cad Had Oad Nad Sad Mad Vad Aad FCad

WT 47.99 6.60 28.73 4.90 0.18 5.45 82.31 6.15 6.09 20.86
TL 47.32 5.88 30.33 4.16 0.12 4.37 74.80 7.82 12.91 19.69

ad, air-dry basis; Oad, calculated by Oad (%)=100%-Cad-Had-Nad-Sad- Mad- Aad (Chen et al., 2016); Mad, moisture content; Vad, volatile matter content; Aad, ash
content; FCad, fixed carbon content; and Qnet, calorific value.
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dependence of the apparent E on α can be separated into the two dis-
tinct regions. The first region had the stable E values in the α range of
0.1 to 0.5. The second region had a slight E variation for WT, but a
substantial increase for TL in the α range of 0.6 to 0.9. The two regions

corresponded to our earlier discussions about the DTG plots. The first
stage belonged to the release of volatiles during which hemi-celluloses,
celluloses and some portion of lignin were decomposed. The second
stage was the decomposition of other oxides or inorganic substances.

Fig. 1. (D)TG curves at four heating rates: (a) WT and (b) TL combustions in N2/O2 atmosphere; (c) WT and (d) TL combustions in CO2/O2 atmosphere; and (D)TG
curves of (e) WT and (f) TL combustions at 20 °C/min as a function of temperature.
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Our result was consistent with the finding about Turkish lignite (Selcuk
and Yuzbasi, 2011).

3.5. Thermodynamic parameters

To estimate the thermodynamic parameters of the combustion

processes plays an important role in the large-scale design of combus-
tion reactors as well as in the selection of suitable biofuels. The A, ΔH,
ΔG and ΔS estimates by the FWO method in both atmospheres at 20 °C/
min are shown in Table 5 and Fig. 3. The mean A values did not sig-
nificantly differ in terms of the atmosphere and fuel types, and the
conversion rate (n=36; p > 0.05). The A estimates of TL and WT were

Table 2
Three decomposition stages of WT and TL, and their associated temperature ranges, weight losses and residues at 20 °C/min.

Atmosphere Sample I II III Residue (%)

Temperature range (oC) Weight loss (%) Temperature range (oC) Weight loss (%) Temperature range (oC) Weight loss (%)

N2/O2 WT 41.0–207.3 6.56 207.3–397.5 54.69 397.5–633.7 33.11 4.21
TL 40.3–167.2 4.44 167.2–372.0 48.86 372.0–577.5 39.74 5.98

CO2/O2 WT 42.5–202.5 6.06 202.5–401.2 54.28 401.2–637.6 32.55 5.97
TL 42.2–169.8 4.64 169.8–377.2 49.52 377.2–593.3 38.65 6.89

Table 3
Combustion characteristic parameters of WT and TL as a function of heating rate in N2/O2 and CO2/O2 atmospheres.

Atmosphere Sample β Ti -Rp Tp Tb Ci Dv Cb S

N2/O2 WT 5 277.8 3.94 308.7 550.1 0.14 1.14 0.06 0.41
10 280.1 7.66 318.2 573.2 1.02 1.90 0.84 1.57
20 289.8 17.29 328.0 595.0 8.31 4.95 18.87 6.61
40 294.2 34.44 329.6 605.4 57.45 8.45 263.84 26.06

TL 5 236.1 2.28 283.8 511.2 0.10 0.39 0.02 0.36
10 249.3 4.45 302.2 514.6 0.71 0.63 0.25 1.26
20 255.2 10.46 307.4 533.2 6.05 1.89 5.72 5.73
40 257.1 20.06 309.6 566.2 39.47 3.11 76.29 21.25

CO2/O2 WT 5 266.2 3.80 308.3 571.0 0.14 1.08 0.06 0.42
10 279.9 7.94 318.8 599.5 1.06 2.32 0.92 1.54
20 285.5 16.26 329.5 610.1 7.88 4.52 16.40 6.28
40 287 28.00 334.4 632.6 47.42 5.34 159.52 21.09

TL 5 231.1 2.24 289.5 521.1 0.10 0.33 0.02 0.36
10 241.9 4.54 300.2 539.1 0.75 0.64 0.26 1.33
20 251.8 10.00 311.7 544.3 5.80 1.52 4.39 5.37
40 253.0 21.02 319.3 585.7 40.93 3.23 81.70 21.81

β is heating rate, °C/min; Ti is ignition temperature, °C; −Rp is maximum weight loss rate, %/min; Tb is burnout temperature, °C; Tp is peak temperature, °C; Cb is
burnout index, 10−3⋅(%⋅min−4); S is comprehensive combustibility index, 10−7⋅(%2·°C−3·min−2); Dv is volatile matter release index, 10−6·(%·min−1·°C−3); and Ci is
ignition index, 10−2·(%·min−3).

Table 4
Activation energies (E, kJ/mol) of WT and TL combustions as a function of conversion rate according to Friedman, FWO, and DAEM in N2/O2 and CO2/O2

atmosphere.

Atmosphere α WT TL

Friedman FWO DAEM Friedman FWO DAEM

E R2 E R2 E R2 E R2 E R2 E R2

N2/O2 0.10 219.46 0.950 195.57 0.914 196.95 0.906 206.47 0.972 193.32 0.952 195.18 0.948
0.20 242.34 0.998 218.48 0.990 220.46 0.989 294.06 0.933 253.92 0.946 258.26 0.942
0.30 253.03 0.976 223.26 0.997 225.14 0.996 281.32 0.922 256.88 0.936 260.84 0.932
0.40 255.28 0.971 231.81 0.978 233.91 0.976 302.70 0.949 268.44 0.946 272.65 0.942
0.50 245.45 0.966 227.43 0.989 229.04 0.988 192.02 0.979 228.60 0.986 230.30 0.984
0.60 149.78 0.991 177.30 0.992 175.81 0.991 126.79 0.999 134.90 0.997 130.93 0.997
0.70 153.44 0.995 145.46 1.000 141.31 1.000 111.80 0.845 102.65 0.998 96.01 0.997
0.80 202.09 0.965 178.28 0.987 175.08 0.985 246.78 0.862 203.71 0.997 201.56 0.996
0.90 200.37 0.999 187.25 0.997 183.85 0.996 124.24 0.926 203.92 0.990 201.58 0.988
Average 213.47 0.979 198.32 0.983 197.95 0.981 209.58 0.932 205.15 0.972 205.26 0.970

CO2/O2 0.10 260.76 0.924 243.66 0.907 247.62 0.901 146.78 0.995 131.92 0.996 130.62 0.995
0.20 246.32 0.966 232.40 0.969 235.15 0.966 201.38 0.997 166.03 0.997 165.81 0.997
0.30 238.34 0.983 223.39 0.983 225.30 0.982 210.57 0.999 188.61 0.999 189.04 0.999
0.40 223.01 0.958 214.05 0.993 215.20 0.992 245.78 0.999 211.94 0.999 213.19 0.999
0.50 204.61 0.893 201.43 0.952 201.64 0.947 163.86 0.970 193.37 0.985 194.04 0.984
0.60 135.92 0.994 159.92 0.966 157.43 0.961 110.06 0.981 121.37 0.987 116.67 0.985
0.70 138.43 0.996 135.16 0.994 130.39 0.993 98.21 0.946 100.92 0.986 94.17 0.982
0.80 152.35 0.996 145.50 0.995 140.44 0.993 213.27 0.793 175.96 0.981 172.17 0.978
0.90 163.72 0.991 155.14 0.993 149.87 0.992 88.8 0.824 149.71 0.956 144.19 0.947
Average 195.94 0.967 190.07 0.972 189.23 0.970 164.30 0.945 159.98 0.987 157.77 0.985

H. Cai et al. Bioresource Technology 268 (2018) 715–725

720



Fig. 2. Changes in activation energy (E) of (a) WT and (b) TL combustions in N2/O2 atmosphere; (c) WT and (d) TL combustions in CO2/O2 atmosphere as a function
of conversion rate based on Friedman, FWO and DAEM methods.

Table 5
Thermodynamic parameters of WT and TL combustions as a function of conversion rate at 20 °C/min in N2/O2 and CO2/O2 atmospheres according to FWO.

Atmosphere α WT TL

A (S−1) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/mol) A (S−1) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/mol)

N2/O2 0.1 1.30× 1017 191.24 128.92 103.70 3.46× 1017 189.20 124.05 112.25
0.2 1.42× 1019 213.82 128.36 142.20 1.29× 1023 249.48 122.73 218.38
0.3 3.77× 1019 218.40 128.26 149.99 2.41× 1023 252.18 122.68 223.12
0.4 2.17× 1020 226.82 128.07 164.31 2.77× 1024 263.56 122.47 243.10
0.5 8.85× 1019 222.32 128.16 156.67 6.13× 1020 223.56 123.24 172.84
0.6 3.04× 1015 171.94 129.41 70.76 1.33× 1012 129.37 125.79 6.17
0.7 4.26× 1012 139.55 130.40 15.23 1.27× 109 96.59 127.10 −52.57
0.8 3.71× 1015 171.97 129.38 70.86 3.14× 1018 197.30 123.80 126.63
0.9 2.35× 1016 180.41 129.14 85.32 3.28× 1018 197.39 123.79 126.81
Average – 192.94 128.90 106.56 – 199.85 123.96 130.75

CO2/O2 0.1 2.16× 1021 239.30 128.18 184.44 5.66× 1011 127.82 126.93 1.51
0.2 2.17× 1020 227.72 128.41 164.83 7.94× 1014 161.60 125.82 61.20
0.3 3.45× 1019 218.53 128.61 149.24 9.41× 1016 183.92 125.20 100.44
0.4 5.12× 1018 209.07 128.83 133.19 1.28× 1019 207.06 124.63 140.98
0.5 3.88× 1017 196.35 129.13 111.57 2.56× 1017 188.29 125.08 108.11
0.6 7.76× 1013 154.55 130.29 40.27 5.94× 1010 115.86 127.34 −19.63
0.7 4.68× 1011 129.22 131.13 −3.17 7.37× 108 94.91 128.24 −56.99
0.8 3.97× 1012 139.15 130.76 13.93 6.49× 1015 169.51 125.53 75.20
0.9 2.90× 1013 148.44 130.44 29.88 2.50× 1013 143.11 126.32 28.72
Average – 184.70 129.53 91.58 – 154.68 126.12 48.84
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close to those of para grass (2.55×108 to 2.26× 1019 s−1), and cattle
manure (5.47× 109 to 1.33× 1030 s−1) (Ahmad et al., 2017a; Yuan
et al., 2017). The lower A values (< 109 s−1) indicate a surface reac-
tion. If the reactions are independent on the surface area, the lower A
values may also indicate a closed complex. However, the higher A va-
lues (> 109 s−1) show a simple complex (Turmanova1 et al., 2008).
The wide range of the A values of WT and TL pointed to their complex
structure with multiple stages of chemical reactions during their com-
bustion.

The ΔH values illustrate the energy difference between the reagent
and the activated complex (Huang et al., 2018b). The ΔH values were
negatively correlated with the α values (r=−0.49; n=36;
p=0.002). The mean highest H value at α=0.4 (226.6 ± 26 kJ/mol)
(similar at α=0.1 to 0.5, 0.8 and 0.9) was significantly different from
the mean lowest ΔH value at α=0.7 (115.1 ± 22 kJ/mol) (similar at
α=0.6) (n=36; p < 0.001). A low potential energy barrier (5–7 kJ/
mol) was found when ΔH was compared with the E values of WT and TL
which reflected the feasibility of reactions (Gan et al., 2018). The low
difference between the E and ΔH values was stated to easily achieve the
product formation (Ahmad et al., 2017b).

The ΔG values indicated the total energy increase of the reaction
mechanism in terms of the reagents, and the formation of the activated
complex. A higher ΔG value represents a lower reaction favorability
(Huang et al., 2016). Unlike the other thermodynamic parameters, only
the change from WT to TL was found to significantly decrease the ΔG
value from 129.2 ± 0.9 to 125.0 ± 1.7 kJ/mol (r=−0.83; n=36;
p < 0.001). The ΔS value as a measure of disorder indicates the dis-
order degree of products produced via bond dissociation when positive
and is higher for the products than the initial reactants (He et al., 2018).
As shown in Fig. 3c, the dominancy of the positive ΔS values of the WT
and TL combustions pointed to their enhanced disorder degrees. Similar
results were pointed out for para grass (−122.23 to 94.38 J/mol)
(Ahmad et al., 2017a), red pepper (−249.52 to −8.31 J/mol) (Maia
and Morais, 2016), and cattle manure (−71.23 to 316.19 J/mol) (Yuan
et al., 2017). The ΔS values were also negatively correlated with the α
values (r=−0.48; n=36; p=0.002). As with ΔH, the mean highest
ΔS value at α=0.4 (170.4 ± 50 J/mol) (similar at α=0.1 to 0.5, 0.8
and 0.9) was significantly different from the mean lowest ΔS value at
α=0.7 (−24.4 ± 35 J/mol) (similar at α=0.6) (n=36;
p < 0.001). Thermodynamic parameters play an important role in
combustion reactor design for the large-scale combustion process and in
selection of suitable biomass species.

3.6. TG-FTIR results

FTIR is often used to distinguish the various (in)organic compounds
after the thermal degradation. The produced gases can be confirmed by
matching characteristic peaks of a spectrogram to functional groups
(Zhang et al., 2018). The peak intensity of a specific wavenumber re-
presented the release intensity of the combustion products (Granada
et al., 2012). The variation of the spectral intensity was similar to that
of the DTG curves over time. As other biofuels did, WT and TL con-
tained natural macromolecular polymers such as hemi-celluloses, cel-
luloses and lignin. With the focus on the maximum weight loss rate of
the main stage, the gas products of WT and TL were identified in the
combustions process. The main volatile components identified were
small molecular gases and included H2O, CH4, CO2, CO, aromatic, CeO,
NH3, HCN, and light tar components (C]O) such as aldehydes, ketones,
and acids. The absorbance peaks at 3456, 2927, 2326 (673), 2179,
1374, 1170, 966 and 714 cm−1 corresponded to the releases of H2O,
CH4, CO2, CO, aromatic, CeO, NH3, and HCN, respectively. The ab-
sorbance peak at 1786 cm−1 was attributed to the releases of alde-
hydes, ketones, and acids (C]O) (Ma et al., 2015; Tang et al., 2017; Xie
et al., 2018a).

The main combustion products of WT and TL appeared in the ranges
of 200 to 600 °C and 205 to 560 °C, respectively. The releases of CH4,

Fig. 3. Thermodynamic parameters of WT and TL combustions at 20 °C/min in
N2/O2 and CO2/O2 atmospheres as a function of conversion rate according to
FWO: (a) ΔH, (b) ΔG and (c) ΔS.
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C]O, aromatics, CeO, and NH3 mainly occurred in the range of 200 to
400 °C, with maximum release temperatures at 328.6 °C for WT and
307.2 °C for TL. Other products such as H2O, CO2, CO and HCN were
released during the main combustion process. The release intensity of
H2O form WT was higher than TL at the main reaction stage. H2O re-
leased mainly from the evolution of bulk water, bound water, and
crystallization water in the mineral substance. With the increased
temperature, H2O also stemmed from the cracking or reaction of
oxygen functional groups (Liang et al., 2018). The evolutions of CH4,
CO2, and CO were mainly attributed to the cleavage of functional
groups such as methoxyl group, and ether group (R-O-R, carboxyl and
carbonyl group (C]O)) as well as to the secondary cracking of phenolic
compounds (Zhao et al., 2014). The release intensity of CH4 was rela-
tively low in the entire combustions. The release intensity of CO was
similar to that of H2O, but was lower in the TL than WT combustion.

The releases of C]O, aromatic, and CeO such as carbonyls, acids,
phenol, ether, and alcohol occurred mainly in the range of 200 to
400 °C. At the lower temperatures, C]O was usually produced by the
fracture of the O-acetyl side chain of the hemi-cellulose structure (Tian
et al., 2016). The fragmentation of methoxy was the main source of the
methanol formation in the lignin combustion process, with eCH2OH
group on the alkyl side chain as another source of alcohol (Wang et al.,
2009). Their intensity was higher for WT than TL which was attributed
to the increased organic matter content of WT after the process of
soaking. The intensities of aromatic were similar to those of C-O for WT
and TL. NH3 were also detected although its intensity was not obvious.
The HCN releases from WT and TL were mainly in the ranges of 200 to
595 °C and 205 to 560 °C, respectively. Its higher intensity from TL in
the range of 470–560 °C may be caused by the rapid decomposition of
large amounts of fixed carbon, and the volatiles of the second decom-
position.

3.7. Interaction effects of operational parameters

An interaction effect exists when response(s) at a factor level de-
pend(s) on the levels of the other factors. The three alternative tests of
the three-way MANOVA pointed consistently to a three-way interaction
effect of atmosphere type, fuel type, and heating rate on the responses
of mass loss, DTG, and DSC (Wilk’s lambda=0.908, F=1863; Lawley-
Hotelling trace= 0.100, F=1917; Pillai’s trace= 0.091, F=1796;
df= 9; n=171010; p < 0.001). All the significantly different pairwise
comparisons were further displayed in Table 6. The interaction plots in

Fig. 4 based on the best-fit models also show significant two-way in-
teractions (p=0.001). Out of all the combinations, only the tempera-
ture by atmosphere type and fuel type by atmosphere type interactions
were not significant for mass loss, while only the latter was not sig-
nificant for DSC (Fig. 4). On DTG, only the interaction effect of tem-
perature and heating rate was found to be significant (Fig. 4).

Table 6
Tukey’s multiple comparisons of mean responses of remaining mass (RM, %),
DSC (mW/mg), and DTG (%/min) as a function of three-way interactions be-
tween atmosphere type (ATM), fuel type (FT), and heating rate (HR)
(n=171010).

ATM FT HR n Mean RM Mean DSC Mean DTG

CO2/O2 TL 5 10,692 31.6 g −1.50 cd −0.45 a
CO2/O2 TL 10 10,695 32.3 fg −2.54 e −0.92 b
CO2/O2 TL 20 10,689 35.6 abc −6.13 i −1.85 c
CO2/O2 TL 40 10,687 36.9 a −5.03 h −3.89 d
CO2/O2 WT 5 10,692 32.5 efg −1.31 bcd −0.45 a
CO2/O2 WT 10 10,695 34.0 cdef −0.72 a −0.91 b
CO2/O2 WT 20 10,694 35.7 ab −4.77 h −1.85 c
CO2/O2 WT 40 10,686 36.0 a −11.05 k −3.94 d
N2/O2 TL 5 10,688 32.4 efg −1.19 bc −0.45 a
N2/O2 TL 10 10,688 34.1 bcde −1.57 d −0.90 b
N2/O2 TL 20 10,678 35.2 abc −2.61 ef −1.90 c
N2/O2 TL 40 10,688 35.7 abc −8.99 j −3.96 d
N2/O2 WT 5 10,688 33.3 defg −1.10 b −0.44 a
N2/O2 WT 10 10,688 33.1 defg −3.68 g −0.92 b
N2/O2 WT 20 10,673 34.3 bcd −2.87 f −1.91 c
N2/O2 WT 40 10,689 36.4 a −4.81 h −3.96 d

Means in the columns that do not share the same letter are significantly dif-
ferent at p < 0.001.

Fig. 4. Plots of two-way interaction effects of fuel type (FT), atmosphere type
(ATM), heating rate (HR, K/min), and temperature (Temp, °C) on the responses
based on the best-fit models (p=0.001).
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3.8. Joint optimization and sensitivity analysis of multiple responses

The best-fit multiple non-linear regression models (please see sup-
plementary information) accounted for 98.8, 64.3 and 56.9% of var-
iations in the remaining sample mass (%) (SE= 3.9), DSC (mW/mg)
(SE= 4.2), and DTG (%/min) (SE=2.3), respectively (n=171010;
p=0.001). Based on the joint optimization of the best-fit models of the
three responses, the optimal operational settings were estimated at
1049.3 °C for temperature, TL for the fuel type, CO2/O2 for the atmo-
sphere type, and 40 °C/min for the heating rate (D= 0.987) (Fig. 5).
The optimal settings for the second best optimization were determined
as 823.3 °C, WT, CO2/O2, and 10 °C/min (D=0.982). The optimal
factor settings were predicted under the assumption that each opera-
tional factor carried the same weight of importance.

Given the joint optimization achieved under the above conditions,
the sensitivity analysis of the three categorical variables was carried out
using the ceteris paribus approach. The composite desirability of the
joint optimization was found to be most and least sensitive to the
changes in the heating rate and the atmosphere type, respectively. The
lowest D values showed a slight variation with 0.943, 0945 and 0.949
in response to the changing factor levels of heating rate, fuel type, and
atmosphere type, respectively, relative to that of the joint optimization
(0.987).

4. Conclusions

The main combustions occurred at 200–600 °C. The average acti-
vation energies of both WT and TL combustions were higher in the N2/
O2 than CO2/O2 atmosphere. H2O, CH4, CO, CO2, NH3 and HCN were
identified as the main gaseous evolutions from the combustions.
Significant three-way and two-way interactions among the fuel and
atmosphere types, the heating rate, and temperature were found si-
multaneously on the three responses. The best and second best joint
optimizations were achieved in the CO2/O2 atmosphere with the fol-
lowing factor settings of 1049.3 and 823.3 °C, TL and WT, 40 and 10 °C/
min, respectively.
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