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a b s t r a c t

The thermal conversion of waste into energy is increasingly becoming an integral part of environmen-
tally friendly and sustainable societies. In this study, the (co-)combustion behaviors, kinetics, and gas
emissions of textile dyeing sludge (TDS) and waste tea (WT) were quantified. The addition of WT
appeared to avoid the drawbacks of both TDS and WT and to enhance their combustion efficiency. The
main co-combustion process was characterized by three stages. The WT addition led to higher reactivity
and a better combustion performance. The average apparent activation energy reached its minimum
(154.82 kJ/mol) with 40% WT. The reaction mechanisms of the three stages of the 40% WT blend were
best described using the D2, F3 and F2.3 models, respectively. The interaction between TDS and WT
occurred between 370 and 550 �C. The WT addition changed the peak strength of Fe2O3 and produced
NaAlSiO4 and CaSO4. The blend ash composition was found to consist of Fe2O3, CaSO4, Na2SO4, Ca5HP3O13,
and NaAlSiO4 according to X-ray diffraction analysis and thermodynamic simulations. The WT addition
reduced SO2 emission from the co-combustion. Our results can be benefited to provide pollution
reduction, energy generation, performance improvement, scaling-up, and optimization for the industrial
applications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The textile industry is one of the most polluting ones due to the
wastewater containing dyes pollution (Daneshvar et al., 2017;
Tatarchuk et al., 2019) and the rapid generation rate of its textile
dyeing sludge (TDS) (Peng et al., 2015). For example, the total
generation amount of TDS was 21 million tons in China in 2015 (Xie
et al., 2018). Both its increasing generation rate and complex
chemical content such as organic dyes (Albadarin et al., 2017), and
heavy metals render its traditional disposal methods such as
landfilling, and ocean dumping obsolete nationally and globally
(Wang et al., 2019b). Instead, high-tech (co-)combustion processes
are being adopted owing to their advantages such as reductions in
solid waste, land occupation, and environmental pollution, and
bioenergy generation (Guo and Zhong, 2018b), and the develop-
ment of by-products (Sun et al., 2019). Due to its low calorific value
and high ash content, TDS has low mono-combustion efficiency,
and thus, is co-combusted with some auxiliary fuels such as bio-
feedstocks, or coals (Chen et al., 2015a; Huang et al., 2019).

Globally, biofeedstocks such as biomass residues, and energy
crops meet about 14% of the total energy consumption via their (co-
)combustions (Hu et al., 2019). The mono-combustion character-
istics of TDS and sewage sludgewere improvedwith the addition of
microalgae (Peng et al., 2015), rice husk, or wood sawdust (Wang
et al., 2019b). Another promising biofeedstock to enhance the co-
combustion performance of TDS is waste tea (WT) owing to its
high volatiles and calorific value (Cai et al., 2018). On average, 2.27
million tons of teas are harvested annually in China more than 90%
of which turns into WT after its consumption. Hence, it is of great
importance to explore the co-combustion applicability of WT and
TDS.
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Table 1
Fuel characteristics and ash chemical components of TDS and WT.

Sample TDS WT (Cai et al., 2019)

Ultimate analysis (wt %)
C 16.72± 0.04 47.99± 0.04
H 3.27± 0.06 6.60± 0.04
N 0.89± 0.04 4.90± 0.10
O 8.41± 0.02 28.73± 0.07
S 3.17± 0.07 0.18± 0.02
Proximate analysis (wt %)
Water content 4.01± 0.02 5.45± 0.03
Volatile matter 26.14± 0.14 82.31± 0.04
Ash 63.53± 0.05 6.15± 0.06
Fix carbon 6.32± 0.17 6.09± 0.07
High heating values (MJ/kg) 3.76± 0.11 20.86± 0.03

Chemical component in ash (wt %)
Na2O 7.49 1.26
MgO 1.47 8.63
Al2O3 0.99 4.23
SiO2 6.17 2.14
P2O5 2.34 25.60
SO3 14.50 7.73
K2O 0.26 5.04
CaO 14.52 36.55
Fe2O3 46.28 1.18
Other 5.98 7.64
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Thermogravimetric (TG) analysis has been commonly utilized to
estimate the decomposition behavior of solid materials (Chen et al.,
2017a). The kinetic parameters of the thermal decomposition are
estimated from TG data-derived models including iso-conversional
andmodel-fitting ones (Yuan et al., 2017). For example, Flynn-Wall-
Ozawa (FWO), and Kissinger-Akahira-Sunose (KAS) as the most
common iso-conversional models (Gao et al., 2016) were used to
determine the kinetics of waste-extruded polystyrene and rigid
polyurethane (Jiang et al., 2018). The master-plots method as the
model-fitting approach is adopted to understand the mechanisms
according to the best-fit kinetic models instead of the kinetic
parameter estimations (He andMa, 2015). For example, the thermal
decomposition of petrochemical wastewater sludge was charac-
terized by three stages using the master-plots method (Chen et al.,
2015b). TG coupled with mass spectrometry (TG-MS) analysis also
provides the real-time detection of emissions (Wang et al., 2019b).
For example, the evolved gases of the microalgae combustion were
detected as NO, H2S, COS, SO2, and SO3 (Fang et al., 2019). The
emission characteristics of HCl and SO2 were evaluated during the
co-combustion of sub-bituminous coal and biomass (Rodilla et al.,
2018). Since the high S and N concentrations of TDS and WT may
produce gas pollutants during their (co-)combustions, it is neces-
sary to monitor and quantify their kinetics and gas evolutions.

The ash depositions of the TDS (co-)combustions were found to
result in corrosion and agglomeration for incinerators due to their
high contents of alkali metal salts, and inorganic minerals (Wei
et al., 2016). Influences of the composition, fusion temperature,
and mineral distribution of ashes on their deposition can be
quantified using scanning electron microscopy (SEM), X-ray
diffraction (XRD) (Tang et al., 2016) and Fourier transform infrared
(FTIR) (Tang et al., 2016). For example, the co-combustion of sewage
sludge and lignite was shown to alter the sintering and fusion de-
gree of their ashes through SEM and XRD analyses (Chen et al.,
2015a). Similarly, the ash inorganics were detected for the co-
combustion of wheat straw and sewage sludge (Wang et al.,
2019a). The particle agglomeration was found to rise at fouling
temperatures with the addition of sewage sludge and woody
biomass to coal (Namkung et al., 2018). However, there exists no
study in related literature about the ash characteristics of the co-
combustion of TDS and WT in order to guide its practical
applications.

The objectives of this experimental study were to quantify the
behaviors, kinetics, ash components, and gas evolutions of the TDS
and WT (co-)combustions. The (co-)combustion behaviors were
analyzed using TG data and principal component analysis (PCA).
The kinetics and mechanism functions were estimated using the
FWO, KAS and master-plots methods. The ash morphology and
components were detected using SEM, FTIR, BET and XRD analyses
and simulated using the thermodynamic software of FactSage 7.1.
The emissions were identified using TG-MS analyses.

2. Materials and methods

2.1. Sample preparations

TDS samples were gathered from a sewage treatment plant in
the city of Foshan in the province of Guangdong, China. WT was
sampled from tea leaves soaked for 8 h. The samples were dried in
an oven at 105 �C for 24 h, pulverized using a disintegrator and
sieved into particles of a 74-mm diameter. WT was blended with
TDS at the ratios of 0, 10, 20, 30, 40, 50 and 100% coded as 100TDS,
90TDS10WT, 80TDS20WT, 70TDS30WT, 60TDS40WT, 50TDS50WT,
and 100WT, respectively. An energy dispersive X-ray fluorescence
spectrometer (XRF) (EDX7000, SHIMADZU, Japan) was utilized to
characterize the bottom slag components. The fuel characteristics
and ash chemical compositions of TDS and WT are provided in
Table 1.

2.2. Thermogravimetric analyses

A TG analyzer (NETZSCH STA 409 PC Luxx, Germany) was uti-
lized to conduct TG analysis. All the samples were heated from 30 to
1000 �C in the 21% N2 and 79% O2 atmosphere (held constant at
60mL/min) at 5, 10, 20 and 40 �C/min. To ensure the comparability
of the (co-)combustion parameters, the samples were maintained
at the same weight (6± 0.5mg) in each experiment. The experi-
ments were repeated in triplicates to keep the experimental errors
within a margin of error of ±2%.

2.3. (Co-)combustion parameters

For a better understanding of the (co-)combustion properties,
the (co-)combustion parameters of ignition temperature (Ti, �C),
burnout temperature (Tb, �C), maximum weight loss rate (-Rp,
%/min), peak temperature (Tp, �C), and averageweight loss rate (-Rv,
%/min) were adopted in this study. The (co-)combustion perfor-
mances were also evaluated using comprehensive combustibility
index (CCI) as follows (Chen et al., 2017b):

CCI ¼
�� Rp

�� ð � RvÞ
T2i � Tb

(1)

where Ti is the intersection of the horizontal line of the TG curve
and the tangent line of the derivative TG (DTG) curve; and Tb is the
temperature with 98% weight loss.

2.4. Principal component analysis (PCA)

PCA was used to reduce the data dimensionality and to deter-
mine the predominant reactions for the (D)TG experiments with all
the blend ratios (Ma et al., 2014). Upon the standardization of the
variables using the descriptive function, the varimax with kaiser
normalization was selected as the rotation method. The extraction
method was set to principal components with a factor value of 2.
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The statistical analysis was performed using SPSS 19.0.
2.5. Kinetic analysis

The (co-)combustions of TDS andWTare a very complex process
due to their chemical compositions. Their kinetic parameters can be
computed from the iso-conversional method without the consid-
eration of the involved reaction mechanisms. The thermal
decomposition was described as follows (Giwa et al., 2018):

da
dt

¼ kðTÞf ðaÞ (2)

kðTÞ ¼ A expð� Ea=RTÞ (3)

where a, k(T), t, T, A, Ea, R, and f(a) are the conversion degree, rate
constant, reaction time (min), absolute temperature (K), pre-
exponential factor (s�1), apparent activation energy (kJ/mol), gas
constant (8.314 J/(mol$K)), and reaction mechanism function,
respectively. a can be expressed thus:

a ¼ ðm0 �mtÞ
.�

m0 �mf

�
(4)

where m0, mt, and mf are the beginning, instantaneous and final
masses, respectively.

For the non-isothermal experiments, b¼ dT/dt can be expressed
by combining Eqs. (2) and (3) thus:

da
dT

¼ A
b
exp

�
� Ea
RT

�
f ðaÞ (5)

The integral form of Eq. (5) can be obtained as follows:

gðaÞ¼
ða

0

da
f ðaÞ ¼

A
b

ðT

0

exp
�
� Ea
RT

�
dT (6)
2.5.1. Iso-conversional method
Recently, the iso-conversional methods have been widely

applied to estimate Eawithout having to assume the reactionmodel
(Zhao et al., 2019). In this study, Ea estimates of the (co-)combus-
tions were derived from the FWO and KASmethods, and Eq. (6) was
re-arranged thus (Minh Loy et al., 2018):
Table 2
Common mechanisms of solid state reactions (He and Ma, 2015).

Mechanisms Symbol f(a)

Order of reaction
First-order F1 1-a
Second-order F2 (1-a)2

Third-order F3 (1-a)3

Fourth order F4 (1-a)4

Diffusion
One-way transport D1 1/(2a)
Two-way transport D2 [-ln(1-a)]-1
Three-way transport D3 (3/2)(1-a)2/3

GinstlingeBrounshtein equation D4 (3/2)[(1-a)�

Random nucleation and nuclei growth
Two-dimensional A2
Three-dimensional A3
Limiting surface reaction between both phases
One dimension R1 1
Two dimensions R2 2(1-a)1/2

Three dimensions R3 3(1-a)2/3
FWO : lnb ¼ ln
�

AEa
RgðaÞ

�
� 5:3305� 1:052

�
Ea
RT

�
(7)

KAS: ln
�
b

T2

�
¼ ln

�
AEa
RgðaÞ

�
� Ea
RT

(8)

For a given a, Ea was estimated from the slope of the plot of ln(b)
and ln(b/T2) versus 1/T.

2.5.2. Master-plots method
The master-plots method serves to estimate the reaction

mechanisms during the single-step process (Chen et al., 2015b).
When reactions were quite slow at ambient temperature (T0), the
following transformations for Eq. (6) can be obtained:

gðaÞ ¼ AEa
bR

pðuÞ (9)

pðuÞ¼
ðu

∞

�
�
e�u

u2

�
du (10)

where u¼ Ea/RT. Since p(u) has no analytical solution, the approx-
imation yields sufficiently accurate results as follows (Cai et al.,
2019):

PðuÞ ¼ expð � uÞ
u� ð1:00198882uþ 1:87391198Þ (11)

The decomposition kinetic model with a constant g(a) can be
based on the master-plots method. Ea and A are held constant in
this single-step process. Adopting the reference at a¼ 0.5, Eq. (9)
can be expressed as follows (He and Ma, 2015):

gð0:5Þ ¼ AEa
bR

pðu0:5Þ (12)

where g(0.5) and T0.5 represent the integral reaction model, and
temperature, respectively. u0.5¼ Ea/RT0.5. Eqs. (9) and (12) can be re-
arranged thus:

gðaÞ
gð0:5Þ ¼

pðuÞ
pðu0:5Þ

(13)

In order to capture the most possible model, the theoretical
g(a)/g(0.5) versus a values were plotted using the 13 model
G(a)

-ln(1-a)
(1-a)�1-1
[(1-a)�2-1]/2
[(1-a)�3-1]/3

a2

(1-a)ln(1-a)þa
[1-(1-a)1/3]�1 [1-(1-a)1/3]2
1/3e1]�1 (1-2a/3)-(1-a)2/3

2(1-a)[-ln(1-a)]1/2 [-ln(1-a)]1/2

3(1-a)[-ln(1-a)]2/3 [-ln(1-a)]1/3

a

1-(1-a)1/2

1-(1-a)1/3
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functions in Table 2, while the p(u)/p(u0.5) versus a plot was based
on the experimental data. When both sides of Eq. (13) were
compared, the values of p(u)/p(u0.5) and g(a)/g(0.5) were equal, or
in close agreement for a given a. On the contrary, a significant
deviation of master-plots occurs when an inappropriate g(a) kinetic
model is used.

2.6. Ash characteristic analysis

The ash surface and morphology following the (co-)combus-
tions were identified using SEM (ZEISS Sigma HD, Germany). XRD
(D/MAX-Ultima IV, Rigaku Corporation, Japan) was used to analyze
the mineral crystalline compositions. The scans ranged from 5 to
80� at 5�/min. FTIR analysis of ash was conducted using the KBr
pellet method on Nicolet IS50 spectroscopy. N2 adsorption/
desorptionwasmeasured using a surface area analyzer (ASAP 2460,
Micrometrics) through BrunauereEmmetteTeller (BET)
measurements.

2.7. FactSage simulations

The FactSage 7.1 software was utilized to simulate the thermo-
dynamic equilibriums of the mineral phases. In so doing, the da-
tabases of FToxid, FTsalt and FactPS were selected. C, H, N, O, S,
Na2O, CaO, Fe2O3, SiO2, P2O5, SO3, K2O, MgO, and Al2O3 were chosen
for the reactions (Table 1). The reactions took place at 101.325 kPa
pressure with the excess air ratio of 1.5. The temperature ranged
from 600 to 1200 �C with a step of 50 �C.

2.8. TG-MS analyses

The gaseous products evolved from the (co)-combustions were
monitored using TG-MS analyses (Rigaky-Tokyo, Japan). About
6± 0.5mg of the samples were heated from 30 to 1000 �C at 10 �C/
min. To avoid the effects of NOx, the 79% He/21% O2 atmospherewas
used instead of 79% N2/21% O2. This study focused on the main
products of NH3, HCN, NO, CO2, NO2, and SO2 with them/z values of
17, 27, 30, 44, 46, and 64, respectively.

3. Results and discussion

3.1. Effect of blend ratio on (co-)combustions

The TG characteristics of the (co-)combustions of TDS and WT
were quantified in response to 5, 10, 20, and 40 �C/min. The D(TG)
curves of all the samples at 10 �C/min are presented in Fig. 1. The
Fig. 1. (a) TG and (b) DTG curves of TDS
TDS combustion consisted of three stages at the low temperature
and had a lower peak of mass loss in the range of 830e1000 �C. TDS
mainly contained dyestuff, slurry, dyeing agent, fiber, and inorganic
compounds (Peng et al., 2015). The first and second stages showed
the releases of moisture and some light volatiles, respectively, thus
generating two small humps from 30 to 220 �C. The second stage of
the TDS combustion appeared to correspond to the degradation of
lipids which was highly reactive in the range of 150e240 �C (Lin
et al., 2016). The third stage (devolatilization) from 220 to 650 �C
mainly resulted from the degradation of macromolecule organic
matter (fiber, protein, and saturated aliphatic chains). A remarkable
peak (220e347 �C) was observed as the main loss one and attrib-
uted to the combustion and release of volatiles and biodegradable
small-molecule organic compounds. The maximum reaction rate
was achieved at 283.2 �C. The range of 347e625 �C corresponded to
the high-boiling point of volatiles, refractory organic residues, fixed
carbon, and active decomposition of proteins (Xie et al., 2018). The
final stage between 830 and 1000 �Cwas attributed to the inorganic
mineral decomposition. Cai et al. (2018) reported that the WT
combustion consisted of the following three stages: (I) moisture
removal (<185 �C), (II) devolatilization (185e604 �C) such as the
combustion of (hemi)celluloses, lignin, and fixed carbon, and (III)
inorganic decomposition (604 �C until the end).

As shown in Table 3, the initial temperature increased from
141.3 to 145.5 �C, while the final temperature dropped from 994.8
to 948.1 �C when WT was increased from 0 to 50%. With the
increased blend ratio, the maximum peak rose to a higher tem-
perature. This may be due to the increase in the macromolecular
refractory organic compounds that made the decomposition more
difficult (Chen et al., 2015a). The mass loss of the main stage rose
from 36.66 to 63.41%. Also, the sharp peaks of the DTG curves with
the increased WT suggested that the decomposition of more WT
increased the devolatilization rate. Therefore, the WT addition
appeared to avoid the drawbacks of the individual fuels and to
enhance their co-combustion efficiency.

3.2. PCA analysis

PCA was used to reduce the data dimensionality and to deter-
mine the predominant reactions as well as the similarities and
differences among the blend ratios (Xie et al., 2018). The two
principal components extracted accounted for 52.9 (PC1) and 46.7%
(PC2) (Fig. 2a), respectively, when the rotation converged for three
times. The sums of squared loadings of PC1 and PC2 were 99.6%,
beyond a typical threshold of 80%. The WT and TDS combustions
corresponded to PC1 and PC2, respectively. The score points
, WT, and their blends at 10 �C/min.



Table 3
Thermal decomposition parameters of TDS, WT, and their blends at 10 �C/min.

Sample Initial temperature (�C) Final temperature (�C) Maximum peak temperature (�C) Main stage of mass loss (%) Residue mass (%)

100TDS 141.3 994.8 283.2 36.66 62.03
90TDS10WT 141.8 990.3 295.6 43.05 53.80
80TDS20WT 142.1 983.5 309.3 48.21 49.13
70TDS30WT 142.6 973.7 314.6 52.42 44.56
60TDS40WT 143.2 961.4 316.8 57.68 39.24
50TDS50WT 145.5 948.1 317.7 63.41 33.02
100WT 178.4 612.6 320.2 88.92 6.17

Fig. 2. (a) PCA score plot; and (b) PC1 and PC2 factor scores.
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initially showed a large deviation due to the WT addition which in
turn decreased gradually. This indicates that WT played a more
important role in the blends due to its higher content of volatiles,
while TDS exerted a lower influence on the co-combustion due to
its higher ash content. The relationship between the factor scores of
PC1 and PC2 and the temperature showed that the thermodynamic
mode of each component can be applied to determine the pre-
dominant reactions of the co-combustion (Ma et al., 2014). The
mass loss peaks of PC2 influenced all the stages, while PC1
contributed to the second and third stages (Fig. 2b). The first stage
(130e200 �C) corresponded to the release of small molecular sub-
stances from TDS (PC2). The second stage was marked by the
decomposition of the macromolecule organics of (hemi)celluloses,
lignin, and protein. The third stage (400e600 �C) was mainly due to
the decomposition of recalcitrant volatiles, and the fixed carbon
combustion.

3.3. (Co-)combustion performances

To evaluate the (co-)combustion performances, the estimated
(co-)combustion parameters are presented in Table 4. The decrease
in Tb from 948.7 to 871.1 �C with the increased WT pointed to a
lower temperature and energy requirement to complete the
Table 4
Combustion parameters of TDS, WT, and their blends at 10 �C/min.

Sample Ti (�C) Tb (�C) Tp (�C)

100TDS 205.5 948.7 283.2
90TDS10WT 212.2 936.3 295.6
80TDS20WT 228.3 919.5 309.3
70TDS30WT 246.8 906.7 314.6
60TDS40WT 252.6 887.4 316.8
50TDS50WT 257.5 871.1 317.7
100WT 280.1 573.2 320.2
combustion process. Also, Ti, Tp, -Rp, -Rv, and CCI increased. Thus, the
co-combustion improved the combustion characteristic parame-
ters. The CCI value was significantly higher for WT than TDS due to
the higher volatiles content of WT. The higher CCI value repre-
sented an easier combustion reaction (Fang et al., 2015). Therefore,
the increased WT resulted in the higher reactivity and a better
combustion performance. Similar co-combustion results were re-
ported for oil shale, municipal solid waste (Fan et al., 2016), coal,
composite biomass (Guo and Zhong, 2018a), refinery sludge, and
lignite (Chen et al., 2015a). Overall, all the parameters of the blends
indicated that the combustion performance of TDS was promoted
by the WT addition.

3.4. Kinetic analysis

The energy barrier of the reaction needs to be overcome during
the decomposition process (Zhao et al., 2019). To investigate the
reaction barrier and co-combustionmechanism, the Ea values of the
blends were estimated for the main stage from 130 to 650 �C
through FWO and KAS. The Ea values of the blends were similar for
both methods (Fig. 3). The Ea values of TDS ranged from 115.33 to
203.64 kJ/mol (FWO) and 113.49e205.01 kJ/mol (KAS) when
a� 0.35. The Ea values at a low a value for TDS may be due to the
-Rp (%/min) -Rv (%/min) CCI (10�8%2min�2 �C�3)

1.32 0.3998 1.32
1.71 0.4851 1.97
2.19 0.5337 2.46
2.66 0.5808 2.82
3.21 0.6383 3.64
3.77 0.7014 4.60
7.66 0.9211 15.70



Fig. 3. Ea estimates of TDS, WT, and their blends at different values of a
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decomposition of carbohydrates and lipids whose chemical bonds
have poor thermal stability (Cao et al., 2016). With the temperature
rise, protein andmacromolecular organic matter with high thermal
stability needed more Ea to break their bonds. After the a range of
0.35e0.60, the Ea values dropped from 203.15 to 141.20 kJ/mol
(FWO) and 205.01 to 138.00 kJ/mol (KAS). At this stage, the
degradation of volatiles formed a porous carbon structure, which
provided the conditions for the oxygen diffusion to promote the
combustion process (Huang et al., 2019). Then, Ea values rose again
with the reaction since the organic macromolecule matter and in-
organics were difficult to degrade.

According to FWO, the average Ea values of TDS and WT were
168.18 and 177.64 kJ/mol, respectively (Table 5). However, the
average Ea varied with the different blend ratios considerably, thus
suggesting that the co-combustion affected the thermal reaction.
With the increased WT, the average Ea estimate showed a down-
ward trend and reached its minimum (154.82 kJ/mol) with 40%WT.
This synergistic effect of TDS and WT may be attributed to the
catalysis of alkali metal ions-rich content of TDS such as K, and Na.
The alkali metals (especially K) were reported to contain a signifi-
cant catalytic effect on the tar-cracking (Hu et al., 2017), the
weakened CeC bond, and the decreased Ea values for the degra-
dation reactions (Xu et al., 2014). Therefore, the decline in Ea was
most likely to stem from the enhancing effect of alkali and/or
alkaline earth metals in TDS during the co-combustion. Our results
implied that the co-combustion needed less energy than did the
individual combustions due to the interaction between TDS and
WT. A similar finding for the cornstalk and coal co-combustionwas
also reported by He et al. (2018). Therefore, the 60TDS40WT
seemed to be the best blend ratio for their co-combustion.
Table 5
Average Ea values of TDS, WT, and their blends.

Sample Temperature range (�C)

100TDS 144.2e645.2
90TDS10WT 143.4e646.7
80TDS20WT 145.8e642.1
70TDS30WT 142.6e647.5
60TDS40WT 145.3e650.5
50TDS50WT 143.5e653.5
100WT 185.0e604.3
The quantification of kinetic parameters facilitates the numeri-
cal simulation, design, and optimization of operational conditions
to ensure the success of the thermal decomposition process (Chen
et al., 2018a). To further understand the reaction mechanism at
each stage, the master-plots method was adopted to explore the
reaction models for the different temperature ranges. The plots of
g(a)/g(0.5) versus a for the 13 reaction models are illustrated in
Fig. 4. The p(m)/p(0.5) (experimental) and g(a)/g(0.5) (theoretical)
curves of the different temperature ranges were compared for TDS,
WT, and 60TDS40WT at 10 �C/min. The certain models fitted most
experimental results well, whereas the experimental curves of
60TDS40WT (stage 3) and WT (stage 1) did not superimpose the
theoretical curves. To obtain a relatively optimal n value, [[1-a]1�n-
1]/(n-1)] was compared to EaP(u)/bR via a linear regression line
whose intercept and slope were used to determine n and A,
respectively.

The kinetic parameters of n, A, and f (a), and the best-fit reaction
models are shown for TDS, WT, and 60TDS40WT in Table 6. With
the WT addition, the kinetic parameters showed different perfor-
mances. In the first stage, the reaction model of TDS and
60TDS40WTwas the same becauseWT did not begin to decompose
and had no significant effect on the reaction. Likewise, the second
phase appeared to have no effect on the reactionmodel but reduced
Ea. The lower Ea values of the co-combustion may be due to the
interaction between TDS and WT which is further discussed in the
next section. Nevertheless, the kinetic parameters of 60TDS40WT,
which corresponded to the reaction model of F2.3 (f(a) ¼ (1 - a)2.3),
varied greatly during the carbon combustion (third stage). This was
mainly due to the decomposition of the fixed carbon combustion
that improved the combustion process with the WT addition. Due
to their different compositions, the thermal behavior of
60TDS40WT differed significantly from that of TDS orWT. A similar
phenomenonwas found for the reactionmechanism of the coal and
cornstalks co-combustion (He et al., 2018).
3.5. Interaction between TDS and WT

To explore the existence of an interaction (synergistic or
inhibitive) between TDS and WT, their theoretical values were
compared to the weighted average of the individual fuels. In the
case of no interaction, the co-combustion characteristics were
assumed to follow a weighted average of the individual fuels (Chen
et al., 2015a). The estimated TG (TGCal) values of the blends were
defined as follows (Chen et al., 2018b):

TGCal¼ aTDSTGTDS þ aWTTGWT (14)

Deviation (%) ¼ (TGExpeTGCal)/TGCal (15)

DTGCal¼ aTDSDTGTDS þ aWTDTGWT (16)

where (D)TGExp and (D)TGCal were the experimental and calculated
curves, while aTDS and aWT were the mass ratios of TDS and WT,
Average Ea by FWO (kJ/mol) Average Ea by KAS (kJ/mol)

168.18 167.17
161.57 159.94
159.72 157.94
155.57 153.49
154.82 152.66
156.52 154.33
177.64 176.48



Fig. 4. Theoretical curves of g(a)/g(0.5) versus a for 13 reaction models, and experimental curves of p(u)/p(u0.5) versus conversion degree for experimental data for (a, b,c) TDS, (d, e,
f) 60TDS/40WT, and (g, h) WT.
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Table 6
Kinetic parameters of thermal degradation of different temperature ranges for TDS, 60TDS40WT, and WT at 10 �C/min.

Sample Temperature range (�C) Average Ea (kJ/mol) A (s�1) Model f(a)

TDS 144.3e227.5 119.05 1.78� 1013 D2 [-ln(1 - a)]�1

227.5e351.2 182.63 2.18� 1017 F3 (1 - a)3

351.2e645.8 167.60 5.91� 1012 F3 (1 - a)3

60TDS40WT 145.7e645.8 127.00 2.40� 1014 D2 [-ln(1 - a)]�1

209.3e377.4 169.61 1.28� 1015 F3 (1 - a)3

377.4e654.5 106.53 6.04� 107 F2.3 (1 - a)2.3

WT 187.3e400.4 214.03 1.20� 1019 F3.5 (1 - a)3.5

400.4e604.1 165.58 1.47� 1011 D3 (3/2)(1 - a)2/3[1 - (1 - a)1/3]�1

Fig. 5. (a) TG curves of calculated and experimental; (b) deviation curves of five blends; and (c) (D)TG curves of 60TDS40WT.
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respectively.
The experimental TG curves stayingmostly below the calculated

ones showed that the experimental residue mass was less than the
estimated one for the blends (Fig. 5a). This indicated the interaction
between TDS and WT which boosted their decomposition. Fig. 5b
shows the deviation curves of the co-combustion with the
increased temperature. A positive deviation value (%) shows the
inhibition of the combustion reaction, while a negative value
means the promoted reaction process (Peng et al., 2015). The
negative deviation of the five blends indicated the enhanced
combustion process. The deviation curves of all the blends reached
the peaks at 480 and 550 �C where the interaction peaked.

The consistency of the measured and predicted curves of
60TDS40WT during the stages of evaporation, and the volatiles
combustion at below 370 �C indicated no interaction between TDS
and WT (Fig. 5c). However, the (D)TG curves distinctly differed in
the range of 370e550 �C. From 370 to 470 �C, the experimental
curves had a faster decomposition rate than did the predicted ones
due to the synergistic effect of TDS and WT. The relatively high
volatiles content of WT generated more energy which in turn
promoted the endothermic reaction to a certain extent. Thus, the
TDS residues were further burned and decomposed. At the same
time, the inorganic salts (silicates, carbonates, and aluminates), and
a large amount of metal oxides contained by TDS appeared to
catalyze the fixed carbon combustion of WT, thus accelerating the
decomposition rate. Similarly, the accelerated co-combustion of
municipal waste and oil shale was tied to the presence of inorganic
minerals (Fan et al., 2016). The experimental (D)TG curves being
above the estimated ones between 470 and 550 �C pointed to the
inhibitive influence on the co-combustion. This may be attributed
to the completely decomposed TDS at above 480 �C that produced a
good deal of ash covering the fixed carbon surface, thus affecting
the diffusion and heat transfer. At above 550 �C, the interactionwas
almost non-existent where the experimental and calculated (D)TG
curves overlapped.



Fig. 6. SEM images of (co-)combustion ashes: (a) TDS, (b) WT, and (c) 60TDS40WT

Fig. 7. FTIR spectra of ashes of TDS, WT and 60TDS40WT (co-)combustions.
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3.6. Ash compositions and characteristics

3.6.1. SEM and BET
The chemical and physical properties of ashes, and their in-

dustrial utilization potential are significantly affected by their
morphology (Wang et al., 2017b). The micro-morphology of the
solid residues following the (co-)combustions is presented in Fig. 6.
The production of ash particles with a dense structure and smooth
surface during the TDS combustion suggested that the particles
experienced a significant melting and agglomeration process
(Fig. 6a). This mainly resulted from the high alkali metal content of
TDS that reduced the ashmelting point, thus forming a low-melting
point compounds (Wang et al., 2017a). The morphology of the WT
solid residue with a loose, rough and pore-enriched structure is
shown in Fig. 6b. Following the release of volatiles and the fixed
carbon combustion, the nearly spherical ash particles appeared.
The residues of lignite were reported to have a similar shape with a
high specific surface area (Chen et al., 2015a). The appearance of the
ash residues with the WT addition is presented in Fig. 6c. The
micro-morphology evolution showed that the 60TDS40WT solid
particles had a bigger, rougher, and looser structure than did the
TDS ones due to the unmelted ash particles adhered to the melted
minerals. Therefore, the WT addition appeared to improve the
particle morphology of the bottom ash of TDS. Meanwhile, the BET
surface areas of TDS, WT, and their blend were estimated at 1.77,
8.54 and 4.90m2/g, respectively. This indicated that the WT addi-
tion improved the surface area of TDS which in turn enhanced the
contact area of the combustion atmosphere and reduced the risks
of fouling and agglomeration for the incinerators.
3.6.2. FTIR
The infrared spectra of the ashes of TDS, WT, and their blend are

shown in Fig. 7. The absorption band between 3300 and 3500 cm�1

corresponded toeOH stretching vibration in hydroxyl groups, most
likely due towater, or other compounds containingeOH (Alqadami
et al., 2017). The vibration bands at 2924 and 2854 cm�1 may be
due to the CeH stretching vibrations (Naushad et al., 2017). The
absorption peak at 1653 cm�1 may be related to eOH bending, and



Fig. 8. XRD patterns of ashes of the (co-)combustions of TDS, WT, and 60TDS40WT
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C¼O stretching, indicative of water (Naushad et al., 2016), and
carbonate (Liu et al., 2018). The bands at 1458 cm�1 and 1125 cm�1

may be from S¼O stretching, and SieO, respectively, thus pointing
to the presence of sulfates, silicate, and SiO2 in the ash (Gao et al.,
Fig. 9. Stable solid phases in equilibrium for ash
2017). The peaks at 1029 cm�1 and between 892 and 1000 cm�1

were related to the PO4
3� and PeOH groups, respectively, due to the

P content of the ash (El-Nahas et al., 2017). The band between 550
and 620 cm�1 was due to the FeeO bond (Alqadami et al., 2016).
According to our FTIR results, the ash mainly contained inorganic
compounds.

3.6.3. XRD analysis
To further illustrate the morphology and composition of min-

erals, XRD was used to analyze the residual ashes of TDS, WT, and
their blend. As shown in Fig. 8, Fe2O3, Mg2SiO4, and Ca3Fe2(SiO4)3
were the main mineral compositions of the TDS ash. The trans-
formation pathways may follow the following equations:
2MgO þ SiO2 ¼ Mg2SiO4, and 3CaO þ Fe2O3 þ 3SiO2¼ Ca3Fe2(-
SiO4)3. The peak intensity of Fe2O3 was most intense, whereas the
intensities of Ca and Mg were relatively low according to our XRF
results in Table 1. Meanwhile, Fe2O3 was very difficult to decom-
pose at below 1000 �C, and thus, existed in a large amount in the
bottom ash (Sun et al., 2019). The residue composition of WT
mainly included Ca5(PO4)3OH, Mg2SiO4, Na2SO4, and Ca9Mg-
Na(PO4)7 due to the large amounts of Ca, Mg, and P in WT. The WT
addition changed the peak strength of Fe2O3 and produced the new
diffraction peaks of NaAlSiO4 and CaSO4. NaAlSiO4 with the higher
fusion point (1550 �C) was reported to spring from the NaAlSi3O8
decomposition at 1000 �C (NaAlSi3O8¼NaAlSiO4 þ SiO2) and also
via the following reaction: Na2O þ 2SiO2 þ Al2O3¼ 2NaAlSiO4 (Lu
et al., 2017). NaAlSiO4 remained in the residual ash due to its ob-
stinacy at the high temperature. CaSO4 may be formed by SO2
es of (a) TDS, (b) WT, and (c) 60TDS40WT
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absorbing CaCO3 (CaCO3 þ SO2 þ 1/2O2¼ CaSO4 þ CO2). Due to the
rich S and Na contents of the blend, Na2SO4 was generated through
gaseous or condensed Na reacting with SO2/SO3 (Wang et al., 2018).
A large amount of Na2O, CaO, Fe2O3, and SiO2 may cause the low
melting-point compounds to form during the (co-)combustions.
The agglomeration behavior was mainly caused by the formation of
the eutectic compounds (Wang et al., 2017b). These findings about
the changes in the composition and morphology of the ashes
provide insights into how the adverse effects such as fouling, and
agglomeration can be prevented or mitigated in the practical ap-
plications of the TDS and WT (co-)combustions.

3.7. Thermodynamic equilibrium simulations

The thermochemical processes of the phase evolutions as a
Fig. 10. Emission curves of TDS, WT, and their blend at 10 �C/min
function of temperature can be simulated using the FactSage soft-
ware (Xiang et al., 2019). The predicted major solid phases of TDS,
WT, and 60TDS40WT are presented in Fig. 9. As for TDS (Fig. 9a),
Fe2O3 was relatively stable with the increased temperature but
transformed into Ca3Fe2(SiO4)3 between 900 and 1100 �C and
CaFe4O7 at above 1150 �C. CaSO4 started to decompose at above
900 �C and completely decomposed at 1200 �C, while Na2SO4 was
stable in the ash slag. Mg2SiO4 was converted by the decomposition
of CaMgSi2O6 with the increased temperature. The predicted slag of
WT included MgO, Ca5HP3O13, K2SO4, MgAl2O4, Na2SO4, and
Ca3MgSi2O8 (Fig. 9b). Most of Mg existed mainly as MgO and
Mg2SiO4 and was converted to MgAl2O4, and CaO$MgO$SiO2 with
the increased temperature. The WT addition rendered the com-
positions more complicated (Fig. 9c). The transformation trend of
CaSO4 for 60TDS40WT was different from that of WT and TDS due
for: (a) NH3, (b) HCN, (c) NO, (d) CO2, (e) NO2, and (f) SO2.
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to its combination with K to form K2Ca2(SO4)3 at the low temper-
ature. The low temperature eutectic compounds formed by alkali
compounds interacting with the other species (Ca, Al, and Si)
lowered the ash fusion temperature and promoted the ash slagging
and fouling (Yang et al., 2018). The main slagging components at
1000 �C contained Fe2O3, CaSO4, Na2SO4, Ca5HP3O13, Mg2SiO4,
K2Ca2(SO4)3, CaO$MgO$SiO2, MgAl2O4, and NaAlSiO4 which was in
close agreement with our XRD results. The simulation results were
used for the trend analysis and cannot replace the actual experi-
mental tests.
3.8. TG-MS analyses

To monitor and control the release of gas pollutants to the
environment from the (co-)combustions, the emission character-
istics of the typical gases are presented in Fig. 10. Most gas releases
had distinct trends in the range of 200e600 �C. NH3 and HCN were
considered to be the intermediate species of NOx (Lin et al., 2017).
As shown in Fig. 10a and b, the NH3 and HCN emissions were higher
from WT than TDS due to the higher N content of WT than TDS
(Table 1). The N content of WT was related to crude protein,
whereas that of TDS came from organics generated during the
biological or stabilization treatment (Peng et al., 2015). With the
increased temperature, NH3 and HCN were generated mainly from
N-containing structures with thermal instability at the lower
temperature. However, an obvious peak of HCN for WT appeared in
the range of 400e550 �C which may be related to the small
amounts of N-containing compounds with high binding energy.
With 40% WT, HCN significantly declined since the interaction
reduced the HCN yield. A similar result was found by Huang et al.
(2019). The release characteristics of NOx as the main air pollut-
ants from the TDS andWTcombustions are shown in Fig. 10c and e.
NOxwas produced in a small amount at lower temperatures but in a
large amount from 200 to 480 �C for TDS and 200e600 �C for WT.
The first release peak of NOx was due to the decomposition of
volatiles, while the latter peak resulted from the fixed carbon
combustion with N-containing compounds.

Fig. 10d shows the emission pattern of CO2 with the increased
temperature. CO2 had the maximum ion intensity as the main gas
product among the others. The first release peak of TDS was
mainly due to the biodegradable small-molecule organic com-
pounds, while that of WT came from the carboxyl (eCOOH) and
C¼O in (hemi)celluloses. The thermolabile functional groups
(eCOOH, C¼O) contributed to CO2 emission when broken and re-
formed during the reaction (Cai et al., 2019). The second peak of
the samples was attributed to the secondary decomposition of
macromolecular organics, and the fixed carbon combustion. The
emission strength curve of 60TDS/40WT was in between that of
TDS and WT.

SO2 emissions from the TDS and WT (co-)combustions are
presented in Fig. 10f. SO2 emission from TDS occurred mainly be-
tween 120 and 500 �C, given that organic S was the main existence
modality for TDS. Organic S was previously reported to decompose
at low temperatures, whereas inorganic S was released at higher
temperatures (Ren et al., 2017). SO2 emission from the WT com-
bustion had a low intensity due to the low S content of WT. 40%WT
reduced the SO2 emission to a lower level since the high Ca content
of WT reacted with SO2 to form CaSO4 (CaCO3 þ SO2 þ 1/
2O2¼ CaSO4 þ CO2). This finding was also confirmed by our XRD
result that CaSO4 intensity grew stronger with the WT addition.
Overall, the WT addition appeared to inhibit the SO2 emission from
TDS, thus reducing its emission from the co-combustion. Therefore,
the monitoring of the evolved gases proved to be important to the
pollution control practices for the co-combustion.
4. Conclusions

In this study, the (co-)combustion performances, kinetics, gas
evolutions, and ash depositions of TDS and WT were quantified.
TheWTaddition appeared to avoid the drawbacks of the individual
fuels and to enhance their co-combustion efficiency. The blends
resulted in the higher reactivity and the better combustion per-
formance. The average Ea reached its minimum (154.82 kJ/mol)
with 40% WT. The best-fit reaction mechanisms of the three stages
of 60TDS40WT were D2, F3, and F2.3, respectively. The interaction
between TDS and WT mainly occurred between 370 and 550 �C.
The WT addition caused the micro-morphology of the blend solid
particles to have a bigger, rougher, and looser structure than did
that of the TDS ones according to the SEM and BET surface area
analyses. The WT addition changed the peak strength of Fe2O3 and
produced the new diffraction peaks of NaAlSiO4 and CaSO4. The
main ash compositions of the blend contained Fe2O3, CaSO4,
Na2SO4, Ca5HP3O13, and NaAlSiO4 according to the XRD analysis,
and the thermodynamic simulations. The NH3, HCN, NO, CO2, NO2
and SO2 emissions mainly occurred between 200 and 600 �C. The
co-combustion seemed to reduce the SO2 emission relative to the
individual combustions. Our quantification and characterization of
the optimal blend ratio, the kinetic responses, the ash composi-
tions, and the emissions can be benefited to provide insight into
reduced environmental pollution, enhanced bioenergy generation,
improved combustion performance, scaling-up, and optimization
for the practical industrial applications of the (co-)combustions of
TDS and WT.
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