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Abstract
Combustion characteristics and kinetics of camellia seed shell (CS) with additions of sludge ash (SA) and its active species 
of CaO, Fe2O3, and SiO2 were analyzed by thermogravimetry. The combustion paths of CS with the additives fell between 
“in situ combustion of carbon-containing components” and “complete volatiles release + char combustion.” In the view of 
heat release, the additions of SA active species increased the combustion performance of CS. A higher heating rate greatly 
increased the combustion performance, but the addition of CaO decreased the combustion performance. The combustion 
kinetic parameters of CS with the 10% additions of SA, CaO, Fe2O3, and SiO2 were analyzed by combining Coats-Redfern 
and Malek methods. The distributions of the activation energies of the second combustion zone with certain additives were 
more centralized. It was found that the second combustion zones all followed f(x) = (1 − x)2 at varied heating rates, while 
those of the third zone were not identical, and those of the fourth zone of CS + 10%CaO followed f(x) = (1 − x)2/3.

Keywords  Camellia seed shell · TGA–DSC analysis · Catalytic combustion Coats-Redfern method · Master-plots method

1  Introduction

Along with the global population boosting and economy 
developing, environment and energy have become the main 
problems of human concern [1, 2]. The rapid depletion of 

fossil fuels and serious impacts on the environment during 
the application have attracted many attentions on the alter-
nate energy sources in recent years [3, 4]. Among them, 
biomass energy has the superiorities of cleans and can be 
recycled for utilization [5–7]. Since the existing coal-fired 
boilers have been equipped with the perfect combustion sys-
tem and flue gas purification equipment, biomass burned in 
the existing coal-fired facilities will be an important manner. 
It is the thermochemical reactions in the oxidative atmos-
pheres by converting the chemical energy in the organic mat-
ters to generate heat, steam, and power [8, 9]. So, improving 
the biomass combustion efficiency and being suitable for the 
existing coal-fired boilers have been an important pursuit.

Recently, the production of various sludge also increases 
sharply with the progress of society, which has the properties 
of high moisture, perishable and stinky, and rich in the toxic 
and harmful substances that are difficult to be degraded. The 
incineration technology will realize the harmless, reduced, 
and resourceful disposal of sludge, which is very popular 
and practical. The incineration disposal can obtain a volume 
reduction for the sludge, while there are still a lot of sludge 
ash (SA), which has certain active species, such as CaO, 
Fe2O3, and SiO2, and can play catalytic roles in the thermal 
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conversion of carbon-containing fuels. For example, Gao 
et al. [10, 11] used cost-effective catalyst of sludge ash in the 
pyrolysis of municipal solid waste (MSW), which not only 
confirmed the existence of active species, i.e., CaO, Fe2O3, 
and SiO2, in a sludge ash, and also found that had certain 
catalytic roles in the thermal conversion of organic solid 
wastes. Nevertheless, the catalytic effects of sludge ash on 
the combustion of organic solid wastes have not been studied 
deeply yet, which motivated the implement of this work. In 
addition to this, the co-combustion strategy for the sludge 
disposal with biomass has been proposed by many research-
ers and engineers. Most of them mainly focused on the co-
combustion behaviors, reaction kinetics, and gas emission, 
while played little attention on the potential catalytic roles of 
SA. For instance, Wu et al. [12], Huang et al. [13], and Hu 
et al. [14] studied the co-combustion of textile dyeing sludge 
with biomass, and found that the good combustion perfor-
mance and pollutant emissions could be obtained by a proper 
selection of multiple wastes and operational conditions. So, 
to study the catalytic effects of SA and its active species 
in biomass, combustion is not only beneficial for studying 
the effect of mineral component on the co-combustion of 
sludge and biomass, but also help to realize the high-value 
utilization of SA in the process of the catalytic combustion 
of biomass.

The biomass combustion process is similar to that of 
other solid fuels, including the pyrolysis, volatile matters 
combustion, and char combustion [15, 16]. Up to now, 
many scholars are working to increase the formation of 
volatiles in combustion of various solid fuels, which is 
a vital manner to rise combustion performances of fuels 
[17–19]. A great number of studies have showed that the 
combustion of various fuels with appropriate catalysts, 
including alkali/alkaline earth metals [17], transition 
metals [20], rare earth metals [21], and so on, would be 
improved. It was due to that the additions of metal cata-
lysts reduce the chemical-bond energy, decrease intermo-
lecular forces, and rise the degradation of organic macro-
molecular and the condensation of products. Zhang et al. 
[22] used the thermogravimetric analyzer to study the 
catalytic effects of CeO2, Fe2O3, and NiO on the combus-
tion of bituminous coal, and found that the metal oxides 
would significantly enhance the transport of oxygen to 
the coal or chars surface and increase the combustion 
performances. Also, the apparent activation energies of 
coal combustion decreased with the presence of metal 
oxides. With regard to the biomass materials, the cata-
lytic combustion characteristics were also studied to some 
extent. Cai et al. [23] carried out a kinetic analysis on 
the catalytic combustion of biomass after alkaline metals 
loaded pretreatment based on thermal analysis data. The 
kinetic parameters were analyzed by the integral Coats-
Redfern method, and the most suitable kinetic functions 

were pre-considered as the simple order reaction model 
f(x) = (1 − x)n. It was observed that the activation energies 
of biomass combustion decreased after the alkaline metals 
loaded pretreatment.

To develop a low-cost catalyst from the solid wastes, the 
potential application of sludge ash, coal ash, and others was 
attempted in solid fuels combustion. As studied by Cheng 
et al. [24], the metal elements such as Na, Fe, Ca, and Al 
in the industrial wastes had certain catalytic effects on the 
coal combustion, which was revealed by the reduction of 
ignition temperature and increase of burnout efficiency. 
Song et al. [25] have reported the catalytic effects of CaO, 
Al2O3, Fe2O3, and red mud on Pteris vittata combustion 
through using thermogravimetric analysis, and observed 
that the presence of catalysts would change the emissions 
of gas products. The kinetic parameters were calculated 
by the Coats-Redfern method, and the best kinetic model 
was selected according to the linear regression coefficient 
R2. In the study of Hu et al. [26], the catalytic combustion 
kinetics of two bamboo residues with presence of sludge 
ash, CaO, and Fe2O3 were respectively analyzed by two 
iso-conversional methods, such as the Starink method and 
Tang method. The change trends of activation energy with 
conversion degree were revealed, but the kinetic model was 
not given.

According to the above reviewed literature, the present 
investigations contributed greatly to the catalytic effects of 
solid ash wastes and metal oxides on combustion charac-
teristics and kinetic parameters of various solid fuels, but 
there also existed certain deficiencies, such as a lacking of 
catalytic analysis in the view of the exothermic values, and 
how to select the best kinetic function. The reviewed studies 
showed that the Coats-Redfern method seemed successfully 
in determining the catalytic combustion kinetic parameters, 
while for the possible reaction mechanism functions, their 
linear regression coefficients (R2) were all very high, and 
thus it was hard to select the most suitable kinetic function 
[27, 28]. Thus, a further analysis on the catalytic combus-
tion of biomass by the SA and its active species is necessary, 
especially, an insight into the determination of the kinetic 
parameters, since which is very vital to provide significant 
guidance on feasibility, design, and optimization of indus-
trial combustion device.

The paper selected one typical SA and its active species 
such as CaO, Fe2O3, and SiO2 as the additives to perform the 
catalytic combustion of biomass, a typical oil-plant waste, 
camellia seed shell (CS). The catalytic combustion experi-
ments were carried out at distinct heating rates of 5, 10, 
20, and 40 ℃/min by using thermogravimetry (TGA) and 
differential scanning caborimetry (DSC). Hence, the main 
objectives of this work were: (1) Determining catalytic com-
bustion reaction path by comparing with pyrolysis; (2) quan-
titatively analyzing the catalytic combustion performance of 
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CS from the perspective of TGA and DSC values; (3) apply-
ing the model-fitting and master-plots methods to calculate 
the catalytic combustion kinetic parameters.

2 � Materials and methods

2.1 � Materials preparation

Camellia oil is a unique woody edible oil in China with high 
unsaturated fatty acid content. In recent years, the state has 
encouraged camellia oil planting and vigorously developed 
the camellia oil industry. The data shows that China planted 
about 461.7 hectare of camellia oil in 2019, thus a great 
number of camellia seed shells (named as CS) can be used 
as biomass energy feedstock. So far, many researchers have 
used CS as a feedstock for the thermochemical conversion, 
such as the torrefaction [29], (co-)pyrolysis [30], and even 
catalytic co-pyrolysis [31], mainly based on its rich source, 
easy availability, and good fuel properties.

According to the standards of GB/T 28,731–2012 and 
28,734–2012, the proximate and ultimate analysis of CS 
were separately studied by Vario Macro cube CHNS ele-
mental analyzer (Elementar, Germany) and SDTGA5000 
proximate analyzer (SUNDY enterprise Co., Ltd, Changsha, 
China). To ensure the reliability of the analytical results, all 
experiments were performed three times. The mean values 
and standard deviation were shown in Table 1. Similar to 
the most biomass materials, the volatile matters in the CS 
are high, and the ash content is low. The oxygen content 
in the CS is high to 44.69% (on dry basis,), which is con-
ducive to the thermal oxidative degradation reactions. The 
raw CS samples were first natural dried, then shredded to 
80–100 mesh, dried at 105 ℃ until constant weight, and 
finally stored in a desiccator.

Moreover, the sludge ash (SA) prepared from sewage 
sludge in Wuxi city was selected as the additive for the CS 
combustion, which contained 39.28% CaO, 15.04% Fe2O3, 
and 17.85% SiO2 according to XRF analysis. The above 
active species were also solely employed as the additive to 
reveal their respective action temperature range and degree. 
Fully mixed SA and its active species with the pre-treated 
CS powders via adequately mechanical vibrations, and the 

weight proportions of SA were 10%, 20%, and 30%, and 
those of three active species were all kept at 10%. Finally, 
the prepared mixtures were stored in the desiccator for sub-
sequent tests.

2.2 � Experimental methods

The STA 449 F1 simultaneous thermal analyzer manufac-
tured by NETZSCH, Germany was applied to analyze the 
thermal oxidative decomposition (or called combustion) 
process of CS with the presence of SA and its active species 
(CaO, Fe2O3, and SiO2), as well as CS without additives. 
Prior to formal experiments, the stability and sensitivity 
of thermal analyzer were examined at one testing condi-
tion for three times. The experiments of thermal oxidative 
decomposition of CS with a presence of SA, CaO, Fe2O3, 
and SiO2 were carried out from room temperature to 1000 
℃. The heating rates were selected at 5, 10, 20, and 40 ℃/
min. The required oxidative environment was produced by 
the flow rate of 50 mL/min dried air. To reduce the mass 
and heat transfer influences, the initial weight of sample was 
constrained to a small and constant value of 6.0 ± 0.1 mg. To 
reveal the combustion reaction path of CS with a presence 
of SA, CaO, Fe2O3, and SiO2, the CS samples were tested 
from room temperature to 1000 ℃ with a heating rate of 
20 ℃/min at a pure nitrogen atmosphere. For different con-
ditions, the thermal analysis baselines were predetermined 
without a sample loading to reduce the influence of carrier 
gas buoyancy. All experiments repeated at least three times 
to ensure a reliable result.

2.3 � Determination of catalytic combustion 
characteristic parameters

For better describing the catalytic effects of additives, 
such as SA, CaO, Fe2O3, and SiO2 in this study, on the 
CS combustion, the characteristic parameters were deter-
mined from the TG and DTG curves during the catalytic 
combustion experiments, such as the ignition temperature 
Ti, ℃; peak temperature Tp, ℃; burnout temperature Tb, 
℃; the maximum weight loss rate –Rp, %/min; average 
weight loss rate –Rv, %/min; temperature range at half of 
–Rp HTZ, ℃; and the residual weight after combustion 

Table 1   Proximate and ultimate analysis of camellia seed shell (CS)

a As received basis
b Dry basis
c By difference

Proximate analysis (wt%, ara) Ultimate analysis (wt%, dbb) LHV
MJ/kg

M VM FC A C H Oc N S

6.56 ± 0.05 66.26 ± 0.09 24.51 ± 0.03 2.67 ± 0.13 45.67 ± 0.10 6.41 ± 0.03 44.69 ± 0.23 0.37 ± 0.008 0.19 ± 0.004 15.64 ± 0.18
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Wr, %. According to the related literature, the combustion 
characteristic parameters can be determined by different 
methods, although there exist some slightly differences, 
the values can be in comparison as long as the definitions 
are consistent. The ignition temperature Ti was determined 
by the TG-DTG tangent approach as reported in the pre-
vious literature [16, 32]. The peak temperature Tp cor-
responded to the temperature point of DTG profile where 
the weight loss rate reached local maximum. The burnout 
temperature Tb was seen as the temperature point where 
the combustion reaction ceased.

The volatiles releasing, ignition, burnout, and compre-
hensive combustion performance of CS with the addition 
of SA, CaO, Fe2O3, and SiO2 can be investigated by the 
complex indices, such as the devolatilization index Di, %/
min ℃3; ignition index Ci, %/min3; burnout index Cb, %/
min4; the comprehensive combustibility index CCI, %2/
min2℃3. The devolatilization index Di is introduced to ana-
lyze the volatiles releasing performance in the combustion, 
which is defined as [23, 26]:

where –Rp2 and Tp2 represent the maximum weight loss rate 
and corresponding temperature at the 2nd combustion zone. 
Tv is the initial devolatilization temperature. HTZ2 refers to 
the temperature range where the weight loss rate was the half 
of –Rp2 at the 2nd combustion zone.

And, the ignition and burnout performances of CS with 
the presence of SA, CaO, Fe2O3, and SiO2 during the com-
bustion can be evaluated by the indices as [16]:

where ti, tp, Δt1/2, and tb refer to the ignition time, peak time, 
time range at half of –Rp, and burnout time, respectively.

Moreover, the comprehensive combustibility index 
(CCI) is defined to evaluate the catalytic combustion of 
CS with the presence of SA, CaO, Fe2O3, and SiO2 [23].

where –Rp, –Rv, Ti, and Tb have the same definitions as 
above. As revealed by Eq. (4), the higher value of CCI is, 
the better combustion performance of the samples is.

(1)Di =
−Rp2

Tv × Tp2 × HTZ2

(2)Ci =
−Rp

ti × tp

(3)Cb =
−Rp

Δt1∕2 × tp × tb

(4)CCI =
(−Rp) × (−Rv)

T2
i
× Tb

2.4 � Kinetics analysis method

2.4.1 � Non‑isothermal kinetics theory

The thermal oxidative decomposition of various solid 
fuels is a typical kind of heterogeneous solid-state reac-
tion, which consists of complex chemical reactions and 
physical changes, and may be worked in several phases. 
However, the existing kinetic theory is based on the 
homogeneous and isothermal system, how does it apply 
to non-isothermal heterogeneous systems is a challenge. 
Changing the concentration c in a homogeneous system 
into conversion degree x, and dividing the non–isothermal 
process into innumerable isothermal steps are a generally 
accepted practice.

where wi0, and wi∞ represent sample weights at the begin-
ning and the end of the zone i during the thermal oxidative 
decomposition reaction, respectively. wit is the instantane-
ous sample weight at time t of the zone i. xi is the conver-
sion degree of the zone i [33–35]. Moreover, on the basis 
of full reference to the relevant literature [36, 37], to ensure 
the high accuracy of kinetics analysis results, the x values 
applied in calculation were in a wide range of 0.05–0.95 
with the small step of 0.01.

Then, each combustion zone is described by a reaction 
rate equation.

where dxi/dt is the conversion reaction rate. k(Ti) is the reac-
tion constant that is expressed by the Arrhenius law. Ai, Ei, 
R, and Ti in the Arrhenius equation are the pre-exponential 
factor, activation energy, gas constant, and absolute reac-
tion temperature, respectively. f(xi) is the differential kinetic 
mechanism function.

For the combustion of CS with the presence of additives 
at non-isothermal conditions, the tests were carried out at 
the special heating rate of β = dT/dt. Equation (6) can be 
rewritten as [38]:

Equation (7) is the general kinetic equation for a TG 
curve obtained at a constant heating rate, and also the 
basic equation for the differential kinetic analysis.

Performing the integral for the both sides of Eq. (7), 
which can be further transferred into:

(5)xi =
wi0 − wit

wi0 − wi∞

for zone i

(6)
dxi

dt
= k(Ti)f (xi) = Ai exp

(

−
Ei

RTi

)

f (xi)

(7)�
dxi

dT
= Ai exp

(

−
Ei

RTi

)

f (xi)
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where ui = Ei/RTi, p(ui) in Eq. (8) is the temperature integral, 
which has no exact analytical solution, and usually estimated 
by various empirical interpolation formulas.

According to the reviewed literature, it is found that the 
integral Coats-Redfern method were popular in the deter-
mination of kinetic parameters, such as E, A, and f(x). The 
series expansion of p(ui) in Coats-Redfern method is:

Adopting the first three terms of Eq. (9), substituting it 
into Eq. (8) and separating variables, and taking a logarithm 
on both sides, the equation of Coats-Redfern method is got-
ten as:

For the general temperature range and most E values, the 
value of E/RT is much larger than 1, thus Eq. (10) can be 
simplified as:

The solid-state reaction can be described by various forms 
of g(x), which have been presented in Table 2. Inserting the 
correct g(xi) into Eq. (11), the plot of ln g(xi)/Ti

2 versus 1/Ti 
is the straight line, whose slope and intercept are –Ei/R and 
ln AiR/βEi, respectively. Then, the activation energy Ei and 
pre-exponential factor Ai can be determined [39, 40].

2.4.2 � Kinetic function screened by Malek method

In Coats-Redfern method, the estimation of E, A, and f(x) 
mainly relied on the good linearity. However, a good linear-
ity cannot guarantee the kinetic function selected is reason-
able. So, being combined with other methods to screen the 
correct kinetic function is very necessary, one of the most 
common is the master-plots method, including the forms 
of differential, integral, and their combination [41]. Among 
them, the Malek method is one of the master- plots methods, 
which can be used to determine the kinetic mechanism func-
tion by introducing the equation of y(x) [42].

where y(x) is the self-definition function. dx/dt, f(x), and g(x) 
have the same definitions as above.

(8)∫
xi

0

dxi

f (xi)
= g(xi) =

Ai

� ∫
T

T0

exp

(

−
Ei

RTi

)

dT =
Ai

�
p(ui)

(9)p(xi) =
ex

x2

(

1 +
2!

x
+

3!

x2
+ ⋅ ⋅ ⋅ ⋅ ⋅⋅

)

(10)ln
g(xi)

T2
i

= ln
AiR

�Ei

(1 −
2RTi

Ei

) −
Ei

RTi

(11)ln
g(xi)

T2
i

= ln
AiR

�Ei

−
Ei

RTi

(12)y(x) =

(

T

T0.5

)2
dx∕dt

(dx∕dt)0.5
=

f (x)g(x)

f (0.5)g(0.5)

In Eq. (12), the plots of 
(

T

T0.5

)2
dx∕dt

(dx∕dt)0.5
 and f (x)g(x)

f (0.5)g(0.5)
 versus 

x are respectively the experimental and theoretical master 
plots, which are respectively based on the experimental data 
and standard mechanism function. Therefore, it can be seen 
that the Malek method is a relatively objective approach, 
when the best kinetic function is selected, the experimental 
plots on the left of Eq. (12) will overlap the theoretical plots 
on the right of Eq. (12) for the given x.

3 � Results and discussion

3.1 � Catalytic pyrolysis and combustion process

To confirm the combustion reaction paths of CS with addi-
tions of SA and its active species of CaO, Fe2O3, and SiO2, 
TG and DTG curves from the pyrolysis and combustion at 
the heating rate of 20 ℃/min were compared together, as 
shown in Fig. 1.

As shown in Fig. 1a, the pyrolysis of CS with 10% SA 
addition mainly included two weight loss zones of moisture 
release and devolatilization, while the combustion process 
of that had three weight loss zones, such as the moisture 
release, devolatilization and gas phase combustion, and the 
oxidation of chars. It was observed that the TG curve of the 
CS combustion with 10% SA addition was invariably lower 
than that of the pyrolysis at the whole heating process. A 
close attention was paid on the first two zones, where the 
weight loss for the combustion was slightly larger than that 
of the pyrolysis. It was because though the oxygen existed 
in the reaction atmosphere, the reaction temperature was 
at relatively low value, the weight loss of the combustion 
was ascribed to release of volatiles, and the oxygen would 
react with the volatile matters and then slightly increase 
weight loss. Also, as seen from the DTG data in Fig. 1(a), 
the value from the combustion was higher than that from the 
pyrolysis. So, the combustion path of CS with 10%SA addi-
tion fell between “in situ combustion of carbon-containing 
components” and “complete volatiles release + char combus-
tion” [43]. Similar findings were also found in the catalytic 
pyrolysis/combustion of CS with addition of 10%CaO and 
10%SiO2, their TG and DTG curves were separately shown 
in Fig. 1b and d. But, the differences in TG curves between 
the combustion and pyrolysis of CS with 10%Fe2O3 started 
at the 2nd peak temperature rather than the beginning of 
heating, seen in Fig. 1c).

Further, it is found that the differences between the DTG 
curves of combustion and pyrolysis of CS with 10%CaO 
and 10%Fe2O3 at their 2nd zones were more obvious than 
those with addition of 10%SA and 10%SiO2. The main rea-
son was due to that the CaO and Fe2O3 played roles of CO2 
adsorbent and lattice oxygen supplier, respectively, which 
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Table 2   Most frequently used kinetic model and its corresponding mechanism of solid state process

No Symbol Name of functions g(x) f(x) Rate-determining mechanism

Chemical process or mechanism non–invoking equations
  1 F1/3 One-third order 3/2[1–(1–x)2/3] (1–x)1/3 Chemical reaction
  2 F3/4 Three-quarters order 4[1–(1–x)1/4] (1–x)3/4 Chemical reaction
  3 F3/2 One and a half order 2[(1–x)–1/2–1] (1–x)3/2 Chemical reaction
  4 F2 Second order (1–x)–1–1 (1–x)2 Chemical reaction
  5 F3 Third order [(1–x)–2–1]/2 (1–x)3 Chemical reaction

Acceleratory rate equations
  6 P3/2 Mampel power law x3/2 (2/3)x–1/2 Nucleation
  7 P1/2 Mampel power law x1/2 2x1/2 Nucleation
  8 P1/3 Mampel power law x1/3 3x2/3 Nucleation

Sigmoidal rate equations or random nucleation and subsequent growth
  9 A1,F1 Avrami–Erofeev equation –ln(1–x) 1–x Assumed random nucleation and its 

subsequent growth, n = 1
  10 A3/2 Avrami–Erofeev equation [–ln(1–x)]2/3 1.5(1–x)[–ln(1–x)]1/3 Assumed random nucleation and its 

subsequent growth, n = 1.5
  11 A2 Avrami–Erofeev equation [–ln(1–x)]1/2 2(1–x)[–ln(1–x)]1/2 Assumed random nucleation and its 

subsequent growth, n = 2
  12 A3 Avrami–Erofeev equation [–ln(1–x)]1/3 3(1–x)[–ln(1–x)]2/3 Assumed random nucleation and its 

subsequent growth, n = 3
  13 A4 Avrami–Erofeev equation [–ln(1–x)]1/4 4(1–x)[–ln(1–x)]3/4 Assumed random nucleation and its 

subsequent growth, n = 4
Deceleratory rate equations
Phase boundary reaction

  14 R1,F0,P1 Power law x 1 Contracting disk
  15 R2,F1/2 Power law 1–(1–x)1/2 2(1–x)1/2 Contracting cylinder (cylindrical sym-

metry)
  16 R3,F2/3 Power law 1–(1–x)1/3 3(1–x)2/3 Contracting sphere (spherical sym-

metry)
Based on the diffusion mechanism

  17 D1 Parabola low x2 1/2x One-dimensional diffusion
  18 D2 Valensi equation (1–x)ln(1–x) + x [–ln(1–x)]–1 Two-dimension diffusion
  19 D3 Jander equation [1–(1–x)1/3]2 1.5(1–x)2/3[1–(1–x)1/3]–1 Three-dimensional diffusion, spherical 

symmetry
  20 D4 Ginstling–Brounstein equation (1–2x/3)–(1–x)2/3 1.5[(1–x)–1/3–1]–1 Three-dimensional diffusion, cylindri-

cal symmetry
  21 D5 Zhuravlev, Lesokin, Tempelman 

equation
[(1–x)–1/3–1]2 1.5(1–x)4/3[(1–x)–1/3–1]–1 Three-dimensional diffusion

  22 D6 Anti-Jander equation [(1 + x)1/3–1]2 1.5(1 + x)2/3[(1 + x)1/3–1]–1 Three-dimensional diffusion
  23 D7 Anti-Ginstling-Brounstein equation 1 + 2x/3–(1 + x)2/3 1.5[(1 + x)–1/3–1]–1 Three-dimensional diffusion
  24 D8 Anti-Zhuravlev, Lesokin,

Tempelman equation
[(1 + x)–1/3–1]2 1.5(1 + x)4/3[(1 + x)–1/3–1]–1 Three-dimensional diffusion

Another kinetics equations with unjustified mechanism
  25 G1 1–(1–x)2 1/2(1–x)
  26 G4 [–ln(1–x)]2 1/2(1–x)[–ln(1–x)]–1

  27 G5 [–ln(1–x)]3 1/3(1–x)2[–ln(1–x)]–2

  28 G6 [–ln(1–x)]4 1/4(1–x)3[–ln(1–x)]–3

  29 G7 [1–(1–x)1/2]1/2 4{(1–x)[1–(1–x)1/2]}1/2

  30 G8 [1–(1–x)1/3]1/2 6{(1–x)2/3[1–(1–x)1/3]}1/2
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had promoted the occurrence of related reactions. With the 
reaction temperature increasing, one more weight loss peak 
would be found at a high temperature for the pyrolysis and 
combustion of CS with 10%CaO, which was mainly due to 
in-situ adsorption of CO2 by CaO to form CaCO3 at low 
temperature, and then be decomposed at the high tempera-
ture. As for Fig. 1c, for the pyrolysis of CS with 10%Fe2O3, 
one more weight loss peak also appeared at a high tem-
perature. It was due to the reduction reactions between 
metal oxides and chars, such as 2Fe2O3 + 3C → 4Fe + 3CO2 
ΔH650℃ = 431.6  kJ/mol and Fe3O4 + 2C → 3Fe + 2CO2 
ΔH650℃ = 296.8 kJ/mol.

3.2 � Combustion of CS with different SA additions

The TG and DTG curves of CS combustion with different 
SA additions were presented in Fig. 2. As can be seen from 
Fig. 2a, the TG curve shapes of the CS combustion changed 
slightly with blending diverse SA proportions. As expected, 
with the SA addition increasing, the retention ratios of the 
solid products increased, which was ascribed to the thermal 
stability of SA components. The residues after the CS com-
bustion with additions of 0, 10%, 20%, and 30%SA were 
2.47%, 14.76%, 22.27%, and 31.47%, respectively. The ter-
minal temperatures of varied samples were 619.6, 649.2, 
659.2, and 649.0 ℃, respectively, showing a trend of first 
increase and then decrease. The similar change trends were 
also found in the peak temperatures of 2nd zone shown in 
Fig. 2b. The delay of characteristic temperature could be 

due to the close physical contact between CS and SA, which 
changed the void spaces of CS, and then affected the sensi-
tivity of the combustion reaction.

The theoretical TG and DTG curves assuming no reaction 
between CS and SA were obtained and shown as dash dot 
lines in Fig. 2. The weight loss values from the experiments 
were less than the calculated ones with different SA addi-
tions, corresponding experimental weight loss rates were 
also smaller. As seen from Fig. 2a, the difference between 
the experimental and calculated values decreased with the 
SA addition ratio. Though the SA was rich in Fe2O3, which 
could supply lattice oxygen [O] during the CS combustion 
and promote the conversion of carbon materials, the oxygen 
in the air will quickly add into the SA.

3.3 � Catalytic combustion process analysis

To analyze the catalytic effects of SA and its active species 
on CS combustion characteristics, the TG and DTG curves 
of the CS combustion with 10% additions of SA, CaO, 
Fe2O3, and SiO2 at diverse heating rates of 5, 10, 20, and 
40 ℃/min were studied. For the combustion of CS + 10% 
SA, shown in Fig. 3(a1–2), as the heating rate went from 
5 to 40 ℃/min, the TG and DTG curves both shifted to the 
high temperature. This is thermal hysteresis, and common 
for varied non-isothermal tests [44, 45]. According to the 
DTG curve in Fig. 3b, the combustion of CS + 10% SA 
had the moisture release below 135.2–175.6 ℃ (depending 
on βs), volatile matters release in the middle temperature 

Fig. 1   TG-DTG curves of 
pyrolysis and combustion of a 
CS + 10% SA, b CS + 10% CaO, 
c CS + 10% Fe2O3, d CS + 10% 
SiO2 at 20 ℃/min
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range, and chars combustion beyond 380.0–415.2℃ 
(depending on βs). In addition, it was found that the pat-
terns of thermal curves of the first two zones were almost 
not changed with β increasing, but those of the third zone 
changed evidently.

With the additions of Fe2O3 and SiO2, as shown in 
Fig. 3(c1-2) and (d1-2), the combustion of CS was also 
roughly divided into three zones. The devolatilization tem-
perature of CS + 10% Fe2O3 ranged from 130.6–175.7℃ to 
385.0–433.2℃ (depending on βs), and that of CS + 10% SiO2 
ranged from 140.3–170.7℃ to 402.8–438.4℃ (depending 
on βs). Hence, on the view of devolatilization temperature, 
the additions of Fe2O3 and SiO2 had a slight effect on the 
combustion of CS. For the combustion of CS + 10% CaO, 
as shown in Fig. 3(b1-2), the process contained four zones, 
such as moisture release, devolatilization, char combustion, 
and thermal decomposition of carbonate. The initial decom-
position temperature of the carbonate from the CS + 10% 
CaO combustion were 555.2, 570.5, 590.2, and 715.2 ℃ at 
5, 10, 20, and 40 ℃/min, respectively.

The thermal evolution of the combustion of CS with 
additions of SA, CaO, Fe2O3, and SiO2 at heating rates of 
5, 10, 20, and 40 ℃/min were studied by DSC technology. 
As shown in Fig. 3, the DSC shapes were roughly simi-
lar, but differences existed in peak heights and breadths. It 
was found that the peak position and number in the DSC 
curve corresponded to those in the DTG. The thermal events 
for the first zone were all endothermic, while those for the 
second and third zones were exothermic, corresponded 
to the related reactions referred above. An additional 
endothermic peak in the DSC of CS + 10% CaO combus-
tion was found at the high temperature, which was due to 
the decomposition of carbonate (CaCO3 → CaO + CO2 
ΔH650℃ = 170.5  kJ/mol) that pre-formed by the reac-
tions, such as CaO + CO2 → CaCO3 ΔH650℃ = -170.5 kJ/
mol, CaO + H2O → Ca(OH)2 ΔH650℃ = -93.0 kJ/mol, and 
Ca(OH)2 + CO2 → CaCO3 + H2O ΔH650℃ = -77.5 kJ/mol. 
The DSC is a function of temperature, which can be written 
as h (T). Further, the exothermic value of CS combustion 
with additions of SA and its active species can be calculated 
by the integral of DSC curve.

where QT1→T2 is the exothermic value; λ is the thermal ana-
lyzer constant; h (T) is the heat flow.

As shown in Fig. 3(a3-d3), the shaded area between DSC 
curve and baseline was exothermic value of the sample com-
bustion. It was found that, no matter for CS with SA or its 
active species, the shaded area for the char combustion was 
larger than that of the combustion of volatiles at any heating 
rate, meaning that the exothermic value of sample was domi-
nant by the char combustion. The similar DSC curves were 
also found in the combustion of Pteris vittata as reported by 
Song et al. [46] that there were two different peaks during 
programmed heating process, corresponded to the volatiles 
combustion and chars combustion, respectively. As reported 
by Li et al. [45], during the combustion of camphor biomass 
waste, the DSC curve was also divided into two stages, while 
in the combustion bituminous coal, the DSC curve just had 
one prominent exothermic peak [22].

3.4 � Catalytic combustion characteristic parameters

Catalytic combustion characteristic parameters of CS with 
10% additions of SA, CaO, Fe2O3, and SiO2 were deter-
mined from TG and DTG curves, and the results were listed 
in Table 3. Since the weight loss of zone 1 was caused by 
the moisture release, the contributions on the combustion 
process could be neglected, thus its characteristic parameters 
were not analyzed. As given in Table 3, whether CS blended 
with SA or its active species, with the β value increasing, the 

(13)QT1→T2
= �∫

T2

T1

h(T)dT

Fig. 2   a TG and b DTG curves of the combustion of CS with differ-
ent SA additions
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characteristic temperatures, such as Ti, Tp2, Tp3, Tp4, and Tb, 
all shifted toward the higher temperature. As for the char-
acteristic weight loss rates, such as –Rp2, –Rp2, –Rp2, and 
–Rv, when the β value went from 5 to 40 ℃/min, the values 
clearly increased. The –Rv values for the CS combustion 
with SA were 1.16, 2.05, 3.38, and 4.88%/min at 5, 10, 20, 
and 40 ℃/min, respectively. As for the values of HTZ, the 
variation trends with the β value were different at different 

weight loss zones. At zone 2, the HTZ2 values of varied 
samples were irregularly with β increasing, but the HTZ3 
and HTZ4 monotonically increased. Further, the combus-
tion performance indices were studied, and the results were 
listed in Table 4. It was found that, no matter CS blended 
with SA or its active species, the residual weights after com-
bustion (Wr) were almost not affected by the β variation. 
As the β increased, the Di values of all samples grew up, 

Fig. 3   TG, DTG, and DSC curves of CS with SA and its active species at varied heating rates. (a1-3) CS + 10%SA, (b1-3) CS + 10%CaO, (c1-3) 
CS + 10%Fe2O3, (d1- 3) CS + 10%SiO2
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indicating that a higher β value led to more concentrated 
combustion zone and better burnout performance. Similarly, 
for all samples, the indices of Ci, Cb, and CCI increased 
significantly with the β increasing, indicating that the better 
ignition, burnout, and comprehensive performance would 
be obtained at the higher β value. Compared the indices of 
Di, Ci, Cb, and CCI between varied samples, it was observed 

that the values of CS + 10%SA were higher than those of 
CS + 10%CaO at the same β, but lower than those of CS 
with 10% additions of Fe2O3 and SiO2. In the research of 
Song et al. [25], the similar phenomena were also reported 
on catalytic effects of red mud, CaO, Al2O3, and Fe2O3 on 
Pteris vittata combustion. Fang et al. [47, 48] have studied 
the effects of additives on thermal decomposition of paper 

Table 3   Characteristic parameters of CS combustion with 10% addition of SA, CaO, Fe2O3, and SiO2

Samples β Ti Zone 2 Zone 3 Zone 4 –Rv Tb

Tp2 –Rp2 HTZ2 Tp3 –Rp3 HTZ3 Tp4 –Rp4 HTZ4

℃/min ℃ ℃ %/min ℃ ℃ %/min ℃ ℃ %/min ℃ %/min ℃

CS + SA 5 224.2 263.2 2.40 55.7 446.0 1.48 71.3 1.16 518.4
10 231.9 275.2 4.55 59.3 472.2 2.20 136.7 2.05 556.7
20 239.5 285.2 8.67 60.7 486.3 2.78 317.1 3.38 653.2
40 247.0 295.4 17.70 57.5 480.2 4.22 639.6 4.88 846.0

CS + CaO 5 219.2 277.5 1.91 79.0 440.0 1.77 77.1 686.1 0.59 31.3 0.66 721.7
10 224.3 280.2 3.97 68.5 462.8 2.68 105.0 688.6 0.99 35.1 1.66 724.2
20 239.5 290.3 7.58 71.1 462.8 4.12 169.4 724.2 2.33 39.5 2.98 762.2
40 252.2 297.8 15.85 66.5 467.9 4.77 455.5 769.8 4.32 45.2 4.86 818.1

CS + Fe2O3 5 234.4 267.4 2.54 54.0 440.0 1.68 53.8 1.02 516.2
10 236.9 277.5 5.14 54.5 452.6 2.68 123.7 2.59 554.2
20 244.6 290.3 10.27 56.5 470.4 3.90 221.1 4.83 597.3
40 257.2 303.0 18.75 66.4 475.6 4.69 549.1 5.33 785.2

CS + SiO2 5 219.2 263.2 2.43 52.1 447.6 1.46 69.1 1.02 520.4
10 232.2 277.2 4.82 54.8 469.4 2.20 145.9 2.54 558.6
20 236.9 285.2 8.46 47.2 470.4 4.46 273.6 4.34 627.0
40 244.6 297.3 17.20 55.0 483.0 5.33 531.2 5.27 777.8

Table 4   Catalytic combustion performance indices of CS with 10% addition of SA, CaO, Fe2O3, and SiO2

Samples β Tv ti tp tb Δt1/2 Wr 106 × Dv Ci 104 × Cb 107 × CCI
℃/min ℃ min min min min % %/(min·℃3) %/min3 %/min4 %2/(min2·℃3)

CS + SA 5 142.0 44.84 52.64 103.68 11.14 11.12 1.15 1.02 0.39 1.07
10 142.0 23.19 27.52 55.67 5.93 9.15 1.96 7.13 5.01 3.12
20 154.6 11.98 14.26 32.66 3.04 14.76 3.24 50.77 61.32 7.83
40 162.8 6.18 7.39 21.15 1.44 8.62 6.40 388.14 788.55 16.73

CS + CaO 5 145.8 43.84 55.50 144.34 15.81 11.54 0.60 0.79 0.15 0.36
10 246.0 22.43 28.02 72.42 6.85 11.56 0.84 6.32 2.86 1.81
20 254.8 11.98 14.52 38.11 3.55 12.84 1.44 43.61 38.56 5.17
40 170.0 6.31 7.45 20.45 1.66 11.97 4.71 337.66 625.89 14.80

CS + Fe2O3 5 130.6 46.88 53.48 103.24 10.81 12.35 1.35 1.01 0.43 0.91
10 250.2 23.69 27.75 55.42 5.45 11.90 1.36 7.82 6.13 4.28
20 262.0 12.23 14.52 29.87 2.83 11.50 2.39 57.85 83.85 13.87
40 175.7 6.43 7.58 19.63 1.66 11.51 5.31 384.95 760.10 19.25

CS + SiO2 5 140.3 43.84 52.64 104.08 10.42 11.57 1.26 1.05 0.43 0.99
10 249.8 23.22 27.72 55.86 5.48 11.63 1.27 7.49 5.68 4.06
20 261.6 11.85 14.26 31.35 2.36 11.91 2.40 50.09 80.17 10.44
40 170.7 6.12 7.43 19.45 1.37 11.69 6.17 378.44 866.05 19.48
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sludge and municipal solid waste by TGA, which were MgO, 
Al2O3, ZnO, and activated carbon. The results showed that 
the comprehensive performance indices were also affected 
by the additives, and their values became lower than those 
of samples without additives.

3.5 � Catalytic combustion kinetics analysis

3.5.1 � Evaluation on activation energy

According to the reviewed literature, it is found that the inte-
gral Coats-Redfern approach was widely used in the kinetic 
parameters calculation of the catalytic combustion of vari-
ous solid fuels, and a series of relatively good results were 
obtained. Thus, the catalytic combustion kinetics of CS were 
also analyzed by integral Coats-Redfern approach in this 
paper. According to the 30 common used kinetic functions 
g(x) that given in Table 2, inserting them into the Coats-
Redfern equation of Eq. (11), the apparent activation energy 
(E) of different combustion zones could be estimated from 
the experimental data at four diverse heating rates of 5, 10, 
20, and 40 ℃/min, and the results were shown in Fig. 4, also 
including their regression coefficients (R2).

As presented in Fig. 4a, with the β value went from 5 to 
40 ℃/min, the E values of the zone 2 of the CS + 10%SA 
combustion were almost not affected, but those of the zone 
3 strictly reduced monotonically. For the listed 30 kinds of 
g(x) functions, the E values of the zone 2 ranged from 3.0 to 
215.0 kJ/mol, but those of the zone 3 distributed in a wide 
range from 30.0 to 525.0 kJ/mol, and the E values of the 
zone 3 were larger than those of the zone 2 at the identical 
g(x). Observed from Fig. 4b, for the most g(x), the R2 data 
were all close to 1.0, and the R2 data of zone 2 were higher 
than those of zone 3. It was because the relatively singular 
reactions occurred in the zone 2 where the volatiles released, 
while the gas–solid and solid–solid reactions between air 
and pyrolytic char, additive and char, occurred in the zone 
3, where the oxygen absorption, oxidations, and products 
desorption continuously occurred.

Seen in Fig. 4e and g, the effects of heating rates (βs) on 
the E values of the combustion of CS with the 10% addi-
tions of Fe2O3 and SiO2, were similar to those of CS + 10% 
SA. However, for 30 kinds of g(x) functions, the E val-
ues distributions of two catalytic combustion zones were 
quite different from those of CS + 10%SA. The E values of 
zone 2 of CS + 10% Fe2O3 combustion ranged from 10.0 
to 240.0 kJ/mol, and the most of them fell into the range 
of 10.0–160.0 kJ/mol, but the E values of zone 3 fell into 
30.0–400.0 kJ/mol, and decreased with the β value increas-
ing. As for the combustion of CS + 10%SiO2, the E values of 
the zone 2 fell into 5.0–225.0 kJ/mol, while those of the zone 
3 ranged from 40.0 to 400.0 kJ/mol. It could be observed 
from Fig. 4(g) that the E values of the two combustion zones 

of CS + 10%SiO2 almost fell below 240.0 kJ/mol. With 
regard to the catalytic combustion of CS with 10%CaO addi-
tion, with the β value increasing, the E values of the zone 
2 almost kept constant, but those of the zone 3 reduced, 
and the zone 4 showed an increasing trend. As shown in 
Fig. 4(d), for the 30 kinds of g(x), the R2 data from the zone 
4 of CS + 10% CaO combustion were the highest, and those 
of the zone 2 took the second place, and the zone 3 had 
the minimum. It was because the relatively single reactions 
occurred in the zone 4, such as CaCO3 → CaO + CO2, and 
some simple volatiles release reactions occurred in the zone 
2, but the complicated oxidation reactions between char and 
oxygen/CaO took place in the zone 3.

3.5.2 � Kinetic mechanism function screening

Based on the kinetics of CS catalytic combustion by the 
integral Coats-Redfern method, it is found that the most of 
g(x) kinetic models applied all showed good linearity. Thus, 
the best kinetic functions of various combustion zones of 
CS with 10% addition of SA CaO, Fe2O3, and SiO2 were 
hard to be determined just on basis of the data of R2. Thus, 
to screen the most appropriate kinetic model by combining 
the master-plots method, such as the Malek equation, was 
very necessary.

According to Eq. (12), the experimental plots of varied 
combustion zones of CS blended with 10% SA and CaO, 
Fe2O3, and SiO2 were obtained by the data at different heat-
ing rates of 5, 10, 20, and 40 ℃/min, and then compared 
with the theoretical plots that obtained by 30 kinds of stand-
ard mechanism functions listed in Table 2, and the results 
were shown in Fig. 5. For the zone 2 of CS combustion 
with 10% additions of SA, CaO, Fe2O3, and SiO2, respec-
tively shown in Fig. 5a, c, f, and h, the experimental y(x) 
obtained at different heating rates were almost overlapped 
with each other, and presented a good agreement with the 
standard curve of No. 4, and the mechanism was the second 
order reaction f(x) = (1 − x)2. As shown in Fig. 5b, d, g, and 
i, the experimental y(x) of the zone 3 obtained at different 
heating rates deviated with each other, and corresponded to 
distinct kinetic mechanisms. The gas–solid and solid–solid 
reactions in the zone 3 at 5 ℃/min were in a good agreement 
with the standard curve of No. 3, but those at 10 and 20 ℃/
min were close to the standard curve of No. 19, and that at 
40 ℃/min was hard to find one standard curve that really 
fitted the experimental y(x). So, the kinetic mechanism of 
the third combustion zone at 40 ℃/min should went back 
to combine with R2 value to make a comprehensive deci-
sion. With regard to the zone 4 of CS + 10%CaO combus-
tion, the experimental y(x) obtained at different heating rates 
were almost overlapped with each other, and showed a good 
agreement with the standard curve of No. 16, which could 
be referred to Fig. 5e.



22396	 Biomass Conversion and Biorefinery (2024) 14:22385–22400

1 3



22397Biomass Conversion and Biorefinery (2024) 14:22385–22400	

1 3

3.6 � Catalytic combustion reaction mechanisms

The catalytic combustion of solid fuels is very complicated 
and involves of various chemical reactions. These reactions 
can be characterized as dehydration reaction, chemical 
bonds cracking, free radical generation and recombination, 
gas–gas reactions between volatile matters and oxygen, 
gas–solid reactions between additive and depolymerizing 
product, and gas–solid reactions between char and oxygen, 
and solid–solid reactions between char and additive. The 
related reactions during the programmed heating process 
were described in Fig. 6, it specifically included:

(1)	 According to the DTG curves in Fig. 3, it could be 
observed that there existed an obvious weight loss peak 
as the temperature was below about 180.0 ℃, which 
was related to the release of various forms of mois-
ture, such as the interstitial water, bound water, surface 
adsorbed water, and internal water. The process was 
relatively simple, which was not specified in Fig. 6.

(2)	 It is well known that the biomass sample generally 
consists of the hemicellulose, cellulose, and lignin. 
As reported by Yang et al. [49], the thermal degrada-
tion of hemicellulose, cellulose, and lignin occurred at 
220–315 ℃, 315–400 ℃, and 160–900℃, respectively. 
Therefore, as the reaction temperature was beyond 
180.0 ℃, the organics in the CS began to decompose. 
At around 240.0 ℃, a shoulder peak could be found in 
the DTG curve in Fig. 2, which was due to the depo-
lymerizing reactions of hemicellulose. The main weight 
loss peak was at around 280.0 ℃ for the cracking of 

Fig. 4   Kinetic parameters of main combustion zones (Four sec-
tors for four βs, No. 1–30 for kinetic models) E and R.2 values of 
a, b CS + 10%SA, c, d CS + 10%CaO, e, f CS + 10%Fe2O3, g, h 
CS + 10%SiO2

◂

Fig. 5   Comparisons between experimental y(x) from the data obtained at different βs and theoretical y(x). a, b zone 2 and 3 of CS + 10%SA, c, d, 
e zone 2, 3, and 4 of CS + 10%CaO, e, f zone 2 and 3 of CS + 10%Fe2O3, g, h zone 2 and 3 of CS + 10%SiO2
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cellulose and lignin. During the process of depolymer-
izing, free radicals started to be generated, and those 
from the cellulose and lignin could be referred to the 
researches of Zhang et al. [50] and Huang et al. [51], 
respectively. Meanwhile, the thermal degradation prod-
ucts of chars, tars, and non-condensable gas would be 
generated through the combination of free radicals. 
Under air atmosphere, the thermal degradation prod-
ucts of CS would be oxidized by oxygen, thus forming 
various oxygen-containing functional groups, such as 
C–O, –COOH, C = O, O–H, and etc.

(3)	 With the additions of SA and its active species of CaO, 
Fe2O3, and SiO2 in this paper, the combustion pro-
cess of CS would be affected. Since the existence of 
oxygen during the heating, the carboxylic acids (R–
COOH) would be generated, which might be combined 
on the surface of CaO and SiO2. As a kind of alkaline 
oxides, CaO could act as the in-situ adsorbents of CO2 
at relatively low temperature, through the direct car-
bonation reaction to form CaCO3 and hydrocarbons. 
On the other hand, CaO can be combined with the 
H2O to form Ca(OH)2, and then absorb CO2 to produce 
CaCO3. Then, by the acid–base neutralization reaction, 
the carboxylic acid can react with Ca(OH)2 to form 
organic calcium salts [(R1,2–COO)2Ca] and H2O. Dur-
ing the combustion of CS + 10% SiO2, several sites will 
be provided on surface of SiO2, which can combine 
with R–COOH and act as the acid catalyst, and then 
form the ketones, CO2, and H2O. For the combustion 
of CS + 10%Fe2O3, the phenomena in providing lat-
tice oxygen [O] were observed, corresponding reac-

tion paths were also described in Fig. 6. By the close 
contacts between Fe2O3 and biomass or biomass char, 
the transfer resistance of oxygen to carbon surface was 
reduced to some extent, and then effectively enhanced 
combustion performance of biomass. The [O] transfer 
from metal oxides was also summarized by Zhang et al. 
[22] in the catalytic combustion of bituminous coal.

(4)	 For the combustion products of CS with additives, with 
an excess air, the C and H would be respectively con-
verted into CO2 and H2O, N and S might be oxidized 
into trace NOx and SOx, and the inorganics became the 
ash product, the additives would be regenerated by the 
carbonate decomposition (CaCO3 → CaO + CO2), and 
lattice oxygen [O] recovery (Fe2O3-x + O2 → Fe2O3), 
respectively.

(5)	 From the perspective of kinetic model to understand 
the catalytic combustion mechanism, the kinetic mod-
els of catalytic combustion of volatiles in this research 
were (1 − x)2, i.e., unreacted core shrinkage model, 
which assumed that air just reacted on the surface of 
the unreacted nucleus, did not penetrate into the inner 
of core, and the reactions started from the outer surface 
of spherical particles. With the combustion proceeding, 
the surface of reactions moves to particle interior, and 
causes the reacted part to form a layer of ash, then the 
unreacted core gradually contracts inward. With regard 
to the catalytic combustion of chars, the kinetic func-
tions were mainly based on the diffusion mechanism, 
which meant that the reactions were controlled by the 
air diffusion from the surface of the particles to their 
inner. For the zone 4 of CS + 10%CaO combustion at 

Fig. 6   The possible catalytic combustion mechanism of CS with the additions of SA and its active species of CaO, Fe2O3, and SiO2



22399Biomass Conversion and Biorefinery (2024) 14:22385–22400	

1 3

varied heating rates, the kinetic models were based on 
shrinking core model f(x) = 3(1 − x)2/3, which is estab-
lished on the assumption that the whole reactions pro-
ceed layer by layer from the surface to inner, that is to 
say the unreacted solid core continuously shrinks as the 
reaction goes on.

4 � Conclusions

The effects of sludge ash (SA) and its active species of CaO, 
Fe2O3, and SiO2 on the combustion of camellia seed shells 
(CS) were studied by TG-DSC. The combustion paths of CS 
with additions of SA, CaO, Fe2O3, and SiO2 were verified. 
The higher heating rate signally increased combustion perfor-
mance, and the CaO addition decreased combustion perfor-
mance parameters. The additions of SA active species brought 
beneficial effects in the perspective of heat release effect. The 
kinetic analysis results indicated that the most of g(x) kinetic 
functions applied all showed good linearity, which could be 
screened by further combining the Malek method.
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