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to the elevated temperature and heating rates. Differential scanning calorimetric (DSC) re-
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sults indicated an exothermic reaction behavior probably able to meet the energy needs
of various industrial applications. The reaction mechanisms for the SPL combustion were

Keywords:

best described using the 1.5-, 3- and 2.5-order reaction models. Fluoride volatilization rate

Spent potlining

of the flue gas was estimated at 2.24%. The SPL combustion emitted CO2 , HNCO, NO, and

Thermal decomposition

NO2 but SOx . The joint optimization of remaining mass, derivative thermogravimetry, and

Heat release

derivative DSC was achieved with the optimal temperature and heating rate combination

Reaction mechanism

of 783.5 °C, and 5 °C/min, respectively. Interaction between temperature and heating rate

Gas emission

exerted the strongest and weakest impact on DSC and remaining mass, respectively. The
fluorine mainly as the formation of substantial NaF and CaF2 in the residual ash. Besides,
the composition and effect of environment of residual solid were evaluated. The ash slagging tendency and its mineral deposition mechanisms were elucidated in terms of turning
SPL waste into a benign input to a circular waste utilization.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Spent potlining (SPL) is an unavoidable hazardous waste generated during the smelting process of the aluminum pro-

∗

duction, which amounted to 4 million tons globally in 2018
(Liu et al., 2020). Though classified as a hazardous waste by
U.S. Environmental Protection Agency (USEPA) (Silveira et al.,
2002) and as a special waste by Canada (Liu et al., 2020) due
to its content of water-soluble fluorides and cyanides, SPL as a
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carbonaceous material can be turned into a reusable feedstock
to replace coke (coal) in the cement, iron, and steel industries. Since SPL includes fluorides, cyanides, carbon (first cut),
refractories (second cut), metals, nitrides, carbides, hydroxides, and carbonates, its conventional disposal methods of
flotation, chemical leaching, landfill, and stacking have caused
water, soil and air pollution, land occupation (Gao et al.,
2016), and secondary air pollution such as NH3 , CH4 , and HCN
(Flores et al., 2019). In a changing global climate, a circular
and green economy, where waste of an economic activity is
fed back the same or another one as an input with less adverse environmental impacts, needs to be promoted. In order for SPL to be used as a fuel feedstock in the other industries, its combustion mechanisms, evolved gasses and ash
properties need to be characterized and quantified (Liu et al.,
2018c).
SPL has high fixed carbon but low (0.16%) nitrogen (N)
and sulfur (S) contents as well as a higher calorific value
than does coal (Shan et al., 2017). The use of SPL to replace
coal in the iron-making process was shown to reduce the
coke rate, the greenhouse gas emission (Gao et al., 2016), and
N- and S-related pollutants (Flores et al., 2019). Its use as
a secondary fuel provided heat from the fixed carbon combustion which reduced the operational cost in the industry
(Courbariaux et al., 2004). The addition of SPL to the nickel converter slag was found to be effective in improving the metal
recovery (Yu et al., 2017). Once treated with NaOH and H2 SO4 ,
SPL as an alternative fuel to coal applied in the cement industry was reported to have reduced the NO and CO2 emissions
(Ghenai et al., 2019). The feasibility and applicability of SPL
were previously verified in replacing coal in the iron-making
process (Flores et al., 2019).
However, SPL has a higher ash content than does coke
(coal), and thus, generates more slags. The incineration in
the industrial furnaces usually takes place at above > 650 °C
which not only alters the inorganic compounds of SPL but
also leads to the ash slagging issue (Guo et al., 2018). The
complex composition and compounds of SPL change the thermochemical conversion efficiencies and thermodynamic and
kinetic parameters (Zhang et al., 2018b). The previous studies have focused more on the SPL combustion as an alternative raw material for the industry than on the characterization of its endothermic-exothermic reaction mechanisms,
gas emissions, and ash properties (Courbariaux et al., 2004;
Gao et al., 2016). The interaction between basic and acidic oxides is known to influence the ash deposition and slagging
at the high temperature. For example, this interaction may
reduce the ash melting temperature, or the higher SiO2 and
Al2 O3 contents of the fuel may increase the ash fusion temperature. The reaction between CaO and SiO2 was found to reduce
the ash melting temperature due to the lower melting point
of CaSiO3 (Chen et al., 2019). Some predictive indices have
been empirically developed to evaluate the slagging tendency
such as base/acid ratio (B/A), silica ratio (G), iron/calcium ratio
(Fe2 O3 /CaO), and fouling index (Fu ) (Chen et al., 2019; Guo et al.,
2018). The mineral contents and (co-)combustion characteristics of SPL still remain an issue to be dealt with for the ash
slagging, the heat transfer efficiency, the equipment utilization, and the emission patterns. Therefore, the operational
(co-)combustion parameters and conditions of SPL need to be
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optimized in terms of energy efficiency, economic efficiency,
and environmental quality.
Despite thermogravimetric (TG), derivative TG (DTG),
and differential scanning calorimeter (DSC) analyses of
the combustion performances of coal, biomass, and sludge
(Mureddu et al., 2018), there has existed no study about
DSC and derivative DSC (DDSC) analyses of the SPL combustion. The DSC curves show the heat exchange patterns as a
function of temperature, while the DDSC curves characterize the fixed carbon decomposition and char burning regimes
(Zhang et al., 2015b). The quantification of the reaction models, evolved gasses, and ash properties is essential to the environmental risk assessment, scale-up, and optimization of the
SPL combustion (Chen et al., 2018). Therefore, the objectives
of this study were to (1) characterize the combustion characteristics of SPL; (2) estimate kinetic triplets; and (3) determine
evolved gasses, ash properties, and optimum operational conditions based on (D)TG, DSC, DDSC, and neural network-based
optimization analyses.

1.

Materials and methods

1.1.

Sample collection and characterization

5 kg of SPL were randomly sampled from an aluminum plant
storage in Guangzhou, China. The samples were crushed to a
maximum size of 74 μm and homogenized for further tests.
The sample was dried for 24 hr at 105 ± 1 °C in an oven to
avoid the adverse effect of its moisture absorption on the experimental accuracy (Mureddu et al., 2018). Ultimate analyses and higher heating value were conducted using an elemental analyzer (Elementary Analysen Systeme Gmbh, Germany) and a Parr 6300 Oxygen Bomb Calorimeter (Parr Instrument Company, USA), respectively. The physicochemical
properties of the control and treatment groups were measured
using an X-ray diffraction (MiniFlex 600, Rigaku Corporation,
Japan). In so doing, the scanning range of 10–90° at a scanning velocity of 2°/min was adopted. The samples were analyzed using Cu Ka (k = 0.15418 nm) radiation. The X-ray tube
was used at 40 kV and 40 mA. Our previous study indicated
that the control SPL sample included C, NaF, Na3 AlF6 , CaF2 ,
NaAl11 O17 , and Al2 O3 (Sun et al., 2019b). The micromorphology of the control and treatment groups was detected using
a scanning electron microscope (SEM) (Zeiss Sigma HD, Germany). The chemical compositions of the SPL combustion ash
were analyzed using the chemical methods. Al was detected
according to the chemical titration method, while Na was captured using an atomic absorption spectrophotometer (AAS240, USA). The other chemical compositions were analyzed
using an inductively coupled plasma optical emission spectrometer (ICAP7400, Thermo Corporation, USA). All the results
including ones from our previous study are shown in Table 1
(Sun et al., 2019a, 2019b).

1.2.

Experimental set-up

In this study, the (D)TG and (D)DSC curves of the SPL combustion were obtained using a simultaneous analyzer (Netzsch
STA 409 PC Luxx, Germany). 5.0–5.5 mg of the sample were
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Table 1 – Physicochemical properties of spent potlining
(Sun et al., 2019a, 2019b).
Parameter

Ultimate analysis (wt%)
Carbon
Hydrogen
Nitrogen
Sulfur
Proximate analysis (wt%)
Moisture
Volatiles matter
Fixed carbon
Ash
Higher heating value (MJ/kg)



Eα
k(T) = A exp −
RT

Chemical
composition (wt%)

69.11
0.40
0.16
0.26
0.73
1.56
68.67
29.04
22.21

Al2 O3
Na2 O
SiO2
Fe2 o3
CaO
MgO
K2 O
Li2 O
P2 O 5
TiO2
F

k(T) can be defined using the Arrhenius equation thus
(Hu et al., 2019):

7.58
11.44
2.21
1.42
1.17
0.13
0.27
0.79
< 0.1
< 0.1
10.40

where Eα , A, T, and R refer to the apparent activation energy,
pre-exponential factor, absolute temperature, and gas constant (8.314 J/mol/K), respectively.
Inserting Eq. (6) into Eq. (4) yields the following (Chen et al.,
2015):


Eα
dα
= A exp −
f (α)
(7)
dt
RT
For the non-isothermal reaction, heating rate (β) can be described as follows (Liu et al., 2018b):
β=

placed in the Al2 O3 crucible and heated from 30 to 900 °C at
5, 10, 15 and 20 °C/min in the air atmosphere with an flow
rate of 50 mL/min. Prior to the experiments, blank tests were
run to obtain the baselines to eliminate the systematic errors.
Each test was replicated three times to ensure the margin of
errors of ± 2% (Tang et al., 2021). Online real-time TG-mass
spectrometry (MS) analysis (TG-DTA-PIMS 410/S, Rigaku Corporation, Japan) was adopted to monitor C- and N-containing
compounds and emission profiles. Around 2.0 ± 0.1 g of the
sample were put in the tube furnace from 30 to 900 °C at 5
°C/min with an air flow rate of 0.8 L/min. Fluoride adsorption
in the flue gas was determined using a porous absorption bottle in series with 200 mL 0.2 mol/L of NaOH solution and an ion
selective electrode (Pinnacle-315P, USA). The coefficient of determination (r2 ) value of the standard curve was above 0.999,
while its relative standard deviation was less than ± 10%. Two
parallel samples and a spike recovery were adopted to ensure
the data accuracy. The spike recovery rate ranged from 70% to
120% according to the Chinese criterion (HJ 873–2017).

1.3.

dT
dt

Eq. (9) describes the physicochemical change in the kinetic
triplets in the following integration form (Cao et al., 2019):




 α
d(α)
A T
AEα ∞ exp (−x)
Eα
=
d(T) =
exp −
dx
G(α) =
β 0
RT
βR x
x2
0 f (α)
AEα
=
p(x)
(10)
βR
x=

Eα
RT

m0 − mt
m0 − mf

exp (−x)
x × (1.00198882x + 1.87391198)

(4)

(5)

where m0 , mt , and mf refer to the initial, actual, and final
masses, respectively.

(12)

As for the single chemical or physical reaction, the kinetic
triplets are invariable. Using α = 0.5, Eq. (10) can be expressed
as follows (Song et al., 2019):
G(0.5) =

where t, k(T) and f(α) are the reaction time, decomposition rate,
and reaction model, respectively.
The value of α can be obtained from the TG data thus
(Liu et al., 2019):
α=

(11)

where G(α) is the integral form of the reaction model. Since p(x)
is the temperature integral difficult to be calculated by analytical methods, a temperature integral approximation was used.
In this study, the Tang-Liu-Zhang-Wang-Wang approximation
was adopted in parallel to the master-plots method, while the
deviation of the numerical solution for p(x) was below 0.1% at
x >14 (Tang et al., 2003).
p(x) =

dα
= f (α) · k(T)
dt

(8)

The introduction of Eq. (8) into Eq. (7) leads to the following
(Mureddu et al., 2018):


A
Eα
dα
= exp −
f (α)
(9)
dT
β
RT

Kinetic analysis and reaction model selection

The (D)TG data obtained from the NETZSCH–T4–Kinetic 2
software were used to estimate the reaction mechanism of
the non-isothermal SPL decomposition. The reaction rate can
be determined as a function of conversion degree (α) thus
(Cai et al., 2018):

(6)

AEα
p(x0.5 )
βR

(13)

The combination of Eqs. (10) and (13) yields the following
(Cai et al., 2019a):
G(α)
p(x)
=
G(0.5)
p(x0.5 )

(14)

The most common G(α) functions are shown in Table 2
(Cai et al., 2019b; Chen et al., 2017; Liu et al., 2018a). Theoretical
G(α)/G(0.5) and experimental p(x)/p(x0.5 ) versus α were plotted.
At a specific value of α, the best-fit model of the theoretical versus experimental plot was selected as the most appropriate
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Table 2 – The most common functions of kinetic models for a solid state (Cai et al., 2019b; Chen et al., 2017;
Liu et al., 2018a).
Model type
Diffusion model
One-dimensional
diffusion
Two-dimensional
diffusion (Valensi)
Three-dimensional
diffusion (Jander)
Three-dimensional
diffusion (GinstlingBrounshtein)
Reaction model
Two-dimensional
Three-dimensional
Nucleation model
Power law
Power law
Order of reaction
First-order
Second-order
Third-order
Sigmoidal rate model
Avarami-Erofeev
Avarami-Erofeev
Avarami-Erofeev

ing rate. The best-fit ANN consisted of the hyperbolic tangent
function (a sigmoid function), gradient boosting to fit a sequence of 10 smaller ANNs, and a single hidden layer with 30
(3 × 10) hidden nodes. A random 5-fold cross-validation was
used to determine the predictive power of the ANN. r2 and root
mean square error (RMSE) based on the training and validation
datasets were employed to evaluate the model performance.
The three responses were jointly optimized to identify the optimal combination of temperature and heating rate adopting
the objective functions of minimization for RM and maximization for the other responses. The optimal solutions were based
on the composite desirability (D) with a range of zero to one
(ideal case). All the statistical analyses were conducted using
JMP Pro 15.1.

Code

f(α)

G(α)

D1

1/(2α)

α2

D2

[-ln(1-α)]−1

(1-α)ln(1-α)+α

D3

[1-(1-α)1/3 ]2

D4

(3/2)(1-α)2/3 [1-(1α)1/3 ]−1
(3/2)[(1-α)1/3 –1]−1

R2
R3

(1-α)2
(1-α)3

[(1-α)−2 –1]/2
2[(1-α)−1/2 –1]

2.

Results and discussion

P2
P3

2α 1/2
3α 2/3

α 1/2
α 1/3

2.1.
rate

Thermogravimetric regimes as a function of heating

F1
F2
F3

1-α
(1-α)2
(1-α)3

-ln(1-α)
(1-α)−1 –1
[(1-α)−2 –1]/2

A2
A3
A4

2(1-α)[-ln(1-α)]1/2
3(1-α)[-ln(1-α)]2/3
4(1-α)[-ln(1-α)]2/3

[-ln(1-α)]1/2
[-ln(1-α)]1/3
[-ln(1-α)]1/4

The (D)TG curves of the SPL combustion at 5, 10, 15 and 20
°C/min in the air atmosphere are depicted in Fig. 1. The SPL
decomposition started at 400 °C. The ignition temperature (Ti )
estimated from the (D)TG curves in Fig. 2 (Wang et al., 2017b)
increased from 533.2 to 563.1 °C with the elevated heating rate.
The heat transfer between the surface and internal temperatures was limited with the increased heating rate. The peak
temperatures for the mass loss rate occurred between 588.1
and 622.5 °C for each heating rate. The maximum reaction
rate rose from 2.99% to 8.81%/min with the risen heating rate.
This may be due to the more gradual heating of solid particles at the lower heating rates that improved the heat transfer to the inner portions of the solid fuel (Mureddu et al., 2018).
The SPL combustion exhibited a sharp weight lose peak corresponding to the fixed carbon decomposition. The proximate
analysis also pointed to the composition of fixed carbon and
ash, with a little quantity of volatiles matter. In iron-making,
most of the production processes require carbonaceous materials with high fixed carbon (Flores et al., 2019). The increased
heating rate delayed the burnout temperature from 828.2 to
853.6 °C, with the decomposition temperature region growing
wider (Table 3). Likewise, the residual mass increased from
29.51% to 33.40% since the greater temperature difference

1-(2/3)α-(1-α)2/3

reaction model. The three model-free methods of KissingerAkahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), and Tang
were adopted to estimate the apparent activation energy as a
function of conversion degree in this study (Ding et al., 2021).

1.4.

127

Joint optimization

To detect multicollinearity, Pearson’s correlation matrix was
performed for all the variables of time, temperature (Temp,
°C), heating rate (HR, °C/min), remaining mass (RM,%), DTG
(%/min), DSC (mW/mg), and DDSC (mW/mg/min). Considering the presence of multicollinearity, an artificial neural network (ANN) was best fit to the three simultaneous responses
of RM, DTG, and DDSC as a function of temperature and heat-

Fig. 1 – (D)TG curves of the spent potlining combustion in the air atmosphere as a function of heating rate and temperature.
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2.2.

Fig. 2 – Ignition temperature according to the (D)TG curves
of the spent potlining combustion at 5 °C/min.

Table 3 – Combustion parameters of spent potlining in the
air atmosphere at the four heating rates.
β ( °C/min)

Ti ( °C)

Tp ( °C)

Tf ( °C)

-Rp

-Rv

5
10
15
20

533.24
546.90
556.80
563.10

588.10
604.70
611.30
622.50

828.20
838.89
847.41
853.66

2.99
5.27
7.20
8.81

0.41
0.79
1.17
1.53

Ti : ignition temperature; Tf : final or burnout temperature; Tp : peak
temperature; -Rp : maximum reaction rate; Rv : average reaction rate.

between the inside and outside of the fuel did not promote
the degradation of fixed carbon (Gai et al., 2015). A shoulder
observed in the DTG curve suggested the two sub-reactions
during the SPL decomposition. The detailed discussion is presented in Section 2.2.

Heat exchange regimes as a function of heating rate

The (D)DSC curves are depicted in Fig. 3. The DSC curves indicated the heat release during the chemical reactions. Based
on the area of the peak of the DSC curves through integration, thermal degradation heat per unit weight was obtained. There was one single exothermic peak in the DSC
curves (Cheng et al., 2019). The heat release decreased from
32.54 to 20.33 kJ/g with the increased heating rate. SPL had
the fixed carbon and higher heating values of 69.11% and
22.21 MJ/kg, respectively. Within the range of different coal
types, its calorific value varied between 20 and 30 MJ/kg
(Richards et al., 2021). Mureddu et al. (2018) reported that the
heat releases of three typical coal combustions changed from
12.9 to 22.5 kJ/g at the heat rate range of 10–50 °C/min. Thus,
the heat release of the SPL combustion appeared to be able
to meet the energy needs of various iron-making plants. With
the slow temperature rise, the decomposition of fixed carbon
had enough time to be completed and to release more heat.
The increased heating rate appeared to shorten the time to
reach a specific temperature. The surface temperature of the
solid particles was slightly higher than their interior temperature (Liu et al., 2018a). This limited the effective completion
of the fixed carbon decomposition, increased the peak width
of the heat flow in a short reaction time, and grew the residual
heat at the higher heating rate. This result was consistent with
the previous study (Pourmortazavi et al., 2009). The exothermic peak was slightly shifted to a higher temperature region
and grew wider with the increased heating rate, as was also
reported by Wang (Wang et al., 2016). The DSC results were in
agreement with the (D)TG results.
The DDSC curves indicated the rate of change in the heat
release (Fig. 3b) and pointed to the two peaks during the decomposition process. The heat release firstly peaked at 550.1,
576.3, 582.4 and 588.3 °C for the four heating rates, respectively. The peaks represented the rapid decomposition of fixed
carbon. The increased peak value of the DDSC curve with the
elevated heating rates indicated the lower intensity of the heat
release (Striūgas et al., 2017). A slight char formation occurred
during the rapid combustion of fixed carbon. The heat release

Fig. 3 – The (D)DSC curves of the spent potlining combustion in the air atmosphere as a function of heating rate and
temperature.
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Fig. 4 – Kinetic plots according to the (a-d) KAS, (b-e) Tang, and (c-f) FWO methods for the first and second steps as a
function of heating rate.

fell with the rising temperature below the zero point of the
DDSC curve. The second peaks occurred at 631.9, 640.2, 646.2,
and 667.4 °C for the four heating rates, respectively. The peak,
the maximum rate of the heat release, appeared to point to
the complete combustion of fixed carbon. It also indicated the
start of the temperature of partial char burning as well as the
decomposition of inorganic matter (Striūgas et al., 2017). The
char decomposition temperature was significantly delayed by
the increased heating rate. The DDSC peak suggested that
other reactions occurred in this stage. According to the DDSC
peak, the SPL decomposition was divided into a two-step reaction for the kinetic analysis.

2.3.

Table 4 – Activation energy (Eα ) estimates and coefficients
of determination (r2 ) according to the KAS, Tang and FWO
methods for the SPL combustion.
KAS

Tang

Phase

α

Eα (kJ/mol) r2

Eα (kJ/mol) r2

Eα (kJ/mol) R2

I

0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
Average
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
Average

198.29
208.49
213.39
214.80
220.99
224.86
225.56
228.59
229.11
227.67
230.32
228.90
227.78
228.52
230.26
233.05
236.91
223.97
245.99
241.19
234.40
227.80
222.79
220.12
213.76
211.04
209.01
210.24
213.30
225.14
245.34
266.54
227.62

198.70
208.91
213.81
215.23
221.42
225.28
225.99
229.01
229.54
228.1
230.76
229.34
228.08
228.97
230.71
233.51
237.36
224.40
246.45
241.65
234.88
228.29
223.3
220.64
214.30
211.58
209.56
210.80
213.85
225.69
245.86
267.06
228.14

201.18
211.15
215.97
217.46
223.47
227.24
227.99
230.96
231.54
230.25
232.85
231.57
230.44
231.36
233.10
235.85
239.62
226.59
248.61
244.10
237.71
231.50
226.82
224.37
218.41
215.92
214.09
215.39
218.44
229.86
249.24
269.65
231.72

Activation energy as a function of conversion degree

The isoconversional methods without a prior assumption of a
given reaction model are commonly used in the kinetic analysis, as is highly recommended by the Kinetics Committee
of the International Confederation for Thermal Analysis and
Calorimetry (Vyazovkin et al., 2011). The kinetic linear plots
of the KAS, FWO and Tang methods are shown in Fig. 4 in response to the conversion degree range of 0.10 to 0.90. More stable compounds were reported to form with the increased conversion degree through the fragmentation and repolymerization reactions (Zhang et al., 2018b). The complex compounds
such as char, cryolite, and inorganic salt contributed to the
different SPL decomposition stages. Thus, a two-step reaction
was adopted to analyze the reaction mechanism in this study.
As with the above DDSC analysis, the SPL decomposition process was mainly divided into decompositions of fixed carbon,
char, and inorganic matter. The fixed carbon decomposition
was dominant at the first step of the SPL decomposition. The
second step was complex and not stable in the decomposition
process. Thus, the conversion degree from 0.10 to 0.75 was

II

0.9936
0.9993
0.9999
0.9982
0.9982
0.9986
0.9981
0.9976
0.9973
0.9963
0.9962
0.9952
0.9950
0.9948
0.9956
0.9936
0.9931
0.9918
0.9918
0.9909
0.9907
0.9920
0.9904
0.9945
0.9957
0.9974
0.9969
0.9957
0.9957
0.9966
0.9931

FWO
0.9993
0.9999
0.9982
0.9982
0.9986
0.9981
0.9977
0.9973
0.9963
0.9962
0.9953
0.9951
0.9949
0.9956
0.9936
0.9931
0.9939
0.9918
0.9919
0.9909
0.9908
0.9921
0.9904
0.9946
0.9958
0.9975
0.9969
0.9958
0.9958
0.9966
0.9931

0.9994
0.9999
0.9984
0.9984
0.9988
0.9983
0.9979
0.9976
0.9967
0.9966
0.9958
0.9957
0.9955
0.9962
0.9944
0.9940
0.9946
0.9928
0.9928
0.9920
0.9920
0.9931
0.9917
0.9953
0.9964
0.9978
0.9974
0.9964
0.9963
0.9970
0.9939

adopted to estimate the reaction mechanisms (Chen et al.,
2015). The Eα estimates according to the model-free methods
are depicted in Table 4.
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Fig. 5 – Comparisons of the experimental (solid) curves versus (a) the theoretical reaction models using the master-plots
method for the (b) first and (c) second steps.

With the increased reaction process, more stable inorganic
materials were formed due to the strong decomposition of the
chemical bonds thermally favored at the higher temperature.
The reaction hardly occurred in this stage. The r2 value was
higher than 0.99 for the two-step decomposition process according to the Eα estimates derived from the KAS, Tang and
FWO methods as follows (Liu et al., 2017):
FWO : ln β = ln

Ea
AEa
− 5.3305 − 1.052
RG(α)
RT

(15)

KAS : ln

Ea
β
AR
−
= ln
Ea G(α)
RT
T2

Tang : ln

β
AEa
Ea
= ln
+ 3.635041 − 1.894661 ln Eα − 1.00145
RG(α)
RT
T 1.894661

(16)

(17)
The consistent Eα estimates according to the KAS and Tang
methods indicated the high estimation accuracy. The FWOderived Eα estimates were slightly higher the other methodsderived ones. This may be due to the corrected approximation of the temperature integral of the FWO method (Cao et al.,
2019). The Eα estimate was a constant for a single step reaction and changed with the conversion degree for a multi-step
reaction (Zhang et al., 2018a). For the isoconversional methods, Eα varied with the conversion degree. A single step reaction is considered to occur when the range between the maximum and minimum Eα values remains within 20–30% of the
average Eα value (Vyazovkin et al., 2011). The average Eα estimate by the KAS and Tang methods was selected to determine
the reaction model. The average Eα estimates were 224.18 and
227.88 kJ/mol for the first and second steps, respectively. A
higher Eα value pointed to the more difficulty with which
chemical reaction occurred. The release of volatiles matter
can significantly increase the surface area available for the reaction and influence the reactivity of the carbonaceous materials (Flores et al., 2019). It may enable a more difficult reaction than the combustion of coal with high volatiles matter to
occur (Jayaraman et al., 2020). The volatiles matter produced
from the carbonaceous materials varies significantly depending on the processes involved in iron-making (Flores et al.,
2019).

2.4.
Reaction mechanisms and orders as a function of
heating rate
The reaction mechanism is a theoretical function to describe
the reaction process of the solid phase (Irmak Aslan et al.,
2017). The integral master-plots method was selected to estimate the kinetic triplets of Eα , A, and f(α) for the SPL decomposition. The best-fit models of the experimental values
of p(u)/p(u0.5 ) and the theoretical values of G(α)/G(α 0.5 ) versus
conversion degree are shown in Fig. 5. The kinetic mechanism
could not be expressed using a single kinetic model for the two
steps of the SPL decomposition with the four heating rates.
The comparison of the experimental and theoretical curves
demonstrated that the kinetic model was best described using the following Fn model: f(α) = (1-α)n . The pre-exponential
factor was determined with the appropriate reaction model of
Fn as follows (Chen et al., 2015):

G(α) =

1−n
−1
AEα
(1 − a)
p(x) =
βR
n−1

(18)

The plot of [(1-α)1-n -1]/(n-1) versus Eα p(x)/βR is depicted in
Fig. 6. In order to accurately determine the reaction order, n
was increased from 1 to 3.5 at an interval of 0.1. The most
suitable n was determined with the intercept being close to
zero and the highest r2 value (Fig. 6). The r2 value of greater
than 99.20% regardless of the heating rate suggested that the
two-step SPL decomposition could be probably described using a single kinetic triplet although the different heating rates
caused the different reaction models (Song et al., 2020). The
complex reaction at the higher temperature due to the decomposition of inorganic matter was attributed to the slight
scattering. A was estimated from the slope of the fitted line
in Fig. 6. The kinetic triplets of Eα , A, and f (α) for the SPL decomposition are presented in Table 5. The values of A were
above 109 during the entire process and pointed to a simple
and higher complex reactive system (Yuan et al., 2017). Its variation between 1010 and 1012 suggested that the activated complex was restricted in its rotation when compared to the initial
reagent (Yuan et al., 2017). The reaction order was estimated
at 1.5 for 5, 10, 15 and 20 °C/min for the first step and at 3.0
for 5 and 10 °C/min and at 2.5 for 15 and 20 °C/min for the
second step. The third-order reaction model suggests that the
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Fig. 6 – Plots of [(1-α)1-n -1]/(n-1) versus Eα p(x)/βR for the (a) first and (b) second steps of the spent potlining combustion at the
four heating rates and of the theoretical and experimental curves at 5,10, 15 and 20 °C/min for the (c, d, e, f) first and (g, h, i,
j) second steps.

Table 5 – Kinetic parameters estimated for the four heating rates.
Phase

β ( °C/min)

A (1/s)

f (α)

Eα (kJ/mol)

I

5
10
15
20
5
10
15
20

8.9092 × 1012
8.7667 × 1012
10.0150 × 1012
9.2506 × 1012
8.6787 × 1011
8.3685 × 1011
5.1289 × 1011
5.6419 × 1011

(1-α)1.5

224.18

(1-α)3.0

227.88

II

(1-α)2.5

y = 5.1289x + 0.0433 for 15 °C/min; y = 5.6419x – 0.0527 for
20 °C/min for the second step.
The accuracy and reliability of the estimated kinetic parameters at the heating rates of 5 to 20 °C/min were further
assessed comparing the experimental and theoretical conversions (Figs. 6c to j). The agreement between the experimental and calculated results was above 98.64%. The close agreements between the theoretical reaction models and the experimental curves as well as between the theoretical and experimental conversions indicated the accuracy and reliability of
the reaction models.

2.5.
chemical reactions in the decomposition of SPL involved the
rate-limiting steps rather than the diffusion or phase boundary processes. This model corresponded to the cracking and
depolymerization reactions in the second step (Irmak Aslan
et al., 2017). A higher reaction order suggests a more complex
reaction (Lopes and Tannous, 2020), as with the second step
of the decompositions of inorganic compounds or char. The
reaction rate-limiting model indicated a reverse effect on the
combustion due to its difficulty of the reaction. The best-fit
linear regression models for the first step were as follows:
y = 8.9092x + 0.0309 for 5 °C/min; y = 9.7667x - 0.0061 for
10 °C/min
y = 10.0150x + 0.0019 for 15 °C/min; y = 9.2506x + 0.0050
for 20 °C/min for the first step; and
y = 8.6787x – 0.1149 for 5 °C/min; y = 8.3685x – 0.1536 for 10
°C/min

Gas emissions

Most of the evolved gasses of CO2 , HNCO, NO, and NO2 were
released in the range of 450–800 °C (Fig. 7). The m/z value of
44 may refer to the mixed compounds of CO2 and N2 O. The
formation of CO2 was observed mostly due to the oxidation
of fixed carbon in the range of 450–800 °C. The N-containing
compounds were released slightly most likely due to their
decomposition. HNCO was formed when the N-containing
compounds decomposed reacted further with OH, O, and H
(Wang et al., 2019). NCO, a product of the HNCO decomposition, was able to react with NO to form N2 O (Sun et al., 2013).
The low conversion ratio of N to NO was most likely due to the
residual ash and CO effect (Shah et al., 2018). It appeared to immediately occur with the formation of NO (C + NO → CO + 1/2
N2 , CO + NO → CO2 + 1/2 N2 ) (Hao et al., 2018). Another explanation is that the increased NO2 emission was formed by
the following reaction: NO + O2 → NO2 + O and was not
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Fig. 7 – Gas emissions from the spent potlining combustion in the air atmosphere at 10 °C/min.

converted back to NO due to the poor mixing (Benajes et al.,
2014). The formation of the metal oxidation may catalyze the
reduction of NO at the higher temperature (Hao et al., 2018).
Overall, the SPL combustion released the N-containing gasses
slightly but no S-containing pollutants. Thus, SPL reduces SOx
emissions and enhances the green economy by desulfurizing
the hot metal and steel production owing to its low S content
relative to the other common carbonaceous fuels (Flores et al.,
2019).
The fluoride content of SPL was above 10% and plays a key
role in assessing the environmental toxicity of the SPL degradation. The fluoride release cannot be attributed solely to the
formation of hydrogen fluoride (HF) in the flue gasses. The
fluoride emissions from the thermal degradation process are
shown in Table 6. 5 mg fluoride standard solution was added
to the adsorption solution to ensure the accuracy of the test
method. The recovery rate, relative deviation, and relative error satisfied the Chinese criterion indicating the accuracy of
the test method and results. The average fluoride volatilization rate of SPL was estimated at 2.24%. Fluorine gas emission occurred at above 750 °C from the degradation of Na3 AlF6 ,
thus resulting in slight HF emission. Most likely, Na3 AlF6 was
degraded at the high temperature and finally converted to
AlF3 and NaF, while AlF3 was transformed into NaF or CaF2
(Sun et al., 2019a). At above 800 °C, NaF was slightly released
(Zhang et al., 2015a). CaF2 exhibited thermal stability without
the presence of H2 O at below 850 °C (Feng et al., 2016). Since HF
in the flue gas is most likely to lead to corrosion, an additional
measure for the adsorption of the acid gas appears necessary.

Table 6 – Fluoride emission from the spent potlining combustion.
Adsorption
solution

Sample 1

Parallel
sample 1

Sample 2

Parallel
sample 2

Total fluoride (mg)
Fluoride release
(mg)
Volatilization rate
(%)
F− content after
added standard
solution
Recovery rate (%)
Relative deviation
(%)
Relative error (%)

208.00
4.44

208.00
4.23

208.00
5.04

208.00
4.89

2.13

2.03

2.43

2.35

8.65

/

9.19

/

86.30

/
2.40

84.50

/
1.60

6.67

2.6.

Ash properties

2.6.1.

Micromorphology surface analysis of SPL ash

According to SEM analysis, the micromorphological change in
the solid particle surface of the SPL ash relative to the control sample is illustrated in Fig. 8. The irregular block materials were observed whose dispersed and rough surfaces were
attributed to the bulk materials, while there were less large
block materials on the surface of the control sample (Figs. 8ac). This may elevate the amount of fixed carbon in SPL. The ash
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Table 7 – Training and 5-fold cross-validation performances of the best-fit ANN of the multiple thermal responses.
Training
Measures

r2 (%)
RMSE
N

Random 5-fold cross-validation

RM
(%)

DDSC
(mW/mg/min)

DTG
(%/min)

RM
(%)

DDSC
(mW/mg/min)

DTG
(%/min)

99.88
1.13
13,908

44.92
1.16
13,908

98.17
0.20
13,908

99.88
1.13
3476

44.08
1.23
3476

98.23
0.20
3476

Fig. 8 – Micromorphological changes between the surfaces of the (a to c) control and (d to e) treatment (residual ashes) spent
potlining samples at 900 °C.

Fig. 9 – XRD pattern of the spent potlining combustion from
30 to 900 °C at 5 °C/min.

particles of the SPL combustion had a dense structure and
smooth surface which pointed to the slight melting and deposition processes (Figs. 8d-f). This was mainly attributed to its
higher alkali metal content, and thus, gave rise to the lowermelting point compounds of the ash formation (Wang et al.,
2017a). The formation of strip matters was observed most
likely due to more inorganic compounds from the thermal
degradation process.

2.6.2.

Roles of inorganic compounds in slagging mechanisms

The common discriminant indices were adopted in this
study in order to predict the ash slagging trend as follows
(Chen et al., 2019; Guo et al., 2018):
Base/acid ratio (B/A) = (Fe2 O3 + CaO + MgO + Na2 O
K2 O)/(SiO2 + Al2 O3 + TiO2 )
Silica ratio (G) = (100•SiO2 )/(SiO2 + Fe2 O3 + CaO + MgO)
Iron/calcium ratio (I/C) = Fe2 O3 /CaO

Fusion temperature index (F) = (SiO2 + K2 O + P2 O5 )/
(CaO + MgO)
The level of slagging is generally considered slight when
B/A < 0.206, G> 78, and I/C beyond the range of 0.3–3; medium
when 0.206 < B/A < 0.4, 66.1 < G < 78, and 0.3 < I/C < 3; and
severe when B/A > 0.4, G < 66.1, and I/C close to unity. According to Table 1, the SPL ash was rich in Na and Al but low
in silica. Its B/A, I/C, G, and F values of 1.47, 1.21, 44.83, and
1.91, respectively, indicated a severe ash slagging issue with
the combustion process. This was most likely due to the high
Na content of SPL since the alkali metals had a low melting
temperature at around 800 °C where severe slagging occurred.
The SEM results in Fig. 8 verified that the SPL ash gradually
grew sticky at 900 °C. The SPL particles were found to have
agglomerated and grown sticky at around 800 °C due to their
melting NaF (Courbariaux et al., 2004). The treatment sample (the combusted SPL) included NaF, CaF2 , NaAl11 O17 , Fe2 O3 ,
NaAlSiO4 , and Al2 O3 (Fig. 1). The XRD results in Fig. 9 presented the complete fixed carbon combustion and the decomposition of Na3 AlF6 into NaF and CaF2 . NaF and CaF2 were the
co-solvent in the ash which caused the SPL agglomerate formation at the high temperature. The Al2 O3 content of SPL reacted with Na to form the higher melting temperature compounds which increased the ash melting temperature through
the following pathways: Na2 O + 11Al2 O3 = 2NaAl11 O17 and
Na2 O + Al2 O3 + 2SiO2 = 2NaAlSiO4 . The slagging mechanisms
to which the inorganic elements contributed differed significantly. Slightly free Al and Fe mainly remained in the ash
as Al2 O3 and Fe2 O3 , respectively. The low reactivity of Fe in
the oxidative atmosphere at the high temperature exerted no
significant influence on the ash fusion temperature. Ca first
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Fig. 10 – Pearson’s correlation matrix of the measured variables (n = 17,384; p < 0.001) (∗ denotes p > 0.05).

reacted with fluorine but not with free Al. The optimal SPL
combustion temperature was below 900 °C in order for the inorganic substances not to severely damage the industrial furnace. The NaF decomposition and release at above 850 °C increased the environmental risk (Zhang et al., 2020a). The severe ash fusion occurred at 950 °C which reduced the combustion performance and reliability and increased its operational difficulty (Zhang et al., 2020b). Overall, the operationally
critical temperature of the SPL combustion was in the range
of 450–800 °C. This range simultaneously leveraged the complete combustion of the fixed carbon content of SPL, the reduction in the ash slagging, and the adsorption of the majority of fluoride onto the ash. Also, the addition of as little SPL
as 5% to coal may avoid the risk of (co-)combustion instability and control the fluorine pollution in the industrial applications (Yang et al., 2008).

2.7.
ANN-based joint optimization of multiple thermal
responses
Pearson’s correlation matrix (Fig. 10) pointed to the multicollinearity issue between time and temperature (r = 0.66) as
well as between DTG and DSC (r = 0.94) (p < 0.001). Therefore,
temperature and heating rate as the explanatory variables and
DTG, DDSC, and RM as the response variables were retained in

Fig. 11 – Joint optimization of the three responses based on
ANN with gradient boosting and the relative importance of
the two predictors as is indicated by the white-to-red (a
stronger influence) color intensity.
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Fig. 12 – The response surfaces of (a) RM, (b) DTG, (c) DSC, and (d) DDSC created by interactions between temperature (T) and
heating rate (HR) in the 2- and 3-D plots.

the best-fit ANN built with gradient boosting in this study. The
5-fold cross-validation of the best-fit ANN resulted in a range
of r2 values of 44.08% for DDSC to 99.88% for RM (n = 17,384;
p = 0.05) (Table 7). The best joint optimization of the three responses (D = 0.769) was achieved with the optimally combined
operational settings of 783.5 °C and 5 °C/min (Fig. 11).
The relative predictor importance based on the Monte
Carlo resampling showed that the combustion temperature
exerted a greater influence on the joint and individual responses than did the heating rate (Fig. 11). Given the intersection between the maximum composite desirability (D = 0.769)
and the desirability trace of the temperature factor (the last
row of the first column) in Fig. 11, the optimal combustion
temperature may be either decreased up to 675 °C depending on the trade-offs between the costs and benefits associated with the energy price, the complete fixed carbon combustion, and the avoidance of the issues of ash slagging and
fluoride emission. The interaction effects of the combustion
temperature and heating rate on the four responses were further analyzed using the two- and three dimensional (2- and 3D) response surfaces (Fig. 12). The plots show that the greater
the difference in parallelism (slope) between the lines, the
wider the range of the response, and the higher the degree
of the two-way interaction (Fig. 12). Thus, the temperatureby-heating rate interaction exerted a stronger impact on the
responses in the following pattern: RM < DDSC < DSC < DTG.

3.

Conclusion

The SPL decomposition occurred between 450 and 800 °C.
The two peaks observed in the DDSC curve pointed to the
rapid fixed carbon combustion and the start of the char burning temperature. The heat release decreased from 32.54 to
20.33 kJ/g with the increased heating rate. The SPL decomposition was divided into two steps. The two-step reaction was
described using a single kinetic triplet and the best-fit model
of f(α) = (1-α)n regardless of the heating rate. The SPL combustion emitted CO2 , HNCO, NO, and NO2 but SOx . Its desulfuriza-

tion of the hot metal and steel production enriches the circular
and green economy. The three joint responses were best optimized combining the combustion temperature of 783.5 °C and
the heating rate of 5 °C/min. The strongest and weakest interactions between the temperature and heating rate occurred
with the responses of DSC and RM, respectively. The ash slagging indices also pointed to a severe slagging issue with the
industrial applications of SPL as an alternative fuel. Overall,
our findings can contribute to a better equipment utilization
as well as the green and circular economic production of the
industrial plants.
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