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a b s t r a c t

Co-combustion performances, ashes, gases and thermodynamics were quantified for spent potlining
(SPL) and textile dyeing sludge (TDS) (with)out CaO. During the four decomposition stages of the blends
according to the (D)TG experiments, the interaction among Na, Ca, F, Al, and S led to CaAl2O4, CaF2, and
Na2SO4 which converted inorganic compounds into ash. Increased comprehensive combustion index,
and decreased burnout temperature with 50% SPL indicated a better combustion and char burnout, and a
shorter combustion process. CaO reduced the F volatilization and increased F� in the residual ash with
10% CaO. NaF was completely converted into CaF2 reducing the toxicity of soluble F� in the residual ash.
The predom diagram of NaeCaeFeS using thermal simulations showed the stable existence regions of
CaF2 and Na2SO4. The changed migration mechanisms of F� and S caused ash compositions to consist of
Na2SO4 and CaF2 for the co-combustions, and of NaF and CaSO4 for the mono-combustions. 10% CaO
promoted CaF2, Na2SO4, CaAl2O4, and to a lesser extent, Fe2O3. The main gases evolved from the co-
combustion included HF, SO2, COS, CS2, HCN, NH3, NO, and NO2.

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

Globally, China is the largest textile producer supplying 40% of
world exports (Hasanbeigi and Lynn, 2012). Typically, 200e350m3

of pure water is required for one ton of dyed textile products (Liang
et al., 2014). Around 2.37� 109 tons of textile wastewater, and
5.38� 106 tons of textile dyeing sludge (TDS) with 80% moisture
content were generated as the by-product of the textile wastewater
treatment plants in China in 2012 (Ning et al., 2014). TDS contains
many complex chemical compounds such as perishable organics,
pathogens, surfactant, and heavy metals (e. g., Cd, Zn, Cr, and Cu)
(Xie et al., 2018a), thus posing a severe threat to the ecosystem
health. The dominant sludge disposals were in the form of agri-
cultural applications, landfills, deep-sea dumps, and (co-)combus-
tions. However, the agricultural applications, and landfills are
becoming increasingly limited due to the harmful chemical and
land occupation impacts of TDS, while sea dumps are banned
(Zhang et al., 2013). Among the currently existing methods, high-
technology (co-)combustion pathways have come to the forefront
since the use of TDS as a feedstock provides energy generation,
waste stream reduction, disposal of its toxic components, and by-
products such as residual ash as a building material (Cie�slik et al.,
2015; Kijo-Kleczkowska et al., 2016; Zhuo et al., 2017; Hao et al.,
2018a). However, the mono-combustion of TDS is unstable due to
its low calorific value and high ash content (Xie et al., 2018a). The
TDS co-combustions with a high calorific value feedstock such as
energy crops, biomass residues, and coal have been reported not
only to achieve a better combustion performance but also to
decrease the operational cost and pollutant emissions (Wang et al.,
2018a; Xie et al., 2018b).

Globally, about 1e1.5� 106 tons of spent potlining (SPL) are
annually generated from the aluminum production as a by-product
with the high amounts of soluble fluoride (NaF, CaF2, and Na3AlF6),
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and cyanide (NaCN, Na4Fe(CN)6, or Na3Fe(CN)6) (Gao et al., 2016;
Sun et al., 2019). Thus, SPL was classified as a hazardous solid waste.
When compared to the common treatment methods such as
physical separation (Li et al., 2014), and chemical extraction (Birry
et al., 2016), the modern (co-)combustion technology is consid-
ered an effective method to treat SPL since it reduces the SPL vol-
ume, and its toxic content and provides heat owing to its 60% or
higher carbon content. It also avoids the disadvantages of the
physical separation and chemical extractionmethods such as a long
leaching time, a low leaching rate, and water pollution (Xiao et al.,
2018). SPL was also found to performwell as a secondary fuel in co-
firing for the cement plants (Ospina and Hassan, 2017). SPL
replacement of coal was reported to reduce coke rates and green-
house gas emission from the iron-making process (Gao et al., 2016).
SPL has a similar carbon content but a higher calorific value
(22.21MJ/kg) than that of coal (14.91MJ/kg) (Namkung et al., 2018).
SPL may be applied as a complementary fuel in the co-combustion
with TDS to achieve a higher comprehensive combustion
performance.

The high sulfur and fluoride contents of TDS and SPL, respec-
tively, may release air pollutants during their co-combustion due to
the interaction among the mineral elements (Zhang et al., 2017).
Adsorption is an effective technique for the removal of contami-
nants, as demonstrated by the use of the fly ash to remove fluoride
and phosphate (An et al., 2016). In the industrial sector, CaO has
been used as an effective adsorbent to reduce the associated air
pollutants from the (co-)combustions such as SO2, NOx, CO2, and F�

as well as to promote the devolatilization (Allen and Hayhurst,
2015; Fern�andez and Abanades, 2016). The SPL combustion at a
high temperature was demonstrated to convert F� into CaF2, and
then, into residues with the addition of limestone to reduce the
emissions of fluoride (Chi et al., 2017; Courbariaux et al., 2004). The
addition of CaO, the richmineral contents (e.g., Fe, Al, Na, Si, and Ca)
of SPL and TDS, and the interaction among the minerals can affect
the ash deposition and slagging formation during the co-
combustion which in turn reduces the heat transfer and combus-
tion performance (Chi et al., 2017). For example, Na combined with
(alumino)silicates to form alkali-rich (alumino)silicates was found
to influence the surface of deposited ash, and porosity structure at
low melting temperatures (Wei et al., 2018; Okoye et al., 2017). Fe
and Swere separately shown to lead to the formations of Fe2O3, and
CaSO4 or Na2SO4, respectively, in ash in which case CaSO4 plays an
important role in slagging at about 1000 �C (Wei et al., 2018). More
stable and high-melting temperature inorganic compounds can be
formed due to the interaction between SPL and TDS, thus contrib-
uting to a complete reaction.

To the best of our knowledge, there is no study about the co-
combustion performance, gas evolution and ash deposit formation
of TDS and SPL that consider the addition of CaO, and the interaction
among S, F�, and minerals. Therefore, the objectives of this study
were to (1) quantify the co-combustionperformances of TDS and SPL
using non-isothermal thermogravimetric (TG) analyses; (2) identify
gas products when CaO was added using TG-mass spectrometric
(TG-MS) analyses; (3) determine the mineral phase transformations
and elemental distributions of ashes using X-ray Power Diffraction
(XRD) and X-ray Fluorescence (XRF) spectrometric analyses,
respectively; and (4) thermally simulate the interaction among S, F�,
alkali metals, and ash using FactSage 7.1 software.

2. Materials and methods

2.1. Sample collection and preparation

SPL and TDS were sampled from aluminum smelter and textile
dyeing plants in Guangzhou and Foshan of the Guangdong Province
in China, respectively. Prior to the start of the experiments, all the
samples were air-dried in an oven at 105 ± 1 �C for 24 h, smashed,
sieved with a 74-mm sieve and stored in the desiccators for further
testing. Physicochemical properties of SPL and TDS were reported
in our previous study (Huang et al., 2019; Sun et al., 2019). Themass
weight (wt) fractions of TDS in the seven blend ratios of SPL/TDS
were set as 0, 50, 60, 70, 80, 90 and 100% and coded thus: SPL, 5/5,
4/6, 3/7, 2/8, 1/9, and TDS, respectively. Also, 3%, 5%, 7% and 10% CaO
were added to the 5/5 blend coded as 5/5 þ 3% CaO, 5/5 þ 5% CaO,
5/5 þ 7% CaO, 5/5 þ 10% CaO, respectively.

2.2. Experimental design

Thermogravimetric experiments were conducted using a
simultaneous DSC-TGA analyzer (NETZSCH STA 409 PC Luxx, Ger-
many) with a detection sensitivity of 0.001mg. Approximately
6.000± 0.500mg of sample were used in Al2O3 crucible for each
experiment. The samples were heated from 30 to 1000 �C at
20�C$min�1 in the air atmosphere with a flow rate of 50mLmin�1.
Initially, several experiments without the samples were performed
to obtain the baselines to minimize the instrumental errors. Each
experiment was repeated at least three times under the same
condition to ensure that errors were within ±2%. TG and derivative
TG (DTG) curves were obtained directly from the
NETZSCHeT4eKinetic 2 software.

The ultimate analysis results, and higher heating values (HHV)
were determined using an elemental analyzer (Elementary Analy-
sen Systeme Gmbh, Germany) and a Parr 6300 Oxygen Bomb
Calorimeter (Parr Instrument Company, United States), respec-
tively. The proximate analysis was performed using a muffle
furnace (SX-G12123, China) according to the Chinese criterion “GB/
T212-2008”. The proximate and ultimate analyses, and HHV (Qnet)
of SPL and TDS are shown in Table 1.

F� was determined using an ion selective electrode (ISE,
Pinnacle-315P, USA). Na was detected using an atomic absorption
spectrophotometer (AAS-240, USA), while Al was determined using
the chemical titration method. An inductively coupled plasma op-
tical emission spectrometer (ICP-OES, ICAP7400, Thermo, USA) was
used to obtain the compositions of the other minerals. All the re-
sults are presented in Table 1.

Crystalline phases were determined using an XRD (MiniFlex
600, Rigaku Corporation, Japan) at a scanning range and velocity of
10e90� and 2�$min�1, respectively. The X-ray tube was performed
at 40 kV and 40mA. The powdered samples were analyzed using Cu
Ka radiation (l¼ 0.15418 nm) with a step size of 0.02�. The
instrumental goniometer reproducibility was 0.0001�. The chemi-
cal compositions of the residual ash were measured using a
wavelength dispersive XRF spectrometer (WDXRF, AxiosmAX
Petro, PANalytical B.V. Corporation, Netherlands). Its test range was
1 ppm, while the instrumental accuracy was less than 0.05%.

The TG-MS spectrometric experiments were carried out using a
Thermo Mass Photo TG-DTA-PIMS 410/S (Rigaku Corporation,
Tokyo, Japan) with an electron bombardment ionization source.
The TG-MS analyses were conducted in the range of 30e1000 �C at
a heating rate of 20 �C$min�1 in the air atmosphere with a flow rate
of 150mLmin�1.

2.3. (Coe)combustion performances

The following five (co-)combustion characteristic parameters
were used in this study: (1) peak temperature (Tp), (2) ignition
temperature (Ti)dthe intersection between the tangent line of the
point at which decomposition started and the tangent line of (3)
the maximum weight loss rate (-Rp), and (4) burnout or final
temperature (Tf)d98% of total mass loss, and (5) average weight



Table 1
Physicochemical properties of SPL and TDS (Huang et al., 2019; Sun et al., 2019).

Parameter SPL TDS Chemical matter (wt%) SPL TDS

Ultimate analysis (wt%) Na2O 11.44 3.84
C 69.11 16.62 Al2O3 7.58 0.47
H 0.40 3.02 CaO 1.17 5.58
N 0.16 3.33 Fe2O3 1.42 35.80
Proximate analysis (wt%) MgO 0.13 0.84
Moisture 0.73 5.70 K2O 0.27 0.18
Volatiles 1.56 27.83 SiO2 2.21 4.33
Fixed carbon 68.67 3.62 P2O5 <0.01 1.43
Ash 29.04 62.85 F 10.40 /
Higher heating value (MJ/kg) 22.21 6.95 S 0.26 6.82

Fig. 1. (D)TG curves of (a) SPL and (b) TDS mono-combustion in the air at 20 �C,min�1.

G. Sun et al. / Journal of Cleaner Production 224 (2019) 384e395386
loss rate (-Rv). The parameterswere obtained from the (D)TG curves
to evaluate the effects of the heating rates on the (co-)combustion
performances (Huang et al., 2016). Comprehensive combustibility
index (CCI) was used to assess the combustion property with the
higher CCI value indicating a better (co-)combustion property and
expressed as follows (Xie et al., 2018a):

CCI ¼
��Rp

�� ð�RvÞ
T2i � Tf

(1)

2.4. Thermodynamic simulations

Thermodynamic equilibriums of the mineral phases were
computed using the FactSage 7.1 software based on the theory of
Gibbs free energy minimization in a closed system. The input data
used were thus: C, H, N, F, S, Na2O, Al2O3, Fe2O3, MgO, CaO, K2O,
SiO2, and P2O5 (Table 1). The gas and condensed phases were
assumed to be ideal and pure, respectively. The combustion tem-
perature varied between 600 and 1200 �C at an interval of 50 �C,
while excess air ratio, and pressure were set to 1.5 and 101.325 kPa,
respectively. The predom diagrams of CaeNaeSeF at 750, 850 and
1000 �C were estimated using the phase diagram of the FactSage
software. The melting temperature of residual ashes in the ternary
phase diagram systems of CaOeNa2OeAl2O3 and CaOe-

Fe2O3eAl2O3 was calculated using the phase diagram of the
FactSage 7.1 software. The amount of melting phase in the residual
ash was estimated as a function of increased temperature.

3. Results and discussion

3.1. Mono-combustion performances of SPL and TDS

The (D)TG curves of the mono-combustions in the air atmo-
sphere at 20 �C$min�1 are shown in Fig. 1. The DTG (Fig. 1b) curves
showed a four-stage mass loss of TDS. The first stage of 30e137.5 �C
occurred with the mass loss of 3.42% due to water evaporation. The
second stage of 137.5e351.5 �C led to a 17.94% mass loss at a
maximum reaction rate of 2.73%$min�1 due to the devolatilization
of organic matters such as carbohydrates, proteins, and aliphatic
(Wang et al., 2018a). The third stage of 351.5e600 �C continued to
combust organic matters with stronger bonds such as aromatic
compounds (Wang et al., 2018a) and had a mass loss of 12.42% at a
maximum reaction rate of 2.19%$min�1. The final stage was due to
the decomposition of inorganic minerals such as carbonate, dolo-
mite, kaolin, and fixed carbon (Liang et al., 2014) with a mass loss of
3.51%.

The DTG curves of TDS and SPL significantly differed under the
same conditions. The DTG (Fig. 1a) curves pointed to a single-stage
decomposition process of SPL between 450 and 800 �C
corresponding to the fixed carbon combustion with a mass loss of
60.92%. No peak of mass loss was observed at below 450 �C which
can be attributed to the low moisture and volatiles, and the stable
inorganic compounds at a lower temperature (such as NaF,
NaAl11O17, CaF2, and Na3AlF6) of SPL. The final masses of SPL and
TDS were estimated at 31.24 and 61.72%, respectively, due to the
higher carbon and lower ash contents of SPL than TDS. The peaks of
mass loss corresponded to 103.8, 277.1 and 416.7 �C for TDS, and to
599.2 �C for SPL, with their maximum rates of 0.98, 2.73, 2.14 and
8.15%$min�1, respectively.

The (co-)combustion parameter estimates in the air atmosphere
at 20 �C,min�1 are presented in Table 2. The maximum combustion
rate, the peak temperature, and the ignition temperature of TDS
were lower than those of SPL. Thus, TDS had higher reactivity due



Table 2
(Coe)combustion parameters of SPL and TDS in the air atmosphere at 20 �C,min�1.

Parameter SPL TDS 1/9 2/8 3/7 4/6 5/5

Ignition temperature (Ti, �C) 551.8 215.6 218.6 222.3 227.9 232.5 235.3
Maximum weight loss rate (-Rp, %,min�1) 8.15 2.73 2.56 2.22 2.64 3.47 4.24
Peak temperature (Tp1, �C) 599.2 277.1 267.7 272.5 279.4 279.1 271.9
Peak temperature (Tp2, �C) / 405.5 415.6 413.5 394.6 401.9 403.6
Peak temperature (Tp3, �C) / / 656.4 637.4 638.5 660.2 652.5
Average weight loss rate (-Rv, %,min�1) 1.42 0.82 0.87 0.92 0.96 1.03 1.13
Final or burnout temperature (Tf, �C) 940.8 977.1 944.8 882.2 863.9 872.6 868.8
Final mass (Mf, %) 31.24 62.72 60.41 57.38 55.18 51.59 46.09
Comprehensive combustion index (CCI, 10�8%2,�C�3,min�2) 4.21 4.90 4.92 4.70 5.65 7.55 9.96
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to its higher volatiles (27.83%) than SPL (1.56%) (Wang et al., 2018a).
The higher CCI of TDS than SPL may result from more easily
degradable organic matter of TDS than SPL (Fan et al., 2016).
However, the higher burnout temperature of TDS than SPL sug-
gested a relatively longer combustion process of TDS than SPL.

The decomposition of CaSO4 in TDS at about 900 �C may
contribute to the longer combustion process of TDS than SPL
(CaSO4þCO/CaOþSO2þCO2) (Tian et al., 2016).
3.2. Co-combustion performances

The co-combustion performances in the air atmosphere at
20 �C,min�1 are presented in Fig. 2. The increased final masses
(from 47.81 to 60.41%) with the decreased blend ratio (the
increased TDS proportion) (Fig. 2a) was attributed to the high ash
content of TDS. A rapid mass loss occurred with the increased TDS
due to the decomposition of its volatiles at below 600 �C but due to
the combustion of fixed carbon in SPL in the range of 600e1000 �C.
The four peaks of the blend combustions (Fig. 2b) were similar to
those of the mono-combustions. The co-combustion reaction rate
rose with the increased TDS at below 550 �C. This suggested that
the reaction rate in this stage was controlled by the decomposition
of organic matter of TDS such as fiber, protein, and saturated
aliphatic chains (Hu et al., 2015). More heat release due to the
volatiles decomposition of TDS in turn boosted the combustion
process of fixed carbon.

The combustion profile of SPL shifted towards a lower temper-
ature than did that of the blends probably due to the decomposition
of fixed carbon, and the release of more heat at above 450 �C. The
conversion rates of the co-combustions lay in between the mono-
combustion ones at below 750 �C, most likely due to the higher
volatiles content of TDS (Fig. 2c). The heat energy associated with
the easily and early combusted volatiles raised the system tem-
perature and promoted the further decomposition of volatiles and
carbon. The reason for the higher conversion rates of the blends
than the individual fuels at above 750 �C may be two-fold: (1) the
early combusted volatiles might burn carbon in SPL, thus causing
more heat and a high flame temperature to favor the combustion
burnout, or (2) the interaction among certain minerals (e.g., Na, Ca,
Si, and Al) of the blends might favor the reaction of inorganic
compounds, and thus, improve the catalytic influence and stability
at> 750 �C.

The lower ignition temperature (Ti) of TDS than SPL indicated an
easier ignition and earlier release of more organic matter of TDS
than SPL. The elevated ignition temperature with the increased SPL
may be explained by the slower devolatilization progress of SPL
than TDS. This case was attributed to the decomposition of fixed
carbon that required more heat energy and was more difficult than
that of organic matter in TDS. The increased SPL (from 10 to 50%)
decreased the burnout temperature (Tf) from 944.8 to 868.8 �C and
the final mass (Mf) from 60.41 to 46.09%. The high Tf value as an
indicator of a long combustion process suggested that the burnout
of the blends was delayed with the increased TDS (Wang et al.,
2018a). The higher CCI of the 5/5 blend than SPL was due to the
high combustion burnout and ignition temperatures of SPL
(Table 2). The CCI rose when TDS decreased from 90 to 50%. The
lower Tf values of the blends than the individual fuels pointed to
their higher burnout performance. The higher CCI and lower Tf
value of the 5/5 blend than the lower blend ratios (the higher TDS)
may be more favorable in terms of the co-combustion performance
(Hao et al., 2018a). Overall, the higher blend ratios were demon-
strated to exhibit a better comprehensive combustion performance.

3.3. Interaction between SPL and TDS

To determine the interaction between SPL and TDS, the exper-
imental and theoretical TG/conversion rate (CR) curves were
compared. The theoretical TG estimates (TGcal) for the blends were
expressed with Eq. (17) thus (Qi et al., 2018):

TGcal¼ xs(TG)SPL þ (1-xs) (TG)TDS (17)

where xs is the SPL fraction of the blends, (TG)SPL and (TG)TDS were
the experimental TG curves of the individual SPL and TDS,
respectively. The theoretical CR estimates (CRcal) for the blends
were expressed with Eq. (18) thus (Wang et al., 2017):

ðCRÞcal ¼
xsMSPL þ ð1� xsÞMTDS

1� xsASPL � ð1� xsÞATDS
(18)

where MSPL and MTDS were the mass losses of SPL and TDS,
respectively; ASPL and ATDS were the ash yields of SPL and TDS,
respectively. Deviation (%) was introduced to assess the strength of
the interactions based on Eq. (19) as follows:

Deviation ð%Þ ¼
�ðTG=DTGÞexp � ðTG=DTGÞcal

ðTG=DTGÞcal

�
� 100% (19)

The experimental and calculated curves of mass loss were
consistent during the decomposition of organic matter at< 450 �C
(Fig. 3). The difference between them in the range 450e850 �C
suggested a more significant interaction between SPL and TDS in
this stage. The reason for this may be related to the fact that the
heat release from the early combustion of volatiles in TDS accel-
erated the endothermic reaction which in turn promoted the late
decomposition of carbon in SPL. The interaction between biomass
and coal was previously reported to be controlled by the thermal
effect (Guo and Zhong, 2018a).

Deviation rose with the increased SPL and peaked (11.31%) with
the 5/5 blend at 641.7 �C during which the experimental mass loss
lagged behind the calculated one which pointed to some in-
teractions (Li et al., 2018). On the contrast, the calculated mass loss
significantly lagged behind the experimental one for the blends



Fig. 2. (a) TG, (b) DTG and (c) conversion rate curves of (co-)combustions in air at-
mosphere at 20 �C,min�1.

Fig. 3. (a) Experimental and calculated TG curves of the blends, (b) deviation profiles,
and (c) experimental and calculated conversion rates of the 5/5 blend in air atmo-
sphere at 20 �C,min�1.
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most likely due to the heat release from the combustion of carbon
in SPL that increased the mineral interaction rate. The char for-
mation due to the TDS decomposition may have catalyzed the
degradation of SPL ash residues such as Fe, Ca, and Si, thus leading
to a complete combustion (Xie and Ma, 2013). The conversion rate
was not consistent between the experimental and calculated
curves at above 450 �C (Fig. 3c), which pointed to some interaction
for the blends. Also, the higher experimental conversion degree
than the calculated one pointed to the early completion of the re-
action. This case was attributed to the interaction among the
mineral elements of SPL and TDS, and to the subsequent formation
of more stable inorganic compounds. The deviation values were
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less than 2% at below 450 �C, thus suggesting no interactions for the
blends (Guo and Zhong, 2018b). Overall, some interactions
occurred in the range of 450e1000 �C, with the 5/5 blend exhibiting
the strongest interaction.

3.4. Effect of CaO additions on co-combustions

In response to the addition of the four CaO ratios to the 5/5
blend, the (D)TG curves in the air atmosphere at 20 �C,min�1

showed the similar trends that were divided into the four stages in
the ranges of 30e137.5, 137.5 to 500, 500 to 800 and 800e1000 �C
(Fig. 4). The peak temperature shifted towards the low temperature
with more than 7% but not less than 5% CaO (Fig. 4ced). Ca was
reported to act as an O2 carrier increasing its reactivity (Niu et al.,
2015). Similarly, the increased addition of CaO to the blends in
the present study caused O2 to easily capture free Ca, thus
improving the reactivity. The interaction between CaO and the
blendsmade themaximumpeak temperature shift towards the low
temperature, thus increasing the reaction rates.

The lower Ti and Tf values with the 5/5 þ 10% CaO blend (Table 3)
indicated an easily occurring ignition and a short combustion time.
CaO improved the combustion performance and promoted the
maximum reaction rate. The reaction of the low CaO content of the
blend with F� to form CaF2 weakened the catalytic effect of CaO (Liu
et al., 2018a). The increased CaO addition may cause the mineral el-
ements to interact with Ca, thus generating CaeAl and CaeSi com-
pounds, which in turn improve the catalytic influence and stability
(Wang et al., 2019). CaO may react with CO2 to form CaCO3 in the
range of 650e700 �C. The increased porosity of sample surface due to
the decomposition of CaCO3, the formations of CaSO3 and CaSO4 at
the high temperature, and the resultant CO2 emission appeared to
enhance the oxygen diffusion, and thus, the combustion properties.

3.5. Residual ashes of mono-combustions without CaO addition

The XRD and XRF analyses were performed for the residual
ashes of the individual SPL and TDS, and their elemental retentions
and phases (Fig. 5). SPL had the abundant amounts of Na, Al, and F
Fig. 4. (a, b) TG and (c, d) DTG curves in response to the addition of the fo
in its residual ash (Fig. 5a). Although Na is very volatile at > 900 �C,
the Na retention of SPL was higher at 1000 �C than 850 �C most
probably since the Al-rich content of SPL interacted with Na and Al
to form NaAlO2, NaAl11O17, or NaAlSiO4 (Na2OþAl2O3¼ 2NaAlO2,
Na2SO4þ2SiO2þAl2O3/2NaAlSiO4þSO2þ0.5O2) (Li and Chen,
2010). Sodium compounds were reported to exist as NaAlSi3O8 at
below 600 �C (Wang et al., 2018c). The decomposition of NaAlSi3O8
in turn formed the phases of SiO2, Al2O3, and NaAlO2 (NaAl-
Si3O8/SiO2þAl2O3þNaAlO2) (Xing et al., 2018). SiO2 and Al2O3
alone were found to have a high melting temperature but to form
the low-melting compounds when combined with Na, thus pro-
moting the slagging processing (Moço et al., 2018). This case was
illustrated in the XRD pattern of SPL (Fig. 5b) with the clear signals
of NaAlO2, NaAl11O17, and NaAlSiO4 at 1000 �C. Sodium alumino-
silicates were shown to be recalcitrant at higher temperatures be-
ing retained in the residual ash (Qi et al., 2018). The Si retention in
SPL ash rose with the elevated temperature. The disappearance of
the weak signal of Na3AlF6 at 1000 �C was consistent with the fact
that it was converted into NaF and AlF3 at 1000 �C
(Na3AlF6¼ AlF3þ3NaF). AlF3 further formed CaF2 in the residual ash
due to the higher thermal stability of CaF2 than AlF3
(2A1F3þ3CaO ¼ 3CaF2þAl2O3) (Li and Chen, 2010). At the higher
temperatures, Na4[Fe(CN)6] in SPL was converted into Fe2O3.
(2Na4[Fe(CN)6]þ15.5O2¼ Fe2O3þ12CO2þ6N2þ4Na2O) can be
attributed to the slight Fe2O3 signal of the XRD patterns (Fig. 5b).
The main phase of the SPL residual ash was controlled by the
inorganic compounds of CaF2 and NaF.

The S content of TDS decreased from 8.85 to 5.61% with the
elevated temperature due to its conversion into SOx. The residual
ash yield of Fe dropped from 36.52 to 39.12%. SO2 absorbed by
CaCO3 was shown to form CaSO4 in the range of 600e750 �C with
the weak intensity of CaSO4 at 1000 �C (CaCO3þSO2þ1/
2O2¼ CaSO4þCO2) (Liu et al., 2016). The slight change in Ca from
6.54 to 6.28% may be attributed to the weaker CaSO4 and stronger
Fe2O3 signals (Hao et al., 2018b). Fe2O3 was observed as the main
species of the TDS combustion due to its Fe-rich content (Fig. 5c).
Fe2O3 was difficult to decompose and retained in the ash at below
1000 �C (Xing et al., 2018).
ur CaO ratios to the 5/5 blend in the air atmosphere at 20 �C,min�1.



Table 3
Co-combustion parameters in response to the addition of the four CaO ratios to the 5/5 blend in the air atmosphere at 20 �C,min�1.

CaO addition (%) 0 3 5 7 10

Ignition temperature (Ti, �C) 235.3 233.3 237.2 230.2 229.0
Maximum weight loss rate (-Rp, %,min�1) 4.24 3.88 3.63 3.84 4.37
Peak temperature (Tp, �C) 652.5 655.2 686.3 633.8 608.4
Average weight loss rate (-Rv, %,min�1) 1.13 1.09 1.06 1.07 1.04
Final or burnout temperature (Tf, �C) 868.8 895.6 905.9 905.3 881.1
Final mass (Mf, %) 46.09 48.26 49.57 49.39 50.62
Comprehensive combustion index (CCI, 10�8%2,�C�3,min�2) 9.96 8.68 7.55 8.56 9.84
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3.6. Residual ashes of co-combustion with CaO addition

The main phases in the ashes were Fe2O3, CaF2, and Na2SO4
following the combustion of the 5/5 blends (Fig. 6a). Based on the
XRD analyses, most Ca and Na were combined with F� and S,
respectively, during the co-combustion, thus indicating a positive
correlation between the mineral changes and the retentions of Ca,
Na, S, and F�. Relative to themono-combustions of SPL and TDS, the
peaks of CaSO4 and NaF disappeared, whereas that of Na2SO4 grew
stronger during the co-combustion. The S content of TDS enriched
the deposit formation with Na2SO4. The co-combustion interaction
promoted the conversion of CaSO4 and NaF into CaF2 and Na2SO4.
The higher thermal stability of CaF2 than NaF at the high temper-
atures led to the retention of CaF2 instead of NaF in the ash. The Na
retention in the residual ash with the formation of Na2SO4 was
attributed to the Na and S-rich contents of the blends. Fe2O3 was
found to enhance the reactions between SO2 and the coal minerals,
and thus, the S retention capacity of coal ash (Liu et al., 2016).

S, Na, Al, Si, and Fe increased at 1000 �C (Fig. 6c). The retention of
alkali metals was shown to rise with the increased temperature (Wei
et al., 2018). This may be due to the high-melting temperature
compounds formed by Na reacting with Al and Si. Also, it may be
because the gases of sodium compounds were directly deposited on
the ash surface (Wei et al., 2018). The pronounced influence of the co-
combustion on the elemental formations of the residual ash indicated
the strong interaction between the fuels. The effects of the CaO
addition on the co-combustion at 1000 �C are based on the XRD
spectra for the bulk structures, and the XRF analysis of the chemical
elements (Fig. 6b). Fe2O3, CaF2, Na2SO4, NaAlO2, and CaAl2O4 were
detected to be the main minerals, with no obviously observed in-
tensity corresponding to CaSO4. This was attributed to the decom-
position of CaSO4 at about 900 �C. The intensity of CaF2 in the residual
ash grewwith the increased ratio of CaO. TheXRF results showed that
the proportions of Ca and F� were consistent with the increased CaO
content. The evolutions of Fe, Na, Al, Si, and S followed the similar
pattern, with Fe2O3 still as the main phase in the ash. The increased
CaO decreased the signal of Fe2O3 but increased the intensity of CaF2,
Na2SO4, andCaAl2O4. CaAl2O4was formedby the reaction of CaOwith
Al2O3 during the co-combustion process (CaOþAl2O3/CaAl2O4)
(Benitez-Guerrero et al., 2018). S was promoted to transform into the
ash slag with the formation of Na2SO4 with the increased CaO. These
results pointed to Ca influencing the melting and crystalline pro-
cesses of Fe and Na during the co-combustion.

3.7. Thermodynamic simulations

3.7.1. Inorganic element distributions
Our predictions applied to the range of 600e1200 �C at an in-

terval of 50 �C. A comparison between SPL (Fig. S1) and TDS (Fig. S2)
shows that the phase changes grew complicated at the high tem-
perature. As for SPL, NaF increased at below 1000 �C and further
converted into HF(g) NaF(g), (NaF)2(g), and NaAlF4(g) at above
1000 �C. The Na3AlF6 decomposition led to HF(g) or NaAlF4(g) with
the temperature rise. As for TDS, CaSO4 was formed at the low
temperature and decomposed at above 850 �C. The increased SO2
with the temperature rise resulted from the CaSO4 decomposition.
Fe2O3 in the ash was recalcitrant with the temperature rise. Na2SO4,
NaAlSiO4, and Fe2O3 were stable in the ash slag with the increased
temperature (Fig. S3). The lower CaSO4 phase than CaF2 in the
predictions resulted from the higher chemical activity of F� than S.
Our predictions and conclusions were supported by the XRD and
XRF analyses above.

NaF was converted into other inorganic compounds, while
NaF(g) was formed at above 1000 �C due to the decomposition of
CaF2 in the theoretical simulations. The CaF2 decomposition
contributed to the formations of HF(g) and NaF(g), while Ca was
converted into Ca10(PO4)6F2, CaMgAl16O27, Ca3MgSiO8, Ca5P2SiO12,
Na2Ca3Al16O28, and Ca5HO13P3 with the further temperature rise.
The decomposition of Na2SO4 hardly occurred during the co-
combustion, as it can be seen in the XRD results. However, the al-
kali metal retentions were found to fall with the temperature rise,
and Na2SO4 decomposition occurred at 884 �C (Li et al., 2016). Na
was shown to rise from 900 to 1000 �C during the co-combustion of
Zhundong coal and sludge (Qi et al., 2018). Relative to the mono-
combustion of SPL, the HF emissions increased. Na existed mainly
as Na2SO4 and NaAlSiO4. The S content of TDS enabled Na to react
with S followed by the reaction of F� with Ca. Nawas not combined
with F� unlike the mon-combustion of SPL.

With the increased CaO ratio (Figs. S4eS7), most of F� was
mainly in the form of CaF2 and converted to HF(g) and NaF(g) with
the increased temperature. The F� emission was promoted by the
high temperature, while the HF emission decreased with the
increased CaO. The retention of CaF2 increased, and the decompo-
sition rate grew slowly with the temperature rise. S existed mainly
as Na2SO4 at below 1050 �C and as CaSO4 which disappeared at
1000 �C. Na2SO4 grew recalcitrant and stable in the slag with the
increased CaO.

CaSO4 was not observed with 10% CaO. CaF2 in the slag was
converted into CaMgAl16O27, Ca3MgSiO8, Ca5P2SiO12,
Na2Ca3Al16O28, and Ca5HO13P3 with the temperature rise. SO2 was
released slightly due to the decomposition of Na2SO4 at above
1100 �C with 10% CaO. NaAlSiO4 was decomposed with the tem-
perature rise during the co-combustion. These results contrasted
with the mono-combustion of SPL. The decreased NaAlSiO4 with
the increased CaO may result from the formation of Ca, Si, or Al.
CaFe4O7 was formed with more than 7% CaO at above 1150 �C
(Fig. S6). Fe was easily reacted with Ca and converted into CaFe2O4
at above 800 �C with 10% CaO (Fig. S7). The XRD analysis showed a
decreased signal of Fe2O3 with 10% CaO (Fig. 6b). The results of the
FactSage simulations were in a good agreement with the XRD re-
sults of the inorganic phase with the temperature rise and the CaO
additions. The simulations well predicted the slagging temperature
over the wide range of the blends.

3.7.2. Predom diagrams of CaeNaeSeF analyses
To further understand the formation mechanisms of CaF2 and

Na2SO4, the predom diagrams of CaeNaeSeF at 750, 850 and
1000 �C were computed under the oxygen partial pressure of



Fig. 5. (a) Chemical matter and ash phases of residual ashes of (b) SPL and (c) TDS
mono-combustions.

Fig. 6. Ash phases of (a) SPL/TDS (5/5) with (b) the addition of four CaO ratios, and (c)
chemical matter in residual ash at 750, 850 and 1000 �C.
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10�10 atm using the thermal simulation software (Fig. 7). The
nine regions of inorganic compounds stably occurred under the
different SO2 and F pressures. CaF2 and Na2SO4 were stable
at 750 �C between log10(P(SO2)¼ 2log10(P(F)þ27.52 and log10(-
P(SO2)¼ 2log10(P(F)þ24.97 (�8.8 < log10(P(F)<�7.1). The regions
of CaF2 and Na2SO4 moved into the high F partial pressure with the
increased temperature. With the increased F partial pressure,
Na2SO4 was converted into NaF, while CaF2 still existed. With the
increased SO2 partial pressure, CaO was converted into CaSO4.
3.7.3. Mineral phases according to ternary phase diagrams
The ash characteristics can be theoretically predicted from their

major chemical compounds using the ternary diagram. Therefore,
the ternary phase diagram systems of CaOeNa2OeAl2O3 and
CaOeFe2O3eAl2O3 were computed in this study to obtain the
mineral phase transformation of the residual ash. The normalized
compositions of SPL, TDS, and their blends (Table 4) were based on
the ash compositions of SPL and TDS (Table 1).

A given temperature of the ash composition in the ternary phase
diagram systemswas indicated by the same color lines in Fig. 8. The
points 1 to 7 present the range of SPL, TDS, and their blends. In the
CaOeNa2OeAl2O3 system (Fig. 8a), the ash composition of SPL and
its blends with the addition of CaO was in the NaAlO2 region. The
shift of the blend ash to the low temperature with the addition of



Fig. 7. Predom diagrams of Ca-Na-S-F at (a) 750, (b) 850 and (c) 1000�C.

Table 4
Normalized ash compositions of SPL, TDS, and their blends with the addition of CaO.

CaOeNa2OeAl2O3 system CaOeFe2O3eAl2O3 system

CaO (%) Na2O (%) Al2O3 (%) CaO (%) Fe2O3 (%) Al2O3 (%)

SPL 5.79 56.66 37.55 11.50 13.96 74.54
TDS 56.42 38.83 4.75 13.33 85.54 1.13
5/5 22.44 50.80 26.76 12.98 71.55 15.47
5/5 þ 3% CaO 35.17 42.46 22.37 22.22 63.95 13.83
5/5 þ 5% CaO 42.55 37.63 19.82 27.62 59.51 12.87
5/5 þ 7% CaO 48.75 33.57 17.68 32.51 55.49 12.00
5/5 þ 10% CaO 55.39 29.21 15.40 39.02 50.13 10.85

Fig. 8. Ternary phase diagrams of (a) CaO-Na2O–Al2O3 and (b) CaO-Fe2O3-Al2O3

systems.
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CaO may be explained by the Nae and Al-rich, and Se and Ca-rich
contents of SPL and TDS, respectively. The low-melting tempera-
ture ashes were formed due to the interaction among their inner
metals, in particular, with the addition of co-solvent lime. Alkali
metals were shown to form low-melting temperature ashes such as
sodium silicates and sulfates (Qi et al., 2018). However, the ash
composition shifted toward the CaO regionwith more than 5% CaO.
The ash melting temperature was the highest with 10% CaO. The
high-melting temperature compounds such as CaO species domi-
nated the deposition process.

In the ternary phase system of CaOeFe2O3eAl2O3 (Fig. 8b), the
ashes of the blends and TDS were in the Fe2O3 region and moved
into the low temperature with the increased CaO. The most stable
phase of the 5/5 þ 10% CaO blend was on the boundaries of the
CaFe2O4 and Ca2Fe2O5 regions. CaO and Fe2O3 in the blends pro-
duced an ash composition in the hematite region of low tempera-
ture for the ternary phase system of CaOeFe2O3eAl2O3.



Fig. 9. Changes in gas evolutions from the co-combustion of the 5/5 þ 10% CaO blend as a function of temperature in the air atmosphere at 20 �C min�1.
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3.8. TG-MS analyses of gas products

The TG-MS analyses were used to achieve a real-time and sen-
sitive detection of flue gases released from the co-combustion of
the 5/5 þ 10% CaO blend. The main gases included NH3 (m/z¼ 17),
H2O (m/z¼ 18), HF (m/z¼ 20), HCN (m/z¼ 27), NO (m/z¼ 30), CO2
(m/z¼ 44), NO2 (m/z¼ 46), COS (m/z¼ 60), SO2 (m/z¼ 64), and CS2
(m/z¼ 76). It should be noted that some ions may refer to different
compounds just as ions with m/z¼ 44 are related to CO2 or N2O
evolution. The release behaviors of typical gas products are given in
Fig. 9. For example, the profiles of HF evolution did not significantly
change at above 700 �C, while its signal intensity rose dramatically
at above 200 �C and peaked at 340 �C (Fig. 9a). Some parts of F�

formed CaF2 in the residual ash as shown in the above XRD analysis.
NH3 intensity increased sharply in the range of 200e326 �C

during the co-combustion (Fig. 9bee). The intensity curves of HCN
and NH3 emissions as the main precursors of NOx emissions were
similar (Wang et al., 2018b). NOx emissions were also related to the
decomposition of proteins and aliphatic compounds in TDS. Aweak
signal peak of NOwas observed at 333 �C, and it peaked at 487 �C at
the same time as did NO2. The maximum intensity peak of NO2

emission occurred at 697 �C from the decomposition of fixed car-
bon which pointed to its slow formation. This suggested that N-
containing compounds were adsorbed by char which generated
NOx emissions when oxidized (Huang et al., 2018). At the low
temperatures, NO2 emission rose according to the following reac-
tion: NOþO2 ¼ NO2þO and was reported to depend on the pres-
ence of NO (Benajes et al., 2014). NH3, HCN, NO, and NO2 were
responsible for the large amount of N-containing gases evolved in
the co-combustion.

S was released quickly mainly in the forms of SO2, CS2, and COS
whose behaviors were found to be similar (Fig. 9feh). The intensity
of SO2 increased at 200 �C, decreased dramatically between 271
and 400 �C and did not change at above 400 �C. The decomposition
of aromatic S, FeS2, or FeSO4 in TDS was shown to account for most
of SO2 emissions (Liu et al., 2018b; Wang et al., 2018b). The main
stage of the S release corresponded to the first DTG peak of the
organic matter decomposition of the 5/5þ10% CaO blend. Parts of S
mainly formed Na2SO4 in the residual ash as shown in the above
XRD analyses (Fig. 6b), and the thermal simulations (Figs. S1eS7).

With the adequate O2 level, hydrocarbons were completely
converted into H2O and CO2. The CO2 emission mainly occurred
between 450 and 900 �C in the co-combustion stage of fixed carbon
(Fig. 9i). The two weak relative intensities observed at 340 and
410 �C were related to the decomposition of organic compounds in
TDS. The H2O evolution occurred slight at 137 �C, peaked at 326 �C
due to the decomposition of hydrocarbons and had a weak peak at
450 �C due to the decomposition of aromatic compounds (Fig. 9j).
4. Conclusion

From the (co-)combustion behaviors of SPL and TDS, and their
responses to the additions of CaO, the following main conclusions
were derived:

(1) The increased comprehensive combustion performance
exhibited a stronger interaction with the increased SPL dur-
ing the co-combustion than the mono-combustion. CaO
promoted the co-combustion of fixed carbonwith more than
5% CaO.

(2) The interaction effect of the co-combustionwas attributed to
the combined mechanisms of F� and S. Ash consisted mainly
of CaF2 and Na2SO4 in the co-combustion but of NaF and
CaSO4 in the mono-combustions. The increased CaO
strengthened the intensity of CaAl2O4, CaF2, and Na2SO4 but
weakened the intensity of Fe2O3.

(3) The CaO addition adversely affected the F� volatilization
increasing the F� content of the ash. The thermodynamic
simulations showed the increased CaF2 with 10% CaO.

(4) The CaO addition changed the most stable phase in the
ternary phase system of CaOeNa2OeAl2O3 from NaAlO2 to
CaO. The melting temperature was higher with more than 7%
CaO. The ash-melting temperature moved towards the lower
temperature with the shift from Fe2O3 to CaFe2O4 and to
Ca2Fe2O5 in the ternary phase system of CaOeFe2O3eAl2O3.

(5) HF, SO2, COS, CS2, H2O, NH3, HCN, and NO were emitted
at< 400 �C during the co-combustion. NO2 and CO2 were
released in the range of 450e900 �C.
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