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Abstract
Thermal characteristics and kinetics of sewage sludge (SS), lignite coal, and their blends (25 and 50% of SS) in pyrolysis 
and combustion processes were investigated by using thermogravimetric analysis (TGA). TGA was carried out at different 
heating rates of 10, 20, and 40 K min−1 under inert and air atmospheres. Kinetics were calculated by Flynn–Wall–Ozawa, 
Starink, and Vyazovkin models by using TGA data. The deviation between the experimental and calculated values of mass 
loss, residual fraction, and activation energy was determined to highlight the synergistic effect between SS and coal. The 
results indicated that both mixtures influenced the initial and final temperatures of reactions. Mass loss of the mixtures dur-
ing pyrolysis was not significantly influenced by the SS proportion, however, the residual fraction was influenced by the 
mixtures during pyrolysis and combustion. Blend of 50% SS with the smaller activation energy (Ea) compared to 25% SS 
was the most suitable for bioenergy production in pyrolysis, whereas in combustion 25% SS with small Ea was the most 
promising. On the other hand, 100% SS had the smallest Ea in both processes, indicating the optimum bioenergy source.
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Introduction

The increase in world’s population, especially in urban areas, 
leads to the production of large quantities of municipal sol-
ids wastes (MSW) and wastewater. Wastewater causes pollu-
tion of surface and groundwater when it is discharged to the 
environment without treatment. Thus, wastewater treatment 
plants (WWTP) are available around the world, especially in 
developed countries. In recent years, worldwide production 
of sewage sludge (SS) from WWTP is increasing day by day 
in parallel to population, urbanization, and industrialization 
[1, 2]. In 2012, there were 460 WWTPs serving 58% of the 
population in Turkey. When the average SS production as 
40–46 g of solid matter per capita per day for the served 
population was considered, approximately 1700–2600 tons 
of domestic or municipal SS per day was generated [3].

Sewage sludge is a common residue resulting from 
the treatment processes of industrial or municipal waste-
waters [4] and a heterogeneous mixture made up of 

microorganisms, undigested organics, inorganic materials, 
and moisture (> 90%). It has been classified as biomass due 
to its high calorific value or semi-biomass in the literature 
[5]. SS is even sometimes compared to low-rank coals such 
as lignite in terms of energy content. However, it differs 
from plant biomass in many aspects such as high moisture 
and ash contents which might pose technical challenges to 
its thermochemical conversion [6]. SS can be a threat to the 
environment and human health because of the high the pres-
ence of heavy metals and pathogens if not properly treated 
[1, 2, 7–9].

Before disposal, SS is usually treated in order to reduce 
smell, the quantity of organic solids, water content, and 
eliminate some disease-causing bacteria. This treatment of 
reducing heavy metals and other harmful microorganisms 
can be made either anaerobically or aerobically. Approx-
imately 50% of wastewater treatment cost is accounted 
for SS treatment and its treatment contributes to approxi-
mately 40% of greenhouse gas emissions released from 
wastewater treatment processes [3, 10]. The most used 
disposal methods of SS are direct landfill, dunghill for 
soil, and burning after being dehydrated [1]. However, 
co-utilization (co-pyrolysis or co-combustion) of SS with 
biomass or coal is currently used to convert dried SS into 
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higher-value fuels or chemicals. The specific benefits of 
co-utilization include the replacement of fossil fuels and 
the reduction of CO2 emissions [9].

Several researches have been reported on co-pyrolysis/
co-combustion of sludge and coal/biomass. Co-pyrolysis 
characteristics study of Dianchi Lake sludge and coal was 
reported by Xia and Li [8], and the results showed that 
TG and DTG profiles of Dianchi Lake sludge were similar 
to coal, but different from coal under various blending 
ratios. Interaction was observed between the solid phases 
of Dianchi Lake sludge. Biagini et al. [11] investigated the 
devolatilization behavior of different coals and biomass 
under the heating rate of 20 °C min−1 and high nitrogen 
flowrate. Analysis of coal-biomass blends revealed that in 
the experimental conditions the mass loss of a blend could 
be gained from the sum of raw materials. Otero et al. [12] 
reported that the dried SS could be co-fired at a percent-
age of up to 50% with no major consequences regarding 
gaseous emissions. An investigation by Folgueras et al. 
[13] using thermogravimetric analysis (TGA) of SS and 
bituminous coal blends revealed that blends with a SS con-
tent of 10% behaved similarly to coal, whereas blends of 
50% clearly showed two combustion stages (a clear vola-
tile matter and more reactive structures stage and a second 
thermal decomposition stage of more complex structures). 
Ninomiya et al. [14] showed that SS combustion with coal 
had better performance than SS mono-combustion. Chen 
et al. [15] investigated the interactions between wastewater 
solid and lignite in the process of co-combustion under dif-
ferent blending ratios. The results showed that the compre-
hensive combustion performance of the blends increased 
as the mass percentage of wastewater solid in the blends 
increased. Co-utilization (co-pyrolysis or co-combustion) 
of SS and coal instead of individually using them may 
have benefits like synergistic effects of SS with higher 
energy efficiency and better evaluation of low-quality coal. 
Unlike previous studies, such a comprehensive study on 
co-utilization of SS and coal in different processes (pyroly-
sis and combustion) with different blend ratios and kinetic 
models, and synergy analysis may help to design optimum 
process conditions.

Therefore, the present study aimed to investigate the 
thermal decomposition of SS and coal by pyrolysis and 
combustion as well as the synergistic effect during co-
pyrolysis and co-combustion in two different blend ratios 
using TGA. The blend 25SS referred to 25% SS + 75% 
coal, while 50SS referred to 50% SS and 50% coal. Kinetic 
parameters were calculated by using three different kinetic 
models namely Flynn–Wall–Ozawa (FWO), Starink, and 
Vyazovkin. To highlight the synergistic effect, the devia-
tion between the experimental and calculated values was 
determined.

Materials and methods

Materials

SS used in this study was collected from the WWTP of 
Hurma, Antalya, Turkey. Raw SS was left for drying in 
stove at 60°K in the Environmental Engineering Depart-
ment Laboratory of Akdeniz University. The dried SS 
was milled and sieved to get the desired particle size of 
180–212 µm for its characterization and TGA. Lignite coal 
was collected from Elbistan coal basin located in Karah-
manmaras, Turkey. Coal was once crumbled to small 
pieces and then left for air drying. The dried coal was 
then milled and sieved to fine particles suitable for char-
acterization and TGA experiments.

Feedstock characterization and TGA​

Proximate analysis of SS and coal was carried out in 
order to determine its moisture, ash, and volatile matter 
contents according to ASTM standards at the Environ-
mental Engineering Department Laboratory of Akdeniz 
University. Ultimate analysis for samples was performed 
using LECO analyzer at the Scientific and Technologi-
cal Research Laboratory of Inönü University. Carbon (C), 
hydrogen (H), nitrogen (N), and sulfur (S) contents were 
detected directly, while oxygen (O) content was calculated 
by difference. Higher heating value (HHV) was calculated 
by using the results of ultimate analysis. Components anal-
ysis of SS was also conducted in order to determine its 
cellulose, hemicellulose, lignin, and extractives contents.

TGA experiments were performed from the room tem-
perature to 1000 °C under three different heating rates (β) 
of 10, 20, and 40 K min−1 by using nitrogen and air of 
100 mL min−1. About 10 mg of sample was used in Pyris 
Series STA-8000 (Perkin Elmer Co., Ltd, USA) thermo-
gravimetric analyzer at the Material Science and Engineer-
ing Laboratory of Akdeniz University. Each experiment 
was repeated at least three times for repeatability. Data 
from TGA were used to determine kinetic parameters.

Synergistic effect

In order to highlight the synergistic effect between SS and 
coal, the difference between the experimental and calcu-
lated (named deviation) mass loss and residual fraction of 
the mixtures was determined [16].

(1)Deviation =
Expvalue − Calvalue

Calvalue
× 100,
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where Expvalue is the value obtained from the curve of 
mixture, Calvalue is the value calculated as the sum of the 
TGA curves of individual samples according to the ratio as 
expressed in Eq. (2):

where ExpSS and Expcoal are the experimental values of SS 
and coal, λSS and λcoal are the proportions of SS and coal in 
the mixture. Activation energy (Ea) deviation was calculated 
as follows:

where Eexp and Ecal are the experimental and calculated Ea 
values.

Kinetic

Ea as a kinetic parameter can be determined using kinetic 
analysis equations derived from a combination of the basic 
rate equation and the Arrhenius equation. Kinetic equa-
tion for the thermal decomposition reactions of solid-state 
matter is expressed based on mass conversion rate (α) as 
in Eq. (4):

where α is the degree of mass conversion during thermal 
decomposition, dα/dt stands for the rate of conversion, t 
is time, T is the absolute temperature, k(T) is temperature-
dependent rate constant, and f (α) is the function of reaction 
mechanism. Then, α can be expressed as in Eq. (5):

where m0 is the initial mass of the sample, mt is the mass of 
the sample at time t, and mf is the final mass of the sample 
at the end of the reaction. According to the Arrhenius law 
k(T) is the reaction rate constant that may be expressed as 
in Eq. (6):

where Ea (kJ mol−1) is the activation energy of reaction, A 
is the pre-exponential or frequency factor, R is the universal 
gas constant. Equations (4) and (6) can be combined to give:

If the temperature increases with the constant heating 
rate (β, K min−1), then

(2)Calvalue =
(

ExpSS × �SS
)

+
(

Expcoal × �coal
)

,

(3)Deviation = Eexp − Ecal,

(4)
d�

dt
= k(T)f (�),

(5)� =

(

m0 − mt

m0 − mf

)

,

(6)k(T) = A exp
(

−
Ea

RT

)

,

(7)
d�

dt
= A exp

(

−
Ea

RT

)

f (�)

dt can be introduced to transform Eq. (8) as follows:

The integration function of Eq.  (8) is expressed as 
Eq. (9). Therefore, Eq. (9) is the fundamental equation 
that preamble the determination of non-isothermal solid-
state thermal degradation kinetic methods to determine the 
kinetic mechanisms parameters.

and T is defined as follows:

where g(α) is the integral function of conversion and T0 (K) 
is the initial temperature of the experiment.

Kinetic parameters of a considered process can be 
analyzed by using different isoconversional and non-iso-
conversional methods. Isoconversional methods provide 
straight lines consisting of points at different β values for 
each α and therefore allow the determination of kinetic 
parameters at different α values. In isoconversional meth-
ods, α for a reaction is assumed to be constant such that the 
rate of reaction depends absolutely on the reaction tem-
perature (T). In this study, three different isoconversional 
models were used to determine Ea of different samples.

FWO model

FWO model is an isoconversional linear integral model 
based on Doyle’s approximation which allows Ea to be 
obtained from the plot of natural logarithm of heating rates 
(lnβ) versus (1/T) [17–19] as:

where α is the mass loss ratio of the sample, t is the time, 
β = dT/dt is the heating rate, T is the reaction temperature 
or absolute temperature corresponding to the value of α, A 
is the pre-exponential factor as Arrhenius parameters, Ea 
is the apparent activation energy as a function of α, R is 
the universal gas constant, and g(α) is the integral form of 
kinetic model which is constant at a given value of α. Ea can 
be determined from the slope (− 1.052Ea/R) of the straight 
line obtained from the plot of ln(β) versus (1/T).

� =
dT

dt
=

dt

d�
=

d�

dt

(8)
d�

dT
=

A

�
exp

(

−
Ea

RT

)

f (�)

(9)

�

∫
0

d�

f (�)
= g(�) =

A

�

T

∫
T0

exp−
(

E

RT

)

dT

(10)T = T0 + �t,

(11)ln (�) = ln

(

A Ea

Rg(�)

)

− 5.331 − 1.052
Ea

RT
,
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Vyazovkin model

Vyazovkin model [20, 21] determines Ea by the slope 
(− Eα/R) of the straight line obtained from the plot of 
ln(β/Tα

2) versus (T)−1 by using the following equation:

where β is the heating rate (K min−1). Ea is obtained as a 
function of α. For each α value, the plot of ln(β/Tα

2) versus 
(1/T) gives a straight line with slope (− Ea/R).

Starink model

Starink model was based on OFW and KAS models and 
made a further accurate analysis of the temperature integral 
[22]:

where β is the heating rate (K min−1), S, B, and Cs are con-
stant. After the temperature integral was further accurate 
analyzed, the equation above could be converted into the 
following equation:

For α = constant, Ea could be obtained by the slope of the 
straight line by plotting ln(β/Tα

1.8) versus 1/Tα.

Results and discussion

Feedstock characterization

Proximate, elementary, and structural analyses of SS and 
coal are given in Table 1. It can be seen that coal had higher 
moisture content (13.77%) than SS (5.42%). Moisture 
content of SS was comparable with the literature [2]. As 
expected, SS had higher volatile matter content (65.48%) 
than coal (37.57%). Moreover, in this study, coal had higher 
fixed carbon content (23.58%) compared to SS (9.27%). 
Volatile matter and fixed carbon contents of SS were com-
parable to those reported by He et al. [16]. Ash content was 
higher in coal than SS as opposed to the literature [1, 2]. 
Elementary analysis showed that C content was high in SS 
(42.73%) and exceeded the results (30–40%) reported by 
Otero et al. [12]. C content of coal found as 28.12% was less 
than the reported by Otero et al. [12] as 74%. H content of 
SS in this study (6.08%) was comparable to those reported 

(12)ln

(

�

T2
α

)

= ln

(

AR

Eag(�)

)

−
Ea

RTα
,

(13)ln

(

�

TS
α

)

=
BEa

RTα

+ CS,

(14)ln

(

�

T1.8
α

)

= − 1.0037
Ea

RTα

+ CS

by Chen et al. [1] and He et al. [16] as 5.29 and 6.20%, 
respectively. Coal had higher O content (66.45%) compared 
to SS (45.29%). This result agreed with the literature, indi-
cating that high O content of coal limits its use. As expected, 
SS has higher N content (5.26%) compared to coal (0.75%). 
This high N content appears from protein fraction of micro-
organisms used in WWTP [23]. S content of coal (1.26%) 
was much higher than that of SS (0.64%). In general, SS has 
high N and S contents compared to biomass as reported by 
Naqvi et al. [23]. Since N and S are present in feedstocks 
as the major sources of emission, combustion of mixture 
requires more interest to avoid pollution issues. Lignite coal 
known as a low-rank coal had lower HHV (6.44 MJ kg−1) 
than SS (16.96 MJ kg−1) which was comparable with the 
literature [16] and higher than those reported by Chen et al. 
[1] and Niu et al. [2]. Components analysis results of SS 
used in this study had some similarities to lignocellulosic 
biomass [6].

Pyrolysis

Pure SS and coal

Figure 1 shows TG and DTG curves of different samples 
under pyrolysis (N2) and combustion (Air). Temperatures 
and mass losses from DTG are summarized in Table 2. 
Thermal degradation of both materials (SS and coal) can 

Table 1   Main characteristics of feedstock

a Calculated by difference

Sludge coal

Proximate analysis
Moisture/% 5.42 13.77
Volatile matter/% 65.48 37.57
Fixed carbon/% 9.27 23.58
Ash/% 19.84 25.07
Ultimate analysis
C/% 42.73 28.12
H/% 6.08 3.42
O/%a 45.29 66.45
N/% 5.26 0.75
S/% 0.64 1.26
H/C 0.14 0.12
O/C 1.06 2.36
HHV/MJ kg−1 16.96 6.44
Components analysis
Cellulose/% 31.32
Hemicellulose/% 14.48
Holocellulose 45.80
Lignin/% 24.65
Extractives/% 28.98
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be subdivided into three phases: vaporization of moisture 
and other impurities, volatilization of volatile matters, and 
degradation of non-biodegradable organic matter [24] and 
inorganic contents such as calcium carbonate [23]. The first 
phase taking place from the room temperature to 190 and 
250 K for SS and coal, respectively, showed similar peaks. 
For example, for β of 20 K min−1, peaks were 106.87 and 

103.52 °C for SS and coal, respectively. During this phase, 
mass loss of coal was higher with an average of 17.72% 
against 2.51% for SS. The second phase considered as the 
main phase of reaction showed peaks for β of 10, 20, and 
40 K min−1 at 331.27, 350.95, and 366.55 K; and 462.76, 
476.49, and 479.21 K for SS and coal, respectively. This 
trend showed that peak temperature was a function of β, 
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Fig. 1   TG and DTG curves of co-pyrolysis and co-combustion of sludge and coal at different blend ratios and heating rates
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where when β increased peak temperature also increased. 
This trend was the same for the initial and final tempera-
tures as reported by Otero et al. [25]. The average mass loss 
of SS (57.27%), proportional to its volatile matter content, 
was greater than that of coal (29.12%). It should be noted 
that mass loss for a given sample did not change signifi-
cantly as a function of β. The third phase related to the 
degradation of complex molecules and biochar formation 
took place at high temperature for SS and coal. This trend 
highlights the presence of complex molecules in SS and 
coal. As expected, for β of 10, 20, and 40 K min−1 peak 
temperatures of coal were 748.29, 760.34, and 792.10 K, 
respectively, which were higher than that of SS as 706.56, 
725.38, and 748.37 K. In this phase the average mass loss 
of 4 and 8.75% for coal and SS, respectively remains very 
insignificant. Coal with a high fixed carbon compared to SS 
showed an average residual fraction of 49.23% greater than 
that of SS (31.47%). Due to the relatively high fixed carbon 
contents of SS and coal as well as the residual fraction in 
pyrolysis, it can be affirmed that SS and coal can be used in 
biochar production.

Blends (25SS and 50SS)

As for the individual samples, the representative curves of 
25SS and 50SS can also be subdivided into three phases. 
These phases, which were often sharper than for the indi-
vidual samples, were the result of interactions between SS 
and coal. To evaluate the synergistic effect between SS and 
coal, the difference between the experimental and calculated 
values of the different mixtures was determined as tabulated 
in Table 3. The observation of curves allowed us to note the 
exitance of three different peaks. TG curves were very close 
to each other when β increased as reported by Hamnin et al. 
[7]. The evaporation phase for β of 10, 20, and 40 K min−1 
of 25SS had peaks at 84.66, 104.74, and 132.42 K, respec-
tively, and 82.65, 100.54, and 136.30 K for 50SS. These 
peak temperatures followed the same trend as that of the 
individual SS and coal for the same phase. The average mass 
loss during this phase was 11.56 and 9.42% for 25SS and 
50SS, respectively. In general, for a given phase the variation 
of mass loss was negligible as a function of β. The second 
phase had temperature peaks oscillating between the peak 
temperatures of SS and coal in DTG curves. Thus, the peak 

Table 2   Characteristics temperatures associated with the mass losses in different stages of decomposition during co-pyrolysis and co-combus-
tion of sludge and coal at different blend ratios and heating rates

β: heating rate; ML: mass losses at the decomposition stages I, II, and III; FR: final residues

Process blend ratio β/ K min−1 Tmin/K ML-I/% T1/K ML-II/% T2/K ML-III/% Tmax/K FR/%

N2 0% sludge + 100% coal 10 30 17.03 170 28.67 770 4.32 1098 49.98
20 18.11 190 29.18 800 3.96 1099 48.95
40 18.01 250 29.50 840 3.72 1034 48.77

N2 25% sludge + 75% coal 10 30 11.68 170 28.52 530 13.38 998 46.42
20 11.50 190 28.97 550 12.24 1000 47.29
40 11.50 230 30.53 615 10.49 1034 47.48

N2 50% sludge + 50% coal 10 30 9.49 170 37.86 530 11.53 1003 41.12
20 8.95 200 37.24 550 11.00 1004 42.81
40 9.83 225 37.83 590 10.28 1034 42.06

N2 100% sludge + 0% coal 10 30 3.88 165 54.38 510 5.47 1005 36.27
20 3.65 180 58.56 550 8.85 1002 28.94
40 0.00 190 58.89 570 11.92 1025 29.19

Air 0% sludge + 100% coal 10 30 15.11 190 49.36 750 0.45 1092 35.08
20 15.15 220 48.14 810 0.29 1008 36.42
40 15.53 250 48.74 890 0.15 1037 35.58

Air 25% sludge + 75% coal 10 30 10.60 170 59.96 730 0.45 1006 31.99
20 10.41 195 57.42 780 0.29 1008 31.88
40 11.68 240 53.31 890 2.88 1037 32.13

Air 50% sludge + 50% coal 10 30 8.31 170 62.56 740 0.98 1091 28.15
20 8.25 190 62.33 780 0.71 1083 28.71
40 7.80 220 61.82 890 0.35 1036 30.03

Air 100% sludge + 0% coal 10 30 11.92 180 57.17 750 1.29 1090 29.62
20 13.14 210 56.87 790 0.38 1008 29.61
40 13.88 255 50.11 880 9.39 1037 26.62
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temperatures of 25SS and 50SS were higher than the peak 
temperature of SS and lower than that of coal. However, 
the peak temperatures of 25SS and 50SS for β of 10, 20, 
and 40 K min−1 were 353.28, 366.37, and 375.38 K; and 
353.39, 358.26, and 378.67 K, respectively; where the peaks 
were similar and present very little variation. The increase or 
shift in temperature is related to the rates of heat and mass 
transfer taking place because of increasing the heat input to 
the system. Under the heat and mass transfer conditions, the 
time of transfer and size of sample influence the reaction 
rate and possibly the mechanism. Therefore, it could easily 
be said that the mixture of SS and coal had an effect on the 
initial and final temperatures of reactions. For this phase, the 
average mass loss was 29.34 and 37.64% for 25SS and 50SS, 
respectively. The third phase followed the same trend as the 
previous phases from the peak temperature point of view. 
Average mass loss during this phase was found as 12.03 
and 10.93% for 25SS and 50SS, respectively. This highlights 
the formation of complex molecules during the reactions of 
25SS and 50SS. These molecules difficult to degrade need 
higher reaction temperature.

To better perceive the synergistic effect, the experimental 
and calculated values of mass loss and residual fraction were 
compared. For 25SS it was found that the calculated values 

of mass loss were greater than the experimental values, 
where the negative difference indicates a lack of synergy. 
Indeed, the proportion of coal greater than that of SS, large 
amount of volatile matter contained in SS had too little effect 
on the volatiles of 25SS. The experimental values of mass 
loss of 25SS were close to that of coal. This situation was 
almost the same for 50SS. However, the experimental mass 
loss, although closer to that of coal, increased considerably. 
With regard to the remained residues named as biochar or 
residual fraction in pyrolysis, it was found that apart from β 
of 10 K min−1, all other differences were positive. This situ-
ation describes the presence of a synergy between SS and 
coal during biochar formation. For 25SS, the experimental 
values were closer than that of coal, whereas for 50SS the 
experimental values oscillated between the values of SS and 
coal. Therefore, it can be conclude that 25SS and 50SS are 
favorable for biochar production.

As expected, the curves of α as a function of tempera-
ture followed the same trend for all samples (Fig. 2). 
Indeed, α increased with temperature for all samples 
regardless of β. However, for the same α temperature of 
reaction increased with β. It was also observed that for 
pure coal reaction extended to above 1000 °C, whereas 
for SS the majority of reaction ended between 700 and 

Table 3   Deviation between the experimental and calculated values during pyrolysis and combustion of 25SS and 50SS at different heating rates

Process blend ratio β/K min−1 T1/K T2/K MLmax/% FR/% ML FR Volatile Char Ash

N2 0% sludge + 100% coal 10 170 770 28.67 49.98 NA NA NA NA NA
20 190 800 29.18 48.95 NA NA NA NA NA
40 250 840 29.50 48.77 NA NA NA NA NA

N2 100% sludge + 0% coal 10 165 510 54.38 36.27 NA NA NA NA NA
20 180 550 58.56 28.94 NA NA NA NA NA
40 190 570 58.89 29.19 NA NA NA NA NA

N2 25% sludge + 75% coal 10 170 530 28.52 46.42 35.10 46.55 − 18.75 − 0.28
20 190 550 28.97 47.29 36.53 43.95 − 20.70 7.60
40 230 615 30.53 47.48 36.85 43.88 − 17.15 8.20

N2 50% sludge + 50% coal 10 170 530 37.86 41.12 41.53 43.13 − 8.84 − 4.66
20 200 550 37.24 42.81 43.87 38.95 − 15.11 9.91
40 225 590 37.83 42.06 44.20 38.98 − 14.41 7.90

Air 0% sludge + 100% coal 10 190 750 49.36 35.08 NA NA NA NA
20 220 810 48.14 36.42 NA NA NA NA
40 250 890 48.74 35.58 NA NA NA NA

Air 100% sludge + 0% coal 10 180 750 57.17 29.62 NA NA NA NA
20 210 790 56.87 29.61 NA NA NA NA
40 255 880 50.11 26.62 NA NA NA NA

Air 25% sludge + 75% coal 10 170 730 59.96 31.99 51.31 33.72 16.86 − 5.13
20 195 780 57.42 31.88 50.32 34.72 14.11 − 8.18
40 240 890 53.31 32.13 49.08 33.34 8.62 − 3.63

Air 50% sludge + 50% coal 10 170 740 62.56 28.15 53.27 32.35 17.44 − 12.98
20 190 780 62.33 28.71 52.51 33.02 18.70 − 13.05
40 220 890 61.82 30.03 49.43 31.10 25.07 − 3.44
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800 K. For 25SS, 70% of the reactions ended at 752.20, 
758.05, and 771.45 °C for β of 10, 20, and 40 K min−1, 
respectively. Finally, for 50SS 80% of the reactions took 
place between 0.1 and 0.8 of α, where temperatures were 
367.00, 387.84, and 407.25 K; and 795.89, 810.25, and 
821.96 K for β of 10, 20, and 40 K min−1, respectively.

Combustion

Pure SS and coal

TG and DTG curves of SS and coal during combustion can 
also be subdivided into three phases. The first phase corre-
sponding to the volatilization of water in the samples took 
place from the ambient temperature to 255 and 250 K for 
SS and coal, respectively. Mass loss during this phase was 
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ratios and heating rates
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almost constant for coal and varies very little for SS depend-
ing on β of 10, 20, and 40 K min−1. In general, for all sam-
ples, mass loss for a given sample varied very little accord-
ing to β. The second phase representing the most important 
part of reaction for SS and coal had peak temperatures at 
526.14, 531.30, and 536.46 K; and 522.13, 557.37, and 
577.57 K and the rate of mass loss (dw/dt) of − 1.71, − 2.84, 
and − 3.15% min−1; and − 1.35, − 2.43, and − 3.67% min−1 
for β of 10, 20, and 40 K min−1, respectively. The average 
peak temperatures of SS were lower than that of coal, but 
the average dw/dt was opposite. This may be due to the high 
amount of volatile of SS. It was found that peak tempera-
tures as well as dw/dt were a function of β for all samples. 
The third phase corresponding to the decomposition of char 
and the formation of ash continued above 1000 K. During 
this phase, mass loss was generally insignificant for all sam-
ples except SS and 25SS for β of 40 K min−1. The residual 
fraction consisting essentially of ash was found as 28.62 
and 35.93% for SS and coal, respectively. It can be seen 
that although SS has a high ash content [1], its combustion 
produces less ash than coal. Ash is an undesirable matter 
in the configuration of combustion reactors. Thus, less ash 
release feedstock is, the more desirable it is for combustion.

Blends (25SS and 50SS)

Like pure SS and coal, three phases were also observed 
in 25SS and 50SS. Moisture release for 25SS and 50SS 
occurred at peak temperatures of 86.85, 102.34, and 
135.90 K; and 82.17, 103.83, and 129.95 K for dw/dt of 
− 1.71, − 3.39, and − 5.63% min−1; and − 1.27, − 2.54, and 
− 4.26% min−1 for β of 10, 20, and 40 K min−1, respectively. 
It can be said that dw/dt was a function of β and increased 
with β. The second phase taking place between 240 and 
890 K for 25SS, and 220 and 890 K for 50SS corresponded 
to the degradation of volatile matters. The initial tempera-
ture of blended fuels decreased when SS proportion in blend 
increased as reported by Zhang et al. [26]. During this phase, 
the average mass losses of 25SS and 50SS were 56.89 and 
62.30%, respectively. The average residual fraction in the 
third phase, where mass loss was almost zero, was 32 and 
28.96% for 25SS and 50SS, respectively. For 25SS and 
50SS, it was found that the residual fractions did not change 
significantly. However, 50SS producing less ash seems to be 
more suitable for combustion compared to 25SS.

To demonstrate the synergistic effect between SS and 
coal, the experimental and calculated values of mass loss 
and the residual fraction (ash) were compared. For both mix-
tures, there was a synergistic effect on mass loss. Indeed, for 
both cases, the positive deviation showed that high volatile 
matter content of SS played an important role in the reac-
tion of mixture during co-combustion. When the proportion 
of SS in the mixture increased from 25 to 50%, the average 

mass loss also increased from 56.89 to 62.24%. Since ash is 
undesirable in combustion, the negative deviation observed 
at the residual fraction was good for the reaction. However, 
the residual fraction of 25SS was closer to that of coal than 
that of SS, whereas it was opposite for 50SS. According to 
the results, the proportion of SS in the mixture influences 
the residual fraction in both processes; however, it did not 
have effect on the mass loss. As expected, α was a function 
of temperature which was a function of β (Fig. 2). Indeed, 
when β increased temperature also increased for the same 
α. For example, for coal, when α = 0.1, temperature of the 
reaction was 352.95, 369.54, and 385.53 °C for β of 10, 
20, and 40 K min−1, respectively. For the same β value α, 
increased with temperature. For example, on SS curve for 
β of 40 K min−1, when α increased from 0.1 to 0.2, tem-
perature also increased from 404.17 to 552.41 K. This situ-
ation was almost identical for all samples. For combustion in 
general, most of the reaction took place above 500 K for all 
samples. For SS, 25SS, and 50SS only 10% of the reaction 
took place before 500 K and 20% for coal.

Kinetic analysis

Pyrolysis kinetic

Kinetic data are of major interest in the technological devel-
opment for energy production through pyrolysis and com-
bustion [24]. Three different models such as FWO, Starink, 
and Vyazovkin were used to calculate Ea of SS, coal, and 
their blends. The regression equations of all models are 
given in Table 4. Ea describes the energy barriers of chemi-
cal reactions and plays an important role in kinetic analysis 
[27]. From a general point of view, Ea varied according to 
α for all samples (Fig. 3). However, the variation was differ-
ent from sample to sample. For coal, Ea as a function of α 
decreased between 0.1 and 0.3 then increases from 0.4 to 0.9 
except 0.7. The variation of Ea was not similar at different α 
values because solid-state reaction was not simple one-step 
mechanism and occur in complex multistep reactions [28]. 
Average Ea calculated by FWO, Starink, and Vyazovkin 
were 133.99, 130.47, and 129.84 kJ mol−1, respectively. The 
variation of Ea from 0.1 to 0.3 was almost constant for Star-
ink and Vyazovkin models and showed little difference from 
that of FWO. In general, Ea values calculated by Starink and 
Vyazovkin models were very close to each other. This vari-
ation of Ea showed that the degradation of molecules con-
tained in coal took place at different temperatures. Thus, the 
first three α values corresponded to the vaporization of mois-
ture and degradation of certain volatiles. As temperature 
increased, the degradation of more complex molecules was 
realized. For SS Ea increased for α from 0.1 to 0.5 and then 
decreased regardless of the model used. It was noted that the 
degradation of complex molecules requiring maximum of Ea 
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took place at α of 0.5. The average Ea of SS calculated by 
FWO, Starink, and Vyazovkin models as 77.90, 72.09, and 
71.29 kJ mol−1, respectively, was lower than that of coal. 
This may be due to the high volatile matter in SS [29]. The 
average coefficient of determination (R2) was 0.99 for all 
models, indicating that the models fitted the experimental 
data very well.

As for SS and coal, Ea of 25SS and 50SS showed differ-
ent variations. For 25SS Ea decreased for α from 0.1 to 0.2 
and then increased with α except 0.8. This fluctuation may 
be due to the nature of molecules formed in the mixture. 
The increase in Ea showed that the decomposition of strong 
bond molecules started with increasing temperature [28]. 
The average Ea calculated by FWO, Starink, and Vyazovkin 
models of 25SS were 177.72, 176.31, and 175.85 kJ mol−1 
and greater than that of 50SS as 170.36, 168.76, and 

168.29 kJ mol−1, respectively. For 50SS, Ea increased with 
α independently to the models used (Fig. 3). This increasing 
variation of Ea can be due to the progressive degradation 
of simple molecules to the more complex molecules in SS 
and coal. In fact, hydrogen is contained in biomass flocks 
together with coal components to form complex molecules. 
Since nitrogen in biomass and sulfur in coal are present, the 
mixture also allows the formation of bonds N–S, N–H, and 
H–S which are strong bonds difficult to break [30].

To investigate the synergy between SS and coal, the 
experimental (obtained using Starink) and calculated Ea val-
ues were compared as given in Table 5. The results showed 
that the deviation for Ea of 25SS obtained for α of 0.1, 0.2, 
and 0.8 was negative, indicating the absence of synergy. 
However, it was noted that overall, there was a synergy 
between SS and coal depending on their proportions in the 
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mixture. For 50SS, except α of 0.1, all deviation values were 
positive, showing synergy in this mixture. It can easily be 
seen that the average Ea of 25SS and 50SS was closer to that 
of coal than that of SS independently of the models used. 
It was also worth noting that the average Ea of blends were 
closer to each other compared to Ea of SS and coal. High 
Ea values of blends showed that the combination of SS and 
coal leads to the formation of more complex molecules than 
that contained in SS and coal themselves.

Combustion kinetic

As in pyrolysis and co-pyrolysis processes, here too Ea was a 
function of α. For SS and coal, Ea increased with α from 0.1 
to 0.3, then decreased with α except 0.9 (Fig. 3). The average 
Ea values of coal calculated by FWO, Starink, and Vya-
zovkin were 66.31, 59.33, and 58.42 kJ mol−1, respectively, 
and higher than that of SS determined as 48.64, 39.99, and 
38.91 kJ mol−1. The average Ea values of SS and coal were 
high compared to that reported by Li et al. [31] as 19.37 and 
59.11 kJ mol−1, respectively. The average Ea of SS was low 
when compared to that reported by Lin et al. [4] for SS as 
168.94 kJ mol−1. The Ea values at a low a value for may be 
due to the decomposition of carbohydrates and lipids whose 
chemical bonds have poor thermal stability [32]. Low Ea 
values of SS indicated that it is easier to fire than coal due 
to its large amount of volatile matter [29]. This difference 

shows that coal contains more complex molecules than SS. 
It should be noted that for all samples Ea values followed the 
same trend regardless of the model used. However, the aver-
age Ea values calculated by Starink and Vyazovkin models 
were closer to each other than those calculated by FWO.

For 25SS and 50SS, the variation trends of Ea were 
different from that of pure SS and coal. Indeed, for 25SS, 
Ea increased with α between 0.1 and 0.2 then decreased, 
whereas for 50SS Ea increased until α = 0.4 then decreased 
(Fig. 3). For 50SS, the average Ea values calculated by 
FWO, Starink, and Vyazovkin models were 98.02, 92.28, 
and 91.46 kJ mol−1, respectively; and greater than that of 
25SS as 84.46, 77.84, and 76.94 kJ mol−1, respectively. This 
difference shows that 50SS requires more energy to react 
than 25SS. Low Ea observed at α = 0.1 of 50SS can be jus-
tified by the vaporization and degradation of low-chemical 
bonds among molecules. High values of Ea observed for 
25SS and 50SS show that the combination of SS and coal 
leads to the formation of more complex molecules than those 
contained in SS and coal themselves. For both mixtures, the 
average R2 was greater than 0.94, showing that the models 
fitted the experimental data very well. From the Ea point of 
view, the four samples can be ranked in ascending order as 
SS < coal < 25SS < 50SS. This demonstrates that SS com-
bustion occurred more easily than coal, 25SS, and 50SS.

As in co-pyrolysis, Ea values obtained using Starink 
model were used to calculate the deviation between the 

Table 5   Deviation between the 
experimental and calculated 
values of Ea during pyrolysis 
and combustion

Starink Experimental Ea/kJ mol−1 Calculated Ea/kJ 
mol−1

Deviation/kJ mol−1

α Coal Sludge 25SS 50SS 25SS 50SS 25SS 50SS

Pyrolysis 0.1 51.58 45.69 42.97 36.78 50.11 48.64 − 7.14 − 11.86
0.2 46.81 78.82 28.50 92.35 54.82 62.82 − 26.31 29.53
0.3 36.82 88.40 118.74 127.58 49.72 62.61 69.03 64.96
0.4 97.11 95.37 162.37 144.84 96.68 96.24 65.69 48.60
0.5 153.88 98.40 206.07 159.24 140.01 126.14 66.06 33.10
0.6 171.36 86.34 264.83 188.99 150.10 128.85 114.73 60.14
0.7 158.24 71.36 318.78 220.27 136.52 114.80 182.26 105.47
0.8 227.11 62.46 82.87 274.78 185.95 144.79 − 103.08 129.99
0.9 231.26 21.95 361.63 273.99 178.93 126.60 182.70 147.38

Average 130.47 72.09 176.31 168.76 115.87 101.28 60.44 67.48
Combustion 0.1 42.40 38.74 47.42 24.54 41.49 40.57 5.94 − 16.03

0.2 44.33 51.28 170.32 126.09 46.06 47.80 124.26 78.29
0.3 126.98 90.30 166.61 147.05 117.81 108.64 48.80 38.41
0.4 82.75 53.96 105.32 148.96 75.55 68.35 29.77 80.61
0.5 58.35 35.22 67.72 112.18 52.57 46.78 15.16 65.40
0.6 46.34 26.30 45.98 88.18 41.33 36.32 4.65 51.86
0.7 41.03 22.07 37.06 73.28 36.29 31.55 0.77 41.73
0.8 38.88 19.28 30.76 60.04 33.98 29.08 − 3.22 30.96
0.9 52.92 22.75 29.38 50.23 45.38 37.84 − 16.00 12.39

Average 59.33 39.99 77.84 92.28 54.50 49.66 23.35 42.62
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experimental and calculated Ea for 25SS and 50SS. In 
general, there was a synergistic effect between SS and 
coal during co-combustion. The negative deviation val-
ues observed for α of 0.8 and 0.9 in 25SS showed the 
end of reaction, whereas for α of 0.1 in 50SS showed the 
beginning of reaction. It can easily be seen that the devia-
tion decreased from α of 0.2 for the two mixtures, which 
confirmed the synergistic effect with regard to volatile 
matters. Indeed, as temperature and α increases, energy 
requirement for reaction decreases. During co-combus-
tion, the presence of oxygen causes material degradation 
to deviate rapidly, leading to high Ea values at the begin-
ning of reaction. Low Ea values toward the end show that, 
unlike co-pyrolysis, the formation of complex molecules 
during co-combustion is limited due to the presence of air.

Conclusions

In this study, pyrolysis and combustion of SS, coal, and 
their blends were investigated in order to find the most 
promising blend ratio for bioenergy production. TGA 
experiments were performed under inert and air atmos-
pheres by using three different heating rates of 10, 20, and 
40 K min−1. Kinetic models of FWO, Starink, and Vya-
zovkin were applied on TGA data to determine Ea values. 
Also, the deviation between the experimental and calcu-
lated values of mass loss, residual fraction, and activation 
energy was calculated in order to highlight the synergistic 
effect between SS and coal.

In pyrolysis and combustion processes initial and final 
temperatures were influenced by the proportion of SS and 
coal in the mixture. During pyrolysis, the residual frac-
tion (biochar) was influenced by the mixture but show lit-
tle impact on mass loss in 25SS and 50SS. The increasing 
order of Ea of the samples in pyrolysis was SS, coal, 50SS, 
and 25SS. Mass loss was significantly influenced during co-
combustion. The samples in the increasing order of Ea were 
SS, coal, 25SS, and 50SS in combustion. The sample 50SS 
with smaller Ea was more suitable for bioenergy production 
through pyrolysis compared to 25SS, whereas the oppo-
site was valid for combustion. Overall, the smallest Ea and 
residual fraction of SS indicates that it was the most suitable 
for bioenergy production through pyrolysis and combustion.
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