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a b s t r a c t

This study aims to investigate the thermo-kinetics of high-ash sewage sludge using thermogravimetric
analysis. Sewage sludge was dried, pulverized and heated non-isothermally from 25 to 800 �C at different
heating rates (5, 10 and 20 �C/min) in N2 atmosphere. TG and DTG results indicate that the sewage sludge
pyrolysis may be divided into three stages. Coats-Redfern integral method was applied in the 2nd and
3rd stage to estimate the activation energy and pre-exponential factor from mass loss data using five
major reaction mechanisms. The low-temperature stable components (LTSC) of the sewage sludge
degraded in the temperature regime of 250e450 �C while high-temperature stable components (HTSC)
decomposed in the temperature range of 450e700 �C. According to the results, first-order reaction model
(F1) showed higher Ea with better R2 for all heating rates. D3, N1, and S1 produced higher Ea at higher
heating rates for LTSC pyrolysis and lower Ea with the increase of heating rates for HTSC pyrolysis. All
models showed positive DH except F1.5. Among all models, Diffusion (D1, D2, D3) and phase interfacial
models (S1, S2) showed higher DG as compared to reaction, nucleation, and power-law models in section
I and section II.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The growing population and rapid rate of urbanization foster
potential challenges to the sustainable development [1e3]. These
challenges have driven the need for treatment of valuable waste
materials to clean environment [4]. The urban communities stip-
ulate not only proper policy of municipal wastewater but also
oup, Faculty of Engineering
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emphasize the development of suitable technology for the treat-
ment of sewage sludge. A recent study estimated the rate of sewage
sludge production to be around 0.1e30.8 kg per population equiv-
alent per year [5,6]. The most populated country, China, is pro-
ducing 20 million tons of sewage sludge through more than 3000
municipal wastewater treatment plants [7]. Solid waste manage-
ment is heavily almost around 32 million tons of municipal solid
waste is generated annually in Pakistan [8]. For economic devel-
opment, this huge waste can be converted into bioenergy through
proper waste.

The shortage of land space, rising environmental and health
concern due to the presence of harmful substances such as path-
ogens and heavymetal inwastewater treated sewage sludge are the
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potential barriers in conventional methods of solid waste man-
agement [9,10]. Previous research reported alternative disposal
techniques for sewage sludge [11,12]. However, the search to find
the most appropriate method for sustainable bioenergy production
from this abundant solid organic waste is ongoing. Thermo-
chemical conversion processes gained much attention for not
only handling this potential waste but also converting into
renewable fuels and bioenergy [13,14]. These processes (pyrolysis,
gasification, and combustion) differ based on the reactive envi-
ronment and treatment temperature. Combustion identified as a
mature technology in comparison to pyrolysis and gasification
which is more efficient for combined heat and power production
[14]. In a partial oxidative atmosphere such as gasification, the
carbonaceous residue is converted into combustible gases and ash.
This net reducing atmosphere can circumvent problems such as
emission of sulfur and nitrogen oxides, heavy metal and fly ash
which are encountered in incineration [15].

Pyrolysis is a low energy intensive and environmentally friendly
process in comparison to gasification& combustion to produce gas,
solid and liquid fuels with widespread applications [16]. Pyrolysis
of lignocellulose biomass residues, plastic wastes, and household
bio-waste are investigated in details by many researchers who
exploited their useful conversion to energy and valuable chemicals
[17e21]. Pyrolysis of the complex substance such as sewage sludge
gained much attention recently as it provides an environmentally
and economically feasible solution of biogas and bio-oil production
[22,23]. To mature this technology at commercial scale, the detailed
mechanism of the pyrolysis process requires knowledge of pyrol-
ysis kinetics and process thermodynamics.

Thermogravimetric analysis has helped in estimating kinetic
parameters of such complex processes [24e26]. In the analyses,
major factor such as pyrolysis temperature, heating rate (slow or
fast) and the role of sludge composition during decomposition
were investigated [27e29]. Isoconversional methods have been
used to predict the weight loss which suggested independent re-
actions associated with the decomposition of organic matter, non-
biodegradable compounds and bacteria [32,34]. However, the
investigation of pyrolysis behavior and kinetics of wastewater
treated sludge is still an ongoing. Hern�andez et al. [30] used TGA-
FTIR to study the decomposition of sewage sludge in various
gases and applied multiple first-order reaction model. Friedman
methodwas used to study the kinetics of undigested sewage sludge
pyrolysis [31]. They derived reaction order which was unusually
high used Coats-Redfern method to get a reasonable arbitrary re-
action order to analyze the pyrolytic behavior of sludge [32]. Since
sludge is a complex material therefore consideration of more
extensive models is lacking in the literature. As per authors' infor-
mation, a comprehensive study on pyrolysis behavior assessment,
kinetics and thermodynamic parameters estimation of high ash
domestic wastewater sewage sludge is lacking in literature. The
Coats-Redfern integral method has been successfully utilized for
the investigation of the activation energy and pre-exponential
factor of complex substances [33,34]. The aim of this study is to
provide knowledge on the thermal decomposition behavior, ki-
netics and thermodynamic potential of wastewater high-ash
sewage sludge by employing five main reaction mechanisms us-
ing Coats-Redfern method.
2. Material and methodology

2.1. Sewage sludge collection and characterization

Thewet sewage sludge (SS) was collected from amembrane bio-
reactor based wastewater treatment facility located in the National
University of Sciences & Technology, Pakistan. Before pyrolysis, the
sludge sample was air dried to remove the surface moisture (<10%
moisture). The air-dried sewage sludge sample was crushed with
mortar and pestle. The crushed sample was then ground into a fine
powder, which was sieved through 1000 mm screen and stored into
air-tight bags.

Proximate analysis was performed in electric oven and muffle
furnace according to ASTM standard methods reported in our
previous publication to find the percentage of moisture, volatile
matter, fixed carbon and ash content [35]. The ultimate analysis
was achieved through CHNS elementary analyzer (PerkinElmer
2400II, USA). Bomb calorimeter was used to determine high calo-
rific value according to given ASTM standard method (D 2015, 91).
Fourier Transform Infrared Spectroscopy (FTIR) analysis was per-
formed using PerkinElmer spectrum 100 FT-IR Spectrometer to
identify the functional groups present in the sewage sludge. The
analysis was conducted by making pellets with KBr in 1:100 ratios.
The IR scanning range was 400e4000 cm�1 with a resolution of
4 cm�1.
2.2. Thermogravimetric analysis

The thermal degradation behavior of sewage sludge pyrolysis
was determined by using thermogravimetric analyzer (TGA model
no.) under nitrogen environment. The flow of nitrogen was kept at
200ml/min with a temperature range of 25e800 �C. The initial
mass of sewage sludge sample was 10±3mg. The heating rate was
5, 10 and 20 �C/min at which the mass loss and rate of mass loss
were determined with respect to temperature and time. The slow
heating rate was chosen to avoid the heat transfer restrictions. To
achieve the maximum accuracy and least error, experiment was
repeated at least three times. The data obtained from TGA helped
not only to understand the thermal decomposition behavior during
pyrolysis process but also to estimate the kinetics and thermody-
namic parameters of sewage sludge pyrolysis.
2.3. Kinetic study

The kinetic analysis of sewage sludge pyrolysis was simply
determined by Arrhenius law, which provided information about
the rate of reaction. The basic equation used for kinetic analysis of
pyrolysis of sewage sludge was given below

da
dt

¼ kðTÞf ðaÞ (1)

where

a ¼ mo �mi

mo �mf
(2)

In which mo is initial mass, mi is mass at given time t and mf is
final mass in mg.

kðTÞ ¼ A exp
�
�Ea
RT

�
(3)

In which A is pre-exponential factor (min�1), Ea is activation
energy (kJ/mol), R is universal gas constant (0.008314 kJ/mol K) and
T is reaction temperature (K).

Inwhich n is a reaction order. For constant heating rates b ¼ dt
dT ,

so equations (1) and (3) can be written in combined form.
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Fig. 1. FTIR spectra of sewage sludge.
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da
dT

¼ A
b
exp

�
�Ea
RT

�
f ðaÞ (4)

By applying integration to equation (5), a new equation is obtained

gðaÞ ¼
Za

0

da
f ðaÞ ¼

A
b

ZT

T0

exp
�
�Ea
RT

�
dT (5)

where g(a) is an integral form of reaction model. The analytical
solution of the right side of the equation is impossible so various
approximation models are used to solve the complicated part of
this equation.

2.3.1. Coats-Redfern a model-fitting model
A model-fitting method, Coats-Redfern model, is extensively

used to estimate the pre-exponential factor and activation energy
to predict the order of reaction. The basic equation for coats and
Redfern method is given below

ln
�
gðaÞ
T2

�
¼ ln

AR
bEa

�
1� 2RT

Ea

�
� Ea
RT

(6)

where b is the heating rate, R is universal constant (0.008314 kJ/mol
K) and g(a) is a kinetic function of different reaction mechanisms
which is obtained from integration of f(a). Activation energy can be
obtained by drawing a graph between 1/T and ln [g(a)/T2] and by
obtaining slope from drawn straight line. The pre-exponential
factor can be obtained from the intercept of this graph. g(a) can
be varied according to different developed model and reaction
mechanisms. Most of the solid-state degradation reactions fall in
five categories which are listed below in Table 1.

2.4. Calculation of thermodynamic parameters

Thermodynamic parameters such as changes in enthalpy, Gibbs
free energy and entropy can be obtained from the thermogravi-
metric analysis [36]. These parameters can be calculated based on
kinetic data from the following equations

DH ¼ Ea � RT (7)

DG ¼ Ea þ RTmln
�
KBT
hA

�
(8)

DS ¼ DH � DG
Tm

(9)

where KB is Boltzmann constant, which is equal to
1.381� 10�23m2 kg/s�2 K�1. Tm is maximum temperature at which
Table 1
Reaction mechanisms, model names with their f(a) and g(a).

Reaction Mechanism Model name

Chemical Reaction order Chemical Reaction Order 1 (F1)
Chemical Reaction Order 1.5 (F1.5)

Diffusion Parabolic law (D1)
Valensi equation (D2)
Ginstling-Broushtein equation (D3)

Nucleation and growth Avrami-Erofeev equation Nucleation and grow
Avrami-Erofeev equation Nucleation and grow

Phase interfacial reaction Shrinkage geometrical column (S1)
Shrinkage geometrical Spherical (S2)

Power law Power law (P)
maximumdecomposition occur. h is planks constant which is equal
6.626� 10�34m2 kg/s and R is universal gas constant equal to
0.008314 kJ/mol K.
3. Results & discussion

3.1. Sewage sludge characterization

The air-dried sewage sludge (SS) was characterized to reveal the
proximate, ultimate and high heating value (HHV). Moisture, ash,
volatiles and fixed carbon of sewage sludge was 6.5wt%, 44.6 wt%,
44.6 wt% and 4.3wt%, respectively. The sewage sludge possessed
high ash and volatile content. This high ash content and low fixed
carbon leads to low heating value [37,38]. The proximate analysis
results are in good agreement with previously reported articles
[39]. According to ultimate analysis, sewage sludge has carbon
(40.4wt%), hydrogen (6.2wt%), nitrogen (6.7wt%), sulfur (1wt%)
and oxygen (45.7 wt%). It can be seen from the obtained results that
sewage sludge has high carbon, oxygen and nitrogen content.
Sewage sludge has high nitrogen and sulfur content as compared to
biomass [37]. This high nitrogen content appears from the protein
fraction of the microorganism used during wastewater purification
treatment [40]. The higher heating value of sewage sludge is
11.5MJ/kg. Thipkhunthod et al. [41] calculated the high heating
value of different industrial, community and hospital sludges which
were in the range of 9e13.9MJ/kg. Fourier transform infrared (FTIR)
spectroscopy is used to study the functional groups present in any
substance. The FTIR spectrum of dried sewage sludge is shown in
Fig. 1. This spectrum presented very extensive and wide-ranging
peaks. The peak at 3428.44 cm�1 gives identification of hydrogen
bond usually present in the OeH and NeH functional groups. The
other band appeared with a sharp peak at 2921.81 cm�1 which is
between 2880 and 3000 cm�1 range and represented the presence
of aromatic and aliphatic groups with CeH stretching. There was
another peak at around 1637.30 cm�1 which showed the presence
f (a) g(a)

1ea e ln(1ea)
(1ea)]3/2 2[(1ea) �3/2e1]
1/2a a2

-[ln (1ea)] �1 a þ (1ea) ln (1ea)
3/2[(1ea)1/3e1] �1 (1e2/3a)e(1ea)2/3

th (N1.5) 3(1ea) [e ln(1ea)]2/3 [e ln(1ea)]2/3

th (N2) 2(1ea) [e ln(1ea)]1/2 [e ln(1ea)]1/2

2(1ea)1/2 1e(1ea)1/2

3(1ea)2/3 1e(1ea)1/3

1 a
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of C]O aldehyde group. The section between 1550 and 1350 cm�1

could be appeared due to the vibrations of CH2 and CH3 groups. A
strong peak was also detected at 1000 cm�1 which could be due to
stretching vibrations of the CeO and CeOeC groups. This peak
showed the presence of alcohol, ethers, esters and carboxylic acid
due to the presence of oxygen. Below 1000 cm�1 data interpreta-
tion became difficult because of skeletal vibrations. Dominguez
et al. [41] also performed FTIR of dried sewage sludge and
confirmed the presence of NeH, OeH, CeH, CH2, CH3, C]O func-
tional group by assigning peaks at given range of wavenumber.

3.2. Thermal degradation behavior of SS

Fig. 2 represented three mass loss curves with respect to tem-
perature at three different heating rates of 5, 10 and 20 �C/min.
These three curves were mainly divided into three stages. Stage one
was mainly ascribed to the loss of surface and free bound water
between 70 and 150 �C. The second stage showed significant mass
loss between the temperature ranges of 200e600 �C. Initially be-
tween 200 and 370 �C, thermal decomposition reactions were
observed and involved decomposition of biodegradable materials
such as hydrocarbons. The decomposition of organic matter such as
protein, sugars, and aliphatic compounds was observed between
the temperature ranges of 400e600 �C, which is main and active
pyrolysis zone [35]. The third range, above 600 �C, showed the
thermal degradation of inorganic contents such as calcium car-
bonate. Other authors presented similar trends and observations
[33,42].

Table 2 listed TG-DTG data at 5, 10 and 20 �C/min which pro-
vided characteristic pyrolysis temperature and percentage mass
loss. As mentioned above the main thermal degradation range was
from 200 �C to 600 �Cwhich was further separated into two ranges.
In first range, initial temperature (Ti) where sludge degradation
appeared at 300 �C for 5 �C/min, 315 �C for 10 �C/min and 330 �C for
20 �C/min. Final temperature (Tf) and maximum peak temperature
(Tp) in first range for 5, 10 and 20 �C/min were 400 & 350, 430 &
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Fig. 2. TGA of sewage sludge sample at 5, 10 and 20 �C/min.

Table 2
TG-DTG characteristics parameters of sewage sludge at heating rates of 5, 10 and 20 �C/m

Heating rates (�C/min) Range I (250e450 �C)

Ti (�C) Tf (�C) Tp (�C) D

5 300 400 350 0
10 315 430 380 0
20 330 440 400 0

Ti ¼ Initial temperature where degradation starts, Tf¼ Final temperature.
Tp¼Maximum peak temperature.
380, and 440 & 400 �C), respectively. In second range, Ti, Tf, and Tp
were appeared at the heating rates of 5 �C/min (500, 610 and
540 �C), at 10 �C/min (510, 630 and 555 �C) and at 20 �C/min (530,
660 and 575 �C), respectively. The intensification of heating rate
subsidies to the rapid thermal degradation processes towards
elevated temperatures, this fact could be enlightened that a high
heating rate of sewage sludge sample with respect to given tem-
perature in a short time as a result of the increased thermal delay.
Secondly, the higher amount of volatile matter released to some
extent with increasing heating rate.

3.3. Kinetic analysis of sewage sludge pyrolysis

After illustrating the pyrolysis process of sewage sludge sample,
various types of kinetic models with the different kinetic mecha-
nism of pyrolysis could be further acknowledged on the basis of
thermal decomposition study. Representative mechanism func-
tions were used to satisfy these results, as represented in Table 3.
The appropriatemodel can be chosen on the basis of linear fitting of
the main solid-state reaction kinetic models and the linear
regression coefficient R2 of each model. The model with the linear
regression R2 nearly equal to 0.99 could be considered as the most
appropriate mechanism model. However, this is not hard and fast
rule. The value of R2 would not provide assurance that the selected
reaction mechanism of pyrolysis process was best fitted or not. For
kinetic analysis of sewage sludge, the Coats-Redfern model was
used to determine the activation energy (Ea, kJ/mol) and pre-
exponential factor (A, min�1).

Table 3 listed the activation energy, regression coefficient and
pre-exponential factor for two pyrolysis zones (section I:
240e330 �C& section II: 400e550 �C). The kinetic parameters were
calculated at heating rates of 5, 10 and 20 �C/min by employing
various reactionmodels. All givenmodel provided linear regression
coefficient R2 from 0.91 to 0.99 except at 10 �C/min for power law
(P) at temperature range of section I from 240 to 330 �C and 5 �C/
min for Avrami-Erofeev equation (Nucleation and growth, N2) at
temperature range of section II at 400e550 �C which showed poor
linear regression like 0.89 and 0.85 for both models. Phase inter-
facial reaction shrinkage geometrical column (S1) model at 10 �C/
min could be considered as best fitted model based on ideal linear
regression equal to 0.99 for both sections. In chemical reaction
models, first order showed higher activation energy (25.8, 29.3 and
27.4 kJ/mol for section I and 9.61, 1.31 and 1.21 kJ/mol for section II)
at 5, 10, and 20 �C/min with better regression coefficient. In diffu-
sion models, with increasing heating rates D3 showed lower acti-
vation energy in section I and higher activation energy in section II
at higher regression coefficient (R2~0.99) in comparison to D1 and
D2. In a similar manner of comparison, N1 and S1 produced higher
activation energy at higher heating rates in section I and lower
activation energy with the increase of heating rates in section II
with the better linear plot. Power law (P) showed very low acti-
vation energy in section I in comparison to first order reaction,
diffusion, nucleation and phase interfacial reaction models with
in.

Range II (450e700 �C)

TG (s�1) Ti (�C) Tf (�C) Tp (�C) DTG (s�1)

.00050 500 610 540 0.00060

.00055 510 630 555 0.00065

.00150 530 660 575 0.00125



Table 3
Kinetic parameters of sewage sludge sample by using various reaction models at heating rates of 5, 10 and 20 �C/min.

Model Name Heating Rates (�C/min) Section I (240e330 �C) Section II (400e550 �C)

Ea (kJ/mol) R2 A (min�1) Ea (kJ/mol) R2 A (min�1)

F1 5 25.80 0.985 47.55 9.61 0.988 44.99
10 29.34 0.994 95.28 1.31 0.942 156.66
20 27.4 0.979 206.96 1.21 0.982 280.00

F1.5 5 0.03 0.963 47.50 0.06 0.997 78.33
10 0.03 0.967 95.00 1.31 0.998 156.60
20 0.04 0.975 206.66 3.63 0.996 280.00

D1 5 48.92 0.981 52.71 10.90 0.987 44.99
10 56.28 0.992 144.18 2.73 0.992 89.99
20 54.64 0.986 259.37 3.49 0.977 159.98

D2 5 52.62 0.992 55.15 16.34 0.984 78.33
10 59.90 0.993 159.08 6.02 0.996 156.67
20 57.60 0.985 264.53 6.52 0.995 280.00

D3 5 12.13 0.997 47.48 19.60 0.999 78.33
10 11.75 0.995 94.99 16.73 0.999 156.66
20 10.97 0.994 206.62 15.99 0.999 280.00

N1.5 5 14.09 0.976 47.45 2.24 0.915 78.33
10 16.45 0.991 95.01 3.28 0.996 156.66
20 15.20 0.971 206.00 3.25 0.997 280.00

N2 5 8.27 0.961 47.49 9.64 0.852 83.40
10 10.04 0.986 94.99 5.56 0.999 89.99
20 15.7 0.945 206.65 1.21 0.981 280.00

S1 5 22.71 0.978 47.49 3.82 0.959 78.38
10 26.33 0.991 95.06 2.10 0.992 156.66
20 25.02 0.98 206.75 1.82 0.975 280.00

S2 5 23.72 0.981 47.51 5.61 0.977 78.38
10 27.32 0.992 95.05 1.03 0.955 156.67
20 25.81 0.979 206.73 0.87 0.926 280.00

P 5 5.29 0.893 47.49 6.60 0.997 78.33
10 7.13 0.965 94.99 8.65 0.999 156.67
20 6.78 0.952 206.66 8.24 0.998 280.00
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poor linearity. However, in section II, P showed higher activation
energy than S2, S1, N2, N1, F1.5, and F1.

Pre-exponential factor increased as the heating rate increased as
illustrated in Table 3. Pre-exponential factor at 20 �C/min was 280
min�1 for almost every model in section II and was 206 min�1 for
almost all models in section I. Usually A is related to the number of
times molecules will hit in the orientation necessary to cause a
reaction [43]. The calculated range of pre-exponential factor for
each model was 47e206 min�1 for temperature range 240e330 �C
and 44-280 min�1 for temperature range 400e550 �C. Zhang et al.
[44] predicted Ea and A values as 18.03 kJ/mol and 1391 min�1 for
the first mass loss range and 11.87 kJ/mol and 111 min�1 for the
second mass loss range, respectively for sewage sludge sample
obtained from the municipal wastewater treatment plant.
3.4. Thermodynamic parameters calculation

Thermodynamic parameters such as change in enthalpy (DH kJ/
mol), change in Gibbs free energy (DG, kJ/mol) and change in en-
tropy (DS, kJ/mol K) were calculated at 5, 10 and 20 �C/min by using
different type of reaction mechanism models as shown in Table 4.
DH, which is a state function, reflected the absorbed or released
heat at constant pressure [45]. All models showed positive DH
except F1.5 in section I. The positive DH indicated that energy from
an external source is needed for the higher energy level of the re-
agents to their transition state [46]. A growth in the DH value, time
for total conversion of sewage sludge pyrolysis also increased. Thus,
a higher value of the change in enthalpy could alter the activity of
primary reaction in pyrolysis [47]. DH followed the similar pattern
as activation energy increasedwith the increasing heating rates.DG
revealed the total increase energy in approach of the reagents and
the formation of the activated complex [48]. This provides a
comprehensive approach to evaluate the disorder & heat flow
change and its higher value represents a lower favorability of re-
action [36]. Among all models, diffusion (D1, D2, D3) and phase
interfacial models (S1, S2) showed higher DG as compared to re-
action, nucleation, and power-lawmodels in section I and section II.
The value of DG decreased with the with the increase of heating
rates in section II for all models which facilities the pyrolysis pro-
cess of sewage sludge at higher temperatures (400e550 �C).

The DS in Table 4 showed negative values which confirmed the
disorder of products resulted through bond dissociation was lower
than initial reactants. These negative values represented that the
disintegration in the activated state has a more well-organized
structure than before the thermal disintegration and that the re-
actions in the activated state are gentler than anticipated. The DS
from sewage sludge at various heating rates varied from�181 J/mol
to�225 J/mol which is higher than rice straw and rice bran,�4.13 J/
mol and �62 J/mol, respectively [49].
4. Conclusions

In this study, thermo-kinetic and thermodynamic parameters of
sewage sludge were systematically investigated. The thermal
analysis of TG and DTG data indicated sewage sludge pyrolysis as a
multi-step process with complex reaction mechanisms. Heating
rate was found to affect mass loss and mass loss rates, significantly.
Thermo-kinetic analysis was performed using Coats-Redfern
method on two thermal regimes; low-temperature stable (LTS)
and high-temperature stable (HTS). In every model, activation en-
ergy decreased at elevated temperature zone that means that re-
action rate constant increased and speed-up the reactions
occurring during the pyrolysis process. Higher correlation coeffi-
cient suggested best suitable model for the description of complex



Table 4
Thermodynamic parameter estimation of sewage sludge at heating rates of 5, 10 and 20 �C/min.

Model Name Heating Rate (�C/min) Section I (240e330 �C) Section II (400e550 �C)

DH (kJ/mol) DG (kJ/mol) DS (kJ/mol.K) DH (kJ/mol) DG (kJ/mol) DS (kJ/mol.K)

F1 5 23.43 86.342 �0.2207 5.702 111.623 �0.2253
10 26.97 88.235 �0.2149 �2.597 98.448 �0.2149
20 24.80 89.679 �0.2092 �2.282 85.593 �0.2092

F1.5 5 �2.33 60.575 �0.2207 �3.901 99.852 �0.2207
10 �2.33 58.938 �0.2149 �2.595 98.452 �0.2149
20 �2.54 62.325 �0.2092 0.1446 88.020 �0.2092

D1 5 46.55 109.218 �0.2198 6.99 112.913 �0.2253
10 53.91 114.194 �0.2115 0.485 102.034 �0.2160
20 52.06 116.337 �0.2073 �0.00188 89.828 �0.2138

D2 5 50.25 122.811 �0.2546 12.432 116.186 �0.2207
10 57.53 117.581 �0.2107 2.1169 103.162 �0.2149
20 55.02 119.247 �0.2072 3.0281 90.903 �0.2092

D3 5 9.76 72.676 �0.2207 15.69 119.446 �0.2207
10 9.38 70.653 �0.2149 12.082 113.868 �0.2165
20 8.39 73.253 �0.2092 12.498 100.373 �0.2092

N1.5 5 11.72 74.637 �0.2207 �1.487 102.086 �0.2203
10 14.08 75.352 �0.2149 �0.6275 100.418 �0.2149
20 12.62 77.491 �0.2092 �0.2418 87.633 �0.2092

N2 5 5.90 68.815 �0.2207 92.49 178.006 �0.1819
10 7.67 68.943 �0.2149 1.652 104.864 �0.2196
20 13.12 77.983 �0.2092 �2.2818 85.593 �0.2092

S1 5 20.34 83.255 �0.2207 �0.08758 103.664 �0.2207
10 23.96 85.231 �0.2149 �1.8075 99.283 �0.2150
20 22.44 87.302 �0.2092 �1.6718 86.203 �0.2092

S2 5 21.35 84.264 �0.2207 1.7024 105.454 �0.2207
10 24.95 86.221 �0.2149 �2.8685 98.176 �0.2149
20 23.23 88.092 �0.2092 �2.6218 85.253 �0.2092

P 5 2.92 65.853 �0.2208 2.692 106.446 �0.2207
10 4.76 66.033 �0.2149 4.742 105.787 �0.2149
20 4.20 69.063 �0.2092 4.7481 92.623 �0.2092
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and high ash sewage sludge pyrolysis process. Kinetic and ther-
modynamic parameters information will be vital and useful
knowledge for large-scale sewage sludge pyrolysis process for
bioenergy application.
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