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a  b  s  t  r  a  c  t

The  pyrolysis  of hazardous  petroleum  sludge  (PS)  has  widely  been  used  for  its  remediation  and  energy
extraction.  However,  in  view  of process  optimization,  scale-up,  design  and  simulation,  the  kinetic  (activa-
tion  energy  and  frequency  factor)  and  thermodynamic  parameters  (change  in enthalpy  (  � H),  entropy  (
�  S),  and  Gibb’s  free  energy  ( � G))  along  with  reaction  mechanism  followed  by  pyrolysis  has  rarely  been
investigated.  Therefore,  pyrolysis  of  PS  was  investigated  in  thermogravimetric  analyzer  (TGA)  at  three
heating  rates  viz.  5, 10,  15 K min−1. The  kinetic  and  thermodynamic  parameters  were  estimated  by  iso-
conversional  methods  such  as  Kissinger-Akahira-Sunose  (KAS),  Starink  and  Ozawa-Wall-  Flynn  (OWF)
method.  Further,  solid  reaction  mechanism  during  pyrolysis  was  examined  by  employing  Criado  method
(Z-master  plot).  The  effect  of heating  rate on  thermodynamic  parameters  and  solid  reaction  mechanism

−1
olid reaction mechanism was  also  examined.  The  average  activation  energy  using  Starink  method  was  found  to  be  76.77  kJ  mol .
The frequency  factor,  � H, � S  and  � G at 5 K  min−1,  using  activation  energy  from  Starink  method  was
found  to be 3.23  × 107 sec-1, 70.78  kJ  mol−1, -0.168 J mol-1 K-1, and  189.88  kJ  mol−1, respectively.  Z-master
plot revealed  that  solid  reaction  mechanism  depend  on  the  degree  of  conversion  and  heating  rate  during
pyrolysis  of  PS.

©  2020  Institution  of Chemical  Engineers.  Published  by Elsevier  B.V.  All  rights  reserved.
. Introduction

The petroleum sludge (PS) which is generated from petroleum
efining industries after recovery of oil from crude sources is con-
idered as hazardous waste (Gong et al., 2020). The PS has been
onsidered as a hazardous waste due to its lower ignition tem-
erature, toxicity, mutagenicity and carcinogenicity (Cheng et al.,
018; Hu et al., 2017; Liu et al., 2009; Singh and Kumar, 2020).
very year around one billion tons of PS is generated from vari-
us sources associated with petroleum refining processes such as
ottoms of oil tank, oil and water separator, and wastewater treat-
ent plants (Hu et al., 2013; Liu et al., 2009; Qu et al., 2019). The

S has considerable quantity of combustible materials having high
eating value (Choudhury et al., 2007). PS is a complex mixture of
aste oil, wastewater, sand, organic and inorganic residue includ-
ng variety of heavy metals (Qu et al., 2019). Inappropriate handling
nd disposal of PS can leads to severe threat to environmental and
iological system (Chen et al., 2015a; Qu et al., 2019). Therefore,

∗ Corresponding author.
E-mail address: pkumar.che@iitbhu.ac.in (P. Kumar).

ttps://doi.org/10.1016/j.psep.2020.08.038
957-5820/© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights
PS needs a proper effective and reasonable technique for their dis-
posal. Due to its adverse impact on the environment, variety of
processes such as biodegradation (Xu et al., 2014), pyrolysis (Chen
et al., 2015c), solvent extraction (Al-Zahrani and Putra, 2013), mem-
brane separation (Hu et al., 2013), incineration (Liu et al., 2010),
ozonation (Zhong et al., 2003) has been tested from proper reme-
diation and utilization of PS. However, these processes have certain
constraints such as higher cost of operation, longer processing time,
process efficiency, etc. (Xu et al., 2014).

Moreover, with rapid industrial development and ever increas-
ing population of the world, the sources of energy can be considered
as lifeblood for development of economy (Singh et al., 2019, 2020b).
The total energy demand all around the world is increasing every
year and it is predicted that it will increased around 28 % by 2040
(Kumar et al., 2020). The current oil sources are unable to pro-
vide the sufficient energy to the mankind and demand of energy is
increasing day by day. The extraction of energy from waste may be
a possible route for energy generation as well as waste remediation.
Among the various explored process for treatment of PS, the
pyrolysis has gained dominance for energy recovery, utilization and
remediation because of its fast and efficient nature (Singh et al.,
2020a, c) and could convert waste PS into reusable energy source
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Table 1
Physicochemical properties of petroleum sludge.

Properties Petroleum sludge (PS) ASTM Standard

Proximate analysis
Moisture content (wt%)a 21.41 ASTM D 3173
Volatile matter (wt%) 63.33 ASTM D 3174
Fixed carbon (wt%)b 11.84 –
Ash content (wt%) 3.78 ASTM D 3175
Ultimate analysis
C  (wt%) 50.39 –
H  (wt%) 7.09 –
N  (wt%) 1.66 –
O  (wt%)b 37.38 –
S  (wt%) 3.48 –
HHV (MJ  kg−1) 12.42 ASTM D 5685−10A

a As received.
6 B. Singh et al. / Process Safety and En

ith relatively lesser generation of secondary pollutants (Qu et al.,
019). Pyrolysis can be potential approach for converting recalci-
rant and macro molecules of PS into relatively smaller molecules
Miao et al., 2019). Pyrolysis of PS brings four fold advantages: (1)
he reuse of PS can minimize the contamination of hazardous waste
ith environment as a result of careless handling and disposal; (2)

he pyrolysis oil obtained from the pyrolysis of PS can offset the
xtra pressure on demand and supply chain of fossil derived fuels
uch as petroleum and diesel; (3) huge amount of PS generated
very year, thus as a raw material for pyrolysis it is readily avail-
ble and inexpensive; (4) the study of pyrolysis will facilitate the
ther thermochemical conversion processes such as combustion
r gasification, since, pyrolysis is the initial stage of combustion
r gasification (Qu et al., 2019). As compared to other treatment
rocesses, pyrolysis can be promising technique for sludge man-
gement due to its ability to recover pyrolysis oil and gaseous
roducts as well as its fast and efficient nature. Pyrolysis also leads
o reduction in solid waste and less secondary pollution. Pyrolysis
an recovered around 80 % of total organic carbon present in sludge
Liu et al., 2009). The gaseous products from pyrolysis of petroleum
ludge can be used for heating purpose. The pyrolysis oil obtained
as similar properties to low grade petroleum distillate and can
irectly be sued as fuel in boiler, furnaces and engines. The solid
aste generated during pyrolysis of sludge can be used as adsor-

ent for wastewater treatment (Jiang et al., 2018; Premarathna
t al., 2019; Tian et al., 2020).

The assessment of kinetics and thermodynamics along with
eaction mechanism followed by pyrolysis of a feedstock is very
rucial for optimization of process parameters, scale up and design
f pyrolysis reactor system (Bach and Chen, 2017; Choudhury
t al., 2020). As per the recommendations given by the kinetic
ommittee of the International Confederation for Thermal Analy-
is and Calorimetry (ICTAC), the methods developed on the basis
f thermogravimetric analysis (TGA) are the most accurate and
revalent for study of thermochemical decomposition of various

eedstocks such as biomass (Singh et al., 2020c), lignite (Chen et al.,
015b), sewage sludge (Soria-Verdugo et al., 2017) and oil sludge
Qu et al., 2019). The pyrolysis of PS is a complex and multi-
tep process as a result large variation in activation energy with
onversion is observed. This problem can be assessed by using
so-conversional model (Cheng et al., 2018). The iso-conversional

ethod can demonstrate the complexity of pyrolysis process based
n relationship between activation energy and conversion with-
ut following any specific kinetic reaction model (Vyazovkin et al.,
011). Based on the mass loss data in the form of TGA and DTG, the
inetic parameters can be calculated using isoconversional models.
hen, thermodynamic parameters can be calculated by employing
inetic parameters (Singh et al., 2020c).

Pyrolysis of PS using thermogravimetric analysis followed by
stimation of kinetic parameters has been investigated by many
esearchers. For instance, Miao et al. (Miao et al., 2019) investi-
ated the kinetic parameters for pyrolysis oil field sludge using
so-conversional methods. Ma  et al. (Ma  et al., 2019) estimated
he kinetic parameter using distribution activation energy model
DEAM) and effect of heating rate on the pyrolysis of oil-field sludge.
u et al. (Qu et al., 2019) investigated the effect of solid content on

he pyrolysis behavior of oily sludge by estimation of kinetic param-
ters and solid reaction mechanism. Choudhury et al. (Choudhury
t al., 2007) examined the non-isothermal degradation kinetics of
yrolysis of petroleum refinery sludge based on iso-conversional
odels. Liu et al. (Liu et al., 2009) investigated the kinetic parame-

ers for pyrolysis of oil sludge using model-free kinetic analysis.

rom the literature it was found that kinetic parameters such
s activation energy and order of reaction has been successfully
xamined by many researchers based on iso-conversional model
nd independent parallel reaction model. However, estimation and
b Calculated by difference.

effect of heating rate during pyrolysis on thermodynamic parame-
ters such as change in enthalpy ( � H), change in entropy ( � S), and
change in Gibb’s free energy ( � G) for pyrolysis of PS has not been
reported so far. In addition, solid reaction mechanism followed dur-
ing pyrolysis of PS needed further clarification based different range
of conversion of PS and heating rate during pyrolysis.

Therefore, present work was aimed to investigate the kinetic
parameters (activation energy, frequency factor), thermodynamic
parameters (change in enthalpy ( � H), change in entropy ( �
S), and change in Gibb’s free energy ( � G)) and solid reaction
mechanism during pyrolysis of PS. Three iso-conversional methods
such as, Kissinger-Akahira-Sunose (KAS), Starink and Ozawa-Wall-
Flynn (OWF) method were used to calculate the kinetic and ther-
modynamic parameters. Further, solid reaction mechanism during
pyrolysis was examined by employing Criado method (Z-master
plot). Also, the physicochemical properties of PS were studied by
using proximate, ultimate and ICP-OES analyses.

2. Materials and methods

2.1. Collection and characterization of petroleum sludge

The oily petroleum sludge examined in this work was obtained
from petroleum refinery situated in north India. The collected PS
sample was placed in a cold room maintained at 4 ◦C to preserve
its original properties. Before experiments it was dried in hot air
oven at 70 ◦C for 2 h. Then it was  placed in air tight container to
avoid the variation in properties of sludge. The PS was subjected
to proximate, ultimate, and induced coupled plasma spectroscopic
analysis. The moisture content (MC), ash content (AC) and volatile
matter (VM) was  estimated by following the standard ASTM meth-
ods mentioned in Table 1. The fixed carbon of PS was  estimated
by difference (100 − (MC  + VM + AC)). The elemental analysis for
carbon, nitrogen, hydrogen and sulphur was  carried out by CHNS
analyzer (Euro vector EA element analyzer). The oxygen was esti-
mated by difference (100 − (C + H + N + S)). The higher heating
value of PS was  estimated by employing bomb calorimeter (RSB3,
Rajdhani Scientific inst. Co., India). The metal present in PS was
analysed by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) analyzer (iCAP 7400 Thermo Fisher Scientific, India).
Metals concentration in the PS was  analyzed using acid digestion
of the dried sludge according to US EPA method 3050B. The PS was
digested prior to ICP-OES analysis. 5 g of sample was  digested with
7 mL  of 65 % HNO3 and 1 mL  of 30 % H2O2 in a microwave oven

digester 95 ± 5 ◦C. The final sample was passed through 0.22 �m
syringe filter before metal testing.

sattu
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.2. Thermogravimetric analysis of PS

The TGA analyzer (NETZSCH TG 209F1 Libra) was used to per-
orm the pyrolysis. The dried PS sample (approximately 5 ± 0.2 mg
n each case) was kept in alumina crucible and heated from ambient
o 1273 K at 5, 10, 15 K min−1, respectively. The high purity nitro-
en gas (99.999 %) at 100 mL  min−1 was passed to maintain the
nert atmosphere. The high flow rate of nitrogen and small sam-
le weight was considered to prevent the secondary cracking of
on-condensable gases and to overcome the heat and mass trans-

er limitations, respectively, (Chen et al., 2015a). Before the start of
xperiments, blank run was performed to obtain the TG base line
o offset the effect of buoyancy (Chen et al., 2015a; Qu et al., 2019).
urther analysis was executed based on recorded data of TGA and
ifferential thermogravimetric analysis (DTG). The precision in the
easurement of temperature and sensitivity of microbalance of

GA was ± 1 K and ± 0.1 � g, respectively. The TGA analysis was
eplicated twice to reduce the experimental error.

.3. Kinetic study

The pyrolysis of PS is complex process which is accompanied by
eries of complex reactions occurring simultaneously during pyrol-
sis. However, the mathematical model could be used to describe
he pyrolysis process based on superposition of different reaction
mong different phases (Qu et al., 2019). The general solid-state
eaction for pyrolysis of PS can be written as follows:

olid fuel(PS)
k−→Volatile matter (Gases and Tar) +  Char (1)

A general expression for conversion of PS during pyrolysis can
e defined as follows:

d˛

dt
= k (T) f (˛) (2)

here, d˛dt is the conversion rate, k is the pyrolysis rate constant, ˛
s the degree of conversion, t is the time for pyrolysis reaction, T is
he absolute temperature, f(  ̨ ) is the reaction model in differential
orm.

The conversion of PS during pyrolysis can be described as fol-
ows:

 = w0 − wt
w0 − wf

(3)

here, w0, wt , wf are the weight of PS sample recorded by TGA
nalyzer at start of the run, time t and end of the run, respectively.

The rate constant for pyrolysis of PS is dependent on tempera-
ure and relationship can be written as follows:

(T) = Ae
−Ea
RT (4)

here Ea and A are the kinetic parameters, signifying the activation
nergy and frequency factor, respectively. R signifies the universal
as constant.

The final equation for pyrolysis of PS can be obtained by join-
ng Eqs. (2) and (4). Eq. (5) represent the fundamental relationship

hich can be applied to calculate the activation energy during
yrolysis of PS.

d˛

dt
= Ae

−Ea
RT f (˛) (5)

The constant value of heating rate at which thermogravimetric

nalysis was performed can be expressed as:

 = dT

dt
(6)
ental Protection 146 (2021) 85–94 87

The temperature during TGA varied with heating rate. Using
Eq. (6) the rate of conversion can be presented into temperature
derivative. Therefore,

d˛

dT
= d˛

dt

dt

dT
(7)

d˛

dT
= d˛

dt

1
ˇ

(8)

Eq. (9) can be obtained with the help of Eqs. (5) and (8)

d˛

dt
= A

ˇ
e

−Ea
RT f (˛) (9)

The Eq. (9) is referred as differential form of kinetic equation
which is used during estimation of kinetic parameters using model
based on differential form. After integration of Eq. (9) on both sides
the Eq. (10) can be deduced as:

g (˛) =
∫ ˛

0

d˛

f (˛)
= A

ˇ

∫ T

T0

exp
(

− Ea
RT

)
dT (10)

The Eq. (10) is referred as integral form of kinetic equation which
is used during estimation of kinetic parameters using model based
on integral form, where, g (˛) represents function of conversion
in integral form. f(˛) represents the algebraic forms of expressions
related to physical models which illustrates the solid state reaction
mechanism during pyrolysis. The expressions of f(˛) and g(˛) depict
the various reaction mechanism are presented in Table S1 (Supple-
mentary material). With the help of these expressions, mechanism
followed during pyrolysis was predicted. In this work, the activa-
tion energy was  calculated by employing three iso-conversional
methods, such as KAS, OWF  and Starink method.

2.4. Model-free methods (isoconversional models)

2.4.1. The Kissinger-Akahira-Sunose (KAS) method
KAS method predicted the relationship between heating rate

and activation energy through non-isothermal linear integral as per
the Eqs. (11) (Aboulkas and El Harfi, 2008; Heydari et al., 2015).

ln

(
ˇ

T2
˛

)
= ln

(
AR

E˛g (˛)

)
− Ea
RT˛

(11)

where T˛ is the temperature at conversion ˛. The plot between ln(
ˇ

T˛
2

)
and 1

T˛
, at a constant value of conversion gives a straight

line, whose slope can be used to calculate activation energy.

2.4.2. The Ozawa-Wall- Flynn (OWF) method
OWF  method can be derived by integrating Eq. (9), and then

Doyle’s approximation was  implied over temperature integral. The
resulting equations are obtained as Eqs. (12) and (13) (Chen et al.,
2018; Heydari et al., 2015). At every conversion three points for ln

 ̌ and 1
T˛

can be obtained at three heating rates. The plot between

these points will give a straight line having slope (−1.052 EaR ) which
can be used to compute activation energy.

ln  ̌ = ln
(
AEa
Rg (˛)

)
− 5.3305 − 1.052

Ea
RT˛

(12)
or

ln  ̌ = ln
(

0.0048AEa
Rg (˛)

)
− 1.052

Ea
RT˛

(13)
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.4.3. Starink method
Starink analyzed the KAS and OWF  methods to get the following

quation (Cheng et al., 2018).

n

(
ˇ

Ts˛

)
= C − BEa

RT˛
(14)

where, S and B take different values. By using temperature inte-
ral approximation, Starink obtained the value of S and B as 1.92,
nd 1.0008, respectively. Then Eq. (14) can be rewritten as:

n

(
ˇ

T1.92

)
= C − 1.0008

Ea
RT˛

(15)

At every conversion, three points for ln
(
ˇ
Ts

)
and 1

T˛
can be

btained at three heating rates. The plot between these points will
ive a straight line having slope, (−1.0008 E˛R ) which can be used to
ompute activation energy.

.5. Determination of reaction kinetic model

Once the activation energy was determined, the Criado method
Z-master plot) was employed to describe the kinetic model fol-
owed during pyrolysis of PS. The Criado method is described by Eq.
19) (Criado, 1978). The Z-master plot can be of three types namely,
ntegral, differential and combination of both (Alam et al., 2020;
otor et al., 2000). The Z-Master plot Z(˛) can be deduced by mul-

iplication of both integral and differential of reaction kinetic model
Alam et al., 2020). At atmospheric temperature, the decomposition
f PS is very less. Therefore, limit (To) in the integral expression
Eq. 10) can be approximated to zero. After rearrangement and
pproximation of limit the integral expression (Eq. 10) can be
ritten as:

(˛) =
∫ ˛

0

d˛

f (˛)
= A

ˇ

∫ T

T0

exp
(

− Ea
RT

)
dT = A

ˇ

∫ T

0

exp
(

− Ea
RT

)
dT

= AE

ˇR
(p (u)) (16)

In Eq. (16) p(u) is the integral term associated with temperature.
lso, the analytical solution of Eq. (16) is not possible. Therefore, by
ssuming pyrolysis of PS as single step process, and with constant
alue of g (  ̨ ), the analysis of Z-master plot provides a diverse
hoice for selection of suitable kinetic model. Considering  ̨ = 0.5
s reference point, the Eq. (16) can be written as:

(0.5) = AE

ˇR
(p (u0.5)) (17)

where u0.5 = E
RT0.5

. After dividing the Eq. (16) by Eq. (17), we can
et the expression as:

g (˛)
g (0.5)

= p (u)
p (u0.5)

(18)

Z (˛)
Z (0.5)

= f (˛) × g (˛)
f (0.5) × g (0.5)

=
(
T˛
T0.5

)2
×

(
d˛/dT

)
˛(

d˛/dT
)

0.5

(19)

The left-hand side of Eq. (19) was used for generation of
-master plots for theoretical solid reaction mechanism as men-
ioned in Table S1. While, the term in right-hand side ((T˛/T0.5)2

 ((d˛/dT)˛/(d˛/dT)0.5)) was used to generate experimental Z-
aster plot (Alam et al., 2020; Singh et al., 2020c). The value of

eft-hand side term ((Z(˛)/Z(0.5)) at reference point (  ̨ = 0.5) for all

heoretical curve is one at which all the theoretical curve converge
Singh et al., 2020c). The most appropriate model followed dur-
ng the pyrolysis of PS was obtained by matching the experimental
nd theoretical Z-master plot. The model at which corresponding
ental Protection 146 (2021) 85–94

experimental and theoretical Z-master plots are closest to each
other will be followed during pyrolysis of PS (Dhyani et al., 2017;
Mishra et al., 2015; Poletto et al., 2012).

2.6. Calculation of thermodynamic parameter

The activation energy was calculated by employing three iso-
conversional methods, such as KAS, OWF  and Starink method.
The frequency factor at different conversion was calculated by
using Kissinger method represented by Eq. (20). By using acti-
vation energy the frequency factor can be obtained by using Eq.
(21) at different conversion. Based on the activation energy from
Starink method frequency factor was calculated. Since ICTAC has
recommended the Starink method as one of the most accurate iso-
conversional method (Cheng et al., 2018).

ln

(
ˇ

Tsp

)
= ln

(
AR

E

)
− E

RTp
(20)

A = ˇ.E˛.Exp

(
E˛
RTp

)
/
(
R.T2

p

)
(21)

where, Tp, is the DTG peak temperature,  ̌ is the heating rate,
E˛ is the activation energy at different conversion, and R is gas
constant.

With the help of obtained value of activation energy and fre-
quency factor, change in enthalpy, Gibbs free energy and entropy
can be obtained at different value of conversion by employing Eqs.
(22)–(24).

�H  = E˛ − RT˛ (22)

�G  = E˛ + R.Tp. ln
(
KB.T˛
h.A

)
(23)

�S  = �H  − �G
Tp

(24)

where, T˛ represents temperature at different conversion varying
from 0.1 to 0.9, Tp represents the DTG peak temperature, KB repre-
sents the Boltzmann constant (1.381*10 −23 J K-1), and h represents
the Plank constant (6.626 *10 -23 J s).

3. Results and discussion

3.1. Physicochemical characteristics of PS

The physicochemical properties of PS obtained from proximate
analysis (moisture content, fixed carbon content, volatile matter
and oxygen content), ultimate analysis (C, H, O,  N and S) are pre-
sented in Table 1 and result of ICP-OES analysis are presented in
Table 2.

3.2. Pyrolysis behavior of PS

The pyrolysis behavior of PS was investigated using Thermo-
gravimetric analyzer and the results are exhibited as TGA (Fig. 1a)
and DTG (Fig. 1b). For detailed analysis of pyrolysis process the
DTG curves at different heating rates were divided into three
distinct stages based on the occurrence DTG peaks (Gong et al.,
2018). Each stage during pyrolysis has its own  significance. The
first stage (300–400 K) corresponds to removal of surface and
bound moisture from the PS sample with lesser weight loss as
compared to other stages (Gong et al., 2020). The intensity of
peak in stage 1 is small because PS sample was  dried for 24 h

at 105 ◦C before carrying out the TGA experiments. The second
stage (400–1000 K) ascribed the major devolatilization zone where
maximum weight loss occurred due to decomposition of lighter,
medium and heavy molecular weight volatile compounds present
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Table  2
Elements detected from ICP-OES of the petroleum sludge.

Elements Fe Ca Mg  Cu Cd Cr Pb Zn Ti

wt%  (ppm) 357.2 100 40 35 42.5 105 198 580 547
Elements Ni Co As V Mn  K Ba B Al
wt%  (ppm) 240 16 13.5 72 4.24 3.38 ND 0.01 26.40

ND; Not detected.

f PS d

i
a
w
a
d
s
d
s
w
a
i
p
c
(
s

Fig. 1. (a) TGA; (b) DTG; (c) Conversion o

n PS. The stage 3 (1000–1273 K) associated with char formation
nd simultaneous occurrence of secondary cracking reactions as
ell as decomposition of inorganic mineral present in PS. It was

lso observed that overlapping phenomenon occurred between
ifferent stages (Qu et al., 2019). Meanwhile, thermal hystere-
is phenomenon was also observed with increase in heating rate
uring pyrolysis of PS (Qu et al., 2019). Due to thermal hystere-
is, the TGA and DTG profile shifted to higher temperature zone
ith increase in heating rate. Heat and mass transfer limitations

re mainly responsible for thermal hysteresis phenomenon. Thus
ncrease in heating rate during pyrolysis speed up the pyrolysis
rocess and increases the rate of weight loss. These results are

onsistent with published literature about pyrolysis of oily sludge
Gong et al., 2020, 2018; Qu et al., 2019). The degree of conver-
ion of PS is defined as the fraction of PS which decomposed at
uring pyrolysis at different heating rates.

particular time. Fig. 1c exhibited the conversion of PS at differ-
ent heating rate. It is evident from the result that with increase in
heating rate during pyrolysis, the same degree of conversion was
achieved at higher temperature. With increase in heating rate, the
PS sample experienced a stronger thermal shock in lesser time. As
a result same degree of conversion achieved at higher tempera-
ture. The gradual heating of PS will facilitate the higher degree of
conversion

3.3. Estimation of activation energy
The activation energy is defined as the minimum energy essen-
tial for occurrence of a reaction. It can also be used for predicting
the quality of fuel. The fuel having high activation energy con-
sumes longer time to form activated complex for proceeding of



90 B. Singh et al. / Process Safety and Environmental Protection 146 (2021) 85–94

Fig. 2. Iso-conversion models for kinetic analysis of PS (a) KAS; (b) OWF; (c) Starink methods.

Table 3
Activation energy for pyrolysis of PS at different conversion using iso-conversional model.

Conversion KAS method OWF  method Starink method

E (kJ mol−1) R2 E (kJ mol−1) R2 E (kJ mol−1) R2

0.1 71.870 0.9978 90.691 0.9951 83.150 0.9942
0.2  105.471 0.9949 114.597 0.9957 106.164 0.9949
0.3  118.425 0.9977 128.251 0.9981 119.184 0.9977
0.4  123.313 0.9999 133.890 0.9999 124.122 0.9999
0.5  82.563 0.9942 83.319 0.9983 72.552 0.9979
0.6  49.578 0.9989 61.797 0.9994 50.222 0.9989
0.7  41.367 0.9938 54.172 0.9968 42.008 0.9939
0.8  41.308 0.9679 54.808 0.9826 41.977 0.9688
0.9  50.900 0.9628 65.315 0.978 51.634 0.9636
Average 76.088 0.9897 87.426 0.9937 76.779 0.9899



B. Singh et al. / Process Safety and Environmental Protection 146 (2021) 85–94 91

Fig. 3. Variation of activation energy of PS for different using different iso-conversion models.

Table 4
Comparison of activation energy for pyrolysis of PS form published literature based on iso-conversional models.

Feedstock Activation energy (kJ mol−1) References

KAS method OWF  method Starink method Friedman method CR method

Petroleum sludge 84.44 95.19 – 102.77 – (Choudhury et al., 2007)
Oil  sludge – – 82.4 84.7 – (Cheng et al., 2018)
Oil  sludge 45.93 53.37 – – – (Qu et al., 2019)
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Oil-field sludge – 245.74 – 

Petroleum wastewater sludge – – – 

Petroleum sludge 76.08 87.72 76.77 

eaction (Kaur et al., 2018). The activation energy of PS during pyrol-
sis was estimated by employing three iso-conversional methods
amely, KAS, OWF  and Starink methods. The results for KAS, OWF
nd Starink methods are exhibited in Fig. 2a–c, respectively. The
ctivation energy for different conversion (varying from 0.1 to 0.9)
as calculated the slop of straight regression lines for different
odels. It was observed that as the conversion increased from

.1 to 0.9, the slop of lines for different model also changed. As
 result the activation energy also varied with conversion. The
alculated values of activation energy at different conversion are
iven in Table 3 and the change in activation energy at different
onversion for different model is depicted in Fig. 3. The average
ctivation energy for KAS, OWF  and Starink method was  found
o be 76.088, 87.427 and 76.779 kJ mol−1, respectively, with cor-
elation coefficient of 0.9897, 0.9937, and 0.9899, respectively.
omparable activation energy was obtained by all three meth-
ds. However, activation energy from OWF  method was marginally
igher that the other two methods (Fig. 3). Marginal difference for
ctivation energy might be due to approximations and assump-
ion followed during derivation of different models (Kaur et al.,
018). For instance, Doyle’s approximation was followed during
erivation of OWF  method, while Starink and KAS do not adopt
uch approximation (Doyle, 1962; Yuan et al., 2017). The change in
ctivation energy with conversion attributed to series of reactions
ith multi-stage kinetics during pyrolysis of PS. Thus, pyrolysis of

S is a complex process where every single reaction contributes
otally or partly to the global reaction mechanism subject to degree

f decomposition. Table 4 represents the comparative analysis of
esults obtained on activation energy during pyrolysis of PS form
resent work and published literatures based on iso-conversional
odels.
– 102.98 (at 10 K min ) (Miao et al., 2019)
– 116.69 (Mu  et al., 2016)
– – Present work

3.4. Determination of reaction kinetic model

Pyrolysis of PS is a complex process occurring through multi-
ple parallel and series reactions. So, it is very challenging to find
the reaction mechanism of such complex process. However, mech-
anistic model based on suitable mathematical approximation has
been developed to predict the reaction mechanism of such com-
plex processes. In the present study Z-master plot based on Criado
method (Criado et al., 1989) was  used to predict the mechanism
during pyrolysis of PS.

The integral temperature term p(u) is a function of conversion
and can be calculated by using activation energy obtained from iso-
conversional method. In this work p(u)/p(u0.5) is calculated using
activation energy from Starink method. The plot of p(u)/p(u0.5)
versus conversion at different heating rate is shown in Fig. 4a. The
nature of plot showed that different reaction mechanism could be
followed at different conversion and heating rate during pyrolysis
of PS. From conversion 0.1−0.3, 0.3−0.4, 0.4−0.5 and 0.5−0.6, the
nature of plot is similar at all heating rate, while from conversion
0.6−0.9 drastic change in nature of plot was  observed suggesting
that different reaction mechanism would be followed at different
heating rate. Thus, Fig. 4a illustrates that during pyrolysis of PS
multiple kinetic model were followed depending on the level of
conversion and heating rate during the process.

The Z-master plot at 5 K min−1 is shown in Fig. 4b. Based on the
proximity of experimental and theoretical corves it was observed
that reaction model depends on the degree of conversion. From

conversion 0.1−0.2, 0.2−0.3, 0.4−0.5, 0.5−0.6, 0.6−0.7, 0.7−0.9 and
0.8−0.9, the model followed are F3/R1, R1, P4, D1, D4, R3, D2,
respectively. The detail about the model has been given in Table S1.
However, for conversion 0.3−0.4, the mechanism is not clear from
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Fig. 4. (a) p(u)/p(u0.5) versus conversion at different heating rates; (b) Z-maste

-master plot. It is clear that at lower heating rate during pyrolysis
f PS, prediction of solid reaction mechanism is very cumbersome.
his might be reason for selection of intermediate or higher heating
ate during prediction of solid reaction mechanism for pyrolysis of
S. The Z-master plot at 10 K min−1 is shown in Fig. 4c. From con-
ersion 0.1−0.3, 0.3−0.4, 0.4−0.5, 0.5−0.7, and 0.7−0.9, the model
ollowed are F3, F2, R3, D1, D4, respectively. The Z-master plot
t 15 K min−1 is shown in Fig. 4d. From conversion 0.1−0.5, and
.6−0.9, the model followed is F3 and D4, respectively. Qu et al.
Qu et al., 2019) and Miao et al. (Miao et al., 2019) investigated
he reaction kinetic model for oil sludge at 60 K min−1 and 10 K

in-1, respectively, using Z-master plot method. They have studied
he reaction kinetic model based on phase separation of oil sludge,
hile present work aimed to investigate the effect of heating rate

n reaction model followed during pyrolysis.

.5. Estimation of thermodynamic parameters

Table 5 represents the thermodynamic parameters for pyrolysis
f PS. The thermodynamic parameters were calculated using the
ctivation energy from Starink method. Also, the thermodynamic
arameters were calculated at three different heating rates such as

, 10, 15 K min−1.

The frequency factor suggests the nature of complex formed
uring the pyrolysis of PS. The average values of frequency factor

or pyrolysis of PS at 5, 10, 15 K min−1 was found to be 3.23 × 107,
 at 5 K min−1; (c) Z-master plot at 10 K min−1; (d) Z-master plot at 15 K min−1.

1.30 × 107, 4.70 × 106 sec-1, respectively. The value of frequency
factor also varies with conversion. The lower value of frequency fac-
tor indicated the formation of closed complex while, higher value
indicates the formation of simple complex during pyrolysis process
(Kaur et al., 2018; Yuan et al., 2017). The large variation in frequency
factor with conversion might be due to complex nature of pyrolysis
of PS. The value of frequency factor also varies in accordance with
activation energy. Lower value of frequency factor was obtained at
lower activation energy, while higher value is observed at higher
activation energy at given value of conversion.

The Enthalpy as a thermodynamic parameter defines the total
heat content associated with system (Singh et al., 2020c). For pyrol-
ysis of PS, it is the total heat absorbed by PS sample for converting
into pyrolytic oil, gaseous product and char (Daugaard and Brown,
2003). The average change in enthalpy ( � H) at 5, 10, 15 K min−1

was found to be 70.78, 70.52, 70.29 kJ mol−1. Thus, positive value
of � H revealed process is endothermic in nature and energy from
external source is required for increasing the energy of PS reagent
up to transition state for proceeding of pyrolysis process. Also, the
effect of heating rate on � H during pyrolysis of PS is minimal. The
value of � H also varied with conversion. At the start of reaction �
H is small revealing the reactive system due to removal of moisture.

The � H during pyrolysis suggested that the difference of energy
between PS reagent and activated complex formed are matching
with activation energy with slight difference. The lower difference
between enthalpy and activation energy suggest that formation of
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activated complex during pyrolysis (Loy et al., 2018; Vlaev et al.,
2007). That will facilitate the pyrolysis of PS.

The change in Gibbs free energy ( � G) revealed the increase in
energy of pyrolysis system as a result of activated complex (Kaur
et al., 2018; Turmanova et al., 2008). The variation in � G with
conversion at different heating rate is presented in Table 5. A pos-
itive Gibbs energy during pyrolysis of PS ascribed the unfavorable
condition for reaction. That means system requires energy from
external source to proceed (Mallick et al., 2018). The average change
in Gibbs energy ( � G) at 5, 10, 15 K min−1 was  found to be 189.88,
201.17, 214.29 kJ mol−1. The increase in average � G with heating
rate revealed that pyrolysis process will consume more energy at
higher heating rate.

The change in entropy measure the randomness or disorder of
system. It is a state function of the system. The variation in � S
with conversion at different heating rate is presented in Table 5.
Result showed that for selected level of conversion at three differ-
ent heating rates, the value of � S is negative revealing that during
the pyrolysis PS sample is attaining a new state which is closer
to thermodynamic equilibrium state as a result of randomness in
products formed due breaking of bonds during pyrolysis. The aver-
age change in change in entropy ( � S) at 5, 10, 15 K min−1 was
found to be, − 0.168, − 0.195 and − 0.207 J mol-1 K-1, respectively.
The decrease in change in entropy with heating rate ascribed that
at higher heating rate pyrolysis of PS is more favorable. The lower
entropy during a process revealed that the sample has some chem-
ical and physical changes due to which sample tend to attain new
thermodynamic equilibrium state (Kaur et al., 2018; Yuan et al.,
2017).

4. Conclusions and recommendations

The efficacy of petroleum sludge for energy potential was
examined by performing pyrolysis of petroleum sludge using TGA
analyzer at 5, 10, 15 K min−1 heating rate. The kinetic, thermody-
namic parameters and solid reaction mechanism was investigated
based on iso-conversional model (KAS, OWF  and Starink) and Cri-
ado method (Z-master) plot. The average activation energy from
KAS, OWF  and Starink model was  found to be 76.088, 87.426 and
76.779 kJ mol−1. The lesser value of activation energy revealed the
suitability of petroleum sludge for pyrolysis process. The close value
of change in enthalpy and activation at different conversion facil-
itate the pyrolysis process by easier activated complex formation.
The negative values of change in entropy ( � S) at different level
of conversion revealed that both chemical and physical changes
during pyrolysis supporting the petroleum sludge sample to attain
thermodynamic equilibrium state. The heating rate during pyrol-
ysis has significant effect on thermodynamic parameter and solid
reaction mechanism. Higher heating rate lowered the change in
entropy as well as dual kinetic model (F3 for conversion < 0.5 and
D4 for conversion > 0.5) was  followed. However, at lower heat-
ing rate multiple kinetic model were followed depending on the
degree of conversion. Although the future scope of pyrolysis pro-
cess for treatment of petroleum sludge is very promising due to its
fast and efficient nature, large treatment capacity, and high recov-
ery of oil from petroleum sludge but moisture content of petroleum
sludge is very high. Thus, it requires a pretreatment process to
reduce its moisture content and make the process more efficient.
Also, the cost of operation, maintenance of process reactor system,
and energy input should be taken into consideration.

Overall, it may  be concluded that in-depth analysis of kinet-

ics, thermodynamics and solid reaction mechanism of pyrolysis of
petroleum sludge makes the pyrolysis process more suitable for
remediation and resource utilization by optimization and scale-up
of process reactor system and make the process cost effective.
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