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The thermal treatment of oil sludge involves lots of complex and parallel
reactions. Detailed analysis about such a process is difficult and limited.
Therefore, the combustion and pyrolysis characteristics of a few
representative sludge samples were studied through TG-FTIR at different
atmospheres in this work. As it is found there is much difference. The oil
sludge from Shengli Oil Field contains less moisture and more oil composition
compared with that from Liaohe Oil Field. This indicated that the sludge from
Shengli Oil Field can be effectively converted into fuels or primary chemicals.
Besides, oxygen has a very serious impact on the thermal conversion process
of oil sludge. Ambient conditions with an increase of oxygen concentration
can oxide the oil sludge at low temperature range; What's more, different
oxygen concentrations distinguished the maximum weight loss rate and its
corresponding temperature. The FTIR analyses of the gaseous products from
the combustion and pyrolysis processes showed that CO, CO2, CH4, H2O and
some volatile organic compounds (e.g. aldehydes and carboxylic acids) are the
main thermal degradation compounds. The composition of gaseous
compounds changed with oxygen concentration. Specifically, CO 2 accounted
for a larger proportion with the increase of oxygen concentration. Obtained
dynamic parameters along with the pyrolysis and combustion processes were
hard to find regularly. Nevertheless, the apparent activation energy in third
stage in which the major weight loss is the decomposition of char increased as
the oxygen concentration increased.
Key word: Oil sludge, TG-FTIR, kinetics mode, differential thermal analysis

INTRODUCTION
As a new potential solution to energy demands and
environmental problems, generating energy and valuable oil
resources from oil sludge are significant (Ebenezer et al.,
2015). Oil sludge is a mixture which contains petroleum,
organic matters, water, inorganic salt, solid minerals, etc
(Ma et al., 2014).Therefore, untoward effects on
environment and human health may be caused under
inappropriate treatment.
The original old treatment technologies generally
incompletely handle it and cause secondary pollution.
Moreover, those methods require substantial capital
investment. Compared to traditional routes, thermochemical
methods are seen as promising alternatives for oil sludge
disposal due to the treatment of oil sludge in an economic
and environmentally compatible manner. Typically,
thermochemical conversion processes can be divided into

several categories, such as combustion, pyrolysis,
gasification and so on.
With its unique characteristic to break down large
molecules into small ones and produce gas or oil from
carbonaceous materials using high temperature thermal
cracking without the support of air, pyrolysis has been
proven to be an alternative for disposal of this sludge (Wang
et al., 2007). On one hand, many studies focused on
characteristics of thermal decomposition. Temperatures,
heating rates and some other reaction conditions have deep
impacts on the composition and yield of sludge products.
(Linghu and Shen, 2014) discussed the effects of heating
rate, metal oxide addition and pyrolysis temperature on the
thermal behavior of three different kinds of sewage sludge
with a thermogravimetric analyzer and a fixed bed reactor.
(Inguanzo et al., 2002) studied the characteristics of gases,
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liquids and solid residues of sewage sludge under different
heating rates and final temperatures of pyrolysis and then
revealed the energy value of these products. (Domínguez et
al., 2006) explored to establish the most favorable conditions
for increasing hydrogen rich fuel gas yield in terms of
moisture content, soaking time in pyrolysis and so on.
(Wang et al., 2007) showed initial temperature and the
maximum evolution rate of pyrolysis reactions of oil sludge
via TG-MS. (Cui et al., 2006) investigated the fundamental
physical and chemical behaviors of two different types of
sewage sludge under air, O2 and nitrogen atmospheres. They
also studied the relationship between burnout time and
sludge pellet sizes. Moreover, numerous researchers have
studied sludge pyrolysis characteristic with different
methods by adding conditioners (Meesuk et al., 2013);
(Chiang et al., 2011); (Ren and Zhao, 2013); (Han et al.,
2010); (Yang et al., 2006); (Shao et al., 2010) or designing
and using some laboratory-scale reactors (Schmidt and
Kaminsky 2001); (Atienza-Martínez et al., 2015); (Qin et al.,
2015); (Azuara et al., 2015); (Karayildirim et al., 2006);
(Domı́ et al., 2003).
On the other hand, copious works focus on the pyrolysis
kinetics study which is favorable to select or design the
suitable reactor and optimize reaction conditions.
(Punnaruttanakun et al., 2003) researched the effect of
heating rates on the kinetic and relevant behaviors of oil
sludge in pyrolysis course, and deduced a feasible model
which can correspond nicely to TG curve. (Saikia et al.,
2002) reported the kinetics of dehydroxylation of kaolin clay
in presence of ETP sludge and have obtained the thermal
curves with Nonisothermal methods. (Scott et al., 2006)
elucidated the pyrolysis kinetics of several dried sludge
samples, and raised models that were proved to be
applicable to parallel competitive reactions. (Folgueras et al.,
2003) calculated the kinetics parameters by studying the
thermal conversion process of coal, sewage sludge, and their
mixtures with TGA. (Liu et al., 2013).conducted Satava
method to calculate kinetic parameters and carried out a
careful analysis of basic pyrolysis characteristics to confirm
the most likely reaction mechanism. (Shie et al., 2000)
determined the corresponding kinetic parameters (e.g.
activation energy, frequency factor and reaction order of
reactions) by a dynamic thermogravimetric (TG) reaction
system, and provided a simple reaction model for describing
the thermal decomposition processes.
Combustion as an emerging practice can promote the
substantial reduction of sludge when elevated amounts of
sludge are generated with increasingly. Thus, energy
recovery through sludge combustion is of great importance
to solve the problem of energy crisis mitigation. The sludge
combustion process (SCP) has been extensively studied.
(Fonseca et al., 2005) have described the kinetics during the
combustion course of carbonaceous materials with FlynnWall-Ozawa, Kissinger and Coats-Redfern methods. (Sanchez
et al., 2009) have studied and compared the combustion
characteristic of different materials by thermogravimetric
(TG) analysis. (Liu et al., 2009) have analyzed combustion
operation under different oxygen concentration and
specially studied features of MSW combustion in oxygen-

enriched air. Besides, there are some investigations about
co-combustion of various matters. (Otero et al., 2007) have
investigated the combustion of semi-anthracitic coal by
adding different percentage of urban sewage sludge with
DTG and DSC analysis, and showed that thermogravimetric
analysis is an easy rapid tool to explore co-combustion
course. (Zhang et al., 2015) have not only assessed the
combustion characteristics of rice husk, sewage sludge, and
bituminous coal blended with organic calcium compounds
(OCCs), but also investigated the effect of Ca/S ratio on the
combustion characteristics. (Wei et al., 2012) have
calculated the concentration of CO, SOx and NOx during cocombustion of coal and biomass using the numerical
simulation program and computational fluid dynamics
software.
The purpose of this paper is to have a better
understanding of pyrolysis and combustion mechanisms
and gas products generated of oil sludge from several oil
fieids of China with TG-FTIR. Even though the study about
heat treatment of sludge is overall, but detailed analysis is
difficult and limited because of lots of complex and parallel
reactions. When FTIR spectrometer is used as a hyphenated
technique with TGA, it will provide insightful and real-time
information about the type of gaseous products discharged
during the thermal process of oil sludge. Particularly, it is
necessary to perform detailed investigations on the structure
of functional groups and further reactions of intermediates
in thermal decomposition process. Also, comparative studies
on solid conversion rate and the amount of harmful gases
released under different atmospheres (N2, O2, air) have been
scarcely investigated. The research will well reveal the
influence of oxygen concentration on the thermal
decomposition process of oil sludge from several oil fields of
China. Furthermore, the kinetic parameters of pyrolysis at
different conditions by the Coats-Redfern method have been
obtained, which is favorable for design, operation and
pyrolytic treatment of oil sludge.

MATERIALS AND EXPERIMENTS
Materials
Two kinds of oil sludge in the experiment were separately
sampled from oil production plant located in Shengli Oil
Field, Shandong Province, and Liaohe Oil Field, Liaoning
Province. The two kinds sludge were divided into two
samples and named as S1, S2, L1 and L2. The samples are
black, viscous and semi-solid substances. Mineralogical
analysis of sludge by X-ray fluorescence spectrometer (XRF)
was listed in Table 1.
TG-FTIR analysis
TG-FTIR of oil sludge samples was executed by a
thermogravimetric analyzer (LABSYS, France) coupled with
a fourier transform infrared spectrometer (TRAffinity-1,
Japan). In this study, about 30-40 mg samples were heated
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Table 1. Mineralogical analysis of oil sludge (wet basis)
Major elements /%
S1
S2
L1
L2
minor elements /%
S1
S2
L1
L2

Na2O
MgO
Al2O3
SiO2
SO3
0.481
0.0474
4.86
0.939
1.63
0.316
0.224
2.33
4.90
1.42
1.46
0.588
18.9
22.1
0.277
1.16
0.480
14.4
15.5
0.339
V2O5
Cr2O3
MnO
NiO
/
/
/
/
/
0.004
0.0069
0.0012
0.0112
0.0116
0.0056
0.0025
0.0081
0.0087
0.0191
0.0026

in TGA equipment at the heating rate of 20 °C/min from
room temperature to 850 °C under different atmosphere
including nitrogen, air and pure oxygen. The carrier gas
constant flow rate was 60 mL per minute. The gases released
from the thermal decomposition of oil sludge were
monitored through FTIR spectra. The scanning range of IR
was from 4000 to 400 cm-1.
Kinetic analysis
The reaction equation during the non-isothermal dynamics
thermal degradation can be simple described as Eq. (1):

d 1
 K  T  f  
dt 

(1)
Where t is the time, k is rate constant, T is the temperature, f
(α) is the kinetics mechanism function, α is the conversion
ratio which is obtained by Eq. (2):

m  mt
 0
m0  m

Where mo is the initial weight, mt is the weight at time t, and
m∞ is final weight of sample, respectively. As the nonisothermal thermal degradation, the constant heating rate β
is as followed:
(3)

Reaction rate constant k comply the Arrhenius (Vyazovkin,
2000) and (Vyazovkin, 1992) equation:

 E 
k T   A exp   a 
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(4)

n

(5)

Combining above equations, we can obtain:

d A
n
 E 
 exp   a  1   
dT 
 RT 

Fe2O3
0.327
0.756
0.982
0.704
ZrO2
0.0029
0.0023
0.0027
/

TiO2
0.0561
0.0625
0.0617
0.0514
BaO
/
0.0593
/
0.0339

According to the procedures of the Coats-Redfem Coats and
Redfern (1964) method, Eq. (6) is changed with
mathematical transformation and approximation as:
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Eq. (7) and (8), a linear relationship can be conducted
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 . If giving n different values, a series of fitting curves
T
can be obtained. The closer the correlation coefficient of 1,
the fitting effect is better. Therefore, according to the slope
and intercept of the line, kinetic parameters Ea and A could
be determined.
RESULTS AND DISCUSSION

Where A is the pre-exponential factor, Ea is the reaction
activation energy, T is reaction temperature and R is the
universal gas constant, it also equals to 8.314 × 10 -3 kJ mol-1
K-1.
If sludge thermal decomposition is assumed as a simple
reaction, it can be expressed as:

f    1   

CaO
0.235
1.29
6.31
10.3
SrO
0.0039
0.0098
0.0244
0.0467

1 n 

(2)

dT

dt

K2O
0.0112
0.208
0.216
0.121
ZnO
/
0.0018
0.0012
0.0011

(6)

TG/DTG analysis
During the thermal degradation process of oil sludge, some
physical and chemical reactions could occur. In order to
make clear the detail thermal behavior with the
corresponding changes in temperature and make proximate
analysis, some experiments were performed by TG/DTG
which is one of the most apposite techniques. Figure 1
shows TG/DTG results of different oil sludge in different
atmosphere. Obviously, five distinct regions can be
substantially identified in the whole thermal degradation
process. They are drying stage (room temperature-190 °C),
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Figure 1: TG and DTG curves of different sludge in N2, air and O2
atmosphere

Kuang et al.

volatilization of light oil (190-400 °C), thermal
decomposition (400-540 °C), semi-coke stage (540-600 °C)
and mineral decomposition (600-850 °C).
It was observed from Figure 1 that the trend of TG curves
of four samples is roughly same. But the weight loss of
different stages and the faster rate of mass loss were
various. For pyrolysis in N2, in the first stage, 28.43, 20.22,
64.73 and 53.40 wt% weight loss indicates that moisture
content of Liaohe sludge is relatively higher than Shengli
sludge. Meanwhile, high content of chemically bonded water
of all samples can also be confirmed from the sharp peaks at
150-190 °C in DTG curve. A full range of samples had no
peaks in DTG curve in the second stage, while had some flat
and broad peaks in third stage. To speculate that there are
no or trace small molecular weight matters with low boiling
point. The change of third stage might attribute to the
devolatilization of petroleum hydrocarbons and other
organic compounds. Meanwhile, pyrolysis products with
complex composition need to gradually overflow with
increasing energy. So the curve of this stage relatively broad.
Noted that the reactions in fourth and fifth stages proceeded
slowly and had little loss, the reason is that decomposition
reactions come from complex organic structures and
inorganic minerals which exist in only very small quantities
in the sludge. Residue contents of different samples are
different during the whole reaction, it can be obtained that
all sludge samples own various compositions, which agree
with mineralogical analysis illustrated in Table 1, and sample
S2 has a higher ash melting point than others.
For burning in air, the first stage is similar to that in N 2,
which is related to the dehydration of sludge samples. The
weight loss in the second and third stages attributed to the
devolatilization process that means volatiles are released
along with thermolysis of carbonaceous matters. The TD
and DTG curves give an indication that the content of smallmolecule organic compounds is less than macromolecule
organic matters in four samples. Nonetheless, the fourth and
fifth stages had no weight loss, presuming that the organic
materials were pure substances, except for fixed carbon and
inorganic substances which are difficult to react (Li et al.,
2015). For samples S1 and L1, specially, the total weight loss
is less in air condition than in others. That may be because
melting ash and other materials adhere to the sample
surface at high temperature and stop the reaction to
continue to proceed.
During oxygen-enriched air combustion, it could be clearly
found that the maximum speed on loss in weight of all
samples at each stage shift to a lower temperature. Because
of the absence of oxygen, it is hard to transform the fusion
power around the solid particles, and the presence of
oxygen changed the situation to make it easy for organic
revealed (Senneca et al., 2004). Moreover, the higher oxygen
content also lessens the initial degradation temperature of
samples, elucidating that the ignition property of matters
enable be improved by increasing the oxygen concentration
(Liu et al., 2009). There are several discrete sharp peaks in
DTG curves, that is because various organic and inorganic
matters of oil sludge rapid volatilize and burn when their
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corresponding precipitation temperatures are reached, and
because of volatile burning on solid particle surface, oxygenenriched environments could increase the pellet
temperature. Therefore, related reactions are quick and
acute and could finish at lower temperature in the
atmosphere. Actually, high oxygen concentrations
significantly reduce the proportion of residual weight,
meaning that sludge burns much totally and leaves low
combustible material.
FTIR analysis
The composition of the thermal conversion products are
complicated which lead to the identification process cannot
just depend on TG analysis itself. In regard to gas analysis, as
we know, FTIR has been proved to be one of the most
available techniques (Shen et al., 2010). For samples S1 and
L2, we had FTIR analysis, respectively.
Figure 2 shows the three-dimensional FTIR spectra
derived from the gas production of samples S1 and L2 over
the entire temperature range of pyrolysis. Determined the
major scope of the gas emission in the light of TG curves in
Figure 1, and gained a series of FTIR spectra at the
significant temperature of 220 °C, 320 °C, 400 °C, 460 °C
and 680 °C. The major gas products identified by the
characteristics wave numbers consist of water (4000-3600
cm-1), methane (3100-2800 cm-1), carbon dioxide (24002250 cm-1, 667 cm-1), carbon monoxide (2200-2000 cm-1)
and aldehydes, acids and some other organic volatile
compounds (1900-1200 cm-1) (Gao et al., 2014).
As seen in Figure 3, distinct characteristic absorbance
peaks of the pyrolysis gases were presented in the range of
400-4000 cm-1, which may indicate that the content of
organic and inorganic materials in sludge is different and
then the main reactions that occur are also different. The
absorbance segments in 1200-1600 cm-1 and 3600-4000
cm-1 indicate the generation of water. From Fig. 3, water
evolved throughout the development process but two main
steps still need to be emphasized. First, as the temperature
was beyond 200 °C, the decomposition of crystal water and
aliphatic hydroxyl groups is responsible for water evolution
(Ahamad and Alshehri, 2012). Secondly, bound water of
minerals released when the temperature reaches 500 °C.
There are obvious absorbance peaks of two kinds sludge in
the stage of 2250-2400 cm-1 and 667 cm-1, which is
representative of CO2. For sample S1, the absorbance of CO2
is little during the whole pyrolysis process, while the
absorbance reached at the maximum within a narrow
temperature range and the continuous emission of CO 2
accompanies the whole stage for sample L2. This may be
related to the primary degradation of aliphatic organic
compounds and other organic volatile compounds (190-370
°C), and then the secondary degradation of carbonates in the
sludge and oxygen-containing functional groups such as
aldehydes and carboxylic acids (370-540 °C) and the
primary polymerization reaction of coking in solid phase
(540-700 °C) (Tao et al., 2010). The absorbance bands of CH stretching at 2800-3100 cm-1 demonstrated CH4 released.
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Figure 2: Three-dimensional FTIR spectra of evolved gases from
thermal decomposition of samples S1 and L2 in N2 atmosphere

The CH4 absorption started around 400 °C then accelerated
quickly until reaching a maximum at 680 °C. CH4 generated
in this period is mainly derived from the decomposition of
heavy molecules in the char, and semi-coke of high ratio of

carbon to hydrogen continues to occurring carbonization
reactions of dehydrogenation, rearrangement and
condensation. The highest proportion gas of all products is
CH4 in sample S1, but CO2 in sample L1 as shown in Figure 3.
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Figure 3: FTIR stack plot of the evolved gases from thermal decomposition of samples S1 and L2 in N 2 atmosphere

This may as a result of the relatively high oxygen content in
sample L2. The inconspicuous absorbent peak of C=O
stretching vibration appeared in 2000-2200 cm-1 indicated
very little amount of CO evolved. As the temperature
increases, CO can react with O2, H2 and so on which are
some intermediate fragments, thus making the release of CO
decreases (Li et al., 2013). The appearance of bands between
1680 and 1780 cm-1 confirmed the existences of carbonyl
groups (formaldehydes, acetaldehyde and so on) in pyrolysis
process. Obtained from Figure 3, these compounds only
appeared at high temperatures and the release of them was
larger in amounts with the increase of temperature. Thus, it
is enable to speculate that they are pyrolysis intermediate
fragments. Ultimately, the differences between the
generation curves of CH4, CO, CO2 and the DTG curve
demonstrate the impact of pyrolysis secondary reaction on
the gas products.
Figure 4 and Figure 5 exhibits FTIR spectra of various gas
products during combustion process, it can be observed that
the gas products detected by TG-FTIR mainly consist of CO2,
CO, CH4, H2O and some volatile organic substances (e.g.
aldehydes and carboxylic acids). The gas yield increases
significantly from approximately 320 °C and reaches one
peak at nearly 500 °C, it is just in accordance with the
maximum weight loss rate at 460 °C shown in DTG curves.
The slight difference in temperature may owing to the delay

and deforming of spectral signal which related to the
transferring retardation and the inverse mixing diffusion of
evolved gases (Zheng et al., 2013). Similar to pyrolysis
process, water has been produced during the whole reaction
process. Whereas, unlike the pyrolysis process, the emission
of CO2 increases dramatically as temperature continues to
rise and reaches the maximum at about 500 °C, and then
dwindles steadily until 680 °C. The generation trend of CO2
is in agreement with the total gas trend, indicating that CO 2
accounts for a major proportion of the gas products. In the
stage of 200-300 °C, many volatile organic compounds
volatilized and burned, making the CO2 concentration
increased rapidly. As the reaction proceeded, precipitation
and combustion of abounding non-degradable organic
matters occurred, and coke was also starting to burn at this
stage. Therefore, CO2 concentrations reached the highest at
about 500 °C. Moreover, the maximum evolution of CO2 is
observed far more than that of pyrolysis. In regard to CO,
CH4, aldehydes and carboxylic acids, the oxygen content in
reaction conditions plays an important role in the evolution
of these gases; higher oxygen indicates that lower gases
emissions should appear because of oxidation reactions,
which can be observed by comparing both processes.
FTIR spectra of various gas products come from
combustion on a pure oxygen condition are shown in Figure
6 and Figure 7 respectively. The emission gases are almost
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Figure 4: Three-dimensional FTIR spectra of evolved gases from thermal
decomposition of samples S1 and L2 in air atmosphere

the same with the former two processes, but the maximum
absorption capacity and the corresponding temperature are

different. Therefore, the reactions in pure oxygen
atmosphere are fast combustion process. For fast

Kuang et al.

63

Figure 5: FTIR stack plot of the evolved gases from thermal decomposition of samples S1 and
L2 in air atmosphere

combustion, those emissions kept rise in the process of
heating up except CO2 which decreased sharply in the range
of 600-680 °C. A possible reason for these results was that
sludge burns more totally and leaves lower combustible
material.
Comparative analysis
Contrastive analysis of thermal characteristics of the sludge
in different atmospheres (N2, air and O2) can be seen from
Figure 8.
The combustion in air and pure O2 and pyrolysis
characteristics of oil sludge in two different regions were
studied. The several processes from low temperature to high
temperature both experienced: drying stage, volatilization of
light oil, thermal decomposition, semi-coke stage and
mineral decomposition. Certainly, some differences were
discovered between the combustion and pyrolysis process
profiles of oil sludge samples. For example，the final weight
losses of sample S2 was less than others in TG curves. In
addition, the total weight losses of samples S1 and L2 were
almost the same, but amount of gas generated was different.
All of that may result from the distinct chemical
composition listed in Table 1. Although an increase of
oxygen concentration did not significantly modify
thermogravimetric curves, but shifted them to a lower
temperature, moreover different oxygen concentrations
distinguished the maximum weight loss rate and its
corresponding temperature. The different extent of their

respective chemical reactions of sludge samples may
promote these changes. In combustion, any carboncontaining substances would have to be converted into gases
under oxygenated environments. In the whole course the
oxidation of the sample was accomplished below 500 °C and
more lower as oxygen concentration increased. While in
pyrolysis, reaction condition provided is in oxygen-free
atmosphere. The main devolatilization step took place
between 190 and 540 °C, as is known that the degradation of
petroleum hydrocarbons and other organic compounds
mainly occur in this stage which is the key research area for
most scholars on the decomposition of oil sludge. By
comparing DTG curves, the effects of the presence of oxygen
on thermal decomposition can also be easily observed. The
obtained data defined the temperature range of sludge
combustion process and confirmed energy properties. A
detailed identification of gaseous species evolved during
thermal processes was obtained by FTIR. The joint use of
thermal methods and Fourier transform infrared
spectrometer is appropriate to determine the heating
performance of oil sludge as a fuel. Analyses of the gaseous
products of the combustion and pyrolysis processes showed
that CO, CO2, CH4 and some volatile organic matters (e.g.
aldehydes and carboxylic acids) are the main components.
The composition of gaseous compounds changed with the
temperature for combustion and for pyrolysis. Specifically,
CO2 accounted for a larger proportion with the increase of
oxygen concentration. At this point, the pyrolysis process is
more environmental friendly than the combustion process.
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Figure 6: Three-dimensional FTIR spectra of evolved gases from thermal
decomposition of samples S1 and L2 in O2 atmosphere
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Figure 7: FTIR stack plot of the evolved gases from thermal decomposition of samples S1 and L2
in O2 atmosphere

Whereas, with regard to residual weight, it is more favorable
for the combustion of oil sludge in oxygen-enriched air.
Kinetic analysis
Kinetic studies are often performed by nonisothermal
thermogravimetric analysis (TGA). Clearly, it is difficult to
differentiate the mass signal versus time or temperature
into complex reaction courses. Also, above three processes
cannot be easily described by a single mechanism function
because of many competing and parallel reactions. However,
determinations of kinetic parameters from the
thermogravimetric curves are an oversimplification of a
highly complicated process, and are essential to provide the
theoretical basis for the behavior of pyrolysis and
combustion of the samples. Besides, assuming that only
occur individual responses at different stages of thermal
decomposition when determining kinetic parameters. These
stages are characterized for each oil sludge sample, as in the
previous results, they evidently vary in terms of respective
thermally properties. As seen in Figure 1, the stages of
dehydration of samples and the organics thermal
degradation are the main weight loss phases during
pyrolysis and combustion, thus the temperature regions 60190 °C, 190-400 °C, 400-540 °C were chosen for kinetic
comparison of different sludge matters. For each
decomposition peak, linear fitting in term of the CoatsRedfern method were obtained with best n value. High
correlation coefficients derived from the calculation of the

activation energy and pre-exponential factors, thus a
reasonable kinetic result was expected in this work. The
results of correlation kinetic analysis of samples S1 and L2
through thermal treatments with high levels of oxygen or not
were listed in Table 2.
As can be seen from Table 2, all the correlation coefficients
R of fitting lines were almost above 0.95, indicating that the
nth-order chemical reaction model was reliable to be used to
describe the sludge thermal decomposition process. The
maximum value of apparent activation energy of S1 is in
second stage on N2 and air conditions, but is in third stage
during pure oxygen atmosphere. Combined with Figure 1,
maximum weight loss zone coincided with above result. It
should be noted that dynamic parameters along with the
pyrolysis and combustion process were hard to find
regularity but they became larger with the increased oxygen
concentration in third stage which matched well with the
result obtained by (Fang et al., 2006) and some differences
may due to the nature of the fuel itself. Moreover, the
activation energy value was nearly less than 70 kJ/mol,
although it exceeded 80 kJ/mol for the third phase in pure
oxygen atmosphere, may be the result of the narrower
temperature envelope and the fast degradation reactions. On
the whole, there are few data performed on the degradation
of oil sludge, but kinetic parameters in this paper is
reasonable as the report of (Shie et al., 2000) and (Li et al.,
2013), for comparing to the combustion of other wastes, the
data in this study is slightly lower than values obtained by
(Conesa et al., 1998) in which range from 70 to 252 kJ/min.
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Figure 8: Contrastive analysis of thermal characteristics of the sludge in different
atmospheres (N2, air and O2)

Yet the calculated activation energy values using the same
model are widely applied to sewage sludge, mood, rice straw
and other materials, while reaction order values of oil sludge
are slightly higher, because of the more complex
composition of oil sludge which contains larger amount of
combustibles and more complex parallel degradation
reactions. Considering the impact of oxygen concentration

and the diversity between two kinds of samples, calculated
results in this work are reasonable.
The corresponding activation energy and frequency factor
obtained from the thermo-kinetic analysis were tested
under the experimental conditions. The proposed simple
reaction model in this paper will be useful for utilizing the
calorific value in pyrolysis and calcination processes and
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Table 2. Kinetic parameters of various stages in different thermal decomposition processes
Materials

Stage
Stage1

S1

Stage2
Stage3
Stage1

L2

Stage2
Stage3

Kinetic
parameters
A(min-1)
Ea(kJ/mol)
R
A (min-1)
Ea(kJ/mol)
R
A(min-1)
Ea(kJ/mol)
R
A(min-1)
Ea(kJ/mol)
R
A(min-1)
Ea(kJ/mol)
R
A(min-1)
Ea(kJ/mol)
R

then describing the two runs of oil sludge. All these results
are serviceable for design, operation and pyrolytic treatment
of oil sludge.
Conclusions
The combustion and pyrolysis characteristics of a few
representative sludge samples were studied through TGFTIR at different oxygen concentration in this work.
Differences were found among these samples, and these
samples varied substantially in terms of sludge composition.
Besides oxygen is a very serious impact on the
characteristics of thermal conversion of oil sludge.
Two obvious weight loss areas were observed from
thermogravimetric curves. One area had a weight loss of
about 20-80 % between 90-190 °C, and the second had a
weight loss of about 10-50% between 190-540 °C. Specially,
the oil sludge from Shengli field contained less moisture and
more oil composition compared with that in Liaohe field,
which indicated that the sludge from Shengli Oil Field can be
effectively converted into fuels or primary chemicals.
Furthermore, residual weight is less than 10% of the initial
sample weight except sample S2, which showed that most
oil compounds suite for heat treatment and sample S2
needed further processing. Ambient conditions with an
increase of oxygen concentration did not significantly
modify thermogravimetric curves, but shifted them to low
temperature range; What's more, different oxygen
concentrations distinguished the maximum weight loss rate
and its corresponding temperature. Even more important,
high oxygen concentrations significantly reduce the
proportion of residual weight, meaning that sludge burns
out totally and leaves low combustible material.
Analyses of the gaseous products of the combustion and

N2
17.31
12.67
0.97
2.35×107
53.67
0.95
2.59×104
49.71
0.96
319.24
17.45
0.99
3.55×1010
50.88
0.97
1.07×105
45.77
0.97

Ambient conditions
air
7.42
9.45
0.97
1.74×109
70.72
0.98
8.27×105
68.31
0.94
2.15×103
23.33
0.99
1.81×1012
56.67
0.98
1.01×106
65.16
0.94

O2
17.47
12.92
0.99
3.34×106
43.63
0.99
2.55×1010
121.25
0.98
1.95×104
26.27
0.99
4.10×109
49.89
0.99
3.93×107
82.85
0.96

pyrolysis processes by FTIR showed that CO, CO2, CH4 and
some volatile organic compounds (e.g. aldehydes and
carboxylic acids) are the main components. The composition
of gaseous compounds changed with the temperature for
combustion and pyrolysis. Specifically, CO2 accounted for a
larger proportion with the increase of oxygen concentration.
At this point, the pyrolysis process is more environmental
friendly than the combustion process. Whereas, with regard
to residual weight, it is much favorable for processing oil
sludge through the way of combustion in oxygen-enriched
atmosphere.
According to the kinetic parameters obtained by CoatsRedfern method, it's easy to know the model used
adequately describe the weight loss course of the different
sludge in different atmosphere. Obtained dynamic
parameters along with the pyrolysis and combustion
process were hard to find regularity. Nevertheless, the
apparent activation energy in third stage (the major weight
loss) on account of char combustion and decomposition of
inorganic salts increased as oxygen concentration increased.
This research greatly assists the resource recovery of oil
sludge as energy resource.
Acknowledgement
The authors acknowledge the financial support from
National Natural Science Foundation of China (No.
41541025) and Open Research Fund Program of Shandong
Provincial Key Laboratory of Eco-Environmental Science for
Yellow River Delta（Binzhou University）( 2015KFJJ01).
Conflict of Interests
The authors declare that there is no conflict of interests

Int. Res. J. Public Environ. Health

68

regarding the publication of the paper.
REFERENCES
Han L, Wang Q, Ma Q, Yu C, Luo Z, Cen K (2010). Influence of
CaO additives on wheat-straw pyrolysis as determined by
TG-FTIR analysis. J Analytical and Appl. Pyrolysis. 88(2):
199-206.
Ren Q, Zhao C (2013). NOx and N2O precursors NH3 and
HCN from biomass pyrolysis: interaction between amino
acid and mineral matter. Applied Energy. 112: 170-174.
Ahamad T, Alshehri SM (2012). TG-FTIR-MS Evolved Gas
Analysis of bidi tobacco powder during combustion and
pyrolysis. J. hazardous materials. 199: 200-208.
Atienza-Martínez M, Fonts I, Lázaro L, Ceamanos J, Gea G
(2015). Fast pyrolysis of torrefied sewage sludge in a
fluidized bed reactor. Chemical Engineering J. 259: 467480.
Azuara M, Fonts I, Bimbela F, Murillo MB, Gea G (2015).
Catalytic post-treatment of the vapors from sewage sludge
pyrolysis by means of γ-Al2O3: effect on the liquid product
properties. Fuel Processing Technology. 130: 252-262.
Chiang KY, Lu CH, Chien KL (2011). Enhanced energy
efficiency in gasification of paper-reject sludge by a
mineral catalyst. International J. of hydrogen energy.
36(21): 14186-14194.
Coats AW, Redfern JP (1964). Kinetic parameters from
thermogravimetric data. Nature. 68-69.
Conesa JA, Font R, Fullana A, Caballero JA (1998). Kinetic
model for the combustion of tyre wastes. Fuel. 77(13):
1469-1475.
Cui H, Ninomiya Y, Masui M, Mizukoshi H, Sakano T,
Kanaoka C (2006). Fundamental behaviors in combustion
of raw sewage sludge. Energy & fuels. 20(1): 77-83.
Domı́ A, Menendez JA, Inguanzo M, Bernad PL, Pis JJ (2003).
Gas chromatographic-mass spectrometric study of the oil
fractions produced by microwave-assisted pyrolysis of
different sewage sludges. J. chromatography A. 1012(2):
193-206.
Dominguez A, Menéndez JA, Pis JJ (2006). Hydrogen rich fuel
gas production from the pyrolysis of wet sewage sludge at
high temperature. Journal of analytical and applied
pyrolysis. 77(2): 127-132.
Ebenezer AV, Arulazhagan P, Kumar SA, Yeom IT, Banu JR
(2015). Effect of deflocculation on the efficiency of lowenergy microwave pretreatment and anaerobic
biodegradation of waste activated sludge. Applied
Energy. 145: 104-110.
Fang MX, Shen DK, Li YX, Yu CJ, Luo ZY, Cen KF (2006).
Kinetic study on pyrolysis and combustion of wood under
different oxygen concentrations by using TG-FTIR
analysis. Journal
of
analytical
and
applied
pyrolysis. 77(1): 22-27.
Folgueras MB , Dı́az RM, Xiberta J, Prieto I (2003).
Thermogravimetric analysis of the co-combustion of coal
and sewage sludge. Fuel. 82(15): 2051-2055.
Gao N, Li J, Qi B, Li A, Duan Y, Wang Z (2014). Thermal

analysis and products distribution of dried sewage sludge
pyrolysis. Journal
of
Analytical
and
Applied
Pyrolysis. 105: 43-48.
Inguanzo M, Domınguez A, Menéndez JA, Blanco CG, Pis JJ
(2002). On the pyrolysis of sewage sludge: the influence of
pyrolysis conditions on solid, liquid and gas
fractions. Journal
of
Analytical
and
Applied
Pyrolysis. 63(1): 209-222.
Karayildirim T, Yanik J, Yuksel M, Bockhorn H (2006).
Characterisation of products from pyrolysis of waste
sludges. Fuel. 85(10): 1498-1508.
Li M, Xiao B, Wang X, Liu J (2015). Consequences of sludge
composition on combustion performance derived from
thermogravimetry analysis. Waste Management. 35: 141147.
Li X, Li WG, Wang GZ (2013, December). Pyrolysis
characteristics and kinetics of municipal sludge by
Thermogravimetry-Fourier Transform Infrared Analysis
(TG-FTIR). In Advanced Materials Research. 807: 11691175.
Linghu W, Shen R (2014). Thermal behaviour of sewage
sludge in pyrolysis process. Materials Research
Innovations. 18(sup4): S4-50.
Liu GH, Ma XQ, Yu Z (2009). Experimental and kinetic
modeling of oxygen-enriched air combustion of municipal
solid waste. Waste management. 29(2): 792-796.
Liu RP, Yao R, Dong BB (2013, December). Effects of metal
oxides during pyrolysis sludge by kinetic analysis.
In Advanced Materials Research. Trans Tech Publications.
864: 1854-1858.
López-Fonseca R, Landa I, Gutiérrez-Ortiz MA, GonzálezVelasco JR (2005). Non-isothermal analysis of the kinetics
of the combustion of carbonaceous materials. J. Thermal
Analysis and Calorimetry. 80(1): 65-69.
Ma Z, Gao N, Zhang L, Li A (2014). Modeling and simulation
of oil sludge pyrolysis in a rotary kiln with a solid heat
carrier: considering the particle motion and reaction
kinetics. Energy & Fuels. 28(9): 6029-6037.
Meesuk S, Sato K, Cao JP, Hoshino A, Utsumi K, Takarada T
(2013). Catalytic reforming of nitrogen-containing volatiles
evolved through pyrolysis of composted pig
manure. Bioresource technology. 150: 181-186.
Otero M, Gómez X, García AI, & Morán A (2007). Effects of
sewage sludge blending on the coal combustion: a
thermogravimetric assessment. Chemosphere. 69(11):
1740-1750.
Punnaruttanakun P, Meeyoo V, Kalambaheti C, Rangsunvigit
P, Rirksomboon T, Kitiyanan B (2003). Pyrolysis of API
separator sludge. Journal of analytical and applied
pyrolysis. 68: 547-560.
Qin L, Han J, He X, Zhan Y, Yu F (2015). Recovery of energy
and iron from oily sludge pyrolysis in a fluidized bed
reactor. Journal of environmental management. 154: 177182.
Saikia N, Sengupta P, Gogoi PK, Borthakur PC (2002).
Kinetics of dehydroxylation of kaolin in presence of oil
field effluent treatment plant sludge. Applied Clay
Science. 22(3): 93-102.

Kuang et al.

Sanchez ME, Otero M, Gómez X, Morán A (2009).
Thermogravimetric kinetic analysis of the combustion of
biowastes. Renewable Energy. 34(6): 1622-1627.
Schmidt H, Kaminsky W (2001). Pyrolysis of oil sludge in a
fluidised bed reactor. Chemosphere. 45(3): 285-290.
Scott SA, Dennis JS, Davidson JF, Hayhurst AN (2006).
Thermogravimetric measurements of the kinetics of
pyrolysis of dried sewage sludge. Fuel. 85(9): 1248-1253.
Senneca O, Chirone R, Salatino P (2004). Oxidative pyrolysis
of solid fuels. J. analytical and applied pyrolysis. 71(2):
959-970.
Shao J, Yan R, Chen H, Yang H, Lee DH (2010). Catalytic effect
of metal oxides on pyrolysis of sewage sludge. Fuel
processing technology. 91(9): 1113-1118.
Shen DK, Gu S, Bridgwater AV (2010). Study on the pyrolytic
behaviour of xylan-based hemicellulose using TG-FTIR
and Py-GC-FTIR. J. analytical and applied pyrolysis. 87(2):
199-206.
Shie JL, Chang CY, Lin JP, Wu CH, Lee DJ (2000). Resources
recovery of oil sludge by pyrolysis: kinetics study. J
Chemical Technol. Biotechnol. 75(6): 443-450.
Tao L, Zhao GB, Qian J, Qin YK (2010). TG-FTIR
characterization of pyrolysis of waste mixtures of paint

69

and tar slag. J. hazardous materials. 175(1): 754-761.
Vyazovkin SV (1992). Alternative description of process
kinetics. Thermochimica acta. 211: 181-187.
Vyazovkin SV (2000). Reviews in physical chemistry.
Thermochim Acta. 19: 45-60.
Wang Z, Guo Q, Liu X, Cao C (2007). Low temperature
pyrolysis characteristics of oil sludge under various
heating conditions. Energy & fuels. 21(2): 957-962.
Wei X, Guo X, Li S, Han X, Schnell U, Scheffknecht G, Risio B
(2012). Detailed modeling of NOx and SOx formation in cocombustion of Coal and biomass with reduced
kinetics. Energy & Fuels. 26(6): 3117-3124.
Yang H, Yan R, Chen H, Zheng C, Lee DH, Liang DT (2006).
Influence of mineral matter on pyrolysis of palm oil
wastes. Combustion and Flame. 146(4): 605-611.
Zhang L, Duan F, Huang Y (2015). Effect of organic calcium
compounds on combustion characteristics of rice husk,
sewage sludge, and bituminous coal: Thermogravimetric
investigation. Bioresource technology. 181: 62-71.
Zheng Y, Chen D, Zhu X (2013). Aromatic hydrocarbon
production by the online catalytic cracking of lignin fast
pyrolysis vapors using Mo2N/γ-Al2O3. J. Analytical and
Applied Pyrolysis. 104: 514-520.

