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ARTICLE INFO ABSTRACT

Keywords: Pyrolysis of petroleum sludge is considered as a promising way for energy production from solid waste of pe-
Petrolel.lm sludge troleum refineries and the ability to predict the thermal decomposition behavior of such processes is necessary
Pyrolysis for modeling, optimization, and control of the pyrolysis reactors. Therefore, this work focused on developing and
Kinetics . . . s . . .

Thermodynamics applying a systematic methodology for the calculation of kinetics and thermodynamics of the oil sludge pyrolysis
TGA /FT-I};{ and investigation of evolved gases. Thermograms at different heating rates demonstrated that the pyrolysis re-

actions could be considered under three zones; i) moisture and low molecular weight hydrocarbon volatilization,
ii) active pyrolysis, and iii) high-temperature carbonization. During active pyrolysis, two decomposition stages
were obtained by deconvolution using the Asym2sig function, which indicated the occurrence of multiple re-
actions. The average activation energies, calculated by the iso-conversional models, ranged in 106.3-112.7 kJ.
mol ™! and 200.9-207.6 kJ.mol " for the first and second pyrolysis stages, respectively. Flynn-Wall-Ozawa and
Friedman models showed the best consistency between the experimental and predicted values. The average pre-
exponential factors were estimated as 9.79 x 10° s™! and 1.91 x 102 s7! for these subsequent sub-stages.
Furthermore, enthalpy, Gibbs free energy, and entropy changes were estimated together with monitoring
emission profiles of the released gases from the sludge during pyrolysis by coupling TGA with an FT-IR spec-
trometer. The reported kinetic, thermodynamic parameters and findings on evolved gases can expand the use of
this residue in refinery applications, consisting of a great attempt toward its valorization.

aromatic hydrocarbons, and heavy metals [4,5]. Moreover, some min-
eral admixtures that consist of surface soil, drilling mud residues, and
fine suspended particles may also exist in their composition [6].
Therefore, disposal and recovery technologies of petroleum sludge have
attracted increasing attention due to environmental regulations and

1. Introduction

During the production of petroleum-based products through refinery
processes, considerable amount of oily waste as sludge is generated. It is

estimated that more than 60 million tons of oil sludge can be produced
annually and more than 1 billion tons of sludge has been accumulated
worldwide [1]. There are several sources of petroleum sludge-like
oil-water separators, wastewater treatment units, and cleaning wastes
of process instruments. In particular, bottom sections of the storage
tanks are the main sources of sludge which have time-consuming, labor-
intensive disposal problems during the periodically cleaning procedures
[2,3]. Crude oil sludge has been regarded as a toxic and hazardous
substance since it is a stable emulsion that contains many chemical
species including benzene, toluene, ethyl-benzene, xylene, polycyclic
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requirements for technological progress in enterprises [7,8]. To this end,
a variety of oil sludge utilization approaches have been developed, and
these include physical (filtering, settling, or centrifuging), chemical
(extraction, solidification), and biological (microbiological decomposi-
tion, bio-thermal decomposition) techniques [9]. By employing these
methods, toxic substances can be reduced or eliminated and hazardous
environmental effects can be mitigated. However, many of the afore-
mentioned methods are considered disadvantageous due to their high
cost, low efficiency, secondary pollution generation, and long treatment
periods [10].
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Nomenclature

List of Symbols

A Pre-exponential factor s

e Neper number (2.7183)

E. Activation energy (kJ mol ™)

h Planck constant (6.626 x 1073* J s)

k Reaction rate constant

kg Boltzmann constant (1.381 x 10722 J K1)

k(T) Temperature function

L Length of the molecular unit (m)

R Universal gas constant (8.3144 x 103 kJmol ' K1)

R, Pyrolysis reactivity index

R? Coefficient of determination (R-squared)

Adj.R?>  Adjusted coefficient of determination

SBET Surface area calculated by Brunauer-Emmet-Teller
Equation (m? g™1)

SD Standard deviation

t Time (s)

T Temperature (K)

T; Temperature at which the decomposition is started (K)

Tmax Temperature at which the highest decomposition rate is
observed (K)

T¢ Temperature at which the decomposition is completed (K)

T, Average peak temperature (K)

W, Mass at the initial stage of the reaction (mg)

Wr Mass at the final stage of the reaction (mg)

Wy Mass at time t (mg)

(9] Fractional conversion function

g(o) Integrated form of reaction model

p(w) Temperature integral

o Fractional conversion

B Heating rate (K min™!)

p Density of the solid (kg m~3)

X Transmission factor

X Mean value

AG” Gibbs free energy change (kJ mol 1)
AH” Enthalpy change (kJ mol %)
AS” Entropy change (J mol~! K1)

Recovery of hydrocarbons from oil sludge would yield substantial
environmental and economic benefits, since these materials are a po-
tential source of energy and chemical feedstock due to their high carbon
and hydrogen contents [11-14]. Several researchers have reported that
thermochemical conversion methods may be an ideal technique to
recover value-added products such as hydrocarbons and synthesis gas
from oil sludge. By pyrolytic degradation of oil sludge, it is possible to
recover more than 80 wt% of the oil as paraffins, olefins, and aromatics
as a liquid product [15-17]. Furthermore, enhancement of the rate of
conversion, increasing liquid product yield, upgrading the quality of
liquid product may also be achieved in the presence of some additives
[18-22]. Although pyrolysis technology offers a practical and alterna-
tive method for resource utilization of petroleum sludges [23],
describing pyrolytic decomposition is challenging. This is because, py-
rolysis is comprised of many primary and secondary parallel reactions,
as well as competitive reactions [24]. Petroleum sludge is also a het-
erogeneous substance that has different compositions depending on the
process conditions. For studying the solid-state decomposition reactions
of such complex materials, thermogravimetric analysis (TGA) is a useful
technique due to its sensitivity towards thermally stimulated processes.
Therefore, TGA has been often used to describe the thermochemical
behaviors and kinetics of waste materials with complex structures such
as municipal, industrial, and agricultural wastes [25-31].

In view of the considerations given above, the aim of this study is to
investigate the pyrolytic decomposition of crude oil sludge through
TGA/FT-IR analysis. Recently, few studies have been reported on the
pyrolysis characteristics of petroleum sludge obtained from API sepa-
rators [32], crude oil storage tanks [33], and wastewater treatment
plants of refineries [34] through TG-MS. Moreover, Cheng et al. carried
out thermal analysis and kinetics of oil sludge considering the evapo-
ration stage of the sludge and establishing the relationship between the
peak distribution and the surface properties of the oil sludge particles
[35]. However, it should be noted that comprehensive kinetic and
thermodynamic analyses of petroleum sludge pyrolysis together with
evolved gas analysis were performed for the first time in this study.
Considering the above-discussed gap in the literature, pyrolysis of oil
sludge was studied by coupling TGA with an on-line FT-IR spectrometer.
Non-isothermal experiments were performed using different heating
rates, and the kinetics of the process were analyzed by the Friedman,
Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose, Starink, and Tang
models. Moreover, thermodynamic parameters such as changes in
enthalpy (AH#), Gibbs free energy (AG™), and entropy (AS7) were

estimated.
2. Materials and methods
2.1. Experimental study

2.1.1. Preparation and characterization of the sludge

The petroleum sludge was obtained from a petroleum refinery
located in Izmit, Turkey (TUPRAS-Turkish Petroleum Refineries Co.).
Before the experimental runs, the sludge was dried at room temperature
and powdered to a particle size less than 0.125 mm. Afterwards, the
main characteristics were determined by proximate and ultimate ana-
lyses according to the ASTM standards. The proximate and ultimate
analyses of oil sludge is given in Table 1 on a 15-days-air-dried basis.
Proximate analysis showed that oil sludge has high volatile matter as
53.25 wt% while ultimate analysis revealed the presence of high carbon
content as 50.68 wt%. Since precursors with high carbon and hydrogen
and low oxygen contents are preferable for pyrolysis processes, it is
convenient to say that pyrolysis can be a suitable thermochemical con-
version method to recover the hydrocarbon content of the oil sludge.

For a detailed quantitative ash analysis, the residue obtained after
burning the oil sludge sample was analyzed using X-ray fluorescence
spectroscopy (Rigaku XRF, ZSX). According to the results, Fe;Os is one
of the key mineral species in oil sludge which contributes 31.01 wt% of
ash as the major inorganic phase (Table 2). The results of XRF analysis
also indicated that oil sludge ash was comprised of a number of oxides
such as SiO,, CaO, NayO, MgO. It is known that the presence of metal
oxide in ash boosted the active site and enhanced the catalytic effect

Table 1
Proximate and ultimate analyses of air-dried oil sludge.

wt%

Proximate Analysis Moisture 3.77
Ash 34.25
Volatiles 53.25
Fixed carbon* 8.73
Ultimate Analysis Carbon 50.68
Hydrogen 6.95
Nitrogen 0.92
Oxygen* 35.96
Sulfur 5.49

* From difference
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Table 2
Ash composition of oil sludge.

Minerals Composition (wt%) Elements Composition (wt%)
Na,0 2.3552 Na 2.3509
MgO 1.2510 Mg 1.2487
Al,03 10.8625 Al 10.8425
Si0, 26.1538 Si 26.1055
P05 0.4991 P 0.4981
SOs 14.8649 S 15.0221
K0 0.9688 K 0.9670
Ca0 10.8853 Ca 10.8652
TiO, 0.4104 Ti 0.4096
V205 0.4228 v 0.4221
Cry03 0.0830 Cr 0.0828
MnO 0.2314 Mn 0.2309
Fey03 31.0118 Fe 30.9546

during pyrolysis process by affecting cracking and decarboxylation re-
actions [36].

Fourier Transform Infrared Spectroscopy (FT-IR) analysis of oil
sludge was performed using an FT-IR spectrometer (Bruker Tensor 27) to
identify structural groups in the range of mid-IR range (4000-400 cm 1)
by using KBr pellet technique. In this method, oil sludge sample was
mixed with dried KBr in the weight percentage of 1% to prepare pellets
for FT-IR analysis. Fig. 1. shows the FT-IR spectrum of oil sludge that
includes various surface functional groups. Peaks between 3500 cm ™!
and 3400 cm™! indicated ~OH groups due to the presence of alcohols,
phenolics, or carboxylic acids. Aliphatic hydrocarbons showed the main
region of strong absorption band between 2800 and 3000 cm ™! because
of symmetrical and asymmetrical C-H vibrations. Peaks between 1600
and 1650 cm ™! were assigned to olefinic C=C vibrations found in aro-
matic structures. Moreover, peaks between a wavenumber range of
1400-1500 cm ! were caused by C—H bonds in alkane structures and
the C-O vibrations resulted in a strong peak around 900-1100 cm ™.

2.1.2. Thermoanalytical measurements

The dried oil sludge samples were subjected to simultaneous TGA/
FT-IR analysis. The samples for the non-isothermal pyrolysis experi-
ment were heated from room temperature to 1000 °C in N, atmosphere
with a flow rate of 20 ml.min?, at heating rates of 5, 10, 20, and 40 °C.
min~!. Before each thermochemical conversion analysis, a blank
experiment was performed to gain the baselines in order to eliminate the
systematic errors of the instrument. A sample of approximately 10 mg
was placed within an alumina pan and weight loss, together with other
process variables such as time and temperature were monitored during
dynamic measurements. During pyrolysis, evolved gases were swept
through the capillary transfer lines which were connected to FT-IR
spectrometer. To avoid plugging, the transfer line and FT-IR cell were
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maintained at 225 °C and 250 °C, respectively. FT-IR spectra were
recorded from 4000 to 400 cm ™! using OMNIC software. To ensure the
accuracy of the experimental results, all the experiments were con-
ducted at least twice and average values were used in kinetic analysis.

2.2. Kinetic and thermodynamic analysis

Non-isothermal kinetic analysis was performed using sample weight
loss data recorded during pyrolytic degradation. In general, non-
isothermal approaches are preferred for pyrolysis experiments since
isothermal experiments are imprecise in accounting for the uncertainties
of possible chemical reactions during the heating period [37]. During
thermal analysis, fractional conversion («) and pyrolysis reactivity index
(Rp) can be expressed by Eq. (1) and Eq. (2), respectively.

a:Wu_Wt (])
Wo — Wr
1 [(dw
R, =—|(— 2
" w, (dt)mm @

In the equations, w, is the initial weight of the sample (mg), w; is the
instantaneous sample weight (mg) at time t or temperature T, wy is the
final weight of the sample (mg), and (dw/dt)max is the maximum
decomposition rate. Char yield (CY), at the end of the main pyrolysis
zone, was calculated by the following relationship:

CY(%) = x100 3)
Wo
It is well known that the basic rate equation of the solid-state thermal
conversion process assumes that the conversion rate is proportional to
the concentration of reactant and dependent on temperature. At a linear
temperature heating rate (f); two different independent functions,
namely temperature function (k(T)) and fractional conversion function
(f(a)); are often used to define the kinetic expression as given in the
following equation:
da da
a ﬂﬁ =k(T)f(a) ()]
The temperature dependency of the rate constant, k, is described by
the Arrhenius equation [k = Aexp(-Eo/RT) ] where E, is the activation
energy, A is the pre-exponential factor, and R is the gas constant. Hence,
the reaction rate can be given in the form:

da E,
ﬁﬁ = Aexp( - ﬁ)f(“) ()

where f(a) is the conversion function. Eq. (5) can also be integrated
into;

o
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Fig. 1. FT-IR spectrum of oil sludge.
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a T
da_ g(a) :% exp( - &> ar = AE“P(M) (6)
Tc

0 f((l) o ﬂR

where g(a) and p(u) are known as the integrated form of fractional
conversion function, and temperature integral, respectively. Since p(u)
has no analytical solution, it can be given by some approximations based
on the kinetic methods applied. The above equations can be processed in
two ways as model-free and model-fitting methods for the calculation of
kinetic parameters. In the model-free approach; knowledge of reaction
model f(a) is not required while it is assumed in the case of model-fitting
methods. It is accepted that widely-used iso-conversional methods are
reliable to extract trustworthy and consistent kinetic information from
both isothermal and non-isothermal data [38]. The basis of the iso-
conversional approach is that the rate of decomposition is calculated by
the current sample temperature at a certain point of conversion. More-
over, heating rate and temperature changes are considered ineffective to
the reaction mechanism [39]. In the scope of this study Friedman [40]
and Flynn-Wall-Ozawa [41,42], KAS [43,44], Starink [45], and Tang
[46].models were employed without assuming any reaction route in a
model-free approach to analyze kinetic characteristics of petroleum
sludge. After the determination of activation energy, thermodynamic
parameters as the changes in enthalpy, Gibbs free energy, and entropy
can be estimated using the activated complex (transition state) theory.
Accordingly, the transition-state entropy change, AS7, is related to the
pre-exponential factor:

A
AS” = Rln h
eykgT,

)

where: e = 2.7183 is the Neper number; yis the transmission factor,
which is considered as unity for mononuclear reactions; kg is Boltzmann
constant (1.381 x 10723 J.K’l); h is the Plank constant (6.626 x 1034 J.
s) and T}, is the average peak temperature observed from the dTG curves
at different heating rates. In general, transition state theory is developed
for monomolecular and bimolecular reactions taking place in the gas
phase. On the other hand, several authors used this approach for solid-
based reactions [47-49]. Due to the complex scheme of radical reactions
during tar pyrolysis, the activation entropy calculated by the transition
state theory must be considered as an apparent value that is convenient
only for analyzing the heterogeneity of the tar [50]. The usage of this
approach is acceptable after considering the specific surface area of the
solid (Sggr), the length of the molecular unit considered in the decom-
position (L), and the true density of the solid (p) as given in Eq. (8) [50].
In order to apply Eq.8, the BET surface area of the oil sludge was
determined by Nj adsorption at 77 K with a surface area analyzer
(Quantachrome Autosorb) and density of the sludge was determined by
gas pycnometer (Quantachrome 1200e), using helium gas at a pressure
of 20 psia for the calculation of thermodynamic parameters.

L Ah
AS* = RlnSBETLpe;( o, )

After calculation of AS*, the changes of the enthalpy (AH?), and
Gibbs free energy (AG”) can be then calculated via Egs. (9) and (10).

AH? = E,—RT, )]
AG” = AH” —T,AS” (10)
3. Results and discussion
3.1. Thermogravimetric analysis of oil sludge

TG curves were used to interpret the mass loss behavior during
thermal degradation, while dTG curves were used to determine the

maximum temperature of pyrolytic degradation together with the onset
and offset temperatures of the main active pyrolysis region. The TG and
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dTG curves at four different heating rates are illustrated in Fig. 2 to show
the pyrolysis behavior of oil sludge. Furthermore, Table 3 summarizes
the characteristic temperatures related to pyrolytic degradation. A small
weight loss before 120 °C may be attributed to the loss of moisture and
low molecular weight hydrocarbons which is consistent with proximate
analysis. For the heating rate of 5 °C.min"}, the weight-loss of the main
decomposition was from 178.5 to 493.9 °C, yielding 49.97 wt% char. As
seen from the thermographs, this second stage yielded a large amount of
volatiles. When the temperature reached 432.2 °C, the weight loss rate
reached its peak value which indicated the maximum rate of weight loss.
The main mass slopes of the TG curves and the most dominant peaks of
dTG thermograms for all heating rates (5 to 40 °C.min" 1) were observed
between 178.5 and 535.8 °C, which were due to the thermal decom-
position of oil sludge in the active pyrolysis region. Thermal cracking of
organics and devolatilization of fragments generated from the cleavage
of covalent bonds occurred in this intensive mass loss region. Frag-
mentations in the active pyrolysis region were acceptable in terms of the
weight loss trend and the multi-stage nature of the pyrolytic reactions. It
is notable that pyrolysis reactivity was gradually increased from 0.16 to
1.35 s~! while the heating rate varied from 5 to 40 °C.min~!. The
weight-loss stage after this main zone was the carbonization stage where
the TG and dTG curves were almost decelerated and the solid residue
from the second stage was carbonized. This final stage of pyrolytic
decomposition was accompanied by depolymerization and repolymeri-
zation of macromolecules that existed in the structure of the sludge. The
further calculations for kinetics and thermodynamics were based on the
active pyrolysis zone whose characteristic temperatures are given in
Table 3.

The effect of increasing heating rate on the decomposition resulted in
an increment of a lateral shift in the temperature of the maximum
degradation peak. This occurrence is due to the combined effect of heat
transfer at different heating rates and the heat conductive property of
the sludge which is used in the pyrolysis process [51]. As the heating
rate was increased from 5 to 40 °C.min ", the specific decomposition
temperature increased, which was related to the different heat-transfer
rates that also; affected the thermal decomposition kinetics. The varia-
tion in the mass loss rate might be attributed to the considerable dif-
ference of temperature between the surface and the interior sections of
the particle at a high heating rate [52]. As illustrated in the figure, in-
creases in the heating rate had no effect on the decomposition mecha-
nism since the shape of the peaks remained nearly the same while the
pyrolytic decomposition rate changed.

3.2. Estimation of activation energy

Iso-conversional methods are the fastest approaches yielding satis-
factory accurate results to obtain activation energy without requiring
prior knowledge of the conversion function. Extraction of the activation
energies of thermally activated reactions from non-isothermal TGA data
with the help of iso-conversional methods is considered as some of the
most reliable techniques [53]. However, the iso-conversional approach
gives a systematic error in the calculations when the activation energy
strongly varies with the conversion degree. This error may be eliminated
by performing multi-stage kinetic analysis using different approaches
that properly account for the changes in the activation energy. For this
purpose, a multi-peak fitting method was used to separate and analyze
the overlapping peaks for oil sludge pyrolysis during the active pyrolysis
stage. According to TG and dTG curves, oil sludge pyrolysis was assumed
to involve a multi-step decomposition mechanism due to the complex
reaction scheme. Therefore, a peak deconvolution approach was used to
analyze the main thermal degradation zone and an asymmetric double
sigmoidal (Asym2sig) function was implemented to the experimental
TGA data. The experimental curves for all heating rates were simplified
by this method and the two sub-stage curves for pseudo-reactions or
pseudo-degradation zones occurring during oil sludge pyrolysis were
achieved.
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Fig. 2. TG and dTG curves of oil sludge at the different heating rates.
fitting quality of these two peaks with the experimental data was eval-
iﬁble 31 d ition ch stics of ol slud . usi . uated with statistical parameters. The cumulative curves were highly
ermal decomposition characteristics of ofl sludge at active pyrolysis region. correlated with the experimental data for all heating rates. The decon-
pCCmin™") T (°C)  Tmax (C) Tr (C) CYWt%) R, (s volution parameters provided a satisfactory adjustment, with adjusted r-
5 178.5 434.2 493.9 49.97 0.16 square (Adj. R?) values between 0.98892 and 0.99241. Moreover, small
10 180.3 447.6 504.5 51.38 0.32 reduced chi-square values between 0.00129 and 0.21869 indicated
20 1821 462.8 514.9 50.33 0.69 excellence of the cumulative fit. Based on this data extraction, the
40 184.9 475.7 534.8 50.42 1.35

" T;: Temperature at which the decomposition is started.

™ Tmax: Temperature at which the highest decomposition rate is observed.
" Tg Temperature at which the decomposition is completed.

o Rp: Pyrolysis reactivity index.

The results of the curve fitting given in Fig. 3 can be explained by the
existence of two decomposition reaction zones during active pyrolysis of
oil sludge. The two sub-stages were called Fit Peak 1 and Fit Peak 2. The

activation energies of each pseudo reaction zones were examined using
iso-conversional kinetic methods by changing the conversion degree
from 0.1 to 0.9 with increments of 0.1. The conversion degree ranges
under 0.1 and above 0.9 were not considered during the calculations,
since equipment sensitivity may lead to data deviations with low
decomposition rates. The activation energies calculated with different
models for each conversion degree are summarized in Table 4 for
comparison. Moreover, the linear plots of the Friedman model are
shown in Fig. 4, and the activation energies obtained at different



G. Ozsin et dl.

Fuel 300 (2021) 120980

—— Experimental
—— Fit Peak 1
—— Fit Peak 2
—— Cumulative Fit Peak
1,0 19
0,51
fp o
E 001 E
E g
&) Qo
g 104 =
-1,54 Reduced Chi Sqr.=0.00129 31 Reduced Chi Sqr.=0.00627
Adj.R Sqr.= 0.99241 Adj.R Sqr.= 0.99059
-2,0 T T -4 T T
200 300 400 200 300 400
B =5°C.min"! Temperature (°C) B =10 °C.min"! Temperature (°C)
04
0
24
~ 2 ~ 41
= =
g g 7
< £ 8-
g S -10-
= -6 =

Reduced Chi Sqr.=0.03072

-124

Reduced Chi Sqr.=0.21869

-84 Adj.R Sqr= 0.98954 1491 Adj.R sqr= 0.98892
: : 61 :
200 300 400 200 300 400
B =20 °C.min"! Temperature (°C) B =40 °C.min"! Temperature (°C)

Fig. 3. Deconvoluted dTG curves for oil sludge pyrolysis at the different heating rates.

Table 4
Activation energies (kJ.mol ™) with respect to conversion degree for pyrolysis of oil sludge.
a Friedman FWO KAS Starink Tang
E, R? E, R? E, R? E, R? E, R?

1st stage 0.1 103.709 0.9992 118.127 0.9988 115.856 0.9987 116.265 0.9987 116.128 0.9987
0.2 102.886 0.9927 107.363 0.9960 104.174 0.9951 104.660 0.9952 104.480 0.9952
0.3 109.279 0.9938 109.141 0.9942 105.754 0.9931 106.267 0.9932 106.074 0.9932
0.4 114.201 0.9917 112.697 0.9909 109.221 0.9892 109.754 0.9894 109.553 0.9893
0.5 116.088 0.9919 115.906 0.9919 112.322 0.9904 112.869 0.9905 112.666 0.9905
0.6 113.860 0.9931 117.115 0.9952 113.320 0.9943 113.888 0.9944 113.670 0.9944
0.7 107.300 0.9978 115.432 0.9963 111.233 0.9955 111.842 0.9956 111.603 0.9956
0.8 98.737 0.9900 111.559 0.9998 106.818 0.9997 107.468 0.9997 107.212 0.9997
0.9 91.254 0.9895 107.134 0.9956 101.722 0.9948 102.440 0.9949 102.147 0.9948

x 106.4 0.9933 112.7 0.9954 108.9 0.9945 109.5 0.9950 109.3 0.9946

SD 7.653 3.946 4.388 4.343 4.366

2nd stage 0.1 194.115 0.9953 192.716 0.9945 191.704 0.9939 192.099 0.9940 192.008 0.9939
0.2 197.075 0.9956 192.336 0.9941 190.981 0.9934 191.403 0.9935 191.294 0.9935
0.3 201.972 0.9978 196.786 0.9959 195.429 0.9955 195.868 0.9955 195.752 0.9955
0.4 204.907 0.9992 200.168 0.9974 198.804 0.9972 199.248 0.9972 199.139 0.9972
0.5 206.886 0.9999 202.745 0.9986 201.373 0.9985 201.816 0.9985 201.704 0.9985
0.6 208.789 0.9998 204.847 0.9994 203.444 0.9993 203.895 0.9993 203.780 0.9993
0.7 211.641 0.9996 206.902 0.9998 205.481 0.9998 205.941 0.9998 205.822 0.9998
0.8 216.738 0.9996 209.581 1.0000 208.166 0.9999 208.624 0.9999 208.512 0.9999
0.9 226.681 0.9997 214.433 0.9999 213.121 0.9999 213.578 0.9999 213.460 0.9999

x 207.6 0.9985 202.3 0.9977 200.9 0.9975 201.4 0.9980 201.3 0.9975

SD 9.413 7.104 7.048 7.065 7.060

x : Average value.
SD: Standard deviation.

conversions using different iso-conversional methods are compared for a
better illustration in the same figure. In general, a reaction with lower
activation energy requires a lesser amount of energy to disintegrate the
chemical bonds between atoms, and consequently, the related reaction
can be processed easier. On the contrary, relatively high activation en-
ergy implies a higher temperature requirement to decompose the

structure [54,55]. Approximately the same values for the activation
energy at different conversion degrees are attributed to similar kinetic
behavior, probably the same reaction mechanism. On the other hand,
higher deviations and fluctuations in the values of the activation energy
at different conversion degrees suggest that there are distinct mecha-
nisms for the overall conversion process [54,55]. According to the
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Fig. 4. Friedman plots for calculation of activation energy and activation energy obtained at different conversions using different iso-conversional methods for two

degradation stages.

activation energy calculations in this study, a complex reaction scheme
with parallel and competitive reactions occurred during pyrolysis of oil
sludge. It was observed that the activation energies of the first stage
varied between 116.1 and 91.3 kJ.mol ! with an average value of 106.4
kJ mol ! according to the Friedman method (Table 4). The activation
energies of the first pyrolytic degradation seemed to decrease with the
increase in conversion, especially after a certain conversion degree of
0.5 for Friedman and 0.6 for the other models. The activation energy at
the nearly mid-conversion degree was the highest in comparison to the
values at other conversion degrees, which reflected that some highly
endothermic reactions took place at this stage. It is inevitable to observe
from the Friedman plots that, the lines were not in parallel, and the
variations of their slopes indicated the progress of the reactions during
the first degradation zone. The non-parallelism of the Friedman plots
pointed out the high probability of changing kinetic parameters during
the pyrolysis of oil sludge [56]. The fluctuations of the activation energy
with the conversion degree were probably due to the extent of the re-
action process, particularly the change in the structure of oil sludge as
the temperature increased. The average the activation energies during
the first degradation zone calculated from the FWO, KAS, Starink, and
Tang models were 112.7, 108.9, 109.5, and 109.3 kJ.mol ™,
respectively.

The Friedman plots showed a non-parallel order with each other
during the second sub-stage of pyrolytic degradation, which promoted
the idea that the kinetic parameters in the aforementioned region might
not be stable. For the second stage of the pyrolytic decomposition,
activation energy values tend to increase with conversion degree which
means that the energy required for the final stages of the pyrolysis was
higher than that of initial reactions. This change could be due to the
more complex reactions for the remaining carbonaceous fraction of the
sludge. The highest activation energy was obtained by the Friedman
method as 226.7 kJ.mol ! at a conversion degree of 0.9 for the second
stage. The activation energies of the second stage were also found to be
highly dependent on the conversion degree. On average, the best fitting
with the experimental data was obtained by the Friedman model for the
second stage and the small deviations in the models were attributable to
the approximations. The average activation energies of the oil sludge
calculated from the Friedman, FWO, KAS, Starink, and Tang models

were 207.6, 202.3, 200.9, 201.4, and 201.3 kJ.mol’l, respectively
during the second zone. The average activation energy of the second
zone was apparently higher than that of the first zone which indicates a
higher amount of energy requirement at higher temperatures and the
second pseudo-reaction zone is complicated than the first one.
Throughout the study, the results obtained by various iso-conversional
methods were in good agreement with each other, and the variation
trend of the activation energy was comparable. Furthermore, the
average regression coefficients, which were between 0.9933 and
0.9985, validated the reliability of the calculations and confirmed the
predictive power of the applied models (Table 4).

The activation energies belonging to pyrolysis of oil sludge samples
in the literature are summarized in Table 5 and experimental conditions
are highlighted in the tabulated results. The subtle point to consider is
that every sample has its decomposition characteristics owing to its
chemical composition and origin. Samples from the crude oil storage
tank, tanker cleaning, oil sludge reduction station, and API separator
were previously analyzed by several authors [16,32,35,57,58]. More-
over, Choudhury et al. used a complex oily sludge that consists of sludge
from an oil storage tank, biological sludge, the dissolved air flotation
scum sludge, API separator sludge, and the chemical sludge [59]. Ac-
cording to the findings of previous researchers, differences in the source
may lead to different degradation behaviors of sludge components and
their interactions. Therefore, it is convenient to say that the activation
energy of the oil sludge pyrolysis process is highly susceptible to the
characteristics and origin of the sample together with experimental and
computational methods that were used.

3.3. Determination of Pre-exponential factor and thermodynamic
parameters

The pre-exponential factor represents the number of collisions per
unit time that is required to obtain the proper orientation for the reac-
tion to take place. Since it elucidates the reaction chemistry, the deter-
mination of the pre-exponential factor is crucial for the optimization of
pyrolysis processes. Therefore, the pre-exponential factor at each con-
version level was calculated using the activation energies obtained from
the Friedman model, and the results are given in Table 6. Low pre-
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Table 5
Activation energies of various oil sludge samples.
Origin of the sludge B (°C.min~ 1) o T (°C) Kinetic method Ea (kJ.mol™ 1) Reference
Oil contaminated soil-China 20 0.20-0.80  298-805 FWO 25.5-32.0 Qu et al. (2019)
KAS 20.8-26.3
60 306-872 FWO 38.0-69.9
KAS 30.6-62.6
100 323-879 FWO 98.9-118.4
KAS 92.2-111.7
Sludge of crude oil storage 5.2-21.8 0.10-0.80  Appx. 177-527  One-reaction model 78.2 Shie et al. (2020)
tank-Taiwan Two-reaction model 74.33
123.4
Three-reaction model 69.9
93.8
123.2
Sludge of tanker cleaning- China 10.0-50.0 0.06-0.94  Appx 400-800 Vyazovkin model (Two-reaction stages) 59.6 Liu et al. (2009)
102.0
0Oil sludge reduction station-China 10.0-40.0 0.25-0.95 246-554 Friedman model (Two-reaction stages) 84.7 Cheng et al. (2018)
145.2
Starink model (Two-reaction stages) 82.4
147.8
API separator sludge-Thailand 5.0 0.00-1.00  Appx. 230-440  Coats&Redfern model (Two-reaction stages)  39.84 Punnaruttanakun
125.1 et al. (2003)
10.0 Coats&Redfern model (Two-reaction stages) 39.4
128.3
20.0 Coats&Redfern model (Two-reaction stages)  37.2
160.1
Mixed refinery sludge -India 5-20 0.05-0.95  100-500 KAS 74.8-657.0 Choudhury et al. (2007)
Flynn-Wall 83.1-610.0
Friedman 39.0-473.0
One-reaction model 88.3
Two-reaction model 64.0
112.0
Sludge of crude oil storage 5-40 0.10-0.90  178-535 Friedman (Two-reaction stages) 103.7-91.2 This study
tank-Turkey 194.1-226.7
FWO (Two-reaction stages) 118.1-107.1
192.7-214.4
KAS (Two-reaction stages) 115.9-101.7
191.7-213.1
Starink (Two-reaction stages) 116.3-102.4
192.1-213.6
Tang (Two-reaction stages) 116.1-102.2
192.0-213.5

exponential factors, which are below 10° s71, imply a system with less
reactivity where surface reactions are dominant. However, if the re-
actions are not dependent on the surface area, the low pre-exponential
factor may indicate a closed complex. Otherwise, high pre-exponential
factors, which are greater than 10° s™!, represent a highly reactive
system with a simple complex. In particular, the activated complex is
probably hindered in rotation in comparison to the initial reagent when
the pre-exponential factors are between 10'° and 10" 57! [60,61]. In
this study, the pre-exponential factors showed variation in a wide range
between 1.20 x 10° and 3.20 x 107 s~! at different conversion degrees
for the first active pyrolysis zone. At the initiation of the pyrolytic
degradation process, an increase in the pre-exponential factor was
observed from the conversion degree of 0.1 to 0.5. Then, the values
tended to decrease till the end of the first zone. This may be attributed to
the heterogeneous composition of the oil sludge and the complex re-
actions. On the other hand, the intensity of collisions tended to increase
steadily during the second sub-zone of active pyrolysis. The highest
value of the pre-exponential factor was observed as 1.24 x 103 s™1 at
the conversion degree of 0.9 while the mean value was 1.91 x 102571,
A comparison between two sub-zones indicated that surface reactions
dominated the initial degradation stage whereas collision intensity
increased during the second stage with simple complex formation.
Overall, this wide range of variation in the pre-exponential factor was
due to the complex organic and inorganic nature of the oil sludge and
the involvement of several parallel and consecutive reactions during the
pyrolytic decomposition process.

For most chemical reactions, the effect of an alteration in the

activation energy is presumed to decline the reaction rate at a particular
temperature. This is partially or entirely offset by a compensatory in-
crease in the pre-exponential factor, which is called the kinetic
compensation effect [62]. To put it into other words, when a change of
the activation energy is noticed, there is a shift in the numerical values of
the pre-exponential factor. The validity of the compensation effect is
also considered as a statistical deviation, due to the necessity of
extrapolation to calculate the pre-exponential factor [63,64]. The
compensation effect evaluation for oil sludge pyrolysis with a linear
relationship between the activation energy and the natural logarithmic
form of the pre-exponential factor was also confirmed by a correlation
coefficient of unity as shown in Fig. 5. Accordingly, the linear plots
obtained by the compensation effect which describes a linear relation-
ship between the activation energy and the pre-exponential factor for
the first and second stages were given by Egs. (11) and (12).

InA = 0.2249E,-8.8255 for stage 1 an

InA = 0.1711E,-8.6378 for stage 2 (12)

Based upon the calculated pre-exponential factors at each conversion
degree, enthalpy, entropy, and Gibbs free energy changes were calcu-
lated and are presented in Table 6 to comment on the nature of the
pyrolytic degradation process of the oil sludge. Enthalpy is known to be
a significant thermodynamic parameter that shows the energy require-
ment of a system. High enthalpy changes during the process establish a
high energy requirement [65]. A small difference between the activation
energy and the variation of enthalpy indicates the probability of the



G. Ozsin et dl.

Table 6

Pre-exponential factors and thermodynamic parameters of oil sludge pyrolysis.
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o A AH?” (kJ.mol™ 1) AG” (kJ.mol™ 1) AS* (J.mol~1. K1)
1st stage 0.1 1.99 x 10° 99.07 155.37 —~100.86
0.2 1.65 x 10° 98.24 155.41 —~102.40
0.3 6.94 x 10° 104.64 155.13 —90.45
0.4 2.09 x 107 109.56 154.93 -81.28
0.5 3.20 x 107 111.45 154.86 ~77.76
0.6 1.94 x 107 109.22 154.94 -81.91
0.7 4.45 x 10° 102.66 155.21 —94.15
0.8 6.48 x 10° 94.10 155.59 -110.17
0.9 1.20 x 10° 86.61 155.95 —~124.22
x 9.79 x 10° 101.7 155.3 —95.9
2nd stage 0.1 4.70 x 10%° 188.03 200.56 -17.12
0.2 7.81 x 10%° 190.99 200.43 —12.90
0.3 1.81 x 10! 195.89 200.23 -5.93
0.4 2.99 x 10! 198.82 200.10 -1.75
0.5 4.19 x 10" 200.80 200.02 1.07
0.6 5.81 x 10" 202.71 199.94 3.78
0.7 9.46 x 10" 205.56 199.83 7.83
0.8 2.26 x 10'2 210.66 199.62 15.08
0.9 1.24 x 10" 220.60 199.23 29.20
x 1.91 x 10'? 201.6 200.0 2.1

pyrolysis reaction to occur. Furthermore, positive values of enthalpy
change inform the endothermal character of pyrolysis that requires an
external energy source to provide a high energy level, capable of pro-
moting reagents to their transition state [66]. If this enthalpy change is
small, the formation of an activated complex is favored due to the low
potential energy barrier.

For the oil sludge pyrolysis, the variation of enthalpy change fol-
lowed a similar trend to the activation energy for the two decomposition
stages. The enthalpy changes depicted a rising trend until a conversion
degree of 0.5 for the first stage which occurred at lower temperatures.
The lowest value of the enthalpy change was observed at a conversion
degree of 0.9 as 86.6 kJ.mol™! for this stage. On the other hand,
enthalpy change was continuously increased from 188.0 to 220.6 kJ.
mol ! when the conversion degree was increased from 0.1 to 0.9 for the
second stage. The changes in the enthalpy were estimated to be 101.7
and 201.6 kJ.mol~! on average for the first and second stage, respec-
tively, which indicated the fragmentation of the recalcitrant structure of
the sludge into liquid, solid and gaseous products.

Gibbs free energy represents the increase in the total energy of the
reaction during the formation of the activated complex [67]. Positive
values of Gibbs free energy change at each conversion degree of the

20

1%t stage

InA
(]

90 95 100 105 110 115 120

Activation energy (kj.mol ')

pyrolytic degradation of the oil sludge implied that the process had a
non-spontaneous nature, and it required an external heat supply to
occur. The change in the Gibbs free energy was found between 154.9
and 200.6 kJ.mol ! during the overall process. The highest value of the
Gibbs free energy change at a conversion degree of 0.1 of the second
stage denoted a lower favorability for pyrolytic conversion at the initi-
ation of the second temperature zone. The mean Gibbs free energy
changes were calculated as 155.3 and 200.0 kJ.mol ! for the first and
second stages, respectively.

Another thermodynamic parameter considered in this study was
entropy change that is known to manifest the degree of disorder of the
pyrolytic decomposition reactions. A negative entropy change suggests
that the reaction system moves from a disordered state to an ordered
one, which is of great importance to converting oil sludge into fuels and
chemicals. A low entropy change means the material just passes through
some physical and chemical changes, bringing it to a state near to its
thermodynamic equilibrium [67]. The entropy change of oil sludge
pyrolysis was negative during the first stage of active pyrolysis, while it
was steadily decreasing after a conversion degree of 0.5. The negative
values of the entropy change in the first stage confirmed that the in-
termediate states in the decomposition process possessed a higher

27 stage
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[

0,1711x-8,6378
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Fig. 5. Compensation effect plot (In(A) versus E,) for oil sludge pyrolysis.
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degree of arrangement than the initial substance that existed with an
average entropy change of —95.91 J.mol L.K~. Therefore, the average
entropy change during the first degradation stage was negative, which
showed that the orderliness increased and the degree of reaction prog-
ress was more difficult to spontaneously accelerate, so it required
additional energy injection into the reaction system during lower tem-
peratures of the active pyrolysis [68]. Negative values of entropy change
also pointed out that the activated complex can be classified by a much-
developed degree of arrangement during the first stage [69]. On the
other hand, high entropy changes represent high reactivity and less time
to form activated complex [70]. The values of entropy change were
found to be between —17.12 and 29.20 J.mol L.K! with an average
value of 2.1 J.mol .K~!. Notably, entropy change turned positive after

Absorbance (Abs)

Absorbance (Abs)
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a conversion degree of 0.4 for the second stage of the active pyrolysis
that occurred at higher temperatures. A positive entropy change denotes
the increase in the disorder of the system as the reaction proceeds [71].
Maxima in the entropy change value at 0.9 conversion degree of the
second stage indicates the highest reactivity of the system at this point of
conversion due to subsequent char gasification after active pyrolysis.

3.4. Evolved gas analysis by simultaneous TGA/FT-IR

TGA/FT-IR analysis was employed to determine the distribution of
volatiles according to their functional groups against temperature to
evaluate the decomposition characteristics. Fig. 6 shows the simulta-
neous FT-IR spectra obtained during pyrolysis at two different heating
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Fig. 6. 3D FT-IR spectra of oil sludge pyrolysis (Heating rates (a) 20 and (b) 40 °C.min"!).
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rates, and the plots represent the variation of absorbance with respect to
time and wavenumber. Additionally, the instantaneous FT-IR spectra
were recorded at different degradation times and hence different tem-
peratures to illustrate the evolution of gases at the main stages of con-
version (Fig. 7). As can be seen, the gas evolution profiles are close to
each other, revealing the similar decomposition behavior at heating
rates of 20 °C.min"! and 40 °C.min . The 3D spectrum of the oil sludge
exhibited a variety of absorption bands corresponding to different
functional groups and their overlapping peaks. However, only a group of
substances can be decisive due to the complexity of the evolved gases
generated during the pyrolysis process and the limitations of FT-IR
analysis [72-74]. In this study, the absorption bands with high in-
tensities were evaluated, although there were smaller peaks for other
vibrations such as ~OH (assigned to the presence of water, alcohol, or
phenolics) and N-H (assigned to amines) due to the presence of
remarkable amounts of O and N in the raw material.

The two notable bands at around 2400-2240 cm™! and 730-630
em ™! were ascribed to the release of CO,. According to the Lambert-Beer
law, the absorption intensity of the FT-IR spectrum was correlated with
the concentration of the evolved gases during the pyrolytic degradation
process. Since the intensities for CO, absorption bands were signifi-
cantly higher than that of the other functional groups, it can be
concluded CO;, was the main gas product of devolatilization reactions.
As seen from Figs. 6 and 7 CO3 was started to be dominated after the
initiation of the main degradation zone and attained a peak at about
420 °C (10 min). The highest intensity of the CO, peak was observed at
around 700 °C (17 min) which was higher than the maximum degra-
dation rate temperature (Table 3). The time lag between TGA and FT-IR
and the high heating rate (40 °C.min ') were the reasons for this dif-
ference in the recorded temperatures. The generation of COy continued
after the active pyrolysis zone till the end of decomposition, which might
be attributed to the further decomposition of the evolved gases by sec-
ondary reactions such as cracking and gasification during oil sludge
pyrolysis.

During the degradation of oil sludge, the evolution of various hy-
drocarbon species was noticed from the C-H stretching and bending
vibrations at around 3050-2850 cm ™! and 1500-1380 cm™!, respec-
tively. The absorption band between 3000 and 2800 was attributed to
stretching vibrations of aliphatic C-H groups which represented the
presence of multiple organic compounds such as alkanes, alkenes, ke-
tones, aldehydes, alcohols, and other hydrocarbons. However, for the
decomposition of organic precursors under an inert atmosphere, the
peaks at around 2950 and 2850 cm ™! were assigned to CHy4 formation.
The demethylation reactions might be attributed to the removal of the
aliphatic structure bonded on the aromatic cores of the sludge sample.
The C-H stretching vibrations of aromatic structures were detected as a
sharp peak around 3010 cm™! at the 15th-minute spectrum (Fig. 7). As
the temperature increased, this band was removed from the spectra due
to the secondary fragmentation reactions of the volatiles into smaller
molecules at higher temperatures. As can be seen from the 2D FT-IR
spectrum, C-H bands started at the 12th minute that corresponds to
approximately 500 °C and the first peak was completed at 15.5 min. The
second CH4 release was observed after 16.5 min and nearly completed
around 19 min. The bands observed at higher temperatures were due to
the time lag as described above.

Two bands located between 2250 and 2050 cm ™! with a distinct peak
at 2190 cm ™! representing C-O stretching vibrations indicated the for-
mation of CO along with the CO; at the higher temperatures due to char
gasification. The initial formation of CO was not seen until the 16th
minute (660 °C) where the second group of volatilization reactions
occurred from the highest amount of COs.

4. Conclusions

This study presented a TGA/FT-IR analysis of the thermochemical
conversion of petroleum refinery waste (oil sludge) and the following
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conclusions were derived:

Based on the TGA data, the decomposition of oil sludge took place
over a wide temperature range of 180-505 °C when 10 °C.min ! heating
rate was applied. The pyrolysis heating rate influenced the thermal
reactivity of the oil sludge.

When different iso-conversional methods were used for kinetic
analysis, an alteration in the activation energy with conversion degree
was noticed, which indicated that the pyrolytic degradation of oil sludge
progressed through multi-step and complex reactions. Concerning the
determination of kinetic parameters, a two-stage degradation zone was
determined using peak deconvolution.

The average activation energy for the first degradation zone during
active pyrolysis was calculated to be 106.4 kJ.mol ™! from the Friedman
model while the second stage had an average activation energy of 207.6
kJ.mol~!. The results implied that the Flynn-Wall-Ozawa, Kissinger-
Akahira-Sunose, Starink, and Tang models were also suitable for the
determination of kinetic parameters of petroleum sludge pyrolysis and
described the process realistically.

According to the thermodynamic analysis, the nature of pyrolytic
degradation presented a multi-stage intricate reaction phenomenon in
which a series of simultaneous complex reactions occurred in the active
pyrolysis zone. The positive enthalpy change (an average of 101.7 and
201.6 kJ.mol ! for the first and second sub-stages, respectively) indi-
cated the endothermicity of the overall decomposition process.

The volatiles evolved during pyrolysis were analyzed simultaneously
by FT-IR coupled to TGA to study the main constituents of the gases
through their functional groups. The main gases released were detected
to be CO,, CH4, and CO in the decreasing order of absorbance values.

As a result, the kinetic and thermodynamic information presented in
this study can be considered to guide the design and development of oil
sludge pyrolysis technologies. Furthermore, evolved gas analysis can be
beneficial for describing practical pyrolytic conversion, designing and
optimizing the efficient pyrolysis technology for petroleum sludge,
especially for refineries.
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