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Abstract
This paper elucidates catalytic and non-catalytic pyrolysis characteristics of sludge obtained from the biological treatment 
of textile and leather industrial wastewater. Iso-conversional model-free methods, such as Flynn–Wall–Ozawa (FWO), 
Kissinger–Akahira–Sunose (KAS) and Friedman, were employed to evaluate the kinetic and thermodynamic parameters. 
The E

a
 (activation energy) values of non-catalytic and catalytic pyrolysis with y-zeolite and activated alumina (Al2O3) were 

determined via KAS method to be in the range of 84.66–291.18, 73.12–197.17 and 84.66–217.44 kJ/mol, respectively, 
whereas similar trends were observed when the other two methods were used. Gas chromatography/mass spectrometer (GC/
MS) analyses showed that the oil obtained from the non-catalytic procedure was rich in fatty acids, steroidal compounds and 
N-compounds. Activated alumina was effective in removing nitrogen-containing compounds from the oil while y-zeolite 
promoted deoxygenation and deacidification reactions and, as a result, the oil became rich in alkanes and alkenes which 
improved its quality as a fuel.

Keywords  Sludge · Fast pyrolysis · Thermo-gravimetric analysis · Iso-conversional methods · GC/MS

1  Introduction

Establishing sustainable processes to produce energy from 
waste and biomass is vital for the proposed circular econ-
omy, especially with increasing concerns over the effects of 
fossil fuels on climate change and global warming. Recently, 
utilizing biomass and organic waste as a resource for clean 
energy production has gained much attention. Sludge, 
as a by-product of the biological treatment of industrial 
or municipal wastewater, has great potential as organic 
waste since the amount of wastewater produced globally 
is nearly 330 km3/year, which is the source for the sludge 
[1]. Depending on the type of the wastewater processed, it 
may contain hazardous and toxic compounds; hence, the 
disposal of the sludge is important as it may create risks to 
the environment if it is not handled correctly. In develop-
ing countries especially, the amount of sludge has increased 
dramatically in recent years. In the European Union alone, 
the total sewage sludge production was recorded as 9.2 mil-
lion tonnes in 2010, and Turkey’s share is around 0.6 million 
tonnes of sludge annually [2]. Mainly consisting of toxic 
and hazardous organic compounds, sludge could contain 
inorganic compounds, such as heavy metals and pathogenic 
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compounds which are major threat to the environment and 
human health [3]. Therefore, management of sludge is cru-
cial for a sustainable environment and the economy.

Current conventional treatment and disposal methods of 
sludge consist of landfilling, incineration and agricultural 
usage [4]. However, there is an increasing concern about 
these disposal methods due to their contribution to soil and 
water pollution in relation to the high amount of organic and 
inorganic toxic compounds in the sludge. As an alternative 
route, converting the sludge into fuel via thermochemical 
processes has been widely investigated. One of the most 
promising methods is the pyrolysis of sludge to produce 
liquid fuel [5]. Bio-oil as a source of valuable chemicals or 
fuel with high calorific value could be obtained especially 
via fast pyrolysis of biomass and organic waste [6]. The fast 
pyrolysis of sewage sludge has been extensively studied, and 
the results have proven that the sludge amount decreases 
tremendously by converting it into liquid and gas products. 
However, the obtained liquid (bio-oil) has poor quality in 
terms of calorific value, water content, stability and oxy-
gen content [7]. The bio-oil quality and the selectivity of 
the products could be enhanced by utilizing catalysts and/or 
modifiers. Several catalysts have been used in the past, such 
as KCl, Na2CO3, Fe2O3, CaO, activated alumina (Al2O3), 
HZSM-5 zeolite and steam as modifiers to increase the yield 
of the pyrolysis and the quality of bio-oil [8, 9].

Thermo-gravimetric analysis (TGA) is a widely used tech-
nique to investigate the kinetics of the thermal decomposition 
process of solids. Knowing the kinetics of the mass loss of 
any material throughout their thermal decomposition is essen-
tial for characterization, new system development, feasibility 
assessment and design purposes [10, 11]. Biomass thermal 
decomposition kinetic parameters could be determined by 
two techniques: model fitting and iso-conversional methods. 
Iso-conversional methods are more favourable as, according 
to Sanchez-Jimenez et. al., model fitting methods could yield 
uncertainties during the estimation of kinetic parameters and 
not represent the real case for a process [12]. The Friedman 
differential method [13], the Flynn–Wall–Ozawa linear inte-
gral method [14, 15] and the Kissinger–Akahira–Sunose linear 
integral method [16] are the most referred iso-conversional 
methods, due to their simplicity and high accuracy. Many 
kinetic and thermodynamic parameters, such as activation 
energy, pre-exponential value, activation enthalpy change, 
activation Gibbs free energy and activation entropy change, 
can be obtained using the aforementioned methods by making 
use of transition state theory (active complex theory) [17].

Especially in developing countries such as Turkey, Bang-
ladesh, Tanzania and South Africa, textile and leather indus-
tries are considered as one of the most important economy 
drivers. In general, low technology for production and waste 
management is available, and hence, the produced wastes 
contain vast amounts of toxic and hazardous materials [18]. 

Due to the nitrogenous contaminants arising from the usage 
of azo-dyes and extensive usage of chromium during the tan-
ning process, the produced sludge from these industries differs 
from the sewage and other industrial sludges. In this regard, 
as pyrolysis enables the routes not only producing liquid fuel, 
but also potential recovery of resources, it can be a commer-
cially available technology for a sustainable solution [19]. 
Although pyrolysis of sewage sludge has been investigated 
in detail, there is very limited data on the pyrolysis of this 
kind of industrial sludge. The obtained oil could be enhanced 
with the catalyst addition, and also determination of the kinetic 
data could contribute to the literature in order to construct a 
commercial process, since there is not much research on the 
detection of kinetic parameters for catalytic thermal degrada-
tion of textile and leather industrial wastewater sludge in the 
presence of y-zeolite and Al2O3.

In the current study, the thermal kinetic parameters of 
sludge, obtained from the biological treatment of textile and 
leather industrial wastewater, were estimated with the help of 
TGA analysis. Three different model free (iso-conversional) 
methods, Flynn–Wall–Ozawa (FWO), Kissinger–Aka-
hira–Sunose (KAS) and differential Friedman, were used 
to determine the activation energy, pre-exponential factor, 
enthalpy, Gibbs energy and entropy change of activation dur-
ing the pyrolysis of the sludge. The effects of y-zeolite and 
an Al2O3 catalyst on the activation energy during the thermal 
degradation of the sludge were also examined. In addition, the 
effects of y-zeolite and Al2O3 as catalysts on the product qual-
ity were tested in a fixed bed reactor. The liquid products were 
analysed via gas chromatography/mass spectrometer (GC/MS) 
analyzer and the catalytic effects were determined on the oil 
composition.

2 � Materials and methods

2.1 � Properties of sludge

The sludge sample was gathered from the Leather and Tex-
tile Industry Wastewater Treatment Plant, Uşak, Turkey. 
Initially, the sludge contained almost 70 wt% of water and, 
therefore, it underwent a drying process at 110 ℃ for 24 h 
and was then ground into small particles to yield a particle 
size distribution of 0.6 mm < Dp < 0.85 mm. The proxi-
mate, ultimate and ICP/MS (inductively coupled plasma/
mass spectrometry) analysis results and the calorific value 
of the sludge are given in Table 1. A Thermo-scientific 
Flash Smart elemental analyzer was used to determine the 
weight fractions of carbon, hydrogen and nitrogen, with 
the weight fraction of oxygen being calculated by differ-
ence. The HHV (higher heating value) was determined 
using the Dulong formula [20]. The ICP/MS analysis of 
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the sludge sample was conducted according to the EPA 
6020A method [21].

Y-zeolite was purchased from Zeolyst having the fol-
lowing properties: SiO2/Al2O3 mole ratio = 5.1; nominal 
cation form: hydrogen; Na2O content = 2.8 wt%; and a sur-
face area = 730 m2/g. Activated alumina having a particle 
size of less than 150 mesh, pore size of 58 Ǻ and a surface 
of 205 m2/g was purchased from Sigma-Aldrich.

A Philips MiniPal PW 4025/02 non-polarized energy-
dispersive X-ray spectrometer (Philips Co., Alameno, 
Netherlands, PW 4051 MiniPal/MiniMate Software V 
2.0A) was used for the analysis of biochar obtained from 
the pyrolysis process. The instrument was equipped with 
a rhodium side-window tube anode and an Si-PIN detector 
as well as a beryllium window. A helium (99.996% purity) 
atmosphere was used during the analysis.

2.2 � TGA and kinetic analysis

A thermo-gravimetric analyzer (Perkin Elmer Simultaneous 
Thermal Analyzer, STA 6000) coupled with differential ther-
mal analyzer (DTA) was used. A sample of between 10 and 
15 mg was placed in an alumina crucible and heated from 
30 to 800 ℃ under a nitrogen atmosphere with a flow rate of 
50 ml/min for each analysis. In the catalytic thermo-gravi-
metric experiments, sludge and the catalyst (10 wt%) were 
mixed mechanically, then the mixture was ground to obtain 
a uniform sludge and catalyst mixture samples. Heating rates 
of 5, 10, 15 and 20 ℃/min were used for the thermal decom-
position of the sludge for kinetic parameters’ calculations. At 
least two repetitions were conducted to confirm the accuracy 
of the results.

2.2.1 � Iso‑conversional kinetic model

The kinetic models applied in thermal degradation are in 
general accurate for single reactions. However, for processes 
including multiple reactions such as sludge pyrolysis, iso-
conversional method yields better fit to the experimental 
data [22]. In this study, Flynn–Wall–Ozawa (FWO) [14, 15], 
Kissinger–Akahira–Sunose (KAS) [23] and Friedman [13] 
kinetic models are utilized as iso-conversional methods. By 
making use of these methods, activation energies for the 
sludge pyrolysis were determined. The application of the 
kinetic models is described in Table S1, in Supplementary 
information section.

2.2.2 � Thermodynamic properties

The change in enthalpy, Gibbs free energy and entropy of 
activation could be obtained with the following formulas:

where KB is Boltzmann constant (1.3807 × 10−23 J.K−1), h 
is Planck constant (6.6261 × 10−34 J.s) and TP is the peak 
temperature.

(1)ΔoH‡ = Ea − RT

(2)ΔoG‡ = Ea + RTpln
KBTp

hA

(3)ΔoS‡ =
ΔoH‡ − ΔoG‡

Tp

Table 1   Proximate, ultimate 
and ICP/MS analyses and HHV 
of sludge

a Dry basis
b The results are expressed as dry, ash-free

Proximate analysisa (wt%) Ultimate analysisb (wt%) ICP/MS analysis (ppm) HHV (MJ/kg)

Volatiles 43.1 C 45.63 Al 32,652 12.88

Fixed C 15.8 H 3.51 Cr 13,821
Ash 32.3 N 6.04 Na 9456
Moisture 8.8 O 43.10 Mg 6636

S 1.72 Ca 5777
Fe 5190
K 2657
Sr 189
Ba 159
Mn 153
Zn 121
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2.3 � Experimental procedure for pyrolysis 
and product analysis

The pyrolysis of sludge was carried out in a fixed bed, 
thin tubular reactor at a pyrolysis temperature of 500 
℃ and at a heating rate of 500 ℃/min under nitrogen 
atmosphere. The temperature was controlled by an 
automatic temperature controller. The process setup 
involves steel wool for fixing 3 g of the sludge sample 
and catalysts (10 wt%) in case of catalytic runs, a ther-
mocouple inserted into the reactor from the top and 
fixing flanges at the top and bottom of the reactor for 
sealing. Two designs were used in this study: catalytic 
and non-catalytic models as shown in Fig. 1. For the 
non-catalytic model experiments, steel wool was placed 
at a height of 20 cm from the bottom of the reactor 
using an iron rod, with the sludge sample being placed 
above it. In the catalytic model, two separate catalyst 
beds were prepared to catalyze the volatiles, appropri-
ately. Steel wool, catalyst, and sludge were then loaded 
into the reactor in sequence, respectively. In total, 3 g 
of sludge, 0.6 g of steel wool and 0.3 g of catalyst were 
placed into the reactor.

When the desired temperature was reached, the reactor 
system was detained to still for 60 s. Non-condensable 
and condensable products were moved from the reactor 
with the carrier gas. Condensable volatile products were 
cooled and condensed in ice-cooled traps and recovered 

with dichloromethane (DCM) washing, and the aqueous 
phase was separated from the oil using a separating fun-
nel. The volume of water was measured with the help of a 
graduated cylinder after the water and oil mixture was sep-
arated from the separating funnel. DCM was removed in a 
rotary evaporator and the remaining liquid was weighed as 
oil. The solid residual in the tubular reactor was collected 
and weighted as char product. The gas product was deter-
mined by taking the difference. A more detailed descrip-
tion regarding the reactor can be found in our previous 
study [24].

All of the yields were calculated on a dry and ash-free 
(daf) basis, and at least two repetitions were conducted to 
confirm the accuracy of the results for each experiment. 
Therefore, each experimental condition and reproducibility 
of the experiment data was calculated to be within ± 2%.

2.4 � Product analysis

The elemental compositions (CHNS/O) of the sludge char 
and oils were determined with the help of a Perkin Elmer 
2400 Series II elemental analyzer. Higher heating value 
(HHV) of char and oils were determined according to 
Dulong’s formula [20]. BET (Brunauer–Emmett–Teller) 
analyses were performed with a Quantachrome Touch-
Win branded device to determine the surface area of the 
obtained char.

Fig. 1   The experimental setup 
for pyrolysis of the sludge
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An oil  analysis was car r ied out at  a constant 
pyrolysis temperature of 500 ℃  to identify the oil 
structure. A 7890A/5975C gas chromatography/mass 
spectrometer (GC/MS) instrument (Agilent, USA) 
was used to analyse the oil. Initially, the oil obtained 
from the traps was diluted in DCM for testing by GC/
MS and it was then injected into vials which were put 
into an auto-injector port with an eight-vial capacity. 
A detailed description of this method can be found 
elsewhere [25].

3 � Results and discussion

3.1 � Thermal decomposition of the sludge 
at different heating rates

The thermal decomposition behaviour of sludge under an 
N2 atmosphere from ambient temperature to 800 °C was 
investigated at heating rates of 5, 10, 15 and 20 ℃/min. The 
resulting TG and DTG thermographs are shown in Fig. 2a, 
b, respectively, and indicate that the thermal decomposi-
tion of the sludge could be classified in three main stages: 
dehydration (stage 1), degradation of volatiles (stage 2) and 

decomposition of carbonaceous materials (stage 3) as sum-
marized in Table S2 in Supplementary information part, 
together with the initial and final temperatures (Ti and Tf), 
peak temperatures (Tm1 and Tm2) and the mass losses for 
pyrolysis of sludge at different heating rates.

The weight loss during the pyrolysis of sludge in stage 
1 was mainly due to the moisture content of the sludge 
and was observed between the ambient temperature and 
180–210 °C, for all heating rates. The organic constituents of 
the sludge, such as proteins, lipids and carbohydrates, started 
to degrade in stage 2. Two major peaks were detected in the 
DTG curve: one at the range of 305 and 332 °C, representing 
the degradation of proteins and carbohydrates, and the other 
at between 444 and 465 °C, showing the decomposition of 
lipids [26]. In last stage, the decomposition of carbonaceous 
materials started and the weight loss occurred.

The total weight loss during the pyrolysis of the sludge 
did not vary noticeably with the changing heating rates and 
remained in the range of 69.72 to 66.54 wt%. Similarly, the 
mass losses at the stages were close to each other as shown 
in Table S2. However, the peak temperatures Tm1 and Tm2 
increased with the increasing heating rate; as in stage 2, 
they were 306.55 and 444.03 ℃ at 5 ℃/min heating rate 
and became 331.36 and 464.66 ℃ at 20 ℃/min heating rate, 

Fig. 2   a TG and b DTG thermographs for sludge pyrolysis at various heating rates. c TG and d DTG thermographs for non-catalytic and cata-
lytic sludge pyrolysis at constant heating rate of 10 °C/min
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respectively. The peak temperatures in stage 2 indicate the 
temperatures at which the main pyrolysis reactions take 
place, hence showing that at lower heating rates, lower tem-
peratures were required for the pyrolysis.

Therefore, increasing the heating rate would increase the 
energy demand of the pyrolysis process for sludge degrada-
tion. In addition, increasing heating rates shifted the bounda-
ries of the stages to higher temperatures as well as peak 
temperatures. Similar effects are reported in studies with 
sludge and the compost of sludge during pyrolysis at differ-
ent heating rates [27–29].

3.2 � The effect of catalysts on the thermal 
decomposition of the sludge

The thermal decomposition behaviour of sludge from ambi-
ent temperature to 800 °C was investigated at a constant 
heating rate of 10 ℃/min and all data is tabulated in the 
Table S3 in Supplementary information section. The effects 
of Al2O3 and y-zeolite as catalysts were also determined 
and the resulting TG and DTG thermographs are shown in 
Fig. 2c, d. The addition of catalysts greatly affected the ther-
mal decomposition rate of the sludge.

The catalytic effect of y-zeolite during the pyrolysis of 
the sludge was discrete compared to the catalytic effect 
of Al2O3, particularly in stage 1, where different thermal 
decomposition behaviour were observed. Sludge with y-zeo-
lite yielded much less weight loss compared to other cases 
which could be a result of the zeolite’s capacity to adsorb 
water, even at low and moderate temperatures. Zeolites are 
used in low- and medium-temperature air-drying processes 
due to their ability to remove water from fresh air [30].

The change in the maximum degradation rates also indi-
cates the catalytic effects of Al2O3 and y-zeolite, since there 
was a certain decrease in -DTG (wt%/min) values compared 
to the non-catalytic pyrolysis. This can also be observed in 
Fig. 2d as the peak heights in stage 2 lowered in the catalytic 
cases. As a summary, it could be concluded that both cata-
lysts affected the degradation rates and lowered the required 
energy for the pyrolysis of the sludge.

3.3 � Kinetic and thermodynamic analysis

The kinetic plots for all of the methods were drawn in order 
to carry out the calculation of kinetic and thermodynamic 
parameters, and a sample plot for the non-catalytic pyrolysis 
of sludge is shown in Fig. 3 and plots for catalytic pyrolysis 
are included in the Supplementary information section as 
Figures S1 and S2. Activation energies (Ea) were calculated 
from corresponding slopes of each line drawn for conversion 
degrees (α) from 0.1 to 0.8, with the correlation coefficients 
(R2) for all cases being above 0.93, proving the high accuracy 
of the kinetic models. All values of the activation energies 

and pre-exponential factors (A) per conversion degree, for all 
cases calculated from the corresponding slopes of the kinetic 
plots, are shown in Table 2. The determined average activa-
tion energy values for non-catalytic pyrolysis were 182.77, 
170.63 and 175.84 kJ/mol according to the KAS, FWO and 
Friedman models, respectively. In these methods, the ther-
mal degradation of the solid is defined as a single reaction 
and small differences in the calculated activation energies by 
different kinetic models could be a result of this approach, as 
seen in pyrolysis of biomass and biomass constituents, such 
as cellulose, hemicellulose and lignin [31–33].

Kinetic modelling of sewage sludge was investigated and 
a model fitting method was applied in various articles which 
consider the sludge as two or more pseudo-components. The 
activation energy, depending on the degree of conversion in 
these studies, was roughly within the range of 100 to 400 kJ/
mol [34–37]. In all of the methods, activation energy and 

Fig. 3   Kinetic plots of a KAS, b FWO and c Freidman model for 
non-catalytical pyrolysis of sludge
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pre-exponential factor values increased with an increasing 
conversion degree. Similar trends were observed in other 
reports in the literature investigating the kinetics of pyrolysis 
of leather waste and biomass samples [38, 39].

The pre-exponential factors for non-catalytic pyrolysis of 
sludge ranged from 106 to 1025 according to all kinetic mod-
els. While the high values of pre-exponential factor indicate 
that numerous chemical reactions were taking place during 
the pyrolysis of sludge, the wide range of the values shows 
the complex structure of the sludge, since A is defined as the 
degree of collision of a reaction per unit time [40].

The presence of Al2O3 and y-zeolite affected the values of 
both the activation energy and pre-exponential factor values. 
According to all methods used, the average activation energy 
decreased during the catalytic pyrolysis of the sludge show-
ing that both catalysts were effective. Although the values 
of the pre-exponential factor decreased slightly, they were 
still ranged high between 106 and 1018 s−1.

The changes in enthalpy, Gibbs free energy and entropy 
of activation as thermodynamic parameters were determined 

for the pyrolysis of the sludge, and all values per conversion 
degree are shown in Table 3. The activation enthalpy change 
values with the changing conversion degree were positive, 
showing that the reactions occurring during pyrolysis were 
endothermic. In addition, while the enthalpy increased with 
the increasing conversion degree, the difference between 
Ea and ΔoH‡ was around 5 kJ/mol, indicating that product 
formation was easily achievable [41]. The catalyst addition 
decreased the ΔoH‡ values, whereas y-zeolite was more effec-
tive since the decrease was more discrete.

Gibbs free energy represents the increase in the total energy 
of a system necessary for the development of an activated 
complex [42]. The ΔoG‡ values were in an extremely narrow 
range and slightly increased with the increasing conversion 
degree, and were between 156.2 and 150 kJ/mol, according to 
all three kinetic models.

Entropy changes at conversion degrees of less than 0.3 were 
negative during the non-catalytic pyrolysis and it remained 
negative until the conversion degree reached 0.6 in the pres-
ence of catalysts according to the KAS and FWO models. The 

Table 2   Kinetic parameters for the pyrolysis of sludge via the KAS, FWO and Friedman models

KAS FWO Freidman

α Ea [kJ/mol] A [s−1] R2 Ea [kJ/mol] A [s−1] R2 Ea [kJ/mol] A [s−1] R2

Sludge 0.1 84.66 7.05 × 1006 0.9980 84.43 6.71 × 1006 0.9977 90.38 2.38 × 1007 0.9821
0.2 123.11 2.33 × 1010 0.9944 124.25 2.96 × 1010 0.9960 128.47 7.16 × 1010 0.9872
0.3 139.45 7.07 × 1011 0.9937 140.48 8.76 × 1011 0.9941 152.23 1.01 × 1013 0.9959
0.4 161.27 6.58 × 1013 0.9888 161.63 7.08 × 1013 0.9894 130.36 1.06 × 1011 0.9959
0.5 186.54 1.22 × 1016 0.9815 185.96 1.09 × 1016 0.9823 203.41 3.97 × 1017 0.9331
0.6 232.09 1.45 × 1020 0.9300 229.59 8.66 × 1019 0.9338 246.41 2.74 × 1021 0.9733
0.7 243.87 1.63 × 1021 0.9798 241.42 9.84 × 1020 0.9999 209.92 1.52 × 1018 0.9254
0.8 291.18 2.63 × 1025 0.9517 292.68 3.57 × 1025 0.9999 245.43 2.24 × 1021 0.9629
Avg 182.77 170.63 175.83

Sludge + Al2O3 0.1 84.66 7.05 × 1006 0.9974 84.43 6.71 × 1006 0.9977 70.51 3.41 × 1005 0.9547
0.2 73.93 7.11 × 1005 0.9990 77.78 1.62 × 1006 0.9991 94.23 5.37 × 1007 0.9361
0.3 104.65 4.85 × 1008 0.9948 107.63 9.08 × 1008 0.9957 116.63 6.01 × 1009 0.9949
0.4 141.88 1.17 × 1012 0.9784 143.37 1.60 × 1012 0.9811 120.21 1.27 × 1010 0.9968
0.5 110.30 1.59 × 1009 0.9743 113.68 3.24 × 1009 0.9784 125.09 3.53 × 1010 0.9760
0.6 142.10 1.23 × 1012 0.9852 144.41 1.99 × 1012 0.9871 155.78 2.10 × 1013 0.9881
0.7 217.44 7.13 × 1018 0.9999 216.52 5.89 × 1018 0.9999 184.89 8.71 × 1015 0.9395
0.8 212.42 2.54 × 1018 0.9999 216.96 6.46 × 1018 0.9999 192.24 3.97 × 1016 0.9361
Avg 135.92 129.31 132.45

Sludge + y-zeolite 0.1 73.12 5.98 × 1005 0.9652 64.05 8.44 × 1004 0.9712 69.66 2.48 × 1005 0.9622
0.2 77.04 1.38 × 1006 0.9387 80.59 2.96 × 1006 0.9491 94.01 5.12 × 1007 0.8760
0.3 102.40 3.02 × 1008 0.9847 105.43 5.72 × 1008 0.9869 104.99 5.21 × 1008 0.9951
0.4 115.73 4.97 × 1009 0.9761 118.59 9.05 × 1009 0.9795 121.58 1.69 × 1010 0.9891
0.5 129.36 8.62 × 1010 0.9491 131.97 1.49 × 1011 0.9558 137.73 4.94 × 1011 0.9058
0.6 127.71 6.10 × 1010 0.9907 130.91 1.19 × 1011 0.9920 156.99 2.71 × 1013 0.9897
0.7 162.24 8.03 × 1013 0.9999 164.23 1.21 × 1014 0.9999 167.74 2.51 × 1014 0.9529
0.8 197.17 1.10 × 1017 0.9999 202.21 3.10 × 1017 0.9999 180.34 3.40 × 1015 0.9502
Avg 123.10 117.78 129.13
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Friedman model suggests that in non-catalytic pyrolysis, ΔS 
remains constant for conversion degree of less than 0.4, and 
in catalytic pyrolysis, at conversion degrees higher than 0.7, 
ΔoS‡ becomes positive. The negative values of ΔoS‡ indicate 
that the produced substances are more organized in molecu-
lar structure compared to the initial substances, showing that 
before reaching the thermo-dynamic equilibrium, substances 
undergo a chemically or physically ageing process [43]. 
Therefore, it can be concluded that the addition of a catalyst 
enhances the production of substances with more organized 
molecular structure.

3.4 � The effect of catalysts on product yields

The sludge gathered from leather and textile industrial waste-
water treatment plants was low in volatiles and rich in inor-
ganic matter, as listed in Table 1, compared to sewage sludge 
samples studied by various researchers [5, 44–49]. The high 
inorganic content and low fraction of volatiles influence the 
reaction routes to produce more gas and/or char during the 
pyrolysis. It is known that high ash in the feed can have a cata-
lytic effect and promote gas formation via cracking reactions 
and char formation via carbonization reactions [50]. The same 
effect is observed in this study as oil yield was 24.7% during 
the non-catalytic pyrolysis while it was in the range of 40 to 
50% in studies of sewage sludge pyrolysis.

In general, water is produced via dehydration of the organic 
substances or the moisture of the sample feed could be respon-
sible during the pyrolysis. Water obtained during the non-cat-
alytic pyrolysis of sludge was 7.2 wt% which is lower than the 
initial moisture content of the sludge (8.8 wt%). This could 
indicate that some water was consumed during the pyrolysis 
[4, 51]. The inorganic content of the sludge could promote the 
water–gas (4) and water–gas shift (5) reactions, and hence, 
water could be consumed through these reactions.

The catalytic pyrolysis yielded slightly higher water as 
they were 8.3 wt% and 8.1 wt% for y-zeolite and Al2O3, 
respectively.

The product distribution during the non-catalytic and 
the catalytic pyrolysis of the sludge showed that all prod-
uct yields were affected when catalysts were used during 
the pyrolysis (Fig. 4). The oil yield slightly increased from 
24.7 to 25.8%, as well as the gas yield, in the presence of 
Al2O3. The intermediates produced with thermal crack-
ing underwent a sequence of aromatization, alkylation 
and isomerization reaction on the catalyst surface to cre-
ate aliphatic and aromatic compounds, thereby improv-
ing the yield of oil. A similar effect of this catalyst was 

(4)C + H
2
O → CO + H

2

(5)CO + H
2
O → CO

2
+ H

2

reported in studies with sewage sludge as oil composition 
was enhanced with the addition of Al2O3 [52, 53]. While 
the gas yield increased slightly, the char yield decreased 
suggesting that the presence of Al2O3 also promoted the 
secondary cracking of macromolecular volatile substances 
formed during the pyrolysis.

The addition of y-zeolite dramatically decreased the oil 
and char yields, while the gas yield increased. The yields 
of oil and gas were 24.7 wt% and 25.1 wt%, under non-
catalytic pyrolysis, and addition of y-zeolite decreased the 
oil yield to 20.3 wt% while gas yield increased to 30.0 
wt%. As can be seen from the kinetic analysis section, 
y-zeolite was proven to be more effective in decreasing 
the activation energy during the pyrolysis of the sludge. 
The decreasing oil yield in the presence of y-zeolite could 
be a result of the promotion of cracking and carbonization 
reactions on the catalyst surface, yielding less oil frac-
tion. The increase in the yields of char and gas products 
supports this idea. Xie et. al. reported the same effect of 
zeolite, as they used a HZSM-5 catalyst during the pyroly-
sis of sewage sludge and observed that the yield of oil 
decreased [44].

3.5 � Analysis of oil products

3.5.1 � Elemental and heating value analysis of char and oils

Table 4 compares the elemental analysis and the higher heat-
ing values (HHV) of the char and oils obtained from pyroly-
sis of sludge at a pyrolysis temperature of 500 °C. The char 
produced from non-catalytic pyrolysis has a higher heating 
value of 28.3 MJ/kg and surface area is 17.37 m2/g showing 
that it can act as a fuel substitute or be evaluated to produce 
activated carbon. The carbon and hydrogen content of the 
oils increased with the addition of the catalysts. In addition, 
the utilization of Al2O3 catalyst resulted in lower oxygen 
content of 29.06% and higher heating value of 25.42 MJ/
kg. The use of y-zeolite catalyst during pyrolysis produced 

Fig. 4   The product yields during the pyrolysis of sludge
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highly deoxygenated oil (oxygen content of 14.9%) with a 
high heating value of 34.1 MJ/kg, indicating that it was more 
effective catalyst since the quality of oil was higher.

The XRF analysis of the char was also performed as 
shown in Fig. 5. Based on the results, it can be seen that 
well-separated characteristic peaks are observable in the 
sample represented: Cl (Kα), C (Kα, Kβ), Sb (Lα, Lβ1, Lβ2), 
Cr (Kα, Kβ), Mn (Kα, Kβ) and Fe (Kα, Kβ). Quantitative 
analysis shows 7% chlorine, 32% calcium, 37% chromium, 
1% manganese, 16% iron and 7% antimony in the sample 

for elements with a higher molecular weight that sodium. 
The previous elements are present in the form of their com-
pounds. The results suggest that the majority of the heavy 
metals remain in the solid phase during the pyrolysis of the 
sludge.

3.5.2 � GC/MS analysis of oils

The oils obtained from non-catalytic and catalytic pyrolysis 
of sludge were analysed using gas chromatography/mass 
spectroscopy (GC/MS) and the resulting chromatograms 
are given in Figure S3 in Supplementary information sec-
tion. All the major peaks in the chromatograms were identi-
fied and their relative area percentages were calculated as 
given in Tables 5, 6 and 7 showing that a detailed component 
analysis of the oils was carried out. In addition, major com-
ponents produced from non-catalytic and catalytic pyrolysis 
are shown in Fig. 6 to observe the catalytic effect on the 
product distribution.

The oil produced in the absence of any catalysts contained 
approximately 69.7% fatty acids, 5% N-compounds, 2.8% 
aliphatics (alkanes and alkenes), 3.1% amides and 3.3% oxy-
genated phenolic compounds. Steroidal hydrocarbons were 
also produced, since cholesterol, cholest-5-en-3-ol (3beta), 
cholesta-3,5-diene and cholest-4-en-3-one were 16.1% of the 

Table 4   Elemental compositions and calorific values of the sludge 
char and oils

* HHV (MJ/kg) = higher heating value calculated by Dulong’s formula 
[20] (HHV = (33.83C + 144.3 × (H −

O

8
) + 9.38S))

Char 
without 
catalyst

Oil 
without 
catalyst

Oil with Al2O3 Oil with y-zeolite

C 80.4 56.14 63.2 72.4
H 2.5 5.8 6.4 8.5
N 2.1 5.8 0.86 3.8
S 0.71 0.51 0.48 0.39
O 14.29 31.75 29.06 14.91
HHV* 28.29 21.68 25.42 34.10

Fig. 5   The X-ray spectra of the char during the pyrolysis of sludge
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oil analysed. The wastewater treated in the leather and tex-
tile industrial area contains proteinous materials and lipids 
derived from chromium tanning and pickling processes. The 
nitrogenous and oxygenated phenolic compounds were likely 
to be degraded from the protein fraction of the sludge. Fatty 
acids in the oil are typical thermal degradation products of 
the lipids and, due to the nature of the sludge being gathered 
from leather industrial waste, its proportion was high [54]. 
The presence of the oxygenated phenolic compound can 
cause the oil to become unstable during long-term storage 
and transportation. In addition, oil containing N-compounds 

and amides contributes to the release of the toxic pollutant 
NOX during a combustion process. In addition, the high acid 
content of the oil could reduce the pH, thereby making it 
corrosive. Therefore, if the oil produced from this sludge 
were to be used as fuel, a pre-process, such as steam crack-
ing, hydrogenation or Fischer–Tropsch synthesis, should be 
applied to yield a higher quality of oil with low oxygenated 
and nitrogenous compounds, as well as low acidity [55].

The presence of catalysts during the pyrolysis of sludge 
alters the vapour phase reaction pathways, changes and 
improves the liquid product composition. In principle, the 
use of both catalysts reduced fatty acid content, which is 
classified as long-chain organic compounds, since it is a 
carbon distribution of between 13 and 18, and promotes the 
formation of aliphatic hydrocarbons, such as alkanes and 
alkenes. Catalysts play an effective role in the cracking of 
fatty acids [56].

Steroidal hydrocarbons are major compounds in non-cat-
alytic sludge pyrolysis. These compounds are diminished 
using catalysts. It is thought that the hydrothermal alteration 
reactions are dominant on the conversion of the steroidals 
[57].

Nonetheless, the effects of both catalysts on the liquid 
product are specific in view of the compounds created. 
Methoxy phenols are abundant in Al2O3 studies. Cyclic 
and aromatic compounds increase with the use of cata-
lysts such as HZSM-5, y-zeolite and activated alumina in 
pyrolysis compared to non-catalytic procedure [58]. Al2O3 
had a cracking effect on the liquid components and shortly 
afterwards a unifying effect. The long-chain fatty acids and 
steroidal compounds formed in the first stage were broken 
down and the products developed subsequently merged 
into methoxy phenols. Fatty acids decreased from 69.7 to 
24.6% and steroidal compounds decreased from 16.1 to 
2.7% in the presence of a catalyst. While nitrogen-containing 

Table 5   Main and relatively large compounds (area per cent) in oils 
derived from pyrolysis of sludge without catalyst

Peak number Retention 
time (min)

Compound name Area (%)

1 20.41 1-Tetradecene 1.67
2 23.09 Pentadecane 1.08
3 29.43 Tetradecanoic acid 4.61
4 31.37 Pentadecanoic acid 1.16
5 31.92 Hexadecanenitrile 3.1
6 33.65 Hexadecanoic acid 27.83
7 35.2 Heptadecanoic acid 1.42
8 35.79 Heptadecanenitrile 1.94
9 36.78 9-Octadecenoic acid 25.11
10 37.15 Octadecanoic acid 9.56
11 37.41 Hexadecanamide 3.1
12 37.71 Phenol, 4,4′-(1-methylethyl-

idene)bis
3.3

13 47.58 Cholesterol 1.06
14 48.05 Cholesta-3,5-diene 4.92
15 51.01 Cholest-5-en-3-ol (3beta) 6.73
16 52.84 Cholest-4-en-3-one 1.35
17 54.21 Lanosta-8,24-dien-3-ol (3beta) 2.05

Table 6   Main and relatively 
large compounds (area per cent) 
in oils derived from pyrolysis of 
sludge with Al2O3 catalyst

Peak number Retention time 
(min)

Compound name Area (%)

1 12.18 Phenol, 2-methoxy 8.91
2 15.2 Phenol, 2-methoxy-4-methyl 6.23
3 17.6 Phenol, 4-ethyl-2-methoxy- 4.8
4 19.65 Phenol, 2,6-dimethoxy 11.71
5 22.08 Phenol, 2-methoxy-4-(1-propenyl) 16.29
6 23.97 2.3.5-Trimethoxytoluene 4.62
7 25.76 Phenol, 2,6-dimethoxy-4-(2-propenyl) 12.93
8 33.39 Hexadecanoic acid 13.27
9 36.57 9-Octadecenoic acid 7.72
10 36.98 Octadecanoic acid 3.64
11 37.75 Phenol, 4,4′-(1-methylethylidene)bis- 4.93
12 43.09 1–2,Benzenedicarboxylic acid 1.88
13 50.35 Chloest-5-en-3-ol (3beta) 2.73
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components, such as hexadecanenitrile, heptadecanenitrile 
and hexadecanamide, were not detected in the presence of 
Al2O3, this catalyst can be described as effective in removing 
nitrogen-containing components. However, since methoxy 
phenols as oxygen-containing compounds remained in the 
oil, Al2O3 is not considered to be effective in removing oxy-
genated compounds from the liquid products.

Zeolites as the most widely used solid acids are alumino-
silicate materials with three-dimensional crystalline struc-
ture. They are effective to convert oxygenated compounds 
into hydrocarbons and in catalytic cracking, deoxygenation, 
dehydration and decarboxylation reactions [59]. Bronsted 
and Lewis acidic sites are responsible for the cracking effect 
created by zeolites.

Positive and important changes in the product composi-
tion were observed in experiments with y-zeolite. The most 
obvious effect of the y-zeolite catalyst on sludge decom-
position is related to changes in the fatty acid, aliphatics, 
N-compounds and steroidal compound content of the oil 
produced. A decrease in fatty acids and increase in aliphatic 
content were observed while the pyrolysis process was con-
ducted in the presence of the y-zeolite. It was very effective 
in deacidification reactions, and most hydrocarbons were 
possibly produced by the conversion of these acids. A major 
improvement in the oil quality when using y-zeolite was 
due to the increase of aliphatics and the reduction of fatty 
acids, which confirms the results reported in the literature. 
Miskolczi et. al. studied the effect of y-zeolite, β-zeolite and 
Ni-Mo catalysts on heavy oil and municipal plastic waste 
and they report that catalysts promote the production of aro-
matic compounds, while non-catalytic processes do not yield 
much aromatic reaction [60].

Table 7   Main and relatively large compounds (area per cent) in oils 
derived from pyrolysis of sludge with y-zeolite catalyst

Peak number Retention 
time (min)

Compound name Area (%)

1 3.62 Toluene 0.3
2 5.56 Benzene, ethyl- 0.22
3 5.76 p-Xylene 0.28
4 6.27 1-Nonene 0.15
5 6.31 Styrene 0.73
6 6.35 Benzene, 1,2-dimethyl- 0.39
7 6.84 2-Cyclopenten-1-one, 

2-methyl-
0.36

8 8.25 Benzene, 1-ethyl-2-methyl- 0.21
9 9.09 1-Decene 0.56
10 9.18 Benzene, 1,2,3-trimethyl 0.42
11 9.33 Decane 0.32
12 9.51 Phenol 0.87
13 12.08 1-Undecene 0.77
14 12.28 Phenol, 4-methyl- 1.68
15 13.8 1-Methylindene 0.58
16 14.81 Naphthalene 1.07
17 15.07 1-Dodecene 2.15
18 15.23 Dodecane 1.32
19 15.38 Dodecane, 4,6-dimethyl 0.32
20 17.6 Phenol, 4-ethyl-2-methoxy- 0.34
21 17.79 1-Tridecene 1.53
22 17.92 Naphthalene, 1-methyl- 0.94
23 18.02 Tridecane 1.09
24 18.38 Naphthalene, 2-methyl- 1.26
25 19.67 Phenol, 2,6-dimethoxy- 0.42
26 20.45 1-Tetradecene 2.04
27 20.71 Tetradecane 1.51
28 21.19 Naphthalene, 1,7-dimethyl- 0.17
29 22.01 1-Tetradecanol 0.64
30 22.62 Cyclododecane 0.31
31 22.78 Trans-7-pentadecene 0.67
32 22.98 1-Pentadecene 3.49
33 23.23 Pentadecane 0.43
34 23.48 Pentadecanol 0.71
35 25.25 1-Hexadecene 2.27
36 25.47 Hexadecane 0.61
39 26.87 Benzene, decyl- 0.44
40 27.16 1-Heptadecene 0.49
41 27.33 Heptadecane 0.77
42 27.61 Tetradecanenitrile 2.61
43 29.43 Tetradecanoic acid 2.69
44 29.64 1-Octadecene 1.07
45 29.86 Octadecane 1.09
46 30.77 1-Nonadecene 0.42
47 30.95 Nonadecane 0.68
48 31.18 Pentadecanoic acid 0.72
49 32 Hexadecanenitrile 9.78

Table 7   (continued)

Peak number Retention 
time (min)

Compound name Area (%)

50 33.53 Hexadecanoic acid 6.76
51 35.02 Heneicosene 0.81
52 35.4 Heneicosane 1.7
53 35.5 Heptadecanenitrile 5.75
56 36.98 9-Octadecenoic acid 6.59
57 37.22 Octadecenoic acid 2.78
58 37.59 Hexadecanamide 2.79
59 38.643 4-Methylheptanamide 0.3
60 39.08 1-Tricosene 0.58
61 40.42 Tricosane 1.25
62 40.58 1-Tetracosene 0.4
63 40.81 Tetracosane 1
64 47 Cholesterol 3.49
65 48.15 Cholestadiene 4.43
66 52.87 Cholest-4-en-3-one 1.01
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The presence of alkanes and alkanes (aliphatic) in the 
liquid product determines the quality of the fuel. In other 
words, if the liquid product obtained by pyrolysis contains 
a significant amount of aliphatic hydrocarbons, it can be 
evaluated as synthetic fuel. Oil product obtained by the 
non-catalytic pyrolysis only contained 2.75% aliphatics 
(C14–C15), whereas in the presence of y-zeolite, aliphatic 
concentration increased to 31.1%. The formation of lower 
molecular weight hydrocarbons is dominant during sludge 
pyrolysis with y-zeolite. The distribution of carbon in the 
aliphatics is between C9 and C24, and a more concentrated 
distribution is between C12 and C15. Because the carbon dis-
tribution of oil obtained in this study is considered to be 
between a gasoline (C5–C12) and diesel (C9–C21) equivalent, 
oil obtained via catalytic pyrolysis of sludge in the presence 
of y-zeolite could be evaluated as fuel.

The formation of mono-ring aromatics, naphthalene and 
derivatives is another positive improvement in the oil quality 
with the addition of a catalyst. While mono-ring aromatic 
components and naphthalene were not observed with the use 
of Al2O3, these organic substances were detected as 3% and 
3.4% in the presence of y-zeolite, respectively. The mono-
ring aromatic components detected in the oil obtained with 
y-zeolite included toluene, ethylbenzene, p-xylene, styrene 
and oxygen-free benzene derivatives (methylbenzene).

Contrary to Al2O3, y-zeolite promotes deoxygenation 
reactions where oxygen is removed in the form of CO2, CO 
and H2O [61]. As a result, methoxy phenols detected in the 
oil product in the presence of y-zeolite are very low (0.76%) 
when compared to oil product with Al2O3. The results are 
also in agreement with the elemental analysis results. The 
percentage of oxygen in the oil product obtained with y-zeo-
lite catalyst was found to be quite low when compared to 
the Al2O3.

N-compounds in the oil during the catalytic pyrolysis via 
y-zeolite are found to have increased. These components, 

obtained as 5% in the case of the non-catalytic run, increased 
by 18.1% with y-zeolite. It was earlier described how 
y-zeolite forms straight-chain hydrocarbons. The formed 
N-compounds were nitrogen-bound with straight chains. As 
a result, y-zeolite can be used as an effective catalyst for the 
catalytic upgrading of pyrolytic oils.

4 � Conclusion

The present study revealed the thermal or catalytic pyrolysis 
behaviour of industrial sludge, obtained from the Leather 
and Textile Industry Wastewater Treatment Plant. The 
catalytic effects of y-zeolite and activated Al2O3 on bio-oil 
compound selectivity were investigated. Extracted from the 
results of TGA and GC/MS, catalysts had an obvious effect 
on pyrolysis process, kinetic parameters and oil properties of 
industrial sludge. Thermal behaviour and thermal degrada-
tion kinetic analysis indicated that the use of a catalyst was 
able to improve the reaction rates during pyrolysis. Catalytic 
pyrolysis with the use of y-zeolite resulted in a lower average 
Ea when compared to activated Al2O3 or the non-catalytic 
procedure. Activation energy was reduced from 170.63 to 
117.78 kJ/mol, in the presence of y-zeolite. The percentage 
of oxygen in the oil product obtained with y-zeolite catalyst 
was found to be quite low when compared to the Al2O3. 
Activated Al2O3 could be described as effective in removing 
nitrogen-containing components; on the other hand, y-zeo-
lite was highly effective in deoxygenation and deacidifica-
tion reactions. Therefore, the formation of lower molecular 
weight hydrocarbons was dominant during sludge pyrolysis 
with y-zeolite.

The results demonstrated that the sludge from the Leather 
and Textile Industry Wastewater Treatment Plant offers good 
potential for pyrolysis, and that the oil produced with the use 
of y-zeolite can be used as a fuel substitute for fossil fuels.

Fig. 6   Classification of pyroly-
sis oils
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