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Abstract: In this study, pyrolysis of municipal sewage sludge samples from different sources including
cattle and chicken manure as well as brook mud, was investigated using a thermogravimetric analysis
coupled with a Fourier transform infrared spectrometer (TG-FTIR) at different heating rates (25, 50
and 100 ◦C/min). In order to determine the kinetic parameters, Arrhenius, model-free Kissinger–
Akira–Sunose (KAS), as well as Friedman and Flynn–Wall–Ozawa (FWO) methods were compared.
The thermogravimetric results revealed that pyrolysis involved different stages, and that the main
decomposition reactions took place in the range of 200–600 ◦C. In this range, decomposition of
biodegradable components (e.g., lipids and polysaccharides), proteins and carbohydrates occurred;
meanwhile, there were samples (e.g., cattle manure, brook mud) in which the decomposition step
could be observed even at temperatures above 700 ◦C. According to the Arrhenius method, the
activation energies of the first decomposition stage were between 25.6 and 85.4 kJ/mol, while
the activation energies of the second and third stages were in the ranges of 11.4–36.3 kJ/mol and
20.2–135 kJ/mol, respectively. The activation energies were also calculated by the KAS, Friedman
and FWO methods, which were in the range of 100–300 kJ/mol for municipal sewage sludge or
distillery sludge, and ranged between 9.6 and 240 kJ/mol for cattle manure, chicken manure and
brook mud samples.

Keywords: sewage sludge; pyrolysis; TG-FTIR; kinetic parameters

1. Introduction

As a result of the continuously increasing global population and its living standards,
the amount of generated sewage sludge is also significantly increasing. The amount of
annually generated human-sourced sewage sludge is around 45 million tons, on a dry
basis [1]. However, there are significant differences in the amount of sewage sludge with
regards to different regions and types of settlements [2]. One of the main problems with
sewage sludge that it consists of harmful elements, such as pathogenic substances, drug
residues, hormones, bacteria, viruses or other pathogens. In addition, depending on the
source of the waste, heavy metal content in sewage can also be significant [3–5].

With regards to sewage sludge utilization, there are different methods used (e.g.,
landfill, agriculture, compost, incineration, thermochemical processes), which may vary,
depending on the legal, social and technological specificities of different regions [6,7].

Among the various thermochemical methods, pyrolysis can be a promising way to
convert sewage sludge into more valuable products. During this process, sewage sludge
is transformed into smaller molecules at temperatures above 300 ◦C in fixed, fluidized or
circulating fluidized bed reactors in an inert atmosphere [8,9]. Sewage sludge typically
consists of proteins, carbohydrates, water and other organic and inorganic substances [10].
These substances are transformed into gaseous, liquid and solid products. Gas products
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consist of hydrogen, CO, CO2, hydrocarbons and contaminants (e.g., NH3, H2S). Liquid
products have hydrocarbons, aldehydes, ketones, alcohols, carboxylic acids, phenols and
other organic compounds containing S, N and O [11]. The solid residue is most comparable
to porous carbon, while their composition and properties are greatly influenced by the raw
material and the process parameters (e.g., pyrolysis temperature, heating rate, pressure).

As a result of our improving understanding of pyrolysis processes and the influences
of scaling them up, investigating their associated reaction kinetics is necessary. However, it
is known that due to the large number of complex and consecutive reactions involved, the
thermal decomposition process is very complex [12–15]. Thus, it is not possible to describe
all reactions individually. In order to better understand the processes taking place, different
kinetic models should be used by different simplification parameters.

Based on previous work, the thermogravimetric method is widely used to investigate
the decomposition of waste polymers, biomass and municipal solid waste, or even sewage
sludge. It is important to note that most of the reaction kinetic models derive the main
reaction kinetic parameters from the sample weight loss that is observed during the thermal
decomposition. Table 1 summarizes the main reaction kinetic approaches to the pyrolysis
of polymeric wastes [16–36].

Table 1. Principal reaction kinetic approaches used for waste polymer pyrolysis.

Model Description Reference

Coats and Redfern model Integrated kinetic model using simplified Arrhenius equation. [17]

Friedman model Determination of activation energies for different conversions. [18]

Flynn–Wall–Ozawa model Determination of activation energies for different conversions. Typically used for solid samples. [19]

Horowitz–Metzger method Suitable for different types of waste (biomass, plastic, sewage sludge). [16,20]

Kissinger method Used for reaction kinetic characterization of mixtures. [21]

Kissinger–Akira–Sunose model Uses the appropriate temperature for each conversion, instead of the peak maximum. [22]

Single reaction model Thermal decomposition processes take place through the same thermal reactivity. The reliability
of the final result is limited and largely depends on the description of the gross process. [23]

Parallel reactions model Multiple parallel reaction models. Usually three-step. Used for biomass. In the case of sewage
sludge, modification is needed. [24]

Consecutive reactions model Sequential reactions. Generally an isothermal kinetic approach. Used for biomass, plastic waste
and sewage sludge. [25]

Distributed activation energy model
It monitors the ongoing processes as a complex system of reactions with constantly changing
activation energies, but with a constant pre-exponential factor. Used for biomass, plastic waste
and sewage sludge.

[26]

Vyazovkin method Non-isothermal method independent from heating rate. [19,27]

Starink’s model Non-isothermal method independent from heating rate. [28]

Most of the methods used are on the basis of thermogravimetric results, when the
sample (typically less than 1 g) is heated in an inert atmosphere (usually in nitrogen,
argon or helium) at a given carrier gas rate and heating rate. The reaction kinetic param-
eters are calculated from the sample weight loss. The carrier gas velocity is generally
<200 mL/h and the heating rate is typically below 50 ◦C/min [16–23]. However, recently
A. Petrovic et al. investigated the pyrolysis kinetics of sewage sludge and biomass using
15, 30 and 100 ◦C/min heating rates. They compared the results using the Kissinger–Akira–
Sunose and Flynn–Wall–Ozawa models, and concluded that the two models had good
correlation in the case of sewage sludge raw material; however, due to the composition of
other raw materials, a weaker correlation was found [29].

Some kinetic models (the so-called isoconversional methods) do not require the full
description and understanding of the processes involved. The Flynn–Wall–Ozawa (FWO),
Friedman, Horowitz, Kissinger, Kissinger–Akira–Sunose (KAS) and Ozawa methods are
the most commonly used for the kinetics-free approach [16–22]. There are other methods
that describe processes based on a gross reaction equation. In these models, the thermal
decomposition processes take place through the same thermal reactivity. The reliability of
the final result is limited, and largely depends on the description of the gross process [24–26].



Energies 2022, 15, 5116 3 of 18

Most kinetic approaches do not take into account the fact that the activation energy of the
thermal decomposition is not constant and changes during the process. For this reason,
a distributed activation energy model has been developed. It defines the processes as a
complex system of reactions, with constantly changing activation energies but a constant
pre-exponential factor [30–32].

Although pyrolysis of sewage sludge is a widely researched topic, there are still
a number of issues to be clarified, such as effects of heating rates and residence times.
Moreover, to understand the pyrolysis process and to prepare the possible scale-up, reaction
kinetic calculations are also needed. Based on the aforementioned, this study investigates
the pyrolysis of different sewage sludge samples with a TG-FTIR instrument that uses
different heating rates. The main reaction kinetic parameters were calculated through the
usage of different kinetic approaches. According to the references, a heating rate below
50 ◦C/min is mostly used for thermogravimetric analysis of sewage sludge. However, in
this study heating rates between 25 and 100 ◦C/min were used in order to obtain more
information about the extended availability of the applied reaction kinetic approaches.

2. Materials and Methods
2.1. Raw Materials

In this study, different sewage sludge samples (e.g., municipally sourced sewage
sludge (samples “A–D”), distillery sludge (sample “E”), cattle manure (sample “F”), chicken
manure (sample “G”) and brook mud (sample “H”)) were used as raw materials. Samples
“A” and “B” originated from a Hungarian municipal wastewater plant and were char-
acterized by a similar composition (Table 2). Sample “C” was recovered from biological
treatment, and municipal sewage sludge sample designated as sample “D” was obtained
after centrifugation. In contrast, samples “F” and “G” were of animal origin, and sample
“H” was taken from the sediment of a local Hungarian brook.

Table 2. Main properties of the dried sewage sludge samples.

A B C D E F G H

Source Municipal
sewage sludge

Municipal
sewage sludge

Municipal
sewage sludge

Municipal
sewage sludge

Distillery
sludge Cattle manure Chicken

manure Brook mud

Water content, % (1) 55.36 51.86 37.88 22.83 47.42 46.57 35.28 86.71
Fixed carbon, % 7.75 12.44 12.83 4.47 23.23 5.89 15.07 12.67
Ash content, % 47.61 39.42 25.05 18.36 24.19 40.68 20.21 74.04

Volatiles, % 44.64 48.14 62.12 78.66 52.28 53.43 64.72 13.29
C 23.4 31.2 35.4 50.5 42.3 24.8 34.7 9.6
H 3.4 4.0 5.5 7.8 5.2 3.0 4.5 1.0
N 3.8 4.4 5.5 4.5 0.8 2.9 4.6 0.7
S 2.0 1.4 2.6 0.0 0.0 1.3 1.6 0.0
O 52.9 44.7 41.6 28.6 31.7 54.5 40.1 66.6

Na 0.7 0.3 0.6 0.1 1.5 0.4 0.8 0.5
Mg 1.0 0.5 0.5 0.4 1.4 0.4 0.5 1.1
Al 1.1 2.2 1.6 0.2 1.9 0.3 0.2 2.2
Si 2.6 3.1 0.4 0.6 7.2 0.7 0.3 11.6
P 3.4 2.6 2.1 1.3 1.6 1.2 2.1 0.1
K 0.4 1.6 0.3 0.3 0.5 1.8 4.8 0.6
Ca 1.9 1.9 2.2 2.3 3.8 7.9 5.1 4.6
Fe 3.4 1.7 1.3 2.5 1.8 0.4 0.0 1.3

Other 0.1 0.2 0.3 0.7 0.3 0.4 0.6 0.2

(1) Water content before the analysis (this water content was evaporated at 110 ◦C prior to the TG-FTIR analysis).

In order to determine the most relevant properties of the dried sewage sludge samples,
TG-FTIR, elemental and X-ray fluorescence analyses were conducted. During the thermo-
gravimetric analysis TG 209 F1 Libra equipment was used, and the pyrolysis temperature
was changed between 30 and 900 ◦C, with heating rates of 25, 50 and 100 ◦C/min. In order
to maintain an inert atmosphere, constant nitrogen flow (20 mL/min) was established in
each experiment.

The gas products of the pyrolysis experiments were analyzed using an FTIR spectrom-
eter (Bruker Invenio S). In order to avoid secondary reactions, the released volatiles of the
TG analysis were swept immediately to the gas cell and to the liquid-nitrogen-cooled PER-
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MAVAC MCT detector of the FTIR spectrometer. During the measurements, the transfer
line was heated up to 230 ◦C in order to avoid the condensation of volatile decomposition
products. The scanning range of the IR spectrometer was 4000–400 cm−1, and the resolution
and the sensitivity were 3 and 1 cm−1, respectively.

In order to determine the C, H, N, S and O contents, ultimate analysis was carried
out in an elemental analyzer (Carlo Erba); in order to identify the inorganic compounds
(e.g., Na, Mg, Al, Ca, Fe, K, P, Si), energy dispersive X-ray analysis was also performed
(Shimadzu, EDX-8100).

The morphology of the raw materials was also investigated via an Apreo S LoVac
instrument (FEI/ThermoFischer) coupled with an energy-dispersive X-ray spectrometer
(AMETEK, Octane Elect Plus), operated at 2.0 for secondary electron imaging. In order
to calculate the main reaction kinetic parameters of sewage sludge pyrolysis, different
kinetic models were used. These models can be categorized into model-fitting and model-
free fitting isoconversional methods. Among the aforementioned methods, model-fitting
isoconversional methods do not allow the determination of the activation energy without
first assuming the reaction mechanism [33]; meanwhile, isoconversional model-free fitting
methods require only a set of experimental data obtained at more than two different heating
rates. Among the isoconversional methods, integral (e.g., Kissinger–Akahira–Sunose (KAS),
Flynn–Wall–Owaza (FWO)) and differential methods (e.g., Friedman) can be distinguished.
The KAS and FWO methods rely on the temperature integral approximation, while the
Friedman model uses a determination of the reaction rate at an equivalent stage for various
heating rates instead of from any mathematical approximation [34].

2.2. Apparent Kinetic Parameters on the Basis of Arrhenius Equation Using First-Order
Kinetic Approach

The activation energy and pre-exponential factor were calculated, as follows, by the
weight loss of samples, since the weight loss is the function of activation energy [16,35]:

dx
dt

= A·e(−
E

RT )(1−x) (1)

where “A” is the pre-exponential factor, “E” is the activation energy, “T” is the temperature,
“t” is the time for reaction and “R” is the universal gas constant. It is also known that the
“x” can be calculated, as follows, from the knowledge of “mi”, “mt” and “mf”:

x =
mi −mt

mi −m f
·100 (2)

where “mi”, “mt” and “mf” are the initial weights of sample, sample weight at “t” time
and final weight of sample, respectively. This model is widely used to investigate solid
state reactions; however, it should be used to describe homogenous and heterogeneous
reactions [35].

2.3. Kinetic Parameters on the Basis of Model-Free Methods
2.3.1. Flynn–Wall–Ozawa Model

The FWO model is a widely used method to describe the decomposition of different
polymers when more than one simultaneous reaction can take place [16,19]. The kinetic
free model uses the following equations to calculate the activation energy:

dx
dt

=
k(T)

β
· f (a) =

A
β
·exp

(
− E

RT

)
· f (a) (3)

ln β = ln (
AE

Rg(a)
)− 5.523− 1.0518(

E
RT

) (4)
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where “T” is the absolute temperature at the specified fraction (k), “E” is the apparent
activation energy, “A” is the pre-exponential factor, “α” is the conversion of the reaction,
“R” is the universal gas constant and “β” is the heating rate. The FWO model calculates the
activation energy from the slopes (−E/R) of the ln(β) vs. 1/T curves.

2.3.2. Kissinger–Akira–Sunose Model

The KAS model is also a model-free method that should be used to calculate the
activation energy of the process as a function of heating rate and conversion by the following
equation [16,22]:

ln
(

β

Ta2

)
= ln

(
A·R

Eag(a)

)
− E

RTa
(5)

where “β” is the heating rate, “T” is the temperature, “α” is the conversion, “A” is the
pre-exponential factor, “R” is the universal gas constant and “E” is the apparent activation
energy. In the KAS method, a plot of ln(β/T2) versus 1/T at different conversions gives a
straight line from which the value of apparent activation energy (E) can be calculated.

2.3.3. Friedman Model

The Friedman model is also an isoconversional method that can be used to calculate
the activation energy of the process by the following equation [16,18]:

ln
(

dα

dt

)
= ln(( f α)·A)− E

RT
(6)

where “α” is the conversion, “A” is the pre-exponential factor, “R” is the universal gas
constant, “E” is the apparent activation energy and “T” is the temperature. The activation
energy can be calculated from the slope of ln(dα/dt) versus 1/T, whereas ln(A·(f (α))) is
obtained from the intercept.

3. Results and Discussion

The main properties of the raw materials are summarized in Table 2. The moisture
content of the raw materials was very different before they were dried to a constant weight
(22.83–86.71%). As a result of the different origins of the samples, there were significant
differences in their ash content, fixed carbon and elemental composition. The highest ash
content was found in sample “H” (74.04%), while the lowest was measured in sample “D”
(18.36%). Fixed carbon was in the range from 4.47% (sample “D”) to 23.23% (sample ”E”),
and volatiles ranged from 13.29% (brook mud) to 64.72% (chicken manure). Significant
differences could also be found among the elemental compositions of the samples. The
contents of carbon and hydrogen were the highest in sample “D” (municipal sewage
sludge), while sample “C” (municipal sewage sludge) had the highest nitrogen and sulfur
content. For other elements, alkali metals, alkaline earth metals, transition metals, silica,
phosphorus, etc., could be measured in the samples.

The highest concentration of other elements was found in the case of brook mud
(22.24%), while the lowest was found in sample “E”, municipal sewage sludge (8.53%). In
brook mud, Si and Ca had also high concentrations. Regarding Ca, K, Fe, Al and P, cattle
manure, chicken manure, sample “A”, sample “B” and sample “A” had the highest levels
(5.13%, 4.77%, 3.35%, 2.23% and 3.45%), respectively.

The SEM images are summarized in Figure 1. Morphology of the raw materials
showed significant differences among the samples. Smaller particle sizes were found in the
cases of samples “B” and “F”. For samples “D”, “G” and “E”, the smaller samples were
assembled into agglomerates with larger particle sizes. Samples “A” and “C” had relatively
large grains with rounded boundaries. The brook mud consisted of grains with sharp
boundaries, and its morphology was significantly different from that of the other samples.
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Figure 1. SEM images of the dried raw materials.

3.1. Weight Loss of Samples

The weight loss and summarized FTIR results obtained at different heating rates are
shown in Figures 2 and 3. Based on the results, it can be said that the thermal decom-
position of the sewage sludge samples differed significantly from each other. The main
decomposition step took place in the temperature range of 200–600 ◦C; however, there were
samples in which the decomposition step could be observed even at temperatures above
700 ◦C. There was no significant decomposition step above 700 ◦C for the municipally
sourced sewage sludge samples. As the samples were dried to a constant weight prior
to testing, no significant change in weight occurred in the drying range (<180 ◦C). The
torrefaction ranges from 180 to 280 ◦C, and pyrolysis from 300 to 600 ◦C. Above 600 ◦C, the
range of pyrolysis is generally distinguished in the literature [16].

Based on these results, it was found that the typical weight loss processes took place
into the range of pyrolysis. Regarding the effect of the heating rate, only small differences
could be found on the basis of the weight loss curves; however, the dm/dt curves already
showed more significant differences. In each case, the curve obtained using the heating
rate of 100 ◦C/min resulted in the highest dm/dt values, and this curve was well separated
from the other two. The results obtained at heating rates of 25 ◦C/min and 50 ◦C/min
were closer. It is also worth mentioning that there were no observable differences among
the amounts of residues obtained at 900 ◦C.

Table 3 summarizes the main temperatures of the decomposition and the char amounts.
Based on the results, it is clear that the typical temperatures shifted by 10–30 ◦C towards
higher values with increasing heating rates. The first step of mass change was between
298 and 351 ◦C; that of the second step was between 443 and 476 ◦C; and that of the third
step was between 728 and 824 ◦C. It should be noted, however, that in the case of the
second step, it was not possible to establish maximum values on the dm/dt curves for most
of the samples. After the first, second and third steps, the residues were in the range of
44.91–96.80%, 28.33–69.01% and 21.34–86.71%, respectively. Sample “H” (brook mud) had
the most residues (81.34–86.71%), while sample “C” had the least (21.44–25.67%).
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Figure 2. Summarized weight losses and dm/dt values.

Table 3. Main temperatures of the decompositions.

Sample Heating Rate,
◦C/min

1st Step Residue
1st Step, %

2nd Step Residue
(2nd Step), %

3rd Step Residue
(3rd Step), %Ti Tm Tf Ti Tm Tf Ti Tm Tf

A
25 185 298 398 73.54 410 - 541 64.64 661 753 791 55.36
50 191 302 404 73.21 419 - 554 63.51 668 757 794 54.71

100 198 315 411 71.38 427 - 562 61.65 681 762 799 51.86

B
25 197 292 403 72.06 411 - 554 61.81 654 728 791 51.83
50 205 298 410 70.37 417 - 559 60.25 662 735 794 49.55

100 217 306 415 70.15 419 - 567 60.48 679 746 800 50.60

C
25 205 292 400 57.16 400 - 556 44.57 - - - 37.88
50 229 303 405 57.56 470 - 562 45.73 - - - 38.91

100 217 320 410 56.53 410 - 574 43.99 - - - 38.89

D
25 211 316 405 45.01 405 456 518 29.28 - - - 21.34
50 220 336 416 48.16 416 476 536 28.33 - - - 22.83

100 222 338 426 44.91 426 465 539 30.89 - - - 25.44

E
25 217 354 429 58.54 442 435 571 51.06 - - - 47.72
50 229 362 435 45.42 451 453 586 33.38 - - - 28.05

100 233 267 441 49.19 458 459 602 38.72 - - - 35.45

F
25 154 333 378 76.10 390 - 547 69.01 665 804 866 46.57
50 180 342 379 74.89 390 - 560 66.42 678 810 880 45.01

100 181 355 391 75.18 395 - 570 67.47 710 824 894 40.98

G
25 208 282 367 60.34 390 443 540 45.17 679 744 827 35.28
50 218 296 379 60.39 399 447 545 46.62 683 770 889 35.40

100 234 316 400 59.69 415 457 565 45.14 690 792 891 34.91

H
25 220 318 530 95.88 - - - - 650 772 810 86.71
50 228 337 542 95.21 - - - - 662 780 820 86.24

100 250 351 558 96.80 - - - - 680 - - 81.34

Ti: initial temperature; Tm: peak maximum temperature; Tf: final temperature.
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3.2. FTIR Results of Sample Decompositions

On the basis of characteristic vibrations of different chemical bonds, the following
molecules were identified and investigated: methane (3015 cm−1, Figure 3A), carbon diox-
ide (2359 cm−1, Figure 3B), carbon monoxide (2175 cm−1, Figure 3C), carbonyl sulfide
(2066 cm−1, Figure 3D), aldehydes, ketones (1730 cm−1, Figure 3E), water (1540 cm−1,
Figure 3F), ether, amine (1001 cm−1, Figure 3G), ammonia (965 cm−1, Figure 3H), unsatu-
rated hydrocarbons (950 cm−1, Figure 3I) and hydrogen cyanide (710 cm−1, Figure 3J). It is
clear that with increasing temperature, the initial water content of the samples was removed.
This is indicated by the change in the intensity of the infrared band at a wavenumber of
1540 cm−1 (Figure 3F), which showed an increase to about 250–300 ◦C before beginning to
suddenly decrease. The absorbance values did not change significantly after 650–800 ◦C,
which indicates that the water content was removed and that water may have formed
during the chemical reactions. The water-specific absorption band occurred at the earliest
for sample “D” (municipal sewage sludge), while “G” (chicken manure) occurred latest,
in which the order was independent of the heating rate. The highest absorbance values
were observed for samples “G”, “D”, “F”, “B” and “I”, with only very small changes in
absorbance observed for samples “E” and “H” as a function of temperature. Regarding the
heating rate, the location of the peak maximum shifted toward higher temperature values,
and some of the distributed peaks began to overlap. However, the order of the absorbance
of samples “G”, “D”, “F”, “B” and “I” changed through the application of different heating
rates. The infrared absorption maximum (at 750 and 780 ◦C) for samples “G” (chicken
manure) and “H” (brook mud) was due to the decomposition of inorganic bicarbonates
(Me(HCO3)x→MeO + H2O + CO2) or hydroxides (Me(OH)x→MeO + H2O).

The lower temperature ranges were also characterized by the formation of CO and
CO2 due to the primary thermal decomposition of polysaccharides in the samples. This
occurred in the range of 200–400 ◦C using a heating rate of 25 ◦C/min, which shifted
towards the higher temperatures using faster heating rates. Based on the literature, it can
be mentioned that the production of CO2 is favored by the high hemicellulose content and
by the production of CO resulting from the high lignin content [14,15].

Additional infrared activity was observed in the temperature ranges of 400–600 ◦C and
700–900 ◦C in the form of separated peaks and shoulders for the case of CO, but especially
for CO2. The CO2 typically resulted in multiple peaks and shoulders (Figure 3B). In the case
of CO (Figure 3C), the infrared activity in the temperature range of 400–600 ◦C was only
very limited; meanwhile, above 600 ◦C characteristic and high intensity absorbance values
of samples “F” (cattle manure) and “G” (chicken manure) could be measured independently
from the heating rates. Regarding CO2, the intensities of the infrared bands in the ranges of
200–400 ◦C and 700–900 ◦C were in the same absorbance range, while in the case of CO the
absorbance values observed in the range of 700–900 ◦C were at least four times higher than
in the range of 200–400 ◦C. The aforementioned maximum intensity shift was also observed
for infrared activity above 400 ◦C. It is also worth mentioning that at lower heating rates,
the peak values were well separated in most cases, while during faster heating rates, the
separated bands fused and overlapped with each other. Based on the results, it can be
concluded that in the case of rapid pyrolysis of sewage sludge samples, a higher reactor
temperature must be used to obtain product with the same composition as using slower
heating rates. It is also worth mentioning that the changes in samples “C”, “D” or “I”
were very limited. For samples “F”, “G” and “H”, the maximum absorbance of 2359 cm−1

around 750–850 ◦C was due to the decomposition of the inorganic bicarbonate (750 ◦C)
and carbonate (840 ◦C) components in the samples. Regarding the Boudouard reaction (C +
CO2→CO), no significant effect of the heating rate can be concluded.

Methane formation could be observed from 250 ◦C (Figure 3A). At a heating rate of
25 ◦C/min, the first peak was observed at 360 ◦C and the second at 510 ◦C. The intensity
of the first peak was about half of the peak at 510 ◦C. Using a heating rate of 50 ◦C/min,
both peak maxima were shifted nearly by 30–40 ◦C towards higher temperatures. Another
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effect of the heating rate is that the width of the absorbance distribution become wider as a
function of increasing heating rates.

According to literature data, the thermal decomposition of lignin-rich materials results
in high methane contents [14,15]. This is especially true for methane at lower temperatures.
Regarding the COS compounds (Figure 3D), a broad absorbance distribution with several
local maxima was observed between 350 and 600 ◦C, followed by another but slim peak
above 600 ◦C, with a maximum above 800 ◦C. The location of the peak above 800 ◦C could
no longer be interpreted because the distribution curve shifted towards higher temperature
ranges when using faster heating rates. For COS, samples “F” (cattle manure) and “G”
(chicken manure) had the highest maximum values.

At 1730 cm−1, using a heating rate of 25 ◦C/min resulted in a broad elongated curve
in the temperature range of 200–600 ◦C (Figure 3E). The maxima of the curves were found
at temperatures between 300 and 400 ◦C. At a heating rate of 50 ◦C/min, the maximum
values were between 360 and 450 ◦C. These infrared bands (C=O stretching vibration)
indicate the presence of aldehydes, ketones and carboxylic acids. The absorbance values
were the highest for samples “D” (municipal sewage sludge), “G” (chicken manure), F”
(cattle manure) and “B” (municipal sewage sludge). The best resolution of absorbance
distribution was found in the case of a 25 ◦C/min heating rate.

Similar results were observed based on the infrared activity at 1001 cm−1, suggesting
the presence of ethers and amines (C-O and N-H stretching vibrations). However, e.g.,
when using a heating rate of 25 ◦C/min, a peak maximum between 300–360 ◦C in addition
to a local maximum were observed at 500 ◦C, as function of the temperature dependence
of the absorbance values. Using faster heating, the previous temperature values shifted
towards higher ranges, and the width of the absorbance distribution became wider.

Due to the thermal decomposition of proteins in the raw materials, ammonia
(965 cm−1) and cyanide (710 cm−1) components were also detected in the TG-FTIR re-
sults (Figure 3H,J). For ammonia, a broad elongated curve with multiple local maxima
in the wavelength range between 200 and 900 cm−1 was obtained for the temperature
dependence of the absorbance value. The first local maximum of the absorbance occurred
at ~360 ◦C and the second at around ~450 ◦C, using a heating rate of 25 ◦C/min. It is
worth mentioning that the second maximum was followed by another local maximum at
510 ◦C for chicken manure, and for this raw material the values of the last two maxima
were significantly higher than those at the first peak. Using a heating rate of 50 ◦C/min,
the location of the first peak changed to ~390 ◦C, and no separation was observed at the
next peak. It is also clear that when using cattle manure and chicken manure raw materials,
a well-separated peak appeared in the temperature range between 700 ◦C and 900 ◦C, with
maxima of 800 ◦C, 835 ◦C and 890 ◦C as a function of the heating rates. From the above
results, it can be concluded that nitrogen-containing components were formed in both the
primary (200–500 ◦C) and secondary (500–700 ◦C) pyrolysis temperature ranges, and HCN
formation was also observed in the gasification temperature range (>700 ◦C).
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Figure 3. Cont.
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Figure 3. Summarized FTIR results.

3.3. Reaction Kinetic Calculations
3.3.1. On the Basis of Arrhenius Equation Using First-Order Kinetic Approach

The apparent activation energies calculated using the first-order reaction kinetic ap-
proach are summarized in Figure 4. Based on the dm/dt curves, most of the samples
showed the main decomposition step occurring between 200 and 600 ◦C. However, as it can
be seen from the dm/dt curves, the broad elongated curve generally had two peak values.
In particular, they cause a visible break in the slopes on the ln(−ln(1−x)/T2) vs. 1/T curves.
In the cases of chicken manure and cattle manure, three stages of decomposition could
be observed that were caused by inorganic substances in addition to organic matter. The
activation energies of the first stage were between 25.6 and 85.4 kJ/mol, while the activation
energies of the second and third stages were in the range of 11.4–36.3 and 20.2–135 kJ/mol,
respectively. It is worth mentioning that in the case of the first stage, an increasing trend in
the activation energies was found with increasing heating rate. However, a maximum was
found at 50 ◦C/min in the case of the second stage, while the activation energies decreased
as a function of heating rate in the case of the third weight loss stage.
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Figure 4. The activation energies of the sample decompositions.
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Regarding the first step, the highest activation energies were observed in sample
“G” (chicken manure), and the lowest in sample “H” (brook mud). For the second stage,
sample “C” resulted in the highest activation energy values, and sample “F” (cattle manure)
resulted in the lowest. The activation energies of the third stage showed significantly
higher values than the previous ones in the case of sample “H” (brook mud), which in turn
decreased significantly with increasing heating rate. In contrast, the municipal sewage
sludge samples “A” and “B” had only very small differences in their activation energies
obtained at different heating rates.

3.3.2. Kinetic Parameters on the Basis of FWO, Friedman and KAS Models

In order to calculate the kinetic parameters, the KAS, Friedman and FWO methods
were also used, where ln(β/T2), ln(dα/dt) and ln(β) on the Y-axis were plotted against the
inverse of the pyrolysis temperature. The activation energies were calculated from the
corresponding slopes of each line drawn for conversion from 0.1 to 0.9. The correlation
coefficients were above 0.95 in all cases, resulting in a high accuracy of the kinetic models.
Since the procedure of the calculation used was the same in each case, this is shown only
for sample “C” (Figure 5). The activation energy results are summarized in Figure 6.
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Figure 5. Plots of the KAS, Friedman and FWO methods at different conversions for sample “C”.

As the data show, the activation energies varied widely. In the cases of munici-
pal sewage sludge or distillery sludge, the activation energies were between 100 and
300 kJ/mol; meanwhile, the pyrolysis of samples “F” (cattle manure), “G” (chicken manure)
and “H” (brook mud) resulted in slightly lower values (9.6–240 kJ/mol). The calculated
activation energies are in accordance with those calculated by Liu et al. [36].

Activation energy is the minimum amount of energy which is needed to initiate the
reaction. Higher values indicate slower reactions and heavier decomposition processes,
which usually result from complex, multi-step, parallel, competitive and consecutive
reactions. As Figure 6 depicts, activation energies calculated from the KAS, Friedman
and FWO methods were similar, although above 70% conversion some discrepancies were
already occurring, especially for samples “F” and “H”.

The activation energies increased as function of the conversions. At lower tempera-
tures, the easily degradable components (e.g., lipids and polysaccharides) decomposed;
with an increase in temperature, complex reactions took place for the decomposition of
proteins, carbohydrates and inorganic bicarbonates. However, it is important to note that
inorganic bicarbonates were present in significantly higher concentrations in cattle manure
and brook mud than in other sewage sludge samples.

The average activation energies calculated by the KAS, Friedman and FWO methods
are summarized in Figure 7. As the data show, the highest average activation energy was
observed in the case of sample “D”, followed by samples “B”, “A”, “E”, ”G”, “C”, F” and
“H”, in descending order. These results also prove that the decomposition of municipal
and distillery sludge samples was more a difficult process than the decomposition of cattle
manure or brook mud.
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3.3.3. Enthalpy Calculated by KAS, Friedman and FWO Methods

The activation energies calculated by the KAS, Friedman and FWO methods were also
used to determine the enthalpies (Figure 8), which give information about the total energy
needed to decompose the samples into volatiles and solid residues.
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As the data show, the enthalpies increased as a function of the conversion. In the cases
of samples “C”, “E” and “F”, a steady increase was observed as a function of conversion. In
contrast, pyrolysis of samples “A”, “B” and “D” resulted in significant enthalpy increases,
especially above 0.1–0.2 conversion. In the case of samples “G” and “H”, these significant
increases only occurred above 0.3 conversion. The phenomenon can also be attributed to the
decomposition processes and different raw material compositions already detailed earlier.

4. Conclusions

In this study, the pyrolysis of different sources of sewage sludge samples was studied
in a coupled thermogravimetric Fourier transform infrared spectrometer at 30–900 ◦C with
using 25, 50 and 100 ◦C/min heating rates. The results of TG-FTIR analysis revealed that the
main decomposition reactions took place at three temperature ranges (200–400, 400–600 and
above 600 ◦C), and resulted mainly in the formation of carbon dioxide and carbon monoxide.
In this range, the decomposition of lipids, polysaccharides, proteins, carbohydrates and
bicarbonates—which were present in higher concentrations in cattle manure and brook
mud—was observed. The decomposition processes were also significantly affected by
the heating rates. An increase in the heating rate shifted the peak maxima toward higher
temperature values. Therefore, in the case of the rapid pyrolysis of sewage sludge samples,
a higher reactor temperature must be used in order to obtain a product of the same
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composition as using a slower heating rate. In order to calculate the kinetic parameters,
first-order and model-free kinetic methods such as KAS, Friedman and FWO were also used.
According to the Arrhenius method, the activation energies of the first, second and third
stages were 25.6–85.4, 11.4–36.3 and 20.2–135.0 kJ/mol, respectively. Activation energies
calculated by the KAS, Friedman and FWO methods were in the range of 100–300 kJ/mol
for municipal sewage sludge or distillery sludge, and varied between 9.6 and 240 kJ/mol
for cattle manure, chicken manure and brook mud samples. Based on the results, it can be
concluded that all of the kinetic methods were appropriate for determining the activation
energies of the endothermic pyrolysis of sewage sludge samples.
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9. Moško, J.; Pohořelý, M.; Skoblia, S.; Beňo, Z.; Jeremiáš, M. Detailed Analysis of Sewage Sludge Pyrolysis Gas: Effect of Pyrolysis
Temperature. Energies 2020, 13, 4087. [CrossRef]

10. Agar, D.A.; Kwapinska, M.; Leahy, J.J. Pyrolysis of wastewater sludge and composted organic fines from municipal solid waste:
Laboratory reactor characterisation and product distribution. Environ. Sci. Pollut. Res. 2018, 25, 35874–35882. [CrossRef]

11. Hanif, M.U.; Zwawi, M.; Capareda, S.C.; Iqbal, H.; Algarni, M.; Felemban, B.F.; Bahadar, A.; Waqas, A. Influence of Pyrolysis
Temperature on Product Distribution and Characteristics of Anaerobic Sludge. Energies 2020, 13, 79. [CrossRef]

12. Gbouri, I.; Yu, F.; Wang, X.; Wang, J.; Cui, X.; Hu, Y.; Yan, B.; Chen, G. Co-Pyrolysis of Sewage Sludge and Wetland Biomass Waste
for Biochar Production: Behaviors of Phosphorus and Heavy Metals. Int. J. Environ. Res. Public Health 2022, 19, 2818. [CrossRef]

13. Tang, S.; Tian, S.; Zheng, C.; Zhang, Z. Effect of Calcium Hydroxide on the Pyrolysis Behavior of Sewage Sludge: Reaction
Characteristics and Kinetics. Energy Fuels 2017, 31, 5079–5087. [CrossRef]

14. Chan, W.P.; Wang, J.-Y. Formation of synthetic sludge as a representative tool for thermochemical conversion modelling and
performance analysis of sewage sludge–Based on a TG-FTIR study. J. Anal. Appl. Pyrolysis 2018, 133, 97–106. [CrossRef]

15. Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel 2007, 86,
1781–1788. [CrossRef]

http://doi.org/10.1016/j.envpol.2021.117197
http://www.ncbi.nlm.nih.gov/pubmed/33930823
http://doi.org/10.1007/978-94-017-9545-6_2
http://doi.org/10.3390/en12101927
http://doi.org/10.1080/10473289.2001.10464313
http://www.ncbi.nlm.nih.gov/pubmed/11417676
http://doi.org/10.3390/bioengineering3020015
http://doi.org/10.1016/j.ecoenv.2021.112070
http://www.ncbi.nlm.nih.gov/pubmed/33652361
http://doi.org/10.1007/s11356-014-3132-0
http://doi.org/10.1021/acs.iecr.0c01546
http://doi.org/10.3390/en13164087
http://doi.org/10.1007/s11356-018-1463-y
http://doi.org/10.3390/en13010079
http://doi.org/10.3390/ijerph19052818
http://doi.org/10.1021/acs.energyfuels.6b03256
http://doi.org/10.1016/j.jaap.2018.04.015
http://doi.org/10.1016/j.fuel.2006.12.013


Energies 2022, 15, 5116 18 of 18

16. Soria-Verdugo, A. Pyrolysis of sludge and biomass residues. In Wastewater Treatment Residues as Resources for Biorefinery Products
and Biofuels; Elsevier: Amsterdam, The Netherlands, 2020; Volume 8, pp. 155–181. [CrossRef]

17. Naqvi, S.R.; Tariq, R.; Hameed, Z.; Ali, I.; Naqvi, M.; Chen, W.-H.; Ceylan, S.; Rashid, H.; Ahmad, J.; Taqvi, S.A.; et al. Pyrolysis of
high ash sewage sludge: Kinetics and thermodynamic analysis using Coats-Redfern method. Renew. Energy 2019, 131, 854–860.
[CrossRef]

18. Sobek, S.; Werle, S. Isoconversional determination of the apparent reaction models governing pyrolysis of wood, straw and
sewage sludge, with an approach to rate modelling. Renew. Energy 2020, 161, 972–987. [CrossRef]

19. González-Arias, J.; Gil, M.V.; Fernández, R.; Martínez, E.J.; Fernández, C.; Papaharalabos, G.; Gómez, X. Integrating anaerobic
digestion and pyrolysis for treating digestates derived from sewage sludge and fat wastes. Environ. Sci. Pollut. Res. 2020, 27,
32603–32614. [CrossRef]

20. Wen, S.; Yan, Y.; Liu, J.; Buyukada, M.; Evrendilek, F. Pyrolysis performance, kinetic, thermodynamic, product and joint
optimization analyses of incense sticks in N2 and CO2 atmospheres. Renew. Energy 2019, 141, 814–827. [CrossRef]

21. Kissinger, H.E. Reaction Kinetics in Differential Thermal Analysis. Anal. Chem. 1957, 29, 1702–1706. [CrossRef]
22. Ma, J.; Luo, H.; Li, Y.; Liu, Z.; Li, D.; Gai, C.; Jiao, W. Pyrolysis kinetics and thermodynamic parameters of the hydrochars derived

from co-hydrothermal carbonization of sawdust and sewage sludge using thermogravimetric analysis. Bioresour. Technol. 2019,
282, 133–141. [CrossRef]

23. Xu, Q.; Tang, S.; Wang, J.; Ko, J.H. Pyrolysis kinetics of sewage sludge and its biochar characteristics. Process Saf. Environ. Prot.
2018, 115, 49–56. [CrossRef]

24. Hayhurst, A.N. The kinetics of the pyrolysis or devolatilisation of sewage sludge and other solid fuels. Combust. Flame 2013, 160,
138–144. [CrossRef]

25. Chen, X.; Jeyaseelan, S. Study of Sewage Sludge Pyrolysis Mechanism and Mathematical Modeling. J. Environ. Eng. 2001, 127,
585–593. [CrossRef]

26. Lin, Y.; Tian, Y.; Xia, Y.; Fang, S.; Liao, Y.; Yu, Z.; Ma, X. General distributed activation energy model (G-DAEM) on co-pyrolysis
kinetics of bagasse and sewage sludge. Bioresour. Technol. 2019, 273, 545–555. [CrossRef]

27. Lai, Z.; Ma, X.; Tang, Y.; Lin, H. A study on municipal solid waste (MSW) combustion in N2/O2 and CO2/O2 atmosphere from
the perspective of TGA. Energy 2011, 36, 819–824. [CrossRef]

28. Naqvi, S.R.; Tariq, R.; Shahbaz, M.; Naqvi, M.; Aslam, M.; Khan, Z.; Mackey, H.; Mckay, G.; Al-Ansari, T. Recent developments on
sewage sludge pyrolysis and its kinetics: Resources recovery, thermogravimetric platforms, and innovative prospects. Comput.
Chem. Eng. 2021, 150, 107325. [CrossRef]
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