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ARTICLE INFO ABSTRACT

Keywords: Due to the specific characteristics of sewage sludge from the food industry, including its high fat content, its
Thermal pre-treatment treatment is quite complex. Therefore, in this study, the effect of the pre-treatment processes torrefaction (T) and
Pyrolysis

hydrothermal carbonization (HTC) on the pyrolysis of industrial sewage sludge (SS) from the vegetable oil in-
dustry was investigated by thermogravimetric analysis. Kinetic and thermodynamic analysis was performed
using the Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), and Friedman (FRI) iso-conversional ki-
netic models. In addition, the influence of water replacement by whey in the hydrothermal carbonization process
was investigated on the subsequent pyrolysis kinetics.

The activation energy (E,) values for pyrolysis of industrial sewage sludge ranged from 49 to 372 kJ/mol. Pre-
treatment (torrefaction, hydrothermal carbonization) of sewage sludge increases the activation energy signifi-
cantly: the E, values for torrefied (T-SS) and hydrothermally treated (HTC-SS) samples ranged from 177 to 689
kJ/mol and from 161 to 486 kJ/mol, respectively. The variations in activation energy and the generally lower
activation energies for the HTC-SSW sample (158-445 kJ/mol) indicate that the use of whey in the HTC process
affects the hydrochar properties and subsequent pyrolysis kinetics significantly. According to the results, the pre-
treatment of the samples is reflected in better thermochemical properties and stability of the treated samples, as
well as in the thermodynamic parameters of pyrolysis, since the pre-treated samples (especially the torrefied
sample, T-SS) exhibited higher entropies and enthalpies and lower Gibbs free energies.

Industrial sewage sludge
Thermogravimetric analysis
Kinetic analysis
Thermodynamic analysis

sewage sludge is a good source for energy recovery and production of

1. Introduction fuels and chemicals [7]. Different types of sewage sludge can be
distinguished, including municipal SS [8] and industrial SS [9], the
The increasing population, development of civilisation and indus- latter often being more harmful to the environment because the content
trialisation have increased water consumption and the demand for clean of toxic substances in industrial water is usually higher. Therefore, the
water [1]. Since the discharge of wastewater degrades water quality and conventional treatment methods, such as landfilling, soil application
wastewater cannot be used directly for drinking water and industrial and composting cannot be applied to industrial SS [10]. For sustainable
applications due to various pollutants, the treatment of domestic and management of industrial sewage sludge, the development and inves-
industrial wastewater is needed urgently [2]. This leads to increased tigation of alternative, cost-effective and environmentally acceptable
production of sewage sludge [3]. According to an EurEau briefing note, treatment methods is crucial.
the total production of sewage sludge in Europe is about 8.7 Mt of dry The increasing energy demand and rapid depletion of conventional
solid/year [4], and it is still increasing. fossil fuels [11] have accelerated the investigations on the production
Sewage sludge has a complex composition that depends greatly on and use of alternative fuels [12] such as biodiesel [13], biogas [14],
the type of wastewater treated [5]. Various pollutants, such as heavy biochar [15] and hydrogen [16]. Several thermochemical processes
metals, pathogens and other toxic chemicals and hazardous substances have been applied successfully to produce biofuels and energy from SS,
accumulate in SS [6]. Therefore, SS can affect the environment and including combustion [17], gasification [18], supercritical water gasi-
living organisms negatively if not treated properly. On the other hand, fication [19], pyrolysis [20], torrefaction [21] and hydrothermal
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Nomenclature

COD Chemical oxygen demand

DTGnax Maximal value of derivative curve

DM Dry matter

FC Fixed carbon

FWO Flynn-Wall-Ozawa kinetic model

FRI Friedman kinetic model

HHV Higher heating value

HTC Hydrothermal carbonization

ICP-OES Inductively coupled plasma - optical emission
spectrometry

KAS Kissinger-Akahira-Sunose kinetic model

SS Sewage sludge

SSw Sewage sludge in combination with whey

T Torrefaction

TGA Thermogravimetric analysis

TOC Total organic carbon

VFA Volatile fatty acids

VM Volatile matter

WWTP  Wastewater treatment plant

AH Enthalpy

AG Gibbs free energy

AS Entropy

A Pre-exponential factor

p Heating rate

E, Activation energy

h Planck constant (6.626-10°%* J.s)

Kg Boltzmann constant (1.381-10"22J/K),
R Universal gas constant (8.314 J/(mol-K))
T, Peak pyrolysis temperature (at DTGpax)

carbonization [5].

Pyrolysis, i.e., thermal degradation at a temperature of > 400 °C in
an inert atmosphere [22], is one of the most widely used thermal
treatment processes for SS, as it reduces the volume of SS, destroys
pathogens, immobilises toxic metals in the sludge, and offers the pos-
sibility of recovering fuels, energy and valuable chemicals from this
waste [10]. The formation of the products (bio-oil, biochar and gases)
depends strongly on the pyrolysis conditions, especially the pyrolysis
temperature, and the energetic potential and properties of the pyrolysis
products vary considerably [23]. Torrefaction, or mild pyrolysis, occurs
at lower temperatures (200-300 °C), and produces a solid product with
high energy density and enhanced physical properties [24].

Similar to torrefaction, hydrothermal carbonization (HTC) is carried
out at low temperatures (180-350 °C), with the difference that it takes
place at autogenous saturated vapour pressure, with hydrochar being
the main product [25]. It has been shown that the addition of various
catalysts, such as different acids and bases, salts, metal oxides, etc.,
improves carbonization during hydrothermal treatment [26]. The effi-
ciency of hydrochar production and its physicochemical properties can
also be improved by introducing microwave technology to heat the HTC
reactor instead of conventional heating [27]. Otherwise, the main
advantage of HTC treatment is the conversion of wet materials into solid
carbonaceous material without pre-drying [28]. The solid product
(biochar) obtained from HTC or pyrolysis can be used in various fields,
such as fuel [6], fertiliser, or soil enhancer [29], biosorbent for water
pollutants such as chlorine [27], dyes [30], heavy metals [31] and
others.

In recent years, the combination of different treatment processes has
gained attention because it offers several advantages. Pyrolysis has been
combined successfully with processes such as anaerobic digestion [14],
hydrothermal carbonization [32] and torrefaction [33]. The combina-
tion of HTC and pyrolysis brings benefits such as energy savings,
improved quality of the products, i.e., oil, gas and char [32], and
increased surface area and thermal stability of the char [3]. In addition,
HTC pre-treatment can decrease the N and S content in the hydrochar
[34], as well as affect NOx emissions and heavy metal distribution
during pyrolysis [25]. Similarly, a pre-treatment with torrefaction im-
proves pyrolysis product properties [7], hydrochar production yield,
and increases the overall energy efficiency [33].

The effects of torrefaction or HTC on subsequent thermochemical
processing (pyrolysis, combustion) and product properties have previ-
ously been studied for various types of biomasses. For example, torre-
faction was coupled with co-pyrolysis to enhance the properties of
hydrochar from rice straw and oil sludge [33]. The effects of torre-
faction‘s operating parameters on the kinetic behaviour of lignin sam-
ples in an oxidative atmosphere were investigated by Brillard et al. [24].

The impact of torrefaction on the pyrolysis of wheat straw and peanut
stalks was explored in another study [35]. Several studies were dedi-
cated to the pyrolysis of torrefied wood samples [36]. In contrast, the
combination of torrefaction and pyrolysis is less common in the treat-
ment of SS, although many studies addressed each process separately,
including the study to investigate the torrefaction kinetics of SS [21],
and the study to investigate the pyrolysis of SS to produce biochar for
heavy metal sorption [37]. Kinetic studies of pyrolysis or combustion of
torrefied SS are rare. One of the few studies investigated whether pre-
treatment of SS with torrefaction in a fluidised bed reactor could
improve the liquid pyrolysis product, i.e., oil [7], but the char properties
were not investigated, indicating the need for additional research in this
area.

In contrast to torrefaction, the impact of the HTC process on SS py-
rolysis has been studied more intensively. Chen et. al. [34] studied the
structural properties and reactivity of HTC-treated SS and the charac-
teristics of the subsequent pyrolysis. The influence of HTC pre-treatment
on the pyrolysis kinetics of SS and the effect of HTC on the devolatili-
sation and thermodynamic properties have been investigated elsewhere
[38]. Wang et al. studied the pyrolysis of HTC-treated digestate of SS
using a bench-scale pyrolyser [32], and Ma et al. investigated the
thermodynamic characteristics of pyrolysis of hydrochars obtained from
co-HTC of sawdust and SS [39]. The impact of HTC pre-treatment on the
formation of polycyclic aromatic compounds during SS pyrolysis was
investigated in another study [22].

Numerous studies have addressed the kinetic properties and ther-
modynamic behaviour of municipal SS during pyrolysis, but only a
limited number of studies have focused on industrial SS, particularly
from a thermodynamic perspective. The pyrolysis kinetics of activated
sludge from petrochemical and oil refineries have been investigated
[40], as well as those of pharmaceutical sludge [41], sludge from the
food industry [42], sludge from a wastewater treatment plant (WWTP)
in the chemical fibre industry [9], and sludge from the wood industry
[43]. In another study, HTC pre-treated sludge from the wastewater
treatment of a coal-methanol plant was subjected to pyrolysis [19]. Ki-
netic studies and kinetic data for pyrolysis of pre-treated SS from the
vegetable oil industry are not found in the literature, which was one of
the main reasons for conducting this study.

To improve the properties of products from thermochemical treat-
ment of SS, the SS should be treated in combination with other types of
biomass, due to its low volatile mater content. For SS co-pyrolysis, dry
biomass feedstocks such as rice husks [44] and sawdust [45] are
preferred, while wet biomass feedstocks such as manure, algae [46],
olive pomace [47], and cheese whey [48] can be used for HTC. The use
of cheese whey resulted in an improvement in the quality of the manure
hydrochar, an acceleration of process reactions, and an enhancement in



A. Petrovic et al.

nutrient recovery [48]. Due to its advantages, it could also be combined
with SS. According to the available literature, the kinetics of pyrolysis of
hydrochar obtained from the co-HTC of SS and cheese whey has not
been studied yet.

Considering the above facts, and in order to fill the research gap in
the pre-treatment of industrial SS, this study investigates the effects of
pre-treatment processes, torrefaction and HTC on the pyrolysis kinetics
of industrial SS obtained from a WWTP in the vegetable oil industry. In
addition, the effects of replacing water with whey as the process liquid in
the HTC process were investigated to study changes in the kinetics of the
subsequent pyrolysis reaction. The kinetic and thermodynamic behav-
iour were investigated based on TGA measurements, using two integral
iso-conversional methods (the KAS and FWO kinetic models) and one
differential iso-conversional method (the FRI kinetic model).

Several novelties were introduced by this work. For the first time, the
kinetic and thermodynamic parameters for the pyrolysis of SS hydrochar
obtained from the co-carbonization (co-HTC) of industrial SS with whey
were determined, and compared with those for the pyrolysis of SS
hydrochar (obtained from water-based HTC) and SS biochar (obtained
by torrefaction). What distinguishes this paper from the others is that
two different pre-treatment methods were compared, providing a
broader insight into the possible treatment of these industrial wastes and
their use as fuel, while other works usually deal with a single process. In
addition, the introduction of whey improved the fuel properties of SS
hydrochar significantly.

2. Material and methods

The materials that were the subject of the experimental study are
presented, the characterisation methods are described, and the pre-
treatment procedure is explained in this section. The pyrolysis process
of the samples and the TGA measurements are described, and the kinetic
models are presented in addition.

2.1. Tested materials

The SS sample was collected from an industrial physico-chemical
WWTP that treats wastewater generated from the production of edible
vegetable oils and dressings. The sample contained 54.71 wt% of vola-
tile matter, and was rich in fat (21.8 wt%), which made it suitable for
energy recovery. The industrial SS sample was dried in a dryer at 40 °C,
ground in a laboratory mill and stored in a closed container until the
thermal treatment.

2.2. Pre-treatment of samples

The dried SS sample was pre-treated thermally by two different
methods, torrefaction (T) and hydrothermal carbonization (HTC).

For the torrefaction pre-treatment, about 50 g of the sample was
weighed into a ceramic pot covered with a ceramic lid and treated
thermally at a temperature of 250 °C for 2 h in a laboratory furnace,
EUP-K 6/1200 (manufacturer Bosio). The torrefaction was performed in
two parallels. After completion of the torrefaction, the sample (named as
“T-SS”) was cooled and placed in the desiccator until used in the py-
rolysis process and for characterisation.

The HTC process was executed in a non-stirred stainless steel hy-
drothermal autoclave reactor with a PPL liner with a volume of 300 mL.
Two HTC experiments were performed. In the first one, 30 g of sewage
sludge was mixed with 180 mL of distilled water (ratio 1:6, sample
“HTC-SS”), while, in the second one, the distilled water was replaced by
cheese whey (sample “HTC-SSW*), to study the influence of the type of
process liquid on the hydrochar characteristics. The reactor with the
prepared mixture was placed in an electric furnace and heated slowly to
250 °C (temperature interval 4 °C/min). The sample was exposed to
hydrothermal carbonization for another 5 h. The duration of 5 h was
chosen because previous laboratory experiments conducted with a
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duration of 2 h showed poor results in terms of carbonization. Each HTC
experiment was repeated three times, to obtain enough sample for
further analysis. After completion of the chemical reaction, the reactor
was cooled and the solid phase was separated from the reaction liquid by
vacuum filtration. The filtered process liquid was kept in a refrigerator
until further testing. The hydrochar dried at 105 °C was later subjected
to pyrolysis.

2.3. Pyrolysis and combustion

A thermogravimetric analyser (TGA/SDTA851e, Mettler Toledo),
was used to perform pyrolysis and combustion of the studied samples in
the temperature range of 30-900 °C. The pyrolysis process was con-
ducted in an Ny atmosphere (100 mL/min) at three different heating
rates () of 10, 20 and 30 °C/min. The combustion of the samples was
studied in an air atmosphere (100 mL/min), at a temperature interval of
30-900 °C and a heating rate of 20 °C/min. Three replicates of the TGA
measurements were conducted for each heating rate, and the average
values are shown in the graphs. The weight of the samples subjected to
thermal degradation was approximately 23 + 2 mg. In addition to the
mass loss curves (TG curves), the derivative curves (DTG curves) were
plotted of the mass loss.

2.4. Methods used for chemical characterisation of the samples

2.4.1. Characterisation of the solid samples

The solid samples (untreated and pre-treated SS) were characterised
by proximate and ultimate analysis. To determine the ash content, the
samples were combusted in a furnace at 800 °C (4 h), while the volatile
matter (VM) was determined by combustion at 900 °C (1 h). The value of
fixed carbon (FC) was determined as the difference (Eq. (1)):

FC (Wt%) = 100 — VM — Ash (€3]

The ultimate analysis (carbon, nitrogen, hydrogen and sulphur
content) was executed by a PerkinElmer elemental analyser (Series II
2400), wherein the oxygen content was determined as follows (Eq. (2)):

0=100—C—H—N —S —Ash (all in wt%) (2)

The heavy metals in the SS were measured with the ICP-OES appa-
ratus (inductively coupled plasma - optical emission spectrometry) [49].
The higher heating value (HHV) was determined using the IKA C6000
Isoperibol bomb calorimeter [50]. All of the above-mentioned analyses
were performed in parallel. Fourier transform infrared (FTIR) spectra of
the samples were recorded by a Shimadzu IRAffinity FTIR spectropho-
tometer using the KBr method for sample preparation (a sample pressed
into tablet form).

2.4.2. Characterisation of the process liquid obtained in the HTC
experiment

The process liquid obtained after hydrothermal carbonization (HTC)
of the tested samples was characterised for total organic carbon — TOC
[51], chemical oxygen demand — COD [52], and ammonium nitrogen
(NH4-N) content [53]. Conductivity and pH were determined using a
WTW InoLab Multi 720 measuring instrument. Each process liquid was
analysed in two parallel measurements.

2.5. The equations of the kinetic models

The kinetic study was performed using the differential iso-
conversional method (Friedman model) and two integral iso-
conversional methods (Kissinger-Akahira-Sunose and Flynn-Wall-
Ozawa models) [54]. According to the literature [55], these three
models are among the most commonly used iso-conversional models to
describe the kinetic parameters of pyrolysis and biomass behaviour. The
detailed description of the chosen kinetic models can be found in many
previous works on pyrolysis kinetics, so only the final equations are
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presented in this paper. The following equations (Eq.(3) - Eq.(5)) were
used for the models KAS, FWO and FRI, respectively [54]:

In[f] = In {R/f;;) } @)
[ =o[eetey] 75 “
In {/} (Z‘;) = In[Af(a)] — :T”W 5)

The next equation (Eq. (6) was used to calculate the pre-exponential
factor (A) [56]:

A= {ﬂE exp(RETl)ﬂ/(RTi)

The values of activation energy (E,) were determined from the slope
of the linear fitting plots of the models KAS, FWO and FRI constructed at
a certain conversion point («). The thermodynamic behaviour of the
samples was described by the enthalpy AH (kJ/mol), the entropy AS
(kJ/(mol-K)) and the Gibbs free energy AG( kJ/mol) (see Eq.(7) - Eq.(9))
[571:

(6)

AH = E, —RT, %)
AH — AG
AS=——F— 8
TP
7‘;7
AG = E,+ RT,In( = )

3. Results and discusion

First, the results of the chemical characterisation of untreated and
thermally pre-treated samples are presented, followed by a discussion of
the thermogravimetric behaviour of the samples subjected to pyrolysis
and combustion, and comments on the kinetic and thermodynamic pa-
rameters calculated using the kinetic models KAS, FRI, and FWO, with
emphasis on the effects of pre-treatment on the pyrolysis process.

a) | mAsh mC mN =H ms =0
100 8.40 8.65 9.60
- v S0 w88 390
3 80 | S 3.48 3.86 4.05
.g = 6o 195 0.97 0.55 1.51
J
& X 31.75 29.66 29.25 35.47
-
5 2 40
£ 42.29 55.60 56.71 48.01
5 20
o
0
ss HTC-SS  HTC-SSW
Sample
c
) 2 lHHV FC .
18.25
3.01 3.0
= 18 _
< 25 ®
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0.5
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3.1. Samples’ characterisation

3.1.1. Characteristics of the untreated and pre-treated SS samples

The main characteristics of the untreated SS and the SS pre-treated
by HTC and torrefaction are shown in Fig. 1.

The untreated SS contained 54.71 wt% of volatiles, 31.75 wt% of
carbon (C) and a relatively high ash content of 42.29 wt%. The contents
of Cd, Criotal, Ni, Cu, Zn and Pb were 14.03, 63.01, 9.57, 11.87, 193.49
and 7.80 mg/kg DM, respectively. The pre-treatment increases the ash
content and decreases the VM content, and also changes the elemental
composition of the samples. Interestingly, only a little difference was
observed in the results of ultimate and proximate analysis between the
torrefied (T-SS sample) and the HTC-treated sample (HTC-SS). An
exception was the sample HTC-SSW, where the process water was
replaced by cheese whey, which, consequently, exhibited higher VM
(51.19 wt%) and carbon content (35.47 wt%). This sample also had the
highest heating value (HHV) among all the samples (18.25 MJ/kg,
Fig. 1c). In general, thermo-chemical pre-treatment (torrefaction and
HTC) of SS at low temperatures had little effect on HHV, as the values of
the tested samples were quite similar (14.66 MJ/kg for the untreated SS
sample, 14.72 MJ/kg for the T-SS and 14.24 MJ/kg for the HTC-SS
sample). The sample HTC-SSW showed the most promising energy po-
tential among all the tested materials due to the addition of whey.
Otherwise, the HHV values of industrial SS were comparable to the HHV
values of other types of SS, such as municipal SS (11.5-16.7 MJ/kg)
[58], but lower than those of waste sludge from the food processing
industry (19.53 MJ/kg) [42] and industrial sludge obtained from the
treatment of wastewater from the chemical industry (20.94 MJ/kg)
[19]. Pre-treatment (torrefaction or HTC) reduces the content of
hydrogen and oxygen in the samples, which is reflected in a reduction of
the H/C and O/C atomic ratios (Fig. 1d). The H/C ratios of the pre-
treated samples were higher than those of the lignite, while the O/C
ratios were lower. In the case of torrefaction, the oxygen and hydrogen
contents were reduced, mainly by the release of water due to the
dehydration reaction and the release of CO5, CO, and light organic
components [7], while, in the case of HTC, due mainly to the release of
CO4 because of the decarboxylation reaction [59].

Pre-treatment decreased the N content in the samples from 1.25 wt%
(untreated SS) to 0.97 wt% (T-SS) and 0.55 wt% (HTC-SS), except for the

b)
60 54.71
= 55 51.19
X
S 50
2 4 4388 s60
=
> 40
35
30
T-SS HTC-SS  HTC-SSW
Sample
d) *SS
23 . T-SS
o
'..f_.“. 2.0 # HTC-SS
S
o, HTC-SSW
T o Lignite
L . Decarboxylation
E 1.0 )
2
< 0.5 Demethanation
Dehydration
0.0

0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8
Atomic O/C ratio

Fig. 1. Results of the characterisation of the solid samples: a) Elemental analysis and ash content, b) Volatile matter, ¢c) HHV and fixed carbon, and d) Van Krevelen

diagram (O/C and H/C atomic ratios).
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sample HTC-SSW, where the value increased to 1.51 wt% because of the
whey. The decrease in N content is connected with the degradation of
proteins during pre-treatment [60]. The S content was in the range of
0.98-1.89 wt%. The torrefaction caused an increase of S in the char,
while HTC treatment a decrease. The low N and S contents of hydrochar
are favourable for its use as a fuel, as this can reduce the NOx and SOx
formation during combustion [61].

The content of FC in the untreated SS was 3.01 wt%, while lower
values were calculated for the pre-treated samples (<1 wt%). This
behaviour was unusual, since other types of biomasses usually exhibited
higher C and FC content after thermal treatment. However, SS is an
exception, and the decrease of FC and carbon content in sewage sludge
samples after thermal treatment was also observed in other studies [34].

Comparison of the FTIR spectra of the biochars obtained by pyrolysis
with the spectra of the untreated and pre-treated SS (Fig. 2) shows sig-
nificant changes in the chemical composition of these samples after
thermal treatment. The untreated and torrefied samples contained
functional groups typical of oils and waxes; fewer of these groups were
detected in the HTC samples, while, in the pyrolysed samples, the peaks
for these groups disappeared completely.

The untreated SS sample (Fig. 2a) shows a wide peak in the
3600-3100 cm ! range corresponding to the vibrations of the (~-OH)
groups. The vibrations of the N-H groups of the amines and amides may
also overlap in this area. The peaks at 2929 cm ! and 2854 cm™?
correspond to the vibrations of aliphatic C-H bonds, and most likely
represent fatty acids and saturated carbonaceous chains of oils [62]. The
bands between 1800 and 1550 cm ™' represent the vibrations of the
—C=0 group of ketone, amide and carboxyl groups [59]. A wide peak at
1050 cm ™! and a peak at 600 cm ™! represent the Si-O vibrations of
silicates [61] and Si—O-Al vibrations of alumina silicates [63].

The spectrum of the torrefied SS is very similar to the spectrum of
untreated SS, except that the intensity of some peaks, such as the peak
for the —~OH groups, decreased due to the dehydration reaction during
torrefaction. For the samples treated by the HTC method, the differences
are even more obvious, as the peaks for the aliphatic C-H bonds, hy-
droxyl groups and ketone groups are lower, indicating that a decar-
boxylation reaction happened during the HTC treatment [59]. The
absorption peaks of amine after the HTC treatment decreased in agree-
ment with the hydrolysis of protein [60]. Besides, the peak at 550 cm ™!
split into two peaks.

In the pyrolysed samples (Fig. 2b), the peaks of the aliphatic C-H
bonds (2929 and 2854 cm’l), hydroxyl groups (~3300 cm’l), and ke-
tone and amide groups of the proteins became weaker, and some of them
had even disappeared. This indicates that most of the organic material in
the samples had been decomposed and converted to bio-oil and biochar.
The O- and N-containing compounds were converted to acids/esters and
amines/amides in the bio-oil during pyrolysis, and later decarboxylation
and deamination reactions took place as the pyrolysis temperature
increased [34]. This may be the reason for the decrease in peak intensity
of the nitrogen-containing groups in this study. The absorption peak of
the C=C vibration of the aromatic ring, which reflects the presence of
aromatic compounds in chars, appeared at about 1600 cm™! [61,63].
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The peaks at 1050, 600, and 550 cm ™" representing various silicates
and oxides (Si-O-Si, Si-O-Al, Mg-O, Fe-O, Al-O and others), became
more pronounced and sharper after pyrolysis, especially in the case of
the pyrolysed (pSS) and torrefied SS sample (pT-SS), as the ash content
increased in the pyrolysed samples [60]. Interestingly, the peaks of the
FTIR spectra of all SS samples pre-treated with HTC were less intense
than the peaks of the other samples, which might be related to the fact
that some organic components were already degraded during the HTC
treatment and dissolved in the process liquids. These results indicate
that the pre-treatment of the studied SS sample had a significant impact
on the subsequent pyrolysis and the properties of the products.

The recorded FTIR spectra of SS from the edible oil industry had
similar characteristics to those of the HTC-treated municipal SS [59,61]
or pyrolysed SS [37] presented in other studies. The properties of the
investigated samples, especially the sample HTC-SSW, indicate a
promising potential for their further use for energy recovery in thermal
treatment processes. However, due to the different structure and char-
acteristics of the samples, the quality of the thermal treatment products
may vary.

3.1.2. The properties of the process liquids obtained from the HTC
experiments

The process liquids obtained from the HTC experiments were ana-
lysed for TOC, COD, NH4-N content, conductivity and pH, the results of
which are shown in Fig. 3.

The values of COD and TOC reflect the content of organic compo-
nents, such as VFA (volatile fatty acids), alkenes, phenols and other
components in the process liquids generated by the hydrolysis reaction
during HTC treatment. As expected, the process liquid of the sample
HTC-SSW exhibited higher values of TOC and COD than that of sample
HTC-SS, due to the presence of cheese whey. For example, the sample
HTC-SSW contained 55,523 mg/L COD (18,474 mg/L TOC), while the
sample HTC-SS contained only 22,051 mg/L COD (7,050 mg/L TOC).
The COD and TOC values of the process liquids obtained in this study
were comparable to those obtained from the HTC of municipal SS [64].
Conductivity was also higher in the HTC-SSW sample, which could be
due to higher ion concentrations in the liquid, since whey catalyses HTC
reactions due to its acidic nature, and contributes to the release of nu-
trients [48].

The content of ammonia nitrogen was 513 mg/L for the sample HTC-
SS and 1,810 mg/L for the sample HTC-SSW. The presence of N in the
process liquids can be ascribed to the solubilisation and deamination of
proteins during HTC [64]. Considerable amounts of N in the process
liquids were also noticed in other studies on HTC treatment of municipal
SS [15].

The pH of the process liquids was acidic. The pH of the HTC-SSW
sample (5.41) was lower than that of the HTC-SS sample (5.49), which
was due to the acids present in the whey. Otherwise, changes in pH
depend on the presence of inorganic and organic compounds in the
process liquids [65] caused by the solubilisation of ammonium, proteins,
salts and other compounds. Volatile fatty acids such as acetic, propanoic
and butyric acids, are also formed during the HTC process; they lower
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Fig. 2. FTIR spectra of a) Untreated and pre-treated samples and b) Pyrolysed samples.
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Fig. 3. Results of the characterisation of the process liquid from HTC experiments: a) Conductivity and pH, b) TOC and COD content and ¢) NH4-N.

the pH value [64].

3.2. Thermogravimetric properties

3.2.1. Thermogravimetric behaviour of the samples during combustion and
pyrolysis

The thermogravimetric (TG) and corresponding derivative (DTG)
curves of SS, T-SS, HTC-SS and HTC-SSW samples exposed to pyrolysis
(N5 atmosphere) and the combustion process (air atmosphere) showed
several differences in the thermogravimetric behaviour of these samples,
including differences in mass loss, mass residue and peak pyrolysis
temperature — T, (see Fig. 4, Table S1).

The T, of the DTG curves was higher for pyrolysis than for com-
bustion. For example, for the torrefied sample (T-SS), the T, of com-
bustion was 240.3 °C and that of pyrolysis was 466.0 °C, so the peak
temperature was shifted by ~ 225 °C for pyrolysis. This indicates that
the main degradation in pyrolysis occurred at higher temperatures than
in combustion. Similar results were observed for the untreated samples
SS and HTC-SS, while a smaller difference was observed for the sample
HTC-SSW. The shift of T, to lower values under oxygen conditions was
also noticed for SS treated with FeCls, which generates Fe,O3 upon
heating, acting as a catalyst [66]. Since the industrial SS in this study
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also contained metal oxides, this could be one of the reasons for the T,
shift. Interestingly, in another study, the combustion of SS resulted in a
higher T, value than pyrolysis [67]. It can be concluded that the T, is
affected strongly by the chemical characteristics of SS. However, a
higher mass loss was observed during combustion than during pyrolysis.
The pre-treated samples lost 4-9 wt% more weight in combustion than
in pyrolysis, with the largest difference observed for the HTC-SSW
sample. The difference in weight loss was smaller for the untreated
sample SS, only 1.5 wt%. In both processes, the weight loss of the pre-
treated samples in the dehydration stage (temperatures up to 200 °C)
was slower than that of the untreated SS, and the samples lost only a
small amount of weight. The highest total weight loss in combustion was
noticed for the untreated SS (56.74 wt%), followed by the samples HTC-
SSW (51.96 wt%), HTC-SS (44.88 wt%) and T-SS (44.09 wt%). The
lower percentage of mass loss of the pre-treated samples indicates that
the pre-treated samples contained a lower proportion of combustible
materials and more ash. In the pyrolysis, the weight loss for samples SS,
T-SS, HTC-SS and HTC-SSW were 55.23, 41.37, 39.74 and 42.82 wt%,
respectively.

The pre-treatment of the samples affected both processes, pyrolysis
and combustion. The shape of the DTG curves of combustion of the HTC-
treated SS samples differed significantly from those of the untreated SS
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Fig. 4. Thermogravimetric curves and their first derivatives recorded for untreated and thermally pre-treated SS samples (T-SS, HTC-SS and HTC-SSW) subjected to:

a) Pyrolysis (N, atmosphere) and, b) Combustion (air atmosphere).
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and torrefied SS. The peak of the DTG curve (DTGp,ax) was much higher
for the untreated SS and T-SS samples, reflecting the higher degradation
rate of these samples during combustion. Similar could be assumed for
pyrolysis. The combustion occurred in two main stages; the first peak at
~ 250 °C represents the combustion of light volatile matter (small
organic molecules, cellulose and hemicellulose, amino acids) [15],
while the broad peak at 350-500 °C represents the combustion of fixed
carbon, i.e. heavy volatile components (lignin) [68].

Torrefaction pre-treatment has a greater influence on the pyrolysis of
SS in the temperature interval between 175 and 400 °C (shoulder of the
peak), while HTC pre-treatment has a greater effect on the behaviour of
SS in the temperature interval of 400-580 °C, (DTGpax for the HTC-
treated samples was below 1.8 1/s, while, for torrefied and untreated
SS, it was above 2.2 1/s). The combustion of SS is affected highly by HTC
pre-treatment, especially in the temperature range between 180 and
450 °C. The lower DTG peak of the HTC-treated samples was due to the
higher ash content in the SS caused by the HTC treatment.

Pre-treatment had a relatively small impact on T}, in pyrolysis, while
significant changes in T, were observed in the HTC-treated samples
during combustion. The differences in pyrolysis and combustion
behaviour between the samples can be ascribed to the chemical changes
caused by HTC and torrefaction pre-treatment, i.e., the removal of
thermally less stable components from the SS due to aromatisation and
carbonization [8]. The different duration of the pre-treatment, which
was longer for HTC (5 h) than for torrefaction (2 h), may also affect the
thermogravimetric behaviour of the samples.

3.2.2. The effects of pre-treatment and heating rate on the pyrolysis of pre-
treated samples

The influences of pre-treatment and heating rate on the pyrolysis of
pre-treated materials are shown in Fig. 5. The thermogravimetric curves
of raw SS, torrefied SS (sample T-SS), and HTC-treated SS (samples HTC-
SS and HTC-SSW) are shown at heating rates of 10, 20, and 30 °C/min.
The thermogravimetric characteristics of TG and the DTG curves
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(weight loss in a given stage, peak temperature, DTGp,,x) are summar-
ised in Table 1.

In general, the degradation of the samples occurred in three parts:
dehydration (stage I), active pyrolysis (stage II), in which devolatilisa-
tion, decarboxylation, and carbonization occurred, and passive pyrolysis
(stage III), in which thermal degradation happened of heavy fractions
and inorganic components.

In the first stage (temperature interval of 30-180 °C), evaporation of
the water occurred, i.e. dehydration reaction [10]. The highest weight
loss was noticed in the pyrolysis of untreated SS (6.8-9.3 wt%). The
other three samples showed much lower weight loss (<3 wt%) because
the water was already released during the pre-treatment.

In the active pyrolysis (Stage II) that happened in the temperature
interval between 180 and 580 °C, the most significant differences were
observed in the DTG profiles, indicating a large influence of pre-
treatment on the subsequent pyrolysis. Untreated SS in this stage lost
~ 42 wt% of weight, while pre-treated samples lost between 29 and 35
wt% (the sample HTC-SSW lost the highest mass percent and T-SS the
lowest).

The active pyrolysis according to the DTG profile in the case of un-
treated SS, HTC-SS and HTC-SSW occurred in two parts: a) The tem-
perature interval between 180 and 400 °C (a shoulder of the DTG peak)
represents the degradation of carbohydrates and proteins, and b) The
temperatures between 400 and 580 °C (the pronounced DTG peak)
represent the degradation of lipids. According to the literature, the
decomposition of lipids, i.e. fats, occurs between 200 and 600 °C [42],
that of carbohydrates in the temperature range of 180-270 °C, and that
of proteins between 180 and 350 °C [38]. Since the temperature ranges
of decomposition of these components overlap, the individual peak for
each component usually cannot be identified clearly. Although the
samples HTC-SS and T-SS had relatively similar mass losses and peak
pyrolysis temperatures, the shape of the DTG curves differed signifi-
cantly in the temperature interval of 200-400 °C. The previously
mentioned shoulder on the DTG curve was not observed in the case of
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Fig. 5. TG and DTG curves of pyrolysis recorded at 10, 20 and 30 °C/min for the samples: a) SS, b) T-SS, ¢) HTC-SS and d) HTC-SSW.
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Table 1
Characteristics of the thermogravimetric curves recorded during pyrolysis of the studied samples (weight loss, peak temperature, maximum value of the DTG curve).
Sample Heating rate, § (°C/min) Weight loss (wt%) Total weight loss (Wt%) Residue (wt%) T, (°C) DTGpax (1/5)
Stage I Stage II Stage III
SS 10 9.34 £ 0.26 40.33 + 0.56 6.78 £ 0.15 56.46 + 0.42 43.54 £ 0.42 456.3 + 1.5 2.62x10°° + 2.3x10°
20 7.05 + 0.80 42.01 £+ 0.89 6.18 + 0.31 55.23 £ 1.21 44.77 £1.21 469.0 + 2.2 2.54x10°° + 0.9x10°
30 6.86 + 0.15 42.43 +£1.03 6.01 + 0.06 55.30 + 0.38 44.70 £ 0.38 473.0 +£ 0.8 2.40x107° + 4.4x10°°
T-SS 10 3.04 £ 0.07 29.16 + 0.67 9.55 + 0.44 41.75 £ 0.85 58.25 + 0.85 456.2 + 1.4 2.20x10°° + 1.8x10°
20 2.84 £0.11 29.57 £+ 0.52 8.96 + 0.12 41.37 £ 0.72 58.63 £+ 0.72 466.0 + 1.0 2.18x10° + 7.6x10°
30 2.70 £ 0.21 29.75 + 0.34 8.70 + 0.56 41.16 £ 0.14 58.84 £ 0.14 471.0 +£ 0.3 2.15x10° + 4.8x10°°
HTC-SS 10 1.80 + 0.09 30.39 £1.21 8.91 £ 0.03 41.10 + 0.88 58.90 + 0.88 458.7 + 2.6 1.71x10°% + 2.1x10°
20 1.59 + 0.05 30.37 £ 0.47 7.78 £ 0.39 39.74 £ 0.23 60.26 + 0.23 467.7 £ 1.9 1.65x10°% + 0.7x10°
30 1.49 £ 0.14 30.53 £ 0.11 7.34 £ 0.08 39.36 + 0.65 60.64 + 0.65 473.0 + 3.1 1.61x10° + 1.1x10°
HTC-SSW 10 0.71 £ 0.13 34.73 £ 0.67 8.02 + 0.64 43.45 + 0.09 56.55 + 0.09 453.2 + 0.5 1.74x10°% + 3.7x10°
20 0.75 £+ 0.06 34.75 £ 0.88 7.32 £ 0.27 42.82 + 1.04 57.18 £ 1.04 461.3 £ 0.8 1.69x10° + 5.6x10°
30 0.73 + 0.04 34.78 £ 0.26 6.99 + 0.19 42.50 + 0.56 57.50 + 0.56 466.5 + 2.7 1.66x10°° + 0.5x10™

sample T-SS. This can be ascribed to differences in chemical composi-
tion, indicating that these components were completely degraded by
torrefaction (during torrefaction, the sample SS underwent the devola-
tilisation and carbonization process), but only partially by the HTC
process, although both types of pre-treatment were performed at the
same temperature (250 °C). Besides, the residence time in the HTC pre-
treatment was even longer than in the torrefaction. During HTC pre-
treatment, most likely only easily degradable components (carbohy-
drates) were removed, while more stable substances (proteins, lipids,
lignin) were apparently not devolatilised completely. The formation of
secondary char by the Maillard reaction [3], which is thermally more
stable, could be another explanation.

In the last stage (III), i.e., passive pyrolysis, the samples lost another
6-9 wt% in weight, due mainly to the decomposition of heavy compo-
nents into low-molecular weight substances [33]. The differences be-
tween the samples were smaller. A peak at 700-750 °C was related to the
decomposition of minerals, since the decomposition of organic compo-
nents essentially finishes below 600 °C [69]. The total weight loss of the
samples SS, T-SS, HTC-SS and HTC-SSW ranged from 43.54 to 44.77 wt
%, 58.25-58.84 wt%, 58.90-60.64 wt% and 56.55-57.50 wt%, respec-
tively. The replacement of process water with whey in the HTC process
(HTC-SSW) resulted in an increase in weight loss during active pyrolysis,
as well as an increase in the total weight loss. In addition, the peak
temperature in this sample decreased slightly compared to the sample
HTC-SS. Otherwise, the samples pre-treated with HTC showed a similar
shape of the TG pyrolysis curves.

The heating rates tested had a relatively low impact on the pyrolysis
of the tested samples. Only a slight increase in peak temperature was
observed. For example, the peak temperature of sample T-SS increased
from 456 °C (at 10 °C/min) to 471 °C (at 30 °C/min). Similarly, the
weight loss and DTGy« changed slightly. The shorter reaction time at
higher heating rate delayed the peak of the DTG curves, resulting in an
increase in peak temperature [70]. This was due to changes in heat
transfer between the particles, as the efficiency of heat transfer may
decrease with increasing the heating rate [41]. On the other hand, an
insufficient heat supply due to a lower heating rate may hinder the re-
action kinetics, cause side reactions and reduce the reaction rate [44]. A
relatively small effect of the heating rate on pyrolysis and weight loss
was also found in the study on the pyrolysis of municipal SS [71].

3.3. Kinetic analysis of pyrolysis based on the FWO, KAS and FRI models

The following subsections present the results of the kinetic analysis
performed on the thermogravimetric results of TG and DTG curves of
untreated, torrefied and HTC pre-treated SS recorded at 10, 20 and
30 °C/min (see Fig. 5).

3.3.1. Activation energy
The activation energies (E,) for pyrolysis of untreated SS, torrefied
SS and HTC pre-treated SS (samples HTC-SS and HTC-SSW), determined

using the KAS, FWO, and FRI models, are shown in Fig. 6. The values
were calculated from the slope of the linear trend lines (constructed for
conversion levels of 0.1-0.8 in 0.1 steps) shown in Fig. S1. At higher
conversion levels the results diverged, and low correlation factors were
observed, most likely due to the higher ash content in the samples
affecting the reactions. The error bars in the graphs indicate the confi-
dence intervals (95% confidence level).

The activation energy (E,) represents the energy barrier that the
material must overcome to release the volatile compounds from the
biomass [55]. In other words, it is the energy necessary to start the
chemical reaction [72]. Quite different E, profiles were noticed for the
studied samples, with the pre-treated SS samples having higher E,
values than the untreated one during the entire conversion process,
which can be assigned to the pre-treatment. In general, the reaction with
higher E, requires a higher reaction temperature and longer time for
completion of the thermal decomposition [73]. For all samples, a sig-
nificant increase in E, was observed at lower conversion levels (<0.4),
while the increase was less at higher conversions, although E, was
strongly dependent on the nature of the sample. Thus, the activation
energies were influenced strongly by the conversion rate. The variability
of E, with a was related to the nature and extent of the reaction,
particularly structural changes and the multistep reaction nature of
thermal degradation [74].

The E, values of the untreated SS (Fig. 6a) increased from 49 kJ/mol
(a = 0.1) to 326 kJ/mol at « = 0.6, and then remained almost in the
same range until the conversion level of o = 0.8. The highest E, value for
untreated SS was 372 kJ/mol. The activation energies at lower con-
versions are related to moisture release, while, at higher conversions the
increase in E, is ascribed to the gradual decrease in volatile matter and
the increase of char formation [44]. Theoretically, E, usually varies
between 40 and 300 kJ/mol [55], although higher values have been
reported for industrial sludges (see Table 2): for SS from the chemical
industry between 170 and 593 kJ/mol [43], for SS from the wood in-
dustry in the range of 125-756 kJ/mol [43], for pharmaceutical sludge
between 114 and 552 kJ/mol [41], and for SS from the food industry
between 69 and 683 kJ/mol [42]. Otherwise, a significant change in E,
(increase/decrease) reflects that the reactions occur in parallel or
sequentially, while a constant E, reflects a one-step reaction during
material decomposition [75]. The increase in E, at high conversions may
be due to the decomposition of char formed during polycondensation,
side-chain cyclisation, or crosslinking of polymer carbons [39].

The E, values of the torrefied SS (Fig. 6b) were much higher, ranging
from 177 to 689 kJ/mol. For comparison, in one of the few studies that
focused on the pyrolysis kinetics of the torrefaction of SS, the E, values
for torrefied municipal SS were also high, in the range of 220-914 kJ/
mol [68]. However, significant variations in E, were observed during
the pyrolysis of torrefied SS, as, after an initial increase in E, up to a
conversion level of a = 0.3, a slight decrease was noticed, but, later, at @
= 0.7, the values again increased sharply. The increase in E, at higher
conversion levels could be attributed to the lignin decomposition and
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Table 2

Comparison of results of kinetic studies on pyrolysis of industrial SS and other types of SS.
Material E, (kJ/mol) A (1/s) AH(kJ/mol) AG(kJ/mol) AS(J/(mol-K)) Kinetic model Ref.
Industrial SS 49-372 1.03x10°1-3.96x10%* 43-366 209-222 (—242)-(210) FWO, KAS, FRI This study
T-SS 177-689 4.45x10'°-2.71x10%7 171-683 205-213 (—57)-(647)
HTC-SS 161-486 2.69x10%9-,62x10%? 155-480 208-214 (—80)-(368)
HTC-SSW 158-445 1.97x10°°71.51x10% 152-439 206-212 (-83)-(317)
Municipal SS 41-167 2.12x10%- 4.85x10"3 36-163 161-167 (-233)-(4) FWO [78]
SS digestate 66-351 6.73x10%%-3.80x10%° 61-347 160-168 (-185)-(327)
Municipal S$ 63-323 3.22x10%- 5.78x10%° 70-318 85-90 (—90)-(650) FWO [56]
Municipal SS 46-232 1.02x10%°- 3.97x10'° 41-227 53-295 (—-151)-(63) FWO [771
Municipal SS 100-300 / / / / KAS, FRI, FWO [71]
Municipal SS 195-563 1.64 x10'8-2.96 x10%° 186-545 126-131 90-688 KAS, FWO [41]
Pharmaceutical sludge 114-552 1.93 x10'2-4.79 x10°2 111-547 90-125 —24-(749)
SS—chemical industry 170-593 / / / / Distributed activation energy model [43]
SS-wood industry 125-756 / / / /
SS—food industry 69-683 9.7 x10°°-5.0 x10°7 65-677 130-140 —~134-(991) FWO, KAS, Starink [42]
Paper mill sludge 140-163 1.03x10%°-3.01x10'% / / / Coats-Redfern [69]
Textile dyeing sludge 80-200 2.53x10%7-8.74x10'¢ / / /
Municipal SS 213-531 4.49 x10% 307 155 270 FWO, KAS [39]
HTC-SS 123-298 5.79 x10%! 216 181 53
Sawdust (SD) 168-181 2.88 x10'2 168 183 -23
HTC-SD 181-189 1.46x10'% 179 185 —-8.49
Municipal SS* 113-184 8.77x10''-1.91x10% / / / FWO [70]
HTC-SS* 136-287 7.85 x10'°-7.58x10%° / / /
Municipal SS 45-390 3.97x10%%-4.69x10% / / / Distributed activation energy model [34]
HTC-SS 30-160 2.91x10%2-5.79x10%! / / /
Municipal SS 167-245 9.44x10'°-9.33x10% 163-233 155-156 25-160 FWO, KAS, FRI, Starink [38]
HTC-SS 98-214 2.1x10%0-4.0x10"° 90-203 205-210 ~171-(-3)
Municipal SS 140-260 / / / / KAS [68]
T-SS 220-914 / / / /
Wheat straw (WS) 69-357 9.67x10%%-9.10 x10%° 64-352 165-173 —-183-(315) FWO [35]
T-WS 51-256 1.52x10%%- 4.66x10%° 46-251 169-177 -217-(137)
Wood biomass (WB)* 51-205 5.43x10%°-1.64 x10'° / / / FWO, KAS, FRI [74]
T-WB* 20-275 3.77x10%- 2.21x10%? / / /

*Values reported for the combustion.

the degradation of other high-temperature stable components. These
components act as barriers during carbonization, and hinder the heat
diffusion and the release of volatiles, which is reflected in an increased
E, [35]. In addition, the ash contained in the sample may cover the pores
of the residue, and increase the difficulty of the reaction, resulting in a
significant increase in E, [44].

This is related to the chemical structure of the T-SS sample. The
torrefied sample exhibited better thermal stability, which was also

confirmed by the increase in T, so a higher activation energy is required
for its degradation. The increase in activation energy and thermal sta-
bility after pre-treatment of biomass with the torrefaction process was
also observed in the study on corncobs [76], lignin [24] and other
similar materials. In contrast, some researchers reported the opposite
effect, e.g., torrefaction of peanut stalks and wheat straw reduced the E,
of subsequent pyrolysis [35]. This effect was also noticed in HTC-treated
SS [39], which is in contrast to the present study, because the E, values
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of the HTC-SS and HTC-SSW samples were higher than those of the
untreated SS.

The E, values of the SS changed significantly after HTC pre-
treatment (Fig. 6¢). The E, values for HTC-SS ranged from 161 to 486
kJ/mol, and those of the sample HTC-SSW (Fig. 6d) ranged from 158 to
445 kJ/mol. The E, profile of the sample HTC-SSW was similar to that of
the sample HTC-SS. The E, values of the sample HTC-SS increased up to
the 0.4 conversion level, while they decreased slowly above it. The
decrease was a consequence of the facilitated release of volatiles due to
the porous structure of the intermediates formed during pyrolysis, the
increased surface area of the hydrochars, and the catalysis of the
inherent metals [77]. In addition, the E, values are affected strongly by
the pre-treatment temperature [6]. Otherwise, an increase in the py-
rolysis E, of HTC-treated samples (compared to untreated samples) was
due to the formation of aromatic structures during the HTC pre-
treatment, which reduced the degree of disorder of carbon layers in
the SS and led to the formation of thermodynamically stable products
[3].

Comparison of the E, values calculated in this study shows close
agreement with those reported in other studies (see Table 2). However,
it must be taken into account that the type and characteristics of SS are
different. The E, values for pre-treated samples (HTC-treated and tor-
refied) were generally higher than the values reported in the literature.

All three kinetic models produced comparable E, values, although
the Friedman model gave slightly higher E, values than the FWO model,
which also showed higher values than the KAS model. The variations in
the E, results between the models are a consequence of the differences in
the equations of the kinetic models. Nevertheless, all three methods
were accurate in their calculations. The goodness of fit, i.e., the corre-
lation coefficients (R?) of the linear fit plots for E, using the KAS model
for the untreated SS ranged from 0.88 to 0.99, for sample T-SS from 0.94
to 1.00, and for samples HTC-SS and HTC-SSW > 0.98 (see Fig. S1 and
Table S2), reflecting the credibility of the results.

3.3.2. Pre-exponential factor and kinetic compensation effect

The values of the pre-exponential factor (A), which describes the
chemistry of the solid phase pyrolysis reaction [57], are listed in
Table S2. A also represents the number of collisions between reactants
during thermal degradation [72]. The values of A followed the trend of
E,, as their values increased or decreased proportionally. The pre-
treated samples had higher A values than untreated SS (for all three
kinetic models), wherein the highest A values were calculated for the
torrefied sample SS, while the HTC treated samples gave lower, but quite
similar, values. A varied between 1.03x10°1-3.96x102* 1/s for untreated
SS, 4.45x10'°-2.71x10%7 1/s for T-SS, 2.69x10%9-6.62 x10%? 1/s for
HTC-SS, and 1.97x10%-1.51x10%° 1/s for HTC-SSW. The variation of A
with o (degree of conversion) is related to the composition of the ma-
terial and the degradation reactions. The pre-exponential factors of the
pre-treated samples were higher than 10° 1/s for all conversion levels,
which is due to the formation of a loose (simple) complex, indicating a
low degradation rate and a high energy requirement for decomposition
[75]. The complexity of the pyrolysis reaction of the pre-treated samples
was already confirmed by changes in E,, as these samples exhibited
higher E,. The A values below 10° 1/s in the case of the untreated SS
indicate a surface reaction in which a closed (tight junctional) complex
was formed and degradation occurred in a simpler manner. The values
that ranged from 10* to 10'® 1/s reflect the first-order factor range [79].
The wide range of A values indicates the heterogeneous nature of the
pyrolysis reaction and the complex multistep degradation mechanism of
the studied materials, especially the pre-treated samples. The pre-
exponential factors calculated in this study are close to those of
municipal SS and other types of SS, which are listed in Table 2.

The kinetic compensation effect characterising the relationship be-
tween A and the E, values at a specific conversion level is shown for the
studied samples in Fig. S2. The following linear relationship holds: [nA =
ak, +b, where a and b represent constants related to the compensation
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coefficients [54]. The lowest correlation for the kinetic compensation
effect was observed for the HTC-SS sample (0.89), while the HTC-SSW
and T-SS samples had better correlations. The best correlation was
observed for the untreated SS sample (R? > 0.98).

3.4. Thermodynamic analysis

Based on the results of the kinetics analysis, the thermodynamic
parameters of pyrolysis were calculated (for this purpose, the peak
temperatures of the DTG curves obtained at a heating rate of 20 °C/min
were used). The profiles of entropy (AS) are shown in Fig. 7, and the
values of enthalpy (AH) and Gibbs free energy (AG) in Table S2.

3.4.1. The entropy (AS)

Entropy (AS) reflects the disorder of matter and energy in a system
[57]. As shown in Fig. 7, pre-treatment affected the AS values signifi-
cantly. For the untreated SS, the values obtained with the FWO model
ranged from —231 to 201 J/(mol-K), with negative values characteristic
up to a conversion degree of 0.3; thereafter, the values became positive,
and increased with the conversion level and temperature. Similar to the
other kinetic parameters, the pre-treated samples exhibited higher AS
values. The increase in AS reflects an increase in the difficulty of the
reaction [76]. The torrefied sample T-SS exhibited the highest AS values
among all samples, as the values calculated with the FWO model ranged
from —45 to 647 J/(mol-K). A negative value for this sample was
observed only at a conversion level of 0.1. This confirms the findings
about the complexity of torrefaction and its multistage mechanism [35].

For the HTC-treated SS samples (HTC-SS and HTC-SSW) the values
were negative up to a conversion level of 0.2. The AS values calculated
with the FWO model varied between —68 and 354 J/(mol-K) for the
sample HTC-SS, and between —70 and 314 J/(mol-K) for the sample
HTC-SSW. The results of the other two kinetic models were close to these
values. For the HTC-SS sample, the AS values decreased at higher con-
version levels (>0.4), while they remained in the same range for the
HTC-SSW sample.

The phenomenon of occurrence of both positive and negative AS
values reflects the complexity of the thermal degradation process [56]. A
positive AS value indicates that the disorder of the products is greater
than that of the reactants due to bond dissociation, and that the system is
not in thermal equilibrium. On the other hand, negative AS values
indicate that the system is near thermal equilibrium [73]. Therefore, low
AS values reflect that the activated system has a more ordered structure
than the raw material and a considerable amount of free energy [75].
Similar trends in AS values have been observed in other studies (see
Table 2) on municipal SS and HTC pre-treated SS [38] and SS from the
food industry [42], where a wide range of AS values have been reported,
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Fig. 7. AS values as a function of the conversion level, calculated with the
models KAS, FWO and FRI for the samples: a) SS, b) T-SS, ¢) HTC-SS and d)
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indicating the complexity of the decomposition of these materials.

3.4.2. Changes in enthalpy (AH) and Gibbs free energy (AG)

The parameter AH designates whether energy is lost or acquired
during the conversion of material into products [75], and thus provides
information about the endothermic or exothermic nature of the reaction.
In pyrolysis, AH refers to the total energy consumed in the conversion of
biomass into biochar, bio-oil and biogas [79]. The AH values presented
in Table S2 show the same tendency as the E, values. The positive AH
values for all samples and at all conversion levels indicate that the
thermo-chemical degradation of the tested materials was not sponta-
neous (i.e., it was an endothermic reaction), requiring heat input from
the environment into the system. Knowledge of the AH value of the
pyrolysis process is important for the design of the thermal degradation
process and predicting its efficiency [35]. Different profiles, i.e., varia-
tions of AH with the degree of conversion, indicate that the pre-treated
samples differ in composition, even though they originate from the same
SS. The untreated sample SS had lower enthalpies than the pre-treated
SS, so it required less energy for thermal degradation than the other
three samples. The difference between E, and AH was about 6 kJ/mol
for all three models. A small difference between these two parameters
designates favourable conditions for the formation of the activated
complex, and suggests that there is a very low energy barrier for the
formation of the products. For the torrefied and HTC-treated samples, a
significant increase in AH was observed at conversion levels below 0.4,
indicating that a high amount of energy was required for their degra-
dation in this range. This is due mainly to the decomposition of ther-
mally stable components. The AH values calculated here agree well with
literature data (see Table 2).

The parameter AG, also known as free enthalpy, shows an elevation
in the energy of the pyrolysis reaction during the formation of the
activated complexes [79]. The AG of the untreated SS was in the range of
209-222 kJ/mol (Table S2), while, for the pre-treated samples (T-SS,
HTC-SS and HTC-SSW) slightly lower energies were observed in a nar-
rower range, between 205 and 214 kJ/mol. Values between 90 and 125
kJ/mol were reported for pharmaceutical sludge, between 155 and 156
kJ/mol for municipal SS, and in the range of 205-210 kJ/mol for HTC-
treated SS [38]. Since AG reflects the spontaneity of the reaction and the
amount of available internal energy [56], the relatively high internal
energy of the studied samples indicates their potential for energy re-
covery. In general, the results of the kinetic and thermodynamic ana-
lyses revealed that the tested samples can be used as fuel. The chemical
analyses confirmed that the pre-treatment improves the thermal stabil-
ity and fuel properties of the industrial SS.

4. Conclusions

The kinetic of pyrolysis of pre-treated industrial SS from the vege-
table oil industry was investigated, using torrefaction and HTC as the
pre-treatment methods. The influence of water replacement by whey
was also investigated as a process liquid in the HTC process on further
pyrolysis.

The pre-treatment (torrefaction, HTC) of the samples changed their
thermogravimetric behaviour in the pyrolysis process, as the shape of
the TG and DTG curves differed, although the pre-treated samples had
relatively similar mass losses and peak temperatures. The replacement
of water with whey in hydrothermal carbonization (HTC) improved the
fuel properties of the hydrochar, and obviously affected the pyrolysis
kinetics. The highest HHV (18.25 MJ/kg) and C content (35.47 wt%)
were measured in this sample. Kinetic and thermodynamic analyses
performed using the KAS, FWO, and FRI kinetic models generally
showed higher E,, AS, and AH values for the pre-treated samples than
for untreated SS, with the highest values observed for the torrefied
sample, followed by the HTC-treated samples. For pyrolysis of the un-
treated, torrefied and HTC-treated SS samples, entropies (AS) varied
between —241 and 210, —57 and 647, and between —80 and 368 J/

11

Thermal Science and Engineering Progress 42 (2023) 101863

(mol-K), respectively. The HTC-treated sample with whey as the process
liquid gave comparable results, with the values ranging from —83 to
317 J/(mol-K). Chemical analysis of the process waters from HTC
treatment showed that they can be used in anaerobic digestion processes
due to their high TOC and COD content.

The limitation of this study is that the pyrolysis experiments were
performed on a small amount of samples in a TGA analyser and only the
characteristics of the solid product were studied, which is only a basis for
further investigations. In order to obtain a complete insight into the
pyrolysis of the selected materials and the effects of pre-treatment, the
experiments should be performed on a larger scale, and all products
should be investigated, including the gaseous and liquid (oil) phases.
However, the results obtained provide a good basis for further studies,
and are useful for waste management planning in the vegetable oil in-
dustry. Further studies could be related to the investigation of the effects
of the minerals in the sewage sludge ash on the pyrolysis process, the
optimisation of the process parameters and further use and modification
of the products.
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