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Abstract: Operating and research experiments indicate that the potential benefits of thermal treatment
of sewage sludge before methane fermentation include increasing the biodegradability of substrates,
reducing the amount and improving the dewaterability of the fermentate and its hygienization,
reducing the emission of odours during stabilization, higher production of biogas, and improving
the energy balance of the process. The process of disintegration (liquefaction) can be carried out, for
example, through the use of mechanical homogenization, microwaves and ultrasonic waves, chemical
agents, thermal methods, and biological processes. The article reviews the literature data on thermal
hydrolysis research, from the first source information to the present. The thermal hydrolysis achieved
enhanced hydrolysis, biogas potential, and faster sludge degradation during anaerobic digestion
without compromising the quality of the end products.

Keywords: wastewater treatment plant; sewage sludge; thermal disintegration; hydrolysis;
biogas potential

1. Introduction

Methane fermentation is a multi-stage process, and its main phases are hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. The first stage of biodegradation of
organic substrates, which is to allow the transport of nutrients inside a cell, consists of
the depolymerization of macromolecular biopolymers into monomers. Microbial biomass
consists of a variety of biopolymers. Dry weight of microbial cells is composed of protein
(52.4%), polysaccharides (16.6%), lipid (9.4%), RNA (15.7%), and DNA (3.2%) [1]. It
is important to note that the mentioned biopolymers contribute more than 95% of the
total dry weight of microbial cells. Apart from the bacterial cells, 80-95% of the organic
matter in the activated sludge floc consists of various types of organic material. The
extracelluar polymeric substances (EPS) fraction is the largest fraction (40 to 60% of the
organic matter) and it consists of polysaccharides, proteins, lipids, nucleic acids, humic
substances, and various heteropolymers [2]. Depolymerization is a process in which the
monomers are the product. If the polymer decomposition process takes place with the
generation of other products, it is called degradation. Polymer degradation can be caused
by various factors, including light, temperature, as well as mechanical or chemical factors,
and it always leads to significant changes in their physical and chemical properties. The
degradation of biopolymers may be accompanied by their liquefaction. In the description
of reactions occurring in technological processes of sewage sludge processing in aerobic
(Activated Sludge Model) [3] and anaerobic (Anaerobic Digestion Model) [4] conditions,
this stage is called disintegration. Disintegration consists in liquefying substrates such
as dead microorganisms, preliminary sludge, excessive sludge to products in the form
of molecular sugars, proteins, and fats, as well as other fractions which are most often
non-degradable (inert).

The hydrolysis phase is a limitation factor for the duration of anaerobic decomposi-
tion [5-9]. Sewage sludge can be pre-treated (disintegrated) before methane fermentation.
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In such a case, the process is much faster than in conventional systems, the degree of decom-

position of organic substances is higher, and, consequently, the production of biogas also

increases. Accelerating the liquefaction process of organic compounds into soluble forms

also significantly improves the efficiency of the following stages of the process [10-12].

Another advantage is the possibility of using sewage sludge disintegration methods to

obtain volatile fatty acids in order to use them as a source of easily digestible organic

carbon in sewage treatment processes, including biological dephosphatation and denitrifi-

cation [13-15].

Disintegration methods are divided into:

- Thermal disintegration, carried out in the temperature range from 40 to 180 °C [16,17];

- Chemical disintegration with the use of ozone, acids, or solutions [18,19];

- Mechanical disintegration using ultrasound, mills, and homogenizers, in which forces
acting on the walls of microorganism cells cause stress and deformation of cells with
simultaneous enzymatic hydrolysis of organic compounds [20,21];

- Biological disintegration [22,23], consisting of autolytic hydrolysis under the influ-
ence of enzymes produced by microorganisms or enzymes dosed into the system
from outside;

- Freezing and melting sludge, irreversibly changing the structure of flocculation, by
increasing the volume of water during freezing [24];

- Advanced oxidation processes [25].

The line between classical methods and disintegration methods is not precisely defined.
Some techniques that simultaneously use different factors to enable faster hydrolysis, such
as temperature, alkalization, and ultrasound, are difficult to categorize into one group of
methods [26,27].

Sewage sludge is a good source of carbon, nutrients, and trace elements. When
subjected to appropriate treatment before stabilization, it is an even better raw material
for energy and raw material recovery. This process is most often supported by thermal
disintegration, which significantly improves the characteristics of sewage sludge without
compromising the quality of the end products. The article reviews the literature data
on thermal hydrolysis research, from the first source information to the present. The
various thermal pretreatment methods have been discussed based on sludge solubilization
efficiency, and improvement in biogas yield.

2. Fundamentals of Thermal Disintegration

A clear increase in interest in the thermal disintegration of sewage sludge was initiated
in the 1960s in connection with searching for highly efficient methods of dewatering [28].
Examples of technical solutions developed during this period consist in the Zimpro and
Proteous processes. Most of these installations operated in the temperature range from
180 to 250 °C. Due to an increase in energy costs associated with technical and process
problems (odours), these installations worked only until the early 1980s [29,30].
Currently, the methods of thermal disintegration are divided into [31]:

- Low-temperature, occurring at temperatures below 100 °C (35-100 °C);
- High-temperature, occurring at temperatures above 100 °C (100-275 °C).

Research regarding optimization of the process of thermal disintegration of sewage
sludge focuses mainly on accelerating hydrolysis of the molecular fraction of sewage sludge,
producing volatile fatty acids, biochemical hydrolysis of the remaining and not liquefied
molecular fraction of sewage sludge, and increasing the amount of biogas and methane
potential of sewage sludge in the methane fermentation process. Thermal treatment of
sewage sludge is also used to produce an external carbon source for the denitrification
process [13-15].

Bajernbruch et al. [16] also observed a reduction in foaming in anaerobic stabilization
chambers of thermally disintegrated sludge (121 °C, 60 min.). In the case of thermally
disintegrated preliminary and excessive sludge, their susceptibility to dewatering is in-
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creased [28,31,32]. Assuming an increase in dry weight as the assessment criterion, the
literature data show that the optimal temperature for the process of thermal hydrolysis of
sewage sludge should be in the range of 150 to 175 °C [33,34].

Li and Noike [35] tested the thermohydrolysis of sewage sludge in the temperature
range from 120 to 175 °C for over 30 min. They found that the thermal treatment process
had an impact on the liquefaction of the solid fraction to carbohydrates, proteins, and fats,
and then to volatile fatty acids. However, the transformations of organic components are
not always similar. Bougrier et al. [36], as well as Wilson and Novak [37], showed a greater
impact of thermal hydrolysis on polysaccharides than on proteins. The authors suggest
that polysaccharides are polymers associated with the outer structure of the solid sludge
fraction, while proteins are intracellular components. Therefore, only disintegration at high
temperatures leads to destroying the cell wall and releasing body protein. The structure of
flocculation and cells of microorganisms is determined by electrostatic phenomena, ionic
and hydrogen bonds, and probably only partial destruction of cells occurs at temperatures
below 100 °C [38]. One difficulty for studying the mechanism of proteins degradation with
denaturation temperatures above 100 °C is that the heat denaturation of proteins is usually
irreversible at temperatures higher than 80 °C, because under these conditions proteins
generally aggregate after heat denaturation [39].

Thermal treatment results in a hydrolysate with the characteristic color of “strong tea”
also containing, in addition to hydrolyzed biodegradable compounds, other ingredients
such as Amadori rearrangement products (early stage Maillard reaction products), or
melanoids (final products), which are potential inhibitors of methane fermentation [40].
The Maillard reaction is a complex reaction between amino acids and reducing sugars,
occurring at increased temperatures. The initial reaction step for, e.g., glucose and amino
acid (RNH;) can be presented as follows:

CHO CH =N-R cH—N{ i cH=N H
R R
H_! OH H_— __OH I oH — 0
RNH2
OH——H __ _ OH——H __ e OH—f—H —>= OH——H
H ——OH H20 H——0H H ——OH H ——OH (1)
H——OH H—1—OH H——OH H——OH
CH,OH CH,O0H CH,OH CH,OH
Glucose Shiff base Amadori compounds

Amadori compounds are easily polymerized into three different structures that can
react in subsequent phases [40].

Typical Maillard reaction products are formed at 150 °C, reaching a quantitative
maximum at 250 °C within 10 min [5]. Polymerization of these products most likely occurs
at higher temperatures and longer reaction times, resulting in macromolecular compounds
(Figure 1). Peterson et al. [41] determined the degradation kinetics of glucose and glycine
during hydrothermal hydrolysis. The results show that Maillard-type reactions strongly
affected the kinetics at 250 °C.
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Figure 1. General reaction network for thermal disintegration of sewage sludge, [5] (Elsevier Ltd.,
CC BY-NC-ND license).

The decomposition of organic substrates causes an increase in the concentration of
nitrogen compounds in hydrolysates. Higher processing temperatures appear to have a
beneficial effect on the breakdown of fats by forming alkanes and alkenes by decarboxyla-
tion, which is a favorable reaction to improve the quality of hydrolysates. However, the
formation of amides between proteins and lipids is also observed as an undesirable reaction,
as it contributes to the increase of nitrogen compounds in hydrolysates and reduces the
efficiency of fatty acid production [5,42,43].

Elbing and Diinnebeil [44] obtained a three-fold increase in the degree of hydrolysis,
changing the temperature in the range of 100 to 180 °C, and at the same time showed a
three-fold increase in the concentration of total nitrogen and ammoniacal nitrogen, with-
out an increase in the concentration of phosphates. Under similar process conditions,
Graja et al. [45] obtained only a 32% increase in the proportion of nitrogen dissolved in
hydrolysates, including only 5% in the form of ammoniacal nitrogen. At low temperatures
(40-70 °C) over the duration from 1 to 3 h, the degree of liquefaction of nitrogen solids
ranged from 0.5 to 3.5% [46].

According to the collected data, the degree of liquefaction of sewage sludge is in-
fluenced primarily by temperature, not by the type of sludge. Wilson and Novak [37]
examined the impact of disintegration in the temperature range from 130 to 220 °C on the
liquefaction of preliminary sludge, obtaining an effect similar to that of excessive sludge.
However, in technical conditions, disintegration methods are used almost exclusively for
excessive sludge because preliminary sludge quickly undergoes enzymatic hydrolysis in
the methane fermentation process. This is confirmed by research carried out by Bougrier
et al. [36]. They stated that the share of the solid fraction of sludge decreases with the
temperature increase from about 95% d.m. (abbrev. d.m.—dry matter) in the raw sludge to
less than 50% d.m. at processing temperatures above 150 °C.

A commonly used indicator for assessing the thermal disintegration process is the
change of the proportion of COD-dissolved fraction (Figure 2).
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Figure 2. Share of the COD-dissolved fraction in sewage sludge COD depending on the temperature
of the disintegration process (summarized literature resource by Author) [14,28,35,36,39,47].

When analyzing the impact of process parameters of experimental data published
in the literature, it can be seen that temperature is the main parameter determining the
efficiency of thermohydrolysis, while the time of the process is less important [18,36,45,48].
It should be noted that the degree of liquefaction is in most cases linearly dependent on
temperature, especially for high-temperature disintegration. Tanaka et al. [18] obtained a
25% increase in the share of COD-dissolved fraction after treatment of excessive sludge at
130 °C for 0.5 h and 30% at the same temperature, when the treatment time was 1 h. At
170 °C, they achieved an increase in the degree of liquefaction at the level of 60% regardless
of the disintegration time. Under the same conditions, disintegration of excessive sludge
was carried out in the Zipperclave reactor [49,50] over 15, 30, and 60 min. During one-
hour processing, the share of dissolved COD increased from 2.7% to 25.3,43.9, and 59.5%,
respectively, at process temperatures of 130, 150, and 170 °C. Bougrier et al. [51], in research
at the Zipperclave reactor, also obtained COD fraction liquefaction in the range of 40 to 45%
over 30 and 60 min. However, Aboulfoth et al. [52], conducting disintegration at 175 °C,
determined an increase in COD liquefaction from 11.2% to 15.1% and 25.1% after increasing
the treatment time respectively from 1 to 2 and 3 h.

The thermal treatment processes are associated with the simultaneous mineralization
of organic components; however, it is possible to determine the conditions limiting decom-
position [45]. Caraballa et al. [53] obtained a reduction in the organic mass of sludge below
5% by disintegrating at 130 °C over 60 min. Yuan et al. [54] demonstrated a significant
impact of mixing on the liquefaction of sewage sludge. At temperatures of 4, 14, and
24 °C, they examined an increase in the concentration of volatile fatty acids in stirred and
unstirred reactors. In stirred systems, the increase in VFA concentration in hydrolysates
was higher for each of the above-mentioned experimental temperatures by 400, 100, and
20%, respectively.

3. Biogas Potential of Thermally Disintegrated Sewage Sludge

The basic objective of the conducted research in many scientific centers consists of de-
termining the impact of thermal disintegration of sludge on the effectiveness of the methane
fermentation process [3,5,8,10,15,26,48,49]. Conducting the process at low temperatures
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(60-80 °C) has a positive impact on the chemical composition of the obtained hydrolysate,
but it requires a longer reaction time (60-120 min) [30]. Especially excessive sludge is
susceptible to the impact of low temperatures, below 100 °C [55]. The fermentation of such
sludge after thermal hydrolysis takes place much faster than in conventional systems, the
degree of decomposition of organic substances is higher, and, consequently, the production
of biogas is also higher [56]. Low-temperature disintegration of sewage sludge in the
temperature range from 60 to 80 °C was also researched by, for example, Hiraoka et al. [57],
as well as Li and Noike [35], achieving an increase of more than 30% in biogas production
in the methane fermentation process. Stuckey and McCarty [47] stated that the increase in
susceptibility to the biodegradation of sewage sludge results not only from the liquefaction
of their solid fraction, but also from the hydrolysis of dissolved compounds.

The impact of low-temperature disintegration of sewage sludge on the efficiency of
methane fermentation according to studies by various authors is summarized in Table 1.

Table 1. Impact of low-temperature disintegration of sewage sludge on fermentation efficiency,
(PS—Primary sludge, WAS—Waste Activated sludge, HRT—Hydraulic Retention Time).

Temperature and

No. Sewage Time of Anaeroblc.]?lgestlon Effects Source
Sludge . . . Conditions
Disintegration
o . o CH, production increase from
1 PS 70°C,4d batch fermentation, 37 °C 21.2 to 24.7 mmol /g d.m. (16%) (58]
o . o CH4 production increase from
2 PS 70°C,7d batch fermentation, 55 °C 137 to 25.5 mmol /g d.m. (16%)
o continuous fermentation, ~CHy production increase from 146
3 PS 70°C,2d HRT 13 d, 55 °C to 162 mL/[L-d] (11%) (5]
o continuous fermentation, CH, production increase from
4 PS 70°C,2d HRT 13 d, 55 °C 13.6 to 20.1 mmol/g d.m. (48%) [60]
o continuous fermentation, L o
5 PS 50-65 °C,2d HRT 13 d, 35 °C CH4 production increase (25%) [61]
o batch fermentation, 10 d, biogas production increase from
6 WAS 60-70°C, 1d 37°C 200 to 300 mL/g d.m. (50%) [62]
o . o CH, production increase from
7 WAS 70°C,7d batch fermentation, 37 °C 830 to 10.45 mmol/g d.m. (26%) (58]
8 WAS 70°C,7d batch fermentation, 55 °C CHy production
10.9 mmol/g d.m.
o continuous fermentation, ~ CHy production increase from 40
? WAS 70°C,2d HRT 13d, 55 °C to 55 mL/[L-d] (28%) (58]
10 WAS 70°C,9h batch fermentation, 55 °C  biogas production increase (58%) [63]
1 Mixed 70 °C, continuous fermentation, biogas production increase from [27]
PS + WAS 9,24,48 h HRT 10d, 55 °C 0.15t0 0.18 mL/g d.m. (20%)

The thermal disintegration processes can also be carried out at temperatures from 100
to 250 °C in pressure reactors. Research in this area was carried out by Haug et al. [64],
Pinnekamp [65], Li and Noike [35], Dote [33], Tanaka et al. [18], Kepp et al. [29], Prechtl
et al. [66], Guibelin [67], and Carballa et al. [53] (Table 2). Disintegration at temperatures
exceeding 150 °C is used for substrates with a higher degree of hydration.

The published research results indicate that the treatment of preliminary sewage
sludge at high temperatures (above 100 °C) has no significant impact on improving the
efficiency of the methane fermentation process [68]. Haug et al. [28,64] investigated the
impact of pre-treatment on the methane-generating potential of various sewage sludge
types. The thermal treatment of preliminary sludge at temperatures up to 175 °C had no
significant impact on the production of biogas. However, the thermal disintegration of
excessive sludge at the same temperatures resulted in an increase in the production of
biogas from 30 to 225%, methane by up to 60% and a reduction of at least 30% in the organic
mass of stabilized sludge [30,32]. Brooks [69] studied the process of hydrolysis of excessive
sewage sludge and its mixtures with preliminary sludge. The best results were obtained
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by keeping the sludge at a temperature of 165 to 180 °C for a duration of 10 to 30 min.
The hydrolysis products were readily degradable in the fermentation process, whereas
the disintegration time of sewage sludge did not affect the efficiency of biodegradation as
much as the temperature. Similar conclusions were drawn by Dohanyos et al. [43] using
disintegration within 1 min at 170 °C.

Table 2. Impact of high-temperature disintegration of sewage sludge on fermentation efficiency,
(PS—Primary sludge, WAS—Waste Activated sludge, HRT—Hydraulic Retention Time).

Temperature and

No. Sewage Time of Anaeroblc.]?lgestlon Effects Source
Sludge . . . Conditions
Disintegration
1 PS continuous fermentation production of CHy 252 mL/g COD
2 WAS 175 °C, 30 min HRT 154, CHy production increase from 115 to [28]
35°C 186 mL/g COD (62%)
CH, production increase from 205 to
3 WAS 234 mL/g COD (14%)
continuous fermentation biogas production increase from 108
4 WAS 175 °C, 60 min H;TOSCd' t0 216 mL/g COD (100%) [35]
5 . batch fermentation, L.
5 WAS 180 °C, 60 min 8d. 37°C CH4 production increase (90%) [18]
wastewater treatment
6 WAS 160 °C plant, biogas production increase (60%) [70]
HRT 15d
o . batch fermentation, biogas production increase from 3657
7 WAS 121°C, 30 min 7d,37°C t0 4843 mL/g d.m. (32%) (4]
o . batch fermentation, . . o
8 WAS 170 °C, 60 min 24.d, 35 °C biogas production increase (45%) [50]
continuous fermentation .
o . CH, production increase from 88 to
9 WAS 170 °C, 60 min HI;"SF 02(0: d, 142 mL/g COD (61%)
o . Wastewater treatment reducing of suspension concentration
10 WAS 160 °C, 30 min plant, HRT 15 d, 35 °C (45%) (71]
continuous fermentation reducing of suspension concentration
11 WAS 175 °C, 40 min HRT 2.9 d, 8 pens [45]
3700 (65%)
continuous fermentation ..
o . CHy production increase from 145 to
12 WAS 170 °C, 30 min HI;"SF OZg d, 256 mL/g d.m. (51%) (72]
5 . batch fermentation, CHy production increase from 221 to
13 WAS 170 °C, 30 min 24d,35°C 333 mL/g COD (76%)
14 WAS 170 7C ijg . batch fermentation CHy production increase (50%) [73]
15 Mixed 120 °C. 60 min contmulc_)IL;{sTfZBn;entatlon CH, production increase from 350 to [16]
PS + WAS ’ 36 °C ! 420 mL/g d.m. (20%)
16 Psl’vil f;is 1700 8C I;/IlPI;m, batch fe;glgntahon, biogas production increase (49%) [43]
17 Mixed 140 °C, 1 min, wastewater treatment biogas production increase from 507 [74]
PS + WAS 0.6 MPa plant, 53-55 °C to 599 mL/g d.m. (18%)

An analysis of the energy balance shows that, compared to conventional methane
fermentation, systems with introduced thermal disintegration of sewage sludge are char-
acterized by the possibility of obtaining a positive energy balance at a smaller volume
of fermentation chambers. Li and Noike [35] obtained a reduction in the required fer-
mentation time by 5 days for excessive sludge disintegrated at 170 °C for 60 min. Under
these conditions, the organic compounds measured by COD were removed in 60%, with
biogas production equal to 223 L/kg of COD, which was twice the value compared to
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raw sludge. According to these authors, the positive impact of the pre-treatment on the
anaerobic biodegradation of the activated sludge was the result of a hydrolysis of the solid
fraction and the production of volatile fatty acids, which were transformed into biogas.

After processing the substrates at temperatures above 175 °C, their biodegradation
is difficult. Pinnekamp [65] stated that at treatment temperatures higher than 180 °C,
the opposite effect is obtained. The production of gas obtained from sewage sludge dis-
integrated at temperatures above 180 °C was much lower than in the control samples.
Fisher and Swanwick [75] showed that heating sewage sludge before fermentation to a
temperature above 180 °C provides the greatest loss of dry matter, but there are refrac-
tory organic compounds in the process liquid (non-degradable COD fractions). Bougrier
et al. [76] stated that the formation of refractive compounds is the result of Maillard’s
reaction. Stuckey and McCarty [47] observed that increasing the processing temperature
to 225 °C increased the liquefaction of excessive sludge by only 51%. They found that
high hydrolysis temperatures reduce the amount of dissolved organic fractions, as a result
of the formation of large-molecule soluble compounds in the reaction of simple sugars
with amino acids, inhibiting the methane fermentation process. The adaptation of the
fermenting biomass to the substrate in the form of excessive sludge disintegrated at 225
and 250 °C was achieved only after 8 days, which suggests that refractive compounds were
the main inhibitor of biodegradation and a component of sludge after treatment carried
out at these temperatures.

In addition to the measurable effects associated with higher biogas production after
thermal disintegration, an important aspect is the impact of temperature on microorganisms.
As shown in many studies [77], only a few minutes of heat treatment causes the cells of
microorganisms to die. Heating biomass for 10 min at 90 °C resulted in destroying almost
100% of active sludge bacteria cells, while a one-hour treatment at 60 °C gave a 98% effect
(2% constitute the remaining active thermophilic microorganisms).

In practice, high-temperature methods are highly appreciated, including the process
of thermal hydrolysis in the CAMBI technology [17,29,78]. In addition to a dozen or so
sewage sludge thermohydrolysis installations, the CAMBI technology has been used to
carry out an installation of pre-treatment of municipal waste (Lillehammer, Norway, 1999,
14 thousand tonnes of waste). The CAMBI technology involves the destruction of cells of
excessive and preliminary sludge thickened to approx. 12% d.m., consisting in heating the
sludge to 165-170 °C at a pressure of 5-6 bar, and then quickly lowering the pressure. The
duration of the process is 30 min. Reducing mass in the process of fermenting the thermally
disintegrated sludge is at more than 65%, while an increase in biogas production compared
to classic systems reaches approx. 30%. A better final sludge dewatering is also achieved.

4. Indicators for Assessing the Degree of Disintegration

The effectiveness of disintegration processes of organic substrates is considered, first
of all, in terms of assessing the change in particle size, liquefaction of the solid fraction,
increase in biodegradability, formation of refractive compounds, and reduction of organic
mass. So far, one single, commonly used method of assessing the effects of disintegration
processes has not been established, hence comparing the results of research described by
the authors with various indicators is difficult and not always possible. Moreover, the
variety of test conditions used (e.g., treatment temperature, disintegration time, variable
hydration of substrates) increases the problem of objective assessment of the efficiency of
the process.

The indicators for assessing the degree of substrate disintegration can be divided into
three groups [72,79,80]:

Group I—direct indicators: the changes in the structure and physical-chemical proper-
ties of substrates and hydrolysates is identified by determining the difference in the values
of parameters in substrates before and after disintegration. Assessment indicators depend
on the conditions of the disintegration process and include:
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- Fragmentation of solid phase particles (change of particle size and particle size distri-
bution, change of rheological properties, change of COD fraction) which is primarily
the result of breaking the cell membranes of microorganisms and releasing organic
substances into the liquid phase;

- Decrease in hydrolysis time of biopolymers by extracellular enzymes, which are
formed and excreted by fermentative microorganisms.

Group II—secondary effects occurring in disintegrated substrates: Intensification
of anaerobic or aerobic stabilization. For the fermentation process, important indicators
consist in the biogas and methane potential, the loss of dry matter and organic matter in
the input, the increase in susceptibility to dewatering processes and the decrease in final
hydration. For denitrification and dephosphatation processes, the secondary effect consists
in an increase in the concentration of VFA as a source of organic carbon compounds.

Group IlI—energy indicators: Recovery of energy spent on disintegration as a result
of biogas combustion or cogeneration transformation into electricity and heat.

Based on the literature data, it can be assumed that the effectiveness of disintegration
processes is commonly assessed by comparing the share of COD fraction dissolved before
and after processing, in relation to total, molecular, or dissolved COD (Table 3).

Table 3. Indicators of assessment of the degree of disintegration.

Assessment

Indicator Definition Source
nDCOD = [DCODP — DCOD?]/PCOD [36,45,51,72,76,81-83]
Solubilization of COD, nDCOD = [DCODP — DCODY]/COD [48,84-86]
nDCOD nDCOD = DCODP /COD [50,87-89]
nDCOD = [DCODP — DCOD]/DCODP [90]
nDCOD = [DCODP — DCOD]/[d.m.] [91]
Degree of disintegration, np np = [DCODP — DCOD]/[CODmax — DCOD'] [51,92,93]
Np = [DCODP — DCOD’]/CODmax [94]

DCODY—COD of dissolved fraction before disintegration, mg O, /L; DCODP—COD of dissolved fraction after
disintegration, mg O, /L; PCOD—COD of particulate fraction before disintegration, mg O, /L; COD—total COD,
mg O, /L; CODpax—max. value of dissolved COD after disintegration by NaOH, mg O, /L; d.m.—dry matter,
mg/L; n—effectiveness

Other indicators of direct assessment of disintegration effectiveness usually consist
in comparing changes in the amount of dissolved organic substances before and after the
process, such as carbohydrates, volatile fatty acids, or dissolved organic carbon concen-
trations [36,83]. Many authors also measure the efficiency of liquefaction of substrates by
increasing the concentration of dissolved protein; however, this method is recommended
mainly for assessing the disintegration of excessive sludge [95]. Regardless of the used
disintegration method, the basic treatment effect is to liquefy the solid fraction of the sub-
strate. It is assumed that the fragmentation of sewage sludge increases the availability of
organic substances for microorganisms, i.e., potential biodegradability. However, literature
reports do not unequivocally confirm this fact. According to studies by Wang et al. [96], the
increase in the biodegradability of substrates is related to their liquefaction and reduction in
particle size. Other researchers show no correlation between these parameters [63,97]. De-
pending on the characteristics of the raw substrates and the treatment method, the increase
in the biodegradability of hydrolysates may be limited by the formation of refractive/toxic
compounds [47,98,99] and by the decomposition (loss) of organic matter [80]. Inhibitors of
biodegradation processes are formed, among others, in the processes of disintegration of
biomass containing lignocellulose, which results in the formation of hydroxymethylfurfural
(HMF) and soluble phenol compounds [80], or Amadori products or melanoids (Maillard
reaction products) [5,39,92].

The assessment of the biodegradability of hydrolysates by determining the biogas and
methane potentials is the most practical of all indicators for assessing the effectiveness of
disintegration methods. Determining the amount of biogas that can be obtained directly
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indicates an improvement in the energy effect in relation to the volume or dry weight of
disintegrated substrates.

Simple methods for determining the biogas potential, based on using equations by
Buswell and Mueller [100], Boyle [101], or Amon et al. [102], were developed independently
in different years and are based on basic organic substrates. The efficiency of the methane
fermentation process is based on assessing the methane and carbon dioxide production.

Buswell and Mueller [100] assumed that if the elemental composition of organic
matter is known, the production of methane and carbon dioxide can be determined with
an accuracy of 5% based on the reaction:

b ¢ a b ¢ a b c
Boyle [101] supplemented the Buswell and Mueller model by introducing nitrogen
and sulphur to the equation:

CaHpOcNGSe + (a — % — % + % + %)HZO — (3)

Amon et al. [102] extended the basic division of substrates included in the equations to
their bioavailability for microorganisms, especially in the case of anaerobic decomposition
of agricultural waste and from animal breeding, e.g., corn, cereals, and grasses.

The effectiveness of the disintegration process can also be assessed using an indirect
(energy) indicator taking into account the impact of the treatment on the methane potential
of substrates [48,103]. Indirect indicators of energy and technological efficiency can be eval-
uated under the conditions of technical wastewater plant operation. The Cambi (forty-one
installations by 2021) and the Exelys (three installations by 2021) technologies have the
most experience in commercially available full-scale sludge hydrothermal pretreatment
processes [104]. However, the published data relates to direct indicators (mainly an in-
crease of biogas production and a reduction of sewage sludge) and not energy indicators
and balance.

5. Conclusions

Very rich scientific studies indicate a great need to develop the modeling of the thermal
disintegration of sewage sludge and processes occurring during methane fermentation
of liquefied substrates, taking into account the possibility of using these models in the
practice of designing and operating wastewater treatment plants. Thermal hydrolysis effec-
tively changed the physico-chemical properties of sewage sludge, improved dewatering
and biodegradability, increased biogas production and energy recovery, and decreased
carbon footprint.

It is important to pay attention to the process parameters, the use of which does not
result in the formation of inert substances that reduce the biogas potential and biodegrada-
tion efficiency.
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