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Abstract: The main purpose of this study was the assessment of the possibility of increasing the
production of biogas through the pre-treatment of thickened excess sludge (TES) by means of the
hydrodynamic cavitation (HC) conducted at different levels of energy density (EL) i.e., 70, 140 and
210 kJ/L. The experiments were performed on a pilot scale, and a mixture of thickened primary sludge
(TPS) and TES was used as digester feed. The results documented that an important parameter
determining the possibility of obtaining an enhanced methane production is the value of energy
input in the HC process. This parameter determines the changes occurring in sludge as a result of
disintegration (i.e., sludge floc deagglomeration, lysis of cells, re-flocculation process and the related
release of compounds susceptible to biodegradation from sludge flocs). The maximum increase in
methane yield (MY) of 152% was obtained for EL = 140 kJ/L. In this case, HC mainly caused sludge floc
deagglomeration. An increase in MY was also recorded when TES was subject to the disintegration
process at EL = 210 kJ/L. However, it was 4.3 times lower than that observed for EL = 140 kJ/L.
Pre-treatment of TES at EL = 70 kJ/L did not contribute to an increase in methane production.

Keywords: anaerobic digestion; hydrodynamic cavitation; thickened excess sludge; methane yield;
wastewater engineering

1. Introduction

The amount of generated sewage sludge constitutes only approximately 1%–3% of the volume of
produced wastewater. Nonetheless, it can be a potential threat to the environment in the case of its
improper management, because it contains, among others, heavy metals and pathogenic organisms.
Sludge, currently classified as waste, is becoming an increasingly serious problem, among others,
due to the ban on the landfill of particular waste fractions, including municipal sewage sludge (MSS),
containing more than 8% dry mass (TS), and with combustion heat exceeding 6 MJ/kg TS, binding from
1 January 2016 [1]. Due to the constant increase in the amount of municipal sewage sludge generated
in Polish wastewater treatment plants (WWTP), the management of MSS has become one of the basic
challenges of WWTP, and one of the major environmental and logistic issues in the country. In 2017,
in Polish municipal wastewater treatment plants, 584.5 thousand tons of dry mass of sewage sludge
was generated, a value 2.8% higher in comparison to 2016, and 2.9% higher than in 2015 Environment,
2018 [2]. On the other hand, sewage sludge can have practical importance, because it contains organic
substances and nutrients, and is one of renewable energy sources, which is in accordance with the
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latest trends of the circular economy. The Polish National Waste Management Plan 2022 (PNWMP) [3]
presents the following hierarchy of management of municipal sewage sludge: the prevention of its
production, preparation for its reuse, recycling, other recovery methods, neutralisation. One of the
processes of preparation of sludge for reuse mentioned in PNWMP 2022 is the disintegration process.

The disintegration process involves the destruction of the structure of activated sludge as a
result of the introduction of additional energy, consequently leading to the release of compounds
forming the matter of sludge flocs, including dissolved organic compounds, to the sludge liquid
phase Zielewicz [4]. In practice, it particularly applied to the intensification of the process of anaerobic
digestion. The process of disintegration of a part of the stream of excess sludge fed to anaerobic
digesters can result in the higher production of biogas, and a lower concentration of organic dry mass
in digested sludge, improving its susceptibility to the dewatering processes [5,6]. Many methods
of disintegration of sewage sludge exist, differing in the origin of the energy input to the system
i.e., mechanical, physical, chemical, biological and hybrid. The choice of the method of sludge
disintegration is determined on the one hand by its efficiency, and on the other hand by the related
investment and maintenance costs. Among the mechanical disintegration methods, hydrodynamic
cavitation (HC) is considered a more energy-efficient solution, in comparison to the extensively applied
ultrasound method [5]. A drop in static pressure, below the critical pressure in the liquid, causes the
HC. During the HC process, a number of phenomena occur, which increase the temperature of the
disintegrated sludge and generate large amounts of heat into the surroundings [7].

The positive effects of the application of HC as a pre-treatment method preceding the anaerobic
digestion process were reported by several research teams [5,6,8,9]. Jung et al. [8] obtained the
maximum MY of 187.62 ml CH4/g COD added, i.e., a value almost three times higher than that for a
sample not subject to pre-treatment. Patil et al. [9] showed a 144% increase in MY. A 12.7% increase
in MY and biogas production was obtained by Lee et al. [5] and Petkovšek et al. [6], respectively.
Similar observations for other disintegration methods have been made by many groups of researchers.
For example, Peng et al. [10] reported a 147.7% increase in MY for microwave irradiation (20 MJ/kgTS),
compared to the control reactor (no pre-treatment). Lippert et al. [11] reported a maximum 11.7%
increase in MY (in comparison to the control sample) by subjecting sewage sludge from the Traunstein
WWTP to ultrasound treatment (specific energy (ES) equal 200 kJ/kgTS). It is worth emphasising
that sludge disintegration at ES of 600 kJ/kgTS did not provide the expected results, and even a
decrease in MY by 2% was observed, in comparison to the sample not subject to ultrasound treatment.
Houtmeyers et al. [12] recorded a 27% increase in biogas production applying the same disintegration
method. Positive effects have also been observed after applying the hybrid treatment. For example,
Liu et al. [13] treating WAS with free ammonia with heat (135.4 mg FA/L and 70 ◦C) obtained a 25.2%
increase in biochemical methane potential in comparison to the sample not subject to pre-treatment.
Li et al. [14] applying the hybrid treatment (calcium peroxide 0.1 g CaO2/g VSS with ultrasonic 1 W/mL,
10 min) to waste activated sludge obtained an increase in MY up to 211.9 LCH4/kg VSS, constituting a
value higher by 35.7%, in comparison to the control sample.

Facilitation of the anaerobic digestion process through the application of different methods
of sludge disintegration does not only remain in the phase of research. Such solutions are already
applied in practice. Currently, approximately a dozen WWTP that apply sludge disintegration before
anaerobic digesters exist in Poland. Data from the treatment plants show, however, that the application
of (hydrodynamic and ultrasonic) disintegration does not always provide the expected result of
intensification of the anaerobic digestion process [15]. Publications by Zielewicz [15,16] present a
discussion on the differences in study results concerning the process of ultrasonic disintegration
obtained at lab-scale, in comparison to operating practice. The presented results referred to excess
sludge from nine different municipal wastewater treatment plants in Poland with population equivalent
(PE) > 50,000. Based on the results, the author determined that the susceptibility of sludge to the
disintegration process can be extremely varied, due to the different physico-chemical characteristics of
the analyzed sludge. The author obtained an evident impact of disintegration on the intensification of
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the anaerobic digestion process, only in three out of nine analyzed samples, and recorded a considerable
40% increase in the generated biogas only in one case. This led to the conclusion that, before the
introduction of the disintegration process in a particular WWTP, detailed pre-conceptual design research
should be conducted, in order to confirm the suitability of the selected technological solution, and to
avoid the high costs of purchase of such an installation. The author mentions several causes of failure
to obtain the same effects of the disintegration process in operating practice as in laboratory research,
particularly: lower values of energy introduced to the system; different constructions of disintegrators
(not the entire amount of sludge entering the disintegrator is subject to the process); only 20%–40% of
excess sludge being subject to disintegration (usually 100% at the lab-scale); an excessively long time
of storage of sludge in anaerobic digesters; and variable structure of sludge (related both to biological
wastewater treatment and to the process of sludge thickening).

Considering the literature reports, which, on one hand, document the possibility of increasing the
efficiency of the anaerobic digestion process through the application of excess sludge disintegration,
and, on the other hand, show that the assumed effect is not always obtained, it is appropriate to
conduct further research in this area. It is worth noting that, relatively few of the literature reports
refer to HC as a method of pre-treatment of sludge directed to digester. Those that do exist have been
conducted mainly on a laboratory scale for waste activated sludge. In this study, the topic of HC
was also addressed, but the experiment was carried out on a pilot scale, and a mixture of thickened
primary sludge (TPS) and thickened excess sludge (TES) was used as digester feed (the same mixing
ratio of TPS and TES as in WWTP from which sludge originated). The aim of the study was to assess
the possibility of increasing biogas production by introducing TES pre-treatment by HC conducted
at different levels of energy density (EL) (defined as the amount of energy related to one liter of
disintegrated sludge) of 70, 140 and 210 kJ/L. The studies presented in this paper were carried out
in a device (inducing cavitation in the disintegrated medium), which has so far been used to release
soluble organic compounds from sludge flocs to intensify the nutrient removal from wastewater [17].
In this study, the device was used to enhance the anaerobic digestion process.

2. Materials and Methods

2.1. Characteristics of the Substrate

The following substrates were used in the experiments: TPS, TES and digested sludge (DS) (used
as inoculum) from a municipal WWTP (PE = 1 580 000) (Table 1). At the treatment plant, the anaerobic
digestion process is conducted at hydraulic retention time (HRT) in a range of 22–26 days, and at a
temperature of 36 ◦C.

Table 1. Characteristics of investigated sludge types and operational parameters of anaerobic digesters.

Indicators Unit TPS 2 TES 3 DS 4

Total solids 1 [g/L] 50.4–64.4 34.6–39.7 26.5–28.9

Volatile solids 1 [g/L] 41.0–50.9 24.3–29.8 16.5–19.1

SCOD 1 [mg/L] 3420–3925 117–261 288–421

VFA 1 [mg/L] 1215–2422 26–31 36–55

HRT 1 [d] - - 22–26

Digester temperature [◦C] - - 36
1 minimum and maximum value; 2. TPS—thickened primary sludge; 3. TES—thickened excess sludge;
4. DS—digested sludge.

2.2. Disintegration Apparatus

The HC process was carried out in a laboratory device equipped with a multi-use rotor driven by
a motor with a power of P = 2.2 kW, motor speed: n = 2800 rpm (patent No. 214335). More details
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are presented in work Zubrowska-Sudol and Walczak [18]. A 10 L sample of TES was used for
each disintegration process, and the process was carried out at a selected energy density (EL = 70,
140, 210 kJ/L), expressed in kJ per 1 liter of disintegrated sludge. The amount of energy used in the
disintegration process was controlled by an electricity meter (energy density [kJ/L] was converted into
the amount of electricity [kWh], which enabled the precise collection of a sample from the device after
reaching the assumed energy consumption). The amount of energy was also defined as specific energy
(ES), expressed in kJ per 1 kilogram of total solids of disintegrated TES.

2.3. Experimental Setup

The experiment consisted of three series (S1, S2 and S3). The individual series differed in the level
of EL, at which the HC process of TES: S1-EL = 70 kJ/L, S2-EL = 140 kJ/L and S3-EL = 210 kJ/L was
conducted. In each series, the anaerobic digestion process was performed in two parallel digesters,
with a total volume of 44 L each, and working volume of 29 L, as shown in Figure 1. In order to maintain
the same conditions as at the WWTP, sewage sludge was mixed in the same mass ratio (50% TES
and 50% TPS). As mentioned above, the inoculum was digested sludge sampled from the mesophilic
anaerobic digester. It constituted 20% of the working volume of the reactor. The constant parameters
for both digesters were: working volume = 29 L, temperature = 36 ◦C, and pH in the range of 7.1–7.5.
Sodium bicarbonate and hydrochloric acid were used for pH adjustment. A mixture of digested
sludge constituting the inoculum, concentrated TPS and a disintegrated TES was introduced into the
first anaerobic digester (AD1). The second digester (AD2) was a reference point for the first, and its
substrate differed only in that the TES was not subject to the disintegration process. The digesters for
each series are described in the following abbreviations:

AD1-S1—anaerobic digester with pre-treated TES at EL = 70 kJ/L-series 1;
AD2-S1—anaerobic digester without a pre-treated-series 1;
AD1-S2—anaerobic digester with pre-treated TES at EL = 140 kJ/L-series 2;
AD2-S2—anaerobic digester without a pre-treated-series 2;
AD1-S3—anaerobic digester with pre-treated TES at EL = 210 kJ/L-series 3;
AD2-S3—anaerobic digester without a pre-treated-series 3.

Owing to this methodical approach, it was possible to check whether the process of disintegration
of TES before its introduction into the anaerobic digester allows for a greater production of biogas.
In order to compare the results obtained in all series (S1, S2 and S3), a relative values of parameters
characterizing the effectiveness of the anaerobic digestion process i.e., percentage increase in methane
yield (MY) and biogas yield (BY) and percent increase in biogas/methane accumulation, were used.
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The scope of the experiment included:

• Soluble chemical oxygen demand (SCOD), volatile fatty acids (VFA), ammonium nitrogen
(N-NH4

+), pH, alkalinity concentrations in the filtrate (the liquid phase) before and after
disintegration, as well as in digestate samples;

• Total solids (TS) and volatile solids (VS) concentrations in sludge before and after disintegration,
as well as in digestate samples;

• Sludge disintegration degree (DDCOD) according to Nickel and Neis [19];
• Total activity degree of aerobic microorganisms (ADOUR) according to Zubrowska-Sudol and

Walczak [18]; the determination of the index aimed at the verification whether deactivation of
microorganisms present in TES occurs at a given energy density.

The sludge was centrifuged for 30 min with a speed of 15,000 rpm (centrifuge MPW–350), and then
filtered through 0.45 mm filters, to obtain the liquid phase in each sample. All chemical analyses were
carried out in duplicates according to APHA Standard Methods [20]. The quantity and the composition
of biogas were measured daily. Measurements of biogas were performed by means of a MGCI meter
by Ritter, and measurements of biogas components were performed by means of a gas analyzer GA
5000 by Geotech.

3. Results and Discussion

3.1. Impact of Energy Density Input on TES Characteristic

During the disintegration process, soluble organic materials are released from the activated
sludge flocs, which can be used for methane production in the process of anaerobic digestion [21].
Table 2 presents the analyses of the changes in the characteristics of the liquid phase of the sludge.
A significant increase in SCOD concentrations was observed in samples of TES disintegrated at EL = 140
and 210 kJ/L. For TES disintegrated at an energy density of 140 and 210 kJ/L in reference to the
non-disintegrated sample, SCOD concentration increased 15 and 22 times, respectively. It can be
concluded that the disintegration carried out at those energy density levels increased the accessibility
of substrates contained in the sludge for bacteria responsible for the anaerobic digestion process.
When the disintegration process was performed at EL = 70 kJ/L, the SCOD concentrations enhanced
barely 3-fold. In samples after the disintegration process in reference to the sample before the process,
an increase in VFA concentration was also observed, suggesting the occurrence of the acidification
process. An increase in the energy density of the process of HC was accompanied by an increase in VFA
concentration. The maximum 55-fold increase in VFA concentration was recorded for EL = 210 kJ/L.
The analyses of changes in pH suggest that in reference to the non-disintegrated sample, a surge in EL

was accompanied by an increasing reduction of pH values in samples after the disintegration process,
which probably resulted from an increase in VFA concentration in the samples. The above observations
also confirm changes in the disintegration degree (DDCOD), an index describing the efficiency of
the disintegration process. With an increase in EL, the disintegration degree increased (Table 2).
Disintegration at increasingly higher energy density also caused deactivation of microorganisms
present in activated sludge flocs; at EL = 210 kJ/L, it was approximately 90. The observation suggests
the occurrence of lysis of cells.
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Table 2. Changes in the characteristics of thickened excess sludge (TES) depending on the energy
density used in the disintegration process.

Indicators Unit
Series 1 Series 2 Series 3

Raw TES 1 Dez.70 kJ/L 2 Raw TES1 Dez.140 kJ/L 3 Raw TES 1 Dez.210 kJ/L 4

SCOD [mg/L] 155 455 117 1755 261 5810

VFA [mg/L] 28 103 31 282 26 1418

pH [-] 7.7 7.6 8.8 8.0 8.3 6.8

DDCOD [%] - 1.4 - 4.5 - 48

ADOUR [%] - 10 - −4.0 - −89
1 Raw TES–TES before disintegration; 2 Dez.70 kJ/L-TES after disintegration conducted at energy density equal
70 kJ/L; 3 Dez.140 kJ/L-TES after disintegration conducted at energy density equal 140 kJ/L; 4 Dez.210 kJ/L-TES after
disintegration conducted at energy density equal 210 kJ/L.

3.2. Impact of Hydrodynamic Cavitation on the Anaerobic Digestion Process

3.2.1. Changes in the Characteristics of the Liquid Phase of Sludge during the Anaerobic
Digestion Process

Anaerobic digestion is a microbiological process in which complex organic substances are
transformed into biogas. VFA are important intermediate compounds during the anaerobic digestion
process, although their increased concentration may inhibit or even completely prevent the anaerobic
digestion process. A concentration of VFA in a range from 7000 to 10,500 mg/L is considered
inhibiting [22]. Therefore, changes in the indicator in the sludge liquid phase were controlled during
the anaerobic digestion process (Figure 2a–c).
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Figure 2. Changes in the concentration of volatile fatty acids (VFA) during the anaerobic digestion
process. (a) Series 1 (b) Series 2 (c) Series 3.

In the case of the first series (S1), the VFA concentration in both anaerobic digesters (AD1-S1 with
introduced mixture of sludge with TES subject to HC at EL = 70 kJ/L, and AD2-S1 with introduced
mixture of sludge with non-disintegrated sludge) remained below the concentration determined as
inhibiting for the anaerobic digestion process (Figure 2a). The analysis of changes in the concentration
of the index during the process of 23-day anaerobic digestion shows a gradual decrease in VFA
concentration from 6504 to 222 mg/L and from 5210 to 255 mg/L, respectively, for AD1-S1 from the
third day of the process and for AD2-S1 from the fifth day of the process (Figure 2a). The situation was
different in the case of the two remaining series (S2 (Figure 2b) and S3 (Figure 2c)). It may have resulted
from the fact that each series was conducted with the application of a different batch of sewage sludge
(TES, TPS and DS). The analysis of the course of points in Figure 2b shows a considerable increase
in the VFA concentration in the anaerobic digester with an introduced mixture of non-disintegrated
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sludge (AD2-S2). The VFA concentration in the reactor increased from 1490 to even 9880 mg/L, a value
recorded on the 21st day of the process (Figure 2b). Until the end of the observation, VFA concentration
varied in a narrow range, adopting a 7.3% lower value on the last (30th) day of the observation
(Figure 2b). The observations suggest that the recorded high concentration of VFA may be inhibiting
to the anaerobic digestion process, and therefore reduce the amount of produced biogas. In anaerobic
digester AD1-S2 (Figure 2b) with an introduced mixture with disintegrated sludge at EL = 140 kJ/L,
a gradual increase in the concentration of VFA from 1526 to 8356 mg/L was only observed until the
ninth day of the anaerobic digestion process. For the subsequent 10 days, the concentration of VFA
gradually decreased, adopting a value of 2908 mg/L on the 19th day. Analogically, as in AD2-S2
(Figure 2b), until the end of observation, the concentration of VFA varied in a narrow range, adopting a
value 15% lower than that recorded on the 19th day on the 30th day. In the case of AD2-S3 (Figure 2c),
throughout the anaerobic digestion process, the VFA concentration did not exceed the concentration
value considered as inhibiting to the anaerobic digestion process. The maximum VFA concentration
was recorded on the ninth day of the process, equal to 4798 mg/L. In the case of AD1-S3 (Figure 2c),
the VFA concentration was maintained at a relatively high level throughout the observation. Moreover,
between the fifth and 11th day of the anaerobic digestion process, it exceeded 7000 mg/L.

The ratio of VFA concentration to alkalinity (A) (VFA/A) is also important for the anaerobic
digestion process. Changes in the parameter during the anaerobic digestion process in all the conducted
series are presented in Table 3. According to Luste and Luostarinen [23] and Montusiewicz [24],
the value of the parameter should be in a range of 0.2–0.6. Another group of scientists report that the
VFA/A ratio up to a value of 0.3 ensures balance between acidifying and methane bacteria, without
disturbing the course of the anaerobic digestion process Bień and Wystalska [25]. The analysis of
changes in the VFA/A ratio obtained in our own research shows that only few values exceed the value
of VFA/A = 0.6. In all the conducted series, such values occurred between the third and 11th day
of the anaerobic digestion process, and varied from 0.7 to 0.9. It should be noted that in the case of
S2 and S3, no values of the VFA/A ratio above 0.6 were registered in the anaerobic digester without
disintegration. In AD2-S2, however, from the 11th day of the anaerobic digestion process, values of
the VFA/A ratio were higher than 0.3. The situation was similar in AD1-S3, where from the third to
25th day of the process values of the VFA/A ratio above 0.3 were observed, and between the fifth and
9th day, above 0.6.

Table 3. Changes in the VFA concentration to alkalinity (A) (VFA/A) ratio during the anaerobic
digestion process.

Series
Time of Anaerobic Digestion Process [days]

1 3 5 7 9 11 13 15 17 19 21 23 25 27 30

S1 1 AD1 0.5 0.9 0.7 0.5 0.5 0.4 0.3 0.2 0.2 0.1 0.1 0.0 - - -

AD2 0.5 0.5 0.7 0.6 0.5 0.4 0.2 0.2 0.1 0.1 0.1 0.0 - - -

S2 1 AD1 0.2 0.3 0.6 0.7 0.8 0.7 0.6 0.5 0.3 0.3 0.2 0.2 0.2 0.2 0.2

AD2 0.1 0.2 0.3 0.3 0.3 0.4 0.5 0.5 0.6 0.6 0.6 0.5 0.5 0.5 0.5

S3 1 AD1 0.1 0.4 0.7 0.8 0.8 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.4 0.3 -

AD2 0.1 0.3 0.5 0.6 0.5 0.4 0.4 0.2 0.2 0.1 0.1 0.1 0.0 0.0 -
1 the grey scale depends on the VFA/A ratio: < 0.3 colorless; 0.3 < 0.6 light grey; 0.6 < dark grey.

Ammonium nitrogen (N-NH4
+) concentration is another indicator the changes of which

considerably affect the curse of the anaerobic digestion process. Changes in the N-NH4
+ for all

the analyzed series are presented in Figure 3a–c. The analysis of the source of points in Figure 3a–c
shows that the most intensive (from 2.9- to 5.1-fold) increase in the concentration of N-NH4

+ in each of
the conducted series was observed between the first and the third day of the anaerobic digestion process.
During the period, N-NH4

+concentration increased from approximately 200 mg/L to even 892 mg/L.
On the subsequent days of the anaerobic digestion process, N-NH4

+ concentration gradually increased,
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adopting maximum values of 997 mg/L (AD2-S1; Figure 3a); 1180 mg/L (AD1 and AD2-S2; Figure 3b)
and 1180 mg/L (AD1-S3; Figure 3c), respectively. According to Appels et al. [22], the concentration of
N-NH4

+ below 2500 mg/L has no negative effect on the anaerobic digestion process. In all the conducted
series, the concentration of N-NH4

+ did not exceed 1180 mg/L. Therefore, it can be considered as a
factor that does not inhibit the course of the anaerobic digestion process.
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Figure 3. Changes in the concentration of N-NH4
+ during the anaerobic digestion process. (a) Series 1,

(b) Series 2, (c) Series 3.

3.2.2. Impact of Hydrodynamic Cavitation on Biogas and Methane Accumulation

Changes in the curves of biogas accumulation and the percentage of the content of methane
in biogas obtained in all the performed series are presented in Figure 4a–c. Figure 4a shows the
accumulation of biogas and percentage of methane in biogas obtained in S1. The obtained accumulation
was comparable in both digesters (AD1-S1 and AD2-S2), and after 23 days it was approximately 350 L.
The percentage of methane content was also at a very similar level, and from the ninth day of the
process it stayed in the range from 60% to 80%. No significant increase in methane production could
result from too low EL, at which the HC process was carried out.

Significant differences in the operation of digesters with or without disintegration were recorded
when the disintegration process was performed at the EL of 140 kJ/L (Figure 4b) and 210 kJ/L (Figure 4c).
The results analysis of S2 shows that the accumulation of biogas in AD1-S2 was 168 L, which represented
a value 39% higher in comparison to AD2-S2, where the accumulation of biogas was only 121 L.
The percentage of the content of methane in AD1 was also higher than in AD2. A considerable difference
in the content of methane was observed from the beginning of the anaerobic digestion process. For
the anaerobic digester without disintegration (AD2-S2), the percentage of the content of methane
never reached 60%. For the digester with disintegration (AD1-S2), from the 14th day of the process,
it was in the range from 60% to 80%. It should be noted that, from the 11th day of the anaerobic
digestion process, the percentage of the content of methane was two times higher in AD1-S2 than
in AD2-S2, which suggests inhibition of the anaerobic digestion process in AD2-S2. The inhibition
of the anaerobic digestion process could have been determined by the recorded high concentration
of VFA of approximately 8000 mg/L on the 11th day, maintained at a high level (approximately
10,000 mg/L), until the end of the observation (Figure 2b). Moreover, in AD2-S2, from the 11th day,
a high (above 0.3) value of the VFA/A ratio was observed, which also could have disturbed the course
of the anaerobic digestion process (Table 3). Another possible explanation for a greater production
of biogas obtained in AD1-S2, in comparison to control anaerobic digester, seems to be an increase
in the susceptibility of substrate to the anaerobic digestion process due to the disintegration process.
Performing the HC process caused a change in the structure of TES, increasing the accessibility of
organic compounds contained in the sludge for methanogenic bacteria, and therefore resulting in a
greater amount of generated biogas in the anaerobic digestion process. From the 22nd day of the
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observation, in both digesters, stabilization of the process was observed, as suggested by evident
flattening of the accumulation curves. The percentage of the content of methane was also maintained
at a constant level of approximately 70% and 50%, respectively, for AD1-S2 and AD2-S2.
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In the case of S3, the accumulation of biogas in the anaerobic digester with introduced TES
with disintegrated sludge (AD1-S3) was 52% higher in comparison to the control digester (AD2-S3).
A considerable difference in the operation of the digesters was observed from the beginning of the
experiment. The observations suggest that HC at EL = 210 kJ/L resulted in an increase in the accessibility
of organic compounds (dissolved organic compounds were released from activated sludge flocs, and the
structure of the solid phase of TES changed) for methanogenic bacteria, which permitted obtaining the
highest efficiency of biogas production. In spite of the considerable difference between the digester fed
with disintegrated sludge and control digester in the amount of produced biogas, the percent content
of methane was at a similar level. From the 10th day until the end of the anaerobic digestion process,
the percent content of methane in biogas in both digesters varied from 60% to 80%.

It is also worth emphasizing that HC at EL = 210 kJ/L most probably enabled the release of
intracellular compounds from activated sludge flocs, and at EL = 140 kJ/L, they were primarily
extracellular compounds. Such a hypothesis is supported by the values of the ADOUR presented
in Table 2. When energy density of HC reached 210 kJ/L, a rapid 89% decrease in the activity of
aerobic microorganisms was observed (ADOUR = (−89%)), suggesting very high deactivation of
microorganisms inhabiting activated sludge flocs. Such considerable deactivation of microorganisms
probably resulted from damage to cells resulting from disintegration, which suggests that a part of the
released organic substances originated from the intracellular structures. In the case of the disintegration
process at EL = 140 kJ/L, the degree of deactivation of microorganisms present in TES was only 4%,
which suggests that the released organic compounds primarily originated from extracellular structures.

3.2.3. Impact of Hydrodynamic Cavitation on Biogas and Methane Yield

The basic indicators for the assessment of the efficiency of the anaerobic digestion process is
biogas yield (BY) and methane yield (MY). Values of the BY and MY obtained in all the performed
series are presented in Table 4. The analysis of BY values for all the performed series showed that in
the case of series 1, for both digesters (AD1-S1 and AD2-S1), very similar values of BY were obtained
(the percentage difference was only 2.0%). However, in the case of S2 and S3, BY values obtained in
AD1 (TES subject to the HC process) were as much as 37% and 53% higher, respectively, in contrast to
AD2. For example, Lizama et al. [26] subjecting waste activated sludge to ultrasounds obtained a 31%
increase in BY. It should be emphasized, however, that the increase was obtained for ES = 35,000 kJ/kgTS,
which constituted a value 9.6 times higher than the value of the parameter for series 2 in this study.

Table 4. Changes in biogas yield and methane yield.

Indicators Unit
AD1-S1 AD2-S1 AD1-S2 AD2-S2 AD1-S3 AD2-S3

EL = 70 kJ/L - EL = 140 kJ/L - EL = 210 kJ/L -

biogas yield [L/gVSfed] 0.477 0.468 0.194 0.142 0.439 0.287

increase of BY
relative to control

digester
[%] 2.0 37 53

methane yield [L/gVSfed] 0.273 0.272 0.126 0.050 0.218 0.161

increase of MY
relative to control

digester
[%] 0.4 152 35

The analysis of MY values shows that in series 1, analogically as for BY, for both digesters,
the value of this indicator was very similar, and the percentage difference was only 0.4%. In the case of
S2 and S3 in AD1, the values of MY were significantly higher (152% and 35%) than in AD2 (which
was a reference point), which is also a trend analogical to that observed for BY. An increase in MY
recorded in series 2, however, was considerably higher than the increase in BY for the series. It resulted
from an increase in the contribution of methane in the produced biogas, mentioned in Section 3.2.2.



Energies 2020, 13, 2483 11 of 15

(AD1-S2). Referring the percent increase in MY to the value of ES and DDCOD (Figure 5, Table 4) shows
no linear correlation between the indicators, which seems to be an interesting finding considering the
fact that an increase in energy input in the disintegration process was accompanied by an increase in
the content of organic compounds expressed by SCOD and VFA in TES, i.e., methanogenic bacteria
had potentially more available substrate for the production of methane (Table 2). Similar observations
were reported by another group of scientists who recorded an increase in MY for low (200 kJ/kgTS)
and high (ES = 2000 kJ/kgTS) values of specific energy in their research without recording an increase
in MY for intermediate values of the indicator [27]. According to the data presented in Table 4 and in
Figure 5, the maximum increase in MY was obtained when TES was subject to pre-treatment at 140 kJ/L
(corresponding to ES = 3636 kJ/kgTS). At such parameters of the disintegration process, a relatively low
disintegration degree was recorded (4.5%), and only an inconsiderable deactivation of microorganisms
inhabiting activated sludge flocs was observed, which could already suggest that disintegration mainly
caused sludge floc deagglomeration, and the release of organic compounds constituting building
material of extracellular substances to the sludge liquid. The changes that occurred in TES, increased
the biological accessibility of organic matter for methanogenic bacteria, which allowed to obtain a
high increase in MY, were equal to as much as 152%. Significant improvement in MY due to various
pre-treatment methods has been reported by several researchers [10,28,29]. For example, Peng et al. [10]
analyzing the effect of combined treatment of excess sewage sludge (treatment conditions were a
microwave energy input of 20 MJ/kgTS and sodium citrate concentration of 0.11 g/gTS), recorded a
147.7% increase in MY. The recorded increase, however, was obtained at a considerably higher (5.5-fold)
value of Es in comparison to that in this study. Data presented in Table 4 and in Figure 5 also show
that an increase in EL for the disintegration process to 210kJ/L (corresponding to ES = 5526 kJ/kgTS)
did not cause a higher percentage increase in MY, in comparison to that obtained for energy density
of 140 kJ/L. It is also worth emphasizing that, in series 3, a considerable (11-fold) increase in the
value of DDCOD was recorded, in comparison to the value of the indicator recorded in S2, which
suggested that the HC process allowed for the release of a considerably higher amount of organic
matter from activated sludge flocs. This was not reflected in the percentage increase in MY; however,
that was equal to only 35% for this series (S3). This could have been caused by the phenomenon
described by Zeynali et al. [29], involving a slowing down of the reaction’s kinetics, and a decrease in
the efficiency of methane production, caused by the augmentation of larger particles and a gradual
increase in mean particle diameters. By applying ultrasonic treatment to fruit and vegetable waste,
the authors obtained the maximum 80% increase in MY for ES = 2380 kJ/kgTS, and by increasing
specific energy to 3560 kJ/kgTS, they recorded a 63% lower increase in the indicator. According to
Lippert et al. [11], a similar phenomenon occurs in disintegrated excess sludge. As a result of the
release of intercellular substances fulfilling the function of biopolymeric flocculants from sludge
flocs, the biological accessibility of organic matter contained in the sludge decreases, consequently
reducing the production of methane. The percentage increase in methane production recorded in
series 3 (by 35%) can be compared to results obtained by Gil et al. [30] and Zhen et al. [31]. The cited
authors obtained a 20% increase in the value of MY, in comparison to a control sample, by applying
microwave pre-treatment and combined electrical-alkali pre-treatment (electrical voltage = 5 V and
pH = 9.2), respectively.
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Figure 5. Percentage increase in methane yield in relation to specific energy and disintegration degree.

The last aspect worth highlighting is the net energy value, which takes into account the energy
expenditure on pre-treatment, which in this case was HC carried out at different levels of EL i.e.,
70, 140 and 210 kJ/L, and the amount of energy obtained from the additionally produced methane.
For this purpose, an energy balance was made, which is presented in Table 5 (the calculations refer
solely S2 and S3, for which an increase in methane production was obtained). The analysis of the data
shows that the energy input for pre-treatment exceeded the amount of energy additionally produced
from methane. No positive net energy gain was recorded neither for HC at EL of 140 kJ/L, nor at
210 kJ/L (Table 5). However, it should be noted that the net energy gain depends not only on the
percentage increase in methane produced by TES pre-treatment, but also on its absolute value. For S2,
where HC was carried out at EL = 140 kJ/L, the absolute value of methane produced was significantly
lower than in S1 (AD1-S1 = 200 L; AD2-S1 = 198 L) and S3 (AD1-S3 = 174 L; AD2-S3 = 130 L) and
was 103 and 39 L for AD1-S2 and AD2-S2, respectively, most likely due to the inhibition of anaerobic
digestion process caused by high VFA concentrations (which is discussed in Section 3.2.1). Assuming
that the absolute value of methane produced in S2 would be the same as in S1 or S3, a 67% and 102%
increase in methane production would allow a positive energy balance (the percentage increase in
methane production recorded in S2 was 164%). In order to confirm the possibility of obtaining a
positive energy balance, further research will be carried out. In this research the working of the system
will simulate the actual operation of the digester in the WWTP (i.e., the dosing and removal of sludge
will take place every day of anerobic digestion process). Taking into account the results obtained in
this experiment, the HC process will be conducted at EL = 140 kJ/L.

Table 5. Energy balance.

Parameters Unit
AD1-S2 AD1-S3

EL = 140 kJ/L EL = 210 kJ/L

Increase in methane
production [m3] 0.063 0.044

Energy content of extra
methane 1 [KWh] 0.253 0.176

Energy applied [KWh] 0.529 0.758

Net energy production [KWh] −0.276 −0.582
1 Energy content of extra methane calculated by assuming: methane calorific value = 36 MJ/m3 and electrical
efficiency of engine = 40%.
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4. Conclusions

The outcomes of this study proved that an important parameter determining the possibility of
obtaining an increase in methane production in the anaerobic digestion process is the value of energy
input in the HC process (defined as EL or ES). This parameter determines changes occurring in sludge
as a result of disintegration (i.e., sludge floc deagglomeration, lysis of cells, re-flocculation process, and
the related release of compounds susceptible to biodegradation from sludge flocs).

The maximum increase in MY of 152% was obtained for EL = 140 kJ/L (corresponding to
ES = 3636 kJ/kgTS). In this case, HC mainly caused sludge floc deagglomeration.

An increase in MY was also recorded when TES was subject to the HC process at EL = 210 kJ/L
(Es = 5526 kJ/kgTS). It was 4.3 times lower than that observed for EL = 140 kJ/L, however. This was
highly probably caused by the process of re-flocculation of disintegrated sludge particles (resulting in
the lower biological accessibility of organic matter contained in sludge).

Pre-treatment of TES at EL = 70 kJ/L (Es = 2023 kJ/kgTS) did not contribute to methane production
enhancement. The amount of produced biogas/methane in the samples with and without pre-treatment
was comparable in such a case.

In summary, for the purpose of increasing biogas production, it would be justified to apply
pre-treatment of TES before digestors, namely the HC process at the EL = 140 kJ/L. When considering
the application of the process in the technical scale, it is also worth taking into consideration additional
benefits, namely: (i) an increase in the susceptibility of sludge to dewatering; (ii) a reduction of the
costs of management of sludge due to increased VS reduction; (iii) a reduction of mixing energy
consumption, as a result of lower viscosity of sludge hydrodynamic cavitation.
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4. Zielewicz, E. Dezintegracja ultradźwiękowa i hybrydowa osadu nadmiernego; Termiczna mineralizacja
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