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A B S T R A C T

In this study, laboratory-scale Pinned Disc Rotary Generator of Hydrodynamic Cavitation was used to treat 
waste-activated sludge with a Total Solids concentration of 0.7 %. Five different rotor–stator arrangements were 
tested, focusing on waste-activated sludge physicochemical and rheological parameters of industrial relevance: 
general chemical analysis, rheometry, dewaterability, interfacial tension, UV–Vis and FTIR spectroscopy. Radical 
formation in all five arrangements was confirmed using salicylic acid dosimetry before sample testing. Three of 
the arrangements generated twice the radical concentration of the other two and achieved a disintegration 
degree three times higher (17 % compared to 5 %). Capillary Suction Time tests demonstrated a 14-fold 
reduction in filterability across all arrangements, accompanied by an increase in interfacial tension exceeding 
10 %. Statistically significant changes in the UV–Vis spectra indicated alterations in dissolved organic matter 
humification, aromaticity, and molecular size of colorimetric dissolved organic matter, DNA, and RNA. FTIR 
analysis revealed characteristic peaks at 1537 cm− 1 and 1648 cm− 1, signifying microbial cell wall damage. 
Rheological analysis showed a reduction in apparent viscosity within the low shear stress zone (τ < 5 Pa) and a 
shift in the yield stress point to lower shear stresses (τ < 0.14 Pa compared to τ = 0.17 Pa for the untreated 
samples). Pearson’s correlation test revealed strong, statistically significant correlations between cell wall 
damage (as identified by FTIR) and hydrodynamic conditions in the reactor, while the correlation with radical 
formation was not statistically significant. This suggests that hydrodynamic forces were the primary drivers of 
cell wall damage, with potential synergetic effects from radicals.

1. Introduction

Water resources face escalating strain and depletion due to 
modernization, population increase and emergence of new pollutants. 
To achieve robust sustainable development, wastewater must be effec-
tively treated, with biological wastewater treatment plants (WWTP) 
serving as the cornerstone. These treatment plants rely on complex 
microbial communities, including bacteria, archaea, protozoa, fungi, 
and other microorganisms, collectively known as Activated Sludge (AS), 
which play a pivotal role in eliminating organic matter and degrading 

diverse pollutants [1].
A significant byproduct of the AS process is the generation of sub-

stantial quantities of waste-activated sludge (WAS) [2]. One of the most 
widely used techniques for stabilizing and reducing WAS volume is 
anaerobic digestion (AD). During AD, anaerobic microorganisms 
degrade organic matter while simultaneously producing biomethane, 
CO2 and other trace gases in the absence of oxygen, a renewable energy 
source, which can be harnessed to generate electricity, covering a 
portion of the power demand for WWTP operations. Among various 
pretreatment methods aimed at increasing biogas yield, hydrodynamic 
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cavitation (HC) has emerged as particularly promising. Several studies 
have highlighted the positive effects of HC treatment on WAS, including 
reduced digester volumes and hydraulic retention time, accelerated 
decomposition of volatile solids [3], improved settleability [4] and 
enhanced biogas production [5–10].

HC treatment of WAS demonstrated its effectiveness in damaging 
and breaking microbial cell walls and organic materials. During HC, the 
collapse of cavitation bubbles generates extreme local conditions, with 
temperatures reaching up to several thousand degrees Celsius and 
pressures up to several hundred atmospheres. These conditions cause 
the thermal decomposition of water molecules (H2O→•H+•OH), pro-
ducing highly reactive hydroxyl radicals (•OH) and hydrogen radicals 
(•H) [11]. These can be measured through coumarin dosimetry [12], the 
chemiluminescence method [13] and salicylic acid (SA) dosimetry [14].

Extracellular polymeric substances (EPS), which comprise approxi-
mately half of the organic matter in WAS, are composed of high- 
molecular-weight biomolecules, including proteins, polysaccharides, 
humic substances, nucleic acids, and lipids [15]. These biomolecules 
form a matrix that holds microbial cells together, influencing the for-
mation and stability of flocs. Hydroxyl radicals, generated through HC, 
can further form hydrogen peroxide (H2O2) and oxidize functional 
groups within EPS. This process results in the degradation and 
destruction of the sludge matrix [15,16], enhancing cell membrane 
permeability. Consequently, there is a partial release of biofilm matrices, 
EPS, intracellular matter, and DNA into the liquid phase, making these 
components more accessible for hydrolysis, the rate-limiting step in the 
AD process [17].

While the impact of cavitation on sludge rheology has been exten-
sively studied in the past, notably through acoustic cavitation [18–21]
and Ferro-sonication [22], these methods differ in their mechanisms and 
effects. Acoustic cavitation involves the use of high-frequency ultra-
sound to induce the formation and collapse of microbubbles, resulting in 
intense mechanical shear forces and chemical effects, such as the gen-
eration of reactive oxygen species. Ferro-sonication on the other hand, 
combines ultrasound with the Fenton oxidation process, where iron- 
based catalysts (e.g., Fe2+ or Fe3+) react with H2O2 to generate •OH, 
further enhancing the breakdown of organic matter. In comparison to 
these methods, rheological characteristics of HC-treated sludge [8,9,23]
remain less explored, particularly beyond classical flow curves (for 
example lack of amplitude sweep tests). Consequently, the examination 
of complex rheological properties remains an area warranting further 
investigation. Our preliminary study [24] has shown that HC treatment 
affects viscosity under low shear stress conditions in waste sludge with 
3.7 % total solids (TS) due to fragmentation and physicochemical 
changes. Therefore, one of the objectives of this study was to extend the 
investigation to sludge with lower TS content and measure complex 
rheological parameters, such as the storage (G′) and loss modulus (G′′).

With that in mind, this study aims to measure •OH production and 
evaluate their contribution to the treatment of WAS. By incorporating 
SA dosimetry [14], we evaluated radical production in the Pinned Disc 
Rotary Generator of Hydrodynamic Cavitation (PD-RGHC) across 
different rotor–stator configurations and convoluted their impact on the 
physicochemical changes in WAS. Using the same experimental setup as 
in previous research [24] utilizing a sample with defined chemical 
properties, we seek to provide a deeper understanding of the effects of 
HC treatment on physicochemical properties and the role of radicals in 
these HC processes.

This work builds upon past theories on the interaction of HC on water 
and organic materials [8,9,23–26]. The hypothesis of this study is that 
radical production and hydrodynamic forces during HC treatment 
significantly influence the physicochemical properties of WAS. Second, 
we hypothesize that forces during HC treatment specifically modify 
dissolved organic matter composition as measured through FTIR and 
UV–Vis spectroscopy, influences rheological behavior (Amplitude sweep 
test), and cell wall integrity, as determined by FTIR.

This study aims to elucidate the interplay between radicals and 

hydrodynamic conditions in the PD-RGHC setup, previously explored 
[8,24,27,28], focusing on their relative contributions to WAS disinte-
gration and structural modifications. These structural changes, driven 
by the combined effects of hydrodynamic forces and radicals at both 
macro and micro scales, are expected to have a profound impact on the 
rheological properties of WAS, which are crucial for pumping, transport, 
and dewatering processes at the industrial level, as suggested before 
[18,21,24,29].

2. Materials and methods

2.1. Cavitation device

The laboratory-scale PD-RGHC, developed by Gostǐsa et al. [28], was 
used in this study, Fig. 1. The five rotor–stator arrangements selected for 
WAS treatment were identified as the most aggressive by Gostǐsa et al. 
[27,28] and had shown promising results in preliminary tests on WAS 
with 3.7 % TS [24]. Recent research by Zupanc et al. [8] further 
demonstrated the effectiveness of pinned disc configuration in 
enhancing biomethane production, driving ongoing investigations.

The PD-RGHC features a rotor and stator disc with equidistant 
cavitation generation units (CGUs), which in this study were cylindrical 
pins or prism elements. Cavitation is induced by pressure drops and 
shear forces as the rotor CGUs pass the stator CGUs. In this study, we 
evaluated five rotor–stator arrangements previously tested in our earlier 
research [24]. Throughout the manuscript, these rotor–stator arrange-
ments are referred to by their configuration IDs, as shown in Fig. 2. For 
further details on the rotor–stator geometry, see Gostǐsa et al. [28].

In all cases, 4 L of WAS was treated for 30 consecutive cavitation 
passes; Np = Q•t/V, where Q is the flow rate, t cavitation time and V 
volume of treated sludge. HC tests were conducted at room temperature 
(23 ◦C), 46 % relative humidity, and ambient pressure (985 mbar).

2.2. Salicylic acid dosimetry

The influence of different rotor–stator configurations on the forma-
tion of •OH was investigated using salicylic acid (SA) dosimetry. During 
HC treatment, the •OH generated react with SA to produce the following 
hydroxylated products: 2,3-dihydroxybenzoic acid (2,3-DHBA); 2,5- 
dihydroxybenzoic acid (2,5-DHBA); and 1,2-dihydroxybenzene (1,2- 
DHB). These products serve as markers for •OH generation and allow the 
comparison of radical formation during the investigated HC treatments. 
An analytical method with HPLC coupled to a UV–Vis detector was used 
to determine the concentration of these SA products. The standards used 
for the analysis were of analytical grade and were purchased from 
Sigma-Aldrich (SA ≥ 99 %, 2,3-DHBA ≥ 99 %, 2,5-DHBA ≥ 98 % and 
1,2-DHB ≥ 99 %). The analysis of SA products and the validation of the 
analytical method are described in detail in Zupanc et al. [14]. The SA 
stock solutions with a concentration of 300 mg/L were prepared in 
distilled water on the day of the experiments. Before the HC experi-
ments, 4 L of the SA solution was acidified with 1 M HCl, purchased from 
Honeywell Fluka to a pH of around 2.5 (below the pKa of SA, which is 
2.97). For HPLC analysis, 1 mL of the sample was withdrawn after 0, 25, 
75 and 150 cavitation passes. The temperature was kept below 30 ◦C 
during the experiments. Chromatograms for pure SA and standard so-
lutions with the three analytes (1,2-DHB; 2,3-DHBA and 2,3-DHBA) are 
provided in Suppl. Material 1, Section 4, Fig. 4 and 4.2S. Analyte 
quantification was performed at the following wavelengths: 1,2-DHB at 
278 nm; 2,3-DHBA at 247 nm; and 2,5-DHBA at 320 nm. The corre-
sponding calibration curves are available in Supplementary Material, 
Section 4 Fig. 4.3S.

2.3. WAS sample origin

The WAS sample was obtained from the Ljubljana Central Waste-
water Treatment Plant, which processes around 82.200 m3/day of dry 

M. Blagojevič et al.                                                                                                                                                                                                                             



Ultrasonics Sonochemistry 115 (2025) 107291

3

flow, a peak flow of 103.500 m3/day and a peak flow of 157.000 m3/day 
of wastewater daily. The plant, designed for 360,000 population 
equivalents (PE), handles wastewater comprising 62 % municipal, 21 % 
stormwater, 11 % industrial, and 6 % foreign water [30].

After treatment, sludge undergoes AD in two mesophilic digesters 
(20 m diameter, 23 m height, 14,600 m3 total volume) with a retention 
time exceeding 25 days. This process produces about 5,100 Nm3/day of 
biogas, with 60 % to 64 % biomethane content [30].

For the experiment, 60 L of WAS were collected (before the polymer 
addition step utilized at the WWTP) to preserve its original composition. 
The sample was refrigerated at 7 ◦C overnight to prevent fermentation 
and microbial degradation and was homogenized manually for unifor-
mity before conducting the experiments as described before [24].

2.4. WAS physicochemical analysis

Total solids (TS), volatile solids (VS), and sludge volume index (SVI) 
were measured following the APHA guidelines [31]. For additional 

details, refer to Suppl. Material 1, Section 1.
Temperature, pH, electric conductivity (EC), and oxida-

tion–reduction potential (ORP), were measured with an HQ40D 
portable Multimeter and Intelligent HQD IntelliCAL Probe (Hach), 
calibrated per the manufacturer’s guidelines. These parameters were 
assessed before, during (with the probe immersed in the reservoir), and 
after HC [8,17,24].

Total chemical oxygen demand (TCOD) and soluble COD (sCOD) 
were determined with appropriate cuvette tests (Hach-Lange, Ger-
many). Total phosphorus (TP), Orthophosphate (PO4-P) and soluble 
ammonium (sNH4) were measured with test kits according to the 
manufacturer’s instructions (Hach-Lange, Germany). For soluble 
component preparation, the supernatant was obtained by centrifugation 
at 15,000 RPM (21.630g) for 10 min and subsequent filtration through a 
0.45 μm pore size filter (Chromafil Xtra CA-45/25). Cuvettes were 
analyzed using a DR 2800 spectrophotometer (Hach-Lange, Germany) 
[8,17,24,32].

WAS filterability, expressed as Capillary Suction Time (CST) in 

Fig. 1. Schematic representation of Pinned Disc Rotary Generator of Hydrodynamic Cavitation (PD-RGHC) measuring line, adapted with permission from reference 
[24]. 2024, Elsevier.

Fig. 2. Rotor-stator arrangements employed in the study and their characteristics.
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seconds, was assessed using a type 304 M CST apparatus (Tritonel). 
Lower CST values indicate better dewatering performance. The sludge 
sample was mixed thoroughly before CST was measured with an 18 mm 
diameter stainless steel funnel. Measurements were taken immediately 
after cavitation, performed in triplicate, and averaged [24].

Particle size distribution of WAS was measured using laser diffrac-
tion technology with Particle Size Analyzer Analysette 22 − Wet 
Dispersion Unit (Fritsch, Germany), as described before [8,17,24].

The physicochemical properties of the untreated WAS sample are 
detailed in Table 1.

2.5. Interfacial tension

The interfacial tension (IFT) or surface tension of WAS was assessed 
using a K20 EasyDyne tensiometer from Krüss GmbH (Hamburg, Ger-
many) at 25 ◦C. The Wilhelmy plate method was used with a 19 mm 
platinum plate and a wetted length of 40.20 mm. Measurements were 
taken in triplicate within 24 h post-cavitation, with samples stored in the 
dark at 7 ◦C [24].

2.6. Ultraviolet–visible spectroscopy (UV–Vis)

First, samples were centrifuged at 3200 g for 10 min, and the su-
pernatant was filtered through a 0.45 μm pore size filter. Then, 200 μl of 
each sample was pipetted onto a microtiter plate. Samples were 
measured with a UV–Vis spectrophotometer across the 200–900 nm 
wavelength range in 1 nm steps, using deionized water as a negative 
control. Measurements were made in triplicate and averaged.

For the characterization of dissolved organic matter (DOM), we 
employed the spectrophotometric parameterization approach by Helms 
et al. [8,17,33]. Colorimetric DOM (CDOM) was characterized by 
calculating molecular weight indices and slope ratios from the absorp-
tion spectra: A254 (organic compounds), SumA250-A450 (sum of 
absorbance from A250 to A450; CDOM concentration), E2:E3 (ratio 
A250/A365; relative size of DOM molecules), E4:E6 (ratio A465/A665; 
humification and aromaticity), and slope ratio (SR) of the regions 
275–295 nm and 350–400 nm (molecular weight and CDOM degrada-
tion) [8,17].

Next, nucleic acids were characterized using characteristic wave-
lengths: A230 (carbohydrates and aromaticity), A260 (DNA, RNA), 
A280 (proteins) and A320 (colorimetric DOC). DNA purity indices, 
DNA1 (A260/A230), DNA2 (A260/A280) and DNA3 (A260/A320) were 
calculated to determine the contribution of non-DNA compounds to the 
changes observed as described before [17].

2.7. Fourier-transform infrared spectroscopy (FTIR)

For the FTIR analysis, soluble fraction was analyzed using ATR-FTIR 

Omega 2 spectrometer (Perkin Elmer, USA) with wavenumbers ranging 
from 400 cm− 1 to 4000 cm− 1 and a resolution of 1 cm− 1 as described 
before [34].

2.8. Rheological analysis

Flow and dynamic measurements were performed using an Anton 
Paar MCR302 rheometer. The analyses were conducted in a thermal 
chamber maintained at a constant temperature of 25 ◦C. A parallel plate 
measuring system was utilized, as it offers lower sensitivity to settling 
[35], featuring a PP25-S (S-Sandblasted) measuring body for the upper 
plate and an INSET/pp25/SS/S D:25 mm, HETD 400 for the lower plate, 
with a set gap of 1 mm.

Flow measurements were carried out in the shear stress range from 
0.01–10 Pa at a constant frequency of 1 Hz. In the amplitude sweep test, 
the upper limit of the linear viscoelastic (LVE) range was determined 
within the shear strain (γ = s/h, where s is the deflection path and h shear 
gap) range from 0.01–100 % at the same frequency of 1 Hz. During the 
test, the applied stress was linearly increased over the entire duration of 
the test, 6.2 min. For detailed information on storage modulus (G′) and 
loss modulus (G′′), refer to Suppl. Material 1, Section 2.

2.9. Biochemical methane potential test (BMP)

To determine the BMP of treated WAS, a test was conducted using the 
AMPTS II system (BPC, Sweeden). The experiment utilized 0.5 L reactors 
in a temperature-controlled water bath at 38 ◦C. Each reactor was 
loaded with 300 mL of digestate from the Central WWTP Ljubljana as the 
inoculum and 70 mL of WAS as the substrate. Mixing was achieved with 
electric motors cycling 5 min on and 10 min off. CO2 in the biogas was 
captured using 100 mL glass bottles, with 80 ml 3 M NaOH (Sigma- 
Aldrich, Germany) [8,17,24]. Physicochemical parameters of the inoc-
ulum are available in Suppl. Material 1, Section 3.

2.10. Statistical analysis

The experimental results were analyzed using PAST software version 
4.12b [36], employing a combination of univariate and multivariate 
statistical methods to ensure comprehensive data evaluation. The uni-
variate analysis utilized the Kruskal–Wallis test to determine statistically 
significant differences (p < 0.05) among groups on an individual 
parameter basis, followed by Dunn’s post hoc test to identify specific 
pairwise differences. For multivariate analysis, a one-way PERMANOVA 
was conducted to assess statistically significant differences (p < 0.05) 
among groups, based on both, selected and overall data compositions. 
To visualize these multivariate relationships, non-metric multidimen-
sional scaling (nmMDS) was employed. Furthermore, Pearson’s (r) and 
Spearman’s correlation tests were employed to gain insight into the 
relationships and correlations among the investigated parameters. 
Additional details regarding the statistical methods can be found in the 
PAST user manual [37].

3. Results and discussion

3.1. Determination of salicylic acid products for assessing radical 
formation

The concentration of SA products is an important indicator for 
evaluating the formation of •OH during HC treatment. These radicals are 
highly reactive and play a critical role in degrading organic matter and 
enhancing sludge treatment processes. Three SA products (2,3-dihy-
droxybenzoic acid (2,3-DHBA), 2,5-dihydroxybenzoic acid (2,5-DHBA) 
and 1,2-dihydroxybenzene (1,2-DHB)) were measured for each rotor–-
stator configuration at the following Np: 25, 50, 75, 100, and 150 (re-
sults available in Suppl. Material 1, Section 5, Fig. 4.2S). For each 
configuration, as Np increased, so did the concentration of all three SA 

Table 1 
Physicochemical properties of WAS sample. For parameter abbreviations please 
see Materials and methods (2.4. WAS physicochemical analysis). All measure-
ments were performed in triplicate and are reported as mean ± standard 
deviation.

parameter unit value ± sd

TS % 0.67 ± 0.01
VS % of TS 68.1 ± 0.2
SVI ml/g 123 ± 2
pH − 6.97 ± 0.02
EC µS/cm 577 ± 1
ORP mV 38.5 ± 0.7
TCOD mg/l 10130 ± 365
sCOD mg/l 90 ± 1
sNH4-N mg/l 4.6 ± 0.4
sTP mg/l 185.4 ± 1.4
PO4-P mg/l 42.7 ± 1.4
CST s 23.9 ± 0.9

M. Blagojevič et al.                                                                                                                                                                                                                             



Ultrasonics Sonochemistry 115 (2025) 107291

5

products, indicating a correlation between cavitation treatment time 
and product formation. 2,3-DHBA was found to be the predominant 
product among the three, as also shown and discussed in detail in our 
previous study investigating the effects of the Venturi HC design [14]. It 
is very difficult to compare the results when different cavitation types 
and devices are used, especially due to the different energy inputs. 
However, comparing the results obtained during the study with those of 
the Venturi design, similar concentration ranges of SA products were 
achieved after 75 cavitation passes (after approximately 10 min, which 
is comparable to the 15-minute treatment in the Venturi HC) for the 8pin 
and 12pin designs.

From the measured SA products (2,3-DHBA, 2,5-DHBA and 1,2-DHB) 
the total SA product concentration (denoted as SAyield) was calculated 
for each rotor–stator configuration. Trendlines were then fitted to 
analyze SA product generation for the five configurations in respect to 
Np, Fig. 3 (details in Suppl. Material 1, Section 5). Linear trendlines 
provided the best fit for configurations with pinned rotor discs (8pin, 
12pin, 16pin and 8pin-NS) with (R2 > 0.99), while the 8prism config-
uration was best approximated with a second-order polynomial (R2 >

0.99). The 8pin, 12pin and 8prism regimes performed similarly in terms 
of SA production up to 50 passes. However, for longer treatment times, 
the 8pin and 12pin designs outperformed the 8prism design, indicating 
that the concentrations of SA products formed vary between different 
geometries. The lowest concentrations were measured for the 16pin and 
8pin-NS geometries. The amount of measured SA products is well sup-
ported by the reported effective pressure values, as well as the average 
area and standard deviation of the cavitation cloud, which were all 
higher for the 8pin, 12pin, and 8prism rotor geometries [28].

3.2. Physicochemical changes in waste-activated sludge

The physicochemical properties of WAS are critical for understand-
ing the effects of HC treatment and optimizing its application in sludge 
management processes. Temperature, pH, EC, ORP, and the solubility of 
chemical components are essential indicators that reflect the extent of 
structural and chemical alterations induced by HC.

The initial temperature of WAS sample before treatment was 16 ±
1 ◦C. Following the treatment process, temperature elevation values 
were recorded as follows: an increase of 7.2 ± 0.4 ◦C for the 8pin 

configuration, 8.4 ± 0.4 ◦C for the 12pin configuration, 7.9 ± 0.4 ◦C for 
the 16pin configuration, 8.0 ± 0.4 ◦C for the 8prism configuration, and 
5.7 ± 0.4 ◦C for the 8pin-NS configuration.

The chemical analysis (Table 2) reveals a slight reduction in pH 
across all configurations, indicative of the release of acidic intracellular 
components following HC-induced cell lysis. EC increases were also 
observed, i.e., 14.7 %, 13.7 %, 11.4 %, 9.3 %, and 6.8 % for the 8pin, 
12pin, 16pin, 8prism, and 8pin-NS configurations, respectively. This 
increase may be attributed to improved particle–particle contact, as the 
overall surface area increased due to particle fragmentation (with 
smaller particles resulting in higher conductivity and vice versa). The 
ORP increased in all our cases, indicating that HC-treated sludge became 
more readily reducible, however, its increase was below the threshold to 
improve the dewaterability of wastewater sludge as reported before 
[38].

It is well-established that cavitation of sludge increases its soluble 
components, commonly evidenced by an increase in sCOD post- 
treatment [6,7,17,39–41] as intracellular substances are released into 
the bulk liquid due to HC-induced damage. This trend is observed in the 
present study as well (Table 2). Furthermore, comparing the 8pin and 
8pin-NS configurations reveals that the presence of a stator disc does not 
enhance sCOD release performance for the 8pin rotor.

Regarding sNH4, increases of 1.0, 8.5, 2.9, 2.1 and 1.1 mg/l were 
measured for the 8pin, 12pin, 16pin, 8prism and 8pin-NS configuration, 
respectively. A similar trend to that of sCOD was noted, again indicating 
that 8pin and 8pin-NS configurations performed the poorest. The sTP 
decreased in all cases, suggesting that the soluble fraction was utilized 
for bonding with other non-soluble components, resulting in an increase 
of phosphorus in the form of orthophosphate.

The Kruskal–Wallis test was performed to evaluate statistically sig-
nificant differences among the configurations, revealing statistically 
significant differences for all the parameters (p < 0.05) (details in Suppl. 
Material 1, Section 1, Table 1.1S). Additionally, to assess the differences 
on a pairwise level, Dunn’s post hoc test was performed (the results of 
the test are available in Suppl. Material 1, Section 1, Table 1.2S). The 
analysis identified configurations that were statistically different from 
the raw sludge for the specific parameters as follows: pH and ORP: 8pin, 
12pin, 16pin; EC and PO4-P: 8pin, 12pin, 16pin; sCOD and sNH4-N: 
12pin, 16pin, 8prism; and sTP: 8pin-NS. For a detailed overview of the 
statistical differences among all the configurations, please refer to the 
supplementary material (Suppl. Material 1, Section 1, Table 1.2S).

The One-way PERMANOVA test (Suppl. Material 1, Section 1, 
Table 1.3S), revealed statistically significant differences among the 

Fig. 3. The sums of concentrations of three major SA products (2,3-DHBA, 2,5- 
DHBA and 1,2-DHB) with respect to number of passes in the PD-RGHC for the 
investigated rotor-stator geometries.

Table 2 
Change in chemical parameters: pH, EC, ORP, sCOD, sNH4-N, sTP, PO4-P. 
Measurements were performed in triplicate and are presented as mean ± stan-
dard deviation. Detailed statistical analyses, including the Kruskal–Wallis test 
(Table 1.1S), Dunn’s post hoc test (Table 1.2S), one-way PERMANOVA 
(Table 1.3S), and nmMDS analysis (Fig. 1.1S), are provided in Suppl. Material 1, 
Section 1.

raw 
sludge

8pin 12pin 16pin 8prism 8pin-NS

pH (− ) 6.97 ±
0.02

6.84 ±
0.02

6.86 ±
0.02

6.87 ±
0.02

6.85 ±
0.02

6.89 ±
0.02

EC (μS/ 
cm)

577 ± 3 661 ± 3 656 ± 3 643 ± 3 631 ± 3 616 ± 3

ORP 
(mV)

38.5 ±
0.1

46.1 ±
0.1

45.1 ±
0.1

44.1 ±
0.1

45.3 ±
0.1

43.3 ±
0.1

sCOD 
(mg/l)

90 ± 1 176 ± 2 392 ± 4 410 ± 4 387 ± 8 177 ±
16

sNH4-N 
(mg/l)

4.6 ±
0.4

5.6 ±
0.2

13 ±
0.3

7.5 ±
0.9

6.7 ±
0.9

5.7 ±
0.3

sTP (mg/ 
l)

185.4 
± 1.4

157.1 
± 6.9

168.7 
± 1.6

157.5 
± 2.1

158.5 ±
8.0

148.5 ±
14.0

PO4-P 
(mg/l)

42.7 ±
1.4

63.8 ±
1.4

65.8 ±
1.7

68.5 ±
3.8

53.6 ±
2.2

58.2 ±
1.4
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groups (p < 0.05), indicating strong evidence that the overall multi-
variate dataset differs significantly when all configurations are consid-
ered together. However, pairwise comparisons did not detect significant 
differences between individual pairs of groups. To further explore these 
findings, a nmMDS analysis was conducted to visualize group clustering, 
which revealed clear separations among the configurations (Suppl. 
Material 1, Section 1, Fig. 1.1S).

Disintegration degree (DD) is a key metric for assessing WAS treat-
ment efficiency, reflecting the release of intracellular and extracellular 
organic matter into the liquid phase. It was calculated using the 
following formula: 

DD[%] =
sCODf − sCOD0

sCODmax − sCOD0
× 100 (1) 

where sCODf is sCOD of treated WAS, sCOD0 is the soluble COD of un-
treated WAS and sCODmax is the maximum soluble COD determined 
through the alkaline hydrolysis method [42]. For this, 1 M NaOH 
(Sigma-Aldrich, Germany) was added to the initial WAS sample in a 1:2 
ratio and heated for 10 min at 90 ◦C. The sCODmax measured was 1803 
mg/l.

The alkaline hydrolysis method for measuring sCODmax is widely 
used [43–47]. However, in some studies on WAS treatment using RGHC, 
DD is often determined by using TCOD for sCODmax. To align our data 
with these studies [7,9,40], we also applied this method. Additionally, 
Petkovšek et al. [6] determined SCODmax using chemical treatment 
using H2SO4. To distinguish between these three methods, the following 
abbreviations will be used: DDTCOD, DDH2SO4 and DDNaOH.

Given the relatively short treatment time of approximately 4 min and 
the lower organic matter content, the calculated DD (Fig. 4) was not as 
substantial as those reported in other studies. For instance, Petkovšek 
et al. [6], reported a DDH2SO4 of 40.8 % and 57.2 % after 20 passes, while 
treating 196 L of WAS. Similarly, high values were observed in ultra-
sonication treatments. Erden and Filibeli [47] reported a maximum 
DDNaOH of 57.9 % at a specific energy of 9690 kJ/kg TS and a reaction 
time of 40 min. Interestingly, at higher energy inputs, DDNaOH 
decreased, likely due to strong radical-induced oxidation resulting in 
mineralization of soluble organics. Zawieja et al. [44] reported a DDNaOH 
of 35 % for ultrasonic treatment and 63 % when combined with Fenton’s 
reagent.

Kim et al. [40], with their Advanced RGHC (ARGHC), reported 
DDTCOD of 42.3 % after 20 passes. However, their method of calculating 
DD needs to be amended, as it involved normalization of the measured 
sCOD to compensate for oxidation to allow for comparison with their 
ultrasonication test. Without the normalization step, their DD values 
would be much lower, at 7.0 %, 10.1 %, 11.9 % and 13.5 % for 5, 10, 15 
and 20 passes, respectively. Further, in a laboratory-scale experiment 
(40 L) conducted without cooling, Vilarroig et al. [7] achieved a DDTCOD 
of 26 % with their cavitation generator in a treatment time of 30 min and 
22.5 passes, during which the sample reached a temperature of 70 ◦C. 
However, when cooling was employed (temperature below 35 ◦C), 
which better aligns with our study conditions, DDTCOD was only 2.2 %, 
2.8 % and 4.9 % after 37.5, 75 and 112.5 passes, respectively. Addi-
tionally, they emphasized that DD values were highly dependent on the 
quality of the substrate or co-substrate used which supports the lower 
values reported in the literature. For example, in a pilot scale PD-RGHC 
study, for the two investigated scenarios, DDNaOH values of 7.7 % and 
6.0 % after 30 passes (20 and 18.4 min, respectively) and DDTCOD of 2.0 
% and 1.5 % were reported [17]. In a laboratory-scale PD-RGHC study 
[8] DDNaOH and DDTCOD values of 22.3 % and 5.2 %, were achieved, 
respectively. Similarly, DDNaOH values of 12.2 % and 11.7 % were re-
ported when treating two different sludge samples in a hydrodynamic 
disintegrator at 3000 rpm (210 kJ/L) [43]. Low DDNaOH values of 6.4 % 
were also observed for ultrasonication treatment at a specific energy 
input of 200 kJ/kg TS [45].

In our preliminary study utilizing WAS with a TS content of 3.7 %, 

the selection of rotor–stator configurations did not lead to significant 
differences in solubilization performance [24], which involved WAS. 
However, our current study revealed that the choice of rotor–stator 
configuration significantly affects solubilization efficiency for samples 
with lower TS content, as suggested before [8].

3.3. Changes in UV–Vis spectra and characteristic indices

The analysis of UV–Vis spectra provides critical insights into the 
structural and compositional changes of CDOM in WAS following HC 
treatment. By examining spectral trends, characteristic indices, and their 
ratios based on the work of Helms et al. [33], the extent of organic 
matter fragmentation, oxidation, and humification processes can be 
evaluated. These indicators also demonstrate how HC mimics microbial 
degradation mechanisms, breaking down larger, recalcitrant com-
pounds into smaller, more reactive fragments.

UV spectra, presented in Fig. 5, showed the highest absorbance in the 
UVC (200–280 nm) and UVB (280–315 nm) ranges. Absorbance 
decreased monotonically across all samples, stabilizing at 0.2 in the 
visible range, with minimal sample differences. These results align with 
previous research [17] and suggest increased dissolved organic carbon 
(DOC) concentration post-HC treatment [48]. The observed changes in 
UV–Vis spectra can be primarily attributed to shear and pressure forces 
generated by the HC treatment, which affect the CDOM and its optical 
properties. The entire spectra from 200 to 900 nm are provided in Suppl. 
Material 1, Section 5, Fig. 5.1S, while the baseline-corrected spectra are 
available in Suppl. Material 1, Section 5, Fig. 5.2S.

The one-way PERMANOVA on the UV spectra (200–400 nm) 
revealed statistically significant differences among the samples (p <
0.0005). Non-metric multidimensional scaling (nmMDS) analysis 
clearly distinguished between configurations and showed similarities 
between 8pin and 16pin configurations, as illustrated in Suppl. Material 
5, Fig. 5.2S.

In Table 3, E2:E3 and E4:E6, SumA250-450 and the slope ratio (SR) 
of regions 275–295 nm and 350–400 nm are presented. An increase in 
the E2:E3 ratio post-HC treatment indicates the fragmentation of larger 
DOM molecules into smaller fragments [33], a trend observed across all 
five treatment cases, confirmed by particle size distribution analysis in 
Section 3.5. The E4:E6 ratio, a marker of humification [33], suggests 
increased decomposition and transformation of organic matter. This 
suggests that the effects of HC mimic microbial processes, but within a 
significantly shorter time frame, leading to the formation of more 

Fig. 4. Comparison of Disintegration Degree (DD) obtained either by chemical 
disintegration with NaOH (DDNaOH) method or TCOD (DDTCOD) method. 
Error bars represent one standard deviation. Same letters (a, b, c) designate 
statistically significant differences between columns within DDNaOH or 
DDTCOD results based on Dunn’s post hoc test (p < 0.05), available in Suppl. 
Material 1, Section 1, Table 1.4S. Columns sharing the same letter differ 
significantly.
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oxidized and recalcitrant compounds. However, E4:E3 did not increase 
in the 8pin-NS configuration, indicating inadequate treatment effects to 
promote the rate of these processes. Furthermore, elevated E4:E6 ratios 
may also indicate changes in CDOM’s aromaticity and molecular size, O: 
C ratio, C:N ratio and carboxyl content [33,49].

Further, the S350-400 index which is correlated with DOM humifi-
cation degree [50], indicates alterations in all samples except for the 
8pin-NS configuration, consistent with the E4:E6 findings. In contrast, 
the S275-295 index which is associated with DOM composition and 
molecular weight [33], revealed changes in all five configurations. The 
slope ratio (SR), which inversely relates to MW and is unrelated to DOM 
concentration [51], showed no clear trend, however, did exhibit an in-
crease in post-treatment.

Additionally, nucleic acid characterization indices, A230 (carbohy-
drates and aromaticity), A260 (DNA and RNA), A280 (proteins) and 
A320 (colorimetric DOC) were evaluated (Table 4). An increase in A230 

after HC treatment suggests elevated levels of non-DNA compounds, 
while an increased absorbance at A260 indicates higher concentrations 
of organic compounds such as DNA and RNA as well. A rise in A320 
indicated elevated colorimetric DOC levels, and an increase in A280 
reflected a higher concentration of proteins and aromatic amino acids in 
the sample [8,17,52]. The simultaneous increase in the E4:E6 and A280 
suggests a shift in the composition of the organic matter. While the 
overall complexity and aromaticity of the CDOM have decreased, as 
indicated by the E4:E6, there has been a specific increase in protein 
content, particularly those containing aromatic amino acids. This rise in 
protein content could result from several factors, most prominently the 
decomposition of organic matter, which released more proteins and 
peptides. Comparison with previous research [17] revealed a similar 
fold increase for the A230, A260, A280 and A320, with the 12pin and 
8prism configurations showing slightly higher values.

For the DNA purity indices (Table 5), DNA1 (A260/A230) and DNA2 

Fig. 5. Absorbance spectra of supernatant in UV–Vis spectra from 200 to 800 nm. The spectra for 8pin and 16pin samples overlap. Baseline-corrected spectra are 
available in Suppl. Material 1, Section 5, Fig. 5.2S.

Table 3 
Characteristic UV–Vis indices. E2:E3: relative size of DOM molecules; E4:E6: humification and aromaticity; SumA250-450: CDOM concentration; S275-295, S350-400 
and SR: molecular weight and CDOM degradation. Indices were obtained from triplicate spectra and are reported as mean ± standard deviation. Detailed statistical 
analyses, including Kruskal–Wallis test (Table 5.1S), Dunn’s post hoc test (Table 5.2S), one-way PERMANOVA (Table 5.5S) and nmMDS analysis (Fig. 5.15S), are 
available in Suppl. Material 1, Section 5.

Config. id. E2:E3 E4:E6 SumA250-450 S275-295 S350-400 SR

raw sludge 1.89 ± 0.02 1.18 ± 0.06 24232 ± 485 − 0.00367 ± 0.0001 − 0.00127 ± 0.00005 2.9 ± 0.1
8pin 2.34 ± 0.05 1.30 ± 0.08 33589 ± 1505 − 0.0079 ± 0.0004 − 0.00210 ± 0.00010 3.7 ± 0.3
12pin 2.22 ± 0.02 1.37 ± 0.06 39843 ± 635 − 0.0086 ± 0.0002 − 0.00257 ± 0.00004 3.3 ± 0.1
16pin 2.34 ± 0.03 1.31 ± 0.08 33558 ± 806 − 0.00891 ± 0.00004 − 0.00197 ± 0.00006 4.5 ± 0.1
8prism 2.17 ± 0.18 1.36 ± 0.13 38972 ± 5337 − 0.0079 ± 0.0007 − 0.00250 ± 0.00050 3.1 ± 0.7
8pin-NS 2.17 ± 0.02 1.19 ± 0.07 25226 ± 420 − 0.0058 ± 0.0001 − 0.00125 ± 0.00007 4.7 ± 0.3
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(A260/A280), no statistically significant differences were detected 
among the samples. These indices, however, indicate that high levels of 
non-DNA compounds were present in all samples (DNA1 and DNA2 <
0.9), suggesting the presence of proteins, polysaccharides, or other 
organic materials. Conversely, changes in DNA3 (A260/A320) were 
observed post-treatment, indicating a significant increase in nucleic 
acids predominance, i.e. hence purity, across most samples. This sug-
gests that HC contributed to enhanced elution of nucleic acids into so-
lution (intracellular and extracellular from EPS) and the concomitant 
reduction of colorimetric DOC, including humic substances or other 
contaminants that absorb at 320 nm, hence supporting the two-way 
action of cavitation on organic matter.

The Kruskal–Wallis test revealed statistically significant differences 
across all indices (E2:E3, E4:E6, SumA250-A450, S275-295, S350-400, 
SR, A230, A260, A280, A320, DNA1, DNA2 and DNA3). The results of 
the analysis are provided in Suppl. Material 1, Section 5, Table 5.1S. 
Additionally, Dunn’s post hoc test results for pairwise comparisons be-
tween groups can be found in Suppl. Material 1, Section 5, Table 5.2S, 
Table 5.3S and Table 5.4S. Furthermore, the one-way PERMANOVA test 
(Suppl. Material 1, Section 5, Table 5.5S) revealed statistically signifi-
cant differences among the groups (p < 0.05). Pairwise comparisons did 
not identify significant differences between individual pairs. To address 
this, nmMDS analysis was conducted to visualize group clustering, 
revealing clear separations among the configurations investigated 
(Suppl. Material 1, Section 5, Fig. 1.14S).

3.4. Changes in FTIR spectra and characteristic wavelengths

FTIR spectroscopy was used to analyze structural and compositional 

changes in WAS after HC treatment. By examining characteristic peaks, 
we offer insights into biochemical transformations, changes to microbial 
cell structures and the release of organic matter. This helps evaluate HC 
effects and interactions between hydrodynamic forces and biochemical 
components. The FTIR spectra of raw and HC-treated samples (Fig. 6) 
shows similar changes to those reported in our previous work [24], 
irrespective of different sludge batches. In our case, all FTIR spectra have 
similar peak positions, but slightly different peak intensities. Specif-
ically, an increase in the peaks at 1648 cm− 1 (C=O and C–N stretching 
vibrations of proteins, Amide I) and 1537 cm− 1 (N–H and C–N stretching 
in –CO–NH–, Amide II) was associated with amino acids in microbial cell 
walls [53]. Furthermore, some distinctions were observed in the band 
characteristic of bacterial cell walls for both Gram-positive and Gram- 
negative bacteria with its peak at 1234 cm− 1 [54]. The increased in-
tensities of the bands at 3280 cm− 1, corresponding to the O–H stretching 
vibrations of hydroxyl groups (–OH), suggest a higher presence of car-
boxylic acids or alcohols [55]. The apparent peaks from 2926 to 2853 
cm− 1, related to the C–H stretching in CH, CH2, and CH3 groups [55], 
indicate the presence of long-chain hydrocarbons and aliphatic organic 
compounds. These peaks were evident in all HC-treated samples. In 
contrast, the raw sludge exhibited similar peaks, but they were shifted to 
higher wave numbers. This shift was more noticeable in the raw FTIR 
spectra, as detailed in Suppl. Material 1, Section 6, Fig. 6.1S. Addi-
tionally, the intensity of the band due to C–O stretching vibrations at 
1050 cm− 1 increased as well, suggesting the increase of fats and fatty 
acids in the soluble sample [54]. This improved the availability of the 
same compounds for recovery through microbial lipid conversion, while 
also enhancing overall sludge reduction [56]. An increase was also 
observed in the intensity of the band with its peak at 1408 cm− 1, 
characteristic of C=O symmetric stretching in the protonated carboxyl 
group [55]. Different HC treatments caused differences in concentra-
tions of functional groups, similar to the study of Yang et al. [57].

The intensity of the bands associated with microbial and bacterial 
cell walls (1648 and 1537 cm− 1) was highest for the 8prism configura-
tion, which also exhibited the greatest pressure fluctuations and cavi-
tation cloud coverage [24,27]. SA dosimetry showed that 8prism, 8pin 
and 12pin configurations generated similar concentrations of •OH 
(Fig. 3). However, the 8pin and 12 pin were operated at lower pressures, 
suggesting that hydrodynamic conditions were the primary factor 
influencing cell wall damage. In contrast, the 16pin configuration had 
lower effective pressure, due to diminished cavitation cloud develop-
ment, while the 8pin-NS configuration, lacking a stator, failed to 
generate the necessary pressure fluctuations for aggressive cavitating 
conditions.

3.5. Analysis of particle size distribution, interfacial tension and capillary 
suction time

Particle size is a critical parameter for assessing the efficiency of 

Table 4 
Characterization of nucleic acid via characteristic wavelength indices and their fold increase and comparison with pilot scale study. A230: carbohydrates and 
aromaticity; A260: DNA and RNA; A280: proteins; A320: colorimetric DOC. Indices were obtained from triplicate spectra and are reported as mean ± standard de-
viation. Detailed statistical analyses, including Kruskal–Wallis test (Table 5.1S), Dunn’s post hoc test (Table 5.3S), one-way PERMANOVA (Table 5.5S) and nmMDS 
analysis (Fig. 5.15S), are available in Suppl. Material 1, Section 5.

Mean – water background Fold increase

Config. id. A230 A260 A280 A320 A230 A260 A280 A320

raw sludge 0.40 ± 0.03 0.30 ± 0.02 0.28 ± 0.02 0.20 ± 0.01 1 1 1 1
8pin 0.85 ± 0.07 0.63 ± 0.05 0.56 ± 0.05 0.35 ± 0.03 2.12 2.07 2.01 1.71
12pin 1.00 ± 0.03 0.77 ± 0.03 0.69 ± 0.02 0.45 ± 0.01 2.49 2.51 2.48 2.21
16pin 0.85 ± 0.04 0.64 ± 0.03 0.55 ± 0.02 0.34 ± 0.02 2.12 2.09 1.99 1.66
8prism 0.95 ± 0.2 0.73 ± 0.16 0.66 ± 0.15 0.44 ± 0.11 2.36 2.41 2.39 2.16
8pin-NS 0.52 ± 0.03 0.38 ± 0.02 0.33 ± 0.02 0.21 ± 0.01 1.30 1.25 1.20 1.02
A2* 0.450 0.268 0.228 0.124 1.44 1.27 1.28 1.23
B2* 0.705 0.451 0.387 0.229 2.26 2.13 2.17 2.28

* Results from Kolbl-Repinc et al. [17] for configuration A2 and B2 (after 30 passes).

Table 5 
DNA purity indices. DNA1 (A260/230): DNA/carbohydrates; DNA2 (A260/ 
280): DNA/proteins; DNA3 (A260/A320): DNA/colored DOC (primarily humic 
substances). Indices were obtained from triplicate spectra and are reported as 
mean ± standard deviation. Detailed statistical analyses, including Krus-
kal–Wallis test (Table 5.1S), Dunn’s post hoc test (Table 5.4S), one-way PER-
MANOVA (Table 5.5S) and nmMDS analysis (Fig. 5.15S), are available in Suppl. 
Material 1, Section 5.

Config id. DNA1 DNA2 DNA3

raw sludge 0.76 ± 0.08 0.76 ± 0.11 1.5 ± 0.14
8pin 0.74 ± 0.08 0.74 ± 0.13 1.82 ± 0.22
12pin 0.77 ± 0.03 0.77 ± 0.05 1.71 ± 0.07
16pin 0.75 ± 0.05 0.75 ± 0.08 1.9 ± 0.13
8prism 0.77 ± 0.03 0.77 ± 0.05 1.72 ± 0.07
8pin-NS 0.73 ± 0.06 0.73 ± 0.1 1.85 ± 0.16
A2* 0.596 1.175 2.161
B2* 0.640 1.165 1.969

* Results from Kolbl-Repinc et al. [17] for configuration A2 and B2 (after 30 
passes).
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sludge treatment. Smaller particle sizes can enhance biodegradability 
and facilitate downstream processes. The comparison of particle size 
distribution, interfacial tension and capillary suction time helps identify 
the degree of sludge disintegration and its impact on dewaterability. 
Particle size distribution curves Q3(x) and dQ3(x) (Fig. 7) reveal effective 
particle fragmentation across all five configurations, with reductions in 
d10, d50 and d90 values detailed in Table 6. All configurations exhibit 

similar reduction efficiency. However, consistent with Blagojevič et al. 
[24], the 8pin-NS setup showed less consistency, evidenced by an 
additional peak at 1000 μm in the dQ3(x) curve. A similar pattern was 
observed for the 8pin regime. This multimodal distribution indicates 
that while larger particles contribute to the overall volume, smaller 
particles dominate the 90 % mark.

For the 8pin, 12pin, 16pin, and 8prism configurations, D(4,3) was 

Fig. 6. FTIR spectra characteristic wavenumbers. 1050 cm− 1: Fatty acids; 1234 cm− 1: Bacterial cell walls of Gram-positive and Gram-negative bacteria;1408 cm− 1: 
Humification and organic matter decomposition; 1648 cm− 1 and 1537 cm− 1: Amino acids in microbial cell walls; 2853 cm− 1: Aliphatic organic compounds; 2926 
cm− 1: Long-chain hydrocarbons; 3280 cm− 1: Carboxylic acids or alcohols.

Fig. 7. Particle size distribution curves. Solid lines represent cumulative particle size distribution, Q3(x), while dashed lines represent differential particle size 
distribution, dQ3(x).
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reduced by factors of 2.3, 2.4, 2.6, and 2.6, respectively, while the 8pin- 
NS configuration achieved a reduction factor of 2.1. The D(4,3) mea-
surement for the 8pin-NS indicated that a significant portion of particles 
remain relatively large, which may impact the consistency and unifor-
mity of the WAS treated. This could influence performance in applica-
tions such as filtration or sedimentation processes.

Comparing particle sizes with sCOD values reveals that the config-
urations with the least consistency, 8pin and 8pin-NS exhibited the 
lowest sCOD release. This raises concerns about the effectiveness of the 
8pin rotor in enhancing sludge solubilization.

An increase in IFT was accompanied by an increase in CST, sug-
gesting enhanced release of EPS during cavitation, Table 6. The raw 
sludge had a surface tension of 46 mN/m, which increased to over 50 
mN/m post-HC treatment across all configurations. This increase in IFT 
is attributed to changes in particle size distribution: the reduction of 
larger particles and the increase of smaller ones reduces voids between 
particles, thereby enhancing contact area and strengthening intermo-
lecular bonds, adhesion, and cohesion forces within the sludge flocs 
[58,59].

The CST parameter (Table 6) is a crucial indicator for understanding 
the impact of HC on WAS filterability. The measured CST values reveal a 
significant deterioration in filterability after treatment, with post- 
cavitation values exceeding the typical drying bed threshold of 300 s 
[60]. The 12pin configuration exhibited the highest CST increase, with a 
factor of 26.3. The 16pin configuration followed with a factor of 23.2, 
while the 8pin and 8prism cases increased by factors of 19.1 and 18.9, 
respectively. The smallest increase, a factor of 14.4, was observed for the 
8pin-NS case, reflecting its lower cavitation extent and consequently 
smaller cell secretions compared to other configurations.

These results raise concerns about installing RGHCs before the 
dewatering process. However, it is important to consider that CST 
measurements may not reliably indicate sludge dewaterability in sys-
tems using centrifugation, as fine particles infiltrating filter media can 
cause clogging and increase CST values. Ruiz Hernando et al. [21] found 
that despite increased CST values following ultrasound treatment, 
sludge dewatering efficiency via centrifugation was notably improved. 
Additionally, improved dewaterability due to the release of intracellular 

water and EPS-bound water, which can be altered with HC was reported 
before [61].

It is also important to consider the effect of partial oxidation on CST 
values. Oxidizing certain compounds can increase their hydrophobicity, 
potentially worsening CST values. However, if these compounds are 
fully oxidized to CO2, CST might improve. This hypothesis is supported 
by studies where external oxidants such as O3 and H2O2 were used, 
which suggested potential improvements in CST [62,63]. Achieving 
optimal performance requires careful control of power density and 
treatment time. A treatment that is too short may only affect less 
cohesive flocs, leaving stable cellular structures intact. Conversely, an 
overly long treatment can excessively disrupt sludge cells, releasing 
substantial amounts of proteins and polysaccharides that could nega-
tively impact dewatering performance [64]. This warrants further 
investigation, particularly attributed to the release of interstitial and 
vicinal water.

3.6. Rheological analysis: Changes in flow curves and linear viscoelastic 
behavior

Understanding how WAS responds to external forces is crucial for its 
handling, transport, pumping, and dewatering. Knowledge of its rheo-
logical properties can inform the design and optimization of treatment 
processes, while changes in its viscoelastic properties after treatment 
can reveal improvements or deterioration in its structure and behavior. 
Overall, the rheological properties of WAS are well known. It is a non- 
Newtonian multiphase fluid that consists of colloidal matter, EPS and 
4 types of water: free water, interstitial water, surface or vicinal water 
and internal water [65]. WAS is characterized by shear-thinning and 
thixotropic behavior, polymer-like behavior at low shear rates and 
thixotropic colloidal suspension-like behavior at high shear rates [29]. 
Additionally, at TS concentrations below 10 %, some WAS samples may 
show flow curves indicative of both pseudoplastic and dilatant behavior 
[66]. Its rheological properties are strongly linked to the amount of Total 
Suspended Solids (TSS), particle size distribution, surface energy, dew-
aterability and EPS content [67]. Additionally, the surface charge of 
WAS significantly affects its stability and rheological properties by 
influencing the physicochemical interactions between bacteria and 
inorganic components [68].

The first analysis aimed to evaluate how HC treatment affects the 
flow behavior of WAS, particularly at different shear stress levels. Fig. 8
demonstrates the apparent viscosity as a function of shear stress for both 
cavitated and non-cavitated samples, all displaying shear-thinning 
behavior. HC treatment caused a permanent alteration to the 

Table 6 
Particle size distribution parameters (d10, d50, d90, D(4,3), Mode, Median, Span 
and Spec. Surface Area), IFT and CST. The values are reported as mean ±
standard deviation. Detailed statistical analyses, including the Kruskal–Wallis 
test (Table 1.5S) and Dunn’s post hoc test (Table 1.6S), along with a discussion of 
the results, are provided in Suppl. Material 1, Section 1.

parameter unit raw 
sludge

8pin 12pin 16pin 8prism 8pin- 
NS

d10 μm 9.3 ±
1.1

4.6 ±
0.4

4.4 ±
0.2

4.2 ±
0.3

4.1 ±
0.2

4.7 ±
0.1

d50 μm 42.1 
± 6.1

13.3 
± 1.4

12.8 
± 1.1

12.1 
± 1.1

11.8 ±
0.9

12.4 
± 0.5

d90 μm 103 ±
11.7

53 ±
25.7

47.9 
±

19.4

43.2 
±

25.1

38.6 ±
20

25.8 
± 2.4

D(4,3) μm 49.9 
± 6.1

21.6 
± 6.3

20.4 
± 4.2

19.3 
± 5.5

19.5 ±
7.1

23.3 
±

17.4
Mode μm 66.8 

± 6.5
13.3 
± 0.6

13.1 
± 0.5

13.1 
± 0.5

12.7 ±
0.4

13.9 
± 0.5

Median μm 42.1 
± 6.1

13.3 
± 1.4

12.1 
± 1.1

12.1 
± 1.1

11.8 ±
0.9

12.4 
± 0.5

Span − 2.2 ±
0.2

3.5 ±
1.6

3.1 ±
1.7

3.1 ±
1.7

2.8 ±
1.5

1.7 ±
0.1

Spec. 
Surface 
Area

cm2/ 
cm3

3373 
± 349

7737 
± 608

8310 
± 594

8310 
± 594

8530 
± 539

8256 
± 499

IFT mN/ 
m

46 ±
0.1

51.1 
± 0.1

51.3 
± 0.1

52.9 
± 0.1

54.6 ±
0.1

53.8 
± 0.1

CST s 24 ± 1 455 
± 13

627 
± 58

554 
± 37

450 ±
12

345 
± 35

Fig. 8. Apparent viscosity as a function of shear stress.
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rheological properties of WAS, with a pronounced reduction in apparent 
viscosity at low shear stress across all configurations. This reduction is 
significant as lower apparent viscosity can improve the efficiency of 
subsequent handling and treatment processes. Furthermore, this obser-
vation aligns with findings that apparent viscosity of WAS decreases 
with the amount of introduced ultrasonication-specific energy [18,20]. 
The reduction in apparent viscosity is most significant at lower shear 
rates, while at higher shear rates, where mechanical forces are greater, 
the effect of sonication is known to be less significant [20]. This 
reduction in viscosity can be primarily attributed to HC-generated shear 
and pressure forces, which sever bonds between individual particles, 
causing permanent structural damage to the sludge matrix and reducing 
particle size [69]. The temperature effect on WAS [70] further promotes 
a reduction in viscosity; as the thermal motion of particles becomes 
more violent at higher temperatures, the network strength between 
particles weakens more easily. Finer particles then occupy the gaps 
between larger ones, facilitating effective lubrication and further 
reducing viscosity. The measured SAyield confirms the presence of •OH, 
indicating that the extreme conditions necessary for their generation 
were indeed achieved. This suggests that the temperature effect, to some 
extent, could be responsible for the reduction in viscosity.

The 8pin-NS configuration, characterized by the lowest extent of 
cavitation, exhibited the smallest reduction in viscosity, consistent with 
previous findings [24]. This suggests that macro-scale shear alone (as in 
the 8pin-NS) is less effective than the combination of micro and macro- 
scale shear in modifying rheological properties. Further evidence is 
provided by comparing configurations with cylindrical CGUs on the 
rotor disc; the decrease in apparent viscosity is more significant with an 
increasing number of rotor pins, indicating more shear zones per rota-
tion. The 8prism configuration’s viscosity reduction lies between those 
of the 8pin and 12pin cases, underscoring the impact of shear zones on 
viscosity reduction.

Overall, the differences in viscosity are not substantial, suggesting 
that larger particles likely influence the results at lower shear rates/ 
stresses. The D(4,3) values further support this claim, with the 8pin-NS 
and raw sludge exhibiting similar values (considering the standard de-
viation of the 8pin-NS), while the D(4,3) values for other configurations 
are notably smaller. At higher shear rates/stresses, the aggregates/flocs 
break apart, resulting in similar viscosity values. Once shear stresses 
exceed 10 Pa, the floc structures are fully disrupted leading to compa-
rable apparent viscosity values across all samples, approximately 0.57 
Pa⋅s. The infinite viscosity (η∞), determined at a shear rate of 1000 s− 1, 
where sludge reaches ultimate stabilization after complete disruption, 
remained consistent across all samples.

The viscoelastic properties of the samples, presented in the form of 
storage (G′) and loss modulus (G′′) were measured at shear strains 
ranging from 1 to 100 % and a constant frequency of 1 Hz, Fig. 9. A 
greater decrease in G′ for the raw sludge sample implies that with HC 
sludge integrity has been irreversibly altered and that sludge flocs have 
been damaged. Consequently, less energy can be stored in the sludge 
matrix when exposed to external forces, meaning smaller elastic re-
covery. The largest drop in G′ was measured for the 8pin-NS configu-
ration, then followed 8pin and 12pin configuration. Regarding the 16pin 
and 8prism cases, there was an overlap between the untreated samples. 
From 20 % shear strain onward, the overlap was not present.

As for G′′, in the LVE range, all measured values for cavitated samples 
were lower than raw sludge, indicating impaired energy dissipation 
capabilities due to irreversible structural damage. G′′ for the HC-treated 
samples was constant until the shear strain exceeded 40 %, beyond this 
point G′′ started to decrease. For the raw sludge sample, G′′ began to 
decrease from its constant value at an earlier point, specifically at 10 % 
shear strain. In the non-LVE range, the reduction in G′ was more pro-
nounced than that of G′′, indicating that viscous behavior dominated 
over elastic behavior. A decrease in G′′ post-HC treatment indicates a 
reduction in the material’s ability to store elastic energy, suggesting a 
decrease in its stiffness or solid-like behavior due to the weakening of 

intermolecular bonds and disruption of structural integrity.
The G′=G′′ method was used for the determination of yield stress 

[35]. At the yield stress point, the viscous and elastic contributions are 
equal. Increasing the stress applied to the sample beyond this point will 
lead to a state of flow. The presented graph in Fig. 10, displays the yield 
stress points for the measured samples. It is noteworthy that the inter-
section point undergoes a leftward shift after the HC treatment, meaning 
cavitated samples transition from predominantly elastic to predomi-
nantly viscous behavior at lower shear stresses. Interestingly, the 16pin, 
12pin, and 8prism configurations yielded similar results concerning the 
alteration of the intersection point. The 8pin and 8pin-NS configurations 
showed comparable yield stress values, consistent with their d10 pa-
rameters. In contrast, the raw sludge with the smallest yield stress 
exhibited the highest d10 value.

Suppl. Material 1, Section 7 includes the viscoelastic properties of 
sludge in the LVE range from a frequency sweep test, revealing stronger 
elastic behavior (G′ > G″). The results indicate that HC treatment 
generally improves elastic behavior and reduces damping, suggesting a 
more homogeneous and ordered structure, potentially enhancing 
decomposition efficiency in the AD process.

3.7. Assessing the influence of radicals and correlations among 
parameters

In the following statistical analysis, measured physicochemical pa-
rameters, particle size distribution parameters, UV–Vis characteristic 
indices, FTIR characteristic peaks, SAyield, absolute pressure and flow 
rate were used to elaborate on the correlations between these 
parameters.

To visualize the differences and similarities in the effects of the 
investigated rotor–stator designs on WAS, these parameters were used in 
nmMDS analysis (Fig. 11). The 8pin, 16pin, and 8prism configurations 
cluster closely together, suggesting that their effects on WAS are quite 
similar. In contrast, the 12pin configuration is more distant, indicating a 
notable difference in its impact on WAS physicochemical properties 
compared to the other designs. The 8pin-NS configuration, which is 
known to produce fewer radicals, appears positioned near the raw 
sludge, implying that its treatment effect is less significant. A subsequent 

Fig. 9. Amplitude sweep test − Determination of LVE range, storage and loss 
modulus as a function of shear strain. Performed under destructive conditions 
like the flow test, but with oscillatory input. Differences in sample consistency, 
likely due to heterogeneity, are more pronounced at lower loads. At higher 
deformations, where aggregates/flocs break apart, these differences diminish.
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one-way PERMANOVA revealed statistically significant differences be-
tween the investigated designs (p < 0.0001). For further details, refer to 
Suppl. Material 1, Section 7.

Additionally, to assess the role of radicals in the treatment process, 
Pearson’s (r) multivariate correlation statistic test was carried out to 
reveal linear correlations between SAyield (attributed to overall radical 
production) and other measured parameters in this study. For the 
graphical representation and calculated values of the correlations be-
tween these parameters, refer to Suppl. Material 1, Section 7, Fig. 7.2S. 
The exact values can be found in the correlation table in Suppl. Material 
2 (Excel file). For the SAyield, several statistically significant correlations 
(p < 0.05) were observed, indicating that radicals significantly influence 
the treatment process. Specifically, strong positive correlations were 
found with parameters such as PO4-P (r = 0.89), IFT (r = 0.74), CST (r =
0.9), SSA (r = 0.85), and all UV–Vis characteristic wavelengths (r >
0.86); and UV–Vis characteristic indices: DNA3, E2:E3 and E4:E6 (r >
0.82); DNA1 (r > 0.74). On the other hand, DNA2 and SR did not show 
any statistically significant correlations. Strong negative correlations 
were noted with particle size parameters, including D(4,3), mode, me-
dian, d10, and d50 (r < -0.86), and spectral slopes S275-295 and S350- 

400 (r < -0.85). Moreover, for parameters like pabs and Q, statistically 
significant correlations with UV–Vis characteristic indices were limited 
to DNA3 and E2:E3 (r > 0.83). Given that SAyield showed strong corre-
lations with most UV–Vis indices these findings suggest that the 
observed changes in UV–Vis characteristics are predominantly attrib-
uted to the effects of radicals rather than the hydrodynamic flow con-
ditions. The results obtained for the UV–Vis characteristic wavelengths 
also align with the correlations observed between measured sCOD and 
UV–Vis absorbance scans at wavelengths of 290, 270, 260, 254, 245, 
240, and 220 nm, as reported by Waltham and Örmeci [71]. The present 
study reveals a strong, statistically significant relationship between 
sCOD and these UV–Vis characteristic wavelengths (R2 > 0.8). For 
further details, see Suppl. Material 1, Section 5, Fig. 5.7S–5.14S. Sur-
prisingly, Pearson’s (r) correlation test revealed no statistically signifi-
cant correlation between sCOD and SR. Further examination revealed 
that most UV–Vis characteristic indices exhibited strong positive cor-
relations with sCOD, DDNaOH, and CST (r > 0.8), positive moderate 
correlations with NH4-N (r > 0.75) and PO4-P (r > 0.64), and negative 
moderate correlations (r < -0.6) with mode, median and d50, all being 
statistically significant (p < 0.05). For the FTIR spectra, statistically 
significant correlations were observed for the peak at 3280 nm, associ-
ated with O–H stretching vibrations of hydrocarbons (Carboxylic acids 
or alcohols) [55]. This peak showed strong positive (r > 0.87) statisti-
cally significant correlations with D(4,3), mode, median, d10 and d50, 
and strong negative correlations with IFT (r < -0.84), SSA (r < -0.91); 
pabs and Q (r < -0.88). The analysis of microbial cell wall changes, 
indicated by FTIR peaks 1537 cm− 1 (N–H and C-N stretching in –CO-NH- 
, Amide II) and 1648 cm− 1 (C=O stretching in Amide I), revealed strong 
negative statistically significant correlations (r < -0.82) with both pabs 
and Q. Although SAyield also showed negative correlations (r = -0.6) with 
these peaks, they were not statistically significant (p = 0.041 and 0.048, 
respectively). These findings suggest that hydrodynamic flow conditions 
within the reactor were the primary factors influencing microbial cell 
wall changes, with a potential synergistic effect from radicals warrant-
ing further investigation.

Spearman’s (rs) correlation test (Suppl. Material 2) revealed the 
following statistically significant correlations: strong positive (r > 0.76) 
correlations between SAyield and the parameters sCOD, NH4-N, and 
DDNaOH; a strong negative (r = -0.94) correlation between pabs and FTIR 
1234 cm− 1 (associated with bacterial cell walls of Gram-positive and 
Gram-negative bacteria) (Wiercik et al., 2022a); and strong positive (r =
0.89) correlations between flow rate and the parameters sCOD and 
DDNaOH, suggesting that some correlations might be nonlinear.

Additional analysis, incorporating viscosity curves into the existing 
Pearson’s (r) table (Suppl. Material 2), revealed the following findings. 
Consistent with our past research [24], statistically significant 

Fig. 10. Modulus cross section obtained from the amplitude sweep test results (presented in Fig. 9).

Fig. 11. The nmMDS plot of measured parameters for the investigated 
rotor–stator designs. The corresponding Shepard plot is available in Supple-
mentary Material 1, Section 7, Fig. 7.1S.
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correlations were identified between viscosity at low shear stresses and 
several key parameters: sCOD (r < -0.83), CST (r < -0.92), and D(4,3) (r 
> -0.80). Contrary to the earlier findings on more concentrated WAS 
[24], no statistically significant correlations were observed with other 
particle size distribution parameters, except for d10 (r > 0.81; across the 
entire curve), and for d50 (r > 0.75) and SSA (strong negative; r < −

0.74) in the higher shear stress regions. At low shear stresses, additional 
correlations were observed with DDNaOH (r < -0.75) and PO4-P (r < 0.80) 
across the entire measured range. Statistically significant negative cor-
relations (r < -0.76) were also noted with most UV–Vis indices (A220, 
A230, A240, A245, A254, A260, A270, A280, A290, DNA1, E2:E3, E4: 
E6, SumA250-450), while S275-295 exhibited a strong positive corre-
lation (r > 0.83). These findings suggest that changes in rheological 
properties are closely linked to changes in DOM humification, aroma-
ticity, and molecular size of CDOM, as well as DNA and RNA. This 
supports the previous statement that cell secretions significantly influ-
ence the overall rheological properties [24]. Across the entire flow 
curve, statistically significant correlations were observed with E2:E3 (r 
< -0.89), PO4-P (r < -0.80; across most of the curve), and d10 (r > 0.81). 
In the low shear stress zone, additional correlations were found with 
S275-295 (r < -0.81). At higher shear stresses, statistically significant 
correlations were found with IFT (r > 0.82), mode (r > 0.83), median (r 
> 0.80), SSA (r < -0.82), d50 (r > 0.80), DNA3 (r < -0.82), SAyield (r <
-0.82), pabs (r < − 0.84), Q (r < -0.82), and FTIR 3280 cm− 1 (r < -0.81) 
(indicative of carboxylic acids or alcohols). Further, Spearman’s (rs) 
correlation test (Suppl. Material 2) revealed additional strong negative 
(r < -0.89) statistically significant correlations with sCOD, NH4-N and 
DDNaOH suggesting potential nonlinearity. The inclusion of data from 
amplitude and frequency sweep tests did not reveal any new 
correlations.

These findings underscore the complex interplay between various 
physicochemical parameters and radical production in HC treatment. 
However, in the future, more data is needed to better understand the 
underlying mechanisms and optimize these processes. Future research 
should focus on a detailed analysis of the synergistic effects between 
radicals and hydrodynamic flow conditions, as well as the implications 
of these findings for large-scale applications.

4. Conclusion

The study evaluated the impact of HC treatment on WAS with 0.7 % 
TS content using a laboratory-scale PD-RGHC. The findings highlight 
statistically significant changes in the physicochemical and rheological 
properties of WAS post-treatment. Chemical analysis confirmed an in-
crease in soluble components and alterations in various physicochemical 
parameters, with notable effects on sludge filterability and viscosity. 
Overall, PD-RGHC treatment shows promise in improving the manage-
ability of WAS, with potential benefits for wastewater treatment oper-
ations, despite the challenges associated with increased filterability and 
operational considerations.

The differences in WAS parameters between the individual rotor–-
stator configurations in this study (TS 0.7 %) are more pronounced and 
statistically significant compared to those observed in WAS with a TS 
content of 3.7 % [24]. This finding suggests that the effectiveness of 
specific configurations varies more substantially at lower TS content, 
offering valuable insights for future optimization efforts and providing 
guidelines to plant operators.

SA dosimetry revealed that radical production performance up to 50 
passes was quite similar for the 8pin, 12pin, and 8prism configurations. 
Beyond 50 passes, the 12pin and 16pin configurations demonstrated 
superior performance compared to the 8prism. Notably, the radical 
production with the 16pin and 8pin-NS configurations was approxi-
mately 50 % lower, with the 8pin-NS performing the least effectively.

DD increased for all five regimes, with 12pin, 16pin and 8prims 
configurations showing the most promise (>17 %). These three config-
urations produced twice the SAyield of the other two (8pin and 8pin-NS) 

and achieved a DD three times higher (>17 % compared to 5 %). HC 
treatment resulted in a considerable increase in CST, indicating a dete-
rioration in filterability (increased by a factor of 14.4) possibly due to 
smaller particles clogging filter pores. Regarding dynamic viscosity, the 
greatest reduction was observed with the rotor disc featuring the largest 
number of pins, specifically the 16pin configuration. A similar result was 
reported in a previous study on WAS with TS content of 3.7 % [24], 
indicating the superiority of this configuration in reducing apparent 
viscosity compared to other regimes. Additionally, a reduction in 
apparent viscosity and modifications G′ and G″ were observed, reflecting 
structural changes in the sludge. These changes, particularly the drop in 
apparent viscosity, are advantageous for sludge pumping and handling 
processes.

Statistically significant correlations were reported between radical 
concentration and UV–Vis characteristic indices (excluding DNA2 and 
SR), revealing that radicals are responsible for inducing changes to DOM 
humification, aromaticity and molecular size of CDOM, DNA and RNA. 
Statistically significant correlations were also reported between radical 
concentration and the following parameters: PO4-P, IFT, CST, D(4,3), 
mode and median. Changes in microbial cell walls were attributed to 
hydrodynamic conditions in the reactor as revealed by strong negative 
statistically significant correlations between peaks at 1537 cm− 1 and 
1648 cm− 1 and pabs and Q. Although radical concentration showed 
negative correlations with these peaks, the correlations were not sta-
tistically significant. This suggests that hydrodynamic forces were the 
main drivers of cell wall changes, with a possible synergistic effect from 
radicals.

The measured BMP of WAS were within the limits given in the study 
by Murovec et al. [72]. In our case, no increase in methane yield was 
achieved by pre-treatment (Suppl. Material 1, Section 3, Fig. 3.1S and 
3.2S) most probably due to the oxidation of labile carbon. Further dis-
cussion is given in the Suppl. Material 1, Section 3.

The study underscores the critical role and importance of radicals in 
the HC treatment process and provides insights for further optimizing 
the PD-RGHC setup to enhance treatment effectiveness. Future research 
will focus on investigating the biomethane yield for WAS with similar TS 
content and evaluating the energy balance. The goal is to further 
improve the sustainability and efficiency of this device in wastewater 
treatment processes.
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