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• Efficient disintegration and solubiliza-
tion of WAS with novel PD RGHC were
reached.

• Microjets and shear forces caused me-
chanically cracked, torn off and split
cells.

• Increased soluble COD, NH4-N and NO3-
N confirmed release of intracellular
DOM.

• PTMconcentrations (most dominant for
Pb) were affected by chemical effects of
HC.

• PE, PP, PET, and PA-6microplasticswere
identified in the sludge sample.
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Wastewater treatment plants, the last barrier between ever-increasing human activities and the environment,
produce huge amounts, of unwanted semi-solid by-product - waste activated sludge. Anaerobic digestion can
be used to reduce the amount of sludge. However, the process needs extensive modernisation and refinement
to realize its full potential. This can be achieved by using efficient pre-treatment processes that result in high
sludge disintegration and solubilization. To this end, we investigated the efficiency of a novel pinned disc rota-
tional generator of hydrodynamic cavitation. The results of physical and chemical evaluation showed a reduction
in mean particle size up to 88%, an increase in specific surface area up to 300% and an increase in soluble COD,
D, disintegration degree; DO, dissolved oxygen; DOM, dissolved organic matter; cDOM, chromogenic dissolved organic matter;
tances; Ex-Em, excitation-emission; HC, hydrodynamic cavitation; MP, microplastics; MW, molecular weight; Np, number of
PE, polyethylene; PET, polyethylene terephthalate; PP, polypropylene; PTM, potentially toxic metals; ROS, reactive oxygen
vitation; sCOD, soluble chemical oxygen demand; SDS, sodium dodecyl sulfate; SE, specific energy; SESS, specific energy of
S, total solids; TW, tap water; WAS, waste activated sludge; WW, wastewater; WWTP, wastewater treatment plant.
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NH4-N, NO3-N, PO4-P up to 155.8, 126.3, 250 and 29.7%, respectively. Microscopic images confirmed flocs disrup-
tion and damage to yeast cells and Epistilys species due to mechanical effects of cavitation such as microjets and
shear forces. The observed cell ruptures and crackswere sufficient for the release of small soluble biologically rel-
evant dissolved organic molecules into the bulk liquid, but not for the release of microbial DNA. Cavitation treat-
ment also decreased total Pb concentrations by 70%, which was attributed to the reactions triggered by the
chemical effects of cavitation. Additionally, the study confirmed the presence of microplastic particles and fibers
of polyethylene, polyethylene terephthalate, polypropylene, and nylon 6 in the waste activated sludge.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Before it is released into the environment, municipal wastewater
(WW) is treated in wastewater treatment plants (WWTP), usually
using the biological activated sludge process. Unfortunately, the end
product of this process are large quantities of excess waste activated
sludge (WAS), reaching several million tonnes per year in the EU
alone (Iyare et al., 2020; Khanh Nguyen et al., 2021). The efficient man-
agement of these large volumes ofWAS represents one of themajor op-
erational costs for urbanWWTPs today (KhanhNguyen et al., 2021; Kim
et al., 2020).

WAS application to agricultural land and anaerobic digestion are two
of the most used options for sludge disposal (Khanh Nguyen et al.,
2021). For example, application of WAS to cropland has been shown
to improve crop productivity by increasing soil organic matter and nu-
trient content, increasing microbial biomass, and improving soil physi-
cal properties (Geng et al., 2020). However, due to the retention of
toxic organic chemicals, pathogens, potentially toxic metals (PTMs)
and microplastics (MP), the reuse of untreated WAS for agricultural
purposes is no longer recommended (Iyare et al., 2020; Khanh
Nguyen et al., 2021; Collivignarelli et al., 2019). PTMs can be toxic
even at low concentrations, are difficult to remove and can easily accu-
mulate in organisms. In the European Union, the use of WAS in agricul-
ture is regulated by the permissible limits of PTMs. According to EU
Directive 86/278/EEC (86/278/EEC) and Slovenian legislation (Official
Gazette of the Republic of Slovenia: 62/2008), municipal wastewater
sludge cannot be used on agricultural land if the concentration exceeds
the limits of 1.5, 200, 300, 1.5, 75, 250 and 1200 mg/kg (dry weight) for
Cd, total Cr, Cu, Hg, Ni, Pb and Zn, respectively. Some of themetals have
carcinogenic, mutagenic and/or teratogenic potential in humans. Most
toxic metals and metalloids are As, Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn
(Ali et al., 2019; Sabouhi et al., 2020). Together with PTM, the presence
of another emerging pollutant - microplastics (MP), the retention of
which in WAS has been repeatedly reported (Iyare et al., 2020), addi-
tionally hinders the use of WAS in agriculture. According to Slovenian
regulations, up to 2% and 0.5% (dry weight) of plastics larger than
2 mm are allowed in digestate and compost, respectively (Kisser et al.,
2020). MP, classified as synthetic polymer particles ranging in size
from a few μm to 5mm (Iyare et al., 2020), includes two types: primary
and secondary. Primary MP are particles intentionally produced for use,
such as particles added to cosmetic products, while secondaryMP result
from fragmentation of larger plastic wastes, such as expanded polysty-
rene products, fibers shed from textiles, fishing gear, etc., and rubber
particles derived from vehicle tire wear. WWTPs represent a critical
step in the flow of WW containing microplastics and can be a major
source of MP particles and microfibers, either via effluent or WAS
(Iyare et al., 2020).

The second option available toWWTPs to deal with the excess WAS
is anaerobic digestion (Khanh Nguyen et al., 2021). To improve anaero-
bic digestion and increase biogas production, various pre-treatment
methods such as biological, mechanical, thermal, and chemical pro-
cesses can be used (Khanh Nguyen et al., 2021; Carrère et al., 2010).
They facilitate anaerobic digestion by breaking cell walls, releasing
their internal contents, and improving WAS solubilization (Kim et al.,
2

2020). Acoustic and hydrodynamic cavitation have been described as
suitable mechanical pre-treatment methods (Khanh Nguyen et al.,
2021; Carrère et al., 2010; Bhat and Gogate, 2021), and have been
shown to increase biogas production in numerous studies (Bhat and
Gogate, 2021; Petkovšek et al., 2015). Cavitation is a physical phenom-
enon in which small vapour bubbles are formed in a liquid due to a
local pressure drop. When the bubbles formed collapse, large
amounts of energy are released in a very small spatial and temporal
region, triggering the mechanical (i.e., high temperatures, shear
forces, microjets, and shock waves) and chemical (formation of pre-
dominantly •OH) effects associated with cavitation (Benito et al.,
2005). The extreme conditions created by the collapse of cavitation
bubble provide a unique environment that can be exploited in a va-
riety of ways, from disintegration of WAS (Kim et al., 2020;
Petkovšek et al., 2015) to the degradation of organic micropollutants
(Zupanc et al., 2014) to the destruction of microorganisms and vi-
ruses (Zupanc et al., 2019).

Nowadays hydrodynamic cavitation (HC) is gaining attention as an
effective, easily scalable, and cost-effective process (Bhat and Gogate,
2021). There are many different HC designs used for WW and WAS
treatment, such as orifice plates, venturi tubes, and rotational genera-
tors of hydrodynamic cavitation (RGHCs) (Bhat and Gogate, 2021;
Wang et al., 2021). Compared to venturi and orifice designs, RGHCs
have lower specific energy consumption, allow for better scalability,
do not require a separate high-pressure pump, and still achieve similar
cavitation intensity (Wang et al., 2021). There are many different RGHC
designs being investigated, such as dimpled rotors (Kim et al., 2020;
Kim et al., 2019; Zubrowska-Sudol et al., 2020), serrated discs
(Petkovšek et al., 2015; Vilarroig et al., 2020) and pinned discs (PD)
(Gostiša et al., 2021a). Dimpled rotors and serrated discs have already
shown positive effects on WAS disintegration, while the PD RGHC de-
sign has only recently been developed and its hydrodynamic properties
published (Gostiša et al., 2021a). Compared to other designs, PD RGHC
has the advantage of better scalability and higher cost efficiency of
WW treatment in terms of cost per volume of treated WW and per
unit mass of removed COD (Gostiša et al., 2021a; Gostiša et al.,
2021b). Although the potential of cavitation as an efficient WAS pre-
treatment method has been repeatedly determined at lab-scale (Bhat
andGogate, 2021), to the authors knowledge there is only one study be-
sides ours that evaluates HC for WAS disintegration at pilot-scale
(Vilarroig et al., 2020). The lack of these studies is responsible for the
gap that exists between lab-scale and industrial scale, which is why
studies like ours are of utmost importance.

The aim of this study was to evaluate the potential of a novel pilot-
scale PD RGHC as a mechanical pre-treatment method for efficient
WAS disintegration. The effects of two RGHC regimes were assessed
by performing 1.) physical evaluation (i.e. particle size and distribution
analysis, microscopic analysis), 2.) chemical evaluation (i.e. WAS char-
acteristics analysis, dissolved organicmatter spectral analysis, microbial
DNA analysis) and 3.) PTMevaluation (i.e. totalmetal concentration de-
termination, evaluation of bioavailability by sequential extraction) of
WAS samples before and after cavitation. Additionally, the determina-
tion and identification of MP particles and fibers in WAS samples was
performed.

http://creativecommons.org/licenses/by/4.0/
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2. Materials and methods

2.1. Waste activated sludge (WAS)

The initial WAS was taken from a secondary sedimentation tank of
an aerobic biological stage treating municipal and industrial WW at
the Domžale - Kamnik WWTP. Thickened WAS with at least 1.5% total
solids (TS) content was used for the experiments. The main WAS char-
acteristics before the HC experiments are presented in Table 3 and the
Supplementary material, Suppl. 1 (sample AB0: initial, non-cavitated
WAS).

2.2. Hydrodynamic cavitation set-up

The effects of the PD RGHC on WAS were investigated on a set-up
with a pinned disc rotating generator of hydrodynamic cavitation (PD
RGHC) previously described by Gostiša and co-workers (Gostiša et al.,
2021a), (Gostiša et al., 2021b) shown in Fig. 1. PD RGHC comprised in-
tegrated pump impeller and cavitation inducing elements (discs with
multiple pin-shaped protrusions equidistantly distributed on the disc
circumference, Fig. 2 – 1) to induce cavitation in thewake region behind
the pins (Fig. 1 - right). For details on the RGHC design, please refer to
the Supplementary material, Suppl. 2.

The PD RGHCwas driven by a variable frequency drive-powered AC
motor (Fig. 2 - 2) and was installed in a closed-loop pipeline with a
1000 L reservoir (Fig. 2 - 3). The liquid ambient pressure (p0) near the
cavitation zone was measured with the absolute pressure transducer
(Fig. 2 – a), while the pressure head across the RGHC (Δp) was mea-
sured with the differential pressure transducer (Fig. 2 – b), both
model ABB 2600 T. Flow rate was measured using an electromagnetic
flowmeter ABB WaterMaster DN40 (Fig. 2 – c) and samples were col-
lected through the outlet valve (Fig. 2 - 4).

Based on the evaluation of hydrodynamic and cavitation characteris-
tics of the RGHC on TW and proved favourable conditions for COD re-
moval from WW (Gostiša et al., 2021b), two different operating
regimes and corresponding RGHC layouts (namely, layouts A and
B) were chosen (Table 1). Both layouts were selected in the fully devel-
oped cavitating flow regime to achieve efficientWASdisintegration/sol-
ubilization and determine if the process is sensitive to modification of
operating parameters such as rotor speed and pin diameter. Although
the visualization inWW in that studywas insufficient to draw firm con-
clusions, pressure pulsation measurements indicated that there was a
difference between selected cavitating regimes (Fig. 3). Amore detailed
description of the visualization and pressure measurement analysis can
be found in the study by Gostiša and co-workers (Gostiša et al., 2021b)
and the results presented in Fig. 3 are a summary of the tests performed
for the purpose of that study. All conditions were chosen near the mo-
tor's rated rotational speed of 3000 RPM and power 6.3–6.5 kW tomax-
imize the cavitation intensity.
Fig. 1. Pinned disc RGHC design with visible cylindrical stator and rotor pins (lef
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To compare the efficiency of the two selected PD RGHC regimes
(Table 1), the initial WAS sample (AB0) was the same for both HC ex-
periments (A andB).More detailed description of the experimental pro-
cedure is given in the Supplementary material, Suppl. 2.

Energy efficiency was estimated by introduction of two characteris-
tic WAS solubilization parameters as suggested by Villaroig and co-
workers (Vilarroig et al., 2020):

a) Specific energy (SE) per mass unit of TS treated

SE ¼ P � t
V � TS ð1Þ

b) Specific energy of sludge solubilization (SESS)

SESS ¼ P � t
V � sCODf−sCODi

� � ð2Þ
In Eqs. (1) and (2), P (kW) is the electrical power required to operate

RGHC, t (min) is the cavitation time, V (L) is the batch volume of cavi-
tated sludge, TS (g/L) is the initial total solids concentration. sCODf

(mg/L) represents the soluble COD of the disintegrated final sample
and sCODi (mg/L) represents the soluble COD of the initial sample
(AB0). The parameters SE and SESS are listed in Table 7 in comparison
with studies by other authors.

2.3. Sample preparation and analyses

Physical and chemical evaluation analyseswere performed to deter-
mine the effectiveness of the two HC regimes. For particle size and dis-
tribution and microscopic analysis 200 mL of the WAS sample was
taken, 100 mL for each analysis. For determination of WAS characteris-
tics, spectral and microbial DNA analysis 1.5 L WAS sample was taken.
For PTM analysis, 20 L WAS samples were collected. For these analyses,
samples were collected before HC experiments and after 15 and 30 Np,
respectively. For the analysis of microplastics, 1 L samples were col-
lected only before the HC experiments and after 30 Np. After 15 Np, ap-
proximately 22 L of sample was collected for the analyses described
above, which was considered in the treatment time for the remaining
15 Np at a constant flow rate.

2.3.1. Physical evaluation

2.3.1.1. Particle size and distribution analysis. Particle size and distribution
experiments of non-cavitated and cavitated WAS samples were per-
formed with the Analysette 22 MicroTec Laser Particle sizer - Wet
Dispersion Unit (Fritsch, Germany) according to the previously
t) and cavitation vortices in the low-pressure wake behind the pins (right).



Fig. 2. Left: experimental set-up image (upper left container with AB0WAS sample); Right: experimental RGHC set-up scheme: 1 – PD RGHC, 2 – electric motor controlled by a variable
frequency drive, 3–1000 L reservoir, 4 – discharge valve, a – absolute pressure transducer, b – differential pressure transducer, c -electromagnetic flow meter.
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described particle size analysis ISO 13320 - Laser Diffraction Methods
(Kolbl et al., 2016). Percentile particle sizes of 10%, 50% and 90% were
calculated and expressed as d10, d50 and d90, respectively. Mean parti-
cle size was expressed as D[4,3].

2.3.1.2. Microscopic analysis. Phase-contrast images of non-cavitated and
cavitated WAS samples, flocs, and individual microorganisms, were
taken using a microscope Nikon Eclipse 80i at magnifications of 100×,
200×, 400× and 1000×. A drop of the sample was placed on a micro-
scopic glass slide, spread evenly on the surface, and observed under
the microscope. If the particle concentration was high, the samples
were additionally diluted with water.

2.3.2. Chemical evaluation

2.3.2.1. Analysis of WAS characteristics. Before and after HC treatments,
measurements of pH, dissolved oxygen (DO), conductivity, salinity
and temperature were performed at the site of experiments. The details
of the equipment are given in Supplementary material, Suppl. 1.

For WAS characterization of the non-cavitated and cavitated sam-
ples, chemical analyses of the total and/or soluble fractions were per-
formed in duplicates and are given as average values with standard
deviations. For the soluble fraction, samples were centrifuged at
15,000 rpm for 20 min and the supernatant was used. In short, soluble
COD (sCOD), TOC (sTOC), NO3-N and NO2-N were measured using
LCK 114, 386, 340 and 341 cuvette tests (Hach-Lange, Germany), re-
spectively. Soluble NH4-N and PO4-P were determined according to
Method 8038 and 8178 (Hach-Lange, Germany), respectively. DR/
2800 spectrophotometer (Hach-Lange, Germany)was used for analysis.
Additional information is given in Supplementary material, Suppl. 1.

Disintegration degree (DD) also known as solubilization rate ofWAS
was calculated from the following equation (Khanal et al., 2007; Erden
and Filibeli, 2010):
Table 1
Experimental conditions for the two investigated HC regimes.

Exp Ds

(mm) × Ns
a

Dr

(mm) × Nr
a

n
(RPM)

Δp
(kPa)

P0
(kPa)

Q
(L/s)

P
(kW)

Np V
(L)

AB0 Initial, non-cavitated
A1 12 × 15 16 × 8 2700 102 22 8.0 6.3 15 320
A2 30
B1 10 × 8 3000 99 26 8.7 6.5 15 320
B2 30

a Ns: number of stator pins, Nr: number of rotor pins.
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DD ¼ sCODf−sCODi

sCODmax−sCODi

� �
� 100 ð3Þ

where sCODf (mg/L) is the average value of soluble COD of the final
disintegrated sample, sCODi (mg/L) is the average value of soluble COD
of the initial non-cavitated sample, and sCODmax (mg/L) is the average
value of soluble COD after chemical disintegration with NaOH. For chem-
ical disintegration, 1 M NaOH (Sigma-Aldrich, Germany) was added to
the initial sample at a ratio of 1:2 andheated at 90 °C for 10min. The value
of sCODmax was 4480 ± 113 mg/L. The value of DD is given in Tables 3
and 7, while disintegration rate DR = DD/t (%/h) is given in Table 7.

Linear Pearson's correlation and statistical significance were calcu-
lated in software PAST (Φyvind et al., 2001) to see the correlations be-
tween Np and measured physical (particle size and distribution) and
chemical (soluble COD, TOC, NH4-N, NO3-N, PO4-P) parameters of
non-cavitated and cavitated WAS samples.

2.3.2.2. UV-VIS and Ex-Em spectral analysis of biologically relevant
dissolved organic matter (DOM). The molecular weight (MW) of dis-
solved organic matter (DOM) was characterized using spectrophoto-
metric measurements according to Helms and co-workers (Helms
et al., 2009) and Twardowski and co-workers (Twardowski et al.,
2004). In short, non-cavitated and cavitated WAS samples were centri-
fuged at 13,000g before use. A series of molecular weight indices were
calculated from the absorption spectra to characterize the chromogenic
DOM (cDOM): specific ultraviolet absorbance (SUVA254), specific visi-
ble absorbance (SViA420), cDOM index, E255/E355 ratio, E465/E665
ratio, and sum of absorbances (A250-A450). Further, 3D excitation-
emission (Ex-Em) spectral profiles (excitation: 230–400 nm (1 nm
step) and emission: 400–600 nm (1 nm step)) of fluorogenic organic
matter were determined as described before (Helms et al., 2009).

For the characterization of nucleic acids, the following characteristic
wavelengths routinely used in DNA analyses were extracted: A230 (ar-
omatic compounds, polysaccharides), A260 (DNA, RNA), A280 (pro-
teins), A320 (chromogenic compounds). The mean ± sd values at
each characteristic wavelength and the extent of increase were deter-
mined on a sample-by-sample basis, and the DNA purity indices
A260/230, A260/280were calculated to determine the extent of change
in the contribution of compounds other than DNA as described before
(PROMEGA application note).

Deionized water (Millipore) was used as a negative control
in triplicate for all measurements. Multivariate analyses (npMANOVA,
nmMDS; p < 0.05; Benjamini-Hochberg correction (Benjamini and
Hochberg, 1995) for multiple comparisons) were used to test for



Fig. 3. Example of the occurrence of cavitation in TW and WW for the investigated HC layouts (left images) and corresponding pressure pulsation measurements in WW (right image).

Table 2
Particle size and percentile before (AB0) and after the two HC treatments (layouts A and
B).

AB0 A1 A2 B1 B2

D[4,3] (μm) 98.4 21.4 15.6 18.2 11.8
mode (μm) 131.2 15.0 13.6 14.5 12.7
median (μm) 87.2 20.1 12.4 13.9 11.0
d10 (μm) [%] 11.2 5.1 4.3 4.7 4.1
d50 (μm) [%] 77.0 15.1 12.4 13.9 11.0
d90 (μm) [%] 210.6 45.1 30.7 37.5 21.5
Specific surface area
(cm2/cm3)

2.6 × 103 7.5 × 103 8.8 × 103 7.4 × 103 10.4 × 103

Span 2.6 2.7 2.1 2.3 1.6
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differences between the five samples (non-cavitated and cavitated) and
to visualize the results. All measurements were aimed at exploring the
general changes in the nature of the chromogenic, fluorogenic and phe-
nolic compounds of DOC as a result of the physical changes and chemi-
cal reactions associated with cavitation. Detailed descriptions of the
procedures are provided in the Supplementary material., Suppl. 3.

2.3.3. Evaluation of most important WAS contaminants

2.3.3.1. Potentially toxic metals' determination and fractionation analysis.
To determine the total PTM content in non-cavitated and cavitated sam-
ples, 20 L of eachWAS samplewas transferred individually to the cham-
ber filter press where solid and liquid phases were separated. The liquid
phase was stored at 4 °C until analysis. The solid phase was dried at
40 °C. Pb, Zn, Cu, Mn, and Fe in samples were determined by AAS
(Varian, AA240FS) and As and Cr by graphite furnace AAS (GF-AAS,
Agilent, 240Z AA) after aqua regia extraction (ISO 1144624, 1995). All
analyses were done in triplicate.

The standard Tessier's sequential extraction procedure (Tessier et al.,
1979)was used to determine the association of Pb, Zn, Cu, Mn, Fe and Cr
with the exchangeable, carbonate, sulfide and Fe, Mn oxide, organic
matter, and residual fractions of the sludge.

Analysis of variance (ANOVA) was performed to evaluate the differ-
ences between cavitated and non cavitated WAS samples based on the
analysed parameters. In case of significant interactions, Duncan's test
(p < 0.05) was used to test the differences between the mean values.
Statistical analysis was performed using R software environment (R
Core Team, 2020).

2.3.3.2. Microplastic's extraction procedure and analysis. The following
procedure was used for extraction of MP from non-cavitated (AB0)
and cavitated samples (A2 and B2). 8 g of the dry WAS sample was
mixed with 1 L of sodium dodecyl sulfate (SDS) solution (c = 0.5 g/L)
at 50 °C for 24 h to separate MP adhered to organic and inorganic impu-
rities (Simon et al., 2018). The solutionwas then incubatedwith a cellu-
lase enzyme (Trichoderma reesei) at 50 °C for 72 h, having pH of 4.5. The
activity of the enzymewas kept at 12,000 enzyme units/L to completely
degrade cellulose fibers originating mainly from toilet paper waste
(Johnson et al., 2020). Organic impurities were then removed by oxida-
tion with 30% H2O2 in the presence of Fenton's reagent (Fe (II) 0.05 M)
in the ratio of 3:1 at 25 °C to catalyze the reaction (Simon et al., 2018).
Finally, a density separation was performed with ZnCl2 solution
(density of 1.7 g/L) to separate the MP from impurities. The sample
was kept in a separatory funnel for 24 h to separateMP from the sample
(Lorenz et al., 2019).

MP Fourier transform infrared (FTIR) spectroscopy analyses were
performed at room temperature on a Bruker Lumos in attenuated total
reflection (ATR) mode using a germanium crystal. The FTIR spectra of
the polymers isolated from the WAS samples were recorded in the
5

frequency region of 600 cm−1–4000 cm−1. The FTIR signalwas obtained
by averaging 64 scans at a resolution of 8 cm−1. Optical microscopywas
performed using a LEICA DMS 1000 digital stereo microscope with a
coded lens, allowingmagnifications up to 300×. AWITec alpha 300 con-
focal Raman microscope and imaging system was used to measure the
Raman spectra of the samples. The microscope was equipped with a
thermoelectrically cooled charge-coupled device and a 532-nm laser.
The spectra were recorded with a 20× objective and a laser power of
10 mW.

During the experiments no plasticware was used except for colored
nitrile rubber gloves and plastic PE wash bottle.
3. Results

3.1. Physical evaluation

3.1.1. Effect of cavitation on particle size and distribution
Physical evaluation of PD RGHC efficiency was performed using par-

ticle size and distribution analysis (Table 2). The smallest mean particle
size of disintegrated WAS sample was 11.8 μm. The particle size of AB0
ranged from 0.1 to 500 μm with a mean particle size of 98.4 μm. The
mean particle size in AB0 was significantly higher compared to the cav-
itated samples (layout A and B), 98.4 compared to 15.6 and 11.8 μm, re-
spectively. The most common particle size decreased for 90.3% from
131. 2 μm up to 12.7 μm. The percentile particle size d90, d50 and d10
of the treated samples were reduced by 85.4 and 89.8%, 83.9 and
85.8%, 62.0 and 63.4% for layout A and B, respectively. The largest parti-
cles were reducedmost effectively. The results in both HC regimes (lay-
out A and B) for the studied parameters were similar and longer
cavitation times (Np) led to better results in both layouts. The smallest
mean particle size and the highest specific surface area were obtained
in sample B2 (Table 2). The smallest span value obtained for sample
B2, indicates that the particles present in this sample were the smallest.



Fig. 4.Microscopic images (100× magnification) of WAS before and after HC treatment (left image - sample AB0, middle image – sample A1 and right image – sample A2).
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3.1.2. Effect of cavitation on microorganisms
The disintegration effect of HC on WAS samples was evaluated mi-

croscopically. The difference between AB0 and cavitated samples after
15 and 30 Np in floc size, shape and their distribution were observed
(Fig. 4). No major differences were observed between the two HC re-
gimes studied so the images in Figs. 4 and 5 represent only the changes
observed after 15 and 30 Np.

The image of the initialWAS sample (Fig. 4, left image – sample AB0)
shows an abundance of large flocs with empty spaces between the flocs
where the microorganisms are not evenly distributed on the surface.
After 15 Np (Fig. 4, middle image – sample A1) smaller flocswith better
dispersion of microorganisms can be seen. After 30 Np (Fig. 4, right
image – sample A2), flocs disintegration was even more pronounced
and fewer empty spaces between the flocs can be observed.

The WAS is composed of various microorganisms, such as bacteria,
fungi/yeasts, algae, protozoa, helminths, viruses, and other microscopic
plants and animals. The most pronounced damage was observed on
yeast cells and Epistilys species. Different types of damages to yeast cells
were present after 15 Np (Fig. 5 - b1, b2, b3), while damage to Epistilys
species was observed after 30 Np (Fig. 5 – a1). Damaged cell walls and
Epistilys heads (i.e., peristomial discs) torn off from the stems represented
themainmechanical effects of HC on the cells of microorganisms inWAS.

3.2. Chemical evaluation

3.2.1. Effect of cavitation on WAS characteristics
The effect of RGHC onWAS characteristics was evaluated by chemi-

cal analyses (Table 3). No differences of WAS characteristics were
Fig. 5. Images of Epistylis sp. (image A) and yeast cells (image B on) in the initial WAS sample
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observed between the two HC regimes (layout A and B). Total solids
(16.7 ± 0.6 g/L) and volatile solids (12.4± 0.5 g/L) did not change dur-
ing HC treatment. Similarly, total COD (COD) (16,700 ± 900 mg/L) did
not change, while an increase in sCODwas seen, confirming the disinte-
gration and solubilization of WAS (Table 3). This was further supported
by increased soluble TOC, NH4-N and PO4-P values. Soluble NOx-N
values (sum of NO3-N and NO2-N) also increased indicating chemical
nitrification. There were no differences in the values determined for
soluble total nitrogen (146.5 ± 2.1 mg/L), total phosphorus (536.5 ±
4.9 mg/L) and soluble phosphorus (65.5 ± 3.5 mg/L) between non-
cavitated in cavitated samples. The results are reported in Supplemen-
tary material, Suppl. 1. Linear Pierson correlation confirmed that the re-
lease of soluble organic fractions increased with cavitation time (Np). A
statistically significant difference was found between sCOD and sTOC of
non-cavitated and cavitated samples (p< 0.05) and a strong correlation
between Np, sCOD and sTOC (r = 0.974 and r = 0.889, respectively).
There are correlations between sCOD, sTOC, NOx-N, specific surface
area and mean size of WAS particles and statistically significant differ-
ences between non-cavitated and cavitated samples (r > 0.88,
p < 0.05). Detailed statistical calculations can be found in the Supple-
mentary material, Suppl. 4.

The calculation of DD of WAS (Eq. (3)) was based on the alkaline
pre-treatment (Erden and Filibeli, 2010). The values of DD increased
with longer Np and the highest values were reached after 30 Np,
7.7 ± 0.6% and 6.0 ± 0.6% for A2 and B2, respectively.

During the experiments, pHdecreased from6.9 in AB0 to 6 and6.2 in
HC layouts A and B, respectively. Conductivity, salinity, and DO
(1121 μs/cm, 0.36 ppm and 0.39 mg/L, respectively) did not change
(AB0) and the different damages observed after HC treatment (images a1, b1, b2 and b3).



Table 3
WAS characteristics of soluble fractions before (AB0) and after the two HC treatments (layouts A and B).

Exp Par AB0 A1 A2 B1 B2

sCOD(mg/L) 207 ± 14 345 ± 40 530 ± 1 376 ± 25 459 ± 57
sTOC (mg/L) 292.5 ± 34.6 333.5 ± 26.2 345 ± 11.3 322 ± 4.2 331.5 ± 7.8
NH4-N (mg/L) 9.5 ± 0.7 21 ± 0.0 21.5 ± 0.7 20 ± 0.0 18.5 ± 0.0
NO3-N (mg/L) 3 ± 0.7 9.5 ± 0.1 10.5 ± 0.7 9 ± 0.1 9.5 ± 0.7
NO2-N (mg/L) 0.06 ± 0.01 0.10 ± 0.01 0.11 ± 0.01 0.08 ± 0.01 0.11 ± 0.01
PO4-P (mg/L) 35 ± 0.3 45.4 ± 1.7 44.1 ± 3.7 43.7 ± 3.4 43.1 ± 3.5
DD (%) – 3.3 ± 0.4 7.7 ± 0.6 4.0 ± 0.4 6.0 ± 0.6
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during the experiments, and temperature increased from 14 °C to 18 °C
in both layouts (Supplementary material, Suppl. 1).

3.2.2. Effect of cavitation on microbial DNA and DOM
Aliquots of WAS were used to determine the number of microbial

cell equivalents based on the amount of DNA extracted as a rough esti-
mate of cell lysis. Essentially no differences detected in the amount of
microbial DNA extracted from 0.25 g WAS aliquots were observed be-
tween the initial WAS samples and after cavitation under either HC re-
gime, resulting in comparable estimates of microbial cell density per g
WAS (5.76 ± 1.3 109 cells/250 mgWAS).

In contrast to the DNA analyses based on WAS, UV-VIS and Ex-Em
spectroscopy were used to characterize the chemical nature of the
water samples (aromatic, chromogenic and fluorescent compounds)
because compounds with low-MW could be released into the water
after cell rupture, physical disintegration of cell surface components,
and/or additional modifications of chemical structure due to
cavitation-mediated chemical reactions.

The UV-VIS spectroscopy results showed that HC itself significantly
affected the UV-VIS spectra of the cavitated WAS samples compared
to the non-cavitated ones (npMANOVA, p < 0.10). In-depth UV-VIS
analyses of non-cavitated and cavitated samples, using different indices
from the spectral analyses of surface waters showed that due to of cav-
itation, the MW, chromogenicity, O:C ratio, C:N ratio and carboxyl con-
tent of the molecules in the supernatant were increased, while the
aromaticity of the dissolved molecules decreased (Supplementary ma-
terial., Suppl. 5 and 6).

The results show that cavitation significantly increased the abun-
dance of all biologically relevant compounds, regardless of the HC re-
gime studied (Table 4). The fold increase in the contribution of the
different compounds to the spectroscopic signal (Table 5) showed in-
creased values of the biologically relevant DOM by 50–77% (A1),
23–44% (A2), 48–58% (B1), 113–128% (B2). The lowest values were ob-
served in sample A2 (Table 5), with still more than 23% increase of var-
ious biologically relevant compounds. However, they were half lower
than the values obtained in sample A1 (shorter cavitation time), sug-
gesting chemical changes.

The characteristic indices describing which compound contributes
more to the signal, were not significantly affected, and remained largely
stable (260/230, 260/280, 260/320 and 280/320 were 0.53, 1.13, 1.87
and 1.65, respectively), regardless of the cavitation regime
(npMANOVA, p > 0.05).
Table 4
Mean values of characteristic wavelengths from spectroscopic analyses of water samples
before (AB0) and after the two HC treatments (layouts A and B). A230 (aromatic com-
pounds, polysaccharides), A260 (DNA, RNA), A280 (proteins), A320 (chromogenic com-
pounds). Standard deviation <10%.

Exp Mean values – water background

A230 A260 A280 A320

AB0 0.312 0.211 0.178 0.100
A1 0.553 0.340 0.289 0.159
A2 0.450 0.268 0.228 0.124
B1 0.494 0.314 0.269 0.151
B2 0.705 0.451 0.387 0.229
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The Ex-Em spectroscopy results confirmed that different chemical
changes occurred in response to cavitation depending on the HC regime
studied. The results show a gradual increase in the fluorescence of the
compounds present in the water after cavitation compared to the AB0
sample for both HC regimes studied (AB0 = 4521 ± 165; A1 =
4672 ± 621; A2 = 8133 ± 613; B1 = 7931 ± 658, B2 = 12,263 ±
164 relative fluorescence units). A more than twofold increase in the
emitted fluorescence was seen in the water samples after the initial
WAS sample - AB0 (Fig. 6 - image A) was exposed to 30 Np in layout
B (Fig. 6 - image B).

3.3. Evaluation of WAS contaminants

3.3.1. Effect of cavitation on potentially toxic metals (PTM)
The EUDirective 86/278/EEC (86/278/EEC) has introduced limits for

PTM in WAS to protect human health. Comparison of total concentra-
tions of PTM in the solid part of the initial WAS sample (AB0, Table 6)
with the legislation for biosolids used in agriculture, based on the
Slovenian legislation (Official Gazette of the Republic of Slovenia: 62/
2008), showed that the total contents of Pb and Cr fell within the
threshold values for biosolids, while values for Zn and Cu exceeded
the permissible standards. The trace elements such as Cu, Zn, Mo, Mn
and Fe are essential micronutrients required for plant growth but can
become toxic at high concentrations (Parveen et al., 2015). High con-
centrations of Fe and Mn were also detected in AB0 (Table 6), but
these two elements are not regulated by the EU Directive 86/278/EEC
(86/278/EEC).

It is evident that the total concentrations of metals were reduced by
HC treatment (Table 6). The most drastic decrease in concentration of
PTMwas observed for Pb: comparedwith sample AB0, cavitation signif-
icantly decreased Pb by 21% in sample A1, 67% in sample A2, 64% in sam-
ple B1, and 70% in sample B2 (Table 6). HC significantly decreased also
the total Cu content in A1, A2, B1 and B2 by 22%, 28%, 21% and 29%, re-
spectively, compared with AB0 (Table 6). However, the total concentra-
tions of Cu in cavitated WAS samples were still above the limits. The
total Zn content in cavitatedWAS samples decreased by 28% on average
compared with AB0 (Table 6) and was within the thresholds. The HC
treatment had no impact on As in sample A1, but decreased As below
the detection limit in samples A2, B1 and B2 (Table 6). Total Mn and
Cr contents were not significantly reduced by HC, while concentrations
of total Fe in samples A1, A2 and B2 were 11–16% lower than in AB0
(Table 6).
Table 5
Fold increase in signal after the two HC treatments (layouts A and B). Standard deviation
<10%.

Exp Fold increase (%)

A230 A260 A280 A320

AB0 1 1 1 1
A1 1.77 1.61 1.62 1.58
A2 1.44 1.27 1.28 1.23
B1 1.58 1.48 1.51 1.50
B2 2.26 2.13 2.17 2.28



Fig. 6. An example of the Ex-Em spectroscopy results before cavitation and after HC layout B. Image A represents the non-cavitated sample (AB0), while image B represents sample B2.
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The PTMs in the liquid part were also analysed. As in the solid part,
PTM concentrations in the precipitate of the liquid part of WAS were
generally lower in the cavitated samples than in AB0. Detailed results
are given in the Supplementary material, Suppl. 7.

The distribution of PTM in AB0 and cavitated WAS samples was also
determined (Fig. 7). In AB0, the organic fraction was predominant for all
metals (51–96%), followed by the residual fraction for Cr, Fe, Pb and Cu
(20, 12, 11 and 2%, respectively), the carbonate-bound fraction for Mn
and Zn (28 and 8%, respectively), and bound to Fe and Mn oxide for Mn
and Zn (14 and 8%, respectively) (Fig. 7 and Supplementary material,
Suppl. 8). In general, HC did not significantly change the distribution of
metals in WAS samples (Fig. 7 and Supplementary material, Suppl. 8).

3.3.2. Evaluation of microplastics (MP) present in WAS samples
Following the described procedure, optical microscopy showed MP

in all analysed WAS samples: untreated AB0 and cavitated A2 and B2.
Optical microscopy showed MP in the range of 100 μm - 1 mm which
consisted of colored fragments of unknown origin and fibers likely orig-
inating from clothing washing. Typical microfibres (red, orange, blue
and yellow) and fragments are shown in the Supplementary Material,
Suppl. 9. The number of fibers was much higher than the number of
fragments (generally a ratio of 10:1). The concentration of MP particles
did not differ significantly among the three WAS samples analysed. A
selection of MPs identified by optical microscopy were further analysed
by FTIR and Raman spectroscopy to confirm their artificial origin and to
determine the type of thematerial. By comparing the spectra of the par-
ticles with spectra in the spectral database, seven MP particles were
confirmed by FTIR to be made of synthetic polymers: five consisted of
polyethylene (PE), one of polypropylene (PP), and one of polyethylene
terephthalate (PET). The FTIR spectra are shown in Fig. 8, left image. Ad-
ditional FTIR spectra of PE can be found in the Supplementary material,
Suppl. 10.

Raman spectroscopy is often used as a complementary technique to
FTIR and is particularly advantageous for smaller particles (Araujo et al.,
2018). Nine MP were characterized by Raman spectroscopy, including
four colored particles and five dark or unpigmented particles. Two
Table 6
Concentration of PMTs (mg/kg) before (AB0) and after the two HC treatments (A1, A2, B1, B2
different letter denotes significant differences (Duncan test, p < 0.05).

Pb (mg/kg) Zn (mg/kg) As (mg/kg) Fe (

AB0 180 ± 7.2 a 1539.4 ± 9.3 a 2.9 ± 0.1 a 48,2
A1 142.1 ± 0.6 b 1092.4 ± 15.1 b 3.3 ± 0.2 a 40,5
A2 59.6 ± 3.7 c 1092.4 ± 18.5 b n.d. 42,9
B1 65.7 ± 1.5 c 1168.2 ± 21.9 c n.d. 44,5
B2 54.1 ± 0.7 c 1076.0 ± 29.5 b n.d. 40,5

n.d. = not detected.
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weremade from PE, two from PP, and three from polyamide. Represen-
tative Raman spectra of PE, PP, and polyamide-6 (PA-6) are shown
in Fig. 8, right image. Two colored particles (red and pink) showed
fluorescence and spectra matching pigment Red 254 (1,4-bis(4-
chlorophenyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-3,6-dione), which is
widely used in the plastics industry. Raman spectra of various MP and
red/pink dye can be found in the Supplementary material, Suppl. 11
and Suppl. 12, respectively.

4. Discussion

There are three possible pathways for disintegration of flocs, de-
struction of microorganisms and organic compounds present in WAS
during cavitation: mechanical, chemical, and thermal. Mechanical ef-
fects of cavitation result from the collapse of bubbles, which generate
high intensity shock waves and hydro-mechanical shear forces in the
fluid surrounding the bubbles. These can disintegrate flocs and cause
the release of organic matter from the inner part of the flocs, resulting
in enhanced WAS solubilization. In addition, they can break intra- and
intermolecular bonds, breaking molecules with high MW into lower
ones (Wang et al., 2021; Holkar et al., 2019). Furthermore, microjets
combined with local shear forces can damage cells of individual micro-
organisms and release their intracellular matter – biologically relevant
DOM. The extreme conditions created by bubble collapse, namely high
local temperatures, and pressures, simultaneously cause chemical ef-
fects, through homolytic cleavage ofwatermolecules into hydroxyl rad-
icals, that can oxidize soluble organic molecules inWAS. It is postulated
that •OH and/or various reactive oxygen species (ROS), formed under
different conditions duringHC can cause damage to cells ofmicroorgan-
isms, as thoroughly described in Zupanc and co-workers (Zupanc et al.,
2019). Additionally, high local temperatures (presumably several
1000 K) (Benito et al., 2005) can thermally degrade and destroy the
cell walls of microorganisms present in WAS. During the collapse of
the cavities, the gas-liquid mass transfer of the reactants is also en-
hanced due to the turbulence caused by this collapse (Kim et al., 2020;
Wang et al., 2021; Khanal et al., 2007; Holkar et al., 2019).
) in WAS samples (solid part). Average values with standard error (n = 3) are shown. A

mg/kg) Cu (mg/kg) Mn (mg/kg) Cr (mg/kg)

16 ± 1944 a 469.5 ± 5.3 a 332.7 ± 5.1 a 108.9 ± 0.7 a

28 ± 641 b 365.7 ± 2.0 b 317.8 ± 3.4 ab 112 ± 1.2 a

21 ± 463 bc 338.6 ± 1.0 c 308.2 ± 1.3 b 106.7 ± 1.1 a

23 ± 141 ac 368.8 ± 4.2 b 317.1 ± 3.9 ab 122.2 ± 1.7 a

45 ± 1565 b 335.4 ± 8.5 c 292.8 ± 8.0 c 107.0 ± 1.8 a



Fig. 7.Metal fractionation before (AB0) and after the two HC treatments (layouts A and B) in WAS samples. Data are given as an average of 3 combined samples.
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The mechanical effects of PD RGHC were first determined by physi-
cal evaluation of the samples. The disintegration ability of PD RGHCwas
confirmed while no differences were found between the two HC re-
gimes. The mechanical effects resulted in reduced floc size, decreased
mean particle size, and increased specific surface area for all cavitated
WAS samples (Table 2). It can be observed that the volume occupied
by small particles increased with cavitation time (Table 2: D[3,4], d90,
d50, d10). The largest particle size reduction (88%) and specific surface
area increase (300%) compared to AB0, was obtained in RGHC layout B
(Table 2, sample B2).With longer Np, statistically significant differences
and strong correlationswere observed between the specific surface area
of non-cavitated and cavitated samples (r= 0.952, p < 0.05). Strong in-
verse correlations between non-cavitated and cavitated samples were
observed between Np and mean particle size (r = −0.848). Detailed
statistical calculation can be found in Supplementary material, Suppl.
4. A similar particle size reduction of 79% and 82% under optimized HC
9

conditions was reported by Kim and co-workers (Kim et al., 2020) and
Cai and co-workers (Cai et al., 2018), respectively. The mechanical ef-
fects were also confirmed by microscopic images of floc disintegration
(Fig. 4). The disintegration of flocs by HC has also been observed in
other available studies, either in the form of particle size and distribu-
tion analysis (Kim et al., 2020; Cai et al., 2018) or microscopic images
(Petkovšek et al., 2015; Cai et al., 2018).

The mechanical effects of PD RGHC extend to the observed damage
to the cells of individual microorganisms (Fig. 5). Themechanism of de-
struction observed on a yeast cell (Fig. 5 – images b1 and b2) can most
likely be associated with the impact of the microjet resulting from bub-
ble collapse (Dular et al., 2019). An indirect impact “peels” the cell
(Fig. 5 – image b1), while a direct impact splits it in half (Fig. 5 –
image b2). Even more interesting is the case shown in Fig. 5 – image
b3, where the damage is concentrated on the “poles” of the yeast cell.
Relating the specifics of this case to the recent simulations of the bubble



Fig. 8. Left image: FTIR spectra of particles isolated fromWAS samples: i) polypropylene (PP), ii) polyethylene terephthalate (PET), and iii) polyethylene (PE); Right image: Raman spectra
of various MP: polyethylene PE (i), polyamide- 6 (PA-6) (ii), (iii) and polypropylene PP (iv).
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- liposome interaction (Zevnik and Dular, 2020), two other possible
mechanisms emerge: (i) local wrinkling at the cell pole until the bubble
rebounds, and (ii) stretching at the pole of the structure during the
phase of a second bubble contraction. Furthermore, Fig. 5 – image a1
shows “decapitated” Epistylis sp. (an intact one is shown in Fig. 5 –
image A). Again, the mechanism of damage can be attributed to bubble
collapse and the resulting effects - such as microjet impact and local
shear forces resulting from the fast-moving fluid flow during bubble
evolution. The mechanical damage observed to yeast cells after various
cavitation treatments has been described in detail elsewhere in the lit-
erature (Zupanc et al., 2019). Despite the observed ruptures in the cell
walls (Fig. 5 – images b1, b2, b3), the results ofmicrobial DNA extraction
coupled with spectroscopy analyses of the water samples showed that
the intracellular high-MW DNA did not leak from the cells (see
Section 3.2.2). Furthermore, the extent of ruptured cells observed mi-
croscopically (Fig. 5) suggests that the viability of these cells was signif-
icantly affected, however, based on DNA extraction, their DNA was not
completely released into the surrounding water, and was apparently
only slightly broken down into smaller MW DNA fragments. Addition-
ally, these results indicate that cavitation did not induce selective degra-
dation of specific organic compounds or complexes present inWAS nor
did it result in a significant increase in DNA released from microbial
cells, but it affected EPS and sludge particle surfaces, composed of extra-
cellular DNA, polysaccharides, and proteins. The extracellular DNA re-
leased from EPS in water as measured by spectroscopy (when
converted to corresponding cell equivalents for simplicity), was equiva-
lent to 4.2 · 103–104 microbial cell equivalents per 100 uL in terms of
Table 7
Comparison of cavitation/energy efficiency parameters obtained from different studies.

Study Method/setup sCOD (mg/L) TS
(g/L)

V (L) D

Present PD RGHC A2 (pilot-scale) 207 ± 14 16.7 320 7
PD RGHC B2 (pilot-scale) 6

(Vilarroig et al.,
2020)

SD RGHC (lab-scale, best) 76 ± 35 7.2 40 2
SD RGHC (pilot-scale, avg) 6320 ± 1950 55 500 1
SD RGHC (pilot-scale, best) 70 500 1

(Petkovšek et al.,
2015)

SD RGHC (pilot-scale) 45 10 196 5

(Lee and Han, 2013) Orifice plate (lab-scale) 15 ± 5 9.9 1.5 2

a Calculated by alkaline NaOH treatment.
b Calculated by using total COD.
c Calculated by acid H2SO4 treatment.
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DNA content (2.5–5.7 · 106 cells/60 mL). This extracellular pool of
DNA released from EPS is three orders of magnitude smaller compared
to the actual cellular DNA pool extracted from the initial WAS samples,
which corresponded to 109 cells per 250 mg of sludge, concentrated
from 60 mL of water.

The evaluation of mechanical pre-treatment methods for WAS disin-
tegration is based on DD. Comparing the values of DD reported in the lit-
erature is difficult for several reasons. First, the calculations of DD differ
depending on how sCODmax is determined in Eq. (3), and authors
choose this value differently. sCODmax can thus be represented as sCOD
obtained upon chemical disintegration with NaOH (Khanal et al., 2007;
Erden and Filibeli, 2010) or H2SO4 (Petkovšek et al., 2015). While some
authors even use the total COD as the maximum value of sCOD
(Vilarroig et al., 2020; Lee and Han, 2013). Secondly, there is not much
data for the use of HC forWAS disintegration at pilot-scale. For these rea-
sons, the comparison of DD values reported in the available literature is
very difficult. However, the values from a few representative pilot-scale
studies, range from 3.3–58% (Table 7). The maximum DD achieved in
this study fits within this range and was 7.7 ± 0.6% (Table 3).

Second, themechanical effects of RGHCwere additionally supported
by the chemical evaluation. Again, as in the physical evaluation no dif-
ferences were found between the two HC regimes studied. The in-
creased MW, chromogenicity, O:C ratio, C:N ratio and carboxyl
content of the molecules in the supernatant (Supplementary material,
Suppl. 5) are illustrated by the results in Table 3. It can be seen that
sCOD and sTOC increase with Np in both HC regimes studied, indicating
the release of EPS due to floc disintegration (Fig. 4) and the release of
D (%) DR (%/h) P
(kW)

t
(min)

SE (kJ/kgTS) SESS (kJ/g
sCOD)

.7a ± 0.6 23.1 ± 1.2 6.3 20 1.41 · 103 ± 0.16 · 103 73 ± 2

.0a ± 0.6 19.6 ± 1.2 6.5 18.4 1.34 · 103 ± 0.1 · 103 89 ± 4
6.0b 52.0 5.7 30 3.58 · 104 271
0.1b 2.5 6.9 240 3.63 · 103 57
7.4b 4.4 6.9 240 2.85 · 103 16
8.0c 63.3 5.8 55 9.77 · 104 175

0.3b 60.9 1.5 20 1.22 · 105 503
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intracellular contents of single cells after breaking the cell walls (Fig. 5).
However, the characteristics of WAS depend on the composition of the
incomingWW, the biological process, and the plant design (Christensen
et al., 2015). Therefore, there are large differences between the COD and
sCOD values measured in different WWTPs, which are reported in the
literature with values ranging from 1800 to 95,133 mg/L and
15–6320 mg/L for COD and sCOD, respectively (Supplementary mate-
rial, Suppl. 13 and 14). The determined COD and sCOD values in the
AB0 sample (Table 3) were within the range of these values. Because
of these discrepancies, comparing the effectiveness of different studies
using the same mechanical pre-treatment methods is very difficult.
However, the sCOD increase of 2.6× and 2.2× for layout A and B, respec-
tively, obtained in our study (Table 3) is in agreement with the results
reported by Kim and co-workers and Garlicka and co-workers (Kim
et al., 2020; Garlicka and Zubrowska-Sudol, 2020), while Petkovšek
and co-workers (Petkovšek et al., 2015) obtained a 13× increase in
sCOD under optimal HC conditions.

To further substantiate the disintegration ability of the two PD RGHC
regimes, various parameters of the soluble fractions (NH4-N, PO4-P,
NO3-N) were also measured. NH4-N and PO4-P levels increased during
both HC regimes, confirming the release of extra- and intracellular sub-
stances. Increased levels of NOx-N in all WAS samples could be related
to the oxidation of NH4-N by ROS formed during HC.On one hand Patil
and co-workers (Patil et al., 2021), postulated that the removal of NH4-
N in real WW samples takes place via formation of NOx-N species. On
the other hand, Zupanc and co-workers (Zupanc et al., 2014) assumed
that HC/H2O2 process led to formation of NO3-N from organic N due to
the extreme conditions developed during HC experiments. Since NH4-N
levels increased alongwithNOx-N in this study, it could be that NH4-N re-
leased from theflocs/cellswas simultaneously transformed toNOx-N. The
levels of sTN and sTP did not change during the two HC regimes studied,
which was expected, since the much more aggressive laboratory treat-
ment with the ultrasound probe and the uncontrolled temperature in-
crease during the treatment lead to the same results (Kolbl et al., 2016).

Chemical effects of HCmay be the result of the action of various ROS,
predominately •OH formed during cavitation. There are studies avail-
able reporting on •OH formation during HC in a Venturi constriction
(Arrojo et al., 2007; Zupanc et al., 2020).There are however studies
missing regarding the concentration of •OH formed during experiments
performed in various RGHC devices and the formation of •OH is usually
determined only indirectly (Gostiša et al., 2021a; Gostiša et al., 2021b).
Similarly, the chemical effects of the PD RGHCwere determined only in-
directly during this study, however theywere confirmed for both HC re-
gimes studied and are shown via the UV-VIS analyses. The results
showed that the aromaticity of the dissolvedmolecules decreased (Sup-
plementary material, Suppl. 5), indicating either the release of new
compounds and/or the chemical modification of the existing molecules
in the water after cavitation. Additionally, Ex-Em spectroscopy results
confirm that various chemical changes occurred in response to cavita-
tion, as significantly increased fluorescence was observed after cavita-
tion (Fig. 6). The release of cell contents from broken cells, such as
proteins and their disintegration can result in fluorescence signal of
the amino acids tryptophan, tyrosine, and phenylalanine. This fluores-
cent signal is further complemented by the release of compounds
from EPS upon disintegration, such as aromatic compounds, including
extracellular DNA. Free DNA is generally part of EPS as it is released dur-
ing cell lysis and/or secreted by active cells (eDNA) (Sheng et al., 2010).
The overall increase in fluorescence inWAS samples after HC treatment
supports the observation that the chemical nature of the compounds
present in the supernatant was altered by cavitation. More detailed
characterization of the chemical changes that occur during cavitation
would require analysis of the samples using GS-MS/MS.

Since WWTPs are considered a critical source of various contami-
nants, such as PTM and MP, we additionally evaluated the impact of
PD RGHC on PTM, while in the case of MP, which is present in WAS,
only a determination and identification analysis were performed.
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When comparing the cavitation treatments (A1-B2) with non-
cavitated sample (AB0), 30 Np in both cavitation regimes A and B, re-
sulted in the lowest content of metals (WAS samples A2 and B2), espe-
cially in the second cavitation regime (WAS sample B2, Table 6). In a
study investigating the potential of ultrasound-activated persulfate ox-
idation as a method for enhancing WAS dewaterability, Bian and co-
workers (Bian et al., 2021) also found reduced levels of As, Cd, Cu, Ni
and Zn (up to 59%) in the treated sludge cake compared to the raw
sludge, due to transformation from the insoluble to the soluble state.
Compared with AB0, the reduction of As, Fe and Mn in the cavitated
WAS samples in our study was insignificant (Table 6). Conversely, our
results show that Pb, Zn and Cu were lost during cavitation (Table 6).
It remains unclear why the total concentrations of Zn, Cu and especially
Pb were reduced after cavitation. The most probable explanation for all
three elements is the adsorption of Pb, Zn and Cu with struvite
(MgNH4PO4 × 6H2O), which is known to precipitate by cavitation in
WWTP (Perwitasari et al., 2018), (Lee et al., 2019). The most drastic re-
duction was observed for Pb, which could also co-precipitate with Fe-
hydroxides (Dai and Hu, 2015), due to the high Fe concentrations
(Table 6), as the sludge was treated with FeCl3 (for flocculation).
However, we did not detect any evidence of precipitated material in
the RGHC. Moreover, the concentrations of PTM in the precipitate of the
liquid part of the sludge after separationwere generally lower in cavitated
WAS samples than in AB0 (Supplementary material, Suppl. 7). Cavitation
increases the amount of free radicals, which can increase the level of ROS
(Kumar, 2011) and oxidize exposed stainless-steel (Fe) surfaces of RGHC.
Another very possible reason for the removal of Pb from the sludge was
therefore the adsorption of Pb into newly formed Fe oxide-hydroxide sur-
face layer. After adsorption, the Fe core probably provided a reducing
power for the immobilization of adsorbed Pb. Due to this dual property
of adsorption and reduction, Fe can sequester toxic metals such as Pb
with higher standard redox potential (Pb2+/Pb0, E0h −0.13 V) than Fe
(Fe2+/Fe0, E0h =−0.44 V) (Mu et al., 2017).

Determination of the total content of PTMs does not provide useful
information on the bioavailability, mobility, and behaviour of metals
in the environment. The fate of metals in sludge after landfilling de-
pends on the metal content in the sludge and soil properties, which
are known to affect the mobility of metals (Ščančar et al., 2001). PTMs
introduced into the with the sewage sludge may change their form
but remain in available and extractable form for years (Berrow and
Burridge, 1990). Therefore, it is important to determine the mobility
of metals in sludge before the land disposal. Bian and co-workers
(Bian et al., 2021) reported that ultrasound-activated persulfate oxida-
tion increased the exchangeable fraction of Zn and thus its mobility
and bioavailability but decreased the mobility of Ni compared to the
raw sludge. In contrast, our results showed that cavitationdid not signif-
icantly change the distribution of metals mainly bound to the organic
fraction compared to AB0 (Fig. 7).

Moreover, along with PTM also MP particles and fibers are accumu-
lated inWAS. The presence of MP particles and fibers was confirmed in
both cavitated and non-cavitatedWAS samples. The applied enzymatic-
oxidative purification approach coupled with FTIR, and Raman analysis
allowed the identification of four plastics, namely PE, PP, PET, and PA-6.
Fibers weremore numerous than otherMP particles (fragments). These
results, both by material and form, are in agreement with literature re-
ports (Iyare et al., 2020; Murphy et al., 2016). Isolation of MP from the
WAS sample is challenging, especially when attempting quantitative
isolation and going toward the lower size limit (e.g., below 1 μm or at
the nanoscale). Mitrano and co-workers (Mitrano et al., 2019) con-
cluded in their study that more than 98% of the nano plastic remains
in the sludge and cannot be extracted using the MP extraction tech-
niques developed so far. Another challenge is the detection of high-
density MP such as rubber from tire wear and paint particles. Further
development of isolation and characterization techniques will be re-
quired to accurately identify these particles that can reasonably be ex-
pected in WAS.
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Cavitation affects the isolation of MP, as WAS is homogenized, and
the treated material has a different consistency. We could not confirm
any effect of cavitation onMPparticles. Therewere no discernible differ-
ences in size, surface morphology or spectra, although the number of
particles may be too small to draw a general conclusion. However, cav-
itation has the effect of dislodgingMPparticles from the remainingWAS
mass, reducing the need for the first step in the isolation process – the
useof SDS–which is used to remove impurities adhered toMPparticles.
In our case, we applied the procedure to treated and untreated samples
to remain consistent in the approach. Detaching MP from other mate-
rials may support selective removal of MPs from WAS to improve the
acceptability of WAS for land applications and reduce the potential for
further spread of MP in the environment. Further studies that focus di-
rectly on the effect of cavitation on MP in WAS, as well as studies of
model systemswithMPs only, are needed to confirm these conclusions.

Although we expected, based on the results presented in Fig. 3, that
there would be some differences between the two chosen HC regimes
(layout A and B), as indicated by the results of pressure fluctuations,
the results of the chemical and physical evaluation did not confirm
this. Therefore, we performed another comparison between layout A
andB based on energy consumption calculations after 30Np. The results
in Table 7 show that layout A (16-mm pins rotating at 2700 RPM) is
characterized by lower SESS and higher DR compared to layout B (10-
mm pins rotating at 3000 RPM). Again, there is a lack of studies on
WAS disintegration on pilot configurations, making it difficult to com-
pare energy consumption between different studies. Large divergences
between input parameters (TS, sCOD, COD) further complicate a realis-
tic comparison between different studies. Due to the lack of specified
cavitation parameters needed for these calculations, we selected only
a few available studies where a comparison was possible. An important
observation that emerges from Table 7 is that regardless of the method
of cavitation generation, pilot-scale devices significantly outperform the
smaller capacity laboratory scale devices in terms of SESS, although the
laboratory devices tend to have a higher DR. Vilarroig and co-workers
(Vilarroig et al., 2020) reported SESS of only 16 kJ/g of sCOD released
for their best industrial case. However, the operating conditions used
for this calculation are very different from the experimental conditions
used in our study, especially due to the much higher operating temper-
atures (up to 75 °C).Moreover, the present study PD RGHC showed sim-
ilar performance to the average performance of SD RGHC studied by
Vilarroig and co-workers (Vilarroig et al., 2020) with respect to SESS
but our DR was larger by almost an order of magnitude. Apart from
the studies shown in Table 7, Kim and co-workers (Kim et al., 2019)
also investigated the sludge disintegration performance (dimpled
rotor was used as cavitation device) and obtained DD = 18.5% after
26.25 min (5 WAS passes), which corresponds to DR = 42.3%/h for
the optimal WAS disintegration case.

The search of the available literature using HC devices at laboratory
or pilot-scale revealed large discrepancies in the initial WAS character-
istics, that affect the efficiency of the treatments studied and complicate
the comparison of disintegration and solubilization effects. Large dis-
crepancies in the calculation of DD further complicate meaningful com-
parison between different studies. If the authors would systematically
report on all important hydrodynamic cavitation parameters (sample
volume, flow rate, treatment time, number of treatment passes, energy
input and temperature during treatment) and describe experimental
conditions in detail, the comparison between studies would be facili-
tated and optimized, versatile and economically feasible WAS pre-
treatment methods could be developed more quickly.

5. Conclusions

The present study represents one of the few pilot-scale studies on
the disintegration and solubilization of waste activated sludge, where
a thorough analysis confirmed the effectiveness of a novel hydrody-
namic cavitation generator as a mechanical pre-treatment method.
12
The results of the study showed the presence of mechanical and chem-
ical effects of cavitation. The mechanical effects were reflected by a de-
crease in mean particle size, an increase in specific surface area, and an
increase in sCOD and NH4-N concentrations. The chemical effects were
confirmed by decreased total concentrations of most of the studied
metals in the solid part of WAS (most pronounced in the case of Pb),
as well as by decreased aromaticity and increased fluorescence of bio-
logically relevant DOM. Our results showed that cavitation has the po-
tential to reduce the total concentration of PTMs in WAS. However,
the Cu content still exceeded the limits for agricultural use. Therefore,
for use in agricultural soils, WAS should be additionally treated
(remediated) to reduce PTM concentrations. In addition, three different
types of damage to yeast cells and Epistylis specieswere observed and at-
tributed to microjets and local shear forces. Despite this observed dam-
age, no microbial DNA leaked from the cells, while the amount of
biologically relevant DOM increased. Analysis of microplastics con-
firmed the presence of four different microplastic compounds (PE, PP,
PET and PA -6). Contrary to the initial hypothesis, no major differences
in impacts were found between the two selected HC regimes, except for
energy efficiency. The observations and explanationsmade in this study
can serve as a basis for all future detailed studies of the specific effects of
HC onmunicipal waste sludge (mechanisms of cell disruption, chemical
changes of DOM and effects on potentially toxic metals).
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