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Wastewater recycling and sludge removal in the paper industry account for about 60 % of all process costs. New and environmentally friendly
wastewater treatment techniques are, therefore, continually being developed. Cavitation exploitation is currently a well-investigated topic that
is also interesting for the paper production industry. This study investigates efficiency of hydrodynamic cavitation alone and in combination
with the addition of NaOH for the treatment of secondary pulp and paper mill sludge in order to enhance nutrient release. First, two laboratoryscale devices were tested: the blow-through and the rotating hydrodynamic cavitation generator. The latter set-up proved to be more efficient:
therefore, further experiments were performed on its pilot-scale version. The results showed an increase of soluble chemical oxygen demand
(CODs) by 514 mg/L, total nitrogen (Nt) by 17.4 mg/L, and total phosphorous (Pt) by 2.3 mg/L. To further increase nutrient release combination
of cavitation and sludge sample alkalinization was tested. The addition of NaOH and 30 min cavitation of secondary sludge (500 L) significantly
improved CODs and Nt release by 2400 mg/L and 120 mg/L, respectively. Microbiological photos revealed a definite disintegration of sludge
flocks. According to our estimates, 1.9 kg of released CODs from alkaline pre-treated and cavitated sludge would cost only one euro.
Keywords: hydrodynamic cavitation, nutrients, paper mill plant, secondary sludge, sludge disintegration, wastewater treatment
Highlights
• Hydrodynamic cavitation improves paper mill secondary sludge disintegration and nutrient release.
• Experiments were performed on a pilot scale (volume of 500 L).
• Cavitation alone increased CODs (2× compared to initial value).
• The addition of NaOH in cavitation treatment increased CODs further (9× compared to the initial value).
• 1.9 kg of released CODs costs only one euro.

0 INTRODUCTION
Cavitation can be described as the appearance of
vapour bubbles (cavities) inside a liquid medium. The
phenomenon is similar to boiling, but in contrast, is
initiated by the sudden decrease in pressure while the
temperature remains approximately constant. As the
pressure recovers, the bubble goes through a violent
collapse. If the bubble collapses spherically, pressure
shocks up to several 100 MPa [1] can be emitted. In
contrast, with an asymmetrical collapse, so-called
microjets with high velocities above 100 m/s can
form [2]. In addition, so-called hot spots with extreme
temperatures in the order of several 1000 K [3] can
form at the centre of the bubble at its collapse, which
can cause the formation of highly reactive radicals
such as OH [4].
In general, two types of cavitation are recognized:
hydrodynamic (HC) and acoustic cavitation (AC).
The difference is in the mechanism, which causes the
local pressure to drop, while the principles that govern
the hydrodynamically and acoustically generated

bubbles are basically the same. In the case of HC,
acceleration of the liquid flow causes local pressure
drop, which can, if the pressure drops below saturated
pressure, trigger the cavitation formation. Depending
on the flow conditions, the size of the formed
cavitation bubbles varies, usually between a few nm
to a few mm. Flow conditions and the geometry of
the submerged body define cavitation behaviour and
its characteristics. HC can be in general divided into
i) attached cavitation, ii) developed cloud shedding
cavitation, and iii) supercavitation. In the case of
attached cavitation, a large number of vapor bubbles
are attached to the surface of the constriction, forming
an attached cloud-like shape. If we further increase
the flow velocity or decrease the static pressure in
the system, the previously attached cavitation cloud
becomes unstable and starts (partly or completely) to
shed from the main cavitation structure; this stage is
called developed or cloud shedding cavitation. This
condition is also known as the most aggressive one.
With further increases of the flow velocity (or decrease
of system pressure), the so-called supercavitation
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forms. It starts when the individual bubbles coalesce
and eventually form a single, large, and stable vapor
pocket.
Cavitation is usually associated with engineering
problems, such as material loss, noise, vibration,
and the decreased of efficiency of hydraulic
machines. However, cavitation is a potentially useful
phenomenon: the extreme conditions are increasingly
used for a wide variety of applications, such as
surface cleaning, enhanced chemistry, and wastewater
treatment (bacteria eradication and virus inactivation).
Nowadays, the availability of clean water is
becoming an increasing concern in the globalized
world, in both developed and developing countries.
Therefore, an efficient and clean wastewater cleaning
and disinfection technology, such as cavitation, would
be readily welcome to substitute or be combined with
the existing ones.
The regulations regarding waste management
have become stricter and, in order to satisfy
set environmental limits, many industries must
implement their own wastewater treatment facilities.
One such industry is the paper production industry.
For paper production, 54 % of materials are raw,
and the rest are sourced from recovered paper and
board. Therefore, paper is the most recycled product
in Europe, and Europe is the global leader in paper
recycling, with a recycling rate of 72 % [5]. Globally,
the pulp and paper industry is currently on the rise,
and, subsequently, an enormous amount of waste
is generated every day. The most common waste
material generated in pulp and paper mills is ash,
dregs, grits, pulp mill sludge, and a significant amount
of wastewater depending on the type of processes
used in the plant. In the past, these wastes were simply
deposited on the landfills; however, with changes
in regulation and with increased environmental
awareness, new alternatives have been investigated,
especially reappraising these materials as valuable
[6]. Due to the numerous impurities, health hazards,
and environmental risks present in wastewater, an
effective cleaning measure has to be implemented [7].
Accordingly, in the pulp and paper industry, several
wastewater treatment systems exist for the removal of
organic and inorganic substances in order to meet the
effluent discharge standards. These include anaerobic
treatments, activated sludge lagoons, and clarifier
systems. Established wastewater recycling and sludge
removal are, therefore, very expensive, amounting to
as much as 60 % of all process costs [8]; consequently,
new and alternative solutions are being developed.
Numerous studies have been made to reduce
energy consumption, to produce new materials and
642

products and to reuse or circulate the sludge [9],
for example, anaerobic digestion [10] and [11] for
the formation of biogas and for the production of
biohydrogen [12] and [13], addition into building
materials [14] and [15], and for the production of
activated carbon [16].
One ever more commonly applied mechanical
pre-treatment alternative is cavitation. It can be used
alone or in combination with various treatments.
During the cavitation process, extreme conditions
can occur, forming highly intensive shockwaves,
microjets, and extreme temperatures, which can drive
mechanical and chemical effects. Shear forces released
and production of •OH by decomposition of water
molecules [4] can both influence sludge disintegration
[17] and [18]. AC alone and coupled with chemical
treatment has been thoroughly investigated for the
disintegration of different waste sludges before
aerobic processes for nutrient reuse [17], [19], and [20]
and anaerobic processes for biogas production [21] to
[23].
0.1 Contributions of Our Research Group on the Topic of
HC Use in Wastewater Treatment
Since 2012, our research group has been engaged
in the development of efficient cavitation-based
technologies for wastewater treatment and sludge
remediation, mainly for the removal of chemical and
microbiological pollutants.
Our initial focus was on the removal of persistent
pharmaceuticals, such as ibuprofen, ketoprofen,
diclofenac, naproxen, carbamazepine, and clofibric
acid [24] and [25]; we applied HC for wasteactivated sludge disintegration [23]. Concurrently, we
developed several cavitation reactors [26] and filed
several national [27] and international [28] patents.
The shift from applied towards basic research came
with studies of cavitation influence on bacteria
Legionella pneumophila [29]. In our next study, it
was demonstrated that the least aggressive cavitation
type (supercavitation) hydrodynamically is the most
destructive against the bacteria [30]. We questioned
several well-established postulates [31] and [32].
By gaining new knowledge, we again progressed in
applied science and for the first time showed that
cavitation can be exploited for virus inactivation
[33], and even for “exotic” applications, such as
intensification of aqueous laundry detergent solution
preparation [34].
In 2018, we were awarded a European
Research Council (ERC) project CABUM, with
which we aim, during the course of five years, to
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gain a deeper understanding of the mechanisms
[35] that will eventually enable reliable cavitation
exploitation in various disciplines. Recently, we
have also investigated the application of cavitation
in the paper production industry. We have shown that
cavitation can be used to replace processes such as
homogenization, fibrillation, and refining of paper
pulp [36].
We have continued with the investigations of
applicability of cavitation in paper producing plants.
The main objective and innovation of this study were
thus to determine the effectiveness of a hydrodynamic
cavitation set-up for the treatment of paper mill
secondary sludge. By implementing cavitation, our
objective was to achieve a greater nutrient release
and greater disintegration of biological compounds.
Different cavitation set-ups, the addition of NaOH to
sludge samples, as well as different treatment times
were tested. The first experiments were conducted in
the laboratory, and pilot scale experiments followed.
1 MATERIALS AND METHODS
1.1 Sample Characterization
Total chemical oxygen demand (CODt) and soluble
COD (CODs) were measured using COD cuvette
tests (Hach Lange LCK 314 for samples with a COD
value between 15 mg O2 /L and 150 mg O2 /L and
LCK 714 for samples with a COD value between 100
mg O2 /L and 600 mg O2 /L). Total nitrogen (Nt) was
determined by using Nt cuvette tests (Hach Lange
LCK 138 for samples with values of Nt between 1 mg/
L/L and 16 mg/L/L and LCK 338 for samples with
Nt values between 20 mg/L/L and 100 mg/L). Total
phosphorous (Pt) was measured using the PhosVer 3
(Ascorbic Acid) method (#8048, Hach Lange). For
these measurements, a DR3900 spectrophotometer
(Hach-Lange, Germany) was used. pH value and
redox potential were determined during sampling on
site, with a Multi 340i analyser (WTW, Germany).
Settleable solids were analysed according to the
Deutsches Institut fur Normung (DIN 38409-2, 1980)
[37], in which settleable substances were shaken, and
timed sedimentation was determined in a measuring
container. The calorific value was determined using
ASTM methods [38].
1.2 Hydrodynamic Cavitation Set-ups
The effects of HC on pulp and paper mill secondary
sludge were investigated on lab-scale and pilot-scale
cavitation devices. For lab-scale experiments, the

effects of two different HC set-ups were investigated.
Firstly, the blow-through hydrodynamic cavitation
(BTHC) set-up using a symmetrical Venturi
constriction was tested. Second, the rotating generator
of hydrodynamic cavitation (RGHC) was tested. The
lab-scale experiments were performed on 1 L samples
for 30 minutes, below 30 ºC. While the BTHC
device was designed only for lab-scale experiments,
the RGHC was additionally scaled up to perform
pilot experiments. The pilot-scale experiments were
performed on 500 L samples for 30 min, below 30
ºC. All cavitation devices used in this paper were
developed and designed by Laboratory for Hydraulic
Machines, Department of Power Engineering,
Faculty of the Mechanical Engineering, University of
Ljubljana, Slovenia.
1.2.1 Blow-Through Hydrodynamic Cavitation Set-up
(BTHC)
The lab-scale reactor for cavitation generation,
BTHC (Fig. 1), consists of two reservoirs connected
by a symmetrical Venturi constriction. 1 L of sample
is introduced into the right reservoir (state 1, Fig.
1) and pushed through the Venturi constriction,
where cavitation occurs, into the left reservoir using
compressed air (state 2, Fig. 1). After the whole
sample is pushed into the left reservoir (state 3, Fig.
1), the procedure is repeated, and the sample is pushed
back to the right reservoir (state 4, Fig. 1). The time
needed to push 1 L of the sample from one reservoir to
another is 6 seconds at 7 bar pressure difference. The
BTHC set-up is in more detail described in [24].
1.2.2 Rotating Hydrodynamic Cavitation Generator (RGHC)
Set-up
The lab-scale device (Fig. 1) consists of a reservoir,
RGHC, and a heat exchanger. The sample introduced
into the reservoir flows through the RGHC, where it is
exposed to cavitation and through the heat exchanger,
which provides the constant temperature of the sample,
back into the reservoir. The heat exchanger (water
to air) is force-cooled by an external fan. RGHC is
based on a rotor-stator design, in which the rotor and
stator have specially designed geometry, which causes
periodically repeating pressure oscillations. With the
pressure oscillations, the cavitation periodically forms
in the gap between rotor-stator, on the rotor’s teeth and
in the rotor’s and stator’s grooves. The rotor with 50
mm in diameter is driven by a 400 W electrical motor
at approx. 10.000 rpm. The RGHC is in presented
more detail in [39].
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Fig. 1. a) Schematic presentation of BTHC [24], and b) schematic presentation of lab-scale RGHC experimental set-up

The pilot-scale RGHC design is similar to the
lab-scale and is described in more detail in [23]. The
main differences are that the pilot-scale RGHC does
not have a heat exchanger, has a rotor with 190 mm in
diameter and is driven by a 5.5 kW electric motor at
2800 rpm. In the pilot-scale device, larger samples can
be treated, in our case 500 L.
2 RESULTS AND DISCUSSION
2.1 Lab-scale Experiments
The effect of the hydrodynamic cavitation generated
inside the laboratory scaled RGHC and BTHC devices
on the composition of pulp and paper mill secondary
sludge is presented in Fig. 2. In these experiments, the
samples were exposed to cavitation for 30 min; after
treatment Nt , CODt and CODs were measured.
Based on the results, we can see that both
cavitation devices significantly decreased the CODt
the value of the secondary pulp and paper mill sludge.
We suspect that this was due to the mineralization
of compounds, i.e., the degradation/oxidation of
compounds in organic matter and the release of simple
nutrients [40]. We can also see that CODs and Nt

increased in both cavitation devices. That is probably
because extreme conditions during cavitation ruptured
the membranes of microorganisms and released their
intercellular contents into the bulk solution [23].
These released compounds, which are, together with
wastewater, returned to the biological wastewater
treatment process can replace a part of the outside
nutrient source, which are necessary for a stable
operation of the pulp and paper mill wastewater plant.
Additionally, with the destruction of microorganisms,
the amount of sediment decreases, which has
beneficial effects on the final treatment of pulp and
paper mill sludge.
In the case of the RGHC, the increase of Nt and
CODs is higher than for the BTHC device, which
indicates its higher efficiency at approximately the
same energy input per litre of the sample (Fig. 2).
The reason for its greater CODs and Nt release may
be in the fact that the sample was subjected to more
intensive shear flow conditions during this type of
cavitation [30]. In the RGHC device, the rotor’s and
stator’s teeth are periodically interacting with each
other, resulting in intense pressure fluctuations. Each
rotor-stator teeth pair (with a 1 mm gap between
opposite teeth) forms a quasi-Venturi constriction,

Fig. 2. Nt , CODt and CODs measurements before and after treatment with two types of cavitation devices (BTHC and RGHC) on lab-scale
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which might explain the higher efficiency of RGHC
with a high number of constrictions, compared to only
one in BTHC [30].
In addition to the laboratory-scale experiments
with the RGHC device, which resulted in the highly
positive effect of HC towards mineralization,
additional experiments of the sole effect of
alkalinization (addition of NaOH until the pH value
was 10) on the chemical composition of secondary
pulp and paper mill sludge were also performed.
These tests were conducted in 1 L jars which were
stirred for 30 min by a magnetic stirrer.
The results showed that alkalinization alone
increased the CODs value from 315 mg/L to 990
mg/L. Therefore, we decided to evaluate the possible
synergistic effect of cavitating alkaline pre-treated
secondary pulp and paper mill sludge (pH value of 10)
in the pilot-scale RGHC device.
2.2 Pilot-scale Experiments
In Table 1, the effect of HC generated inside the pilotscale RGHC device on the chemical characteristics of
the secondary pulp and paper mill sludge is presented.
After 30 min of cavitation, the CODs value increased
by 514 mg/L. Apart from the Nt (17.4 mg/L), the
cavitation treatment generated inside the pilot-

scale RGHC also increased the total phosphorous
released (Pt) from 0.6 mg/L to 2.9 mg/L. Therefore,
as stated previously, cavitation increases the release
of valuable nutrients making them available for future
applications. Moreover, cavitation in the scaled-up
cavitator decreased the calorific value of dry mass as
well as the amount of settleable solids. Decreasing
the weight of dry matter can have positive effects
on lower transportation, deposition and incineration
costs.
Fig. 3 shows the CODs and Nt values before and
after cavitation treatment (15 min and 30 min) of
secondary pulp and paper mill sludge and alkaline
treated secondary pulp and paper mill sludge (pH
10) using the pilot-scale RGHC device. The obtained
results clearly show a parallel increase of the CODs
and Nt values with the cavitation treatment time
and additionally confirm that the addition of NaOH
intensively boosts the disintegration process. In
an alkaline environment, autoxidation [41] and a
minimum degradation of proteins, which are released
from ruptured microrganisms, takes place producing
various oxidized radicals [42] and cysteine, methionine,
tryptophan, histidine, and tyrosine residues are
especially susceptive to oxidative destruction whereas
asparagine and aspartic acid undergo deamination
[43]. In zones of HC development, high pressures and

Table 1. Effect of HC generated inside the pilot-scale RGHC device (30 min) on the chemical characteristics of the secondary pulp and paper
mill sludge

Secondary pulp and paper mill sludge
Cavitated secondary pulp and paper mill sludge

Pt
[mg/L]
0.6
2.9

Nt
[mg/L]
8.1
25.5

CODs
[mg/L]
509
1023

Calorific value of dry mass
[kJ/kg dry mass]
18097
17793

Settleable solids
[%]
18.5
16.5

Fig. 3. The effect of secondary pulp and paper mill sludge alkalinization (pH of 10) on the Nt and CODs measurements before
and after cavitation in the pilot-scale RGHC device
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temperatures cause water molecules to dissociate into
hydroxyl radicals (•OH) and •H [44]. When cavitation
takes place in an alkaline environment, a further
recombination reaction between these radicals can
lead to the formation of peroxide (H2O2), hydroperoxy
radicals (HOO•) and superoxide anions (•O–2).
Oxidized radicals derived from proteins then undergo
reactions with the •OH, •OOH and •O–2 radicals to
form simple organic acids, carbon dioxide and other
low molecular weight organic products [45] and [41].
Therefore, in theory, alkaline pre-treatment initializes
the protein degradation process, and HC provides
additional oxidative potential, which is required for
the intensification and acceleration of reactions and
consequently for the increased release of nutrients
from biomass (such as nitrogen and phosphorous).
The assumption of microbial rupture during
cavitation with secondary pulp and paper mill
sludge was confirmed by microbiological photos and
microbial counts under the microscope (40 and 100
times magnified). These were taken before and after
the pilot-scale RGHC experiments with secondary
pulp and paper mill sludge, which are described above
(Fig. 3).
From the microscope photos (Fig. 4 frame A40),
it can be clearly seen that non-cavitated secondary
pulp and paper mill sludge is made of many solid
irregularly shaped flocs of microorganisms which
range from 100 mm to 400 mm in diameter. At higher
magnitude (Fig. 4, frame A100), one can see that the
flocs are mainly composed of a mixture of bacteria,
primarily Zoogloea and the filamentous bacteria.
Zoogloea plays an important role in wastewater
treatment because it is capable of lowering BOD5. It
also creates habitats for secondary sludge flocs [46]. In
contrast, excessive growth of filamentous bacteria in
secondary sludge causes poor settlement of secondary
sludge flocs, creating a severe operational problem
in wastewater treatment systems that is referred to as
bulking [47]. After a 30 min cavitation treatment (Fig. 4

frames B40 and B100), the big flocs have been almost
completely broken, and the surviving microorganisms
are equally dispersed across the whole volume, which
indicates a better microbial disintegration.

Fig. 4. Microbiological photographs (A40 and A100: non-treated
secondary pulp and paper mill sludge; B40 and B100: secondary
pulp and paper mill sludge after 30 min of treatment using the
pilot-scale RGHC device)

Flocculated aggregates are usually colonized by
numerous protozoans, which graze on bacteria and
the extracellular polymeric substances of the bacteria,
and affect the floc size, shape and its functional
characteristics [48] to [50].
2.2.1 Estimation of Energy Efficiency in Waste Water
Samples
Energy (EnE (mg/(Wh))) and economic efficiency
(EcE (mg/€)) were estimated for pilot-scale
experiments, where HC alone, HC with the addition of
NaOH and only NaOH treatment of secondary paper
mill sludge were investigated. Calculations are based
on the energy consumption (EC) needed to drive the
pilot RGHC, on the increase in soluble COD (DCODs)
and on the addition of NaOH and were evaluated in

Table 2. Energy and economic efficiency of different treatments
t
[min]
15

Hydrodynamic cavitation
Hydrodynamic cavitation + NaOH (pH of 10)
NaOH*

∆CODs
[mg/L]
415

EC
[Wh]
1955

30

514

3913

15

1594

2000

30

2386

3925

8.9

40

11

675

cost/V
[€/m3]
0.339

EnE
[mg/(Wh)]
106

EcE
[kg/€]
1.224

0.678

66

0.758

0.346+0.5

399

1.884

0.80+0.5

304

1.835

/

0.5

/

0.080

/

0.5

/

1.350

*stirred for 30 min on magnetic stirrer
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euro (€) per volume. For each experiment, the EC of
the pilot-scale RGHC device was precisely measured
with Fluke Norma 4000 power analyser. Higher EnE
values correspond to higher treatment efficiencies.
According to the Eurostat [51] statistics, one kWh
is on average worth €0.0866 and 1 L of Slovenian
purchased NaOH is worth approximately €1.00. These
values were considered for the calculations in Table 2.
From Table 2, it can clearly be seen that in
terms of EC and cost efficiency the most promising
procedure is comprised of a 15 min HC treatment of
alkaline treated secondary pulp and paper mill sludge,
for which the cost of 1.9 kg of released CODs was
only €1.00.
3 CONCLUSIONS
In this study, we investigated the effects of different
HC treatments on secondary pulp and paper mill
sludge, which originated from the local paper mill
plant. The experiments were performed on lab- and
pilot-scale. The results were evaluated in terms of
chemical and microbiological characterization. In
addition, energy and economic feasibility calculations
were performed.
It can be seen from the presented results
that HC has many beneficial effects on pulp and
paper mill secondary sludge disintegration, which
leads to improved nutrient release. Moreover, the
alkalinization of sludge (pH 10) prior to cavitation,
additionally improved the economic efficiency of the
pilot scale RGHC device. An additional beneficial
effect of sludge disintegration is in a decreased weight
of dry matter, which is directly reflected in lower
transportation, deposition and incineration costs. All
these effects can improve wastewater management
and reduce operational costs for the paper mill plant.
The most effective pilot-scale treatment resulted in 1.9
kg of released CODs for which the cost was only 1.00
€. Based on the presented results, cavitation seems a
promising technique that could be used for various
paper mill plant sections.
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