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Abstract: This paper analyzes the effect of inlet pressure on the index of biodegradability of cavitated
herbal waste (HW) following its suspension in mechanically treated wastewater (MTW) for further
biological processes. Hydrodynamic cavitation (HC) was carried out at inlet pressures of 3.5, 5.0, and
7.0 bar. The BOD5/COD ratio increased by 30% between the 5th and 10th minutes of the process,
with the inlet pressure amounting to 3.5 bar, which indicated increased biodegradability of HW.
For the higher inlet pressures used, the value of the biodegradability index (BI) increased by 23%
and 13% for 5.0 and 7.0 bar, respectively, after 60 min of the process. The value of COD as well as
the VS, TS, TC and TOC concentrations dropped for each analyzed inlet pressure, which indicated
that complex organic compounds were effectively destroyed. The highest disintegration degree
(DDCOD) was achieved with an inlet pressure of 3.5 bar. SEM analysis was performed to analyze the
changing morphological structure of the HW. It was proven that the structural morphology of the
herbal waste was significantly influenced by hydrodynamic cavitation, which could affect subsequent
biological processing.

Keywords: lignocellulosic biomass; herbal waste; hydrodynamic cavitation; pretreatment;
biodegradability; SEM analysis

1. Introduction

The human population is continuously increasing, which could lead to the depletion of
natural resources. Additionally, the amount of biomass used annually is almost 72 gigatons,
and this figure is expected to reach 100 gigatons by 2030 [1]. The development of the
global economy in various sectors, such as agriculture, food, and energy, is now faced
with addressing global climate issues, in addition to reducing dependence on fossil fuels.
Continued use of non-renewable energy resources poses an ever-increasing environmental
threat. A new approach based on lignocellulosic biomass as a renewable energy source may
offer a promising solution with high potential in terms of applications and energy supply [2].
The primary lignocellulosic biomass sources include agricultural waste, organic municipal
waste, forestry waste, specially grown energy crops, and industrial waste (e.g., paper, wood,
and herbal waste) [3]. Lignocellulosic biomass is a promising and economically viable fossil
fuel alternative. The composition of this biomass is varied, with a hierarchical structure,
mainly including cellulose, hemicellulose, and lignin, which constitute 40–60%, 20–40%,
and 10–25%, respectively, in addition to other components such as phenolic groups and
minerals. The biological processing of this biomass is difficult due to the crystalline nature
of cellulose; its encapsulation by the lignin–hemicellulose matrix, with strong hydrogen and
covalent bonds; as well as the hydrophobic properties of lignin [4]. Although lignocellulosic
biomass has a high methane potential for anaerobic digestion, the efficiency of biogas
production can be affected by its complex structure [5]. Therefore, conducting pretreatment
to remove physical and chemical barriers, in addition to improving the biodegradability of
lignocellulosic waste by reducing the degree of cellulose crystallinity and polymerization,
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partial depolymerization of hemicellulose, modification and removal of lignin, as well as
increasing the porosity and surface area of the lignocellulosic material, is crucial [6]. It
should be noted that the pretreatment method is selected depending on different factors,
including the type of lignocellulosic feedstock, the desired end products, and economic
considerations. Researchers continue to explore and optimize pretreatment techniques to
make the bioconversion of lignocellulosic biomass more efficient and economically viable.
Nowadays, different pretreatment methods, including biological, chemical, physical, as well
as combinational methods, have been developed to improve the accessibility of the fibers
in lignocellulosic biomass. Physical pretreatment methods involve mechanical processes,
such as milling, grinding, and irradiation, to break down the structural barriers in the
biomass. These processes help in reducing the particle size, increasing the surface area,
and enhancing the accessibility of cellulose fibers [7,8]. Biological pretreatment involves
the use of microorganisms, like fungi or bacteria, to degrade lignin and hemicellulose [9].
Chemical pretreatment constitutes a highly prospective method for improving cellulose
biodegradability via the removal of hemicellulose and/or lignin. The chemicals used
for this purpose include salts, acids, alkalis, and oxidizing agents [10–12]. In addition,
extraction and catalysis processes can be used to treat lignocellulosic matter [13]. Advanced
oxidation processes (AOPs) like cavitation (hydrodynamic/acoustic), the Fenton reaction,
ozonation, UV photolysis, photocatalysis, wet air oxidation, and hydrogen peroxidation
are also employed in the chemical pretreatment of water, wastewater, and waste [14].
Hydrodynamic cavitation (HC) is a promising method. Its high efficiency stems from
the formation, growth, as well as collapse of vapor/gas microbubbles produced by the
pressure decrease in a flowing liquid by cavitation devices [15–17]. During the process, a
very large amount of energy is released and localized in so-called “hot spots” that have a
transient temperature of approximately 10,000 K and a pressure of 1000 atm. This causes
water molecules to break down into oxidizing radicals and leads to the oxidation, as well
as the degradation, of organic molecules. What is more, the mechanical force, caused
by microbubbles, which are created by the violent collapse of the bubbles, also interacts
with the surface with a pressure of about 1 GPa and shock waves, destroying organic
molecules [18]. Currently, HC is employed for disinfection and treatment of wastewater
and water [19,20], biogas production [21], cell disruption [22,23], and pulp refining. HC
seems to be a promising method, especially when using raw materials that are difficult to
decompose such as herbal wastes classified as lignocellulosic biomass. It is noteworthy
that there is no work on the pretreatment of herbal waste in relation to its application
for biological decomposition processes. The present analysis examined the effect of inlet
pressure on the BI of cavitated herbal waste suspended in mechanically treated wastewater
and its suitability in other biological processes.

2. Materials and Methods
2.1. Materials

The HW originated from a herb processing plant (Lublin Province, Poland). The raw
material was waste from the processing of alchemilla, sage, St. John’s wort, and lemon
balm, following their separate collection. Under laboratory conditions, mixing of the
wastes was carried out in proportions that corresponded to their quantities produced at
the afore-mentioned plant (alchemilla/sage/St. John’s wort/lemon balm at 16:28:28:28 by
weight). Mechanically treated wastewater, used as a medium to suspend the waste, was
collected from the Hajdów wastewater treatment plant (Lublin, Poland), characterized by
an average daily flow of 120,000 m3. During the study, nine 35 L samples of wastewater
were collected from the primary settling tank to ensure that the experiment was conducted
for three inlet pressures in triplicate. Following its transport to the laboratory, the HW
was subjected to grinding; then, it was sieved through a 1.4 mm sieve, and an additional
24 h maceration process with MPW was conducted (4 L of wastewater and 900 g of HW)
before the hydrodynamic cavitation process was carried out. The purpose of this was to
supply moisture to the HW as well as prevent the formation of herbal agglomerates that
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could contribute to clogging pipes in the laboratory installation. Afterwards, wastewater
was added to the macerated HW to a volume of 30 L, which created the mixture finally
used in the HC. As a result of the cavitation device used and the possibility of swelling of
the herbal waste, 900 g of waste suspended in 30 L of MTW was the maximum dose used
to maintain an acceptable content of 1% TSs. Table 1 shows the relevant parameters that
characterized the wastewater, the HW, and the mixture thereof. The presented data are
the average values from the experiments conducted in triplicate. The organization of the
experiment is shown in Figure 1.

Table 1. Parameters of the substrates and the mixture thereof (average values and standard deviations
are included).

Parameter Unit MTW HW
Raw Mixture of HW and MTW

3.5 Bar 5 Bar 7 Bar

Biochemical oxygen
demand (BOD5) mg L−1 275 ± 23.6 1204 ± 194.4 1380 ± 245.2 1269 ± 210.2 1280 ± 171.3

Chemical oxygen
demand (COD) mg L−1 491 ± 35.1 6395 ± 249.4 3837 ± 215.1 4951 ± 298.1 5800 ± 205.2

Soluble chemical oxygen
demand (sCOD) mg L−1 415 ± 38.6 2720 ± 241.8 2476 ± 212.2 2505 ± 199.6

Volatile fatty
acids (VFAs) mg L−1 129 ± 42.1 1133 ± 50.1 937 ± 32.2 890 ± 30.5

Phenols mg L−1 2.76 ± 0.38 40.8 ± 1.57 37.5 ± 1.45 35.5 ± 1.38

Alkalinity mgCaCO3 L−1 462.1 ± 51.4 452 ± 19.9 502 ± 25.6 601 ± 30.1

pH - 6.68 ± 0.12 6.16 ± 0.07 6.42 ± 0.11 6.57 ± 0.09

Total solids (TSs) g kg−1 0.97 ± 0.03 962 ± 108 6.36 ± 0.11 8.62 ± 0.12 9.48 ± 0.12

Volatile solids (VSs) g kg−1 0.32 ± 0.03 818 ± 102 4.89 ± 0.09 6.43 ± 0.09 7.67 ± 0.09

Total carbon (TC) mg L−1 241 ± 27.7 903.2 ± 20.8 949 ± 30.1 835 ± 33.7

Total organic
carbon (TOC) mg L−1 60 ± 5.5 746 ± 25.5 824 ± 31.8 720 ± 21.1

Acid detergent
lignin (ADL) %TSs 10.3 ± 0.34

Cellulose %TSs 16.2 ± 0.41

Hemicellulose %TSs 5.53 ± 0.17

Monosaccharides %TSs 11.3 ± 0.29
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2.2. Operational Set-Up and Laboratory Installation

The experiment was carried out in a loop arrangement comprising a cavitation device,
a pressure-generating pump, and a circulation tank with a capacity of 30 L. Cavitation was
induced by a steel plate with a diameter of 64 mm and a concentric hole with an inlet/outlet
diameter of 3/10 mm. Montusiewicz et al. [24] presented the laboratory installation for
HC in detail. The analysis involved the effect of cavitation inlet pressure on the possibility
of improving the biodegradability of HW suspended in MTW as well as changes in the
morphological structure of the HW and the mixture composition during the process. As
a control test, an experiment was carried out by cavitating wastewater. The impacts of
cavitation duration and inlet pressure on the pretreatment results, as well as the selection
of the most favorable option regarding energy consumption, were assessed via sampling
in accordance with a schedule that included the following time intervals: 2, 5, 10, 30, 45,
and 60 min. (Table 2 shows the number of passes of the mixture through the cavitation
zone.) The following inlet pressures were used: 3.5, 5.0, and 7.0 bar. For each pressure used
(Table 2), the cavitation number (Cv) was calculated using the following equation:

Cv = (p2 − pv)/(0.5·ρ·v0
2) (1)

where p2 corresponds to the fully recovered pressure behind the nozzle (Pa), pv is the vapor
pressure of the liquid (Pa), ρ is the density of the liquid (kg m−3), and v0 represents the
velocity of flow through the orifice (ms−1).

Table 2. The cavitation number values and the number of passes through the cavitation zone for the
analyzed inlet pressures.

Parameter Unit
Inlet Pressure [Bar]

3.5 5.0 7.0

p2 Pa 96,286 95,132 95,879

pv Pa 2063 2063 2063

v0 ms−1 41.59 54.75 77.38

cv -- 0.11 0.06 0.03

Time Unit Passes through the Cavitation Zone

2 min 1.18 1.55 2.19

5 min 2.94 3.87 5.47

10 min 5.88 7.74 10.94

30 min 17.64 23.22 32.82

45 min 26.46 34.83 49.23

60 min 35.28 46.44 65.64

2.3. Analytical Methods
2.3.1. The Physicochemical Analyses

The evaluation of the increase in biodegradability as a result of HC was based on
the increase in the BOD5/COD (biochemical oxygen demand/chemical oxygen demand)
ratio or the substrate biodegradability index (BI), in addition to the increase in BOD5 and
sCOD (soluble chemical oxygen demand). In addition, differences in the characteristics
of the HW and MPW mixture for three different inlet pressures were determined. The
parameters analyzed for characterizing the HW macerated in the cavitated and raw HW
and MTW mixtures, as well as the substrates themselves, were as follows: TSs (total solids),
VSs (volatile solids), phenols, COD, BOD5, TC (total carbon), alkalinity, and levels of pH. A
comparable process was carried out for the supernatant, and the parameters determined
included the following: TOC (total organic carbon), sCOD, and VFAs (volatile fatty acids).
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Supernatant samples were collected using a filter with a 0.45 µm pore size. Standard cuvette
tests corresponding to the parameters were performed in the majority of analyses. The
contents of TSs and VSs were established using the Standard Methods for the Examination
of Water and Wastewater (APHA, 2012). The pH values were measured using a CP-501
electronic pH meter (ELMETRON, Zabrze, Poland). Additionally, TOC was determined
with a Shimadzu TOC-5050A (Shimadzu Corporation, Tokyo, Japan)total organic carbon
analyzer. StatsoftStatistica software (v 13) was used to perform the statistical analysis.

2.3.2. SEM Analysis

SEM analysis was conducted to investigate the morphological structure of the analyzed
materials. A Hitachi SU 3500 (Hitachi High-Tech Group, Tokyo, Japan) scanning electron
microscope at an accelerating voltage of 20 kV was used for this purpose. Monochromatic
images showing the difference in electron flux were obtained using a secondary electron
detector; this enabled us to observe the microstructures and surface topography of the
investigated samples. A working distance of approximately 5.1 mm and a vacuum at a
pressure of 50 Pa were adopted in the SEM analysis. Prior to the SEM analysis, the samples
were sputtered with a thin layer of Au.

3. Results and Discussion
3.1. Effect of HC on the Characetristics of the Cavitated Mixture

The impact of HC on the composition and biodegradability of the cavitated mixture
was analyzed on the basis of the differences in its raw characteristics between the different
time intervals (Table 3).

For each of the analyzed inlet pressures, systematic decreases in the values of COD,
TSs, VSs, TC, and TOC concentrations were observed. Hydrodynamic cavitation, as one
of the AOPs, allows the effective reduction of organic pollutants, as expressed by the
mentioned parameters. The main oxidation mechanisms for the degradation of organic
matter are radical reactions, which has been confirmed by other researchers [25,26]. Kunz
and Wagner [27] proposed a disintegration degree (DDCOD) to determine the effectiveness
of cavitation in terms of disintegration. In subsequent years, it was modified by other
researchers [28,29]. This is a comparison of the soluble chemical oxygen demand in cavi-
tated and raw mixtures. The equation used for determining the degree of disintegration
is as follows: DDCOD = (sCODc − sCODr)/(sODr − sCODr) × 100, where CODr is the
total chemical oxygen demand of the mixture before cavitation, sCODr is the soluble COD
fraction before cavitation, and sCODc is the soluble COD fraction after the process. When
the inlet pressure was equal to 3.5 bar, the disintegration rate increased with HC running
time, as expected. It should be noted that, with short cavitation times, the differences
were greatest. At 5 min, the DDCOD amounted to 37.6%, whereas at 10 min it was 53.9%,
while after 60 min, the value grew to 62.3%. The degree of disintegration was much lower
for inlet pressures of 5.0 and 7.0 bar and did not exceed 10% in both cases. Zielinski
et al. [30] used a mechanical disintegrator consisting of a multifunctional rotor to cavitate
aerobic granular sludge. They obtained the highest disintegration rate for COD of 37% after
20 min of the process. Gutiérrez-Mosquera et al. [31] analyzed hydrodynamic cavitation
at an inlet pressure of 3 bar as a method for landfill leachate treatment. For the cavitation
process, a reduction of 38.56–53.2% was found after 30, 60, and 90 min. Solubilization
of lignocellulosic matter is expressed as a reduction in COD and an increase in SCOD
concentration. The greatest changes could be seen in the initial minutes of the process at
an inlet pressure of 3.5 bar, i.e., at 2, 5, and 10 min. For inlet pressures of 5.0 and 7.0 bar,
the solubilization of lignocellulosic matter was significantly lower. The increase in the
degree of degradation during HC of the herbal waste at an inlet pressure of 3.5 bar was
due to the efficiency of organic matter removal, with an associated increase in VFA and
phenolic contents. The VFA concentration for 3.5 bar increased by 21 and 10% after 60 and
10 min of HC, respectively, possibly indicating lipid degradation. For pressures of 5.0 and
7.0 bar, an increase in VFA concentration was also observed during the process. The highest
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values were obtained after 60 min of the process and were 18% and 14% for 5.0 and 7.0 bar,
respectively. The release observed for an inlet pressure of 3.5 bar seems to confirm the
improved biodegradability of herbal waste; moreover, it may indicate that HC is capable of
converting certain hard-to-degrade compounds into forms which are more biodegradable.
This is supported by other researchers who investigated HC as a method for wastewater
pretreatment [32]. Dębowski et al. [33] used a hydrodynamic cavitation process to pretreat
a substrate based on a mixture of cattle manure and milking station sludge, which was sub-
sequently biologically stabilized. They observed an increase in the concentration of organic
compounds in the dissolved phase, expressed as COD and VFAs. An increase in the phenol
concentration with process duration was also observed. The higher the inlet pressure used,
the higher the phenol release rate. The highest increase in phenol concentration was noted
for 7.0 bar (from 35.5 to 44.5 mg L−1 in 60 min). For lower inlet pressures, the increase in
the phenol concentration after 60 min of the process was 15% and 20% for 3.5 and 5.0 bar,
respectively. The increase in the concentration of phenols may indicate the decomposition
of lignin, which is very important for its conversion in biotechnological processes. Previous
studies by the authors reported a decrease in hemicellulose, cellulose, and acid lignin
content with the duration of the HC process. As for the increase in monosaccharides and
phenols during the HC process, it is proportional to the decrease in hemicellulose and
lignin contents [34]. The pH and alkalinity were also increased for each of the pressures
analyzed, which may indicate improved buffering conditions. The biodegradability index
(BI) of the herbal waste mixture suspended in wastewater increased for all analyzed inlet
pressures. The highest values were obtained for a pressure of 3.5 bar, increasing from 0.36
to 0.47 after 10 min of the process. For pressures of 5 and 7 bar, the highest increases in
the BI rate were obtained after 60 min. The BI increased from 0.26 to 0.32 and from 0.23
to 0.26 with 5 and 7 bar, respectively. These results were confirmed by Padoley et al. [35],
who observed that hydrodynamic cavitation enhanced the biodegradability of distillery
wastewater. Pretreatment under optimized conditions (at an inlet pressure of 13 bar) led
to an increase in BI from 0.13 to 0.32 and reductions in the COD and TOC concentrations
of 32.24% and 31.43%, respectively. Bis et al. [36] investigated the possibility of using
hydrodynamic cavitation to improve the biodegradability of mature landfill leachate. At
an inlet pressure of 7 bar, they observed the highest increase in the biodegradability index
(BI) of about 22%, i.e., from a value of 0.046 to 0.056. Dhanke et al. [37] analyzed the effect
of hydrodynamic cavitation on the increase in biodegradability of wastewater from the
fish processing industry. The effect of operating pressure was determined in terms of the
COD reduction and changes in BOD and BI values. Treatment was carried out at inlet
operating pressures of 6 bar and 8 bar. With an inlet pressure of 8 bar applied, the COD
value decreased with the duration of the experiment, and the reduction reached a peak
value of 50% after 120 min. In the same manner, the BOD increased from 3250 mg/L to
3510 mg/L. The value of the biodegradability index increased to 0.35 from 0.25 in the first
40 min and finally reached a value of 0.55 after 160 min of running the process. It should be
noted that the high biodegradability rate allows the efficient use of waste prepared in this
way in the anaerobic digestion process. The results obtained indicate that using HC effects
changes in the molecular structure of organic matter and can transform resistant organic
substances into compounds characterized by greater biodegradability.
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Table 3. Changes in physicochemical indicators during HC at various pressures (average values and standard deviations are given).

Time COD sCOD BOD5 BI TSs VSs TC TOC pH VFAs Alkalinity Phenols

min mg L−1 mg L−1 mg L−1 - g kg−1 g kg−1 mg L−1 mg L−1 - mg L−1 mg L−1 mg L−1

3.5 bar

0 3837 ± 515.1 2720 ± 241.8 1380 ± 245.2 0.36 6.36 ± 0.11 4.89 ± 0.09 903 ± 35.1 746 ± 25.5 6.16 ± 0.07 1133 ± 50.1 452 ± 19.9 40.8 ± 1.57

2 3803 ± 497.5 2990 ± 239.5 1391 ± 212.9 0.37 6.26 ± 0.09 4.31 ± 0.08 863 ± 29.7 741 ± 24.9 6.67 ± 0.09 1145 ± 49.7 476 ± 19.5 41.0 ± 1.68

5 3740 ± 480.5 3104 ± 228.1 1718 ± 238.9 0.46 5.36 ± 0.11 3.96 ± 0.09 888 ± 31.2 737 ± 28.7 6.8 ± 0.08 1174 ± 60.2 485 ± 20.2 42.4 ± 1.58

10 3640 ± 492.5 3216 ± 238.7 1699 ± 201.7 0.47 5.69 ± 0.10 3.22 ± 0.10 871 ± 33.4 715 ± 30.5 6.85 ± 0.09 1250 ± 70.5 508 ± 20.6 43.5 ± 1.79

30 3570 ± 452.1 3297 ± 249.1 1499 ± 198.8 0.42 5.66 ± 0.08 3.37 ± 0.11 883 ± 32.7 712 ± 26.7 6.97 ± 0.10 1290 ± 55.9 515 ± 17.9 43.9 ± 1.80

45 3437 ± 398.5 3313 ± 248.5 1452 ± 186.7 0.42 5.28 ± 0.12 3.09 ± 0.09 896 ± 31.0 711 ± 27.8 7.07 ± 0.11 1299 ± 56.7 565 ± 20.8 46.2 ± 1.75

60 3447 ± 397.6 3173 ± 229.6 1478 ± 182.2 0.43 4.80 ± 0.09 2.48 ± 0.08 870 ± 29.5 713 ± 30.9 7.2 ± 0.10 1372 ± 42.9 598 ± 19.8 46.7 ± 1.87

5 bar

0 4951 ± 298.1 2476 ± 212.2 1269 ± 210.2 0.26 8.62 ± 0.12 6.43 ± 0.09 949 ± 30.1 824 ± 31.8 6.42 ± 0.11 937 ± 32.2 502 ± 25.6 37.5 ±1.45.

2 4858 ± 277.6 2444 ± 207.6 1329 ± 195.8 0.27 8.66 ± 0.10 6.87 ± 0.07 909 ± 29.7 760 ± 33.1 6.58 ± 0.09 945 ± 29.7 525 ± 18.9 37.8 ± 1.50

5 4863 ± 285.4 2554 ± 209.5 1303 ± 201.4 0.27 7.80 ± 0.08 5.33 ± 0.08 911 ± 28.5 797 ± 29.7 6.60 ± 0.10 964 ± 30.3 548 ± 20.8 39.9 ± 1.52

10 4813 ± 264.7 2568 ± 210.5 1352 ± 204.6 0.28 7.77 ± 0.09 5.36 ± 0.04 925 ± 29.6 778 ± 30.5 6.69 ± 0.09 994 ± 35.6 589 ± 19.8 41.9 ± 1.49

30 4767 ± 225.4 2689 ± 200.9 1317 ± 213.5 0.28 7.37 ± 0.12 5.20 ± 0.07 896 ± 27.8 743 ± 28.4 6.82 ± 0.08 909 ± 37.8 601 ± 17.8 43.8 ± 1.47

45 4744 ± 298.1 2651 ± 212.6 1345 ± 209.9 0.28 7.17 ± 0.11 5.56 ± 0.05 894 ± 30.2 730 ± 24.4 6.88 ± 0.08 1043 ± 40.1 612 ± 20.1 44.6 ± 1.39

60 4257 ± 278.9 2595 ± 215.9 1349 ± 210.1 0.32 6.97 ± 0.07 4.45 ± 0.07 859 ± 35.5 711 ± 28.7 6.99 ± 0.10 1110 ± 41.1 642 ± 19.8 45.1 ± 1.42

7 bar

0 5800 ± 205.2 2505 ± 199.6 1280 ± 171.3 0.23 9.48 ± 0.12 7.67 ± 0.09 835 ± 33.7 720 ± 21.1 6.57 ± 0.09 890 ± 30.5 601 ± 30.1 35.5 ± 1.38

2 5733 ± 207.9 2319 ± 197.5 1297 ± 118.5 0.23 9.28 ± 0.13 7.38 ± 0.11 763 ± 30.4 645 ± 19.8 6.76 ± 0.11 892 ± 29.9 612 ± 25.1 36.3 ± 1.35

5 5724 ± 210.1 2424 ± 195.7 1305 ± 116.9 0.23 9.13 ± 0.14 7.61 ± 0.12 769 ± 31.2 645 ± 20.1 6.83 ± 0.12 896 ± 31.7 628 ± 22.2 36.5 ± 1.40

10 5684 ± 209.5 2489 ± 198.2 1331 ± 202.2 0.23 8.79 ± 0.10 7.08 ± 0.10 750 ± 29.9 635 ± 22.9 6.91 ± 0.09 921 ± 32.5 638 ± 21.8 40.2 ± 1.65

30 5661 ± 204.5 2529 ± 189.5 1364 ± 199.5 0.24 8.60 ± 0.09 7.09 ± 0.09 759 ± 30.6 635 ± 23.7 7.07 ± 0.11 938 ± 33.5 651 ± 23.9 41.5 ± 1.35

45 5531 ± 203.1 2575 ± 192.4 1382 ± 189.5 0.25 8.53 ± 0.11 7.08 ± 0.11 761 ± 29.8 637 ± 25.4 7.20 ± 0.10 992 ± 35.8 678 ± 29.7 42.7 ± 1.39

60 5297 ± 201.9 2680 ± 189.9 1395 ± 190.5 0.26 8.48 ± 0.11 7.07 ± 0.12 738 ± 30.5 623 ± 20.7 7.26 ± 0.11 1016 ± 36.9 695 ± 29.1 44.5 ± 1.42
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3.2. SEM Analysis—Morpological Structure

Changes in the morphological composition and surface topography of the mixture of
herbal waste and wastewater before and after the cavitation process were analyzed by SEM
(Figure 2).
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Figure 2. SEM images of HW and MPW mixture: (a) raw sample; (b) sample after 60 min of cavitation.

This analysis is commonly used by researchers to determine the impact that various
pretreatment methods have on the morphologies of lignocellulosic matter. SEM analysis
of all samples before the cavitation process showed undisturbed and smooth surfaces
(Figure 1a). However, following 60 min of pretreatment, holes began to appear on the
surfaces and the structures were destroyed, which may have been caused by the removal
of lignin (Figure 2b). This is confirmed by the study of Tahangavelu et al. [38], who
used hydrodynamic cavitation and enzymatic pretreatment for delignification of corncob.
Similar changes were also observed in sugarcane bagasse (SCB) treated by hydrodynamic
cavitation, as described by Teran Hilares et al. [39]. The surface morphology of SCB was also
analyzed using SEM images. The pretreated SCB had a characteristic loosened structure
due to the destructive effects of cavitation (i.e., high-velocity microjets and shock waves).
Grimaldi et al. [40] showed that the pretreatment of biomass contributes to lignin removal
by two-stage cell wall destruction, loosening the bonds between adjacent cell walls as well
as causing degradation within the cell wall through exfoliation and the formation of holes.



Energies 2024, 17, 2023 9 of 12

Similar effects were achieved in the present study, which has significant implications for
the subsequent biological processing of lignocellulosic matter.

3.3. Energy Balance

In order to evaluate the benefits of cavitation, it is necessary to consider the energy
input as well as the further processing steps of cavitated substances, such as anaerobic
decomposition. Determining the cavitation yield for the inlet pressures tested enabled the
establishment of energy efficiency (Table 4). This quantity was determined based on the
quantity of removed COD per total supplied energy. According to the data, the lowest
consumption of power was observed at an inlet pressure of 3.5 bar. For the other analyzed
pressures, the power consumption was higher, which was due to the much higher value of
the inlet pressure and the higher value of the pressure resulting from the passage of the
examined medium through the cavitation inducer. For all inlet pressures used, cavitation
yields were highest in the initial minutes of running the process.

Table 4. The cavitation yields at inlet pressures of 3.5, 5.0, and 7.0 bar.

Time Electrical Power
Consumption

Energy Efficiency—Total
Energy Supplied Power Density COD Removed Cavitation Yield

min Js−1 kJ kJ ml−1 mg mL−1 mg kJ−1

3.5 bar

2 20 2.4 0.00008 0.067 837.5

5 44 13.2 0.00044 0.097 220.5

10 81.5 48.9 0.00163 0.197 120.9

30 259 466.2 0.01554 0.267 17.2

45 389 1050.3 0.03050 0.4 11.4

60 519 1868.4 0.06228 0.39 6.3

5 bar

2 25 3 0.0001 0.093 930.0

5 57 17.1 0.00057 0.088 154.4

10 114 68.4 0.0028 0.138 60.5

30 343 617.4 0.02058 0.184 8.9

45 515 1390.4 0.04635 0.207 4.5

60 687 2473.2 0.08244 0.694 8.4

7 bar

2 35 4.2 0.00014 0.067 478.6

5 77 23.1 0.00077 0.076 98.7

10 154 92.4 0.00308 0.116 37.7

30 463 833.4 0.02778 0.139 5.0

45 694 1873.8 0.06246 0.269 4.3

60 925 3330 0.11100 0.503 4.5

Considering the values of COD removed in the process, the most optimal values in
terms of cavitation yield were obtained with an inlet pressure of 3.5 bar. The cavitation
yield was 837.5 mg kJ−1 after 2 min, 220.5 mg kJ−1 after 5 min, and 120.9 mg kJ−1 after
10 min. After this time, the cavitation yield decreased to a value of 6.3 mg kJ−1 after 60 min.
Achieving such high cavitation yields at the 2nd, 5th, and 10th minutes of the process
provided an increase in BI values from 0.36 to 0.37 at the second minute and to 0.46 and
0.47 at the 5th and 10th minutes, respectively. For the other pressures analyzed, the high
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values of cavitation efficiency did not correspond to an increase in the biodegradability
coefficient. It follows that in order to achieve the maximum BI and avoid unnecessary
energy costs, one should run the HC process for 5 and a maximum of 10 min at an inlet
pressure of 3.5 bar.

4. Conclusions

Using HC as a method of pretreatment affected the biodegradability rate of herbal
waste suspended in wastewater. The highest BI values were recorded after 5 and 10 min of
the process with an inlet pressure of 3.5 bar, and the biodegradability index increased by
about 30% compared to the mixture before cavitation. Energy efficiency tests confirmed
the results of the physicochemical analysis. To sum up, to increase the biodegradability of
herbal waste using hydrodynamic cavitation, an inlet pressure of 3.5 bar and a cavitation
time interval of 5 to 10 min are optimal. Increasing pressure beyond 3.5 bar becomes
increasingly less effective at processing biomass.
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