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Abstract: Spent coffee grounds (SCGs) constitute the main solid residue of the coffee brewing process.
SCGs are generated in significant amounts daily, worldwide. The effective management of this
waste through biological processes is still an unresolved problem. In this study, the application of
hydrodynamic cavitation (HC) as a pre-treatment method for improving the biodegradability of
SCGs suspended in municipal wastewater was proposed. An orifice plate with a conical concentric
hole having inlet/outlet diameter of 3/10 mm was applied as the cavitation inducer. Three inlet
pressures were chosen: 3, 5 and 7 bar. The effects in time intervals of 0, 5, 10, 20, 30 and 45 min were
evaluated. The application of HC led to enhanced biodegradability for each case. The results of
multi-criteria decision indicated that the most efficient combination in terms of biodegradability and
energy usage was obtained at the pressure of 5 bar and duration of 20 or 30 min, depending on the
adopted weights. The improvements of DOC/TOC (dissolved organic carbon/total organic carbon)
ratio were 57% and 71%, as compared to the untreated samples. The release of caffeine was found
at pressures of 5 and 7 bar. However, at 5 bar, this effect was noticed for the longest times, 30 and
45 min, respectively.

Keywords: spent coffee grounds; hydrodynamic cavitation; pre-treatment prior anaerobic digestion;
caffeine; enhanced biodegradability; zeta potential; FT-IR/ATR; multi-criteria decision-making

1. Introduction

Currently, coffee is recognized as one of the most popular beverages, consumed all
around the world in large amounts. It is estimated that the global daily consumption
reaches as much as 3 billion cups, of which over 30% occurs in Europe [1,2]. Thus, it
contributes to the generation of a significant amount of waste. The main solid residue
of the coffee brewing process is known as spent coffee grounds (SCGs) [3]. It is assessed
that about 60 million kg of this by-product is produced daily, worldwide [4]. A significant
amount of SCGs are deposited in landfills or incinerated, leading to increased greenhouse
gas emissions [5]. Moreover, SCGs contain various organic compounds, e.g., caffeine,
polysaccharides, cellulose and tannins, that potentially can be transformed into toxic
substances, causing environmental pollution [3,6].

Recently, global attention has been focused on the potential for transformation into a
valuable resource for various commercial applications [5]. It has been applied in the food,
pharmaceutical and cosmetic industries [3]. Other applications are related to its adsorption
capabilities; it has been used for bioremediation or production of adsorbents [7,8]. However, in
addition to these commercial uses, there may be benefits to using SCGs to produce energy.
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Among various available technologies, anaerobic digestion (AD) offers several environmen-
tal and economic advantages in this process. AD allows for conversion of organic wastes
into energy and nutrient-rich digestate. It also enables the effective management of many
types of organic residues [9].

AD has been used with various feedstocks; however, anaerobic bioconversion of
some of them is still a technological challenge [9,10]. SCGs belong to this group. This fact
is mainly due to SCGs’ complex structure and the presence of potential AD inhibitors,
e.g., polyphenols, tannins, caffeine and terpenes, as well as terpenoids [11]. Previous
studies have indicated that mono-digestion of SCGs has a limitation related to maintaining
process stability. Another approach allowing for an application of SCGs in the AD process
is utilisation of the pre-treatment strategy. Recent studies indicated that pre-treatment
might result in increased methane production, in particular in the case of lignocellulosic
biomass [12]. Among various pre-treatment methods, hydrodynamic cavitation (HC)
is recognised as cost-effective and easy to carry out and to scale up as well as being
a sustainable solution. The recent studies in the field of application of this technique
for pre-treatment of lignocellulose biomass confirmed a high effectiveness in disrupting
lignocellulosic fibres, increasing accessible surface area and promoting the subsequent
hydrolysis, with formation of a small amount of AD inhibitors [13]. Moreover, HC does
not require reagent dosing, which can lead to corrosion and neutralisation before AD [14].

In this study, the application of HC as a pre-treatment method for improving the biodegrad-
ability of SCGs are studied. The effectiveness of HC was evaluated on the basis of changes in
physicochemical composition of pre-treated SCG material and possible inhibitors formation in
the material. To assess the changes occurring with HC, we employed a Fourier transform in-
frared spectroscopy with attenuated total reflectance accessory (FT-IR/ATR) and also performed
particle size, zeta potential, conductivity and surface tension analyses.

Additionally, multi-criteria decision-making analysis was undertaken, leading to
an optimal decision. As a result, optimal HC parameters such as inlet pressure and time
circulating the cavitated medium via the system were indicated. Thus far, such multifaceted
studies in the field of application of HC for this waste have not been conducted. The
proposed technology might allow for the beneficial, sustainable use of SCGs in biological
processes with energy recovery.

2. Materials and Methods
2.1. Substrates

The SCGs used in this study were obtained from commercial espresso coffee machines
located at the campus of Lublin University of Technology (Poland). For HC experiments,
they were used as a fresh sample without any pre-treatment. Before each HC experiment, a
new sample of SCGs were collected. Prior to the performance of HC, SCGs were suspended
in the mechanically pre-treated wastewater (MW) obtained from the local wastewater
treatment plant (WWTP) (Lublin, Poland). The high total solids (TSs) content of SGCs does
not permit us to perform HC without prior dilution. Our previous studies indicated that
application of such a medium is suitable for performance HC and does not contribute to
the generation of toxic intermediate products during HC [15]. For each HC experiment, a
new MW sample was taken in the amount of 35 L. The physicochemical characteristics of
the applied substrates are summarised in Table 1.

Table 1. The physicochemical characteristics of the applied substrates in the experiments (average
values and standard deviation are given).

Parameter Unit SCGs MW

TS g/kg 315.78 ± 3.4 1.07 ± 0.05
VS g/kg 310.28 ± 5.1 0.37 ± 0.06

COD mg/L 15,750 ± 25.3 583 ± 14.7
TOC g/kg 520 ± 4.7 74.10 ± 3.7
pH - 5.27 ± 0.1 7.59 ± 0.2
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2.2. HC Experiments and Operational Set-Up

The operational set-up of the HC experiments is shown in the Figure 1. The exper-
iments were conducted using specially designed laboratory equipment consisting of a
cavitation reactor, a circulation reservoir with an active volume of 30 L, a pump and an
inverter, as well as measurement equipment, e.g., an electromagnetic flow meter and three
piezoelectric pressure gauges. All elements were connected with pipelines. Moreover, the
HC device was equipped with control valves. The data were monitored and saved using
a PC with appropriate software. In this HC system, the applied medium circulates in a
closed loop, repeatedly passing through the cavitation reactor. An orifice plate with a single
conical concentric hole of 3/10 mm (inlet/outlet diameter) was chosen as the cavitation
inducer due to the solid content of cavitated medium. The detailed description and scheme
of the applied HC device is presented in the study conducted by Montusiewicz et al. [16].
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Figure 1. The assumptions and operating conditions of the experiment.

To perform HC experiments, SCGs were suspended in wastewater and 950 g of SCGs
was added to 30 L of MW, which constituted 1% of total solids (TS) content in the pre-
treated mixture. The proportion of SCGs were related to the technical limitation of applied
HC device. Three inlet pressures were chosen: 3, 5 and 7 bar. The corresponding cavitation
numbers for those pressures were 0.113, 0.067 and 0.049, respectively. The samples for
analyses were taken at the following time intervals: 0, 5, 10, 20, 30 and 45 min. The number
of passes of the medium through the cavitation zone is presented in Table 2. The energy
usage (kWh) was recorded from the pump inverter controlling its operation during the
HC experiments.
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Table 2. The number of passes of pre-treated medium through the cavitation zone.

Time [min] 3 bar 5 bar 7 bar

5 2.9 3.6 4.3
10 5.7 7.3 8.5
20 11.5 14.6 17.1
30 17.2 21.9 25.6
45 25.8 32.8 38.4

2.3. Analytical Methods
2.3.1. The Physicochemical Analyses

In the collected materials, the following parameters were controlled: chemical oxygen
demand (COD), TSs, volatile solids (VSs), total organic carbon (TOC), phenols, caffeine
and pH level. In turn, in the soluble fraction obtained by filtering through a membrane
with a 0.45 µm pore-size filter, the soluble chemical oxygen demand (sCOD) and dissolved
organic carbon (DOC) were analysed.

sCOD, COD and phenols were measured using spectrophotometer DR 3900 (Hach
Lange) and dedicated cuvette tests. Both VSs and TSs were established according to the
procedure presented in APHA 2012 [17]. The TOC content was controlled using the RC 612
LECO equipment. The concentration of DOC in samples was measured by the means of a
TOC-L Shimadzu analyser.

To evaluate the caffeine content, a gas chromatograph coupled with an Agilent
8890/5977B mass spectrometer (Waldbron, Deutschland) was applied. An analytical col-
umn HP-5 ms (30 m × 0.25 mm I.D., film thickness of 0.25 µm) was adopted. Helium with
a purity of 99.99% and flow of 1.0 mL/min was used as a carrier gas. The temperature
of the MS detector was maintained at 200 ◦C. In turn, the temperature program for the
column was as follows: 75 ◦C for 1 min, a linear ramp to 300 ◦C at 7.5 ◦C/min.

The pH analysis was performed with a calibrated pH meter Elmetrin CX-401 (Elmetron,
Zabrze, Poland) by immersing an electrode (EPS-1 electrode) directly in the tested system.
Each tested system was analysed three times and the average values were reported.

The conductivity analysis was performed using a calibrated conductivity meter El-
metrin CX-401 (Elmetron, Zabrze, Poland) by directly immersing an electrode (EC-60
electrodes) in the tested system. The measurements were performed at 25 ◦C and repeated
three times, and the average values were reported.

2.3.2. Zeta Potential and Particle Size Analysis

The zeta potential analysis was performed using a NanoZS Zetasizer (Malvern Instru-
ments Ltd., Malvern, UK) with a universal dip cell. Measurements were performed at 25 ◦C
in 12 mm glass cell cuvettes (PCS1115). The software converted the electrophoretic mobility
of the sample to the zeta potential using the Smoluchowski equation. Each measurement
was repeated six times, and the average values were reported.

The particle sizes of the investigated samples were presented as hydrodynamic diame-
ters, which were derived from the time correlation function of the particle number density.
The mean hydrodynamic diameters of the measured samples were determined by dynamic
light scattering (DLS) using a NanoZS zetasizer (Malvern Instruments Ltd., Malvern, UK).
Measurements were performed at 25 ◦C in 12 mm square polystyrene cuvettes (DTS0012).
Each sample was repeated at least six times, and the average values were reported.

2.3.3. FT-IR/ATR

Attenuated total reflectance ATR (FT-IR/ATR) spectra were recorded in the 3800–600 cm−1

range, resolution 4 cm−1 using a Meridian Diamond ATR accessory (Harrick) and Ni-colet
6700 spectrometer. Freeze-dried samples were directly applied to the diamond crystal, and
close contact was made with the surface by a pressure tower. Interferograms consisted
of 512 scans. All spectra were corrected for carbon dioxide and water vapour, and ATR
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correction was applied. No smoothing functions were used. All spectral measurements
were performed at least in triplicate.

2.3.4. Multi-Criteria Decision Making

The results of the experiments were analysed using multi-criteria decision in relation
to 18 distinguished variants (Table 3). Five criteria were defined, the maximization of two
variables: sCOD/COD and DOC/TOC and minimization of three variables: concentration
of caffeine and phenols as well as energy usage. The decision variables for individual
variants were the inlet pressure and time intervals. The assessment was carried out in a
five-dimensional criterion space. In the first step (S1), non-dominated solutions (Pareto
optimal) were determined. In the next one (S2), a compromise solution was generated
using the Chebyshev metric. Depending on the situation, maximum or minimum values
established separately for each considered criterion were used as reference values. These
quantities form an ideal vector whose use resulted in a transition from nominal values to
dimensionless quantities, enabling comparison. The result of this step was to obtain one
compromise solution. It was also possible to reflect the relative significance of the criteria
by introducing weights, with their sum being 1. Two kinds of analysis were conducted,
i.e., min–max analysis with the equal weights for the distinguished criteria (wi, where i
is a number of the respective criterion, for 5 criteria each wi = 0.2) and min–max analysis
with differentiated weights. A detailed description of the method is presented in study
conducted by Surdacki and Montusiewicz [18].

Table 3. Changes in physicochemical indicators during HC as well as energy usage at various
pressures (average values and standard deviation are given) together with specification of variants
for multi-criteria decision.

Time TOC DOC sCOD/COD DOC/TOC VS/TS Caffeine pH Phenols T Energy
Usage

Variant
Number

min g/kg mg/L - - ppm mg/L ◦C kWh

3 bar
0 585 ±

8.24
332 ±
14.38 0.15 0.0006 0.86 7.23 ±

0.15
20.8 ±

2.40
9.05 ±

0.35 - v1

5 528 ±
19.90

438 ±
19.13 0.20 0.0008 0.90 7.29 ±

0.12
22.3 ±

7.92
10.65 ±

0.07 0.039 v2

10 512 ±
13.29

453 ±
11.90 0.21 0.0009 0.89 7.32 ±

0.12
21.5 ±

7.99
11.95 ±

0.64 0.077 v3

20 499 ±
11.11

474 ±
19.64 0.22 0.0009 0.90 7.36 ±

0.1
22.8 ±

8.06
13.0 ±

0.14 0.154 v4

30 478 ±
8.61

491 ±
17.08 0.24 0.0010 0.91 7.39 ±

0.11
24.5 ±

7.71
14.85 ±

0.21 0.232 v5

45 468 ±
13.36

499 ±
14.09 0.27 0.0011 0.89 nd 7.53 ±

0.01
25.4 ±

7.92
17.35 ±

0.07 0.347 v6

5 bar
0 498 ±

61.3
329.3 ±

26.5 0.12 0.0007 0.88 nd 7.32 ±
0.25

18.5 ±
7.14

8.03 ±
1.68 - v7

5 461 ±
47.4

453.9 ±
52.9 0.20 0.0010 0.88 nd 7.43 ±

0.24
21.3 ±

7.54
10.90 ±

1.32 0.057 v8

10 464 ±
30.0

471.5 ±
55.9 0.22 0.0010 0.87 nd 7.46 ±

0.20
22.8 ±

7.71
11.83 ±

1.53 0.114 v9

20 461 ±
23.9

515.5 ±
66.6 0.25 0.0011 0.90 nd 7.57 ±

0.17
23.9 ±

6.82
14.27 ±

1.80 0.227 v10

30 463 ±
12.4

545.0 ±
74.6 0.28 0.0012 0.89 4.8 ±

0.1
7.75 ±

0.12
26.1 ±

6.52
16.40 ±

1.93 0.343 v11

45 453 ±
24.3

584.9 ±
84.9 0.32 0.0013 0.88 6.12 ±

0.12
7.83 ±

0.10
27.6 ±

5.95
19.67 ±

2.20 0.515 v12

7 bar
0 525 ±

6.8
249.1 ±

38.3 0.14 0.0005 0.92 nd 7.24 ±
0.11

19.8 ±
5.19

9.95 ±
1.49 - v13

5 478
±7.3

413.9 ±
74.3 0.19 0.0009 0.88 9.64 ±

0.05
7.32 ±

0.04
22.5 ±

4.34
11.55 ±

0.35 0.077 v14

10 472 ±
8.7

434.9 ±
77.4 0.24 0.0009 0.86 8.73 ±

0.07
7.38 ±

0.15
24.3 ±

4.53
13.55 ±

0.35 0.154 v15

20 467 ±
14.4

467.9 ±
55.7 0.28 0.0010 0.86 5.50 ±

0.03
7.52 ±

0.27
26.9 ±

4.88
17.05 ±

0.636 0.308 v16

30 465 ±
8.3

519.4 ±
50.9 0.30 0.0011 0.87 13.81 ±

0.2
7.64 ±

0.12
29.7 ±

5.44
20.25 ±

1.20 0.463 v17

45 452 ±
23.9

570.0 ±
63.2 0.33 0.0013 0.86 7.55 ±

0.3
7.80 ±

0.14
33.8 ±

6.32
24.05 ±

0.64 0.694 v18
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3. Results and Discussion
3.1. Influence of HD on the Physicochemical Properties of Pre-Treated Mixture

To evaluate the impact of HC on the properties of SGC and MW mixture properties,
the contents of COD, sCOD, TOC, DOC, VSs and TSs were analysed. In determining the
impact of HC on biodegradability the sCOD/COD and DOC/TOC ratios were selected as
the key indicators. Those results are presented in Table 3 and Figure 2.
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As a result of HC, destruction of complex organic compounds expressed as COD, TOC
and TS was found. Regarding the first parameter, as the testing time increased, a decrease
in the COD content was observed (Figure 2c). Importantly, at 5 bar, major decreases of
COD content that varied between 15–35% were found. A minor effect was achieved at
pressures of 3 and 7 bar, respectively. At the lowest pressure, COD was reduced by 14–21%
as compared to the untreated sample. In turn, at the highest pressure, decreases of COD
content reached 11–24%.

A similar finding was found in the study conducted by Dhanke [19]. Within HC
using an orifice plate of wastewater generated in fish processing plants, the COD reduction
varied between 23–51%; however, the highest values were achieved with a longer time,
of 160 min. Less favourable results were obtained in the case of tannery waste effluent;
therein, maximum COD reduction of 14.5% was found with optimum pressure of 5 bar and
time of 120 min [20].

Regarding TOC content, major declines were achieved at pressures of 3 and 7 bar
(Table 3). The greatest decreases of TOC, amounting to 19.9% and 13.9%, were achieved at
the longest time of 45 min, for 3 and 7 bar, respectively. The results obtained in this study
are comparable to those presented by other researchers. Saxena et al. [20] reported that the
highest TOC reduction of 12.60% was found at a pressure of 5 bar and a time of 120 min. In
turn, the application of HC with an inlet pressure of 5 bar for distillery wastewater treatment
resulted in COD and TOC reduction of 32% and 31%, respectively [21]. It is worth noting
that the abovementioned investigations are related to single-component mixtures, i.e.,
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wastewaters. Nonetheless, in the present study, SCGs were suspended in MW. In the
literature, studies of multi-component mixtures are not common. In authors’ previous
studies, the application of HC to brewery spent grain suspended in MW also allowed for
efficient decomposition of complex organic compounds. Therein, the application of the
same HC inductor and the pressure of 7 bar resulted in decreasing the COD and TOC
contents by approx. 16% [16].

The mechanisms of organic matter destruction within HC might occur through several
paths. However, two of them are recognized as dominant [22]. The first is related to the
influence of free radicals generated within collapsing bubbles that react with refractory
organics. The second mechanism occurs when HC is combined with pyrolysis, i.e., the
thermal effects that occur inside or near cavitation bubbles [23]. Moreover, in certain cases,
the shockwaves generated by the collapsing cavity might also damage the molecular bonds.
This effect is particularly observable in the case of high molecular weight compounds
or multi-component mixtures [24]. The main factors determining which mechanism is
decisive are the properties of the compound, the intensity of cavitation and the construction
of the HC reactor [25]. In this study, an orifice plate with one concentric hole was employed.
Previous investigations confirmed that such construction of the inductor ensures higher
cavitation intensity as compared to other HC reactors, e.g., Venturi [26,27]. Additionally,
the effectiveness of organic matter destruction is influenced by several factors including
inlet pressure, temperature, pH, geometry and type of the device, as well as initial content
of pollutant.

Generally, the application of higher pressure results in the enhanced reduction in
COD and TOC contents. The higher pressure favours increased generation of cavities and
consequently increased production of free radicals with oxidizing capability level [28].
However, it should be emphasized that after exceeding a certain pressure, super-cavitation
might be generated, leading to vapour cloud formation and cessation of cavitation bubbles
collapse [29]. Frequently, further increases in pressure above optimum do not result in the
improvement of oxidation or mineralization effectiveness. This observation was confirmed
by Saharan et al. [30]. In this investigation, the use of the highest pressures of 13 and 10 bar
resulted in COD and TOC reduction comparable to using only 5 bar. Moreover, it should
be pointed out that application of high pressures is related to significant operational costs
and thus might be difficult to implement in large scale operations.

Within the destruction of complex organic compounds, the discharge of easily biodegrad-
able organic matter was observed. This finding has been confirmed in previous studies related
to the application of HC for various types of wastewaters, e.g., municipal [31], mature landfill
leachate [32] and industrial effluents [33]. This achievement is particularly important in
the context of further use of pre-treated mixture in an anaerobic digestion process. The
released soluble fraction can be easily metabolized by AD microbes and hence may im-
prove subsequent methane production [13]. In this regard, the solubilization of organic
matter is recognized as the main indicator assessing the effectiveness of the pre-treatment
method [24].

Regarding sCOD, as is shown in Figure 2d, a higher release of this parameter was
achieved with increasing pressure, lowering the frequency of cavitation and extending the
time. At a pressure of 7 bar, the release percentage varied between 25.4% to 82.2%, while
the major enhancement as compared to initial sample was found at the longest time of
45 min. In turn, the release percentage varied between 15–44.2% and 25.7–67.4% for 3 and
5 bar, respectively.

A trend similar to that of sCOD was noted for DOC. In all analysed pressures, as
test duration extended, greater releases of its content were achieved, and the greatest
enhancement was observed at pressure of 7 bar (Table 3). Therein, the most beneficial
results were observed for the longest times. As compared to the untreated sample, 1.9- and
2.1-fold increases in its content were found for 30 and 45 min, respectively. Only minor
growth in DOC concentrations was observed for other two pressure levels. The release
percentage was determined to be 32–50.6% and 38–77.6% for 3 and 5 bar, respectively. A
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different tendency was found for VS content; in this case, a decrease in its content was
noted during the HC experiment. The highest VS loss was obtained at the highest pressure
of 7 bar (Figure 2b).

In order to assess the share of easily biodegradable fraction, for each sample, the
biodegradability index (BI) was evaluated on the basis of DOC/TOC ratio (Table 3). Evalu-
ation of the influence of pre-treatment on this indicator is particularly important, because
it determines the possibility of and susceptibility to degradation of organic compounds
in biochemical reactions by microorganisms [24]. Importantly, in this study at the highest
pressure even after only 5 min, this indicator increased almost two-fold. The previous
investigations confirmed that the application of HC results in the significant improvement
of BI index. In the case of wastewaters such as distillery and tannery effluents, even two-
fold increases were achieved [24]. A minor effect was found in case of multi-component
mixtures of brewery spent grain (BSG) and MW, therein the BI was enhanced by 22% [16].

Regarding sCOD/COD value at all pressures, an improvement of this ratio occurred
within HC (Table 3). As in the case of the other indicators, the highest pressure and the
longest duration of time resulted in its greatest increase. Favourable results were also
observed for a pressure of 5 bar and a time of 20, 30 and 45 min. Therein, over 100%
enhancements were found as compared to the untreated sample. Taking into consider-
ation the further application of pre-treated substrate in the AD process, the improved
biodegradability and effective destruction of complex organic matter within HC is partic-
ularly important. The previous studies indicated that the HC of BSG suspended in MW
allowed for its effective utilization with energy surplus in anaerobic co-digestion [15]. It
should be noted that the use of each waste and the selection of the appropriate carrier must
be considered individually, mainly due to the possible generation of toxic by-products that
may lead to the inhibition of AD. Therefore an in-depth analysis and a holistic approach are
required. Additionally, for each type of waste, the optimization of operating parameters
should be performed.

In this study, the influence of HC on caffeine content was also evaluated (Table 3).
Its impact on AD microbes is multifaceted. At high concentrations, this compound is
recognized as a possible AD process inhibitor, mainly due to its antibacterial properties.
On the other hand, at low doses, caffeine is recognized as a stimulant that accelerates
biochemical reactions. Moreover, under anaerobic conditions, it indicates fast absorption
by AD microbes [34,35]. Previous studies have indicated that at concentration of 100 mg/L,
enhanced biogas production from food waste was achieved. Additionally, a fast initiation
of biogas production was also observed [36]. Therefore, it is important to analyse whether
the use of particular pre-method results in a significant release of this compound. As
is presented in Table 3, applying the highest pressure of 7 bar resulted in the release of
caffeine, to the greatest extent at time of 30 min. It should be noticed that at pressure of
5 bar, the release of this compound occurred only at a test duration of 30 and 45 min, while
significant release was recorded at pressure of 3 bar.

Regarding phenols, their release was also observed within HC. These compounds
also have an inhibitory effect on AD microbiota; their negative influence is related to
damaging of microbe cytomembrane, hence affecting the permeability of the cell wall [37].
Prolongation of test time resulted in increased phenol content. However, the major release
of phenols was found at the highest pressure of 7 bar. Minor growth was observed in the
case of pressure of 5 and 3 bar.

The phenomenon of the release of bioactive compounds within HC is well recog-
nized [38,39]. This mechanism has been used for natural product extraction from various
biological resources [40], e.g., protein from soy slurry [41], pectin from orange peels [42],
lipids from microalgae [43] and flavonoids from Equisetum palustre L or pigeon pea
leaves [44]. Moreover, previous studies have indicated that use of HC for cocoa bean shell
waste led to extraction of hydrophilic fraction rich in flavanols, caffeine and theobromine
from cocoa bean shell [45]. Extraction occurs because of the collapse and implosion of the
cavitation bubbles, generating hot spots and shockwaves. Such conditions allow for the
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breaking of cell membranes and enhancement of mass transfer, increasing water access to
the disrupted cells and extraction of water-soluble compounds in the aqueous phase [40,46].

Another tendency that might be observed includes increases of temperature and
pH-value within HC. As the test duration and pressure increased, the values of these
parameters were enhanced. It is generally understood that the thermal effect is one of the
most visible changes of HC, particularly in the case of the applied device not equipped
with a cooling system. In turn, the growth of pH value is attributed to the formation of free
radicals [28].

3.2. Changes of Zeta Potential and Particle Sizes within HC

Analysis of the changes in physicochemical properties of the medium in investigated
variants (Table 3) may facilitate the interpretation of the HC results. Figure 3 presents the
influence of inlet pressure and time of HC on the properties of the SCG and MW mixture,
including conductivity, surface tension, zeta potential and particle size. The results in Figure 3a
show that the conductivity of the samples increases slightly along with time, which means
that some ionic compounds are released during HC. These substances are probably mainly
anionic in nature, as the pH of the systems also increases with time (Table 3). As far as the
inlet pressure is analysed, the observed differences are relatively small. However, when the
system is set at an inlet pressure of 5 bar, the conductivity values appear to be the highest.
Figure 3b presents the influence of the inlet pressure and the HC time on the surface tension
of the analysed variants. According to the literature, coffee beans contain coffee oil, which has
surface active properties [47]. Biochemical analysis of this compound confirmed the presence
of polar groups (chlorogenic acid, an ester of caffeic acid and quinic acid—hydrophilic head)
and non-polar groups (hydrocarbon chain—hydrophobic tail), which confer surface activity
on coffee oil. It appears that this oil is released during the cavitation processes under all
inlet pressures studied, but the release is the greatest under 5 bar and the smallest under
3 bar. As can be seen, the zeta potential of the investigated samples changes insignificantly
with the time of HC for the system under 3 bar of pressure (Figure 3c). This potential
occurs in the double layer at the surface of the dispersed particles. It is determined at
the slipping plane, in relation to the potential deep within the continuous phase. In other
words, it is the potential between the dispersant and the fluid layer attached to the particle
surface. This parameter is very important in determining the stability of the system and
indicating what types of instabilities may occur for a given solid–liquid system. Some small
changes in the zeta potential can be seen at 7 bar and the largest for the system under 5 bar.
In the latter two systems, a small increase in the zeta potential can be observed, but the
values are still negative, which means that this type of charge dominates in the slipping
plane [48]. Moreover, the values of the measured zeta potentials allow us to conclude that
the HC process causes a slight decrease in the stability of the tested systems (with time the
values are closer to zero). On the basis of the changes in particle size (Figure 3d), which
are associated with the changes in inlet pressure and time, it can be seen that the higher
the inlet pressure and the longer the treatment time, the smaller the particles. The HC
process breaks down the solid particles present in the system into smaller ones. The higher
the pressure accompanying the HC process, the smaller the particles obtained which is in
agreement with the literature [49].
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3.3. FT-IR/ATR

FT-IR/ATR was used to estimate changes in the composition of organic matter that
could result from the use of hydrodynamic cavitation as an SCG pretreatment method.
Figure 4 presents the FT-IR/ATR spectra of untreated SCGs and SCGs subjected to hydro-
dynamic cavitation.

As mentioned earlier, SCGs have a complex structure containing polysaccharides,
lipids (also coffee oil), polyphenols, proteins, tannins, caffeine, terpenes and terpenoids.
Most of the bands in all FT-IR/ATR spectra of SCGs are characteristic of polysaccharides
and lipids. SCGs may also contain acids (i.a. chlorogenic, quinic) and caffeine. SCGs
contain less oil, acid and caffeine than the original beans, but one can expect that some
amounts will still be present in SCGs. The bands at 1375, 1243, 1147, 1111 and 1053 cm−1

may be attributed to chlorogenic acids and esters formed by quinic acid as well as some
trans-cinnamic acids. In the 1085–1050 cm−1 range, C-O deformation of the chlorogenic,
caffeic and coumarinic acids may also be visible [50]. The IR bands of acids and caffeine
may also partially overlap with those of other SCGs components. The most intense bands
in the pure caffeine spectrum are the band at 3111 cm−1 (=C-H stretching), 2953 cm−1 (C-H
asymmetric stretching of CH3 groups), 1693 cm−1 (C=O stretching), 1645 and 1545 cm−1

(C=N stretching), 1234 cm−1 (C-N stretching) and 742 cm−1 (out-of-plane aromatic ring
bending) [51]. Therefore, apart from the band at 3111 cm−1, not detected in any recorded
IR spectra (Figure 4), all other bands overlap with the bands of the previously mentioned
compounds.
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Thus, due to the complex composition of SCGs, determining the impact of cavitation
on changes in organic matter by interpreting IR spectra is difficult. However, IR analysis
of even very complex mixtures can provide very useful information about changes in the
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chemical structure of the tested materials and thus estimate the degree of decomposition of
individual functional groups. This, in turn, allows to determine whether hydrodynamic
cavitation contributes to the decomposition of these groups and, consequently, to increasing
biodegradability of SCGs. The smallest differences in spectra can be observed for SCGs
cavitated at a pressure of 3 bar (Figure 4a). Small changes are visible at 1741 cm−1, i.e., in
the range of ester or acidic C=O groups vibrations. However, a decrease in the intensity of
this band is noticeable only in the spectrum of the sample cavitated for 45 min. The band
at 1642 cm−1, which may be responsible for both C=O (ketones, quinones, amide II) and
C=C vibrations (lipids) [52], also slightly decreases. The vibrations of the latter are also
visible at 3011 cm−1, but their intensity practically does not change, which may suggest
that the decrease in the intensity of the band at 1642 cm−1 is the result of the decomposition
of C=O rather than C=C groups. The decrease in the intensity of the band of acidic and
ester groups at 1741 cm−1 is much more visible after SCG cavitation at a pressure of 5 bar
(Figure 4b). After 45 min of cavitation, the disintegration of these groups is significant.
Moreover, a band at 1545 cm−1 (C=N stretching) appears in the spectrum of the sample
after 45 min of cavitation, which may indicate the release of caffeine. This is the only strong
band that can be considered a caffeine indicator, because the other caffeine bands overlap
with the protein, polysaccharide and lipid bands. In the spectra of samples after cavitation
at a pressure of 7 bar, this band appears after 5 min of the process (Figure 4c) and is visible
in each subsequent spectrum, up to 45 min. The decrease in 1741 cm−1 band intensity is
also visible, similarly when a pressure of 5 bar was applied. These results are consistent
with the physicochemical data (Table 3). Additionally, in the spectra of samples cavitated
at pressures of 5 bar (Figure 4b) and 7 bar (Figure 4c), a decrease in the intensity of bands
indicating polysaccharides (bands in the range of 1200–900 cm−1) can be observed. This
band intensity reduction is much lower for the samples cavitated at 3 bar (Figure 4a).

3.4. The Results of the Muli-Criteria Analysis Making

It was not possible to indicate the best solution among the tested variants of HC with-
out constructing and conducting a multi-criteria analysis. Table 4 presents the assumptions
made for this analysis, as well as the results, thus yielding allowing for a multi-criteria an
optimized result.

When all criteria were assumed to be equally significant, the optimal solution turned
out to be variant 10 (v10) representing cavitation at inlet pressure of 5 bar and circulating
the cavitated medium in the system for 20 min. However, considering the aim of the study,
DOC/TOC and energy usage should be regarded as the criteria of special significance, with
the former to be maximized and the latter minimized. Their weights (w2 and w5) were
enhanced in S2B and S2C, respectively, compared to S2A. Not only DOC/TOC, but also
sCOD/COD indicated the improved biodegradability of cavitated medium. In S2B, the
weights of both of these were increased (w1 and w2), whereas in S2C, only the first one
was regarded as a key factor for the subsequent AD (w2 = 0.5). Caffeine concentration was
treated differently in S2B and S2C, since its negligible influence on the AD performance
was assumed for the latter. Various optimal solutions were obtained in S2B and S2C.
In the first case, the same variant (v10) as in S2A turned out to be optimal, despite the
enhanced weights of most criteria. Decreasing the weight of caffeine criterion together with
increasing those for DOC/TOC and for energy usage gave the optimal solution represented
by variant 11, i.e., cavitation at inlet pressure of 5 bar with duration of 30 min. Due to the
low concentration of caffeine after HC, the optimal solution seems to be the last one. As
previously mentioned, the low concentration of caffeine may indicate the stimulating effect
on the microorganisms of the AD process. This fact may result in increased production of
biogas from this waste.
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Table 4. Assumptions and results of multi-criteria analysis.

Step of
Multi-Criteria

Analysis
Methods Numbers of Variants Comments

S1
Determination of
non-dominated

variants

v1-v3, v6-v13,
v15-v18

elimination of
variants v4, v5, v14,
for which all criteria
values were worse
than for the others

S2A

Determination of
min-max compromise

variant
w1 = w2 = w3 = w4 =

w5 = 0.2

v10
determining the

optimal variant in a
multi-criteria sense

S2B

Determination of
min-max compromise
variant with weights:
w1 = 0.2, w2 = 0.3, w3
= 0.1, w4 = 0.15, w5 =

0.25

v10

determining the
optimal variant in a
multi-criteria sense,
taking into account
the weights of the

criteria significance

S2C

Determination of
min-max compromise
variant with weights:
w1 = 0.1, w2 = 0.5, w3
= 0.05, w4 = 0.1, w5 =

0.25

v11

determining the
optimal variant in a
multi-criteria sense,
taking into account
the weights of the

criteria significance

4. Conclusions

The results obtained from the above study confirm that hydrodynamic cavitation is a
promising technique that might be applied as a pre-treatment method prior to subsequent
anaerobic digestion. At each tested pressure with the prolongation of time, an enhanced de-
struction of complex organic compounds was achieved. Simultaneously, the solubilization
of organic matter occurred. The release of caffeine was noticed at pressures of 5 and 7 bar.
Nevertheless, at 5 bar this effect was observed only for the longest times 30 and 45 min.
The degradation of refractory compounds and release of caffeine were also confirmed by
the results of the FT-IR/ATR analysis. Moreover, the changes of zeta potential, particle
sizes and conductivity also confirmed those effects.

To select the most advantageous conditions of HC, the multi-criteria analysis was
used. The improvement of biodegradability and energy usage were chosen as the main
criteria of this evaluation. The results of multi-criteria decision showed that the most
beneficial variants involved the pressure of 5 bar and duration of 20 or 30 min, depending
on the adopted weights. Therein, the improvements of DOC/TOC ratio were 57% and 71%,
respectively, as compared to the untreated samples. It should be noticed that at time of
30 min the release of caffeine were observed; however, due to its low content, this variant
seems to be considered as the most favourable. Nevertheless, to evaluate the overall effect
of HC, further studies of the AD of pre-treated mixtures should be conducted.
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spent grain diluted by wastewater. Chem. Eng. J. 2017, 313, 946–956. [CrossRef]

17. American Public Health Association (APHA). Standard Methods for the Examination of Water and Wastewater, 22nd ed.; APHA:
Washington, DC, USA, 2012.

18. Surdacki, P.; Montusiewicz, J. Approach to multicriterion optimization of quench performance of superconducting winding. IEEE
Trans. Magn. 1996, 32, 1266–1269. [CrossRef]

19. Dhanke, P.; Sameer Wagh, S.; Patil, A. Treatment of fish processing industry wastewater using hydrodynamic cavitational reactor
with biodegradability improvement. Water Sci. Technol. 2019, 80, 2310–2319. [CrossRef]

20. Saxena, S.; Saharan, V.K.; George, S. Enhanced synergistic degradation efficiency using hybrid hydrodynamic cavitation for
treatment of tannery waste effluent. J. Clean. 2018, 198, 1406–1421. [CrossRef]

21. Padoley, K.V.; Saharan, V.K.; Mudliar, S.N.; Pandey, R.A.; Pandit, A.B. Cavitationally induced biodegradability enhancement of a
distillery wastewater. J. Hazard. 2012, 219–220, 69–74. [CrossRef]

22. Gogate, P.R.; Pandit, A.B. A review of imperative technologies for wastewater treatment I: Oxidation technologies at ambient
conditions. Adv. Environ. Res. 2004, 8, 501–551. [CrossRef]

23. Mahamuni, N.N.; Adewuyi, Y.G. Advanced oxidation processes (AOPs) involving ultrasound for waste water treatment: A
review with emphasis on cost estimation. Ultrason. Sonochem. 2010, 17, 990–1003. [CrossRef] [PubMed]

24. Bhat, A.P.; Gogate, P.R. Cavitation-based pre-treatment of wastewater and waste sludge for improvement in the performance of
biological processes: A review. J. Environ. Chem. Eng. 2021, 9, 104743. [CrossRef]

https://doi.org/10.1016/j.cofs.2023.101111
https://doi.org/10.1007/s11356-022-22922-z
https://www.ncbi.nlm.nih.gov/pubmed/36094709
https://doi.org/10.1016/j.tifs.2023.104312
https://doi.org/10.1016/j.fufo.2023.100255
https://doi.org/10.1016/j.jclepro.2023.138205
https://doi.org/10.1016/j.scitotenv.2017.09.155
https://www.ncbi.nlm.nih.gov/pubmed/28992490
https://doi.org/10.1007/s11595-022-2497-z
https://doi.org/10.5004/dwt.2022.28421
https://doi.org/10.3390/en12061106
https://doi.org/10.3390/en17051164
https://doi.org/10.1016/j.biortech.2023.130107
https://www.ncbi.nlm.nih.gov/pubmed/38016585
https://doi.org/10.1016/j.biortech.2020.124470
https://www.ncbi.nlm.nih.gov/pubmed/33338944
https://doi.org/10.1016/j.rser.2016.11.187
https://doi.org/10.1016/j.biortech.2021.126458
https://www.ncbi.nlm.nih.gov/pubmed/34863850
https://doi.org/10.1016/j.wasman.2021.09.034
https://doi.org/10.1016/j.cej.2016.10.132
https://doi.org/10.1109/20.497475
https://doi.org/10.2166/wst.2020.049
https://doi.org/10.1016/j.jclepro.2018.07.135
https://doi.org/10.1016/j.jhazmat.2012.03.054
https://doi.org/10.1016/S1093-0191(03)00032-7
https://doi.org/10.1016/j.ultsonch.2009.09.005
https://www.ncbi.nlm.nih.gov/pubmed/19879793
https://doi.org/10.1016/j.jece.2020.104743


Energies 2024, 17, 2229 15 of 15

25. Mohod, A.V.; Teixeira, A.C.; Bagal, M.V.; Gogate, P.R.; Giudici, R. Degradation of Organic Pollutants from Wastewater using
Hydrodynamic Cavitation: A review. J. Environ. Chem. Eng. 2023, 11, 109773. [CrossRef]

26. Wang, B.; Su, H.; Zhang, B. Hydrodynamic cavitation as a promising route for wastewater treatment—A review. Chem. Eng. J.
2021, 412, 128685. [CrossRef]

27. Zheng, H.; Zheng, Y.; Zhu, J. Recent Developments in Hydrodynamic Cavitation Reactors: Cavitation Mechanism, Reactor
Design, and Applications. Engineering 2022, 19, 180–198. [CrossRef]

28. Gogate, P.R. Cavitation: An auxiliary technique in wastewater treatment schemes. Adv. Environ. Res. 2002, 6, 335–358. [CrossRef]
29. Omelyanyuk, M.; Ukolov, A.; Pakhlyan, I.; Bukharin, N.; El Hassan, M. Experimental and Numerical Study of Cavitation Number

Limitations for Hydrodynamic Cavitation Inception Prediction. Fluids 2022, 7, 198. [CrossRef]
30. Saharan, V.K.; Badve, M.P.; Pandit, A.B. Degradation of Reactive Red 120 dye using hydrodynamic cavitation. Chem. Eng. J. 2011,

178, 100–107. [CrossRef]
31. Lebiocka, M. Application of Hydrodynamic Cavitation to Improve the Biodegradability of Municipal Wastewater. J. Ecol. Eng.

2020, 21, 155–160. [CrossRef]
32. Bis, M.; Montusiewicz, A.; Ozonek, J.; Pasieczna-Patkowska, S. Application of hydrodynamic cavitation to improve the biodegrad-

ability of mature landfill leachate. Ultrason. Sonochem. 2015, 26, 378–387. [CrossRef] [PubMed]
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