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Abstract: Hydrodynamic cavitation (HDC) as a pre-treatment method is innovative and
has potential for wide-scale industrial applications. The novelty of this research involves
evaluating the enzymatic activity in the anaerobic co-digestion (AcD) of hydrodynamically
cavitated coffee waste (CW) and municipal sewage sludge (SS) as well as its influence on
the AcD performance. The effectiveness of AcD was assessed on the basis of changes in the
physico-chemical composition of the feedstock and digestate as well as the biogas/methane
yield, and attention was paid to the effect of coffee waste on enzyme activity, including
that of β-Glucosidases (β-Glu), protease (PR), urease (URE), phosphomonoesterases acid
(ACP) and alkaline (ALP). Moreover, the changes in the heavy metal content after the AcD
of CW and SS were investigated. Comparing the enzymatic activity of the feedstock and
digestate, we observed that the URE, ACP and ALP activities were 4.5 to 11 times higher
for the feedstock than the enzyme activities in the digestate. Moreover, when using CW
cavitated for 30 min, the highest enzymatic activity in both the feedstock and digestate
occurred. The results indicated that the relationship between the β-Glu activity and biogas
yield showed the strongest positive correlation (r = 0.98 at p ≤ 0.05). At the same time, a
positive correlation between the PAC, PAL, URE and PR activity and methane yield and
methane content at p ≤ 0.05 was observed. The obtained results allow us to conclude that,
in the future, such a digestate could be used as a bio-fertilizer to improve degraded soil to
activate microbial populations.

Keywords: spent coffee grounds; anaerobic co-digestion; ALP and ACP; PR; URE; hy-
drodynamic cavitation; caffeine; municipal sewage sludge; methane production; macro-
and micro-elements

1. Introduction
Coffee is one of the most common beverages consumed in the world. It is estimated

that the preparation of this beverage produces approximately 60 million kg of coffee waste
(CW) per day, which is incinerated or deposited in landfills [1,2]. Such management of these
wastes may have a negative impact on the environment and contribute to global warm-
ing [3]. Stylianou et al. [3] showed that a matrix of CW consisting of various compounds
such as carbohydrates—45.3%; proteins—13.6%; lipids from 7 to 20%; and polyphenolic
compounds, which—when deposited in landfills—can be readily converted into toxic
substances [4].
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Therefore, coffee grounds are increasingly used commercially in the pharmaceutical,
food, cosmetic, and/or spirits industries [4]. They also have an additional application
which is the use of this type of bio-waste for bioremediation or absorbent production [2,5].
In addition, data in the literature report a growing interest in the use of CW in anaerobic
digestion (AnD), which might be an alternative for involving this bio-waste with energy
and nutrient recovery [6]. However, CW indicated a very complex matrix with potential
AnD inhibitors, such as caffeine, tannins, terpenes, polyphenols, and terpenoids [7,8]. As
noted by Atelge et al. [9] the use of coffee grounds in mono-digestion may result in low
process efficiency. Therefore, pre-processing this waste may reduce the negative effects
associated with the presence of inhibitors as well as destroy the complex lignocellulosic
structure of CW, consequently resulting in increased methane production [6]. Zheng
et al. [10] reports that among pre-treatment methods, hydrodynamic cavitation (HDC)
has several advantages, such as low cost, easy scale-up and high efficiency. Furthermore,
research conducted using HDC indicates that this method is effective in fragmenting down
lignocellulosic fibers, thus ensuring an increase in available surface area, the occurrence of
subsequent hydrolysis, and the formation of a low quantity of AnD inhibitors [11].

Despite several studies on HDC, there is still a need to conduct detailed research for
each new waste type individually, mainly due to the possibility of generating the toxic
by-products within HDC that might adversely influence the subsequent anaerobic digestion
process [12].

AnD is known to be one of the complex biological processes that involves the degra-
dation, by different biological reactions of various groups of microorganisms, of a complex
organic matrix [13]. One of the effects of microbial activity is the production of enzymes
involved in the transformation of organic compounds and release into the circulation of
components, such as carbon, nitrogen and phosphorus, which are also food for the mi-
croflora in the bioreactor. The properly performed anaerobic decomposition of organic
matter determines the high efficiency of biogas production [14]. Frequently, to support the
AcD process, different groups of enzymes are added to the pre-treatment of waste that pro-
mote hydrolysis by decomposing hemicellulose, lignins, polysaccharides and protein [15].
Taha et al. [16] noted the interference of anaerobic fermentation processes of waste was
dependent on the amount of hemicellulose and lignin in the cell walls, which form barri-
ers and limit enzyme contact with cellulose and inhibit the hydrolysis of polysaccharide
polymers into sugars. Therefore, the removal of lignocellulosic biomass by the addition
of enzymes to AcD improves the decomposition of anaerobic digestion conditions and
thus enhances the yield of methane [17]. However, as reported by Koppram et al. [18],
enzymatic hydrolysis requires the use of expensive enzymes to decompose polysaccharide
polymers into sugars and the results may not necessarily be satisfactory and cover the
costs incurred.

The most important enzymes responsible for the transformation of organic matter are
considered to be β-glucosidase (decomposes cellulose into glucose), phosphatases (decom-
pose organic forms of phosphorus), urease (decomposes urea), or protease (decomposes
protein). As reported in the literature, an appropriate microorganism population is impor-
tant in the AnD process, and its activity depends on the parameters of the environment, in
which microbes occur [14,17].

In the first stage of AnD, compounds with a high molecular weight, such as proteins,
carbohydrates and lipids, are broken down and the microorganisms involved (strict and
facultative anaerobes) release various groups of enzymes [13]. These support the decompo-
sition of extracellular polymeric substances and cell walls release readily available organic
material necessary for subsequent processes [19]. Moreover, during AnD, the bacterial flora
is constantly reconstituted, decomposing the introduced biomass and transforming it into
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a mixture of gases consisting mainly of carbon dioxide and methane, as well as hydrogen,
ammonia, hydrogen sulfide, and other compounds [14]. Depending on the composition of
the feedstock, different microorganisms may be involved in transformations and significant
changes in their enzymatic activity may also occur. Thus, for anaerobic co-digestion (AcD),
which processes different types of substrates, each type requires an analysis in this area.
The novelty of this research involves evaluating the enzymatic activity in the anaerobic
co-digestion of hydrodynamically cavitated CW and municipal sewage sludge (SS) as well
as its influence on AcD performance. Moreover, the changes in the heavy metal content
after AcD of CW and SS was investigated. Thus far, such a multi-aspect study has not
been performed. It should also be noted that such an evaluation has not been conducted
for these substrates. Additionally, there is limited knowledge indicating the metabolic
pathways involving functional enzymes that play important roles in the biotransformation
of macromolecules and methane production in AD.

Importantly, the obtained research results will allow for the presentation of changes
occurring during the anaerobic decomposition of selected substrates. Moreover, the con-
ducted analysis provides an indication of the mechanisms of changes occurring during the
anaerobic decomposition of these waste types. Therefore, the obtained results will be of
great significance to scientists.

2. Materials and Methods
2.1. Applied Materials

In this study, SS was chosen as a main component, while CW was used as a co-
substrate. The first material was taken from a municipal wastewater treatment plant
(WTTP) located in Lublin (Poland). It was a mixture of thickened primary and waste sludge
(60:40 v/v). the inoculum for AcD experiment was obtained from the same WWTP. This
sample was originated from the effluent of a mesophilic digester. It was characterized
by TS of 22.48 ± 0.16, VS of 12.89 ± 0.22 g/kg and pH of 7.31 ± 0.04. CW was obtained
from the coffee machines located on the campus of Lublin University of Technology. Both
non-cavitated and cavitated CW was used to enrich the SS feedstock composition. The
physico-chemical characteristics of all materials are presented in Table 1.

Table 1. Physico-chemical characteristics of materials used in the experiments.

Parameter Units SS Non-Cavitated CW CW Cavitated for 20 min CW Cavitated for 30 min

COD mg/L 47650 ± 235 9750 ± 190 6580 ± 164 6830 ± 125
TS g/kg 45.3 ± 4.1 9.28 ± 2.7 8.21 ± 1.5 7.94 ± 0.8
VS g/kg 33.35 ± 2.9 8.21 ± 0.5 7.43 ± 0.6 7.08 ± 0.5

phenols mg/L 3.7 ± 0.06 16.30 ± 1.5 23.60 ± 2.7 26.10 ± 3.3
pH 5.97 ± 0.05 7.28 ± 0.1 7.82 ± 0.1 7.93 ± 0.1

caffeine ppb nd nd nd 505 ± 15
COD—chemical oxygen demand, TS—total solids, VS—volatile solids, CW—coffee waste, nd—non-detected,
ppb—parts per billion.

2.2. HDC and AnD Experiments

HDC was selected as the pre-treatment technique for CW prior to its AcD with SS.
These experiments were conducted using a laboratory device consisting of a cavitation
reactor with replaceable cavitation inducers, circulation tank with an active volume of
30 L, pump and inverter. All mentioned elements were connected with pipelines and
equipped with control valves. Moreover, this laboratory equipment had measurement
devices, e.g., electromagnetic flow meter and three piezoelectric pressure gauges. In
this laboratory device, the wastewater with suspended coffee circulates in a closed loop,
repeatedly passing through the cavitation reactor. The operational parameters of HDC
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experiments are presented in Table 2. The operational conditions to conduct HDC were
chosen based on optimization studies, the results of which were presented in previous
work [2]. The criteria taken into account were improved biodegradability and low energy
consumption for pre-treatment. Therefore, two times were chosen differing in terms of
caffeine presence; importantly, caffeine release was noted only at 30 min (Table 2).

Table 2. Operational parameters of HDC pre-treatment.

Parameter Description

inlet pressure 5 bar
HDC inducer configuration single hole plate with total area of hole 7.0686 mm2

time
cavitation number

20 and 30 min
0.065

In the second stage of the experiment, batch anaerobic digestion was conducted.
Therein, our series were provided with a differing feedstock composition; the detailed
operational setup is presented in Figure 1. The cavitated CW was added at an amount
of 1.5 g to 400 mL of SS (R2 and R3 for CW cavitated for 20 and 30 min, respectively).
Furthermore, the mono-digestion of SS (R0) and the AcD series supplied with raw CW (R1)
were performed as reference tests.
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The specially created BioReactor Simulator (Bioprocess Control AB, Lund, Sweden)
was used to carry out the batch tests. This equipment is equipped with six reactors, each
with a 2.0 L working volume. Each reactor had a mechanical stirrer that ran for a cycle of
five minutes for mixing and twenty-five minutes for resting. All reactors were kept in water
baths to maintain the temperature under mesophilic conditions (37 ◦C). Using a wet gas
flow-measuring apparatus that worked on the basis of buoyancy and liquid displacement,
along with a system for continuous data collecting, the biogas output was automatically
tracked and recorded. All reactors were flushed with inert gas (N2) to provide anaerobic
conditions for the experiments.

2.3. Analyses of Physico-Chemical Parameters of the Applied Substrates

In the substrates, COD, soluble chemical oxygen demand (sCOD) and phenols were
controlled using standard cuvette tests and the DR 3900 spectrophotometer (Hach Lange,
Loveland, CO, USA). For TS and VS indication, the procedure provided by APHA was
applied [20]. Meanwhile, the CP-411 pH-meter (Elmetron, Zabrze, Poland) was used to
control the pH level in the analyzed materials.

The caffeine content was detected using an Agilent gas chromatograph mass spectrom-
eter 8890/5977B (Waldbron, Deutschland). An HP-5 ms capillary column (30 m × 0.25 mm)
was applied for the analyses. Helium with a flow rate of 1.0 mL/min was chosen as a
carrier gas. The temperature program was as follows: 75 ◦C for 1 min, a linear ramp to
300 ◦C at 7.5 ◦C/min.

A ThermoTrace GC-Ultra gas chromatograph (Thermo Fisher Scientific, Waltham, MA,
USA) was used to control the composition of the biogas. For the analyses, the conductivity
detector with divinylbenzene (DVB) packed columns (RTQ-Bond, Brisbane City, QLD,
Australia) was used. The injector’s temperature was 50 ◦C, while the detector’s temperature
was set at 100 ◦C. Helium at a flow rate of 1.5 cm3/min was employed as the carrier gas.
Chromatography was also used to determine the caffeine level. The Equity5MS Supelco
(Sigma-aldrich, Missouri, USA) column was used, and the injector’s temperature was kept
at 270 ◦C.

2.4. Analyses of Macro- and Micro-Elements

Elemental analyses were conducted using an Agilent 8900 ICP-MS Triple Quad induc-
tively coupled plasma mass spectrometer (Agilent, Santa Clara, CA, USA). The following
heavy metals were examined in feedstock (F) and digestate (D) samples: calcium (Ca),
magnesium (Mg), potassium (K), sodium (Na), potassium (P), iron (Fe), cadmium (Cd),
lead (Pb), copper (Cu), chromium (Cr), zinc (Zn), nickel (Ni), manganese (Mn) and mercury
(Hg). The mentioned elements were analyzed in the He mode (gas flow rate of 5.5 mL/min).
The nebulizer gas flow was 1.07 L/min, the auxiliary gas flow was 0.9 L/min, and the
plasma gas flow was 15 L/min while operating in general purpose mode with 1.550 kW
RF power. Depending on the anticipated elemental concentration, the acquisition time
ranged from 0.1 to 2 s. The analyses were conducted using the internal standard ISTD
(Sc, Y, Lu) at a concentration of 0.5 ppm. The recoveries achieved fell between 80 and
120 percent. All samples for analyses were mineralized; for this purpose, 1 g of the sample
was digested with 5 mL of HNO3 (69–70% Romil Super Purity Acid) and 2 mL of HCI
(POCH 30% Ultranal). The microwave-assisted acid digestions were performed in Tefon
reactors using a Topex microwave mineralizer (Preekem, Shanghai, China). The heating
program included 4 steps, in which the initial temperature was maintained at 120 ◦C for
3 min and with maximum temperature up to 190 ◦C for 20 min. The obtained digests were
transferred to and completed in a 25 mL volumetric flask with MilliQ water (Milllipore,
Burlington, MA, USA).
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2.5. Analyses of Enzyme Activity

Acid phosphomonoesterase (PAC) pH 5.0 and alkaline (PAl) pH 10.0 were determined
in samples according to Schinner et al. [21]. Volumes of 1 mL of substrate solution (disodium
p-nitrophenyl phosphate hexahydrate) and 4 mL of buffer solution were added to 1 g of
samples. The samples were incubated for 1 h at 37 ◦C in a water bath. After incubating,
4 mL of 0.5 M NaOH and 1 mL of 0.5 M CaCl2 were added, shaken vigorously and filtered.
The released p-nitrophenol (pNP) was measured with a Vis Spectrophotometer (BioSens
V5600, Wilmington, DE, USA) at 400 nm.

The protease activity (PR) measurement protocol was developed by Ladd and But-
ler [22]. In this procedure, 1 g of sample was weighed and 5 mL of substrate solution 2%
casein as well as 5 mL of Tris buffer pH 8.1 were added. The samples were incubated for
2 h at 50 ◦C on a rotatory shaker. Next, 5 mL of TCA was added, shaken vigorously and
filtered. For analyses, 5 mL of filtrate, 7.5 mL of mix alkali reagent (sodium carbonate + cop-
per(II)sulfate pentahydrate + sodium potassium tartate) and 5 mL of Folin–Ciocalteu’s were
taken, allowed to stand for 90 min at room temperature and the extinction was measured
at 700 nm.

β-Glucosidase (β-Glu) was determined according to Hayano [23]. Volumes of 1 mL of
substrate solution pH 6.0 (4-Nitrophenyl β-D-glucopyranoside) and 4 mL of buffer solution
pH 6.0 were added to 1 g of sample. The samples were incubated for 1 h at 37 ◦C. Next,
4 mL of 1 M NaOH and 1 mL of 0.5 M CaCl2 were added. The extinction was measured
with a Vis Spectrophotometer (BioSens V5600) at 400 nm.

Urease activity (URE) was determined in samples according to Kandeler and Ger-
ber [24]. The process involved 5 g samples to which 2.5 mL of urea solution was added
and incubated for 2 h at 37 ◦C. After the incubation, 1 mL filtrate was taken and reagent
A (mix: 0.3 M NaOH + 1.06 M sodium salicylate + distilled water) as well as 39.1 mM
dichlorisocyanurate were added. The extinction was measured at 690 nm.

2.6. Statistical Analyses

The results were analyzed statistically by using basic descriptive statistics. Results
are presented as mean ± SD (standard deviation) or mean ± SE (standard error). The
difference between the means for the tested parameters was verified using analyses of
variance ANOVA, while the means were compared using Tukey’s test at p < 0.05. The
relationships between variables were evaluated using Pearson’s correlation analyses at
p < 0.05. Analyses were performed in R studio (ver. 2024.09.0 + 375).

3. Results
3.1. AnD and AcD Efficiency

The efficiency of AnD and AcD was evaluated in reference to organic compound
removal as well as biogas and methane production. Figure 2 shows the results of TS, VS
and COD removal, depending on the experiment variants. The application of pre-treated
CW resulted in a decrease in the VS and TS removal, particularly in R3 (when using an
HDC time of 30 min) by approx. 8% compared to R0. Importantly, in the presence of CW
cavitated for 20 min (R2), comparable results to reference trials were achieved. However, a
slight improvement in the COD removal was noticed in this case. A minor effect was noted
for the mono-digestion of SS and for the AcD of non-cavitated CW with SS.

In other experiment variants, the VS content was at the same level at approx. 55.8%.
In turn, the content of TS in R0 (with SS) and R1 (non-cavitated and with CW) was at a
similar level of approx. 66.4% and decreased a little in the experiments with cavitated
CW. This is not surprising, as cavitation leads to the decomposition of organic compounds,
diminishing the TS and VS content, in particular with HCD duration (Table 1). The COD
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content in the different experiment variants ranged from 61.94% (in R3) to 65.61% (in R2)
(Figure 2).
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Figure 3 presents the changes in the biogas/methane yield and methane content
depending on the investigated variants. The application of pre-treated CW increased the
methane yield by approx. 5% and 12% in both R2 and R3, respectively, compared to R1. It
should be noticed that the highest biogas yield of 725.3 mL/gVS was found in R1 supplied
by non-cavitated CW; however, in the presence of cavitated CW, a major enhancement of
the methane content was observed. This fact corresponded to obtaining such beneficial
results in terms of methane production (R2 and R3).
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3.2. Macro- and Micro-Element Content of Feedstock and Digestate

In the conducted study, higher macro- and micro-element concentrations were ob-
served in the digestate, as compared to those in the feedstock. A significant increase in the
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metal concentration in the digestate was due to the reduced TS during the fermentation
process (Figures 4 and 5).
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The macro-element concentrations of the feedstock and digestate are shown in Figure 4.
The magnesium content, depending on the experimental variant, in the feedstock was from
approx. 6832 mg/kg TS (F + R1) to 7442 mg/kg TS (F + R3) while in the digestate, it was from
approx. 13,707 mg/kg TS (D + R2) to 18,567 mg/kg TS (D + R1). The use of the 20 min and
30 min HDC indicated a decrease in the Mg content of the digestate compared to D + R1.

The largest phosphorus content in the feedstock was observed for variant F + R0 while,
for D + R1, this was in the digestate. An increase in the P concentration of about approx.
6% was observed for both feedstock and digestate after the 30 min HDC compared to the
20 min pre-treatment duration. The potassium content of the feedstock was highest after
the use of HCD F + R3 (11 894 mg/kg TS), by approx. 8%, compared to F + R0. A similar
dependence was observed in the digestate, where the highest K content was for D + R3,
approx. 26%, as compared to D + R0.
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The content of calcium in the feedstock was at a similar level of approx. 25,000 mg/kg
TS for all variants. In contrast, the significantly highest Ca content for the variant in the
digestate was observed in D + R1. The concentration of Ca in the digestate after the use of
HCD at 20 min and 30 min was at a similar level of approx. 84,707 mg/kg. In the samples
with CW after HCD, a significant increase in sodium in the feedstock by approx. 60% was
observed compared to F + R0. In this study, the content of sodium in the digestate ranged
from 7620 mg in D + R0 to 8760 mg/kg TS in D + R1 (Figure 4).
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As shown in Figure 5, the concentration of trace elements in the feedstock and digestate
depended on the experimental variants used. The Fe and Cu concentrations in the feedstock,
regardless of the experimental variant, were at similar levels of approx. 7549 mg/kg TS and
250 mg/kg TS, respectively, while in the digestate, the highest value of Fe and Cu in D + R1
were observed. The use of HCD influenced a decrease in the Fe and Cu concentration in
the digest by approx. 21% and 13%, respectively (after 20 min of HCD), while after 30 min of
HCD, it decreased by approx. 15% and 8%, respectively, compared to D + R0. The Zn content
of the feedstock ranged from approx. 582 mg/kg TS (F + R1) to 660 mg/kg TS (F + R3).

In the study, one observed that the use of HCD influenced an increase in the Zn in the
feedstock by approx. 6% (20 min HCD) and 11% (30 min HCD). In turn, a decrease in the
Zn content was also observed in the digestate after HCD. A lower Zn concentration was
observed for D + S2 (by about 14%) and for D-R3 (about 2.5%) compared to D + R0. The
chromium in the feedstock was at a similar level of approx. 15 mg/kg TS, irrespective of
the experimental variants used. However, in the digestate, the highest value was observed
for D + R1, at approx. 100 mg/kg TS and after the applied HCD, the Cr concentration in
the medium was at a level of approx. 64 mg/kg TS. The results obtained indicate that the
content of Cd, Pb and Hg decreased in both the feedstock and digestate after the HCD
treatment (Figure 5).

3.3. Enzyme Activity of Feedstock and Digestate

Enzyme activity, such as that of β-Glu, PAC, PAL, PR and URE, in the feedstocks
and digestate was observed depending on the experimental variants used. In the study,
higher enzymatic activity of PAC, PAL, PR and URE was observed in the feedstock than in
digestate, while the activity of β-Glu was at a higher level in the digestate (Figure 6).

The obtained results indicate that the activity of β-Glu was highest in D + R1 (3.34 mg
pNP/g TS/h) and lowest in F + R2—2.08 mg pNP/g TS/h. Figure 6 shows the enzyme
activity for the feedstock and digestate for the individual experiments. The activity of
β-Glu was highest in D + R3 and lowest in F + R2. The addition of CW to SS resulted
in a decrease in the activity of this enzyme of approx. 18% compared to F + R0. In turn,
the use of 20 min HCD and 30 min HCD reduced the β-Glu activity by approx. 28% and
18%, respectively, compared to F + R0. Furthermore, increases in the β-Glu activity in
D + R1, D + R2 and D + R3 by approx. 18%, 8% and 24%, respectively, were observed for
the investigated variants with added CW.

The PAC activities of the feedstock ranged from 9.50 mg pNP/g TS/h (F + R0) to
12.24 mg pNP/g TS/h (F + R1), while in the digestate, these ranged from 0.787 mg pNP/g
TS/h (D + R1) to 1.14 mg pNP/g TS/h (D + R3). The highest increase in this enzyme
was observed in F + R1, which was higher by 29% compared to that in F + R0. Moreover,
the use of HCD for 20 min and 30 min caused an increase in the activity of this enzyme
by approx. 16% and 15%, respectively, compared to that in F + R0. In the digestate of
D + R2 and D + R3, increased PAC activity by approx. 15% and 22%, respectively, was
observed compared to D + R0. Alkaline phosphatase in the feedstock ranged from 7.9 mg
pNP/g TS/h (F + R1) to 11.19 mg pNP/g TS/h (F + R3). In the digestate, the PAL activity
significantly decreased on average by approx. 80% compared to the feedstock (Figure 6).
Among the digestates, the lowest PAL activity was observed in D + R1 (1.56 mg pNP/g
TS/h) while the highest was in D + S3 (2.38 mg pNP/g TS/h).

The PR activity in the digestate and feedstock ranged around a similar level (Figure 6).
The average PR activity in the feedstock was approx. 68.30 mg tyr/g TS/2 h, while for
the digestate, it was approx. 53.26 mg tyr/g TS/2 h. The applied HCD increased the PR
activity in the feedstock by approx. 11.5% and 15%, respectively, compared to that in F + S0.
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Moreover, the used HCD caused an increase in the activity of this enzyme by approx. 3%
(for F + R2) and 4.5% (for F + R3) compared to F + R1.

In the samples from the feedstock, the URE activity was in the range from 8.24 mg
N/g TS/2 h (F + R1) to approx. 14.45 (for F + R2 and F + R3). Compared to F + R0, a
significant decrease in the URE activity of approx. 38% was observed only in F + R1. The
activity of URE in the digestate was in the range from 1.47 mg N/g TS/2 h (D + R0) to
3.32 mg N/g TS/2 h (D + R3). Over 75% of the URE activity of the feedstock was increased
in F + R2 and F + R3 after using HCD, compared to F + R1 (Figure 6).
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3.4. Coefficients of Correlations Between Parameters

Figure 7 shows the correlation analyses between the enzymatic activity, content of
macro- and micro-elements and methane, biogas/methane yield and physico-chemical
properties of the feedstock (A) and digestate (B) for each variant. The correlation analyses
in the feedstock showed a positive relationship between the PR activity and the Na, K and
Ca concentrations (r = 0.88, r = 0.61, r = 0.77, respectively), β-Glu activity and Ni, Cd and
Pb concentrations (r = 0.57, r = 0.74, r = 0.75, respectively), and the PAL and URE activity
and Na (r = 0.72, r = 0.63, respectively), Mg (r = 0.74, r = 0.69, respectively), K (r = 0.91,
r = 0.88, respectively), Ca (r = 0.83, r = 0.77, respectively) and Mn concentrations (r = 0.75,
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r = 0.77, respectively), according to p ≤ 0.05. In comparison, a negative correlation was
observed for the β-Glu activity and Na concentrations (r = −0.63), PAC activity and P, Fe,
Mn and Ni concentrations (r = −0.52, r = −0.53, r = −0.59, r = −0.51, respectively), and the
PR activity and the P and Cd concentrations (r = −0.72, r = 0.76, respectively).
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Moreover, digestate showed a positive correlation between the PR and URE activity
and Na concentration (r = 0.69, r = 0.51, respectively) and K concentration (r = 0.85, r = 0.84,
respectively), the β-Glu activity and the Na, P, K, Ca, Fe, Cu, Zn, Mn, Ni, Cd and Cr
concentrations (r = 0.83, r = 0.74, r = 0.75, r = 0.58, r = 0.62, r = 0.60, r = 0.67, r = 0.79,
r = 0.59, r = 0.67, r = 0.62, r = 0.67, respectively) at p ≤ 0.05 (Figure 6). The analyses of the
correlations in the digestate showed that the strongest negative correlation was between
the PAC activity and the Mg, P, Ca, Fe, Cu, Zn, Mn, Ni, Cd, Cr, Pb and Hg concentrations
(r = −0.84, r = −0.84, r = −0.92, r = −0.93, r = −0.90, r = −0.82, r = −0.92, r = −0.91,
r = −0.90, r = −0.88, r = −0.90, r = −0.89, respectively) at p ≤ 0.05. In addition, a negative
correlation was observed between the PAL activity and Ca, Fe, Cu, Mn, Ni, Cd, Cr, Pb
and Hg concentrations (r = −0.52, r = −0.55, r = −0.53, r = −0.52, r = −0.61, r = −0.78,
r = −0.61, r = −0.54, r = −0.57, respectively), URE activity and Pb and Hg (r = −0.55,
r = −0.54, respectively).

The results indicated that the relationship between the β-Glu activity and biogas yield
showed the strongest positive correlation (r = 0.98 at p ≤ 0.05). At the same time, a positive
correlation was also observed between the PAC, PAL, URE and PR activity and methane
yield (r = 0.72, r = 0.59, r = 0.86, r = 0.77, respectively) and methane content (r = 0.78, r = 0.55,
r = 0.85, r = 0.76, respectively), according to p ≤ 0.05 (Figure 7).

4. Discussion
In recent years, due to increased environmental awareness and stringent environmen-

tal regulations, the treatment and use of industrial and household waste has become an
important area of research [25]. Gawande et al. [26] reported that waste or sewage sludge,
depending on the region, may significantly differentiate by the industries which can form



Energies 2025, 18, 187 13 of 17

specific mixtures. This necessitates the use of treatment techniques capable of degrading
such complex matrices [25].

The AnD and AcD techniques are being increasingly used to convert various organic
waste types to biogas that can be used as a renewable energy source to generate electricity or
heat and digestate that can be applied as a fertilizer or improver for degraded soils [27,28].

SS originating from WWTPs is one of the most commonly applied substrates in AnD.
However, due to its low organic content and unfavorable C/N ratio, its mono-digestion
might be ineffective. Therefore, to overcome these difficulties, it should be co-digested
with valuable additives. The obtained results indicated that the application of CW might
lead to increased methane production. Nevertheless, the most favorable results were
obtained using cavitated CW. Previous studies have indicated that the application of HDC
to lignocellulose biomass, e.g., brewery spent grain, might allow for the effective destruction
of complex compounds, contributing to enhanced methane production [29]. According
to Gawande et al. [26], HDC generates intense pressure, heat and shock waves, causing
the formation and sudden bubble collapse in the liquid. The rapid collapse of cavitated
bubbles leads to the generation of highly reactive forms such as –OH (hydroxyl radicals)
that degrade and oxidize organic contaminants. For instance, this type of degradation can
effectively reduce the COD of sewage sludge, which can affect anaerobic digestion [26].

However, it should be noticed that the highest improvement was observed in trial R3,
i.e., in the presence of caffeine, which might indicate a stimulatory effect of this compound.
Importantly, in this case, the efficiency of removing organic compounds was reduced,
as compared to other trails, due to the loss of organic matter occurring through HDC.
In this research, relatively high biogas and methane yields were achieved compared to
those reported in the study conducted by Neves [30], in which the methane yield varied
between 240 and 280 mLCH4/gVS. In turn, the AcD of defatted spent coffee grounds
and spent tea waste mixed at a ratio of (50:50) resulted in a methane production rate of
318 ± 4 CH4 mL/g VS [9].

According to Czatzkowska et al. [31], various heavy metals (HMs) (e.g., Fe, Cd, Pb, Cu,
Cr, Zn, Ni, etc.) are introduced into digesters with sewage sludge, which can be one of the
significant reasons for the interference and low efficiency of AnD. While introducing a co-
substrate that has been chosen wisely regarding its macro- and micronutrient composition,
it is possible to diminish the heavy metal content in the feedstock, thus minimizing the risk
of their toxic effect.

Paulo et al. [32] reported that the toxicity of heavy metals is one of the main reasons
for low productivity in the methane fermentation process. However, as the literature states,
the toxicity of metals or the lack of this toxicity will depend on the pH of the solution, the
redox potential and their concentration in the solution [31,33]. The use of HCD for CW
in this study reduced the concentration of metals in the digestate, which indicates that
HCD improves the conditions of the AcD process. In addition, due to the properties of
the metals and the inability to pass into other forms, some metals may pass into a residual
form, which is not susceptible to mineralization.

Moreover, as suggested by Chen et al. [34], the occurrence of heavy metals in larger
quantities in the AnD process depends on the component that is fed to the bioreactors.
Furthermore, foods added into bioreactors generally include various trace amounts of
metals, so CW could also contain HMs in its composition. Guadalupe et al. [35] draw
attention to the fact that the heavy metal content in coffee beans may depend on the
location of cultivation, type of fertilization and atmospheric deposition. In this study, the
application of CW to the feedstock did not significantly increase the HMs. Only after the
AnD process, a significant increase was observed in the content of Fe, Cu, Zn, Mn, Ni, Cd,
Cr, Pb and Hg in the digestate.
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Choong et al. [36] and Tian et al. [37] demonstrated that an increase in HMs during
AnD, particularly regarding the Ni concentration, influences the growth of methanogenic
bacteria, contributes to the synthesis of cofactor F430 for urease, and impacts the activity
of cellulase during various steps of the AnD process. The correlation analyses showed a
positive and negative correlation between the Ni concentration in the digestate and β-Glu
and phosphomonoesterases activity, respectively. As shown by Romero-Güiza et al. [38],
glucose metabolism correlates with the Cr concentration, while the concentration of Zn
plays an important role as a metallic enzyme activator and cofactor of various enzymes
and stimulates microbial growth in AnD. According to Chen et al. [39], the increase in
trace metals in the feedstock can have a positive effect on the growth of methanogens
as well as contribute to the growth of various enzymatic reactions and participate in the
formation of methane. Enzymes are involved in the decomposition of organic matter in
their catalytic centers, which include transition metals, which participate as cofactors in
electron transport [14]. In addition, Romero-Güiza et al. [38] noted that when a bioreactor’s
trace element content is insufficient, this may cause improper AnD operation as well as
increases in ammonia and volatile fatty acids.

Besides heavy metals, light metals, such as Ca, Mg, K and Na, are also present
in bioreactors after feedstock addition and can have a significant impact on microbial
growth [34]. In the present study, using HDC for CW in the feedstock influenced the
increase in the concentration of Na and K as well as decreased the Ca content in the medium.
In turn, the analysis of the digestate indicates a significant decrease in the concentration
of Mg, P and Ca after using HDC. Probably, the cavitation removes absorbed compounds
from the feedstock matrix, which can be utilized more easily by the microorganisms
involved in the AcD process. As reported by Chen et al. [34], during the decomposition of
organic matter, light metals are released into the solution, which can significantly affect the
activity of microorganisms. However, when there are excessive amounts of these metals
in solution, they can have an inhibitory effect on microbial growth by destabilizing cell
membranes, with a consequent reduction in biogas production, which was not observed
in this research. Enzymes are essential for the anaerobic digestion process; they play
an important role in key biochemical responses, catalyzing reactions necessary for the
proper functioning of microorganisms, the decomposition of organic pollutants and the
formation of organic matter [40]. Many scientists have reported that there is still insufficient
knowledge regarding the activities of enzymes and microorganisms participating in waste
decomposition during the AnD process [38,41]. This is due to the fact that each AnD process
is different because of the components introduced and it is impossible to replicate the same
process 100% of the time. For example, a slight fluctuation in macro- or micro-elements can
change the activity of the microbial population and thus the enzyme activity, influencing
the AnD process and biogas production [13,38].

Various groups of microorganisms excrete or produce hydrolytic enzymes such as
proteases, amylases or cellulases that participate in the AnD process [15]. As suggested by
Parawira [42], AnD can be disrupted if the substrate contains solid particles. Therefore, to
avoid this problem, HCD was used. This process affected the decomposition of particles
and influenced the increase in the enzymatic activity of the feedstock, particularly regarding
PR, URE and PAL. As shown by Bonilla et al. [15], glycosidases and proteases are important
enzymes for pre-treatment in the AnD process. Thus, their activity can influence the proper
functioning of the process. As reported by Liew et al. [13], proteins constitute the major
part of the organic matter and total organic content, so during biodegradation, this can
lead to a decrease in the total organic content and the release of easily available sugar
required by methanogens in the AnD process. Teo and Wong [43] showed that protease in
the pre-treatment stage can decrease the concentration of volatile suspended solids from
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20% to 58% and total suspended solids by approx. 20%. In this study, a high positive
correlation was obtained between the methane yield and PR activity as well as the biogas
yield and β-Glu activity. β-glucosidase is responsible for the breakdown of cellulose, which
is an important parameter for AnD. Therefore, it can be supposed that the activity of these
enzymes may be an important indicator in determining the efficiency of biogas production.

5. Conclusions
The novelty of this research involves its evaluation of the enzymatic activity in the

anaerobic co-digestion of cavitated CW and SS as well as its influence on AcD performance.
The obtained results indicated that using the HDC as a pre-treatment method for CW
might cause an increase in methane production. Using CW cavitated for 30 min as a co-
substrate ensured the highest enzymatic activity of both the feedstock and digestate, which
corresponded to improved methane production. Furthermore, in this case, lower metal
concentrations in the digestate were achieved. It seems that such a digestate could, in the
future, be used as a bio-fertilizer to improve degraded soil to activate microbial populations.
Therefore, there are plans for future in situ studies to explain how such a digestate behaves
in the environment. However, it should be remembered that one important limitation of
the use of digestate as a potential bio-fertilizer is the relatively high concentration of heavy
metals. Their introduction into the environment may constitute a potential risk for living
organisms, including human health. Importantly, due to the limited number of scientific
reports on this subject, the obtained results will be of great significance to researchers
and technologists.
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