fermentation

Article

Adding Digestive Enzymes to Anaerobic Co-Digestion of Cattle
Manure and Industrial Corn Grain Waste T

Lais Medeiros Cintra 1, Roberta Passini 1*©©, Luana Alves Akamine
Frank Freire Capuchinho 3

check for
updates

Academic Editor: Bartlomiej Zieniuk

Received: 1 November 2025
Revised: 8 December 2025
Accepted: 11 December 2025
Published: 16 December 2025

Citation: Cintra, L.M.; Passini, R.;
Akamine, L.A.; de Sousa, K.D.;
Capuchinho, EE; de Oliveira, S.B.;
Duarte, SR.R. Adding Digestive
Enzymes to Anaerobic Co-Digestion of

Cattle Manure and Industrial Corn

Grain Waste. Fermentation 2025, 11, 696.

https:/ /doi.org/10.3390/
fermentation11120696

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

2 1

, Kedinna Dias de Sousa *,
, Sérgio Botelho de Oliveira 4 and Silvia Robles Reis Duarte 5

Agricultural Engineering Department, Goids State University (UEG), Campus Anépolis,

Anépolis 75132-903, Brazil; lais.medeirosc@hotmail.com (L.M.C.); kedinnads@hotmail.com (K.D.d.S.)

2 Secretaria-Geral de Governo do Estado de Goids (SGG/SETCI), Goiania 74015-908, Brazil;
luana.a.akamine@gmail.com

Agronomy Department, Goids Federal University (UFG), Goiania 74690-900, Brazil; frankfreirec@gmail.com
Chemistry Department, Federal Institute of Goids, Goiania 75132-903, Brazil; sergio.oliveira@ifg.edu.br

S. Robles Environmental and Entrepreneurial Management, Descalvado 13690-000, Brazil;
silviarobles@gmail.com

Correspondence: rpassini@ueg.br

This paper is a part of the master’s Thesis of Lais Medeiros Cintra, presented at Goids State University (Brazil).

Abstract

Brazil is one of the world’s largest producers of grains and cattle, activities that generate a
large amount of organic waste, which has high potential for biogas and methane produc-
tion. Cattle manure (CM) and industrial waste from corn processing are substrates with
significant potential for biogas and methane generation, particularly through the process
of anaerobic co-digestion (AcoD). This study aimed to assess the biogas and methane
yield, as well as the stability of the AcoD process involving CM and corn grain residues
(CG) derived from a grain processing agroindustry, in conjunction with the application
of an enzyme complex. The experiment was conducted in plug-flow biodigesters, with a
total volume of 28 L, under a semi-continuous feeding regime (OLR = 0.84 g vs. L d 1)
at ambient temperature. The findings indicated increases in daily biogas and methane
production for AcoD, without the addition of enzymes, of 52.1% and 44.4%, respectively, in
comparison to CM mono-digestion. The incorporation of the enzyme complex did not yield
beneficial effects, irrespective of the substrate composition. The utilization of enzymes in
semi-continuous biodigesters to enhance methane yields necessitates further investigation
to achieve favorable outcomes and validate its efficiency.

Keywords: agro-industrial waste; anaerobic digestion; cattle manure; enzymatic pretreatments

1. Introduction

Brazilian agribusiness depends on substantial agricultural and livestock production
to satisfy both domestic and export demands. While this sector bolsters the country’s
economy, it concurrently produces significant quantities of organic waste. The fundamental
strategy is to reuse organic matter /biomass to transform the environmental problem into
an economic opportunity and a sustainable energy solution [1]. The ongoing energy
transition, characterized by the pursuit of cleaner energy sources, employs a strategy that
leverages the abundance of biomass for renewable energy generation. Among these sources,
biogas emerges as a promising biofuel owing to its potential to mitigate greenhouse gas
emissions, minimize adverse environmental impacts, and enhance decarbonization and

energy security [2].
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Brazil has established itself as one of the largest producers and exporters of corn
globally. This industry has experienced continuous growth, driven by demand from animal
feed, ethanol production, and the food sector [3]. Among the biomass and residues gener-
ated during the harvesting (stalks, leaves) and processing (cobs, straw, damaged grains)
stages, corn grain residues (rejected corn) exhibit significant potential for energy conversion
due to their composition [4]. While corn cobs and straw possess a high lignocellulosic
content [5,6], corn grains contain starch, sugars, proteins, and fibers (hemicellulose), which
are more biodegradable compounds [4].

The anaerobic co-digestion (AcoD) technique has been widely used to improve the
stability and degradability of substrates. It involves combining different organic wastes
with complementary characteristics, promoting synergistic effects [7,8]. The result is
improved conditions and efficiency in the anaerobic digestion (AD) process [9]. Cattle
manure (CM) is one of the most widely used wastes in AcoD due to the benefits this waste
provides, including (i) high buffering power and ability to neutralize acids, (ii) ability
to balance the carbon-nitrogen ratio (C/N), as it is rich in N; and (iii) bioavailability of
nutrients and microorganisms, which favors rapid adaptation to the environment and
anaerobic activity [10-12].

Previous studies have shown that anaerobic AcoD of CM and fresh, silage, and dry
yellow corn straw [12], maize silage [13], and food waste and corn straw [14] is beneficial
for biomethane production and digestion stability in comparison with mono-digestion.

The use of enzymes in AD is another technique that can improve process efficiency
and increase methane yields. Considered a biological pretreatment, this technique consists
of choosing specific enzymes, such as cellulases and hemicellulases, which can break
down complex substrate components, such as cellulose and hemicellulose, into simpler
compounds [15-17]. As well as speeding up the rate of decomposition of organic matter, the
application of enzyme complexes can improve the quality of the digestate, which can then
be used as fertilizer. Previous investigations into the application of different enzymes in the
AD of corn straw have obtained an increase in biomethane production of 24% (laccase, batch
reactor) [18], 11.7% and 27.9% (cellulase and amylase, respectively, batch reactor) [19], and
110.76% in the AcoD with CM (amylase and protease, batch reactor) [20], when compared
to the untreated substrate. Results can vary widely due to the complexity and interaction of
multiple factors, such as operating conditions, microbial interactions, application method,
enzyme degradation and stability, etc. [21].

By combining waste from different sources and biological pretreatments, it is possible
to maximize the efficiency of the process and contribute to a more sustainable management
of agricultural and livestock waste. Thus, the purpose of this study was to evaluate the
yield and quality of biogas, as well as the stability of the anaerobic AcoD process of CM
with corn grain waste (CG), generated in a grain processing agro-industry, associated with
the application of an enzyme complex.

2. Materials and Methods
2.1. Study Area

The study was conducted at the Laboratory of Biodigestion and Waste Management,
on the main campus at Andpolis Headquarters of Exact and Technological Sciences (CET),
State University of Goids (UEG), between August and November 2021. According to
Koppen, the local climate is classified as Aw type, which stands for rainy (October—-March)
and dry (April-September) seasons, with annual averages of 22.4 °C (temperature) and
1586 mm (rainfall).
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2.2. Inoculum and Feedstock

The inoculum used in this experiment was taken from a biodigester in a semi-
continuous system, which treated diluted dairy cattle manure (without the solid fraction)
and had stable biogas production. The raw materials were dairy cattle manure (CM) and
industrial corn grain residues (CG), collected from a dairy farm and a food industry, re-
spectively. CM was collected weekly in the property’s compost barn and stored in a closed
container at room temperature.

Industrial CG waste was first dried naturally to remove excess moisture for four days
at average temperatures of 25 to 28 °C. Next, it was ground using a knife mill (Marconi
MADS580, Piracicaba 13405-455, Brazil) and passed through a 4 mm sieve. The material was
put into LDPE (low-density polyethene) bags and kept in the freezer at —18 °C during the
entire experiment.

2.3. Semi-Continuous Biodigester Description

At a laboratory scale, the semi-continuous biodigesters were made up of hermetically
sealed polyvinyl chloride (PVC) pipes with two distinct parts: the container with the
fermenting material (fermentation chamber) and the gasometer (Figure 1). Semi-continuous
biodigesters have an entrance for the load and an exit for the digestate, plus a hose to
conduct the biogas to the gasometer. The gasometer consisted of two PVC tubes; one
external pipe with a 25 cm diameter was filled with water, and a second pipe with a
20 cm diameter was submerged in water to allow displacement by the gas produced in
the fermentation chamber. A graduated ruler was fixed to the outside of the gasometer to
measure the displacement of the tube.
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Figure 1. Schematic cross-sectional design of the semi-continuous biodigester [22].

2.4. Treatment Descriptions

The experiment was set up in a completely random design, using a 2 x 2 (substrate
vs. enzyme) factorial scheme with 4 replicates, making a total of 16 experimental plots.
The treatments included different combinations of cattle manure (CM) and industrial corn
grain waste (CG), either with or without the addition of digestive enzymes (E), according to
their volatile solids (VS) content. The proportions were as follows: CM (100% CM without
enzyme); CM + E (100% CM with enzyme); CM + CG (70% CM + 30% CG without enzyme);
and CM + CG + E (70% CM + 30% CG with enzyme).

The experiment was performed using a 28-day hydraulic retention time (HRT) and a
28-L biodigester volume, with daily loads of 1 L. The biodigesters were started by adding
28 L of a mixture of CM and biodigester inoculum at a ratio of 1:4. For the next 28 days, CoD
with CM was performed, followed by CoD of treatments for 56 days. CM and CG (<4 mm)
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were separately diluted with water and homogenized to reach a total solids content of about
3% (OLR = 0.80-0.89 g vs. L d=1). The diluted CM was then filtered through a 4 mm mesh
sieve to remove fibrous material. All daily loads of the treatments were placed in 1-L plastic
bottles. Then, the bottles destined for treatments with enzyme addition were separated
from the others to apply the enzymatic complex. The characteristics of the materials used
in the CoD are listed in Table 1.

Table 1. Characterization of the substrates used in the semi-continuous biodigester experiment.

Component Unit Fresh Cattle Manure Corn Grains
pH pH unit 7.41 5.75
Total solids (TS) % (NM) 18.35 75.23
Volatile solids % of the TS 79.43 93.97
Ash % of the TS 20.57 6.03
Total organic carbon % of the TS 4413 52.20
Total Kjeldahl nitrogen % of the TS 3.10 2.05
C/N - 14.23 25.46
Crude Protein % of the TS 15.00 20.00
Crude fiber % of the TS 23.70 9.30
Neutral detergent fiber % of the TS 56.40 71.20
Acid detergent fiber % of the TS 35.40 22.40
Hemicellulose % of the TS 21.00 48.80
Non-structural carbohydrates % of the TS 9.70 0.90
EE % of the TS 1.50 1.30

NM: natural matter.

Covered lagoon biodigesters are frequently used in Brazil to treat livestock waste.
However, this model faces limitations, such as a low volumetric organic load (0.3-0.5 kg
SV Myreactor © d71) and a high hydraulic retention time (30—45 days). Implementing
preliminary solid separation techniques can boost methane production capacity and reduce
the treatment plant size [23]. Typically, the solid fraction of manure undergoes composting.

The enzyme complex used in this study came from a private company and included
cellulase (2 million IU per kilogram), xylanase (100,000 IU per kilogram), pectinase (1 mil-
lion IU per kilogram), and protease (5 million IU per kilogram), plus probiotics and
natural catalysts.

After activating the complex, as recommended by the manufacturer, we added 1 mL
of it to each liter of the substrate. The substrate was neutral, with a pH between 7.0 and 7.5,
when the complex was applied. The applications were made every day for 56 days, just
before the daily loads. The substrate composition of each treatment evaluated is presented
at Table 2.

The activated complex was stored and refrigerated in a B.O.D. incubator at 8 + 2 °C
and 70 &+ 5% RH.

Table 2. Substrate composition (daily load) of each treatment evaluated.

Substrate Composition

Treatment
reatments CM (g) CG (g) Water (g) Enzyme (mL)
cM 163 - 837 :
CM +E 163 - 837 !
CM +CG 114 12 874 -
CM+CG+E 114 12 874 1

CM: 100% CM without enzyme; CM + E: 100% CM with enzyme; CM + CG: 70% CM and 30% CG without
enzyme; and CM + CG + E: 70% CM and 30% CG with enzyme.
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2.5. Laboratory Analyses

CM and CG were subjected to bromatological analysis for the determination of CP,
NSC, EE, MM, CFE, NDF, and ADFE, following a method established by Instituto Adolfo
Lutz [24]. The biodigester influent and effluent were analyzed for TS, VS, pH, and al-
kalinity [25]. Moreover, TOC and KTN were quantified by dividing vs. percentage by
1.8 [26] and by the micro-Kjeldahl method [27], respectively. These parameters were used
to determine the C/N ratio. Finally, we analyzed the chemical composition of influent
and effluent [24]. The levels of N (nitrogen), P (phosphorus), and K (potassium) were
determined only for the biofertilizer (influent and effluent).

2.6. Biogas Monitoring

Daily biogas production (DBP) was measured by the vertical displacement of gasome-
ters, which had an internal cross-sectional area of 0.02956 square meters. Temperature,
biogas volumes, and environmental conditions were monitored throughout the experi-
mental period. The correction of biogas volume for the conditions at 1 atm and 20 °C
was carried out by means of Equation (1), resulting from the combination of Boyle’s and

Gay-Lussac’s laws.

(VO X Po) (Vl X Pl)

T, T 1)

where

Vo—Corrected volume of the biogas, mS;

Py—Corrected pressure of the biogas, 10,322.72 mmH,0;

To—Corrected temperature of the biogas, 293.15 Kelvin (K);

V1—Volume of the gas in the gasometer;

P;—Biogas pressure at the time of reading, in mm H,O;

T1—Biogas temperature at the time of reading, in K.

The generated gases were analyzed on a gas chromatograph (PerkinElmer, Clarus
580 model, Santana de Parnaiba 06528-001, Brazil) equipped with a methane analyzer
(400 °C) and series-coupled FID (250 °C) and TCD (200 °C) detectors. The equipment
was made available by the laboratory of Materials and Catalysis of the Federal Institute of
Education, Science and Technology of Goids (IFG), at Goidnia Campus.

2.7. Statistical Analysis

The data underwent variance analysis using the F test. When significant, the means
were compared by the Tukey test at 5% significance. The assumptions of variance homo-
geneity and residual normality were checked. The statistical analyses were performed
using the SISVAR 5.6 software [28].

3. Results and Discussion

Figure 2 displays the daily average biogas production for all treatments and the
variation in the temperature during the experimental period. Daily enzyme additions were
made from day 6 to 60.

The average temperature of the environment during the experimental period was
24.1 °C, with a minimum of 20.1 °C and a maximum of 30.1 °C, which remained within the
mesophilic range (20 to 40 °C) [29].

It was observed that the interaction between the factors (p < 0.05) affected the variables
biogas and methane yields, as well as effluent alkalinity. A main effect of the enzyme
(p < 0.05) was found for the variable volatile solids (VS) reduction, and a main effect of the
proportion (p < 0.05) was observed for the methane content in biogas (Tables S1 and S2;
Supplementary Materials).
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Methane (liters)
Temperature (°C)

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (days)

—o—CM —&— CM+E —o— CM+CG —e— CM+CG+E --------- Room temperature

Figure 2. Variation in daily biogas production and temperature during the experimental period. CM:
100% CM without enzyme; CM + E: 100% CM with enzyme; CM + CG: 70% CM and 30% CG without
enzyme; and CM + CG + E: 70% CM and 30% CG with enzyme.

When comparing mono-digestion (CM) and co-digestion (CM + CW), the inclusion of
CG had a beneficial influence, promoting higher energy recovery from the substrate, which
resulted in significantly greater (p < 0.05) biogas and methane yields (L/d and L/kg VS)
(Figure 3).

The increases in daily biogas and methane production for CM + CG were 52.1% and
44.4%, respectively, compared to mono-digestion (Figure 3c,d). AcoD can enhance biogas
and methane yields, particularly when one of the substrates serves as a source of labile
carbon (e.g., corn residues or carbohydrate-rich material) while the other supplies mineral
supplementation and promotes a balanced environment for optimal microbial performance
(e.g., cattle or swine manure) [30]. In an earlier study by Zhang et al. [12], the addition
of cow dung liquid (CoD with corn straw) as a nitrogen source adjusted the C/N ratio
in the biodigester and increased the diversity of the microbial communities present, thus
improving the microbial habitat and maximizing biogas production. The higher methane
yield of CoD is attributed to more easily biodegradable compositions of CG (sugars and
starch) in comparison with CM (lignocellulosic fibers). In the study conducted by Eliasson
et al. [31], an improvement in the degradation of fibrous materials present in CM was
reported as a result of CoD with potato starch. The authors highlighted the priming
effect, where easily degradable substrates boost microbial activity and the production of
hydrolytic enzymes, ultimately increasing the efficiency of anaerobic digestion (AD) and
optimizing biogas yield from CM.

The inclusion of the enzyme in the mono-digestion of CM showed no influence on
the evaluated parameters. In contrast, for CoD, a negative effect was observed due to
the lower (p < 0.05) biogas and methane yields achieved in the CM + CG + E treatment
(229 L/kg VS,added) compared to CM + CG (294 L/kg VS,44eq).- The application of the
enzyme resulted in decreases of 17.5% and 16.2% in daily biogas and methane production
(1.88and 1.11 L d ™!, respectively). These findings diverge from those reported by Fernandes
et al. [32], who assessed the direct application of 1 mL of a bioremediator (enzymatic
complex) in the CoD of CM and commercial corn starch (plug-flow biodigester). The
authors observed that enzyme addition enhanced biogas production in CM mono-digestion;
however, it had no effect on the CoD tested.
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Figure 3. Total solids reduction (a), volatile solids reduction (b), daily biogas production (c), daily
methane production (d), specific biogas yield (e), specific methane yield and (f) methane content
in biogas (g). Different capital letters represent statistical differences within the factor, without and
with CG. Different lowercase letters indicate statistical differences within the factor, without and with

enzymes (Tukey’s test, p < 0.05).

Substrate proportion influenced methane content in the biogas, whereas enzyme ad-

dition had no effect on this parameter (Figure 3g). As reported in the literature, certain

substrate mixtures may reduce methane content in biogas. Nevertheless, studies with

brewery residues [22] demonstrated that higher biogas volumes could be obtained from

CoD compared to mono-digestion, compensating for the final volume of methane pro-
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duced. Despite this, CH4 concentrations in all treatments remained above 63.3%, indicating
potential for energy utilization [33].

The methane yields obtained in this study for mono-digestion (173.3 L kg VS~!) and
CoD (298.8 L kg VS~!) were close to the averages reported in previous studies with
different organic residues. Zarkadas et al. [34] reported yields of 207 and 290 L/kg
VSadded for CM/pasteurized food waste (100/0 and 70/30, on a VS basis, respectively).
Akamine et al. [22], using plug-flow reactors, reported yields of 247.5 and 289.3 L/kg
VSadded for CM/brewery waste (100/0 and 68/32, on a VS basis, respectively). Zhang
et al. [14], using CSTR reactors (OLR = 2 g VS/L/d), reported yields of 244.3, 324.8,
and 257.1 L/kg VS,4deq for CM mono-digestion, CM + food waste (3:1 proportion), and
CM + corn straw (3:1 proportion), respectively.

The physical and chemical characteristics of influents and effluents from the evaluated
treatments are presented in Table 3.

When commercial enzymatic products are applied to substrates subjected to AD,
a higher proportion of organic matter conversion is expected, thereby enhancing the
efficiency of the hydrolytic phase [15]. Consequently, the products generated in this phase
must be utilized in subsequent stages (acetogenesis, acidogenesis, and methanogenesis).
However, when not consumed, these intermediates may cause an imbalance in the microbial
community, potentially impairing the degradation of the formed constituents [17]. Certainly,
the action of the enzymatic complex in the CM treatment may have been attenuated by the
recalcitrance of the components present in the manure, which consists mainly of proteins
and lignocellulosic biomass not digested by the animal [17].

The CM + CG + E treatment exhibited more pronounced reductions in some sub-
strate constituents. The inclusion of the enzymatic complex may have promoted greater
reductions in crude protein (9.56%), crude fiber (66.53%), NDF (47.41%), and ether extract
(16.67%). Nevertheless, the intermediates formed from the breakdown of these compounds
were not converted into biogas. Therefore, under the conditions adopted in the present
study, the use of enzymes in the CoD of CM + CG did not enhance the process in terms of
increasing the energy yield of these residues. However, the reduction in these constituents
observed in the digestate is associated with higher degradability and stability, which can
provide agronomic benefits when applied to soil.

Differences in NDF reduction were not observed (43.59 vs. 47.41%); however, an
expressive reduction in ADF was observed at the CM + CG treatment when compared to
the CM + CG + E (32.57 vs. 6.84%). This result represents an important point for the process
interpretation. While the NDF is composed of hemicellulose, cellulose and lignin, the ADF
is composed essentially of cellulose and lignin. Considering that cellulose has a substan-
tially superior potential for conversion into methane than hemicellulose [35], the greater
consumption difference in ADF (in other words, cellulose, for obvious reasons) led to a
difference in CH4 production, despite the fact that the addition of enzymes demonstrated
more efficiency in removing hemicellulose.

Furthermore, reductions in hemicellulose (84.56% para CM + CG + E) strengthen the
hypothesis of the enzymatic action being more pronounced on easily accessible fractions.
The cellulosic fraction remained protected by the lignified structure, as described by Li
et al. [35], who emphasize the physical and chemical barrier imposed by lignin to cellulose
hydrolysis. Thus, even with the partial degradation of hemicellulose, the system may
have presented an imbalance amongst hydrolysis and methanogenesis steps, resulting
in a possible accumulation of intermediates and produced CHy. Therefore, the observed
removal of fibrous and hemicellulosic compounds indicates that part of the cellulose was
decomposed, but methanogenesis was not the destination of the hydrolysis products. These
findings reinforce the hypothesis that the addition of enzymes, even though increasing the
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structural degradation of the biomass, does not necessarily guarantee improvements in the

final conversion into biogas, especially under psychrophile conditions and with possible

limitations in the adaptation of the bacterial community.

Table 3. Characterization of the influent and effluent from different treatments.

Treatments
Parameters
CcM CM +E CM + CG CM+CG +E
Total solid 1 Influ. 30.51 Ab 29.76 Bb 30.38 Ab 32.25 Aa
otal solids & Efflu. 13.93 Ab 13.32 Bb 13.78 Ab 16.09 Aa
Volatile solid -1 Influ. 22.76 Ab 22.30 Bb 22.98 Ab 24.82 Aa
olatile solids & Efflu. 6.74 Ab 7.49 Bb 7.20 Ab 9.11 Aa
- Influ. 0.75 0.75 0.76 0.77
VS/TS Efflu. 0.48 0.56 0.52 0.57
C/N rati - Influ. 13.40 13.40 16.01 16.01
ratio Efflu. 8.65 10.43 9.35 11.29
Nitrogen Kjeldahl % of the TS Influ. 3.10 3.10 2.79 2.79
total Efflu. 3.10 3.00 3.10 2.80
Total orzanic carbon % of the TS Influ. 4155 41.55 44.68 44.68
& Efflu. 26.80 31.30 29.00 31.60
% Red. 35.50 24.67 35.09 29.27
Crude protein % of the TS Influ. 20.00 20.00 19.35 19.35
Efflu. 20.00 19.70 20.00 17.50
% Red. - 1.50 - 9.56
Crude fiber % of the TS Influ. 10.90 10.90 12.55 12.55
Efflu. 4.60 8.40 6.40 420
% Red. 57.80 22.94 49.00 66.53
. % of the TS Influ. 38.70 38.70 47.15 47.15
Neutral detergent fiber Efflu. 28.40 27.20 26.60 24.80
% Red. 26.61 29.72 43.59 47.41
) ) % of the TS Influ. 22.40 22.40 22.54 22.54
Acid detergent fiber Efflu. 24.80 20.00 15.20 21.00
% Red. - 10.71 32.57 6.84
Hemicellul % of the TS Influ. 16.30 16.30 24.61 24.61
emiceliuiose Efflu. 3.60 7.20 11.40 3.80
% Red. 77.91 55.83 53.68 84.56
Non-structural % of the TS Influ. 16.40 16.40 11.85 11.85
carbohydrates Efflu. 10.60 9.70 7.60 12.70
% Red. 35.37 40.85 35.84 -
i % of the TS Influ. 1.35 1.35 1.25 1.25
ther extract Efflu. 1.00 1.00 1.70 1.00
% Red. 25.93 2593 - 20.00

Different capital letters represent statistical differences within the factor, without and with CG. Different lowercase
letters indicate statistical differences within the factor, without and with enzymes (Tukey’s test, p < 0.05).

Among the enzymes contained in the complex, (i) protease acts on proteins, forming

peptides and amino acids; (ii) xylanase catalyzes the degradation of xylan, the main hemi-

cellulose polymer (NDF-ADF), into oligosaccharides and monosaccharides; (iii) cellulase

hydrolyzes cellulose into glucose; and (iv) pectinase degrades pectin into oligosaccharides,
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phenols, and organic acids [36]. Pectinase may aid in starch release by disrupting cell walls
and the polysaccharide matrix in corn grains, facilitating the formation of fermentable
sugars during enzymatic hydrolysis.

Previous investigations have shown that the methane potential of cellulose is greater
than that of hemicellulose. However, hemicellulose is generally hydrolyzed more rapidly
than cellulose, whereas lignin exhibits high resistance to degradation [37]. All treatments
displayed high hemicellulose reductions compared with the other substrate constituents.
Lignin is mainly degraded under aerobic conditions, while under low oxygen conditions,
such as in the anaerobic digestion process, it may persist for long periods. Furthermore,
lignin can form a barrier against hydrolytic enzymes when it is present in higher proportions
in the substrate, leading to less effective conversions of organic matter into biogas [35].

The results obtained in this semi-continuous biodigester assay did not match the
outcomes reported in the literature from batch assays, in which yields were maximized
with enzyme addition [18-20,38]. In the study conducted by Muller et al. [38] on the CoD
of CM and corn silage in semi-continuous reactors, daily enzyme addition did not increase
biogas yield, and higher dosages resulted in reduced biogas production (13% and 36%
lower than the reference).

The unsatisfactory outcome of enzymatic complex application may be attributed to
the following reasons: (i) inadequate hydrolysis of complex organic matter, resulting in the
formation of intermediates that increased alkalinity but were not efficiently converted into
methane; (ii) premature inactivation and/or degradation of enzymes due to reactor condi-
tions, such as temperature fluctuations and/or the presence of inhibitors (intermediates),
since enzymes require specific conditions to function optimally; and/or (iii) introduced
enzymes interfered with native microbial communities, disrupting the microbiological
balance and possibly inhibiting beneficial microorganisms required for other stages of the
AD process.

Previous studies by Muller et al. [38] and Wang et al. [20] also reported negative results
with protease application. The authors highlighted several explanations: (i) proteases de-
grade certain essential enzymes, such as hydrolases, which are important in the hydrolytic
phase, or enzymes involved in acidogenesis and methanogenesis; (ii) proteases attack the
surface of microorganisms; and (iii) proteases promote the accumulation of intermediate
products derived from protein degradation, such as phenyl acetate and propionate, leading
to increased VFA concentrations and consequent inhibition of microorganisms.

It can be assumed that the enzymatic compound used was inhibited in the biodigester,
particularly in the CM + E treatment, which could be further investigated in future studies,
for example, by measuring enzymatic activity and biogas production time after enzyme
application. Consequently, the results provide a basis for guiding future discussions on
the application of enzymatic compounds at higher dosages; the efficacy of enzymes in
carbohydrate-rich substrates; the structure of microbial communities in mono- and co-
digestion with enzyme addition; and other studies addressing the technical and economic
feasibility of additive use in AD.

Table 4 shows the results of pH, total alkalinity (TA), partial alkalinity (PA), intermedi-
ate alkalinity (IA) (in mg CaCOj3; L™1), and their ratio (IA /PA) for influents and effluents
during the experimental period. The parameters PA, IA, and TA showed significant inter-
actions (p < 0.05) in effluents.

Total alkalinity (TA) represents the overall capacity of the system to resist pH fluctu-
ations, thereby preventing inhibition by acidification. TA is the sum of partial alkalinity
(PA) and intermediate alkalinity (IA), where PA corresponds to alkalinity from carbonates
and bicarbonates, and IA is due to volatile fatty acids (VFAs). At concentrations between
25¢g L !'and 5.0 g L}, bicarbonate exerts a strong buffering effect [39]. Therefore, the
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IA values obtained in this study indicate good stability throughout the evaluation period
(3455.0-4337.5 mg CaCO3 L1, effluent). The optimal IA/PA ratio for stable AD perfor-
mance is between 0.3 and 0.4, while values below 0.3 may indicate underloading of the
reactor [39]. The values obtained for the effluents (0.14-0.18) suggest that the organic
loading rate could have been increased, and consequently, a more effective response might
have been achieved with the addition of the enzymatic complex. It is valid to consider that,
due to the limitations of the biodigester model, low organic loads were applied, ensuring
the safe operation of full-scale biodigesters (covered lagoon) without the risk of overloading
and acidification.

Table 4. Partial alkalinity (PA), intermediate alkalinity (IA), total alkalinity (TA), and the ratio
AI/AP in substrates (influent and effluent) from different treatments (substrates with and without
enzyme addition).

Substrate pH
Influent Effluent
Without With enzyme Without With enzyme
enzyme enzyme
M 7.30 7.11 7.52 7.45
CM + CG 7.42 7.13 7.56 7.51
Partial alkalinity (mg CaCO5; L™1)
Substrate Influent Effluent
Without With enzyme Without With enzyme
enzyme enzyme
M 1585.0 Aa 1860.0 Aa 3537.5 Ab 4337.5 Aa
CM + CG 1380.0 Aa 1435.0 Ba 3455.0 Aa 3477.5 Ba
CV (%) 13.24 5.10
Intermediate alkalinity (mg CaCO5; L™1)
M 1830.0 Aa 1830.0 Aa 485.0 Ab 777.5 Aa
CM + CG 1785.0 Aa 1850.0 Aa 485.0 Aa 477.5 Ba
CV (%) 12.54 14.89
AI/AP
CM 1.15 0.98 0.14 0.18
CM + CG 1.29 1.29 0.14 0.14
CV (%) 10.14 513
Total alkalinity (mg CaCO3 L)
M 3415.0 Ab 3690.0 Aa 4022.5 Ab 5115.0 Aa
CM +CG 3165.0 Ba 3285.0 Ba 3940.0 Aa 3955.0 Ba
CV (%) 2.68 4.05

CM: 100% cattle manure; CM + CG: 70% cattle manure and 30% corn waste. Averages followed by different letters
(capital letters in the columns and lowercase letters in the lines) are statistically different by Tukey’s test (p < 0.05).

In the influent, the CM + E treatment presented higher (p < 0.05) partial alkalinity
compared to CM + CG + E. This difference is likely due to the replacement of part of CM
with CG (70/30), since corn provides a higher proportion of readily degradable compounds
to the substrate, thereby increasing acid concentrations in the system. For the same reason,
total alkalinity values observed in CM and CM + E (3415.0 and 3690.0) were higher (p < 0.05)
than those of CM + CG and CM + CG + E (3165.0 and 3285.0), respectively.
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Evidence suggests that cattle manure plays a crucial role in maintaining buffering
capacity during anaerobic CoD with various materials, such as food waste [40], corn waste,
and agricultural residues [41].

The CM + E treatment also showed the highest values (p < 0.05) of PA, IA, and TA in
the effluent. This result may indicate a system requirement to increase alkalinity due to the
formation of long-chain organic acids derived from the action of the enzymatic complex.
When organic acid production is not matched by the same consumption rate during
methanogenesis, alkalinity may increase without a corresponding rise in biogas production.

4. Conclusions

The combination of cattle manure with corn grain waste in anaerobic co-digestion
leads to higher daily biogas production (52.12%) and improved specific yields of methane
(41.35%) and biogas (48.55%) compared to just using cattle manure (mono-digestion).

Adding enzymes to the substrate, whether it was just cattle manure or a combination
of cattle manure and corn grain waste, did not increase biogas production. It is possible
that the dose of enzymes used was not high enough to have a noticeable effect.

The technique of enzyme application in semi-continuous biodigesters, aimed at in-
creasing biogas production, still requires further investigation in order to achieve positive
results and confirm its efficiency. Future studies are recommended to include the mea-
surement of enzymatic activity. Consequently, the findings provide a basis for guiding
further discussions on the application of enzymatic compounds at higher dosages and
the effectiveness of enzymes in carbohydrate-rich substrates, as well as supporting other
studies that may address the technical and economic feasibility of additive use in anaerobic
digestion and co-digestion.
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