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Abstract

Methane production from Brosimum alicastrum seed coat was evaluated using a logistic model
through three alkaline concentrations (0.19 M, 0.26 M, and 0.28 M) and three enzymatic activity levels
(3000 U mL, 5000 U mL", and 7000 U mL") as pretreatments. Laccase was produced through
submerged fermentation using T. hirsuta Bm-2 fungi, while NaOH served as the alkaline agent.
Enzymatic pretreatment resulted in the highest specific CHs4 yield (427.43+2.28 mL CHa/g VSaddea),
surpassing both alkaline pretreatment (235.61 + 9.19 mL CHa/g VSadded) and the control (102.54 + 5.55
mL CH4/g VSadded). Kinetic analysis of CHa production indicated that cumulative CHa production
reached its stationary phase within 30 days of digestion. Moreover, enzymatic pretreatment exhibited
the highest CH4formation rate (0.15-0.17 h-1), except for the control, which had a slightly higher rate
(0.21 h't). The kinetic analysis revealed that the enzymatic pretreatment significantly improved the
hydrolysis stage of Ramon's seed coat, promoting higher cumulative CHs production and leading to
an increased specific CHa yield.

Keywords: kinetic modelling; Ramon tree; digestion; bioenergy; biorefinery

1. Introduction

Biofuels are crucial for reducing carbon emissions in the transportation sector, offering a low
carbon alternative for light-duty vehicles in the short term. Biofuel demand reached a record high of
4.3 EJ (170,000 million liters) in 2022 and biofuels produced from agro-industrial wastes and non-
food energy crops are projected to meet more than 40 % of the total biofuel demand by 2030 [1].
Particularly, biogas (containing mainly methane) is a biofuel that can be used as a feedstock to
produce gray hydrogen via steam methane reforming technology or turquoise hydrogen via methane
pyrolysis from sustainable sources [2,3]. This will enable a reduction in CO, emissions while
supporting the achievement of global climate targets and addressing the growing demand for carbon-
neutral fuels. Moreover, integrating biogas into hydrogen production pathways enhances waste
valorization and energy security, particularly in regions with strong agricultural and industrial waste
streams [3].

Anaerobic digestion is a bioprocess in which organic matter is degraded by synergistic microbial
consortia through four stages (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) to
produce biogas (CHs and COz) and digestate [4,5]. This bioprocess is of great interest because it is
recognized as an effective waste management technology, utilizing a wide range of organic matter
(food industry wastes, domestic wastes and some abattoir wastes) as feedstock to produce renewable
energy [4,5]. In addition to biogas, digestate is a nutrient-rich compound that, depending on its
characteristics, may be composted or utilized as a fertilizer or soil conditioner [6]. It is in the interest
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of operators of anaerobic digestion plants to maximize methane production while simultaneously
reducing the chemical oxygen demand of the digestate, as this enhances economic profitability,
improves energy efficiency, and ensures environmental compliance [7].

The performance of biogas production in anaerobic digestion systems depends on factors such
as the nutrient content of organic matter, the carbon-to-nitrogen ratio, temperature, pH, and the
presence of inhibitory compounds [8]. For instance, readily biodegradable organic waste streams
(e.g., some food waste) result in the rapid accumulation of high concentrations of volatile fatty acids
(VFAs) in digesters, which inhibit methanogens. Moreover, highly proteinaceous waste (e.g.,
slaughterhouse waste) and sulfate-rich wastewater can lead to the generation of toxic compounds
such as ammonia (NHs) and hydrogen sulfide (H,S), thereby reducing biogas performance [9].
Therefore, optimizing the biodegradability and composition of organic matter is crucial during
digestion, as many organic wastes contain complex molecules (lignin, and crystalline cellulose) that
hinder biogas production. One way to increase the biodegradability of organic waste is through a
pretreatment stage applied to the biomass [10,11].

Sulfuric acid (H2504) has been reported as an effective catalyst for obtaining sugar from
lignocellulosic biomass. However, sulfate ions are released during pretreatment, promoting the
growth of sulfate-reducing bacteria, which decreases the performance of biogas production [12]. On
the other hand, sodium hydroxide (NaOH) is a selective catalyst due to its potential to remove lignin
from biomass and increase the conversion of cellulose and hemicellulose into reducing sugars [12,13].
However, high concentrations of NaOH are required, and this compound is corrosive, toxic, and
hazardous to human health. Additionally, the NaOH pretreatment process is slow, and the added
NaOH must be removed in subsequent steps [10]. In contrast, steam explosion is considered one of
the most common and successful pretreatment methods for industrial-scale applications. This
pretreatment involves high pressures and temperatures to hydrolyze biomass, and the process
consumes a significant amount of energy [10,14]. Moreover, steam explosion pretreatment generates
several byproducts, such as phenolic, furfural, melanoidins, and organic acids, which can inhibit
anaerobic digestion for varying degrees [10,14,15]. Finally, biological pretreatment with enzymes
(e.g., cellulases and laccase) has been reported to increase the productivity and yield of methane, as
enzymes can break down macro-molecules from organic wastes into smallest molecules such as sugar
from holocellulose and phenolic compounds from lignin [12,14]. Furthermore, enzymatic
pretreatment does not generate byproducts that are toxic to microorganisms or the environment [10].

The Yucatan Peninsula is one of the largest regions in Mexico dominated by dry forests. It has
approximately 17% of the country’s tropical phanerogamic diversity and is also characterized by
numerous Mayan archaeological sites [16]. In these ruin-associated woodlands, Brosimum alicastrum
commonly known as 'ramon’, 'capomo’, 'ojite’, 'ojoche’, or 'ox’, has been identified as one of the most
important woody species, according to White, D.A. & Hood, C.S. [16]. Ramén is a member of the
Moraceae family and is widely distributed in the warm-humid and subhumid regions of Mexico and
Central America [17]. The Ramoén tree (Brosimum alicastrum) is an underutilized species with
substantial economic and bioenergy potential in Mexico. Its wood, leaves, and fruits can serve as
valuable feedstocks for bioenergy production, positioning it as a promising energy crop. Moreover,
the Ramon tree thrives in semi-arid regions with low-quality soils, making it well-suited for
cultivation on marginal lands. A notable byproduct of its fruit processing is the seed coat, which is
typically considered a waste, yet holds potential for biogas production [18]. Under this scenario,
biorefineries based on biotechnological processes play an important role in producing biofuels and it
replaces the traditional refinery scheme based on the transformation of oil and its derivatives [19].

As a rule in any bioprocess, the use of mathematical models is essential for improving the
understanding of the anaerobic digestion process, as it enables the comparison of the activity,
adaptability, and compatibility of the inoculum with various feedstocks, as well as the evaluation of
biogas production rates under different pretreatment conditions [9,19]. Moreover, mathematical
modelling plays a crucial role in optimizing anaerobic digestion systems by facilitating process
analysis and providing key parameters for bioreactor design and scale-up [20]. These tools allow
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researchers to predict system performance, assess operational stability, and they identify potential
inhibitory effects during digestion. Among the available modelling approaches, logistic models are
widely used to describe methane (CH,) production due to their simplicity, limited number of
parameters, and ease of implementation. These models effectively capture the sigmoidal behavior
typically observed in cumulative methane production curves, making them particularly suitable for
batch digestion studies. However, logistic models describe CH4 production under steady-state
assumptions and they do not explicitly account for the physiological and metabolic characteristics of
microbial communities involved in the process [21]. Despite this limitation, they remain valuable for
comparative analyses and preliminary process optimization. Therefore, the aim of this study was to
evaluate the effect of enzymatic and alkaline pretreatments on the biogas production potential of
Brosimum alicastrum seed coat and to model the kinetics of methane production using a logistic model.

2. Materials and Methods

2.1. Substrate and Inoculum

The Ramon's seed coat was collected at the Technological Innovation Center, located in the
Science and Technology Park of Yucatan. The Ramon's seed coat was maintained at ambient
temperature until use. The inoculum consisted of a mixture of 300 g of cow manure, 150 g of pig
manure, 30 g of deep soil, and 1.5 g of sodium bicarbonate per liter of tap water. The inoculum was
manually mixed and filtered [22]. The inoculum was degassed for 7 days in a convection oven
(Binder, Fed model 115, Tuttlingen, Germany) at 38 °C prior to the biochemical methane potential
assays [23].

2.2. Pretreatments Applied to Ramon's Seed Coat

2.2.1. NaOH Pretreatment

Three concentrations of NaOH (0.19, 0.26, and 0.28 M) were prepared from a 1 M stock solution.
In 250 mL Erlenmeyer flasks, 3 grams of Ramon's seed coat were placed, followed by the addition of
26 mL, 37 mL, and 40 mL of the NaOH stock solution. The volume was adjusted to 140 mL with
distilled water to obtain the aforementioned molar concentrations. This process was performed in
triplicate for each concentration evaluated. The flasks were shaken at 150 rpm on a shaker (ZHWY-
200B) at room temperature for 3 hours. Subsequently, pretreated Ramon's seed coat was separated
by filtration using No 2 Whatman filter paper. Pretreated Ramon's seed coat was dried at room
temperature for 24 hours for later use.

2.2.2. Enzymatic Pretreatment

The enzymatic extract was obtained following the methodology described by R. Tapia-Tussell
etal. using T. hirsuta Bm-2, a fungus isolated from decaying wood in Yucatan, Mexico [24]. Briefly, T.
hirsuta Bm-2 was preserved in of Petri dishes that contained 2 % malt extract and 2 % bacteriological
agar (w/v). Petri dishes were incubated at 37 °C for 7 days. After, 5 Mycelial plugs from T. hirsuta Bm-
2 with 1 cm diameter were transferred to sterilized 250 mL Erlenmeyer flasks that contains 100 mL of
culture medium with the following composition: 10 g/L of malt extract, 2 g/L of peptone, 2 g/L of
yeast extract, 2 g/L of KH2POq, 1 g/L of MgSO4+7H20, 1 mg/L of thiamine, and 2 \ % (w/v) wheat bran
(All Bran). The flasks were incubated at 150 rpm on a shaker (ZHWY-200B) at 40 °C for 7 days. After
this period, the culture broth was filtered to obtain an enzymatic extract of laccase. Enzymatic activity
from extract was quantified by oxidation of ABTS according to the reported by R. Tapia-Tussell et al.
using equation 1 [25]. Briefly, the reaction mixture consisted of 100 uL of acetate buffer (1 M, pH 5),
100 pL of ABTS (5 mM), 700 uL of deionized water, and 100 puL of enzymatic extract. The oxidation
of ABTS was determined at 40 °C by measuring the increase in absorbance at 420 nm. One unit of
enzyme activity (U) is defined as 1 pmol of product formed per min.
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Enzymatic pretreatment was carried out using three concentrations of enzymatic activity (3,000;

U/mL =

5,000; and 7,000 U/mL). Briefly, 5 g of Ramon's seed coat were placed in 50 mL of a citrate buffer
solution (0.05 M) to maintain a pH of 5. Then, 5 mL of enzymatic extract with the aforementioned
enzymatic activities were added, following the procedure described by R. Tapia-Tussell et al. [24].
The flasks were shaken at 150 rpm in a shaker (ZHWY-200B) at room temperature for 3 hours. This
process was performed in triplicate for each enzymatic activity evaluated. Subsequently, the
hydrolyzed Ramon's seed coat was separated by filtration using No 2 Whatman filter paper.
Pretreated Ramon's seed coat was dried at room temperature for 24 hours for later use.

2.3. Biochemical Methane Potential Assays

The biochemical methane potential assays were conducted in triplicate according to the
procedure reported by K. D. Chikani-Cabrera et al. for all pretreated samples [26]. Untreated Ramon's
seed coat was used as a control, and degassed inoculum without Ramon's seed coat was used as a
blank. Briefly, 1.1 g of pretreated and untreated samples were added to 250 mL serum bottles. Then,
75 mL of degassed inoculum was added, and all bottles were filled with distilled water to a working
volume of 140 mL. Afterward, all serum bottles were capped with rubber septa. Oxygen in each
serum bottle was displaced with N2 gas for 1 min to obtain an anaerobic atmosphere. The biogas
produced was quantified according to the procedure described by D. Valero et al. where the
headspace pressure of the serum bottles was measured employing a digital pressure transducer
sensor (IFM Germany type PN2596 up to 2 bars) with a syringe that was connected to pierce the
septum [27].

2.4. Analytical Methods

All the analysis were performed in triplicate. The analytical methods for assessing ash, total
volatile solids (VS), and elemental composition in Ramon's seed coat and inoculum, as well as lignin
and holocellulose in Ramon's seed coat only, follow the procedures outlined in a previous study by
K.]J. Azcorra-May et al. [28]. Briefly, total volatile solids and ash were determined gravimetrically on
the pretreated samples and inoculum. Crucibles were first labeled with a porcelain marker and placed
in a muffle furnace at 575 °C for four hours to remove any residual contaminants. After heating, the
crucibles were transferred directly to a desiccator, cooled for one hour, and weighed on an analytical
balance. A sample of 0.5 g was weighed into each crucible. The samples were first dried in an oven
at 60 °C under atmospheric pressure for at least 18 hours. The weights of the crucible and the oven-
dried sample were then recorded. The total volatile solids were determined using Equation 2. Ash
determination was carried out using the same sample employed for total volatile solids analysis,
which was then ashed in a muffle furnace at 575 °C using the following temperature ramp: from room
temperature to 105 °C, held for 12 minutes; then increased to 250 °C at 10 °C/min and held for 30
minutes; and finally increased to 575 °C at 20 °C/min and held for 180 minutes, to ensure controlled
combustion and minimize sample loss. Following ashing, the crucibles were cooled in a desiccator
for one hour and weighed. The ash percentage was determined using Equation 3 and 4.
Weightcrucible+dry sample — Weightcrucible

% Total Volatile Solids = Weight x 100 (2)
sample as received
Weight i, ari X % Total Solids
ODWsample _ INCair aried san;z())lg 0 (3)
% Ash = Weightcrucible+ash - Weightcrucible % 100 (4)

ODWsample

For the quantification of lignin and carbohydrates, 70% (v/v) sulfuric acid was used to hydrolyse
Ramon's seed coat, and the acid-insoluble residue (lignin) was obtained following the NREL/TP-510-
42618 technique [24]. The CHNS/O elemental analysis was conducted using a Thermo Scientific Flash
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2000 Elemental Analyzer (Thermo Scientific, Waltham, MA, USA) with 3 mg of dried sample from
Ramon's seed coat and inoculum.

Functional groups in the Ramon's seed coat were also analyzed using FTIR. The FTIR analysis
was performed with a Bruker FT-IR Tensor II spectrophotometer (Bruker, Ontario, ON, Canada) over
a range of 4000 to 500 cm™ accumulating 32 scans at a resolution of 4 cm. Finally, CHs was analysed
using a Clarus 690 PerkinElmer gas chromatograph equipped with a thermal conductivity detector
(TCD) and a Molesieve column (30 m length, 0.53 mm internal diameter, and 0.25 pum film thickness).
N2 was used as the carrier gas at 1 mL/min, with temperatures set at 150 °C, 60 °C, and 200 °C for the
injector, oven, and detector, respectively. Methane yield expressed in mL/g VSadded was calculate as
the volume of CHs produced per g of VS loaded into serum bottles.

2.5. Kinetic Study on Cumulative CHs Production

Cumulative CHa production was modelled using a logistic function, as most cumulative CHa
production exhibits a sigmoidal curve, characterized by the transition from the log phase to the
stationary phase. The logistic function enables the extraction of biologically relevant parameters, such
as the CHa formation rate (Pr) in h?, the maximum concentration of CHs (Pmax), and the initial
concentration of CHsin the biodigester (Po), from experimental data [21]. Equation 5 represents the
differential form of the logistic model with respect to CHs production, while equation 6 illustrates its
integrated form with respect to time.

The average experimental data from cumulative CHs production profiles were fitted to the
discrete model above using the function “Fit nonlinear regression model” (ols) into Spyder 6 for
estimating model coefficients, along with the standard statistical metrics such as root mean squared
error and R? to assess model fit.

P _p (1 P )P 5

ac Prax ®)
PyPpgxe™"

Pt — 0fmax® (6)

Prax — Po(1 + efrt)

3. Results and Discussion

3.1. Substrate Characterization

FTIR analysis was used to detect vibration of molecules present in the Ramon's seed coat and to
infer its structural composition. Figure 1 shows a broad, sharp peak at 3421 cm? in the spectrum,
which indicates the stretching vibrations of O-H groups present interstitially in Ramon's seed coat.
The peaks at 2918 cm! originate from the methyl group, while those at 2850 cm! result from the
asymmetrical stretching of CHzmethoxyl groups [30,31]. The low-intensity peak at 1732 cm signifies
the presence of acetyl groups in lignin and cellulose-based compounds, whereas the high-intensity
peak at 1634 cm! suggests pectin. The region between 1400 and 1300 cm™ corresponds to the cellulose
fingerprint, which includes the bending of C-H and CH: groups. The peak at 1250 cm™ represents C-
O-C stretching, while the region from 1150 to 1030 cm! corresponds to C-O stretching. The peak at
876 cm! represents aromatic C-H out-of-plane deformation [32,33].

The characteristics of Brosimum alicastrum (Ramon) seed coat and the inoculum are summarized
in Table 1. Elemental analysis showed that carbon (C) is the predominant component of the seed coat,
accounting for 44.17%, which reflects its lignocellulosic nature. This composition is mainly attributed
to its high content of lignin (30.52%) and holocellulose (63.89%). In addition, the high volatile solids
(VS) content (94.41%) indicates a substantial proportion of biodegradable organic matter, supporting
the potential of Ramon’s seed coat as a suitable feedstock for methane (CH,) production through
anaerobic digestion. Ramon's seed coat has a C/N ratio of 26.13, which is comparable to the values
reported by D. Brown et al. [34] for fallen tree leaves (26.1), a typical lignocellulosic source. Although,
it is important to note that information on the characterization of Ramon's seed coat is limited,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1676.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2026 d0i:10.20944/preprints202604.1676.v1

6 of 13

previous studies provide useful benchmarks. For instance, J. C. Canto-Pinto et al. [35] reported ash,
crude fiber, and carbohydrate contents of 6.79 + 0.04 %, 28.01 + 0.06 %, and 42.47 + 0.94 %, respectively.
The results obtained in the present study are consistent with these reported values, further
supporting the reliability of the characterization and reinforcing the suitability of this biomass for
bioenergy applications.

On the other hand, the inoculum exhibits a higher nitrogen content (2.47%) compared to the
substrate (1.69%). This difference can be attributed to the presence of active microbial biomass and
the ongoing degradation processes occurring in the sludge, which enrich the nitrogen fraction
through protein synthesis and cell growth. The increased sulfur (S) content in the inoculum (0.67%)
relative to the substrate (0.06%) suggests the presence of sulfur-containing amino acids, proteins, and
microbial metabolites formed during anaerobic activity. These characteristics are typical of stabilized
sludge used as inoculum in anaerobic digestion systems. Furthermore, the relatively lower carbon
content in the inoculum, compared to the lignocellulosic substrate, reflects the partial mineralization
of organic matter that occurs during prior digestion stages. This compositional profile indicates that
the inoculum is well-adapted to anaerobic conditions and capable of supporting microbial activity
during methane production. A. F. V. Silva et al. [10] reported similar characteristics for industrial
sludge, although with a lower carbon content (23.5%) and a higher volatile solids (VS) content
(76.0%). Overall, these results show that the inoculum possesses suitable physicochemical properties
to ensure a steady process, enhance substrate biodegradation, and promote efficient methane
generation in anaerobic digestion systems.
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Figure 1. Fourier transform infrared spectroscopy (FTIR) of Brosimum alicastrum seed coat.

Table 1. Characterization from Brosimum alicastrum seed coat and inoculum (sludge).

Parameters Substrate Inoculum
C (%) 4417 £0.12 32.71 +1.62
N (%) 1.69 +0.02 247 +0.20
H (%) 5.48 +0.01 453 +0.28
S (%) 0.06 +0.004 0.67 +0.06
Ash (%) 5.59 +0.01 59.56 +0.01
Total VS 94.41 +0.02 40.44 +0.01
Lignin (%) 30.52 +0.09 NA
Holocellulose (%) 63.89 + 0.06 NA

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1676.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2026

3.2. Effect of Pretreatment on Methane Production

Methane production was carried out after the alkaline and enzymatic pretreatment stages
(Figure 2 and Figure 3). Firstly, daily biogas production is highest when Ramon’s seed coat
underwent NaOH and enzymatic pretreatment, compared to the control (untreated Ramon's seed
coat) and the blank (inoculum) during the biochemical methane potential assays. This suggests that
the presence of untreated Ramon seed coat negatively affects anaerobic digestion (AD). These
findings are consistent with previous studies demonstrating that lignin interferes with hydrolysis
during AD through two main mechanisms: (i) forming a protective barrier that limits enzymatic
access of microorganisms, and (ii) binding to enzymes both reversibly and irreversibly due to its
inherent hydrophobicity. Consequently, lignin limits the hydrolysis efficiency of the encapsulated
holocellulose fraction. Thereby, decreasing the overall bioconversion efficiency of AD [36]. This trend
is consistent with the findings reported by Sun et al. 2024 [37], who presented data indicating that
higher lignin content in the substrate is associated with a significant reduction in methane potential.
For instance, in wood samples with lignin contents ranging from 29 % to 30 %, the methane yield was
reported between 188 and 224 mL CH, per gram of volatile solids. This behavior is also observed for
the CHa percentage and cumulative CHa production. These results indicate that NaOH and enzymatic
pretreatment enhance the digestion of organic matter from Ramon's seed coat. This enhancement can
be explained by the fact that NaOH and enzymatic pretreatments increase the availability of reducing
sugars in lignocellulosic biomass [12]. However, it can be observed that increasing the NaOH
concentration during the seed coat pretreatment negatively affects CH, production. Accordingly, the
highest methane production was obtained at a NaOH concentration of 0.19 M. This inhibition is
presumed to be associated with sodium levels; although sodium is essential for anaerobic digestion
at low concentrations, levels above 0.25 M have been reported to significantly reduce methane yield,
and this may even completely inhibit the anaerobic digestion process. This effect is likely due to
increased osmotic pressure and the consequent dehydration of the microorganisms involved in
anaerobic digestion [38].

With respect to methane content, alkaline pretreatment increased the methane concentration to
an average of 60 % across all treatments after 10 days, representing a 30 % increase compared to the
control. However, the achieved CH4 percentage with pretreated Ramon's seed coat is lower than that
reported by F. Battista et al. [39], which observed an 80 % (v/v) CHs percentage during the first 10
days of digestion using a mixture of coffee waste as a substrate subjected to alkaline pretreatment
with 2 M NaOH. This difference in CHs percentage can be attributed to the NaOH concentration, as
this study used a stock solution of 1 M NaOH and higher NaOH concentration decrease the degree
of polymerization and crystallinity of cellulose, break the structural links between lignin and
carbohydrates, and remove partially lignin from the biomass [13,39,40]. On the other hand, the CHs
percentage obtained in this study is like that reported by O. N Agdag et al. [41], where a 64 % (v/v)
CHs percentage was achieved using municipal landfill leachate in an up-flow anaerobic sludge
blanket.

Finally, it can be observed that the enzymatic pretreatment of Ramon seed coat enhanced
methane production, with the highest yield achieved at a laccase dosage of 3000 U/mL. This effect is
attributed to the enzyme’s ability to depolymerize or restructure the lignin network through the
formation of phenoxy radicals generated by the oxidation of hydroxyl groups in phenolic compounds
present in lignin. Additionally, it is important to note that the use of an enzymatic extract may involve
the presence of other enzymes, such as peroxidases [42], which could further contribute to improved
delignification and, consequently, increased methane yield. Moreover, the treatments at 3000 and
5000 U/mL showed no significant difference, and the treatment at 7000 U/mL resulted in decreased
methane production. This behavior is consistent with the findings reported by Mlaik et al. [43], who
indicated that enzyme overloading may induce inhibition of its stretching conformation, ultimately
leading to enzyme inactivation. In this context, the fact that optimal results were achieved at a lower
enzyme concentration represents an economic advantage, due to the high cost of enzymes remains a
significant limitation for their application at an industrial scale [40]. In this work, the maximum
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production of methane was 319 mL after 24 days of digestion at 3000 U/mL. This result represents a
56.25 % increase in cumulative CHs production, with the value achieved in this study surpassing the
100 mL CHa reported by A. F. V. Silva et al. [10], who utilized cellulase from Aspergillus japonicus on
passion fruit peel (Passiflora edulis).
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Figure 2. Effect of alkaline pretreatment with NaOH on daily, percentage, and cumulative CH4 production
profiles from Brosimum alicastrum seed coat.
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Figure 3. Effect of enzymatic pretreatment with laccase on daily, percentage, and cumulative CHs production
profiles from Brosimum alicastrum seed coat.

The experimental results of specific methane yield (SMY) for the different pretreatment methods
are presented in Table 2. These values were calculated as averages based on the cumulative methane
production profiles described previously. The influence of pretreatment type on anaerobic digestion
performance is clearly evident in all cases. In particular, the highest SMY was achieved with
enzymatic pretreatment at a laccase dosage of 3000 U mL-'. Under this condition, the SMY increased
by 66.28 % compared to the control, demonstrating the effectiveness of laccase in enhancing the
hydrolysis of Ramon’s seed coat. This improvement can be attributed to the enzymatic modification
of lignin structures, which increases the accessibility of cellulose and hemicellulose to microbial
degradation.

The SMY values obtained through alkaline pretreatment in this study are consistent with those
reported by G. Buitrén et al. [15], who achieved methane yields ranging from 220 to 260 mL CH./gVS
for wheat straw and agave bagasse subjected to hydrothermal pretreatment. However, the enzymatic
pretreatment evaluated in the present work resulted in higher methane yields, highlighting its
potential as a more effective strategy for lignocellulosic biomass conversion. Similarly, F. M. Pellera
et al. [8] reported SMY values of 190.2, 247.5, and 172.3 mL CH.,/gVS for winery waste, cotton gin
waste, and olive pomace pretreated with 0.5 M HO,, respectively, which are also lower than those
achieved in this study using enzymatic treatment.
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Overall, these findings demonstrate that enzymatic pretreatment significantly enhances
methane production compared to conventional chemical methods. The SMY values obtained are
comparable to those reported for low-lignin biomass (1.23-2.98 %), where methane yields between
360.5 and 438.9 mL CH,/gVS have been documented [37]. This suggests that the enzymatic approach
effectively reduces the recalcitrance of lignocellulosic materials, improving substrate
biodegradability and making it a promising alternative for optimizing anaerobic digestion processes.

Table 2. Comparison of specific CHa yield between the pretreatment different.

Assays Specific CHa yield (mL/g VSadded)
Control 102.54 + 5.55

0.19 M NaOH 257.05 + 6.57

0.26 M NaOH 245.56 +7.06

0.28 M NaOH 235.61 £9.19

3000 U mL™! 42743 +2.28

5000 U mL! 303.70 +19.83

7000 U mL~! 199.89 + 4.99

3.3. Kinetic Modelling of Cumulative Methane Production

The kinetic analysis of cumulative CH,; production provides valuable insight into the
effectiveness of the different pretreatments applied to Ramon’s seed coat. By applying the logistic
model described in subsection 2.5, clear differences in CH; production rates were observed
depending on the type and intensity of pretreatment. The experimental data and fitted curves
presented in Figure 4 show that enzymatic pretreatment significantly enhances methane production
kinetics. In particular, the treatment with 5000 U mL" of laccase exhibited the highest CH, production
rate, indicating improved substrate biodegradability and more efficient microbial conversion. In
contrast, alkaline pretreatment at 0.19 M NaOH resulted in a comparatively lower CH,4 production
rate, suggesting limited effectiveness at this concentration. Although increasing the NaOH
concentration to 0.26 M and 0.28 M improved methane production rates, these values remained below
those achieved with enzymatic pretreatment. This trend may be associated with the formation of
inhibitory compounds or structural alterations that limit microbial accessibility [44]. Overall, the
results highlight the superiority of enzymatic hydrolysis in enhancing digestion kinetics, while also
demonstrating that alkaline pretreatment requires careful methodology to balance substrate
solubilization and potential inhibitory effects.

The kinetic parameters obtained from fitting the cumulative CH,4 production data to the logistic
model are summarized in Table 3. The results indicate that enzymatic pretreatments achieved higher
methane production rates (P, =0.15-0.16 day™') compared to alkaline pretreatments (0.12-0.14 day),
suggesting a more favorable enhancement of substrate biodegradability. In contrast, the control and
blank conditions exhibited the highest P values (0.22 and 0.18 day~!, respectively), indicating faster
initial methane formation in the absence of pretreatment. This behavior may be explained by the
generation of inhibitory compounds during both alkaline and enzymatic pretreatments. In particular,
phenolic compounds derived from lignin disruption are known to temporarily inhibit microbial
activity, especially methanogens, thereby reducing the apparent methane production rate [44].
Despite this initial inhibition, pretreatments ultimately improved overall methane yields,
highlighting a trade-off between reaction rate and substrate accessibility. The P: values obtained in
this study are consistent with those reported by F. M. Pellera et al. [8], who applied a first-order
exponential model to evaluate CH4 production kinetics from various agroindustrial wastes. Their
reported values include 0.154 day~! for winery waste, 0.119 day~' for cotton gin waste, 0.148 day~! for
olive pomace, and 0.330 day™ for juice industry waste under alkaline pretreatment. These
comparisons support the validity of the kinetic parameters obtained in this work and confirm that
the observed trends fall within expected ranges for lignocellulosic substrates.
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On the other hand, the highest Py« values were obtained for enzymatic pretreatments at 3000
UmL~"(319.10 mL) and 5000 U mL* (289.47 mL), followed by alkaline pretreatment at 0.19 M NaOH
(212.09 mL). These results are consistent with the CH, production trends observed in Figure 4, where
enzymatic hydrolysis clearly promotes the greatest cumulative methane production. The enhanced
performance of enzymatic pretreatment can be attributed to its ability to selectively modify lignin
structures, thereby improving the accessibility of fermentable carbohydrates for microbial
degradation. In contrast, the blank (122.50 mL) and control (96.70 mL) conditions yielded the lowest
CH; production, highlighting the critical role of pretreatment in overcoming the recalcitrance of
lignocellulosic biomass and enhancing overall digestion efficiency. Furthermore, the relatively high
Prax values achieved with enzymatic treatments indicate a more complete conversion of organic
matter, which is essential for maximizing energy recovery in anaerobic digestion systems. Although
alkaline pretreatment improved methane production compared to the control, its performance
remained lower than that of enzymatic hydrolysis, possibly due to the formation of inhibitory by-
products or incomplete delignification [45]. The logistic model applied to describe the kinetics of
cumulative CH, production showed strong agreement with the experimental data, with coefficients
of determination (R2 > 0.95) for all treatments. This high level of correlation demonstrates the model’s
capability to accurately represent methane production behavior under different pretreatment
conditions. Additionally, the low Root Mean Square Error (RMSE) values indicate minimal deviation
between predicted and observed data, confirming the robustness of the model. Overall, these findings
validate the reliability of the logistic model as an effective tool for analyzing and predicting methane
production kinetics in anaerobic digestion processes.

300 T T T T T T T T T T

Blank
Control
250 0.19 M NaOH 4
0.26 M NaOH
0.28 M NaOH
=1

200 b 3000 U mL I

5000 U mL™"
7000 U mL™"
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o
o
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Figure 4. Kinetic modelling of the cumulative CHs production from Brosimum alicastrum seed coat; ®

Experimental values, - Logistic model.

Table 3. Estimation of the kinetic coefficients for the accumulate CH4 production from Brosimum alicastrum seed

coat.
Parameter Blank Control 0.19M 0.26M 0.28M 3000U  5000U 7000U
NaOH NaOH NaOH mL-1 mL-! mL!
Pr (day™) 0.18 0.22 0.12 0.13 0.14 0.15 0.16 0.16
Py (mL) 7.94 4.26 19.87 20.65 14.27 12.86 17.52 17.58
Pmax (mL) 122.50 96.70 212.09 193.06 141.56 319.10 289.47 205.89
RMSE 6.68 4.76 10.01 10.90 6.92 11.10 14.90 14.30
R? 0.97 0.98 0.96 0.95 0.97 0.98 0.97 0.95
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4. Conclusions

This study demonstrates that enzymatic pretreatment improves the hydrolysis stage of Ramon’s
seed coat, promoting higher cumulative CH, production and leading to an increased specific CH,
yield. This enhancement is likely associated with the breakdown of structural carbohydrates, which
facilitates substrate availability for microbial conversion during anaerobic digestion. However, a
further increase in enzymatic activity resulted in a decrease in specific CH, yield, suggesting that
excessive pretreatment may generate inhibitory by-products or cause substrate imbalances.

Conversely, kinetic analysis revealed that the CH,4 formation rate was highest in the untreated
control, indicating that both alkaline and enzymatic pretreatments may contribute to the release of
inhibitory phenolic compounds derived from lignin. These compounds can temporarily hinder
microbial activity, particularly affecting methanogenic populations and slowing down methane
production rates despite higher overall yields.

Furthermore, the kinetic modelling applied in this study successfully described the cumulative
CH, production from pretreated Ramon’s seed coat. The model provided a reliable representation of
the digestion process under different pretreatment conditions, highlighting its usefulness as a
predictive tool for evaluating process performance and optimizing operational strategies in anaerobic
digestion systems.
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