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Abstract

The purpose of this study was to evaluate the production of biogas and the digestate ob-
tained by means of the anaerobic digestion of sargassum, and its anaerobic co-digestion with
municipal solid waste, while considering the effect of particle size and the carbon—nitrogen
ratio (C:N) on methane generation. Physicochemical analyses of both Sargassum and
the digestate were performed, including ultimate analysis and heavy metal content. The
highest methane yield (92.62 mL CH4/gVS) was achieved with a 2 mm particle size and a
C:N ratio of 15. Digestate characterization revealed the presence of arsenic and zinc, indi-
cating the need for additional treatment before agricultural use. The agronomic potential
of Sargassum digestate was assessed by comparing it with livestock waste, humus, and
garden soil in tomato seedling growth trials. The Sargassum-based digestate significantly
enhanced seedling biomass and development, supporting its potential as a sustainable soil
amendment. Overall, the findings confirm the viability of Sargassum as a feedstock for
biogas and biofertilizer production, emphasizing the importance of contaminant monitor-
ing to ensure environmental safety. This study supports the integration of Sargassum into
circular economy strategies and regenerative agricultural systems.

Keywords: circular economy; anaerobic digestion; BMP; biomethane

1. Introduction

When tackling organic waste management, anaerobic digestion (AD) is a strategic
solution with two clear advantages: the generation of biogas as a renewable energy source
and the production of digestate, a valuable subproduct with great potential for promoting
sustainability within agriculture. It was discovered that the performance and efficiency
of AD are determined by operational parameters such as pH, temperature, organic load
rate, hydraulic retention time, and pressure [1]. Furthermore, the monitoring of factors
like volatile fatty acids, the availability of micro and essential trace elements, as well as
maintaining strict anaerobic conditions is essential for both the stability of the process
and optimal biogas production [2]. The carbon-nitrogen ratio (C:N) is a key factor, as its
balance promotes microbial activity and optimizes biogas production, whereas imbalances
in this ratio can limit like volatile fatty acids generation and hinder the efficiency of the
process [3,4]. Raw material particle size also has a significant influence on AD, making it
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an important factor that must be considered. Any reduction in particle size increases the
surface area available for microbial action, thereby favouring hydrolysis and improving
methane production [5-11]. It has been noted that a reduction in the particle size of rice
straw increases methane performance from 107 mL/gVS to 197 mL/gVS due to greater
decomposition of the cellulose [8,9]. Likewise, food waste ground into fine particles has
shown greater methane performance and rates [10,11]. However, the optimal size does
vary depending on the substrate. For certain waste, a size of 25 um gave rise to a methane
production increase of between 3 and 30% compared to larger particles [5]. In fruit and
vegetable waste, the optimum size was 742.3 um [12], whereas in other studies, particles
smaller than 2 mm increased methane production by 19% [13] and sizes of 2.2 pm showed
the greatest production rate [7].

The residual digestate of AD comprises two main fractions: liquid and solid. The
liquid fraction is highlighted by its high content in nutrients that are easily available to
plants and rapidly absorbed. Studies have shown that liquid digestate contains elevated
concentrations of organic material, nutrients and ions, with particle sizes ranging from
dissolved material to large suspended particles [14,15]. It has been reported that between
60 and 96% of organic material is found in the form of suspended particles > 1.2 um,
whereas nitrogen is mostly associated with particles < 100 um and potassium is found
in a dissolved state [14]. On the other hand, the solid fraction of the digestate provides
organic material that improves soil structure and promotes root development. It contains
essential nutrients such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
and magnesium (Mg), which are essential for vegetable growth and soil fertility [16-20].
In comparison to undigested manure, the digestate shows a greater available nitrogen
content, which improves crop growth and has the potential to partially replace mineral
nitrogen fertilizers. However, due to its low mineralization rate, complementing it with
mineral nitrogen may be necessary in order to optimize its effectiveness [21,22]. The use of
digestate increases the organic material of the soil, improving its long-term structure and
fertility [18,19,23]. Likewise, it stimulates microbial activity, which is essential for nutrient
cycling [16,17,20,24,25]. Furthermore, it promotes microbial diversity and the growth of
beneficial microbial communities, including those capable of decomposing contaminants
such as hydrocarbons [24,25]. Several studies have shown that the digestate influences the
chemical properties of the soil by modifying its pH and increasing its electrical conduc-
tivity, which in turn affects the availability of nutrients. It also contributes to the increase
in total organic carbon and mobile humic acids, favouring the soil’s long-term stability
and fertility [18,19,22,23].

The application of digestate was proven to be so effective that in some cases it even
exceeded mineral fertilizers in terms of crop performance, by improving fruit quality
with its greater content of bioactive compounds such as phenols and flavonoids [16,23].
Furthermore, it stimulates the development of above-ground and root biomass, which
reflects healthy plant growth [17,18,23]. Its use also reduces dependency on chemical
fertilizers, favouring a circular economy by recycling organic waste as agricultural supplies
and contributing to the mitigation of greenhouse gas emissions like nitrous oxide [26-29].
Despite its recognized potential as a fertilizer, the digestate’s composition varies widely
depending on the raw materials used and the operating conditions of the AD, which can
lead to the presence of contaminants such as pathogens, heavy metals, and other potentially
hazardous substances [30,31]. Therefore, its application must be suitably managed in order
to maximize its agronomic benefits and minimize any possible negative environmental
impacts [32,33]. Some associated environmental risks are the greater potential for ammonia
emission in comparison to undigested manure and the accumulation of heavy metals
in the soil [34]. To optimize the use of digestate it is essential to establish a personalized
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fertilization plan that considers both the soil’s characteristics and the crop’s needs, to ensure
a suitable balance of nutrients and reduce any environmental risks [35]. The effectiveness
of digestate as a fertilizer depends on the weather conditions, as well as soil characteristics
such as the pH and organic matter content [16,23,36]. Microbial activity is reduced in cold
climates, where temperatures below 15 °C can limit the availability of nitrogen to winter
crops. Its application in conjunction with biodegradable wadding gives rise to synergistic
effects on the quality and performance of the fruit, whereas in organic agricultural systems,
its combination with biochar increases the productivity and quality of tomatoes [37].

The liquid and solid fractions of the digestate were shown to improve plant growth
and strengthen the nutritional quality of crops like tomatoes by increasing their levels
of vitamin C, flavonoids, phenolic compounds, and antioxidant activity [31,36]. Further-
more, its combination with mineral fertilizers was shown to be an effective substrate for
tomato plant seedlings, with the best results obtained using a mixture of solid digestate,
vermiculite, pearlite, and activated carbon at a ratio of 16:1:2:1 [38]. Furthermore, the
integration of the digestate with reduced rates of phosphatic and nitrogenous fertilizers
either maintains or improves the performance of the tomatoes in comparison to complete
chemical fertilization [39]. Tests carried out in fields and greenhouses indicate that the di-
gestate and compost can match or even exceed synthetic fertilizers, improving antioxidant
activity and the concentration of bioactive compounds in tomatoes [30,31]. Likewise, the
use of digestate in fertigation systems via subsurface dripping optimizes the supply of
nutrients and increases both the productivity and quality of the crops [40]. In open fields,
the application of diluted digestate coming from manure and food waste has significantly
improved tomato growth [41]. However, its effectiveness varies depending on the kind of
digestate, the application method, and the growing conditions.

Meanwhile, since 2011, the spread of the Great Atlantic Sargassum Belt generates
yearly washed-up deposits of sargassum that can last up to nine months. In the Central and
Western Caribbean these build ups reach tens of thousands of cubic metres per kilometre
each year. These macroalgae can transport contaminants, pathogenic agents, and exotic
species to coastal areas. During its decomposition it releases toxic gases and leachate that
present significant risk to human health and other life forms [42]. The AD of this kind
of macroalgae has awoken growing interest due its potential for energy recovery and
efficient biomass management, highlighting itself as a viable alternative for biomethane
production [43-45]. However, it was discovered that the mono-digestion of sargassum
shows low biomethane performance (79.68 mL/gVS), whereas its co-digestion with organic
municipal solid waste substantially improves this production (up to 327.27 mL/gVS) and
shortens reaction lag times [44,46]. This proves its potential as a substrate for AD and the
need for suitable digestate management, something which is key to the sustainability of
biogas systems. This becomes relevant in the context of an increase in the installation of
plants aimed at giving value to biomass, which has considerably increased the generation
of digestate [47]. The absence of efficient management of the accumulation of this digestate
could threaten both the environmental and financial viability of this process, and limit its
contribution to sustainable development [48,49].

Therefore, it is essential to have sustainable alternatives for its use, allowing not only
for AD to be consolidated as a source of renewable energy, but also closing productive
cycles by efficiently using resources and mitigating any environmental impacts. The
digestate derived from the AD of macroalgae like sargassum has not been widely studied
in comparison to conventional agricultural substrates in crops with high commercial value
like Solanum lycopersicum. This limitation in the literature hinders the understanding of its
potential as a sustainable agricultural amendment. This study evaluates the generation
of biogas and digestate from the AD and anaerobic co-digestion (ACoD) of sargassum
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with an organic fraction of municipal solid waste (OFMSW). The effect of particle size and
the C:N ratio on the production of methane was analyzed under controlled laboratory
conditions, and both the sargassum and its digestate were physicochemically characterized.
Subsequently, its performance was compared with conventional agricultural substrates such
as livestock excrement, humus, and garden soil in the growth of tomato plant seedlings
under nursery conditions. Parameters for crop development were evaluated, such as
number of leaves, biomass, root length, and fresh weight. The findings of this research
provide key information for the use of sargassum digestate as an alternative to traditional
agricultural substrates, promoting the implementation of AD as a strategy for biomethane
production and giving value to organic waste as part of sustainable agriculture.

2. Materials and Methods
2.1. Sargassum Sample

The collection of raw material was carried out along the north coast of Quintana Roo,
at Punta Brava beach at Puerto Morelos from the 27-30 April 2021. The macroalgae was
placed on plastic grilles, shaken to remove any remaining sand, and then packed into black
plastic bags (polyethylene) until around 10 kg was collected. Then, the samples reduction
method was carried out according to standard practice ASTM C702/C702M-18 [50]. The
collected biomass was washed with distilled water to remove any remaining sand and
placed into an ECOSHEL incubator/oven (Ecoshel, Denver, CO, USA) at 70 °C for 24 h to
minimize any humidity present. It was then stored in polyethylene bags for subsequent
use in the AD.

The organic solid waste was collected during the month of November from household
waste in order to obtain a synthetic blend, a familiar composition of waste from different
fruit and vegetables, to be subsequently co-digested with the sargassum (Table 1). The
waste was washed with distilled water and dried in an ECOSHEL incubator/oven for
24 h and the peels were stored separately in air-tight sealed bags. The composition of the
synthetic OFMSW used in this investigation is shown in Table 1.

Table 1. Composition of the synthetic organic fraction of kitchen waste in dry weight.

Waste %
Banana peels 33
Broccoli waste 10
Carrot peels 5
Potato peels 19
Coriander waste 7
Onion waste 4
Cucumber waste 22

2.2. Biomass Characterization

The following physicochemical analyses were carried out on the biomasses under study:

Determination of elements C, H, N, and S (ultimate analysis): The elements carbon
(©), hydrogen (H), nitrogen (N), and sulphur (S) present in the digestate were quantified
using a Thermoscientific Flash Smart chromatographic analyzer (Thermo Fisher Scientific,
Waltham, MA, USA). This device is equipped with a Porapak PQS column and molecular
sieve, using helium as the carrier gas (flow rate: 90 mL/min). The results obtained enabled
the carbon—nitrogen ratios (C:N) to be determined, which are essential for the design and
operation of the anaerobic reactors used in the digestion.

Determination of metals and metaloids: In order to identify the presence and con-
centration of metals and metaloids in the biomass, inductively coupled plasma optical
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emission spectroscopy (ICP-OES) was used, using a Thermoscientific device model ICAP
6500 (Thermo Fisher Scientific, UK), operated at a plasma power of 1150 W, with argon as
the plasma gas. This analysis is relevant due to the possible presence of potentially toxic
elements that could affect the quality of the substrate or generate environmental risks.

The determination of volatile solids (VS) of the sargassum samples was carried out
using an STA 2500 Regulus Simultaneous Thermal Analyzer (Selb, Germany), with helium
as a carrier gas and a heating rate of 10 K/min according to the standard of ASTM E1131 [51].
The data obtained was used to determine the inoculum-substrate ratio in the design of the
anaerobic reactors.

The percentage humidity of the digestate was determined by weighing 5 g of the
sample in a watch glass, using a Velab VE-204 analytical balance (Velab, Puebla, Mex-
ico) for initial weight determination. Subsequently, the sample was dried in an Ecoshel
oven/incubator (Ecoshel, Mexico) at a constant temperature of between 110 and 120 °C for
one hour. After drying, it was left to cool for 10 min and weighed once more (final weight).
This analysis is crucial for determining the storage and handling conditions of the digestate
as a substrate.

The pH analysis of the digestate was performed by dissolving 1 g of sample in 10 mL
of distilled water. The mixture was homogenized using an IKA C-MAG HS 7 magnetic
stirrer (IKA, Staufen, Germany) and the pH was measured using a calibrated Hanna HI2211
potentiometer (Hanna Instruments, Woonsocket, RI, USA) previously calibrated with
standard buffers (pH 4.0, 7.0, and 10.0). The measurement of this parameter is essential in
determining the digestate’s suitability as a culture medium and its impact on the availability
of nutrients.

2.3. Experiment: AD and ACoD of Sargassum

The adjustments to the carbon—nitrogen ratios (weight/weight) in the anaerobic di-
gestors were carried out by creating a mixture. The proportions and components of the
synthetic OFMSW for the ACoD and the mono-digestion of the sargassum are shown
in Table 2.

Table 2. Conditions for the content of AD or ACoD reactors.

Reactor 1 Reactor 2 Reactor 3 Control
DS CDSF CDSE2 TI
Inoculum 60g 20g 10g 100 g
Sargassum 30g 40¢g g -
Water 110 mL 136 mL 95 mL 100 mL
OFMSW - 4¢g 5g -
C:N 15 20 30 10

Particle Size 5,2,0.6 mm 5,2,0.6 mm 5,2,0.6 mm -
DS Sargassum: Digestion, CDSF: Co-digestion of sargassum and OFMSW, TI: Control (inoculum).

The AD of sargassum and its ACoD with OFMSW were carried out in batch digestors
using bottles of HDPE Nalgene 0.25 L, with a total load of 0.2 L, sealed with lids/PTFE
septum/silicon (0.006 inches in thickness). The inoculum used was activated sludge
from the South wastewater treatment plant of Chihuahua city that had been previously
acclimatized to the digestion of sargassum, in an inoculum-substrate ratio of 2. The
substrates were sargassum samples oven dried at 70 °C for 24 h, which were subsequently
shredded and passed through three sieve sizes (5 mm, 2 mm, and 0.600 mm). A 3 x 3
experimental design was defined, giving a total of nine combinations with three replicas
and a total of 27 biodigesters, which were identified as DS5, DS2, DS0.6, CDSE5, CDSE2,
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CDSF0.6, CDSF2.5, CDSF2.2, and CDSF2.06. Furthermore, three reactors were managed as
a control or IC (inoculum control), which only contains inoculum. They were maintained
at a temperature of 37 £ 5 °C in the Ecoshel oven/incubator for a 30-day period. Before
closing the reactor, the pH of the mixture was measured using a Hanna potentiometer.

Based on the elemental chemical composition, the stoichiometric methane production
of the digestors was estimated using the Buswell equation [52].

b
Cm3CH4> - 22.4(% ya-b_ %)1000 o

12n +a + 16b + 14c

Equation (1)—Buswell equation, where 1, 4, b and c are the stoichiometric coefficients
C, H, O, and N present in the biomass.

In order to quantify the methane produced for each reactor with different particle
sizes, the biogas pressure was read before and after the measurements using a pressure
sensor in the digestor. Subsequently, the biogas volume was measured using the vol-
umetric displacement method that consisted of using an inverted test tube filled with
water attached to a universal support inside a container of water. Using an intravenous
infuser device, one end of the hose was placed inside the test tube and the other end,
with a needle, was passed through the digester septum to transfer the gas. The daily
biogas production was measured in cm3, and these data were used to establish a linear
regression model describing the relationship between the final pressure and the purged
volume. For the reactor operated with a particle size of 5 mm, the model obtained was
y =1.5849X — 3.4537 (RZ = 0.977), while for the reactor with a particle size of 2 mm, the
model was y = 1.6042X — 4.891 (R? = 0.985). In these equations, X represents the final pres-
sure and y the corresponding purged volume. In contrast, methane production was not
achieved in the reactor with a particle size of 0.600 mm, and therefore, this reactor was only
considered for the estimation of initial system volumes. Graphs for linear regression are
shown in the Supplementary Materials (Figures S1 and S2).

Methane in the biogas was quantified using a gas chromatograph device micro-GC
fusion (INFICON, East Syracuse, New York, NY, USA) with a Molsieve 5A column and
TDC detector, using helium as the carrier gas.

2.4. Experiment: Tomato Seedling Development

As part of the experimental phase, the tomato seeds (Solanum lycopersicum L.) were
planted in individual pots with garden soil to ensure uniform initial germination conditions.
Subsequently, five plant groups were established, with each one subjected to different
treatments, as shown in Table 3. The digestate of the AD used was obtained from a 40-Litre
reactor using the adapted inoculum and sargassum mono-digestion.

After the germination phase of 20 days, the plants of the five groups were individually
transplanted into pots with approximately 2 kg of soil, maintaining the experimental groups
with three repetitions each. The corresponding fertilizers were applied to each group a
week after transplant, while the control group remained unfertilized, in order to continue
with the experiment under the same conditions. The plants were maintained with constant
conditions of light and were watered twice a week. They were monitored daily for 45 days
to ensure consistency of the experimental variables and prevent external interferences that
could affect the results. Once the tomato plants began to show general signs of growth,
data was collected daily. The variables observed were the height of the plants and number
of leaves. At the end of the experiment, the final measurements were taken for the root size,
humid weight, and final stem size. This data was recorded systematically in two databases
for later analysis: one database for the measurements of daily accumulated growth and the
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emergence of leaves, and another database for the final measurements of root size, humid
weight and final size.

Table 3. Experimental treatment for seedling development.

Group Experimental Treatment

Group 1: Control plants with no kind of fertilizer

Plants treated with sargassum liquid digestate as fertilizer, where 2 kg of
sargassum was combined with 20 L of water. The treatment was applied

2: . o . . o
Group twice a week; homogenization was carried out prior to the application of
the treatment to ensure uniformity in the mixture.
Group 3: Plants treated with biofertilizer Californian earthworm humus (Eisenia

fetida). The treatment was applied twice a week.

Plants treated with fertilizer at a ratio of 2 to 1 of sargassum solid
Group 4: digestate to garden soil. A mixture of 1 kg garden soil and 500 g
sargassum was applied at the start and at 20 days.

Plants treated with liquid digestate of livestock origin. The treatment

Group 5: was applied twice a week.

2.5. Statistical Analysis

The data collected was analyzed using software Jamovi 2.3.28, which enabled a statisti-
cal analysis of the results to be carried out. Software was used to compare the experimental
groups of particle size and C:N in the AD, and in the agricultural experiment for the
digestate, the groups of liquid fertilizer made from sargassum digestate, earthworm humus,
solid fertilizer made from sargassum, and fertilizer from cow and horse digestate. A signifi-
cance level of 95% was used in order to identify the differences between the treatments,
ie., « = 0.05. In order to evaluate the results of the comparison studies, an analysis of
variance (ANOVA) was carried out as the main statistical tool. This approach enabled the
significant differences between the applied treatments to be determined. ANOVA was
selected for its robustness when comparing the means of several groups under controlled
conditions, and provides a rigorous statistical analysis of the differences observed. Before
using ANOVA, Shapiro-Wilk and Kolmogorov-Smirnov tests were carried out to verify the
normality of the populations. Depending on the normality results, three non-parametrical
Kruskal-Wallis ANOVAs were applied and two traditional ANOVAs were carried out
for variables complying with the parametric assumptions. Furthermore, post hoc tests
were carried out to identify specific comparisons between the groups, thereby ensuring a
detailed and precise interpretation of the experimental results.

3. Results and Discussion
3.1. Biomass Characterization

The sargassum collected at Punta Brava beach located in Puerto Morelos belongs
to a group of brown algae (Phaeophyceae), mainly consisting of the Sargassum natans and
Sargassum fluitans species. According to Thompson et al. (2021) Sargassum natans represents
between 80 and 90%, whereas Sargassum fluitans comprises between 10 and 20%. It was
identified that both species arrived in the coastal area of Puerto Morelos during the spring
and summer seasons [53].

Regarding the physicochemical characterization, Table 4 shows the values for C,
N, H, O, and S obtained in the elemental analysis of Sargassum spp., the inoculum, the
OFMSW, and the mean of the digestate. This information is crucial for the design and
optimization of anaerobic reactors, as it enables the carbon—nitrogen ratio (C:N) of the
substrates to be calculated and adjusted, either individually or in unison. However, the
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low nitrogen concentration in the sargassum’s composition could limit the generation of
new bacterial cells due to its accelerated consumption. This could cause inhibition in the
reactors if sargassum is used alone, without the addition of complementary substrates or
inoculum. This would result in a significant decrease in biogas production. Furthermore,
the presence of sulphur in the sargassum indicates that the biogas generated would contain
hydrogen sulphide (H;S), which could impact the pH of the system, directly inhibit methane
production, and in this manner affect the general efficiency of the AD process itself.

Table 4. Analysis of sargassum elements, OFMSW, and inoculum.

Elements Sargassum OFMSW Inoculum B:f:::;z;
C% 37.477 33.835 31.693 28.49
H% 4.633 3.859 3.548 2.019
N% 0.843 4.686 3.007 1.753
5% 1.298 N.D. N.D. N.D.

The values of the elemental analysis are similar in some aspects, according to the
findings of authors Farghali et al. (2021) and Thompson et al. (2020), where a low nitrogen
content and the presence of sulphur is reported [54,55] (values per particle size can be seen
in the Supplementary Materials, Table S1).

The elemental characterization of the recovered digestate was determined as percent-
ages, 30 days after treatment by AD. Table 5 shows the results for carbon and nitrogen for
the digestate, with comparisons between particles.

Table 5. Characteristics of the digestate resulting from the anaerobic digestion of sargassum.

Parameters Digestate

Particle (mm) 5 5 2 2 0.6 0.6
Ratio C:N 15 20 15 20 15 20

C (%) 32.03 33.67 25.59 27.07 24.68 27.9
N (%) 1.69 1.66 1.51 1.74 2.05 1.88
Ca (%) 6.69 6.08 13.59 13.77 15.26 11.32
VS (%) 39.42 32.85 33 24.74 28.55 24.86

The results indicate that the digestate obtained from smaller particles displayed a
greater nitrogen content compared to larger particle sizes, which suggests greater degrad-
ability of finer material. However, despite the differences in load of the digesters and the
initial adjustments in the C:N ratios, no significant variations in the percentages of carbon
or nitrogen were observed in the samples.

During AD, the carbon is used as the main energy source and for the synthesis of
metabolites, which gives rise to the production of both methane (CHy4) and carbon dioxide
(CO,), whereas the nitrogen is used in microbial growth. Although no substantial variations
were seen between treatments in the concentrations of carbon and nitrogen in the digestate,
the accumulation of biogas did depend on the size of the processed particle (Figure 1).
This difference may be explained by the lesser physical availability of the carbon and
nitrogen in larger sized particles, which reduces their use by microorganisms, resulting
in lower methane production. Furthermore, if the structure of the particle collapses, this
can hinder the freeing of gases and generate conditions of microbial intoxication that slow
down metabolism.
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Figure 1. Effect of particle size on anaerobic digestion of Sargassum spp., represented by the accumu-
lated methane (2 mm, blue; 5 mm, green).

In this study, a fixed composition of synthetic OFMSW was selected to ensure ex-
perimental reproducibility and facilitate a controlled evaluation of the digestion process.
However, in real conditions, the composition of OFMSW is highly variable, depending
on seasonality, dietary habits, and regional waste management practices. Such variability
can influence the C:N ratio, nutrient balance, and the presence of inhibitory compounds,
ultimately affecting methane yield and process stability. Future studies should therefore in-
vestigate the effects of different OFMSW compositions on anaerobic digestion performance,
in order to assess the robustness and adaptability of the process under practical scenarios.

3.2. Analysis of Metals and Metaloids in the Digestate

Table 6 shows the analysis of metals and metalloids detected in the substrates used:
Sargassum spp., OFMSW inoculum, and mean for digestate. As previously noted, the
sargassum species possess a remarkable ability to absorb metals, which implies that these
elements interact on diverse levels during the AD processes. The influence of these will
depend on their concentration and availability in the medium.

Table 6. Metal analysis for the biomasses under study.

Elements Sargassum OFMSW Inoculum Digestate
(mg/kg) (mg/kg) (mg/Kg) (Average)

Na 3081.57 947.40 96,756.68 32,321.38

Mg 17,923.92 2295.46 22,230.82 16,620.85

Al N.D. 5.65 247.69 N.D.

P 1413.38 1145.71 N.D. 2242.81

K 159,115.07 1158.85 27,903.15 43,393.12

Ca 44,867.80 153,584.78 127,297.85 144,123.73

Mn 55.54 26.03 38.28 81.13

Fe 332.29 86.18 64.27 20.55

Cu N.D. 13.97 N.D. N.D.

Zn 52.38 20.71 28.25 10.14

As 411 26.96 N.D. 22.53
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Elements such as phosphorus and potassium can be released during the system’s
liquid phase via the hydrolysis processes, contributing to the maintenance of a buffer effect
in the reactors. Furthermore, magnesium and sodium are usually found in the form of
dissolved salts, and their concentrations are particularly high in the inoculum. Likewise,
calcium, which is found in greater concentrations in the sargassum and OFMSW, can be
released during the biochemical reactions and join the sodium, thereby altering osmotic
pressure and affecting microbial viability.

This investigation did not detect any of the following elements: V, Cr, Co, Ni, Cd, Hg,
and Pb. The Figure S3 in Supplementary Materials shows the zinc (Zn) concentrations
detected in the digestate obtained from different C:N ratios. During the AD process, the
heavy metals are released from the solid substrate towards the solid and liquid phases of
the digestate. The results indicate that the larger particles (5 mm) displayed greater Zn
concentrations in both digestates (zinc and arsenic values per particle size can be seen in
the Supplementary Materials, Figures S3 and 54).

This was most evident in the digestate with an initial C:N ratio of 15, where a greater
amount of Zn was accumulated at the end of the AD. In the other digestate analyzed, the
Zn concentrations oscillated between 6.30 mg/kg and 16.03 mg/kg. These concentrations
are found to be within the limits established by national standards such as NTEA-006-
SMA-RS-2006 [56] and NOM-004-SEMARNAT-2002 [57], ensuring that the Zn present in
the digestate does not present any risk for its application in agricultural soil. Within the
suitable concentrations, Zn is an essential microelement for soil microorganisms, playing
an important role in the biological and biochemical processes related to soil metabolism.

Furthermore, the Supplementary Materials (Figure S54) includes the As concentrations
determined in the different digestate analyzed. The results show that the As concentrations
are found to be above the limits set out by standard [56]. However, comparing them
with the standard [57], these values are found to be within the permitted values, with a
concentration range of between 18.96 mg/kg and 30.13 mg/kg. Under this regulatory
framework, the digestate with an As content could be considered suitable for disposal at
an authorized end disposal site.

As, unlike other trace elements, is not considered an essential element for soil, due to
its toxicity. Its presence in the digestate is mainly attributed to its abundant presence in
OFMSW and the capacity of the sargassum’s fronds, stipes, and gas bladders to capture
and accumulate As during its passage across the ocean, due to the functional groups
present in its structure [58]. According to Chévez-Vergara (2025) the As displays elevated
concentrations both in fresh sargassum biomass and its waste during different stages of
decomposition. The release of this metalloid through said waste represents a significant
environmental risk, as its build up in coastal areas can contribute to the formation of brown
tides and the intensification of eutrophication processes, negatively altering the ecological
dynamic of the neritic zone [59]. This highlights the bio-accumulative nature of this marine
species and the need to monitor heavy metals present in the digestate, resulting from ACoD.
Although As is found in concentrations permitted by some standards, its toxicity level
requires its elimination with prior treatments before considering any possible applications
for the digestate, especially in agriculture. Methods such as adsorption, precipitation, or
advanced separation techniques could be evaluated to guarantee the effective removal
of this contaminant. It should be noted that the measurements were verified with an
internal control of 0.5 ppm, which ensures the reliability of the data obtained in the analysis.
These findings underline the importance of carrying out an exhaustive characterization of
the digestate and the implementation of specific treatment strategies to mitigate the risks
associated with toxic elements like As.
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As concentrations exceeding the standard [56] highlight a potential environmental
risk associated with digestate application. The mobility of As in agricultural soils is
influenced by factors such as pH, redox conditions, and organic matter content, which in
turn determine its bioavailability to plants and possible entry into the food chain. Although
the present study did not evaluate these aspects in detail, it is important to consider that
arsenic can be mobilized under reducing conditions or when competing ions are present.
To mitigate these risks, passivation strategies such as the incorporation of biochar, iron
oxides, or organic amendments have been reported to reduce As solubility and limit its
uptake by crops. Future studies should therefore assess not only total concentrations but
also speciation, mobility, and stabilization strategies to ensure the safe agricultural use
of digestate.

As well as these parameters, the concentrations of elements considered as essential
nutrients for plants were also analyzed, such as phosphorous (P) and potassium (K).
Differences in the concentrations of these elements were identified which can be explained
by various factors that occur during AD, such the consumption of nutrients by the bacteria
to maintain the reactor, interchanges between the liquid and solid phases of the substrate,
and possible precipitation of nutrients due to microbial metabolism [53,60,61]. Despite
these variations, phosphorous and potassium concentrations were maintained within the
values permitted by the standards, as shown in Table 7.

Table 7. Physicochemical characteristics present in the digestate and its comparison with standard [56].

Particle 5 mm

Characteristics NTEA-006-SMA-RS-2006
CN=15 C:N=20

pH 6.5 v 6.1 X 6.5to0 8

CN 18.89 X 20.24 X <12%

Phosphorus (P) 0.109 v 0.137 v >0.10% or 1000 ppm

Potassium (K) 4.10 v 5.494 v >0.25% or 2500 ppm

Particle 2 mm

NTEA-006-SMA-RS-2006

CN=15 CN=20
pH 7.2 v 57 X 6.5t0 8
C:N 16.86 X 15.59 X <12%
P 0.182 v 0.208 v >0.10% or 1000 ppm
K 4.57 v 4.74 v >0.25% or 2500 ppm
Particle 0.6 mm
NTEA-006-SMA-RS-2006
CN=15 CN=20
pH 7.2 v 5.8 X 6.5to0 8
C:N 11.68 v 14.82 X <12%
P 0.267 v 0.183 v >0.10% or 1000 ppm
K 4.34 v 5.52 v >0.25% or 2500 ppm

Standard [56] sets out specific criteria to guarantee that the digestate used as a soil
improver has no negative effects on the same. Table 7 presents the values obtained in the
physicochemical characterization of the digestate, including the C:N ratio and processed
particle size, comparing them with the limits established by the standard. It was observed
that only the digestate obtained by the particles of 0.6 mm and with a C:N ratio of 15 com-
plied with the requirements set out by the standard. Particles of a greater size with the
same C:N ratio displayed values that exceeded the permitted limit which disqualifies them
as safe organic amendments for soil application. Furthermore, digestate with an initial C:N
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ratio of 20 did not comply with either the established values for the C:N ratio or the pH,
indicating that they are unsuitable for use according to the standards.

3.3. Anaerobic Digestion of Sargassum

Elemental analysis of the sargassum enabled its empirical formula to be determined
as CysHj330,9N, which was used to estimate a theoretical maximum methane production of
274 mL CHy/gVS. This was considering the total conversion of volatile solids present in the
substrate, in 250 mL reactors, with a total load of 200 mL without stirring. However, this
estimate represents an overestimate of the real performance, given that complete conversion
of the organic material is not achieved under experimental conditions. However, the values
obtained are consistent with those reported in the literature [55].

Biogas production was evaluated according to particle size (5, 2, and 0.6 mm) and
C:N ratio (15, 20, and 30) and it was discovered that particle size significantly influences
the accumulation of biogas over 30 days, especially with a C:N ratio of 15. The greatest
production was obtained with 2 mm particles, followed by 5 and 0.6 mm, Figure 2, whereas
larger particles showed less efficiency due to the reduction in surface area available for AD.

Experimental Production of Biogas Experimental Production of Biogas
R: C/N=15 R: C/N=20
2000 1200
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Figure 2. Graphs showing the relationship between the generation of biogas and particle size with
C:N ratio = 15, 20, and 30.

These results suggest that an excessive reduction in particle size could generate com-
paction and the accumulation of volatile fatty acids, thereby affecting the stability of the
process. On increasing the C:N ratio to 20, the 2 mm particles maintained the best per-
formance, favouring microbial activity, whereas smaller particles displayed limitations
due to compaction. With a C:N ratio of 30, the biogas production was mainly restricted
to the first 5 days of the process, indicating an accelerated initial decomposition followed
by inhibition (Figure 2).
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Analysis of biogas production according to the C:N ratio and particle size showed
that a C:N ratio of 15 favours greater biogas accumulation, regardless of the particle size
evaluated. However, C:N ratios of 20 and 30 showed a progressive decrease in biogas
generation which suggests less efficiency in substrate decomposition. This pattern was
consistent in the three particle sizes analyzed (5 mm, 2 mm, and 0.6 mm), confirming that
a C:N ratio of 15 optimizes microbial activity and the conversion of organic material into
biogas. However, higher C:N ratios could generate an imbalance in the availability of
carbon and nitrogen, limiting the metabolism of the microorganisms involved in AD and
reducing the efficiency of the process.

Figure 3 shows the accumulated methane production for a particle size of 2 mm and a
C:N ratio of 15, with a performance of 92.62 mL CH,/gVS (blue line), whereas for 5 mm
particles, 68.99 mL CH,/gVS was obtained under the same conditions (red line). However,
these values are lower than those reported for other species of the Sargassum spp. genus,
whose production ranges varied between 116.72 and 139.7 mL CH,/gVS [53,62]. Generally
speaking, methane production for marine macroalgae oscillates between 120 and 280 mL
CHy/gVSs [55,63,64], indicating that the values obtained in this study are lower than the
expected values.

Biochemical Methane Potential

C/N=15

100
2
G, 50
- o
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- Days
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—0—2 mm =—0—5mm

Figure 3. Graphs showing the relationship between the generation of biogas and particle size with
C:N ratio = 15 (2 mm, blue; 5 mm, red).

A graph of H;S generation in the experimental reactor with C:N = 15 can be seen in
Figure 4; the H,S analysis via gas chromatography identified that higher concentrations
were recorded within the first 6 days of the process, reaching a maximum peak on day 6.
This indicates intense activity in sulphur bioconversion by the sulphate-reducing bacteria,
which can affect methane production during this stage. From day 15, stabilization in the
system was observed, as well as an increase in CHy production, indicating favourable
conditions for methanogenic archaea activity. However, HpS concentrations remained
elevated, which suggests the need to implement technologies to purify and eliminate H,S
in order to reduce health risks and prevent damage to the equipment [53].

In the present study, although the presence of HyS was qualitatively noted as a
potential inhibitory factor, quantitative data on its concentration were not recorded. H,S
is known to negatively affect anaerobic digestion by inhibiting methanogenic archaea,
particularly at concentrations exceeding 200-250 ppm, where it interferes with enzymatic
activity and disrupts the microbial community balance. Previous studies have reported that
elevated H,S levels are often associated with substrates containing high sulphur content,
such as marine biomass, leading to reduced methane yields [43,44]. The lack of continuous
H,S monitoring in this study is recognized as a limitation; however, future work should
incorporate gas composition analysis to establish correlations between H,S concentration
and CHyj yield. Such analysis would provide valuable insights into process optimization
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and potential strategies for H,S mitigation (e.g., adsorption with iron salts, biological
desulfurization), ultimately improving the efficiency of biogas production.

H,S Concentration

C/N=15

20,000.00
-
—~

) 10,000.00
S

0.00

0 5 10 15 20 25 30 35
Days

—0—2mm —@— 5mm

Figure 4. Graphs showing the relationship between the generation of H,S in biogas and particle size
with C:N ratio =15 (2 mm, blue; 5 mm, red).

In general, these results reinforce the viability of sargassum as a substrate for AD
and highlight the importance of particle size and C:N ratio in the efficiency of the process.
Although screening does not significantly increase methane production, optimization of
reactor parameters could improve the performances obtained.

The lower methane yield obtained in this study (92.62 mL CH,4/gVS) compared to
values reported in the literature (120-280 mL CH4/gVS) may be attributed to several
limiting factors. First, the high sulphur content commonly associated with Sargassum spp.
could have led to the release of hydrogen sulphide during anaerobic digestion, inhibiting
microbial activity. In addition, the presence of heavy metals and arsenic in the biomass
may have generated toxicity effects, further reducing methanogenic performance. Another
possible factor is the adaptation of the microbial community, which may have required a
longer acclimatization period to efficiently degrade the specific biochemical composition of
Sargassum, characterized by complex polysaccharides and phenolic compounds. These
aspects highlight the need for pretreatment strategies, microbial consortia optimization, and
monitoring of inhibitory compounds to enhance methane production from this feedstock.

3.4. Experiment: Agriculture with the Digestate

Measurements carried out over 45 days enabled the effect of the digestate on crop
growth to be evaluated in terms of final stem height, number of leaves, and final humid
weight. The results indicate that the accumulated height of the stem oscillated between
5 and 8 cm, whereas the number of leaves varied between 2 and 4 (These daily values can
be seen in the Supplementary Materials, Table S2). Table 8 shows the final values for final
height, seedling size, and humid weight, enabling the effects of different substrates on
plant development to be compared.

Table 8. Final measurements of the seedlings using different substrates.

Tratamiento Final Height (cm)  Seedling Size (tm) Humid Weight (g)
Group 1 (control) 5+0.08 3.66 £ 2.88 0.53 £0.07
Group 2 9.16 + 1.60 8.33 £ 8.73 0.66 & 0.29
Group 3 6+ 0.02 2.33 £0.57 0.42 £ 0.04
Group 4 7+0.01 5.33 £2.08 0.41 £0.04

Group 5 9 +0.04 7 £1.00 0.87 £ 0.02
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The plants cultivated in substrates enriched with digestate showed significantly greater
growth in comparison to the controls. The final height of the stem was greater in those
treated with digestate, which suggests greater availability and absorption of essential
nutrients. The number of leaves also showed the differences between the treatments and
control, with plants fertilized using digestate recording an increase compared to those
that grew with other substrates. Furthermore, the final humid weight reflected greater
accumulation of biomass in the plants treated with digestate, which indicates a positive
impact on the efficiency of water and mineral absorption.

3.5. Statistical Analysis

In order to evaluate the distribution of data obtained in the experiment, normality
tests were carried out for each of the response variables. Firstly, the Shapiro-Wilk test was
applied to the response variables. The results indicated significance values greater than
0.05 in the case of biogas generation, following a normal distribution. For the variables
accumulated growth, number of leaves, and final seedling size, the significance values
were less than 0.05, which suggests that the data did not follow a normal distribution
and therefore, the use of non-parametric statistical tests was required. Likewise, the
Kolmogorov-Smirnov test was applied to the variables root size and final humid weight,
obtaining significance values greater than 0.05, which indicates that these variables do
follow a normal distribution, and consequently, they were analyzed using parametric tests.

To evaluate the interaction between the particle size, C:N ratio, and biogas generation,
ANOVA was applied. The results indicated a value of p < 0.05, confirming the existence
of significant differences between the evaluated treatments. In the multiple comparison
post hoc tests, it was confirmed that greater biogas production was obtained with a particle
size of 2 mm and C:N ratio of 15. The non-parametric ANOVA Kruskal-Wallis was used
to evaluate the differences in the variables of accumulated weight, number of leaves, and
final size of the seedlings among the different substrates evaluated, with a confidence level
of 95%. The multiple comparisons indicated that the livestock liquid digestate showed
the best performance in terms of accumulated growth, followed by the combination of
solid sargassum digestate, liquid digestate, and humus. All of the treatments significantly
exceeded the control. Regarding the number of leaves, the livestock liquid digestate
showed a significantly superior performance compared to the other evaluated substrates.
However, the combination of solid sargassum digestate and garden soil did not show any
significant differences compared to the humus. Similarly, the sargassum liquid digestate
showed similar behaviour to the humus, with no significant differences between them.
For the variables final seedling size and root size, no significant differences were found
between the treatments at a confidence level of 95%. However, significant differences were
identified in the final humid weight. The post hoc tests revealed that the livestock liquid
digestate presented significantly greater values compared to the control, the humus, and
the combination of sargassum solid digestate and garden soil. In contrast, the sargassum
liquid digestate displayed a similar behaviour to the other substrates evaluated. These
values can be seen on graphs in the Supplementary Materials, Figures S5-59.

Although the digestate groups outperformed the no-fertilizer control, the differences
observed in relation to the commercial fertilizer (Group 3, humus) were less pronounced.
This result suggests that, in the short term, digestate may provide similar agronomic bene-
fits to those of conventional amendments. However, beyond crop yield, the use of digestate
entails additional advantages that strengthen its practical relevance. From an economic
perspective, digestate represents a low-cost input derived from the valorization of organic
residues, reducing the expenses associated with waste management and decreasing depen-
dence on external fertilizer markets. From an environmental standpoint, its application
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contributes to closing nutrient cycles, lowering greenhouse gas emissions linked to syn-
thetic fertilizer production, and promoting circular economy models. Therefore, while the
agronomic response may be comparable to that of humus, the integration of digestate into
agricultural systems offers broader sustainability benefits that justify its implementation.

4. Conclusions

Anaerobic digestion of sargassum is a viable alternative for biogas production with
performances similar to those reported for macroalgae. The optimal configuration identified
(C:N ratio of 15 and particle size of 2 mm) maximized the generation of biogas and methane
(92.62 mL CH,/gVS). However, the methane potential was less than other species of the
Sargassum spp. genus, which suggests the need to optimize processing conditions and
evaluate pretreatments to improve its efficiency.

The presence of elevated concentrations of H,S during the first few days of the pro-
cess highlights the need to implement purification technologies to improve biogas quality
and mitigate any environmental impacts. Furthermore, the analysis of metals and met-
alloids in the digestate confirmed the sargassum’s ability to accumulate these elements
during its ocean journey. This underlines the importance of monitoring its presence in
the raw material, in order to guarantee both the environmental and agronomic safety of
the digestate.

The digestate generated showed agronomic potential, with positive effects on crop
growth. In particular, the livestock liquid digestate promoted greater biomass accumulation
and leaf development, possibly due to its nutritional contribution, which favours leaf
expansion and photosynthetic activity. However, the possible presence of heavy metals
must be considered before its application on agricultural soils, making the characterization
of washed-up sargassum necessary in order to comply with environmental standards and
avoid any risks involved.

These findings confirm the viability of sargassum as a substrate for biogas production
and its digestate as an agriculturally sustainable biofertilizer. It is recommended that opera-
tional parameters are optimized, contaminants monitored, and digestate composition made
suitable to guarantee its safe use on agricultural land, thereby promoting the sustainable
use of sargassum.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/resources14100160/s1, Figure S1: Linear regression between
final pressure and final volume used to calculate the initial biogas volume in the reactors from
the initial pressure for 2 mm; Figure S2: Linear regression between final pressure and final vol-
ume used to calculate the initial biogas volume in the reactors from the initial pressure for 5 mm;
Figure S3: Zinc concentration detected in digestate by particle size and C/N; Figure S4. Arsenic
concentration detected in the digestate by particle size and C/N; Figure S5: Effect of treatments on
the number of leaves recorded during the experimental period; Figure S6: Effect of treatments on the
accumulated growth recorded during the experimental period; Figure S7: Effect of treatments on the
wet weight recorded during the experimental period; Figure S8: Effect of treatments on the final size
recorded during the experimental period; Figure S9: Effect of treatments on the root size recorded
during the experimental period; Table S1: Characteristics of the digestate resulting from the anaerobic
digestion of sargassum; Table 52: Daily measurements taken for 45 days with each of the treatments.
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Abbreviations

The following abbreviations are used in this manuscript:

CN Carbon-nitrogen ratio

AD Anaerobic digestion

OFMSW  Organic fraction of municipal solid waste
ACoD Anaerobic co-digestion

DS Sargassum: Digestion
CDSF Co-digestion of sargassum and OFMSW,
TI Control (inoculum)
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