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Abstract

The amount of sargassum seaweed washed ashore on the beaches of Africa, Brazil, Central America
and the Caribbean has increased to the point where it has become a social, environmental and financial
issue. This research evaluates the potential for Sargassum spp. of the Mexican Caribbean coast to be
used in the production of biomethane by estimating: a) stoichiometric methane production (SMP),
b) biochemical methane potential (BMP) and c) biodegradability index (BI).

The use of a sigmoidal model generalized to substrate to inoculum ratios is proposed, to predict the
biomethane production during the anaerobic digestion (AD) of the sargassum. The information obtained
shows the seaweed’s potential for biomethane production and will be useful for estimates and scaling
when implementing energy harnessing systems for sargassum in the Caribbean. The use of biomass
is a key element in the move towards a circular economy. It is hoped that the use of technologies like
AD leads to the integration of this seaweed into an economic value chain, thereby reducing the adverse

effects of its presence on the ecosystem.
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Introduction

The great Atlantic sargassum belt was identified by
satellite observation, and extends from the west coast
of Africa to the Gulf of Mexico. It is estimated to have
a length of 8 thousand kilometers and a mass of 20
million tonnes [1]. This Phaeophyceae type floating
algae can grow and move throughout the Caribbean.
The sargassum’s abundance and mobility are related
to complex surface transport processes, and so the
sargassum that enters the Caribbean may not exclusively
originate from the east of the Equatorial Atlantic and
some could be entering from other regions [2].

The Caribbean is one of the most important
international tourist regions. Its biodiversity, as well
as its existing tourist infrastructure, generate a large
part of the local financial income. The mass arrival of
Sargassum spp. to the beaches is an issue that currently
lacks information regarding trends, blooms, ecological
and biochemical impacts, as well as feasible options
for its disposal [1, 3-5]. Proposals for proper disposal
have been expensive and with little success [6, 7].
The Caribbean Regional Fisheries Mechanism (CRFM)
estimated a cleaning cost for the sargassum of
$ 210 million dollars in 2018 [8].

The seaweed washed ashore has increased so much
that it has become an issue of social, environmental
and financial nature in the affected regions [4, 7-9].
One of the impacts of this unlikely visitor to the
Mexican Caribbean coast since 2015, is the generation
of coastal arecas known as sargassum brown tides. This
phenomenon has caused an increase in the organic
material load and water turbidity, thereby damaging
the coastal ecosystem [10]. It is estimated that along
the Mexican Caribbean coast alone, 78 species are
affected, which are mainly fish with demersal neritic
habitats and other fauna like sea cucumbers, crabs
and octopus, given the hypoxic conditions, high
concentrations of hydrogen sulphide and ammonium,
leading to a deterioration in the water quality [7].
Furthermore, navigation is limited as the sargassum
attaches to the rotary blades of boats and fishing vessels
causing damage to motors [11].

Sargassum spp. has been identified as a type of
seaweed that is one of the major natural sources of
bioactive compounds [12]. The polysaccharides of
the sargassum mainly consist of: fucoidan, alginic
acid, luminaran and insoluble fiber, the first of which
displays pharmacological properties, such as being an
antioxidant and strengthening the immune system [13,
14]. Jesumani et al. found, using in vitro experiments,
that the sulfated polysaccharides extracted from the
algae: Sargassum vachellianum, Sargassum horneri,
and Sargassum hemiphyllum display strong antioxidant
activity, inhibition of tyrosinase and elastase, as well
as the ability to absorb and retain humidity showing
promisingly strong potential as a cosmetics ingredient
[15]. Fernandez et al. [16] confirm that the use of
Sargassum S. fluitans and Sargassum natans, without

any other treatment in animal feed or as an agricultural
fertilizer, could incorporate toxic metals into the food
chain and increase the salt concentration of the soil.

Several diverse studies have found the anaerobic
digestion (AD) of Sargassum spp. feasible for the
production of third generation biofuels [9, 17-19].
However, the presence of multiple recalcitrant
components such as sulphates, sodium chloride and
heavy metals in significant concentrations could
accumulate and act as inhibitors of the AD [20, 21].
Thompson et al. [22] indicate that the presence of
heavy metals remains in the digestate after the AD,
contaminating and limiting the use of this subproduct
as an organic soil improver. Its application could lead
to inducing the acidification of the soil and toxicity
of vegetable species. Furthermore, it was discovered
that elements such as Fe, Ni, Co, Mb, Zn, Ca, Cu and
Ba are essential micronutrients for AD, as they act as
cofactors in the active sites of the enzymes [23-25].
Therefore, it is important to carry out studies that
enable us to identify the potential of AD in the disposal
of sargassum and facilitate its implementation for the
energetic harnessing of this biomass.

The purpose of this study is to carry out the practical-
theoretical modeling of the AD of the sargassum
reaching the Mexican Caribbean coastline, and its
conversion to biogas, by defining the main parameters
of this biomass. The aim is, that the information
obtained will promote the use of this seaweed as part
of an economic value chain and help reduce the adverse
effects of its presence on the ecosystem.

Experimental
Biomass Sampling and Characterization

The Mexican Caribbean is located in the Mexican
state of Quintana Roo, consisting of beaches such as
Puerto Morelos, Playa del Carmen, Cozumel, Akumal,
Tulum, Isla Mujeres, Bacalar, amongst many others
[26]. Some studies have identified the seaweed washed
ashore on these coasts as Sargassum fluitans (Borgesen)
Bargesen y S. natans (Linnaeus) Gaillon [5, 27]. For
the purpose of the experiment, samples of Sargassum
spp. seaweed washed ashore at the hotel area of Cancun
(21°4°04.1”N, 86°46'33”W) were taken during the month
of June 2019. A total of 10 kg of fresh sargassum was
collected and the sampling was made at the seashore
of the coastal area. The biomass was washed in plain
water and dried in the sun for four days at normal
environmental temperature. Lastly, it was stored for
its characterization, in high-density polyethylene bags
under normal environmental conditions.

The elements C,H,O,N present in the samples or
analysis were determined via element chromatography
using Thermoscientific Flash Smart equipment with
Porapak PQS column and molecular sieve, using helium
as a carrier gas.
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Volatile solids (VS) of the sargassum and inoculum
were determined under the Standard Method 2540 E
[28], using a Shel Lab forced air oven and Thermolyne
48000 muffle furnace. The percentage humidity and
ashes were determined via thermogravimetric analysis
[29], using STA 2500 Regulus equipment with a
temperature ramp of 10 K/min.

The gross caloric value of the sargassum was
calculated with three repetitions, using a Parr 6400
calorimeter. The released volatile compounds were
identified from the TG-GC-MS coupled analysis, during
the thermal treatment of the pyrolysis. The equipment
used in this coupled analysis was: Agilent 7890B gas
chromatograph and 5977B (GC/MS) mass spectrometer
coupled to the STA 2500 Regulus via a JAS transfer
line. Helium (99.999%) was used as a carrier gas at a
flow rate of 210 ml/min, in a Porapak 19091S-433U1
column of 30 meters coupled to a simple MS quadrupole
using a mass range of 35 to 450 m/z to characterize the
volatiles emitted during the thermal treatment of the
sargassum. 15 injections were carried out at a constant
temperature of 150°C in the entire system, for each of
the 4 characterizations.

Identification of the presence of metals and
metalloids in the sargassum collected and digestate
produced in the AD experimentation was carried out
according to the NMX-A A-051-SCFI [30] methodology.
Two digital hot plates were used with Corning
Pyroceram PC-260D agitation and a GBC AVANTA
atomic absorption spectrophotometer.

Models to Estimate Biomethane Production

In practice, different stoichiometric models were
used to estimate the biomethane generation from the
anaerobic fermentation of the biomass, the majority of
which require a large number of input parameters, with
Buswell being one of the most well-known models.
Based on the elemental chemical composition obtained
using chromatography, the stoichiometric methane
production (SMP) of the digesters was estimated using
the Buswell equation [31] (Eq 1).

Table 1. Experimental parameters of the digesters: D1, D2, D3, D4.
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The biochemical methane potential (BMP) test
is an experimental test to estimate the maximum
methane production and digestibility of diverse organic
substrates. To estimate the BMP it is essential to
characterize the volatile solids (VS) given that the test
results are presented in cm® of CH,/g VS.

The AD was carried out in batch digesters in
0.25 L bottles of HDPE Nalgene, sealed with a
lid/septa of PTFE/silicone 0.135 inches in thickness.
The anaerobic fermentation of the sargassum was
carried out according to BMP methodology [32]. The
inoculum was anaerobic activated sludge, obtained
from a wastewater treatment plant in the south of
the city of Chihuahua, Mexico. The inoculum was
preserved in a 10 L container at 4°C until use. The
substrate used was the sargassum dried at 103°C in an
oven for 2 hours and then crushed and homogenized
to be loaded to the digesters identified as: D1, D2, D3,
D4, the characteristics of each digester can be seen in
Table 1. D1 was considered the baseline to identify the
inoculum’s biogas generation potential. Subsequently,
all experiments were subject to the extraction of the
air present inside the reactor with a chromatographic
syringe to minimize the presence of oxygen. The
reactors were maintained at a temperature of
37+£5°C in a VWR Scientific Products 1545 incubator
for 38 days. The AD tests were carried out in triplicate
and the results presented are an average of these. The
biogas was monitored every three days, measuring:
a) volume of biogas generated, extracting it using a
chromatographic 50 mL syringe, b) composition of the
biogas was analyzed using a Micro GC INFICON gas
chromatography in which the CO,, CH, and H,S gases
were quantified.

The BMP experimental curves were plotted using
the generated experimental values.

Parameter Unity D2 D3 D4
Inoculum, Substratum mL, g 150, 10 150, 20 150, 30
CH, volume produced (BMP) cm’/g SV 348 319 183
Sargassum SV in the DA system g 2.575 5.15 7.725
Theoretical volume CH, (SMP) cm’/g SV 839.65 1617.3 2394.95
S:1 ratio - 1.4:1 2.7:1 4.1:1
Performance = BMP/SMP - 41.44 19.72 7.64
Biodegradability Index (BI) % 58.55 80.27 92.35
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CurveExper Professional 2.6.5. software was used
to predict the behavior in the experimental systems D2,
D3 and D4,

The biodegradability index (BI), Eq. (2), was used
to estimate the efficiency of the digestion via BMP tests
and using the estimated SMP values [33].

Eq. (2) biodegradability index

BI = SMP-BMP/ SMP

Results and Discussion
Sargassum Characterization

The Sargassum spp. is a brown seaweed distributed
around the world's tropical oceans [11]. Due to its arrival
in abundance to the Caribbean coast in recent years, its
suitable treatment has been investigated. AD could be a
viable option that should be evaluated.

The ultimate analysis of the sargassum sample
from the Mexican Caribbean was 28.8% C, 3.4% H,
1.2% N and 39.7% O. Based on this elemental analysis
carried out a chemical formula was determined for the
sargassum C, H O, N. In the inoculum sample of the
water treatment plant 35.1% C, 5.7% H, 4.1% N and
22.3% O was found.

The recommended range of the Carbon-Nitrogen
(C/N) ratio of the raw materials for biogas production is
between 16/1 and 45/1 for the efficient performance of
the digester without inhibiting the process [31]. When

Table 2. GC-MS results detected in the volatiles of the pyrolysis.

Substance Number of times it
was detected
phenylmethyl N-aminocarbamate 4
Benzaldehyde, 3-benzyloxy-2-fluoro- 3
4-methoxy
Phenyl N-methylcarbamate 3
(1-ethynylcyclohexyl) carbamate 3
Byciclo hexan-2-ol, 2 ethenyl 3
Butanedioic acisl, 2-cyano-2,3-dime- 3
thyl, diethyl ester
(1S,2R)-Cyclopent-3-ene-1,2-diol 2
1-methylpyrazole-4-carbaldehyde 2
2-Acetylfuran 2
[(E)-tetradec-9-enyl] acetate 2
Bicyclo[2.2.1]hept-2-en-7-ol 2
(3E)-3-prop-2-enylidenecyclobutene 2
2-pentadecyn-1-ol 2
2-Hexyldecan-1-ol 2

this ratio is very high, nitrogen consumption happens
quickly and biogas production decreases, whereas when
the ratio is less than 15 inhibitors may accumulate, such
as ammonia and volatile fatty acids [34]. Furthermore,
it was discovered that out-of-range values like the 50/1
ratio were suitable for AD [21]. Filer et al. [35], identified
that a C/N ratio of 40/1 leads to optimal operation of
the digesters. Marquez et al. [17] reported very variable
C/N ratios in marine algae biomasses that ranged from
8.72 to 58. This investigation determined a C/N ratio of
27 and estimated a theoretical production of methane
in the range of 839.65 to 2394.95 cm’® of CH,/g VS for
the total anaerobic degradation of Mexican Caribbean
sargassum.

It has been reported that the biomasses display a
range of volatile solids from 9.96 to 93% [36]. In this
work, values of 27.75 % and 12.43 % for the sargassum
and sludge were determined respectively, adhering to
international standards. Fig. 1 displays thermograms
for the 4 samples of sargassum from the Mexican
Caribbean.

By means of the thermogravimetric analysis of the
sargassum, it was determined that the average humidity
loss was 3.38%, during the first 115°C with a standard
deviation of 1.23, and this value is associated with the
drying technique used for the samples. The amount
of volatiles present in the sample was identified in
the range of 115 to 550°C, with a standard deviation
of 2.68, and in this region of the thermal curve the
hemicellulose and cellulose are thermally degraded.
From 550°C the sample’s weight loss is associated with
the lignin present in the biomass. Lastly, reaching 825°C
the change in weight is related to the de-carbonation of
the CaCO, releasing CO,, for which the remaining ash,
the 26.52% of the analyzed sample will be material rich
in CaO and with the presence of metals.

Using TG-GC-MS analysis, the main volatiles
released during the samples’ pyrolysis were identified,
a process that represents the first part of the combustion
of solid particles. What was mainly detected were
aromatic compounds, as well as nitrogenous, aldehyde,
ketone, ester and aldehydes and carboxylic acid
compounds. Table 2 shows the volatile compounds that
were detected in at least 2 of the 4 TG-GC-MS analyses.

All of the compounds presented in Table 2 (except
for the carbamates) agree with those detected by Vilar et
al. [37] in the algae Laminaria spp. Studies report some
of these compounds as toxic. The pesticide carbamates
(CBM’s) for example, are compounds extensively used
in agriculture and whose improper use have generated
environmental issues. Organizations such as USEPA
and the European Union have cataloged these kinds of
compounds as potentially toxic and limited their use as
a fertilizer [38]. It was also found that the sensitivity of
some algae species, exposed to CBM’s, varies from one
to two orders of magnitude [39].

The sargassum presented an average calorific
value of 9.69 megajoules per kilogram with a standard
deviation of 0.17. However, this is a low value compared



Practical and Theoretical Modeling... 3155
TG %
100 1 sy
!Il.-. =
Mass Change: -28.11 %
80 - Mass Change: -33.50 %
Mass Change: -33.18 %
Mass Change: -42.48 %
Mass Change: -2.84 %
60 - Mass Change: -2.40 %
Mass Chapge: 422 %
Mass Change: -2.75 %
40 \
"‘huﬁ]
Residual Mass: 28.55 % i
Residual Mass: 23.64 % - {7
20+ Residual Mass: 3
Residual Mass: 31.77 %
200 400 600 800 1000
[ metruma_. Flle Daie ety Sample Maz . 569 Range Aimosphers [
[1] STAZS00 | ULSA SARGAZD 05-28-16.ngh-664 | 2080528 ULSA Samazo D928/16 | ULSA Sargazo D9/28M18 | 10 M J5"CHO.OMmIN12D0°C | He, 20.0mitmin / He, 50.0mikmin | —
[4] STA 2500 | SARGADIO519-1.ngb-s54 19-05-09 | SARGADSOS18 SARGADIDS19 13 " 30°Cr20 D{Eimin i1 100MC | N2, 50.0mismin /' N2, 20 Dmilmin | —
[9] STA 2500 |SARGADIDS19-2.ngb-554 2019054048 | SARGADBRS19 SARGADIDST9 9.7 m 25 CrALOFImMInE11007C | M2, S0.0mitmin f M2, 20.0mimin | —
[10 STA 2500 | SAR1Z0719-1.ng-ss4 21HIT-12 | SAR 1217 19-1 TRAIDO719 il i 35"CrA0. D{EImin 1 200" C | M2, 50.0miltmin [ M2, 20.0mismin |[—

Created with METZZ0H Profeus satwane

Fig. 1. Sargassum TGA and values obtained from the biomass ultimate analysis.

to the 21.5, 15.77 and 13.16 megajoules per kilogram
determined by the authors for this paper in samples
of residual sawdust, sludge from wastewater treatment
plants and livestock manure, respectively.

Table 3 shows metals and metalloids detected
in the sargassum and digestate samples used in the
experiments. The concentrations of Al, Ba, Cr, Cu,
Mg, Mn and Zn present in the sargassum are associated
with its ability to behave as a bio-absorbent matrix.
In this manner, its potential for use in the capture of
contaminants in coastal ecosystems was identified
[11]. According to Thompson et al. [22], the presence
of heavy metals was detected in the digestate after the
AD, mainly Ca, Mg, Al and Fe.

In all cases, the concentrations of metals and
metalloids detected in the samples were not considered
hazardous for the ecosystem according to the standard
NOM-001-SEMARNAT [40], which sets out the
maximum admissible limits for contaminants in waste
water discharged to watercourses and soils in Mexico.
It was shown that the presence of the elements in
Table 3 was favorable for AD. According to Ganesh
Saratale et al. [23] these eclements can act like
micronutrients. And in some cases as enzyme cofactors,

especially the microelements: Fe, Ni and Mo can
balance out the availability of nutrients for anaerobic
microorganisms [25].

Estimate of Biomethane Production

When monitoring biogas production in the
experimental digesters under the described conditions
(Table 1), the production of biogas was observed from
the very first day. An increase in the methane content
was observed from day 6, which remained constant until
day 35, and this behavior was observed in all cases. The
experimental systems D2, D3 and D4 displayed greater
methane production in comparison to the baseline DI,
which shows the potential for methane production and
the importance of the inoculum using the sargassum as
raw material for the AD.

According to Nkemka & Murto [20] the retention
time required for the anaerobic fermentation of
the marine biomass is 14 days. This investigation
identified a required retention time of at least
35 days for the anaerobic degradation of the sargassum
under mesophilic conditions (37+5°C). The digester
D2 displayed greater production than the others,
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Table 3. Identification of metals and metalloids present in sargassum samples in mg/liter (ppm).

Sample Al Ba Ca Cr Cu Fe Mg Mn Zn
Beach sargassum 0.032 0.243 539.500 0.011 0.036 0.251 75.267 0.156 0.098
Digestate D2 1.180 0.061 43.195 0.017 0.059 0.926 7.881 0.040 0.225
Digestate D3 1.286 0.073 61.623 0.020 0.071 0.922 12.580 0.049 0.253
Digestate D4 1.964 0.107 135.056 0.043 0.103 1.432 18.389 0.077 0.355

related to an improvement in the balance between the
aqueous phase and the biomass, which provided greater
dissolution of the organic material.

Table 1 shows the theoretical volume of methane
produced, calculated using the Buswell model and
considering the sargassum’s mass of VS. In order to
evaluate the performance of the AD systems when
compared to the calculated theoretical value, the
amount of methane generated in the digesters by the
inoculum was subtracted [41]. Table 1 shows the volume
of methane generated in each of the experimental
digesters.

Furthermore, Table 1 shows the substrate inoculum
ratio (S:I) of VS for each experiment and other
theoretical-practical values such as performance and the
biodegradability index of the AD systems.

Moset et al. [36] in the laboratory, determined
BMP values for cellulose biomasses such as maize
silage, wheat straw and livestock manure to be in
the range of 333.9, 283.8, 246.3 and 2109 cm® of
CH,/g VS, respectively. Lakota et al. [42] obtained
average biogas production values from 384 to 635 cm®/g
VS, using pig slurry and a mixture of crops in co-
digestion, in an experimental reactor with a capacity of
2.5 cubic meters. In their investigation, they developed
linear models based on multiple regression to predict
biogas production, and discovered that parameters of
the biomass’s composition including protein content,
C/N ratio, volatile fatty acids and pH value were the
most significant predictors affecting biogas production.

Diverse experimental studies have determined
that marine algae show values in the range of 120 to
280 cm® of CH,/g of VS [17,20, 23] and similarly it
was discovered that some marine algae can manage
to produce 523 cm’ of CH, with acclimatized
inoculum and in co-digestion with other biomasses
[33]. Specifically, in the Sargassum species, values
in the range of 120 to 190 ¢cm’ of CH,/g VS have
been reached and in the waste after the extraction
of the biocompounds of 107 ¢cm to 405 cm’ of CH,/g
VS [22, 33]. This experimental work on the AD of
sargassum showed a production of 183 to 348 cm?’ of
CH,/g of VS. Variation in the literature values were
mainly associated with the difference in nutrients
between the substrates and the amount of inoculum
used, as well as other important factors in the AD. It
was discovered that the presence of nutrients is affected
by seasonal changes in the seaweed’s composition
which has a direct impact on determining its methane

potential [33].

Performances of 35 to 40 % have been found in
other marine algae varieties [17], and the experimental
systems showed performances of between 7.6 and
41.44%. According to the results of Tedesco et al. [20]
and Nkemka & Murto [33] greater performance was
observed with the smallest S:I ratio of g VS/ g VS. This
investigation found the best performance was with an
S:I of 1.4:1, in digester D2, using wastewater treatment
sludge as the inoculum. Li et al. [43] discovered that
the highest methane production was using tomato
waste with cow manure, and was obtained in reactors
inoculated at a ratio of S:I 2:1 with activated sludge.
Nkemka & Murto [20] found the best marine algae AD
performance with an S:I ratio of 1:2 using wastewater
treatment plant sludge. The results found support the
work of Moset et al. [36], that concludes that the impact
of the S:I ratio, in the range of 0.4 to 4, for different
substrates depends on the type of substrate.

The digestion of sargassum under the experimental
conditions of D2, D3 and D4, showed BI’s of 0.58 to
0.92. The results coincide with other studies that found
that the algae species Phaeophyceae shows seasonal
BI rates between 0.44 and 0.9 in codigestion and with
acclimatized inoculum [33, 44].

Furthermore, average values of 12011, 9762 and
6984 ppm of H,S were detected in the biogas for
experiments D2, D3 and D4, respectively. The variation
in the concentrations detected is associated with
the AD performance in each case. Sun et al. [45]
report 4000 ppm in the composition of the AD’s
biogas. Nkemka & Murto [20] determined that diluted
concentrations of H,S of 300 a 500 ppm do not interfere
with the anaerobic degradation of marine algae in
20 liter reactors.

H,S is a toxic gas and highly hazardous in trace
concentrations, so it is necessary to remove it from
the gas mixture. Biogas filtering will enable the H,S
to be removed from the process and prevent corrosive
damage to the biogas energy harnessing systems.

In general, H,S removal technologies can be
classified as: absorption, adsorption, conversion and
catalytic membrane reactor, and biological process. The
technology selected must satisfy the use requirements
for biogas [46]. The application of sulfur carrions as
metal oxides and metal carbonates, among others, is a
widely adopted practice in the petrol and gas industry
[45].
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Mathematical Modeling of Biomethane
Generation

Sigmoidal behavior was identified based on the
experimental data from the biomethane production,
and so an adjustment was made to a sigmoidal
model: Logistico and Ratkowsky. Both mathematical
expressions, Logistic and Ratkowsky, express the
solution of the differential equation that expresses that
the gas production dy/dt is proportional to the amount
of gas generated “y” and the amount of gas the system
may potentially generate (a-y):

dy
i ky(a—1y)

tal que y(0) =y,
.where “y(t)” is the amount of CH, [cm® CH,/g VS]
accumulated in time t, “k” is the proportionality constant
of the generation of CH,, “a” is the maximum theoretical
value that the system will be capable of producing with
the degradation of the organic compounds. Time equal
to zero is considered (t = 0), or the start of methane
production, as the initial value that is experimentally
detected and (0) = y,. Solving the non-linear differential
equation using the separation of variables method.

Sigmoidal Model / Logistic
_ a
y(®) = Tthre—ct

a
Tre-a/—akt that can be expressed

y(©) =
Sigmoidal Model / Ratkowsky
a
y® =

1+eB-cxt

Table 4 shows the adjustment parameters of the
sigmoidal models, and these are associated with the
observed phenomenon as follows:

— The coefficient “a” [cm’ CH,/g VS] estimates: the
maximum biomethane production value, considering
the total degradation of the biomass, which implies
very long times and that the fermentation process is
detained when the rate of biogas released becomes
insignificant, and corresponds to the reloading of the
system with new substrate and inoculum.

— The coefficient “b” [adimensional] is related to: the
system starts up y(t=0) y,, and the accumulated
volume of methane that can be produced by the

[P

system “a”, b= (a-y)) / y,

Table 4. Adjustment parameters of the Sigmoidal Model.

— The coefficient “B” [adimensional] is: the natural
logarithm of “b”

— The coefficient “c” [minutes™] indicates the speed at
which the ability to generate methane reduces and
includes all diffusive effects, operational conditions
of the experiment and effects surrounding the
bacterial consortium. It denotes the rate at which the
system consumes the substrate to produce methane,
according to the system’s generation potential.

Both expressions of the prediction model are
equivalent and offer results, with an average certainty
of 99%, to describe the volume of CH, accumulated
in the time for the cases analyzed. The Ratkowsky
model [47], for the adjustment parameter “B”, offers
parameters with less dispersion.

Table 5 shows the values for the three cases
studied for experiments D2, D3 and D4 on day 38:
A) experimental, B) Logistico-Ratkowsky Model
prediction C) Generalized Model prediction.

Table 6 shows the values of the adjustment
parameters of the Ratkowsky logistical model,
considering the normalization of the experimental data
and recalculating the values. Based on the average
values of the adjustment parameters obtained, a
generalized sigmoidal model is proposed to predict the
methane production in AD of the sargassum.

Fig. 2 shows the graphs of the prediction models and
experimental information. The generalized predictive
model showed the potential of forecasting the behavior
of biomethane generation for the different S:I ratios
analyzed in this investigation, and it is proposed as a
useful forecasting tool for the projection and scaling of
AD based sargassum energy harnessing systems.

Recent publications indicate that the mono-digestion
of sargassum is unsustainable for energy extraction
due to its low efficiency in bioconversion and its
unpredictable available volume. Furthermore, the
anaerobic co-digestion of sargassum and other organic
waste has been identified, as a technology that improves
biomethane production, favors its energy harnessing,
and presents positive synergy in the degradation of
the co-substrates [22, 23]. The need to dispose of
this biomass and wastewater treatment sludge on
the Caribbean coast, provides the opportunity for its
energy harnessing via AD. Furthermore, according
to Glowacka et al. [48] biogas plants can provide
subproducts like CO, for the cultivation of green algae,

Sigmoidal Model / Logistic: y =a/(1 +b * exp(—c * t))
Sigmoidal Model / Ratkowsky: y =a/(1 + exp(B — ¢ * t))

) Model parameters ) )
Experiment Correlation Coefficient | Standard Error
a b B=Inb c
D2 350.71 20.27 3.0092 0.17 0.9968 10.46
D3 312.37 28.14 3.3373 0.17 0.9943 12.64
D4 209.98 55.22 4.0114 0.16 0.9972 4.99
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Table 5. Accumulated experimental, Modeled Methane Volume and Generalized Model for the three scenarios.

Accumulated methane volume [cm® CH, /g SV]
Time Experiment Prf.:di.ction models: Prediction:
[days] Logistic y Ratkowsky Generalized model

D2 D3 D4 D2 D3 D4 D2 D3 D4
0 16 11 4 11 10 6
1 17 2 2 19 13 4 13 12 7
2 17 4 4 23 15 5 15 14 8
3 18 4 4 27 18 6 18 16 9
5 25 8 5 37 24 8 25 23 13
7 38 16 12 50 34 11 34 31 18
9 69 50 26 67 46 14 46 42 24
12 103 78 30 100 70 22 70 64 37
14 127 93 31 126 90 29 91 83 48
15 149 105 32 140 102 33 103 94 54
17 181 140 37 170 127 43 129 118 68
19 212 166 46 201 154 55 158 145 83
21 234 187 70 230 181 68 189 173 99
23 245 204 86 255 207 83 219 200 115
26 270 226 106 287 240 108 260 238 137
28 284 238 124 303 257 124 283 259 149
31 320 264 152 321 277 146 310 284 163
34 344 294 167 332 291 165 330 302 174
36 344 303 171 338 297 175 339 310 178
38 348 319 183 341 301 183 346 316 182

which at the same time can be used as a raw material in
the AD process.

Studies agree that the success of the marine algae
fuel industry depends on the energy balance of the
processes, and so evaluations are required that along
with identifying the viability of the implementation, also
enable the commercialization of the biofuels generated
[22, 33]. It is important that these evaluations are carried
out from a life-cycle based perspective. Furthermore,
the simultaneous production of bioproducts and biofuels

from sargassum enables this seaweed to be integrated
into a circular economy, to comply with emerging
economic models and promote it as a source of new
products [11].

Conclusions and Recommendations

Based on the ultimate analysis, proximate analysis
and BMP experimentation, the maximum theoretical

Table 6. Adjustment parameters for the Ratkowsky and Generalized Models.

Sigmoidal Model / Ratkowsky: y=a/(1 +exp(B —c * t))

Model parameters
Experiment Correlation Coefficient Standard Error
a B=Inb c
D2 1.0074 3.0117 0.17 0.9968 0.03
D3 0.9779 3.3437 0.17 0.9943 0.04
D4 1.1471 4.0226 0.16 0.9972 0.03
Gral Model 1.0441 3.4593 0.1684 0.9961 0.03
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Sigmoidal Models: Ratkowsky /Generalized Model
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Fig. 2 Experimental data: D2, D3, D4 (D# exp) and sigmoidal models: Logistic, Ratkowski (D# mod) and Generalized model (D#

Mod_Gral).

volume of CH, that sargassum is capable of producing
was estimated, and the capacity of its conversion to
biogas was experimentally quantified. The theoretical
calculation in all cases, predicts that the greater the
substrate content the greater the values of SMP and
BI (D2<D3<D4). However, the Biochemical Methane
Potential (BMP) under laboratory conditions was the
opposite (D2>D3>D4). Therefore, the importance of the
substrate/inoculum ratio must be considered for scaling.
To make its energy harnessing more efficient the use of
inoculum adapted and acclimatized to the sargassum’s
AD is recommended.

The Logistic and Ratkowsky mathematical model
as a tool to describe the phenomenon of biogas
production, showed its potential to make the general
forecasts that are useful for scaling. The mathematical
expression proposed by Ratkowsky is equivalent to
the logistics, although it offers greater versatility.
Additional BMP tests with different S:I ratios are
recommended to generate a more general prediction
model, which will enable a more useful prediction
model to be obtained.

It is of technical importance for filtration and
biogas improvement processes to be integrated
into the sargassum’s biomethanization systems, to
prevent damage due to corrosion of the systems and
increase the biogas’s caloric value. Furthermore,
it is recommended to: a) evaluate the codigestion
of sargassum with other available waste like waste
water treatment plant sludge and organic domestic
waste; b) carry out seasonal studies to identify the
parameters of the sargassum; c¢) evaluate the potential
for extracting high value bioproducts like alginic acid,

fucoidan, fucoxanthin, laminarina, manitol and some
proteins; d) evaluate the production of biomethane
from bioactive compound extraction processes;
e) study of pyrolysis of digestate for use as a filter
medium in the upgrading of biogas.

The presence of CaCO, and its concentration in
the sargassum may be favorable in the production
process for cement, when integrated into the clinker as
an alternative fuel in the rotary kiln, and to generate
a proper disposal method for this type of biomass.
The cost of collection, drying and transport of
the sargassum to the cement plant should also be
evaluated.

The low calorific value determined, considerable
presence of ash and detection of aromatic compounds
in the sargassum’s pyrolysis, limit its application in
conventional combustion systems, as its use would
generate toxic polluting gases and potential operational
issues.

It was discovered that the presence of carbamates
and heavy metals in the sargassum’s composition did
not inhibit fermentation in the experiment. However,
the emission of these compounds presents a toxicity
risk for the ecosystem, and further specific studies are
required to confirm the identity of these compounds in
the biomass. The studies proposed are to: a) identify
the types with less generalized analysis and their
quantification in samples of the sargassum and digestate
to determine the viability of its possible application;
b) identify the traceability of these components when
using digestate as a soil improver.

Also, it is recommended to extend the study by
analyzing samples obtained from different areas and



3160

Lopez-Aguilar H., et al.

seasons during a year to validate the performance of the
proposed model in the production of biomethane.

The dissemination of information on the use of AD
technology for biogas production and the recovery of
sargassum, will enable the generation of alternatives
for carrying out the co-processing of this seaweed. The
production of renewable fuels will allow, not only the
generation of an economic value chain, but also provide
proper management of the sargassum, with the aim
of reducing the adverse effects of its presence on the
ecosystem.
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