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Abstract
Collecting Sargassum spp. biomass and using it for the generation of renewable energy is a sustainable approach to miti-
gate the costs associated to this weed management. The biomethanation of this algal biomass with other organic waste to 
produce biogas promotes the integrated sustainable management of these materials while generating gaseous fuel for the 
tourism industry. The purpose of this work is to determine the percentage Sargassum spp. biomass during the anaerobic 
co-digestion of this brown algae with food waste that results in the best biogas composition, methane yield, production 
kinetics, and digestate. The biomethanation was conducted in 1200 L fed-batch and bench scale batch biodigestors and the 
kinetic parameters were estimated using the modified Gompertz model. The methane yield of Sargassum spp. and food waste 
combinations in 0.58 OLR at fed batch and 15 g/L organic load at batch were comparable. The methane yield produced in 
the 100% Sargassum spp. fed-batch anaerobic biodigester was 101.3 ± 23.6 N. L  CH4/kg, but up to 615.5 ± 78.4 N. L  CH4/
kg in the 45% Sargassum spp. / 55% food waste biodigestor. The anaerobic co-digestion of Sargassum spp. and food waste 
in the batch system showed methane production rates as high as 14.6 ± 0.3 N.L  CH4/kg.day. Higher  H2S were detected in 
the biogas of the biodigesters fed with larger percentages of the Sargassum spp. with more than 5000 ppm during mono-
digestion. Our results suggest that 55% Sargassum spp. and 45% food waste are the most promising feed combination under 
the studied conditions for the anaerobic co-digestion of these feedstock at larger scale.
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Introduction

Starting in 2011, coastal areas of the Caribbean Sea have 
experienced high yearly accumulation of pelagic Sargas-
sum spp. The presence of these brown macroalgal mats in 
the Caribbean coasts is affecting the ecology, human health, 
and the economy of the countries in that region. The accu-
mulation of this biomass on the beach has been linked to 
the dead of aquatic organisms and reduction in biodiversity 
due to the hypoxic conditions, and the high concentrations 
of ammonium  (NH4

+) and hydrogen sulfide  (H2S) generated 
during Sargassum spp. decay [1]. Similarly,  H2S and  NH4

+ 

are known to produce adverse conditions in human beings, 
such as acute respiratory distress syndrome, respiratory tract 
injury, acute lung injury, hypoxia, and cyanosis, which affect 
people living in the coastal areas [2–4]. Furthermore, the 
Sargassum spp. blooms have a negative impact on two of 
the main economic activities in the Caribbean countries: 
tourism, and fishing [5, 6]. Some of the negative impact of 
this weed in the fishery industry includes the obstruction of 
the operation of fishing boats, and the difficulty of catching 
some species that are physically protected by the seaweed 
mat, or that are driven away by it [7]. Similarly, the arrival of 
this algal biomass to the shores affects tourism by restricting 
the aesthetics, access, and use of the beaches, and by threat-
ening the wellbeing of tourists that are exposed to the gases 
emitted during decomposition of the biomass [8]. Collecting 
the biomass before its arrival at the beach would alleviate 
their negative effects on the environment, the economy, and 
human wellbeing [6]. However, harvesting seaweed has been 
estimated to cost more than 2000 USD per hectare [9]. Using 
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the collected Sargassum spp. biomass as feedstock to pro-
duce valuable products could mitigate the costs associated 
with harvesting.

The Sargassum spp. biomass has been used as feedstock 
for production of various goods, from furniture and con-
struction materials to biofuels and bioactive compounds 
containing antioxidant, antifouling, antimicrobial, and/or 
antitumor properties [10, 11]. One of the most practical 
and simple applications for the use of this aquatic weed is 
anaerobic digestion. The energy potential of marine biomass 
derived from anaerobic digestion is estimated annually to be 
above 100 EJ, almost 5 times greater than that of the terres-
trial biomass, and more than 10 times that of the municipal 
solid waste [12]. The biogas from the anaerobic digestion 
can be used as precursor for CHP technologies or transpor-
tation fuel, and the solid and liquid residues for energy and 
agricultural applications [13–15]. For instance, only 0.22 ha 
of grass land is required annually to fuel a car operating on 
biomethane produced from anaerobic digestion [14]. Experi-
mental and simulated scale up systems based on anaerobic 
digestion and CHP produced 163.90 kWh and 74.80 kWh of 
electricity at 500 kg of food waste per day, respectively [13]. 
Similarly, the biosolids can be used as feedstock for gasifica-
tion and pyrolysis applications, as well as soil amendment 
and crop production after being checked for pathogens and 
heavy metals prior to use [15]. The anaerobic digestion of 
Sargassum spp. has the potential to generate valuable prod-
ucts within the energy and agricultural industry while miti-
gating algal pollution on the coasts.

The use of biomass from Sargassum spp. as feedstock for 
biogas production has been studied by various researchers. 
For instance, the biochemical methane potential (BMP) of 
S. fulvellum was 142.91 ± 0.004 mL  CH4/g VS after particle-
size reduction, and that of S. muticum silage was ≤ 110 mL 
 CH4/g VS [16, 17]. These results show that the BMP of 
pelagic Sargassum spp. biomass is roughly like other algal 
species and below invasive aquatic macrophytes. The meth-
ane yields of many algae species are typically ~ 200 L  CH4/g 
VS, which is less than 50% of that from the commercially 
exploited feedstock [12]. For instance, the reported BMP 
yield for cast brown seaweed was 342 mL  CH4/ g VS for 
Saccharina latissima and 166 mL  CH4 g/VS for Ascophyl-
lum nodosum [18]. However, the BMP of Pontederia cras-
sipes, commonly known as water hyacinth, was found to be 
399 mL  CH4/ g VS [19]. The low BMP of pelagic Sargassum 
spp. might be due to the presence of inhibitory compounds 
like ammonia, sulfide, light metal ions, and heavy metals 
[20]. The inclusion of other feedstock helps to mitigate the 
inhibition during the anaerobic digestion and improve the 
process efficiency. For instance, co-digestion of microalgae 
and microalgae residues resulted in the increase of biodegra-
dability and the reduction of ammonia inhibition risk associ-
ated with mono-digestion [21]. Suitable C/N ratio and higher 

degradation rate of lignocellulose were the result of the addi-
tion of cow manure as co-substrate in the anaerobic diges-
tion of oat straw [22]. Similarly, co-digesting beet-molasses 
syrup residue (BMSr) with manure resulted in the reduction 
of the sodium and potassium inhibition occurring during the 
mono-digestion of BMSr [23]. Thus, co-digestion of Sargas-
sum spp. with another feasible waste should be explored to 
improve the characteristics of the biomass and the biogas 
produced.

Punta Cana, the most known all-inclusive touristic desti-
nation in the Dominican Republic, is affected by Sargassum 
spp. arrivals to the beaches, but also deals with food waste 
management. For instance, Sargassum Ocean Sequestration 
of Carbon (SOS Carbon), a spinoff sargassum-harvesting 
organization from the Mechanical Engineering department 
at the Massachusetts Institute of Technology (MIT), received 
a monthly average of 95 tons of biomass per km of coastline 
during Summer and Fall 2021. On the other hand, 3 kg of 
food waste is generated daily per guest at an all-inclusive 
hotel according to Ecoservices Dominicana, a waste man-
agement and recycling company that operates in Bávaro and 
Punta Cana. Therefore, at 80% capacity, the 45,000 hotel 
rooms in the area could generate in total more than 200 
ton of food waste daily [24]. Food waste disposed to open 
dumpsites is responsible of at least 6% of the greenhouse 
gas emissions globally and almost 9% of that generated by 
food industry [25, 26]. In developed countries like United 
States, anaerobic digestion is a successful method for the 
management and transformation of food waste into valuable 
products at large scale [27]. The anaerobic co-digestion of 
Sargassum spp. biomass and food waste could be promising 
in mitigating possible inhibitory compounds and increas-
ing the systems performance. The anaerobic co-digestion of 
Sargassum spp. biomass and food waste can contribute to 
the sustainable management of these two unwanted materi-
als in Punta Cana.

The purpose of this paper is to determine the ratio of Sar-
gassum spp. and food waste most suitable for the anaerobic 
co-digestion of these materials in touristic areas using batch 
and fed-batch systems at bench and pilot scale, respectively. 
The BMP and the kinetics of Sargassum spp. biomass and 
food waste combinations at 5 g/L and 15 g/L loading was 
determined in the batch system using the modified Gompertz 
model. The production rate of methane from Sargassum spp. 
and food waste combinations at 0.7 kg/day was estimated in 
the fed-batch system. For the first time, the co-digestion of 
Sargassum spp. biomass and food waste in the Dominican 
Republic and the Caribbean is demonstrated at pilot scale 
using commercial 1200 L biodigestors. The results of this 
work are intended to aid the governmental and the touris-
tic institutions on the decision-making for the sustainable 
management of the pelagic Sargassum spp. in the countries 
affected by this weed.
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Materials and methods

Sargassum spp. biomass

The biomass was provided by Fundación Grupo Punta 
Cana. About 10 tons of fresh biomass, mainly S. fluitans 
and S. natans [28], was collected in the sea using boats 
equipped with the SOS Carbon technology. The biomass 
was not washed after collection, because preliminary stud-
ies showed no difference (p = 0.98) between the salt yield (g 
salt/g  biomassadded) of Sargassum spp. water extractives at 
washing periods ranging from 0 to 3.5 h. Similarly, previous 
work showed no difference between the BMP of wash and 
unwashed Sargassum spp. biomass [29]. The fresh Sargas-
sum spp. biomass was spread on rubber, plastic, or zinc sur-
faces in layers below 5 inches thick to air dry under ambient 
outdoors’ conditions.

Food waste

The food waste on this study was provided by Fundación 
Grupo Punta Cana and consisted in the lunch’s leftovers of 
the Punta Cana International Airport’s employees’ restau-
rant. The lunch menu was not controlled, but consisted in 
carbohydrates, i.e., rice, legumes, rooted vegetables, and 
protein, i.e., beef, poultry, fish, and/or pork. The food was 
processed on the same day prior to storage. The food was 
classified, milled, packed, and stored before it was used. The 
non-degradable plastics and inert materials (e.g., seashell, 
bones) were discarded. The organic portion of the food waste 
was separated into two groups, protein or meat, and carbo-
hydrates or rice. Daily food packages for the fed-batch and 
batch biodigestors were prepared containing 60% rice and 
40% of milled meat, vacuumed, and stored in a fridge at 
4 °C, up to 10 days prior to use.

Mechanical pretreatment

The dried Sargassum spp. biomass and the food waste meat 
were mechanically pretreated using a shredder–chipper ham-
mer mill (Shreddemin LC 19–20, Santo Domingo, DR), 
designed and constructed by UNAPEC. The particle size of 
the dried biomass was reduced to 0.1 inches by the action of 
24 free-swinging stainless-steel hammers. The food waste 
was chipped by a pair of knives at the primary flywheel 
before going to the shedding chamber to achieve a uniform 
consistency.

Chemical composition

Samples of Sargassum spp. biomass and food waste taken in 
2020 were analyzed for organic matter, fat, fiber, and protein 
by Anaergia Lab (Treviglio, Italy). Samples of Sargassum 
spp. taken in 2021 and liquid residue of anaerobic diges-
tion after 60 days of terminated were analyzed for heavy 
metals, salinity, nitrogen, and phosphorus by LAMENER 
(Santo Domingo, Dominican Republic). The analysis of the 
digestate during the anaerobic digestion for the determina-
tion of COD,  NH3, P, TN, N-NH3, and TSS was conducted 
by the water laboratory of PQI (Santo Domingo, Dominican 
Republic).

Pilot scale‑fed‑batch system

The study was conducted using Homebiogas 2.0 biodigestors 
(Tel-Aviv, Israel) with 1200L capacity. The biodigesters 
were activated for 3 weeks with water and cattle manure 
and acclimatized for 1 month adding the organic load in 
the feeding profile (Table 1) and cattle manure when pH 
dropped below 7. The 30-day acclimatization was conducted 
to account for the anaerobic digestion lag phase [30]. After 
acclimatization, the daily organic load from the feeding pro-
file (Table 1) was added to the experimental units for an 
OLR of 0.58 g/L-day on dry weight basis. During the 30-day 
fed-batch biodigestion, the pH of the experimental units was 
7.0 ± 0.2, and the temperature 34.7 ± 3.3 °C. The control 

Table 1  Daily organic loading 
profile for the biodigestors (Bi) 
under fed-batch system

a Values on the dry weight basis for Sargassum spp. biomass and food waste
b Values on as received basis for food waste (15% TS) and air-dried basis for Sargassum spp. biomass (90% 
TS)

Biodigestor ID Sargassum spp. (% 
w/w)a

Sargassum spp. 
(kg/day)b

Food waste (kg/day)b

Total Protein Carbohydrates

B2 100 0.70 0 0 0
B5 85 0.60 0.73 0.3 0.43
B1 70 0.49 1.45 0.58 0.87
B4 55 0.38 2.20 0.88 1.32
B3 45 0.32 2.70 1.0 1.70
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biodigestor was fed with cattle manure exclusively and had 
a pH equal to 7.0 ± 0.1, and temperature of 32.8 ± 2.6 °C 
throughout the experimental period.

Bench batch system

For the bench scale batch system, low-cost anaerobic diges-
tion technology (Biobuckets) was designed and constructed 
by UNAPEC (Fig.  1). A full factorial experiment was 
designed to determine the organic load (5 g/L and 15 g/L), 
and the concentration of Sargassum spp. in the feed (i.e., 
100%, 85%, 70%, 55%, and 45%) most suitable during the 
anaerobic co-digestion of this macroalgae with food waste. 
The experimental and control (cattle manure) units were pre-
pared in triplicate for a total of 33 measurement units. For 
the experimental units at 5 g/L and 15 g/L, 35 g, and 105 g 
dw of feedstock were, respectively, added to 7 L of inocu-
lum in the biobuckets before sealing them. The inoculum 
was taken from the 1200L biodigester control unit that was 
fed solely with cattle manure and had a pH of 8.55 ± 0.07, 
and 4.80 ± 0.41 g/L TDS. The F/I ratio of the systems was 
roughly 1.0 and 3.1 for the 5 g/L and 15 g/L samples, in that 
order. The feedstock was Sargassum spp. and food waste 
at percentages ranging from 45 to 100% w/w of the brown 
algae. After adding the feedstock to the biobuckets, the pH 
of the experimental units was in average 8.52 ± 0.11, and 
the TDS was 4.89 ± 0.40 g/L and 5.55 ± 0.38 g/L in the 
5 g/L and 15 g/L units, respectively. During the anaerobic 
digestion, the volume and composition of the biogas were 
measured, and the gas storage bag emptied periodically. The 
anaerobic digestion at bench scale was carried out at ambient 

conditions and average temperatures of 28.7 ± 0.7 °C during 
the daytime and 21.2 ± 0.6 °C at night for 60 days.

Process control

The pH, temperature, and total dissolved solids (TDS) of the 
batch and fed-batch anaerobic digestion were periodically 
monitored. The pH and temperature were measured using 
an HM Digital PH-80 (Redondo Beach, CA, USA), and the 
TDS was measured with an EXTECH ExStik II EC400 Sali-
nometer (Nashua, NH, USA). For the measurement of the 
composition  (CH4,  CO2,  O2, and  H2S) and volume of the 
biogas, a GEOTECH BIOGAS 5000 (Denver, CO, USA) 
meter and an Alicat Scientific Whisper mass flow meter 
(Tucson, AZ, USA) were used, respectively.

Calculations

For estimating the yields of biogas ( YBiogas) and methane 
Ymethane at the pilot scale fed-batch systems, Eqs. 1 and 2 
were used. In this formula, the volume (Vi) produced within 
a short period (ti) is extrapolated considering the total mass 
digested (mT) throughout the total time 

(

tT
)

 in which the 
experiment was conducted (30 days). For the batch bench 
scale system, the measured volume (V) was converted to 
normal volume  (V0) through Eq. 3, where  T0 = 273.15 K 
and  P0 = 101,325 Pa. The barometric pressure (P) and tem-
perature (T) during the gas measurements were 101, 384 Pa 
and 300 K, on average. The daily average of the normalized 
volume of methane produced by the negative control units 
during the batch system was subtracted from the daily vol-
ume of each experimental unit to account for the methane 
volume due to inoculum substrate residues

Modified Gompertz model

The modified Gompertz model for the batch anaerobic diges-
tion assumes that methane production follows the microbial 
growth pattern and is appropriate for batch systems [31]. 
In the model (Eq. 4), W [N.L  CH4/kg VS added] is the accu-
mulated methane produced as a function of time, A [N. L 

(1)YBiogas(L∕kg) =

(

Vi

ti

)

∗

(

tT

mT

)

(2)YMethane

(

LCH
4
∕kg

)

= YBiogas ∗

(

%CH
4

100%

)

(3)V
0
= (V × P × T

0
)∕(P

0
× T)

(4)W(t) = A × EXP
(

−EXP
((

e × kz∕A
)

×
(

Tlag − t
)

+ 1
))

.

Fig. 1  Schematic of the UNAPEC´s batch system biodigestors 
"BioBuckets" (Santo Domingo, DR)
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 CH4/kg VS added] is the maximum methane produced, Kz 
[N. L  CH4/Kg VS added × day] is the absolute growth rate, 
and Tlag [days] is the lag time. The doubling time (Td) was 
calculated from the model. The W(t) curves of each repli-
cate were fitted using the data analysis add on “Solver” in 
Microsoft Excel 2010. The resulting kinetic parameters of 
the replicates were analyzed statistically (see Sect. 2.10).

Statistical analysis

The characteristics of the biogas (%CH4, %CO2, and  H2S), 
the liquid media and residue (TS, VS, COD, N, P, TSS, 
salinity, and minerals), and the kinetic parameters of the 
Modified Gompertz model for the anaerobic co-digestion 
of Sargassum spp. food waste at different concentrations of 
Sargassum spp. were compared using ‘aov’ and ‘TukeyHSD’ 
functions in RStudio (version 2022.07.1), or the unpaired t 
test in QuickCalcs (www. graph pad. com). The populations 
were assumed to be independent, normally distributed, and 
unequal variances. The variability of the data was reported 
as the standard deviation of the mean (mean ± SD).

Results

Feedstock composition

Sargassum spp. The Sargassum spp. biomass had 
16.1 ± 0.6 w/w % of total solids, of which 69.6 ± 3.4% 
were volatiles, and 6.9 ± 0.9 g of fat, 10.5 ± 0.6 g of fiber, 
and 11.6 ± 0.6 g of protein in 100 g on dry weight basis. 
These values are comparable to those of the pelagic Sar-
gassum spp. from other regions. The macronutrients were 
4.8 ± 1.9 g/kg N, 0.56 ± 0.16 g/kg P, and 39.5 ± 3.4 g/kg 
K. the sodium was 120 ± 18.4 mg/kg Na and the salinity 
was 13.8 ± 4.4 g/kg. Other minerals present in the biomass 
were 339.5 ± 147.8 mg/kg Fe, 24.1 0 ± 0.8 mg/kg Zn, 241.0 
0 ± 8.5 mg/kg Mn, 18.1 ± 2.3 mg/kg Ni, 0.2 ± 0 mg/kg Pb, 

96.4 ± 13.6 mg/kg Co, 58.9 ± 0.4 mg/kg S, and 7.6 ± 1.1 g/kg 
B. However, minerals below the limit of detection were Cr 
(< 23.5), Cu (< 23.5), As, (< 1.2), Ba (< 46.9), Cd (< 11.7), 
Mo (< 20.0), and Se (< 20.0) in mg/kg.

Food waste. The food waste biomass had ~ 13 w/w % 
of total solids, of which 84% were volatiles. The waste 
had ~ 21.5 g of fat, ~ 3.8 g of fiber, and ~ 33.8 g of protein in 
100 g of biomass.

Biogas composition

Fed-batch system. The percentage of methane in the 
biogas generated from the anaerobic digestion of manure 
(56.6 ± 3.1%  CH4) was significantly higher (p < 0.0290) 
than those from the Sargassum spp. mono-digestion and co-
digestion of Sargassum spp. and food-waste (see Table 2). 
In contrast, the  H2S of the control (57.0 ± 27.3 ppm) was 
significantly lower (p < 0.0001) than the experimental units. 
There is a positive correlation between the concentration of 
 H2S in the biogas and the percentage of Sargassum spp. in 
the organic load added to the biodigestors.

Batch system. The methane percentage (%  CH4) in the 
biogas generated in the batch system was higher (p < 0.001) 
at 15 g/L (61.12 ± 7.8%) than that at 5 g/L (51.02 ± 9.6%), 
and 30.9 ± 9.4 to 63.8 ± 4.0 at (Table 2). However, the meth-
ane percentage in the biogas generated during the anaero-
bic digestion of 100% Sargassum spp. at 5 g/L (38.92 ± 7.9) 
and 15 g/L (36.81 ± 5.6) was not significantly different 
(p = 0.875) and lower (p < 0.001) than the biogas generated 
during co-digestion with food waste. There is a trend of 
reduction in the methane percentage in the biogas with the 
increase of the Sargassum spp. concentration in the feed dur-
ing the co-digestion with food waste (Fig. 2A). Similarly, at 
lower Sargassum spp. percentage in the feed, the maximum 
%CH4 in the biogas occurred at digestion range 20–35 days, 
and at 100% Sargassum spp., the %CH4 increased with time, 
reaching the maximum peak at 60 days (Fig. 2B). On the 
other hand, the concentration of hydrogen sulfide in the gas 

Table 2  Biogas composition during the 30-day fed-batch and the last 30 days of the 60-day batch anaerobic co-digestion of Sargassum spp. with 
food waste at different percentages

A,B,C,D,E Different letters within each column indicate a significant difference between experimental units for the unpaired t test (alpha = 0.05)

Fed-Batch Batch

% Sargassum 
spp.

%CH4 %CO2 H2S (ppm) %CH4 %CO2 H2S (ppm)

5 g/L 15 g/L 5 g/L 15 g/L 5 g/L 15 g/L

Control 56.6 ± 3.1 A 34.0 ± 2.7 A 446.6 ± 156 A 35.0 ± 7.8 A 35.0 ± 7.8 A 27.9 ± 4.3 27.9 ± 4.3 A 57.0 ± 27.3 A 57.0 ± 27.3 A

45 53.6 ± 0.8 B 37.1 ± 1.0 B 2552 ± 150 B 59.1 ± 3.3 B 63.8 ± 4.0 B 27.6 ± 3.1 A 30.4 ± 1.8 A B 672 ± 238 B 1939 ± 717 B

55 53.3 ± 0.9 B 37.3 ± 0.9 B 2780 ± 156 C 58.5 ± 3.7 B 63.9 ± 3.8 B 27.4 ± 2.7 A 30.5 ± 0.7 A 777 ± 228 B 1549 ± 513 B

70 54.0 ± 0.8 B 36.9 ± 0.8 B 3067 ±  141D 50.5 ± 5.5 C 62.4 ± 3.4 B 28.4 ± 1.9 A 31.9 ± 1.1 B 656 ± 216 B 1661 ± 384 B

85 53.2 ± 0.8 B 37.1 ± 0.7 B 3561 ± 250 E 48.8 ± 2.4 C 56.7 ± 3.4 C 30.6 ± 1.5 B 31.6 ± 2.4 A B 625 ± 266 B 1808 ± 483 B

100 50.3 ± 1.3 C 39.2 ± 1.3 C  > 5000 F 38.9 ± 7.7 A 30.9 ± 9.4 A 26.7 ± 5.9 A B 30.4 ± 4.6 A B 245 ± 115 C 1377 ± 442 B

http://www.graphpad.com
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generated from batch system does not show correlation with 
the Sargassum spp. percentage in the feed but does with the 
organic loading. The highest organic load (15 g/L) used on 
the anaerobic co-digestion of food waste and Sargassum spp. 
generated more  H2S than that at 5 g/L (Table 2).

Characteristics of biodigestion fed‑batch media

During the 30-day anaerobic co-digestion of Sargassum 
spp. and food waste, the COD of the media in the inlet 
(3506 ± 389 ppm) was slightly higher than (p = 0.049) in 
the outlet (2510 ± 338 ppm). This difference represents a 
28.4 ± 9.0% reduction in COD due to the HRT (0.58 g/L 
· day) in the biodigester. There was not significant differ-
ence (p = 0.8575) between the BOD’s inlet (29–171 ppm) 
and outlet (14–114 ppm) because of the percentage of Sar-
gassum spp. in the organic load. The BOD/COD ratio is 
below 0.09. The biodigesters media have 150 ± 28 ppm P, 

378–1418 ppm N, and 164–996 ppm N-NH3. As expected, N 
and  NH3 tend to reduce at higher Sargassum spp. percentage 
in the feed, since the protein content is higher in the food 
waste than in the Sargassum spp. (p = 0.012, see Sect. 3.1).

Composition of fed‑batch digestates

After 30 days of maturation, the liquid residue derived from 
the anaerobic digestion of Sargassum spp. and co-digestion 
of Sargassum spp. and food waste had 9.6 ± 1.6 g/L of total 
solids which only 6.5% (0.63 ± 0.13 g/L) were volatile sol-
ids. The total solids and the salinity (8.4 ± 1.7 g/L) in the 
liquid residue tended to decrease with the increase of Sar-
gassum spp. percentage in the biodigesters feed (Fig. 3A). 
Regarding macronutrients (Fig. 3B), there was no correla-
tion between Sargassum spp. concentration and phosphorus 
content (27.2 ± 4.8 mg/L P); however, the content of total 
nitrogen (47–1696 mg/L N) and potassium (648–2119 mg/L 
K) in the liquid residue tended to be higher when the per-
centage of Sargassum spp. was lower in the biodigesters 
feed load. Similarly, a negative correlation was observed 
between the content of Sargassum spp. in the biodigesters 
feed, and the content of copper (0.09–0.33 mg/L Cu), chro-
mium (0.02—0.15 mg/L Cr), aluminum (0.018–0.337 mg/L 
Al), boron (1.3–3.0 mg/L B), and sulfur (0.73–2.6 mg/L S) 
in the liquid residue of the anaerobic co-digestion of Sargas-
sum spp. and food waste (Fig. 3C, D).

Biogas and biomethane yield

The biogas and methane yields during the 1200 L fed-batch 
and 7 L batch anaerobic co-digestion of Sargassum spp. and 
food waste, differed based on the percentage of Sargassum 
spp. in the feed (Table 3). The biogas yield in the batch 
and fed-batch systems ranged from 100 to 1200 N.L/kg, 
while the methane yield ranged from 50 to 615 N.L  CH4/
kg. The biodigester fed with 100% Sargassum spp. produced 
101.3 ± 23.6 N. L  CH4/kg in the fed-batch system. In the 
7L batch, the methane yields were larger than (p < 0.0001) 
in the 1200 L fed-batch system (Fig. 4). However, in both 
systems, methane increased when higher percentages of food 
waste and lower percentages of Sargassum spp. biomass 
were added to the biodigestors. 

Biomethanation kinetics

According to the modified Gompertz model fitted to the 
batch system, the higher the Sargassum spp. content in 
the organic feed, the lower the estimated maximum meth-
ane produced (A) see Table 4. The methane yield of each 
experimental unit in batch system (Table 3) is not sta-
tistically different (p > 0.05) to the estimated equivalent 
parameter, A (Table 4). Similarly, the methane production 

Fig. 2  Interaction plots of the methane percentage in the biogas 
(%CH4) generated during the co-digestion of Sargassum spp. with 
food waste at different concentrations in batch system at bench scale. 
On the top (A) is the interaction plot of the organic load and the Sar-
gassum spp. % in the feed. On the bottom (B), the behavior of %CH4 
throughout the digestion time (60 days) at different Sargassum spp. % 
in the feed. The plots were extracted from R-Studio
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rate (Kz) of the system fed with 45%–70% of Sargassum 
spp. and 55%—30% of food waste was 13.7 ± 2.3 N.L 
 CH4/kg • day in average (p > 0.1016), and higher than 
(p > 0.05) that fed with 85% Sargassum spp. and 15% food 

waste. The systems doubling time was below 3 days. The 
 R2 is above 0.96 and the RSME around 5% of the maxi-
mum methane produced except for the experimental unit 
fed with 85% Sargassum spp.

0

500

1000

1500

2000

2500

3000

3500

4000

4500

30 40 50 60 70 80 90 100 110

M
ac

ro
nu

tr
ie

nt
s  

(m
gL

-1
)

Sargassum biomass (% w/w)
Nitrogen Potassium Phosphorus
Linear (Nitrogen) Linear (Potassium) Linear (Phosphorus)

4000

5000

6000

7000

8000

9000

10000

11000

12000

30 40 50 60 70 80 90 100 110

Co
nc

en
tr

a�
on

 (m
gL

-1
)

Sargassum biomass (% w/w)
Total solids (TS) Salinity
Linear (Total solids (TS)) Linear (Salinity)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

30 50 70 90 110

M
iic

ro
nu

tr
ie

nt
s (

m
gL

-1
) 

Sargassum biomass (% w/w)

Chromium Copper Aluminium
Linear (Chromium) Linear (Copper) Linear (Aluminium)

0

0.5

1

1.5

2

2.5

3

3.5

40 50 60 70 80 90 100 110

M
icr

on
ut

rie
nt

s (
m

g 
L-1

) 

Sargassum biomass (% w/w)
Boron Sulfur Linear (Boron) Linear (Sulfur)D

A 

C 

B

Fig. 3  Trends of the total solids, salinity, macronutrients (N, K, P), 
and minerals (Cr, Al, Cu, Bo, S) of the liquid residue derived from 
the anaerobic co-digestion of Sargassum spp. biomass and food waste 

as function of the algal biomass percentage in the feed. The linear 
regression lines are shown in the plots

Table 3  Biogas and methane 
yields during the anaerobic co- 
digestion of Sargassum spp. and 
food waste at 1200 L fed-batch 
and 7 L batch systems using 
15 g/L of organic load

1 Values below the measurement detection limit (MDL)
A,B,C,D Different letters within each column indicate a significant difference between experimental units for 
the unpaired t test (alpha = 0.05)

Biogas (N. L/kg) Methane (N. L/kg)

Sargassum spp. (% 
w/w)

Fed batch Batch Fed batch Batch

45 1110.7 ± 134.7 A 975.9 ± 74 A 615.5 ± 78.4 A 502.8 ± 62 A

55 928.6 ± 190.5 A 769.0 ± 47 B 507.0 ± 94.3 A 408.0 ± 18 A

70 666.3 ± 119.0 B 537.2 ± 97 C 358.0 ± 64.5 B 283.6 ± 42 B

85 373.4 ± 27.6 C 291.0 ± 24 D 205.4 ± 16.7 C 162.1 ± 27 C

100 101.3 ± 23.6 D  <  MDL1 53.4 ± 10.1 D  <  MDL1
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Discussion

Feedstock composition and co‑digestion

The chemical and elemental composition of Sargassum 
spp. from Punta Cana coasts show similarities and discrep-
ancies with previous results from pelagic Sargassum spp. 
of other areas, which confirms the spatial and temporal 
variability on the characteristics of the biomass [32]. For 
instance, the protein content in our feedstock was compa-
rable to that harvested in Mexico and the Caribbean, and 
the lipids were like the biomass from Turks and Caicos 
Islands, but it had three times lower fiber content than 
the Sargassum spp. from Punta Cana [33, 34]. Regard-
ing toxic elements, our results show that the Sargassum 
spp. collected from Punta Cana during Summer in 2021 
did not have detectable arsenic (As) or cadmium (Cd), 
in discrepancy with results published previously by other 
authors [32].

Having the Sargassum spp. as part of a feedstock matrix 
with food waste can provide the versatility required for 
feedstocks that are not stable on their composition. Higher 
protein and fat content in food waste compared to Sargas-
sum spp. biomass enriches the media for more balanced 
C/N in a carbohydrate-rich feedstock like Sargassum spp. 
and the separation of carbohydrate-rich from protein-rich 
food waste can add flexibility to the system to provide with 
the biodigesters feed appropriate to enhance the methano-
genesis process.

Fed‑batch media and digestates

When conducting the anaerobic co-digestion of Sargassum 
spp. and food waste under the study conditions, the diges-
tates will require maturation before use on agricultural appli-
cations. During the 30 days of the experiment, the digestates 
that were collected from the biodigestors showed less than 
30% of reduction in COD and no reduction in BOD com-
pared to the inlet (Sect. 3.3), which suggest incompletion 
in the biodigestion process. Similarly, COD was more than 
20 times higher than the BOD. A BOD5/COD ratio of less 
than 0.3 corresponds to the low biodegradability of organic 
material in wastewater [35]. After 30 days of maturation, the 
digestates showed higher salinity, N, K, Cr, Al, Cu, Bo, and 
S when feed at higher food waste and lower Sargassum spp. 
percentages, which indicates that these elements are present 
in the food waste and are minimal in Sargassum spp. bio-
mass. Thus, when the biofertilizer is desired to be used on 
agricultural land requiring high N, and K, adding food waste 
to the anaerobic digestion system could make it possible.

Regarding the salinity of the digestate or liquid residue, 
it could be inferred that the exposure of the Sargassum spp. 
to the rain during the drying period could have reduced the 
salinity that is conventionally associated with this biomass. 
On the other hand, the lower the Sargassum spp. percentage, 
the higher the content of typical food waste, which has high 
NaCl concentration. The anaerobic digestion of Sargassum 
spp. biomass has resulted in improvement of the methane 

Fig. 4  Interaction plot of the methane yield (N. L CH4/ kg added) 
during the batch and fed-batch anaerobic co-digestion of Sargassum 
spp. and food waste at different concentrations. Extracted from R-Stu-
dio

Table 4  Modified Gompertz 
model parameters estimated 
from the batch scale 
“biobuckets”

A is the maximum methane produced, Kz is the methane production rate,  Tlag is the lag time, and  Td is the 
doubling time. RMSE is the root-mean-square error, and  R2 is the variation of the measurements explained 
by the model
A,B,C Different letters within each column indicate a significant difference between experimental units for 
the unpaired t test (alpha = 0.05)

Sargassum 
spp.
(% w/w)

A 
(N. L  CH4/
kg added)

Kz 
(N.L  CH4/
kg • day)

td (day) RMSE 
(N. L  CH4/
kg added)

R2

45 536.1 ± 58.9 A 12.2 ± 2.8 AB 1.9 ± 0.7 AB 23.3 ± 2.6 A 0.991 ± 0.003
55 411.6 ± 14.4 B 14.6 ± 0.3 A 2.3 ± 1.1 AB 17.6 ± 1.7 B 0.993 ± 0.001
70 275.0 ± 49.7 C 14.3 ± 2.9 A 2.3 ± 0.1 A 15.0 ± 2.3 B 0.990 ± 0.001
85 161.6 ± 32.8C 7.3 ± 0.4 B 0.5 ± 0.7 B 15.8 ± 4.5 B 0.966 ± 0.007
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production rate at 4.4 g/L of sodium salts but inhibition at 
concentrations above 10 g/L[36]. This might suggest that the 
sodium salt content due to the addition of Sargassum spp. 
is minimum compared to the food waste contributions, and 
the Sargassum spp. inhibition on the biodigestion might be 
due to the presence of elements different from sodium salts 
or the heavy metals in the biomass.

Biomethane yield and kinetics

The anaerobic co-digestion of Sargassum spp. and food 
waste showed best methane yield and methane production 
rate at lower Sargassum spp. and higher food waste per-
centages in the feed. However, as a proposed solution to 
the problem of Sargassum spp. arrival in the coasts of the 
Dominican Republic, the maximum possible percentage of 
Sargassum spp. in the feed added to an anaerobic digestion 
matrix is desirable. Since 45% and 55% of Sargassum spp. 
in the feed showed no significant difference in the methane 
yield (Table 3) and the kinetics parameters including meth-
ane rate (Kz, Table 4), the use of 55% of Sargassum spp. and 
45% of food waste is preferable during high Sargassum spp. 
seasons and the former during low Sargassum spp. seasons.

Biogas characteristics

Our study showed that increasing the Sargassum spp. per-
centage on the load at fed-batch and the organic load from 
5 to 15 g/L at the batch mode can rise the amount of  H2S 
present in the biogas generated. This is a relevant point to 
consider when using Sargassum spp. as feedstock for biogas 
production. The use of techniques and methods for the input 
control, process regulation, and post-treatment should be 
considered. For instance, chemical pretreatment of sub-
strate reduces sulfur input into AD via sulfur precipitation, 
microaeration can regulate AD to control  H2S formation, 
and biotrickling filters and scrubbers can remove more than 
95% of  H2S but are not effective on preventing sulfur inhibi-
tion of methanogens [37]. Pretreatment of the biomass prior 
to its used is an approach that might be beneficial to increase 
the biodegradability of Sargassum spp. and reduce the pres-
ence of  H2S in the biogas.

The biogas is above 50%  CH4 for all the experimental 
units except for the biodigestor fed with 100% Sargassum spp. 
which did not reach 50%  CH4 during 60 days of digestion. This 
suggests low conversion of acetic acid and  CO2 by the metha-
nogens because of a possible inhibition due to Sargassum spp. 
Unless pretreatment of Sargassum spp. is attained with the 
purpose of increasing the %  CH4 in the biogas, the mono-
digestion of Sargassum spp. should be avoided. For instance, 
when internal combustion engines fueled with biogas contain-
ing high  CO2 were used instead of that with lower  CO2, the 
flame initiation and combustion duration increased, and the 

thermal efficiency decreased [38]. Studies on how to use effi-
ciently biogas from Sargassum spp. and food waste anaerobic 
co-digestion in internal combustion engines are some of the 
next steps that the authors are planning to attain with the col-
laboration of our partners in industry.

Conclusions

The anaerobic co-digestion of Sargassum spp. and food waste 
at pilot scale in fed-batch and bench scale in batch mode were 
demonstrated at different Sargassum spp. to feedstock ratio. 
The biogas and methane production tended to increase the 
higher the food waste and the lower the Sargassum spp. per-
centages in the feed. The biogas yield in the 100% Sargassum 
spp. fed-batch anaerobic biodigestors was 101.3 ± 23.6 N. L /
kg and as high as 1110 ± 134.7 N. L /kg when fed with 45% 
Sargassum spp. and 55% food waste. Similarly, more  H2S 
was detected in the biogas of the biodigesters fed with higher 
percentages of the Sargassum spp. The BMP of Sargassum 
spp. and food waste combinations in batch system at 15 g/L 
loading were aligned to the fed-batch results, with values of 
536.1 ± 58.9 N.L  CH4/kg feed, 411.6 ± 14.4 N.L  CH4/kg feed, 
275.0 ± 49.7 N.L  CH4/kg feed, and 161.6 ± 32.8 N.L  CH4/kg 
feed at 45%, 55%, 70%, and 85% of Sargassum spp. as food 
waste co-substrate, respectively. The anaerobic co-digestion 
of Sargassum spp. and food waste at batch system showed 
methane production rates as high as 14.6 ± 0.3 N.L  CH4/kg.day 
according to the modified Gompertz model. Our results sug-
gest that the percentage of Sargassum spp. to be used as feed-
stock for the anaerobic co-digestion must be 55% w/w. To use 
higher Sargassum spp. percentages, the use pretreatments 
techniques to enhance the biomethanation process should be 
explored.
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