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Climate change (along with other factors) has caused an increase in the proliferation
of brown algal mats floating freely along the Atlantic Ocean since 2011. These brown
algae mats are composed of sea plants from the Sargassum genus. The gargantuan
agglomeration of biomass flows alongside currents and lands in beaches belonging
to the Eastern coasts of the Mexican Caribbean and several other countries in the
region. These events, dubbed golden tides, harm the local economy and environment.
Current elimination approaches involve the mechanical harvesting of the Sargassum and
ultimate landfill disposal. However, explorations into the commercial application of other
brown algae have elucidated the potential of Sargassum as a feedstock for valorization.
This review informs the trends, challenges, and opportunities presented by the coastal
invasion of this biomass. Primarily, the potential use of this material is as a precursor
in biorefineries where multiple value-added products are generated concurrent with the
ultimate production of biofuels.

Keywords: Sargassum seaweed, biofuel, biorefinery, bioconversion, green technology, green fuels, biomass
valorization

INTRODUCTION

Sargassum is a genus of brown macro-algae that clusters into long algal mats that drift on the
ocean surface and move along with ocean currents (Thompson et al., 2020b). The frequency,
range, and magnitude of encroachment of Sargassum onto coasts around the world have increased
dramatically in recent years (Milledge and Harvey, 2016). Also known as “golden tides,” these
seasonal seaweed strandings are linked mainly to climate change and excessive nutrient loading
(Thompson et al., 2020b). Anomalous nutrient discharge from the Amazon River related to
deforestation and changes in deposition patterns of African dust from the Sahara Desert has
been related to the establishment and recurrence of Sargassum blooms. Changes in wind
currents attributed to the 2009-2010 winter negative North Atlantic Oscillation (NAO) caused a
redistribution of pelagic Sargassum along the Atlantic. This event served as the starting point for the
aggregation of these algae along the Inter-Tropical Convergence Zone (ITCZ) (Johns et al., 2020).
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Due to massive inundation events, Sargassum has become
one of the most significant threats to the integrity of marine
ecosystems. Sargassum algae begin to decay soon after reaching
shallow waters and beaches. Moldering algae remove oxygen
from surrounding water and release large amounts of toxic gases
like hydrogen sulfide and ammonia. This results in the mortality
of fish and other marine organisms and has increased concerns
about human exposure to pernicious gases. Indeed, this has had
a detrimental effect on affected countries’ fishing and tourism
industries (Davis et al., 2021).

Pelagic Sargassum has two large proliferation regions: the
Sargasso Sea located east of the Florida Straits, where these
algae grow during spring and summer months, and the North
Equatorial Recirculation Region (NERR) (Figure 1), located
northeast of Brazil (Thompson et al., 2020b). The growth of
pelagic Sargassum in the NERR is considered responsible for the
lofty levels of algal inundation in the Caribbean over the last
few years (Thompson et al., 2020b). The brown algae aggregate
in large patches in the ITCZ from March through September
(Thompson et al., 2020b).

Sargassum casting ashore in large quantities has become
recurrent in some African countries and the Greater Caribbean
coast since 2011 (Garcia-Sanchez et al,, 2020). In particular,
peak deposits in the Mexican Caribbean reached record highs in
September 2015, May 2018 and continue to expand into 2021
(Garcia-Sanchez et al., 2020; Thompson et al., 2021). In 2015,
this amounted to approximately 10,000 wet tons per day (Wang
and Hu, 2016). Mexico, in particular, is one of a handful of
countries that has received compelling and problematic amounts
of Sargassum sp. on its shores (Figure 1). The problem has
reached significant proportions, costing the city of Canctn,
Mexico, $36.7 million on beach cleanup in 2019 alone (BBC,
2019).

Sargassum species registered to have arrived in the Mexican
Caribbean between September and November of 2018 are
Sargassum fluitans morph III (65% of total), Sargassum natans
morph I (15% of total), and Sargassum natans morph VIII
(4% of total). Figure 2 depicts the general appearance of
the stems, spines, and leaves of these different pelagic species
of Sargassum. As of 2021, pelagic Sargassum landings in the
Caribbean continue to be mainly comprised of S. fluitans and
S. natans (Thompson et al., 2021).

Since Sargassum landings represent a far-reaching threat to
abounding coastal communities and environments, especially
in Mexico, researchers have been focusing on effective ways
to valorize this feedstock and revamp it into value-added
compounds for varied industries. Among the numerous
applications of Sargassum biomass that have been reported,
special attention has been placed toward agricultural products,
cosmeceuticals, pharmaceuticals, and clean energy (Amador-
Castro et al.,, 2021). Of particular interest, biofuels obtained
from pelagic Sargassum could represent a green energy
alternative to the highly unsustainable and environmentally
detrimental consumption of fossil fuels (del Rio et al., 2019;
Savage et al., 2020).

Thompson et al. (2019, 2020b, 2021) and Abomohra et al.
(2018, 2021) have proposed pathways for producing biofuels

from algal biomass at a laboratory scale. Currently, industrial-
scale biorefineries are not a reality converting pelagic Sargassum
biomass. A chief obstacle when valorizing seaweeds is that
extraction of a single molecule or compound is often not
profitable unless that molecule has an exceptionally high market
value. An integrated process in which the bioethanol or biogas
formed from Sargassum fermentation is contemporaneously
produced with another value-added compound, like alginate,
could make the process more appealing. The purpose of
this review is to discuss the trends and challenges of
converting Sargassum biomass into green biofuels such as
biogas, bioethanol, and biodiesel, pointing toward biorefinery
strategies aimed at extracting high-value intermediate products.
Important information on how algae composition, recollection
strategies, and pretreatment procedures impact Sargassum
biomass conversion is presented.

Because of a lack of research and information found in the
literature, pelagic Sargassum throughout the review will also be
compared to other species of Sargassum. Although not having
more studies and data on S. fluitans and S. natans is not ideal,
most brown algae are similar in many aspects and can serve as a
starting point for comparison and inquiry. Many of the processes
described during this review could also be applied to other species
of brown algae, but pelagic Sargassum is of great interest because
it arrives in such large volumes to many countries and has a
realistic potential of becoming a biomass substrate for the biofuel
industry in years to come.

SARGASSUM COMPOSITION AND
BIOMASS COLLECTION PROCESS

Sargassum Composition to Obtain
Added-Value Products Before Biofuel

Production

Sargassum algae are composed of water, organic compounds,
and possibly toxic trace elements (Davis et al., 2021). The main
composition of Sargassum sp. recollected in different regions
worldwide is shown in Table 1. The composition between
different species of the same brown algae genus does not show
significant variations.

Encrusted Bryozoa marine organisms are present in most
Sargassum samples, and it is not economically feasible nor
viable to remove them. The exoskeleton of bryozoans imparts
an additional calcium carbonate source in many algae mats
(Davis et al., 2021). Seaweeds like Sargassum are also associated
with microbiota, especially from phylum Proteobacteria and
Bacteroidetes, which fluctuate depending on the time of the year,
propagation space, and whether the algae is healthy or stressed
(Serebryakova et al., 2018).

As seen in Table 1, S. natans morphotype I and S. fluitans
have singularly similar calcium carbonate, moisture, and organic
matter content. Ash content is very similar between morphotype
IV and morphotype 1 of S. natans, with S. fluitans char
content being 3% higher (Davis et al., 2021). All members of
pelagic Sargassum contain similar trace quantities of metals
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FIGURE 1 | (A) Map of the two main regions of Sargassum proliferation. (B) Aerial views of Sargassum beaching in the Mexican state of Quintana Roo (20°25
26.2”N 86°50" 34.1”W), a state which has been economically and environmentally affected by the arrival of Sargassum in a very profound manner (September
2019). Pelagic Sargassum proliferation is an event exclusive to the Atlantic Ocean and Caribbean Sea. Other oceans and seas around the world are home to varied
species of algae which have adapted to the local conditions for survival.
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FIGURE 2 | Visual representation of the tangible differences between S. fluitans and S. natans. The morphological differences between these two species can be
useful for researchers seeking to sort biomass collected by species. In the future, some species of Sargassum could be determined to be more useful for a specific
purpose, this is why it is important to notice the differences between the two main pelagic brown algae.
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TABLE 1 | Differences in the Sargassum sp. composition from different
collection sites.

Collection Parameter % References
sites
Portugal Total solids (TS)-" 89.56 + 0.3* Oliveira et al.,
Sargassum sp. 2015
Volatile solids (VS)-2 53.8 + 0.8
Sargassum sp.
Protein-3 23.6 + 0.5
Sargassum sp.
Lipid-3 2.73 £ 0.05™*
Sargassum sp.
Xylan (carbohydrates)-2 11.7 £1.3
Sargassum sp.
Glucan (carbohydrates)-3 329+ 26"
Sargassum sp.
Jamaica Calcium carbonate-* 9.49 + 1,754 Davis et al.,
S. natans 1A 10.75 & 1.108*** 2021
S. fluitans®
Moisture content- 7.61 4 0.314*
S. natans 1A 7.25 4 0.428*
S. fluitans®
Organic matter content-* 29.11 £ 1,324
S. natans 1A 28.86 + 0.408+*
S. fluitans®
Ash (char) content-* 35.16 &+ 6.05°***
S. natans 1A 39.63 + 1.348**
S. fluitans®
Mexico Lipid- 3.3+ 0.12 Saldarriaga-
Pelagic Sargassum Hernandez
et al., 2021
Moisture content-Pelagic 5.4 £ 0.5
Sargassum
Spain® Protein- Sargassum 1.6 £ 0.1 Gonzélez-
muticum Ballesteros
et al., 2021
Xylan + Galactose + 8.4 £ 0.2
Mannose- Sargassum
muticum
Fucan (carbohydrates)- 8.8 £ 0.1
Sargassum muticum
China® Total sugar content- 61.1 (SHAP-1) 45.8 Sunetal.,
Sargassum henslowianum (SHAP-2) 2020

! Percentage from whole biomass.

2Percentage from total solids.

SPercentage from volatile solids (% VS).

4Percentage from whole weight.

5Percentage after 4 h of extraction at 40°C.

6SHAP-1 and SHAP-2 are purified fucoidans, a result of extractions, separations,
and purifications done by the authors.

*Percentage after seaweed has dried at ambient temperature.

**Note that this value is from Sargassum sp., not pelagic Sargassum.
**Content average from a weight loss curve.

“*Dried biomass (%DW) from May through September 2019.
*Composition of extracts.

AS. natans |.

BS. fluitans.

like Na, Mg, Al, K, Ca, Cr and Fe. The scale for these trace
elements goes from tens to thousands of pg/g of dry weight
(DW) biomass (Davis et al, 2021). Despite the low trace
metal content, this metric requires monitoring if the Sargassum
is to be used as a source of food for animals or humans.

Arsenic levels for S. natans morphotype I (64.91 £ 0.61 ng/g
DW), S. natans morphotype VIII (60.30 + 0.34 pg/g DW;
p = 0.031), and S. fluitans (58.32 + 2.29 ng/g DW; p = 0.009)
are important in terms of toxicity if the biomass is to be used as
a soil enhancer and seaweed meal (Alzate-Gaviria et al., 2021).
Phenolic compounds, namely phlorotannins, can be employed in
functional foods, nutraceuticals, cosmetics, and pharmaceuticals
(Davis et al., 2021).

Alzate-Gaviria et al. (2021) discovered that both S. natans
and S. fluitans produce small quantities of lignin-like compounds
as part of a second cell wall in response to stress variables
like extreme heat and UV-light; stressors that can be mainly
attributed to climate change. This phenomenon is not exclusive
to algae, as environmental stressors are critical modulators of
lignin biosynthesis genes in terrestrial plants (Moura et al., 2010).
While pelagic Sargassum has been disclosed to contain negligible
amounts of “lignin-like” compounds in its cell wall, the presence
of true lignin in the Sargassum genus has not been confirmed.
It is likely a function of the environment (Alzate-Gaviria et al.,
2021). The low content of “lignin-like” compounds makes these
algae ideal for biofuel production, as lignin is a customarily
recalcitrant material that makes biodegradability difficult without
pretreatment (Oliveira et al., 2015; Thompson et al., 2020b).

The main brown algal cell wall polysaccharide in Sargassum
is alginate, a valuable hydrocolloid that accounts for up to 40%
of its dry weight (Jung et al., 2013). Alginate is water-soluble,
biodegradable, non-toxic, and non-irritant. It is composed of
linear binary copolymers of (1,4)-linked B-D-mannuronic acid
(M) and a-L-guluronic acid (G) monomers. Sodium alginate
is currently broadly used in the biomedical, cosmetic, textile,
pharmaceutical, and food industries. Previous uses are due to its
rheological properties, biodegradability, and ability to generate
films (Hasnain et al., 2020; Chen et al., 2021). There is also a
growing interest in using alginate as a low-priced protein source,
smart small molecule delivery vehicles, films for bioremediation
of heavy metal ions, and biomaterials for tissue reconstruction
(Mohammed et al., 2020). As such, extraction of this alginate can
be an important source of a value-added product from Sargassum
that would improve the economics of biorefinery conversion.

The extraction of sodium alginate has been examined in the
literature. Mohammed et al. (2020) achieved a 28% crude yield
after two extraction stages and a purity of 92% for sodium
alginate extracted from Sargassum seaweed in the Caribbean.
Ardalan et al. (2018) concluded that sodium alginate yield
obtained from algae harvested during the summer was 9% higher
(as compared to the winter harvest). The team worked with
Sargassum angustifolium and unveiled that alginate extraction
acted as a pretreatment of sorts for bioethanol production,
yielding better results than fermentation that used the raw
biomass directly. Florez-Fernandez et al. (2021) worked with
Sargassum muticum and concluded that alginate-free Sargassum
showed better susceptibility to anaerobic digestion than raw
algae. Fenoradosoa et al. (2010) highlighted the relevance of
the ratio between p-D-mannuronic acid and a-L-guluronic acid
(M/G) in alginate. Analysis using Nuclear Magnetic Resonance
(NMR), Fourier Transform Infrared Spectroscopy (FTIR), and
High-performance anion-exchange chromatography (HPAEC)
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can be used to determine the M/G ratio, which influences the
properties of alginate gels (Fenoradosoa et al., 2010).

The important divergence between microalgal substrates and
macroalgal sources lies within the parameters that microalgae
undertake cultivation and harvesting, whereas macroalgae are
more practically gathered from natural sources (Siddiki et al.,
2022). Microscopic marine plants can be multiplied from a
sole cell. Macroalgae are readily available for the collection
so that growth from spawn is not as scalable outside natural
hydrographic biomes. Finally, the employment of microalgae as a
biofuel resource is at the outset due to low productivity and high
production expenditures (Brar et al., 2021).

Collection of Pelagic Sargassum

Sargassum is often garnered from shallow waters (Monroy-
Velazquez et al., 2019) or, more regularly, beach sites (Oliveira
et al, 2015). It is recommended that pelagic Sargassum be
garnered while it is still at sea, preferably near the shore, to
prevent a negative visual impact on the waterfront and the
unpleasant and detrimental smell produced by decomposing
leachates and organic matter. Dakatso (2021) proposed that
the best strategy is to collect the Sargassum in large quantities
using variable-sized nets (to avoid killing local marine fauna) at
reef lagoons, shallow waters, or high seas. Following collection,
transferring Sargassum to freshwater is advised to induce
osmotic shock and allow motile fauna to detach from the algae
(Monroy-Velazquez et al., 2019). Recollection of rainwater on
big containers is an eco-friendly option. Encrusted epiphytes
can then be removed with the help of tweezers (Gouvéa et al.,
2020). Pelagic Sargassum should then be allowed to dry at
ambient temperature for several days under sunlight or in ovens
at approximately 60°C for 8 h. For biofuel applications, drying
and milling the biomass is advised (Oliveira et al., 2015). This
increases the surface area available for enzymatic hydrolysis
and other processes and thus results in more efficient breaking
down of structures release compounds/simple sugars. Mexican
companies such as Alquimar (2019) and Dakatso (2021) aim to
valorize Sargassum into high-added value products. However,
even though research is being conducted on the production
of biofuels from Sargassum, there are no companies currently
probing this at a commercial scale (Tapia-Tussell et al., 2018).

SARGASSUM PRETREATMENT
METHODS

The complexity of the cell wall of Sargassum brown algae requires
a pretreatment step prior to anaerobic digestion or another
microbial valorization. Chemical hydrolysis, vapor explosion,
and biological pretreatments are some of the options reported for
algal biomass. Borines et al. (2013) employed a high temperature
and dilute acid pretreatment via which demonstrated an increase
in the exposed internal structure of the pretreated Sargassum
by scanning electron micrograph analysis. Posterior enzymatic
hydrolysis using 50 FPU cellulase/g Sargassum incubated at
50°C, and 100 rpm for 96 h showed a surge in the amount
of glucose released (around 30 mg/g Sargassum) as compared

to untreated Sargassum (Borines et al., 2013). Yuhendra et al.
(2021) evaluated three types of pretreatments in Sargassum
fulvellum for anaerobic digestion: acid pretreatment with HC;
alkaline pretreatment with NaOH; and biological treatment
with Viscamyl™ flow cellulase enzyme. Enzyme-pretreated
macroalgae reduced methane yield by 9.49% compared to the
non-treated digester, in which finely milled biomass was left
to decompose through hydrolysis of anaerobic microbes alone.
While the study concluded that fine milling and rehydration are
effective at exposing biomass contents, a contraction in biogas
yields for all digesters was perceived when integrating chemical
and mechanical pretreatments, as well as biological treatment
(Yuhendra et al., 2021).

Basic hydrolysis is used in bioethanol production from
terrestrial biomass. However, its appliance is not widely employed
with brown algal sources (Tadesse and Luque, 2011; Ardalan et al.,
2018; Savage et al., 2020). Basic hydrolysis relies on using basic
solvents to realize the cleavage of ether linkages in lignin and ester
linkages between lignin and hemicellulose, resulting in lignin
removal (An et al., 2014). Reports of increased ethanol yield
from alginate-free Sargassum using a method of alginate removal
with alkaline solution (Florez-Ferndndez et al., 2021) hint at the
possibility that the alginate extraction process acts as an alkaline
pretreatment step and thus enhances bioethanol production.

Hydrothermal pretreatment has been shown to boost
the efficiency of seaweed degradation and bioavailability for
assimilation by microorganisms (Thompson et al, 2020a).
Hydrothermal pretreatment was examined for increasing biogas
yield from Sargassum. Authors reported that soluble chemical
oxygen demand yield increases by 237%, compared to untreated
biomass, during anaerobic digestion (Thompson et al., 2020a);
this may be due to an increment in available digestible substrates
derived from hydrothermal pretreatment. Furthermore, the
slurry formed in hydrothermal pretreatment allows for better
movement and distribution of microbes within the media
compared to solid biomass. Pretreatments that produce biomass
with adequate viscosity and water content may culminate in
improved biofuel production.

Tonic liquids (ILs) are receiving attention as efficient and
environmentally benign novel processes. ILs can dissolve
copious amounts of cellulose under considerably mild conditions
(in comparison to the harsh conditions of hydrothermal
pretreatment). The feasibility of recovering the used ILs makes
them alluring (Tadesse and Luque, 2011). A group of scientists
used the ionic liquid 1-n-butyl-3-methylimidazolium chloride
[((BMIM)CI], followed by acid-catalyzed hydrolysis to treat three
species of brown algae (one belonging to the Sargassum genus)
and found that 15.5-29.4 wt.% sugars can be recovered using
this process (Malihan et al., 2012). As an additional example,
Ravanal et al. (2016) pretreated the brown algae Macrocystis
pyrifera with 2% vol. sulfuric acid for the discharge of glucose
after enzymatic saccharification. “Green solvents” with the ionic
liquids DBU-MEA-SO2-SIL and [DBNH][OAc] were used to
liberate uronic acid in the saccharification step. Dilute acid
pretreatment, followed by saccharification of cellulose with a
mixture of cellulases at pH 5.2 for 4 h at 50°C and saccharification
of alginate with the enzyme lyase/oligo alginate lyase at pH
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7.5 for 2 h at 37°C were the evaluated pretreatment methods
(Ravanal et al., 2016).

Autohydrolysis is deemed as an eco-friendly pretreatment that
results in a solid phase with high enzymatic susceptibility and
a liquid phase rich in oligosaccharides (Rostro et al., 2014). In
autohydrolysis, the reaction is only catalyzed by hydronium ions
and organic acids, without including any other catalyst. Non-
isothermal autohydrolysis pretreatment was used by del Rio et al.
(2019) to prepare S. muticum (similar to pelagic Sargassum)
for enzymatic hydrolysis. The raw material was mixed with
water at high temperatures, ranging from 130-180°C, depending
on the desired severity. del Rio et al. (2019) discovered that
glucan could almost be retained entirely in the solid phase by
using this pretreatment, which makes the process more enticing
to researchers interested in using the solid phase for further
processing and subsequent processing fermentation.

High-pressure technology pretreatment is an effective
alternative that only uses heated water at high pressures.
Although the cost of high-pressure equipment must be
considered, this pretreatment is a worthwhile option that might
be suitable for high-scale production in future biorefineries.
Aparicio et al. (2021) evaluated the breaking capacity of
the Sargassum sp. polysaccharides applying high-pressure
pretreatment (3.75-11.54 bar) at 190°C and a residence time
of 50 min. They reached a conversion yield of 92.12% of
pretreated Sargassum and 76.23% of glucose to bioethanol. Any
pretreatment above that does not utilize acids or compounds
detrimental to the environment in their manufacturing is
recommended for biogas, bioethanol, or biodiesel production.
Hydrothermal pretreatment and high-pressure technology
are highly endorsed. The following chapters will discuss the
production of biogas, bioethanol, and biodiesel using Sargassum
as substrate. The schematic for these processes is presented in
Figure 3.

SARGASSUM FOR BIOGAS
PRODUCTION

Anaerobic digestion is considered mature and eficient
biotechnology for carbon source recovery and remediation
from bioprocess residues (Thompson et al., 2020a). In this
scheme, biogas is the main output of anaerobic digestion that can
be used as a renewable energy source. Biomass resources such
as food waste, municipal sewage wastewater, sewage, industrial
organic effluents, energy crops, and agriculture residues have
been successfully transformed to biogas by anaerobic digestion
processes (Xue et al., 2020). In addition to biogas, a digestate with
bio-fertilizer potential is generated from these waste-to-energy
processes (Thompson et al., 2020a).

Macroalgae have been proven to be an excellent candidate
feedstock for bio-energy production because of their rich
polysaccharide and negligible lignin-like = compounds
(Montingelli et al., 2015). From this particular viewpoint,
Sargassum is a promising alternative for third-generation biofuel
feedstock (Kim et al., 2013; Xue et al., 2020). The fact that pelagic
Sargassum has such poor lignin content means the conversion

process can be more cost-effective and less time-consuming since
lignin is hard to remove and pretreatment for its removal is often
severe and expensive. A study with brown algae from Algeria
(Posidonia oceanica) suggests that this algae biomass must
undergo an extra step to delignify and leave the desired cellulose
fibers exposed for a more efficient bioconversion (Tarchoun
et al., 2019), a step that is not used in studies done with pelagic
Sargassum. This represents an area of opportunity in the field
of algal research, as there have not been enough studies as of
now to evaluate the feasibility of use of pelagic Sargassum for
biogas production.

Thompson et al. (2021) adjudged that pelagic Sargassum from
the Caribbean can be used for optimized biogas production when
using hydrothermal pretreatment coupled with anaerobic co-
digestion with food waste. Food waste was mainly composed
of noodles, bread and rice, vegetables, meat, coffee, tea, fruits
(24.8%), and eggshells in the study. The composition of the biogas
obtained will diverge depending on the pretreatment applied
prior to digestion. Hydrothermal pretreatment on Sargassum
biomass reduced the presence of hydrogen sulfide (H,S) in biogas
from 3 to 1%, relative to the untreated biomass (Thompson et al.,
2020a). In a posterior project, Thompson et al. (2019) studied
the digestion times of Caribbean pelagic Sargassum and achieved
maximum biogas recovery (116.72 £ 2.14 mL/g VS) within the
first 5 days of digestion due to the absence of lag-phase time for
methane production.

Some studies suggest there are ways to increase methane
and/or carbon dioxide yields, making the process more efficient.
Zaidi et al. (2021) studied biogas production using green
algae from China along with nickel nanoparticles (Ni NPs)
to attempt to increase biogas output, since NPs can weaken
cell wall structures and cause some substrates (like certain
carbohydrates) to be more readily available. Their results
demonstrated that the best yield was attained using 1 mg
of Ni NPs per liter of the mixture. It is noteworthy to
mention that green algae are different from brown algae
in many aspects; therefore, adjoining nickel nanoparticles
might not work for increasing the yield of biogas production
in a process with pelagic Sargassum as biological waste.
Oliveira et al. (2015) conducted a study with more relevant
findings regarding biogas production using the Sargassum genus,
although pelagic Sargassum specifically was not mentioned.
Methane production rate increased 38% when using glycerol
as co-substrate and 19% when using waste frying oil as co-
substrate.

SARGASSUM FOR BIOETHANOL
PRODUCTION

Algae capable of accumulating high starch/cellulose can serve as
an excellent substitute for food crops feedstocks for bioethanol
production (John et al, 2011). Furthermore, Sargassum is
rich in hemicellulose. The first stage in bioethanol production
is biomass pretreatment, as discussed in section “Sargassum
Pretreatment Methods.” Subsequently, enzymatic hydrolysis
is exerted to break down polysaccharides into monomers,
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FIGURE 3 | Schematic representation for the pathways of biofuel production from pelagic Sargassum biomass.

which the microorganisms involved in the fermentation
step can metabolize.

Enzymatic  hydrolysis  requires  specific  incubation
temperatures, pH values, and residence times to function
most efficaciously. The chemical composition of the treated
biomass determines the proper enzymatic cocktail to be
used (Aparicio et al, 2021). Some researchers have opted
to couple the step of saccharification (enzymatic hydrolysis)
along with fermentation and attained remarkable results.
Aparicio et al. (2021) used a Pre-Simultaneous Saccharification
and Fermentation (PSSF) strategy for Sargassum sp. This
strategy merges the benefits of the traditional sequential
hydrolysis and fermentation processing route and simultaneous
saccharification and fermentation (SSF) by incorporating a
pre-saccharification time before the SSF stage in previously
pretreated biomass. This strategy achieved glucose to
bioethanol conversion yield of 76.23 + 4.68% (equivalent
to 18.14 £ 1.11 g/L of bioethanol) after 12-h fermentation.
Pre-saccharification was done using a cocktail of 3-glucosidases,
hemicellulases, and endoxylanases. Ardalan et al. (2018)
showed 73% bioethanol yield from S. angustifolium in isolated
hydrolysis and fermentation steps, using alginate extraction
as pretreatment. This extract replaced the yeast extract in the

fermentation process, and no significant difference was beheld
in bioethanol yield. The pretreated Sargassum muticum via
microwave hydrothermal was submitted to separate hydrolysis
and fermentation, carrying-out a glucose conversion of 74% at
3 h hydrolysis and 96% of ethanol yield at 9 h of fermentation
(del Rio et al., 2021).

The mannose and glucose content present after enzymatic
hydrolysis of the Sargassum biomass is significant in bioethanol
production, as Saccharomyces cerevisiae (one of the most
common yeasts used in fermentation processes) ferments these
two simple sugars (Kostas et al., 2017). Of importance, the
content of mannose present in Sargassum is incredibly high,
as brown algae usually have high mannitol content, an alcohol
polymer of the sugar mannose (Jung et al, 2013). This
polysaccharide is the primary product of photosynthesis and can
be easily hydrolyzed by the enzyme mannitol dehydrogenase into
fructose for subsequent conversion to bioethanol (Thompson
et al., 2020b). Horn et al. (2000) used the bacteria Zymobacter
palmae to successfully ferment mannitol from L. hyperborea
extracts into bioethanol. There is prodigious potential in the
usage of pelagic Sargassum as feedstock for bioethanol and a gap
in the literature as to the best microorganisms for fermenting
the algal biomass. This capacity might be even greater than that
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observed for biogas production, as high levels of mannitol are
undesirable for anaerobic digestion.

The ideal goal is to develop cascading bio-refineries, in which
all conceivable by-products are extracted. A great example of
a biorefinery scheme can be observed in a recent study by
Abomohra et al. (2021), which used three different genera
of seaweeds, namely Ulva sp., Gracilaria sp., and Sargassum
sp., collected off the coast of the Kingdom of Saudi Arabia.
The researchers concluded that Sargassum sp. has the highest
copper biosorption capability, with 94.6% removal efficiency after
process optimization. The team used acid hydrolysis followed
by thermal treatment using steam in an autoclave at 120°C
for 60 min as a pretreatment step for bioethanol production.
The study reported that raw biomass had a higher biogas
production yield than biomass that had absorbed copper or gone
through fermentation for bioethanol production first. They also
discovered, however, that biomass that had absorbed copper
(bioremediation), then gone through fermentation (bioethanol
production), and at last through anaerobic digestion (biogas
production) had more biogas output (22.5% more) than biomass
that had just absorbed copper before being put forth as feedstock
for biogas production.

SARGASSUM FOR BIODIESEL
PRODUCTION

Traditionally, biodiesel production has been regarded as different
from bioethanol and biogas production in that biodiesel
production can be achieved directly through chemically catalyzed
transesterification from oils and lipids. Therefore, feedstocks for
biodiesel production require high fatty acid and lipid content.
Oil from crops such as soybean, sunflower, or palm is the most
abundantly used source of lipids and fatty acids for biodiesel
production (Jung et al., 2013). Due to their lack of lipid content,
seaweeds have not been traditionally explored as candidates for
biodiesel production. Abomohra et al. (2018) determined that
most seaweeds have less than 7% cellular dry weight lipid content
(some reaching up to 10% cellular dry weight content). Osman
et al. (2020) extracted lipids from seaweed biomass and used
the remaining material for bioethanol production using Ulva
intestinalis collected off the seashore of Alexandria, Egypt. They
reported that lipid extraction prior to fermentation enhanced
hydrolysis efficiency and sugar availability, which resulted in
14.1% higher bioethanol yield in comparison to untreated
biomass that was only fermented without any lipid extraction.
Howbeit, in a more novel sense, biodiesel production can
be explored via fermentation of algae with highly oleaginous
organisms that can consume the simple sugars available via
pretreatment methods (as described previously) and convert
them to fatty acids and lipids. Another approach that has
gained attention is the utilization of yeasts due to their
faster growth rate and capability of valorizing the hydrolysates
of lignocellulosic wastes. As an example, oleaginous strains
such as Yarrowia lipolytica advantages compared to high
innate lipogenesis potential (Miller and Alper, 2019). As a
robust oleaginous yeast, it has been well studied to produce

biofuels and other chemicals derived from fatty acids (Liu et al.,
2015; Cordova et al, 2020). Additionally, it has been shown
to have a high tolerance to a variety of organic compounds,
elevated salt concentrations, pH levels, the presence of ionic
liquids, heavy metals, salts, and other pollutants (aromatic, nitro,
and halogenated hydrocarbons, organophosphates) making it
epitome for waste valorization (Cordova et al., 2020). It is awaited
that similar approaches may be feasible with high volumes of
Sargassum-based biomass.

GENETIC ENGINEERING AND BIOFUEL
GENERATION FROM ALGAL BIOMASS

Gathering proper enzymes without committing substantial
amounts of capital is a problem in the biofuel industry, not
only for macroalgae, but also for microalgae (Brar et al.,, 2021).
Multiple metabolic processes and pathways of algae are not
completely understood, and further investigation is required
(Sahoo et al., 2020). Genetic engineering could pave a course for
synthesizing enzymes that are specific to marine algal substrates.
Metabolic engineering with the service of recombinant DNA
technology could help kindle adept biofuel yields via the design
of microbial biocatalysts (Konar et al., 2020).

There are some metabolic engineering strategies performed
for microbial conversion of brown macroalgae (sugars of the cell
wall) to ethanol. Some of the base hosts that have been used
to enhance bioethanol production are Escherichia coli EPI300
(Wargacki et al., 2012), E. coli ATCC8739 (Santos et al., 2013),
E. coli KO11 (Kim et al., 2020), S. cerevisiae SEY6210 (Takagi
et al., 2017), S. cerevisiae BY4741 (Motone et al., 2016), and
Sphingomonas sp. Al (Takeda et al., 2011).

In the cases of Sphingomonas sp. Al and E. coli EPI300
cultivated in alginate and Saccharina japonica, authors reached
0.26 g ethanol/g alginate yield and 0.28 g ethanol/g seaweed
powder, respectively, by overexpression and improved expression
of the Zymomonas mobilis genes (pdc and adhB) by an
endogenous promoter (Takeda et al., 2011; Wargacki et al,
2012). The chromosomal integration of the alginate-utilizing
pathway was used in E. coli ATCC8739 and was improved the
productivity (1,200%) and titer (330%) compared its plasmid
counterpart when was cultivated in a mixture of alginate,
mannitol, and glucose (5:8:1 ratio) (Santos et al., 2013). A study
carried out by Takagi et al. (2017) showed on the S. cerevisiae
SEY6210 cell surface, endo- and exo-alginate lyases were
inmobilizated from Saccharophagus degradans Alg7A and Alg7K.
The obtained result was 0.15 g ethanol/g of mannitol and alginate
mixture. Despite all the examples microbes abovementioned, the
metabolic engineering applications applied to marine microbes
are still limited.

CONCLUDING REMARKS AND
RECOMMENDATIONS

Sargassum has the potential to be valorized into multiple exciting
products. If adequate management is guaranteed for its collection
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before this biomass lands on beaches, its availability can be
regarded as advantageous. Many researchers point to the use
of Sargassum in the food or pharmacy industry; however, the
content of dissolved metals in this algae fluctuates greatly due
to the seasonal variables that influence Sargassum blooms, which
ultimately can invalidate Sargassum use for these purposes.
The concept of a Sargassum biorefinery makes it possible to
increase the economic advantages of the current problem of
massive Sargassum blooms on the beaches, being able to value
intermediate products, in addition to biofuels, obtained from
other components of the cell wall of the Sargassum, such
as alginates and fucoidans. As to the economic feasibility of
biofuel refineries, there is a dependence on a sum of factors:
local transportation infrastructure, biomass availability, initial
investment, among others. Success on a financial level for
actors devoting resources to a Sargassum-based biorefinery
is a function of further research and where the industrial
complex is to be built.

Recent attempts to establish efficient solutions to mitigate
the build-up of Sargassum biomass have proposed potential
valorization routes that have demonstrated that pelagic
Sargassum can be a competitive resource for clean energy
production. The use of pelagic Sargassum as biological waste
used in the production of biogas shows excellent potential and
opportunity. A combination of metal nanoparticles, different co-
substrates, and ingenious feedstock pretreatments are attractive
to attain the best yields. The digestate of biogas production can
be used as nutrient-free fertilizer. Nevertheless, the remarkably
high levels of toxic elements (e.g., arsenic) and salts present in
pelagic Sargassum found in the Caribbean must be discussed
in future works.

Bioethanol production from Sargassum includes operations
that already exist in second and third-generation bioethanol
production: pretreatment, saccharification, and fermentation.
Biotechnological procedures that couple fermentations with
enzymatic hydrolysis processes are an option for reducing
costs. Genetic engineering could be a gateway into making
necessary enzymes for increasing yields and efficiency. Finding
more energy-efficient procedures and process junctures that
promote economic remuneration are an excellent incentive for
corporations and individuals to stake in Sargassum as a green and
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