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The recent periodic influx of massive quantities of pelagic Sargassum spp. (sargasso) into the Caribbean has posed ecological, social, and economic challenges to the region. Sustainable use of the biomass is crucial to mitigate negative impacts of beached algae. The current uses of sargasso in Mexico are reviewed, and a biorefinery approach is proposed to optimize its commercialization. The commercialization potential of sargasso in the Mexican Caribbean is analyzed using the strengths, weaknesses, opportunities, and threats (SWOT) analysis. The unpredictability of the influx to the Mexican shores is considerable, both in time and space, also, some areas receive consistently more sargasso than others. The lack of available technology, local infrastructure and regulations concerning sargasso are relevant, as is the urgent need to establish proper regulatory measures. In the context of the Mexican legal system, the category “special waste” can best be applied to sargasso that is collected from the beach or nearshore waters for the purpose of regulation. Lessons learnt from in Mexico may be applied elsewhere, with adaptations for each specific location. More importantly, mutual understanding of the constraints and possibilities of sargasso management in other countries, or territories, may facilitate the coordinated management of this transboundary macroalgae bloom.
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INTRODUCTION

Mexico has an Exclusive Marine Economic Zone of 3.15 million km2 (Silva et al., 2014). Bioprospecting, i.e., the systematic search for natural components or organisms for the development of products, with applications in the pharmaceutical, biotechnological, agronomical, cosmetic, or bioremediation industries (Bhatia and Chugh, 2015), is amongst the economic activities in this zone. Such bioprospecting has been carried out on sixteen seaweed species found along the Mexican Atlantic coast (Ortega et al., 2001); however, pelagic Sargassum spp. (sargasso from now on) were not amongst them; as until 2014, its landings were sporadic, and of low to moderate biomass (Godínez-Ortega et al., 2021). The origin of the sargasso landings used to be the Sargasso Sea [see Figure 1, modified from Putman and He (2013)], but from 2011 the Great Atlantic Sargassum Belt began to form. Although the total estimated biomass in this new area of sargasso concentration was small at first (less than three million wet tons in total), it has increased over the years, reaching a maximum of 20 million wet tons of seaweed in June 2018 (Wang et al., 2019; see Figure 1).
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FIGURE 1. Major currents in the North Atlantic, the Sargasso Sea, and the Great Atlantic Sargassum Belt.


The periodic arrival of millions of tons of sargasso masses on the shores of the Caribbean has caused alterations in the environment (Smetacek and Zingone, 2013; van Tussenbroek et al., 2017; Chávez et al., 2020), with social and economic consequences that have affected the tourist industry in particular (Chávez et al., 2020). The increasingly massive influxes arriving on the Mexican coast could be seen as an opportunity to develop products with added-value. Initially, there was uncertainty as to whether the influxes of sargasso would recur; at present it is generally accepted that periodic massive sargasso inundations on the shores is the new “normal,” and that adaptation and mitigation strategies must be developed (e.g., Oxenford et al., 2021), including the commercialization of sargasso. The hypothetical commercial value of sargasso is becoming increasingly recognized, and many local communities throughout the Caribbean are becoming aware of its remarkable potential (Desrochers et al., 2020). Bioprospecting and subsequent commercialization of sargasso could potentially cover the costs of removing it near to the shore or on beaches, thereby mitigating their impacts on the environment (Silva et al., 2016; Chávez et al., 2020; Robledo et al., 2021; Thompson et al., 2021).

The systematic search for economically valuable products is based on the scientific study of biological samples. This “added-value approach” goes alongside developments in laws on intellectual property rights, environmental protection (e.g., to avoid overexploitation), new bio-rational approaches for specimen collection, as well as product development (Scott, 2001). The ocean is currently being “re-discovered” for bioprospecting, attracting stake holders who were previously oblivious to the sea. Although the ocean has been extensively used for a range of purposes throughout human history, it is still often perceived as “no man’s land,” or “Mare Nullius,” with resources “for free” (Bennett et al., 2021). Marine, or blue, biotechnology is becoming a blue bioeconomy, which includes prospecting for macro-algae, such as sargasso (Golberg et al., 2020).

The sargasso bloom that created the Great Atlantic Sargassum Belt affects many countries across and territories the wider Caribbean, equatorial Brazil, and part of the west coast of Africa. However, the severity and nature of the environmental, and socio-economic impacts differ according to the geographic region (UNEP-CEP, 2021). The Caribbean has numerous political entities, varying from small island states to larger territories with considerable stretches of coastline; these territories also have different levels of development as well as different levels of dependence on resources from the sea, such as livelihood/sustenance, fishing industries, or tourism. The UNEP-CEP (2021) identified that the socio-economic impacts of massive sargasso beaching depend on:


(1)The quantities arriving, according to geomorphology and exposure;

(2)Assets or resources present in the impacted areas, such as tourist infrastructure or natural resources, such as reefs;

(3)The capacity to mobilize resources to mitigate the massive beaching events.



The Mexican Caribbean has a coastline of >800 km, which has received sargasso yearly average volumes of 3.2 × 103 and 1.7 × 103 m3/km/month in the peak years, 2018 and 2019, respectively (Chávez et al., 2020). In this manuscript, we describe the massive beaching, harvesting, and commercialization efforts in Mexico, together with thoughts on the legal constraints and possibilities for the regulation of these efforts. It is hoped that the experiences in this part of Mexico may be adapted and applied elsewhere. Together with an improved understanding of the constraints and possibilities of sargasso management in other countries would facilitate coordinated management of this transboundary bloom.



DISTRIBUTION OF SARGASSO IN WATERS ALONG THE MEXICAN CARIBBEAN COAST

Cost-effective management of sargasso demands spatially explicit information on where this alga mostly accumulates for efficient collecting, and for optimizing storage and primary processing, which ideally takes place near areas with regular mass landings, to reduce transport costs. We used remote sensing techniques to obtain the spatial distribution of frequent sargasso landings on a regional scale.

Satellite images were used to observe sargasso accumulations along the Mexican Caribbean coastline, from Cancun to the Sian Ka’an Natural Reserve. The sargasso cover was estimated in hexagonal lattices of 2 km diameter, using Landsat 8 OLI imagery from 2016 to 2019. The presence of sargasso was detected following Cuevas et al. (2018), with a temporal resolution of 16 days between images. The prevalence (number of days that sargasso accumulations were detected in a hexagon as a percentage of the total number of observed days in that hexagon), cumulative sum (the sum of hectares covered by satellite where sargasso was detected in a hexagon, considering all the processed images from 2016 to 2019), and variability of sargasso (standard deviation of the satellite detected sargasso cover in a hexagon over the study time) were calculated for each of the hexagons. Jenks-natural breaks method was used to classify the hexagons in terms of sargasso presence (Table 1).


TABLE 1. Statistics for multivariate classification based on the prevalence, variability, and total area covered by sargasso from 2016 to 2019, along the northern coast of the Mexican Caribbean.
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The central part of the coastline studied, between Tulum and Puerto Morelos including Cozumel Island, almost always had large aggregations of sargasso during the periods of influx [usually from March until October (García-Sánchez et al., 2020)], although the variability in the amounts was high (class 4, red areas in Figure 2B). This part of the coastline which receiving most sargasso represents ≈20% of the coastline, with a length of ≈90 km. The remaining ≈80% of the coastline studied received smaller volumes of sargasso, but with a high prevalence and low variability (class 2, orange areas in Figure 2B), distributed in a relatively narrow strip (30 km width). Further offshore, medium-size patches with low prevalence (class 3, purple areas in Figure 2B) were detected, with a certain concentration in the sea to the west and southwest of Cozumel Island. Finally, class 1 (light yellow areas in Figure 2B) relates mainly to oceanic waters (but also includes a small part of the coast, south of Tulum) where large accumulations of sargasso do not occur. Most sargasso further offshore is probably transitory and does not reach the Mexican shore. Thus, open ocean harvesting of sargasso in the northern part of the Mexican Caribbean may be undesirable; the sargasso does not form large concentrations in fixed areas, and they are likely to stay in the ocean to be carried away, north, by the Yucatan Current.
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FIGURE 2. (A) The Mexican Caribbean and (B) map showing the classification of sargasso, based on LandSat satellite data from 2016 to 2019.




HARVESTING

The large variability in the sargasso landings poses a challenge for near-shore harvesting or collection from the beaches. Planning for seasonal variability may be possible to a certain degree, although the enormous interannual variations mean that planning and logistics for the acquisition, temporal storage and maintenance of machinery, as well as the contracting of workers, is more difficult. For example, the interannual irregularity of the influx produces maintenance costs for equipment in non-sargasso years, which should be included in determining viable business scenarios. Oxenford et al. (2021) have already stated that the irregular supply of sargasso is a major challenge for the valorization of sargasso on an industrial scale. The overall amount of sargasso available as a raw material for industrial development cannot be guaranteed. To overcome the irregular supply and provide a supply of the raw material in years of low influx, harvested sargasso could be stored (at a cost) or sargasso could be cultivated (at a higher cost, probably).


Beach Collection

In Mexico, maintenance of the public beaches; including the collection of beached sargasso is the responsibility of the corresponding municipalities. Thus, the jurisdictional responsibility of the beached sargasso depends on the municipality and state government. Sargasso and its epibionts (Mendoza-Becerril et al., 2020), may contain heavy metals, such as arsenic (Rodríguez-Martínez et al., 2020) or other toxins [e.g., chlordecone, (Devault et al., 2021a)], but only if their concentrations are excessively high (which has yet to be established), can sargasso be considered hazardous, and as such become subject to federal regulations. Individual hotels are responsible for the maintenance of beach sections for which they have been granted concessions, which includes keeping it free from sargasso. The photographs in Figure 3 show sargasso collection along the 400 m long beach in front of a hotel in Puerto Morelos (20°49.7′N 86°53.6′W; see Figure 2A). Table 2 shows the sargasso collection costs for this hotel, through 2019 (Lucena, 2020), which give an idea of the temporal variability of the quantity of beached sargasso in the area and the costs involved. From January to July, the collection was possible without a tractor, given the small amount of beached sargasso.
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FIGURE 3. Sargasso collection at Puerto Morelos (20°49.7′N 86°53.6′W, see Figure 2A), June 2019.



TABLE 2. Sargasso collection data from a hotel with a 400 m beachfront in Puerto Morelos in 2019.
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Harvesting Sargasso in Nearshore Waters

Beached sargasso masses have a negative visual impact, cause damage to the nearshore ecosystems and beaches (van Tussenbroek et al., 2017), and if left to decompose, has an unpleasant smell, releasing corrosive gasses that may be a danger to public health (Chávez et al., 2020). The containment and collection of sargasso in nearshore and off-shore waters is a means of avoiding these undesirable effects. Companies such as Grupo Dakatso de México, S.A. de C.V. (Dakatso, 2020) offer these services in the Mexican Caribbean. The sargasso is monitored with satellite images and drones in a 2 km radius area, to keep that area free of beached sargasso (Dakatso, 2021a). Various types of barriers are used to contain or redirect the sargasso (Figure 4A), depending on local conditions. Small vessels with a sweeping system are employed to collect the sargasso detained by the barriers (Figure 4B), collecting up to 15 wet tons of sargasso from the barriers, or 7 wet tons of dispersed sargasso. The collected sargasso is then transferred to an authorized site for trituration (with permission is authorized by the Mexican Ministry of the Environment, when the site complies with the General Law for the Prevention and Comprehensive Management of Waste). The cost of renting barriers and maintenance, monitoring, collection, and trituration of the sargasso by Grupo Dakatso de México, S.A. de C.V is approximately $1,800,000.00 MXN (≈$87,500.00 USD) per km of protected coastline per month.


[image: image]

FIGURE 4. Barriers contain the sargasso (A) and it is collected at sea (B). Photos courtesy of Grupo Dakatso S.A. de C.V.





EXPLORED USES OF SARGASSO IN MEXICO


Alginates and Fucoidans

Polysaccharides in the cell walls of all brown algae, including Sargassum species (which include pelagic sargasso and benthic species) prevent the algae from drying out and also provide strength and flexibility (Puspita et al., 2020). The most abundant polysaccharide in sargasso is alginate (Liu et al., 2012), which has applications in the pharmaceutical and food industries, where they are used as thickeners and stabilizers; their viscous consistency is due to their water absorption capacity (Jesumani et al., 2019). Alginates extracted from other Sargassum spp. have shown anticancer and antiviral properties (de Sousa et al., 2007; Sinha et al., 2010), but regular intake of these alginates can bring health risks with alterations to the kidneys and liver. Studies on animals have demonstrated that the consumption of certain alginates causes hyperplasia in the spleen, glomerular and tubular hemorrhage in the kidney, and degeneration and hemorrhages in the liver (de Sousa et al., 2007).

The term alginate refers to alginic acid (sodium salts, calcium, and magnesium). Sodium salts have the highest solubility, and their extraction consists of transforming all types of alginate salts into sodium salt to facilitate their dilution in an aqueous solution (Fertah, 2017). For this, two conversions are employed: first, the alginate salts are converted to alginic acid by acid pre-treatment; and secondly, the alginic acid (in insoluble form) is converted into sodium alginate (soluble) by alkaline extraction. This allows the precipitation of the fibers and finally the solubilized sodium alginate is dried (Hernández-Carmona et al., 2012; Fertah, 2017). During these processes, parameters such as temperature, reaction time, and the percentage of aqueous ethanol must be controlled (Mazumder et al., 2016; Mohammed et al., 2020). Alkaline extraction at high temperatures (above 80°C) decreases the yield of sodium alginate due to the breaking of uric acid chains, resulting in lower viscosities (Mohammed et al., 2018). Longer reaction time improves the penetration of the liquid into the algal biomass and thereby the dilution and release of the alginate (Mazumder et al., 2016). Mazumder et al. (2016) report that the alginate yield increases with aqueous ethanol percentages of 70–100%. Alginate extraction is carried out in Mexico by Creamos Más S.A. de C.V. (Creamos_Más, 2020) using the procedure shown in Figure 5.
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FIGURE 5. The Creamos Más alginate extraction process.


All Sargassum species also have a relatively high contents of fucoidans, also called fucans, which are polysaccharides containing fucose and sulfate (Sanjeewa et al., 2018), with potential antiviral, anticancer, antioxidant, anti-inflammatory, antimicrobial, and anticoagulant properties (Thinh et al., 2013; Sanjeewa et al., 2018). The bioactive properties of fucoidans are attributed to the content and position of sulfate and vary with the size and geometry of the molecule. According to Sinha et al. (2010), fucoidans from Sargassum tenerrimum can inhibit the binding and penetration of host cells by viruses, although the mechanism involved is unknown. Fucoidan has low toxicity and can therefore be used for the production of antiviral drugs. The anticancer activity of fucoidan has been determined in animal studies, which show that they can reduce the size (weight) of tumors. The anticoagulant properties of fucoidan depend on the degree of sulfating and may be higher than that of heparin, one of the most widely used anticoagulant drugs (Jesumani et al., 2019). Fucoidan is extracted from ground algae that are suspended in the buffer solution, followed by a precipitation process using ethanol (after the elimination of the alginates, using CaCl2) with optimal conditions of 60°C, and a pH of 4. Sinurat et al. (2016) filtered and centrifuged macerated dried Sargassum binderi with CaCl2 as a solvent, subsequently employing ethanol for the precipitation of fucoidan, yielding 4.02% and total sulfate content of 10.90%. Hifney et al. (2016) used a hot buffer process, obtaining fucoidan yields of 19.00% and sulfate content of 47.60%. It is important to note that specific compositions of fucoidan can be obtained depending on the conditions of the algae (e.g., wet or dry), the heterogeneity and structural complexity of the species, as well as the part of the plant, the season, and the extraction method used (Eluvakkal et al., 2010; Zayed and Ulber, 2019). Although fucoidan has promising applications in medicine, further studies into its effectiveness, potential cytotoxicity, and other secondary effects are needed. The extraction of fucoidan is carried out in Mexico by Creamos Más S.A. de C.V. (Creamos_Más, 2020) following the procedure depicted in Figure 6.
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FIGURE 6. The Creamos Más fucoidan extraction process.




Complementary Animal Feed

Like all Sargassum species, sargasso is high in carbohydrates, essential amino acids, vitamins, minerals, and beta-carotene (Carrillo Domínguez et al., 2002; Casas-Valdez et al., 2006), which makes it suitable as (complementary) animal feed. Three studied benthic Sargassum species in Mexico have high percentage of carbohydrates (39%), but low crude protein (8%); in addition, they contain vitamin compounds, such as retinol and ascorbic acid with concentrations of 821.50 and 46.25 mg per 100 g of Sargassum spp., respectively (Casas-Valdez et al., 2006). The flour obtained from benthic Sargassum species has been fed to chickens, reducing the cholesterol in hens and increasing their egg quality (Meza, 1998). Casas-Valdez et al. (2006) evaluated Sargassum spp. as a complementary feed for goats in experiments with 25% of the flour from Sargassum spp. The results were similar when fed either on the usual feed, or the sargasso-based feed. These studies based on benthic Sargassum spp. have established that these algae provide large amounts of minerals that can be easily digested by animals (Gojon-Báez et al., 1998). However, it has yet to be established whether sargasso from the Mexican Caribbean has similar results; in addition, the high arsenic content found in Caribbean sargasso (Rodríguez-Martínez et al., 2020) must be addressed before implementing its use as an animal feed. The presence of epiphytic communities (Salter et al., 2020), mostly calcifying hydroids (Mendoza-Becerril et al., 2020), should also be considered before using sargasso as livestock feed, as they may alter its nutritional composition.



Complementary Fertilizer

Sargasso is rich in essential minerals, including potassium, but has low nitrogen and phosphorous contents and can thus be used as a complementary fertilizer. Sargasso can be applied directly, like manure, compost, or chemical extract. Table 3 shows the composition analysis of sargasso collected in February 2019. The samples are of Sargassum fluitans III, Sargassum natans I, and S. natans VIII, and the relative contribution of each species/morphological form is highly variable (García-Sánchez et al., 2020); therefore, the chemical composition of mixed algal masses may vary accordingly.


TABLE 3. Chemical composition of the different Sargassum species (Davis et al., 2021).

[image: Table 3]
Extracts taken from Sargassum species have been used in crop production as foliar applications, soil drenches, or seed treatments (Kalaivanan and Venkatesalu, 2012; Mohanty et al., 2013). The concentration of sargasso can be controlled within the varying doses supplied (Mohanty et al., 2013). Sargasso extracts promote crop growth and yield (Anantharaj and Venkatesalu, 2002), increases the weight of the roots, the number of fruits, and the percentage of total soluble solids (Sutharsan et al., 2014). Liquid fertilizers also accelerate the growth of various parts of the plants, such as stems, leaves, flowers, and fruits (Kumar et al., 2012). Solid sargasso fertilizer includes the preparation of sargasso flour or the direct application of thalli to the soil (Kumar et al., 2012; Thompson et al., 2020b). In Mexico, the companies Salgax (2019), Dianco (2021), and C-Combinator (2021) have developed products based on algae, including sargasso. The high salt and arsenic contents of sargasso are issues which must be addressed when it is to be used as a complementary fertilizer.



Biofilters and Biosorbent Materials

The alginates in the cell walls of sargasso are porous and can absorb various polluting compounds (Saldarriaga-Hernandez et al., 2020); therefore, they can be used as a medium for the biosorption of metallic ions and organic dyes (Mahmood et al., 2017; Hannachi and Hafidh, 2020). Biosorption is a simple, safe, and inexpensive technique to remove toxic substances (Kanamarlapudi et al., 2018; Elgarahy et al., 2021). Certain metal ions can cause a range of problems in the environment, which in high concentrations can affect flora and fauna. As a biosorbent, sargasso can remove lead, mercury, zinc, and copper ions through physisorption, microprecipitation, ion exchange, and chemisorption (Robalds et al., 2016). In physisorption, cations are trapped on the biosorbent surface due to electrostatic and Van der Waals attractive forces. Microprecipitation is a crystallization process caused by the reaction between the metal ions and the polymers of the substrate. In ion exchange, the ions from sargasso are replaced by metal ions with similar charges. Finally, chemisorption is the result of the chemical chelation between the metal ions and the organic ligands of the substrate (Calderón et al., 2020; Singh et al., 2020). Besides metals, toxic, organic dyes, used in the textile and paper industry, can also be removed through biosorption (e.g., Hannachi and Hafidh, 2020; López-Miranda et al., 2020). If these substances are not removed and reach the environment via wastewater discharge, alterations may occur in ecosystems.

In Mexico, sargasso-based biofilters have recently been developed to remove contaminants in aqueous solutions (López-Miranda et al., 2020). Figure 7 shows the prototype used, details of the design, and construction of the filter. Figure 7A shows the tubular element of the filter housing. The water inlet and outlet are at the bottom and top of the tube, respectively. Figure 7B shows the cartridge inside the casing, which is made up of layers of approximately 7 g of dried processed sargasso. The processing consisted of placing the sargasso in a 10% hydrogen peroxide solution for 2 h, and then drying it in the shade in order to expose chemical bonds and increase the removal capacity. At the end of each of these parts is a nylon mesh preventing the sargasso from dragging. Removal efficiency is determined by the quality of the sargasso, the concentration of the contaminant, the inflow of the aqueous solution, the area of the biofilter, and the distribution of the sargasso within the filter.
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FIGURE 7. Filter prototype for testing the removal of contaminants: (A) design of filter housing and (B) filter cartridge containing sargasso.


López-Miranda et al. (2020) showed that these biofilters remove methylene blue (100%), methyl red (36%), and methyl orange (65%), when applied in 4–6 ppm concentrations. The removal capacity of lead in solution is also high (96%) and is constant for up to 5 L of contaminated water; thus, the volume of water that can be treated in this way is >700 L per kg of dried sargasso. This type of biofilter can be used in both domestic and industrial applications.



Construction Materials

In Mexico, the Blue & Green company (Blue-Green, 2018) produced the first bricks made of sargasso, called a “sargablock.” The first house using sargablock has already been built, made of 40% dry sargasso. It is estimated that a 40 m2 construction requires 2,150 blocks, and 20 wet tons of sargasso. Studies carried out by the Secretariat of Ecology and Environment of Quintana Roo state, Mexico, found that the resistance of the bricks is 75–120 kgf/cm2, while its durability can be up to 120 years, regardless of the region or climate type where they are used (Desrochers et al., 2020). Currently there is no other sustainable material as resistant, or with such a long useful life. Sargabricks are therefore seen as a viable and safe material for the creation of ecofriendly buildings.

Another application for the construction industry is “sargacreto,” produced by Grupo Dakatso S.A. de C.V., Mexico (Dakatso, 2021b); sargasso mixed with concrete, to give it a more attractive esthetic appearance. The sargasso is dehydrated then mixed with a 60% concrete concentration. It can be used to build sidewalks, blocks, joists, and vaults. As yet there are no detailed studies on the properties and characteristics of the blocks made out of sargacreto.

For both sargablocks and sargacreto, further studies are required to test the environment around such constructions for Sick Building Syndrome, indoor air quality, acoustics, and radiation (Joshi, 2008).



Other Products

A Mexican-based company, Renovare (2021) designed eco-friendly shoes. For each sole 100 g of dried, crushed sargasso is used, while the upper part of the shoe is made from recycled plastic bottles. Sargasso is also locally used by craftspeople who mix it with resin to make plant pots, vases and ornaments.

Paper can be made from the cellulose in sargasso, thus reducing the demand for trees in paper production. According to a patent (Nicolucci and Monegato, 1996), paper made from algae is manufactured through an 8 stage process (Figure 8). In Mexico today, the Salgax (2019) and Sarganico (2021) companies make various paper and cardboard products from sargasso.
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FIGURE 8. Manufacturing process of paper made from algae.





A PROPOSAL FOR A SARGASSO BIOREFINERY

A biorefinery is a facility for processing biomass in a sustainable way to obtain a spectrum of high added-value products and bioenergy (Balina et al., 2017). The products with the highest added-value are obtained first, and the solid residues generated at the end of the process are used for the production of bioenergy, such as biogas and biochar. The aim of this cascade approach is that waste from the biorefinery is minimal (Rajak et al., 2020).

Brown seaweeds, including sargasso, are generally rich in polysaccharides (30–50% dry weight), and contain practically no lignin (Yanagisawa et al., 2013), in contrast to lignocellulosic biomass that comes from plants (Zoghlami and Paës, 2019), making extracting the polysaccharides easier. This feature, along with the faster growth rates of seaweeds compared to plants, has positioned macroalgae as an appropriate feedstock for biorefineries. The trend is to develop new and simple bioprocesses that allow a combination of high added-value products to be recovered, not just one product. For example, a fucoidan, with health benefits and nutritional benefits, could be placed in the market as one product (Lange et al., 2020). To achieve this, new biotechnologies specifically designed for macroalgae must be developed.

In a sargasso-based biorefinery at least two conversion processes could operate, depending on the end products it seeks to deliver: chemical conversion to extract alginates and fucoidans, and biological conversion to produce bioenergy. Operational units such as grinding, heating, decanting, solvent extraction, and centrifuging would be indispensable for extracting the value-added products in the first step, and the final solid residue could be used for biogas production (Flórez-Fernández et al., 2021). Another option could be to extract the sugars through saccharification and use them for other purposes (Davis et al., 2020), such as ethanol production; in that case, a fermentation step is required, and the operational units necessary for recovering ethanol. In this option, an anaerobic digester would also be necessary to convert the final residues into biogas (Figure 9). Although the total carbohydrate content of sargasso could be around 11% (Desrochers et al., 2020), the composition of the polysaccharides may differ between morphotypes of S. natans and S. fluitans (Davis et al., 2020). Saccharification, using the enzymes Cellic CTec2 (developed for lignocellulosic biomass) and a generic amyloglucosidase, releases galactose, glucose, and mannose from sargasso (Davis et al., 2020), which are key intermediaries for producing biofuels. Various companies or consortia in Mexico are exploring biorefinery of sargasso, such as Creamos Más S.A. de C.V. (Creamos_Más, 2020) and Metco (2021). Currently, in Mexico, there are no reports of integrated biorefineries based on sargasso that produce and commercialize high-added value products, biofuels, and other side products such as animal feed, plant stimulants, and soil improvement products.
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FIGURE 9. Proposed platforms for a sargasso biorefinery.



Products of High Added-Value

Alginates (9–40% dry weight) and fucoidans (5–20%) can be used in the pharmaceutical, cosmetic and food industries for their properties as emulsifiers, stabilizers, and in the case of fucoidans as skin protectants (Priyan Shanura Fernando et al., 2019), and are thus high added-value products. The antioxidant properties of sargasso make it an attractive material for developing cosmetic products (Sanjeewa et al., 2018). The various pigments it contains can also protect the skin against UV rays (Kim et al., 2013). In addition, it has a high vitamin content, making it interesting as a raw material for skincare products (Jesumani et al., 2019). The polysaccharides in sargasso also inhibit collagenase and elastase activity in the skin; proteins are responsible for the deterioration of the skin, making it attractive in the manufacture of anti-aging products (Jesumani et al., 2019).

Phenolic compounds, mainly phlorotannins, are bioactive components of brown seaweeds with antioxidant, bactericidal, and anticancer properties (Li et al., 2011). At present, in Mexico, phenolic compounds are not extracted from sargasso for commercialization, but this may be possible in a biorefinery. Phenolic compounds have been reported in various species of Sargassum (Puspita et al., 2020), whereas Davis et al. (2020) determined the content of phenolic compounds in sargasso (S. natans and S. fluitans), using the methodology of Folin-Ciocalteu. They found that S. natans contained up to 3.10 mg/g of dry biomass and S. fluitans 1.20 mg/g of dry biomass. However, variations in the phenolic content are probably great, depending on the trajectory of the seaweed, as well as the collection, transport, and storage conditions. The enzymatic extracts (Viscozyme) of Sargassum muticum contained 6% of phenolic compounds (dry weight) and showed free radical scavenging activity vs. 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power; the extract did not show antibacterial activity but avoided the formation of biofilms of Pseudomonas aeruginosa and Escherichia coli (Puspita et al., 2017). The anticancer activity of phlorotannins from brown seaweeds has not reached clinical trials yet; nonetheless, several works highlight the anticancer role of phlorotannins in vitro and in vivo (Erpel et al., 2020). Currently, there are no reports showing the antioxidant, bactericidal, or anticancer properties of sargasso extracts, but bioprospecting for components with such properties may be promising, in a biorefinery approach.



Bioenergy


Biogas

Biogas is produced from the anaerobic digestion of organic biomass; typically, 50–70% of the gas produced is methane, and 30–50% is CO2 (Angelidaki et al., 2019). The biomethane potential of brown seaweeds is between 200 and 380 L CH4/kg volatile solids (VS), which is generally lower (<50%) than the theoretical potential and higher than lignocellulosic biomass (100–260 L CH4/kg VS), for example. This low yield is attributed to the complexity of the polysaccharides, including the degree of polymerization (alginates) and the sulfur content (fucoidans), as well as the concentration of polyphenols and salinity (Thompson et al., 2019). It is also important to consider that the biogas produced must be upgraded to increase the biomethane content. In addition to CO2 and CH4, raw biogas may contain low concentrations of hydrogen sulfide, water vapor, and NH3, among other gases. These compounds, along with CO2, reduce the calorific value of the biogas and need to be removed before it can be used as fuel (biomethane content >95%). Several physicochemical methods can be used to remove CO2, including water- and organic-scrubbing, absorption, adsorption, and membrane separation (Angelidaki et al., 2019).

Information on biogas production from solid sargasso residues, following the extraction of high added-value compounds, is limited. At laboratory scale, the biomethane potential from the anaerobic digestion of the solid residue biomass (0.15 L CH4/kg total solids or TS) and fresh biomass of Sargassum mucticum (0.18 L CH4/kg TS) were very similar (Flórez-Fernández et al., 2021). Both biomasses were subjected to washing, grinding, freezing, and thawing; the solid residue was obtained after autohydrolysis at 150–170°C, to extract alginates, fucoidans, and phenolic compounds. Surprisingly, the biomethane potential was slightly higher after the organic compounds were extracted, but anaerobic digestion of alginates has resulted in low biomethane production yields (Milledge et al., 2019). Overall, the work of Flórez-Fernández et al. (2021) on S. muticum supports the biorefinery approach for obtaining a combination of high added-value products and bioenergy from sargasso, rather than using it only to produce biogas (a single product approach). Other authors have also stated that the only way that biofuel production from macroalgae would be economically attractive is to also produce marketable, high added-value products (Song et al., 2015; IEA-Bioenergy, 2017; Kumar et al., 2018; Rajak et al., 2020).

Even without a biorefinery, or if the added-value products are not economically feasible due to seasonality, the sargasso biomass can still be used to produce biogas. The main advantage of sargasso as feedstock for anaerobic digestion is its low or zero lignin content (Konda et al., 2015). However, pre-treatments are necessary to break the cell wall structure and release the organic matter. The most promising pre-treatment for biogas production from sargasso is hydrothermal pre-treatment, where the biomass is heated with hot water or steam at 100–180°C. Using hydrothermal pre-treatment (140°C, 30 min) with a severity factor of 2.65, the biomethane potential reached 116 L CH4/kg VS in contrast to 41 L CH4/kg VS for non-pretreated pelagic S. fluitans (Thompson et al., 2020a). The severity factor relates to the extent of a reaction based on the temperature and time; this factor predicts deconstruction and polymer yield of complex biomass during saccharification (de Farias Silva and Bertucco, 2018). Another pre-treatment applied to sargasso in Mexico to improve the biomethane potential is using the fungus Trametes hirsuta and its enzymatic extract (Tapia-Tussell et al., 2018). The biological pre-treatment with the fungus yielded a biomethane potential of 104 L CH4/kg VS, which is 21% higher than the sargasso exposed only to the fungus enzymatic extract and 28% higher than the non-pretreated sargasso.



Bioethanol

The main challenge in transforming sargasso into bioethanol is converting the variety of carbohydrates into fermentable sugars that not only include glucose, but also other hexoses (galactose, mannose) and pentoses (xylose) (Devault et al., 2021b). Pre-treatment to deconstruct the biomass, while assuring the release of polysaccharides, is needed. This can be achieved by hydrothermal processes, steam explosion, wet oxidation, and simply milling (Harun et al., 2013). The next step is to convert the polysaccharides into monosaccharides, which can be achieved by thermochemical processes (dilute acid or alkali) and using mild temperatures (50–100°C), avoiding the formation of inhibitory compounds, such as furfurals. An alternative is enzymatic saccharification; however, the efficiency is suboptimal due to their low specificity as some enzymes are designed for lignocellulosic materials. Enzymes obtained from marine sources, such as alginate lyases and laminarases, can be used for saccharification, but have low efficiencies (Torres et al., 2019). After obtaining the monosaccharides, fermentation can be carried out using Saccharomyces cerevisiae, Pichia stipitis, or Pachysolen tannophilus.

For the brown alga Laminaria digitata, hydrolyzed with acid and enzymes after fermentation with S. cerevisiae the bioethanol yield reached 94% (Kostas et al., 2017), whereas Sargassum species had a yield of 65–85% after pre-treating with dilute acid (Borines et al., 2013). As far as we know, no fermentation processes using sargasso for bioethanol production are currently applied in Mexico. The challenge will be to achieve a greater degree of hydrolysis conversion from polysaccharides to monosaccharides, and to find, or even design through metabolic engineering, more flexible yeasts that use glucose and the other sugars found in the hydrolyzates.





LEGAL FRAME WORK FOR VALORIZATION OF SARGASSO

In the evolving regulations concerning natural resources and waste in Mexico, three legal perspectives are possible concerning the valorization of sargasso: (1) as a natural resource (focusing on the ecosystem services it provides); (2) as a raw material (focusing on its extraction and transformation); (3) as waste (unclaimed beached sargasso, i.e., once beached, or destined to arrive on a beach).

When sargasso is considered a natural resource, found in the sea, it should be regulated by constitutional provisions [e.g., (DOF, 2021a, b, c, d), see Supplementary Material 1], under the federal jurisdiction of the Secretaría de Marina (the Mexican Navy). When it is considered a raw material, the Comisión Nacional de Pesca (the Ministry of Fisheries) should be the federal body with the responsibility of overseeing its exploitation.

Before sargasso can be employed as a raw material for products, it needs to be stored temporally. When it is not to be used for any purpose, it must be disposed of properly. The state government has the legal responsibility for the temporal storage or disposal of sargasso, unless it is considered as a hazardous waste. Sargasso contains heavy metals [e.g., arsenic (Rodríguez-Martínez et al., 2020)] and other toxins [e.g., chlordecone, (Devault et al., 2021a)]; if these levels are excessively high, sargasso may be considered hazardous waste and becomes subject to federal regulations. The federation would also be responsible for the (decaying) beached sargasso, which at present is cleaned by municipalities and concessionaries of the beach sections (see above). However, this potential toxicity should be further studied; although the concentrations of toxic elements may be too high for certain uses, they may be below the levels of hazardous waste.

To regulate beached sargasso as a potential resource (when collected from the beach or nearshore waters with barriers), it is best categorized as a “waste requiring special treatment” from a legal perspective, even though it may appear contradictory to consider a potential resource as a waste. The main problem in viewing beached sargasso as waste, is that the regulations concerning its management stipulate that the generator is the owner of the waste, and since no specific individual/legal entity is identified as owning or responsible for the generation of sargasso, it must be seen as “orphan waste.” As such, the Mexican federation is responsible for the regulation of this waste in all its facets: from the management of its contamination effects and potential damage to human and ecosystem health to establishment of comprehensive, circular management processes, including valorization.

Therefore, a National Strategy for the Use of Sargasso must be developed, to handle the processing cycle of sargasso from a regenerative approach, using biopolitical indicators founded on scientific evidence, rather than relying on purely administrative decisions (Pantoja, 2020, 2021). Examples of such biopolitical indicators are the climatological models and indicators of environmental vulnerability (e.g., to droughts and floods), implemented to assign microcredits from green funds to compensate for climate change, and the program for the temporary regularization of migrants from countries affected by natural disasters in the United States (Bolaños Guerra, 2018).



CHALLENGES FOR THE SUSTAINABLE USE OF SARGASSO

Recent reports (Oxenford et al., 2021; Robledo et al., 2021) have already highlighted the general challenges in the valorization, and industrialization of sargasso in the Caribbean. A strengths, weaknesses, opportunities, and threats (SWOT) analysis helps to identify the strengths, weaknesses, opportunities and threats related to the commercialization of sargasso in Mexico (Figure 10).
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FIGURE 10. Analysis of strengths, weaknesses, opportunities, and threats (SWOT) related to the commercialization of sargasso in Mexico.


The strengths are: (1) the long coastline receiving enormous quantities of sargasso, which allows for valorization/commercialization on an industrial scale; (2) the need deter ecological, economic and social disaster through harvesting/collecting and disposing of sargasso in any possible way; (3) the potential of finding solutions through the ongoing development of sargasso-based products by the academic sector and entrepreneurs.

Weaknesses include: (1) the unpredictability of how much sargasso can be expected to arrive each year; (2) the lack of norms and regulations for the harvest, transport, and exploitation of sargasso. Such regulations are also essential to guarantee legal certainty for investors; (3) the lack of a comprehensive approach to the valorization of sargasso. At present there is no, or insufficient, coordination among academic institutions, industries and the (different levels of) government to promote and normalize the use of sargasso; (4) the costs of pre-treatments to enhance the properties of sargasso; (5) the lack of companies that collect and process sargasso in the Mexican Caribbean; (6) the lack of clear business models that assess whether valorization is economically viable (with, or without, the gains obtained in protecting the environment, economy and society through the collection of sargasso).

Opportunities in the commercialization of sargasso include: (1) the development of technologies and patents; creation of new “know-how” that can be passed on to other nations which face similar influxes; (2) the establishment of an alternative income for the region, as at present the economy of the Mexican Caribbean is almost entirely dependent on the conjuncture-sensitive tourism industry; and (3) the development of a technology for sargasso farming.

Threats include: (1) the uncertainty regarding the continuance of the Great Atlantic Sargasso Belt, as macro algal blooms often have at “boom-bust” cycle (Tyler et al., 2001; Human et al., 2015); however, such cycles are usually on an estuary scale, involving local nutrient recycling, whereas sargasso is drifting in the open ocean. The current consensus is that it is likely to continue, and that adaptation to periodic massive influxes is required; (2) sargasso may be unsuitable for certain uses; when it contains arsenic and/or chlordecone it should not be used in any process in the food chain (Devault et al., 2021a); (3) the factors that are thought to have caused the sargasso bloom (human-induced climate change, corresponding changes in oceanic currents, upwellings and region-wide eutrophication) may cause other environmental hazards that cannot be solved.



TOWARD A CIRCULAR ECONOMY

The circular economy is defined as the economic space where the value of products, materials, and resources is maintained in the economy for as long as possible, minimizing waste (Carus and Dammer, 2018). Reusing, recycling, remanufacturing, and optimizing the durability of products is indispensable in the circular economy framework, to ensure that the loop is closed (Sverko Grdic et al., 2020). A biorefinery aims to use the renewable carbon of biomass and minimize waste and emissions (Cherubini, 2010), coming closer to a circular bioeconomy framework (Ubando et al., 2020). In addition, sargasso fixes the (excessive) carbon in the atmosphere and takes up the (excessive) nutrients in the ocean, converting them into biomass. The natural environment will improve, if this biomass is adequately retrieved and processed, avoiding the return of carbon to the atmosphere, or nutrients to the ocean. This could be achieved with a circular, cascading approach, with zero waste, as pursued in biorefineries (Torres et al., 2019), with the valorization of bio-products. Sustainability would be assessed through life cycle, and techno-economic and social-economic analyses (Ubando et al., 2020). Currently, there are no biorefineries based on the pelagic sargasso arriving in the Caribbean, but we can learn from other experiences and adopt a biorefinery approach to process sargasso in multiple products minimizing or eliminating waste.

This economic model implies systemic transformations that call for theoretical, empirical, and political reflection on the use of assets and on human rights guarantees. Renewable resources are managed in flows, and finite resources by inventory, assuming their finite nature (Pantoja, 2020). The main drivers of the circular economy are increasing price volatility, restrictions on the supply of primary resources, environmental policies and a new consumer culture. The efficiency of a circular model can be measured by the distance between the useful life of a product and its reintegration into the production process: the shorter the distance, the higher the yield, as the product is inserted in more, and varied, life cycles (EMF, 2021).

The antithesis of the circular economy is the linear economy, “the economy of consumption,” of extract, use and throw away (EMF, 2021). The linear economy ignores the finite nature of many materials, concentrating on their recovery and valorization by analyzing the life cycles of materials and resources from a regenerative perspective. If we ignore the scarcity element of resources as a fundamental element of economic science (Balmaceda, 2017), we omit activities such as conservation, natural heritage, energy efficiency, the reduction of greenhouse gases, the recovery, valorization, and recycling of its waste. In this way we have created models of excessive resource exploitation and a disproportionate generation of waste, thus destroying the capacity of the environment to regenerate or adapt to such changes (Pantoja, 2021).

The circular economy model will allow the Mexican Federal State, and particularly the state of Quintana Roo, to face the arrival of massive quantities of sargasso on the beaches with a comprehensive management of it in all its “legal states”; i.e., as a natural resource, as raw material, and as waste.



CONCLUDING REMARKS AND FUTURE CHALLENGES

Current available scientific evidence points to massive sargasso accumulations being the new norm at present and in the future (Oxenford et al., 2021; UNEP-CEP, 2021). The trends show seasonal variability in Mexico, with the peak times for influx being between May and September (Chávez et al., 2020). Although seasonal influx patterns are to a large degree predictable, this does not apply to the enormous interannual variability in the sargasso biomass. Regarding these uncertainties, action plans must be in place to address the influxes in critical periods, as well as in intermediate periods. The many potential uses of sargasso should be considered as green solutions that also contribute to mitigating coastal squeeze (Chávez et al., 2021; Silva et al., 2021).

The results of satellite observations over recent years, strongly suggest that it is both inefficient and futile to collect sargasso in the open sea in the northern section of the Mexican Caribbean, in front of Tulum to Cabo Catoche. Although further studies are recommended as to the effectiveness of open sea collection of sargasso in the south east of the Mexican Caribbean, which could reduce the massive influxes further north.

Mexico has sufficient institutional capacity, as well as technical, scientific, industrial and marketing talent to generate effective and lasting solutions. In September 2018, an honorary Advisory Council (Consejo Técnico Asesor) was formed to comprehensively analyze the sargasso accumulation and define a scientific, technological and innovation agenda. This initiative seeks to advise the Federal and State Government, acting efficiently and promptly, with careful planning; however, a National Strategy for the use of sargasso must be developed as soon as possible, in order to manage its life cycle using a regenerative approach based on scientific evidence.

A decisive impulse toward the consolidation of a national industry for the sustainable and regulated use of this sargasso is needed now, so that Mexico can take advantage of this biotic resource, inducing a shift in the common perception of the massive influxes. Sargasso should not be seen as a threat to the economy, rather as an opportunity, a potential means of developing a greener economy alongside improving environmental preservation.
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June 187,260.00 3,164 632,800.00 - 820,060.00
July 187,260.00 1,806 361,200.00 = 548,460.00
August 187,260.00 1,372 280,400.00 6,785.30 474,445.30
September 106,296.80 238 40,600.00 34,740.81 181,637.61
October 47,500.00 68 11,600.00 34,851.80 93,951.80
November 47,500.00 68 11,600.00 35,090.49 94,190.49
December 47,500.00 102 11,600.00 31,730.43 90,830.43

Total (MXN $) 1,494,499.72 12,894 2,808,600.00 143,198.83 4,446,298.55
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Na 11,310.71
Mg 8,684.03
Al 427.57
K 30,503.78
Ca 57,726.79
Fe 832.97
As 58.32
Mn 22.92
Zn 7.20
Ba 23.21
Content by thermal decomposition (%)
Moisture 7.25
Organic matter 28.86
Calcium carbonate 10.75
Ash 39.63
weight)

Phenolic compounds 1.20
Phlorotannin 0.39
Alginate content

% dry weight 9.36

% total 65.15
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