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Abstract: The Turks and Caicos Islands (TCI) have been affected by sargassum inundations, with
impacts on the economy and environment. Sargassum removal can be costly, but sargassum use
and valorisation may generate income and offset environmental damage. A significant barrier to the
valorisation of sargassum is insufficient knowledge of its chemical makeup, as well as its seasonal
variation and decay after stranding. The chemical characterisation of mixed sargassum and its con-
stituent species and morphotypes (S. natans I, S.natans VIII and S. fluitans) collected from TCI between
September 2020 and May 2021 and changes in the composition of sargassum decaying (over 147 days)
were studied. High ash (24.61-51.10% dry weight (DW)) and arsenic (49-217 mg kgfl) could severely
hamper the use of this seaweed for food or feed purposes. Although there was some reduction in
arsenic levels in decaying sargassum, levels remained high (>49 mg kgfl). Biomethane production
by anaerobic digestion (AD) is a potential option. Nevertheless, the exploitation of sargassum for
biogas, either fresh or as it decays on the beach, is challenging due to low methane yields (<42% of
theoretical potential). Pre-treatment or co-digestion with other waste may be options to improve
yield. The metal sorption ability of sargassum, which can be problematic, makes biosorption of
pollutants an option for further research.

Keywords: Sargassum spp.; S. natans; S. fluitans; anaerobic digestion; biogas; Turks and Caicos Islands;
Caribbean; golden tide; seaweed; arsenic; phenolics

1. Introduction

Holopelagic sargassum, consisting of the species Sargassum fluitans and S. natans, float-
ing in the open ocean is of extreme ecological importance [1-4]. Small beach strandings
can have negligible negative impacts and can benefit dune stabilisation [1,2,4-6]. However,
beaches across the Caribbean and the Gulf of Mexico have experienced massive inunda-
tions of pelagic sargassum since 2011, known as ‘golden tides’, significantly impacting
the environment and the local economies heavily dependent on tourism [5,7-13]. The
breakdown of this material on the beach can lead to offensive odours and can harm human
health [9,14-17]. The removal of sargassum can be costly [2,4,5,18]. In a recent extensive
review, Oxenford et al. [1] concluded that addressing this issue solely as a hazard is hugely
costly, and attention is turning towards the potential opportunities for sargassum reuse
and valorisation. Uses of this biomass are now being sought in order to offset collection
and disposal costs and the adverse effects of dumping in landfills [5,18].

Many Caribbean islands are heavily dependent on fossil fuels, and alternative energy
sources are being sought [19-21]. Sargassum biomass may be a potential source of biogas
energy via anaerobic digestion. However, several barriers need to be overcome. One of the
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most significant identified by Oxenford et al. [1] is insufficient knowledge of the chemical
components, including potential toxins and pollutants and their variability.

The Turks and Caicos Islands (TCI) has been affected by sargassum with impacts
on the tourist economy and the environment [13]. Sargassum from TCI was previously
briefly examined for chemical composition and methane potential. Although this study
highlighted the potential problem of high arsenic levels and low methane yield from
sargassum as a sole feedstock, it did not examine seasonal and post-stranding changes [22].
This study examines seasonal and post-stranding changes in the chemical composition and
methane potential of sargassum collected from TCI.

2. Materials and Methods
2.1. Sample Collection and Preparation

Samples were collected from Shark Bay, South Caicos, the Turks and Caicos Islands
(21.491 N, 71.503 W) between September 2020 and May 2021. Samples (sargassum and
associated material) were collected nearshore before stranding on the beach. The samples
were then allowed to drain in a collection basket with 1 cm x 2.5 cm openings for 5 min.
A sample of mixed material (A) was taken. Samples of the three dominant species and
morphotypes of sargassum (S. natans VIII (B), S. natans I (C) and S. fluitans (D)) were
separated using an identification chart (Figure 1).
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Figure 1. Sample-identification sheet used to identify and separate the three dominant species of
sargassum (S. natans VIII, S. natans I and S. fluitans).
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To mimic and monitor the degradation of sargassum stranded on the beach, freshly
collected, unsorted sargassum was placed in a perforated, yellow plastic basket (Figure 2)
(38 cm x 60 cm) to a 30 cm depth and left exposed to the elements for 147 days. For
compositional analysis, samples were taken at 0, 26, 54, 116 and 147 days.

o “’ vy —-—

Figure 2. (a) Perforated baskets of sargassum were used to mimic beach strandings and examine compositional changes

over time. (b) sargassum beach inundations TCI.

Separated fresh, mixed fresh, and basket samples were freeze-dried (Harvest Right
HRFD-PMed-SS, Salt Lake City, UT, USA). Samples were frozen to —40 °C. During the
drying phase, trays were warmed to 52 °C at <66 Pa for 26 h. At the end of this process,
samples were double-bagged and shipped via air to the University of Greenwich, UK.

2.2. Compositional Analyses
2.2.1. Moisture

Moisture content was assessed following the British Standards simplified oven-drying
method (105 °C, 24 h) [23]. All measurements were analysed in triplicate. The moisture
content was used to adjust data, where appropriate, to a dry weight (DW) basis.

2.2.2. Ash

The British Standards method (550 °C, 2 h) was used to analyse the ash content of
oven-dried samples [24]. All measurements were carried out in triplicate.

2.2.3. Carbon, Hydrogen, Nitrogen (CHN) and Protein Content

The carbon, hydrogen and nitrogen content of the freeze-dried seaweed samples
was determined by flash dynamic combustion (Flash EA1112 CHN Elemental Analyser).
The oxygen content was calculated by difference. A mean is reported from a minimum
of two determinations per sample. The protein content was estimated by multiplying
nitrogen percentage by an N-factor of 4.1, previously found to be the most appropriate
for sargassum [22,25]. Bladderwrack (Fucus vesiculosus) was used as reference material
(Coefficient of variance (%CV) was 1%, H 3.4% and 17% for N).

2.2.4. Higher Heating Value

The HHV was calculated using a modified ‘DuLong equation” from the elemental
analysis [26,27].
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2.2.5. Total Lipid Content

Lipid content was determined using the method of Matyash et al. [28]. Briefly,
deionised (DI) water methanol (MeOH) and methyl tert-butyl ether (MTBE) were added to
0.1 g of freeze-dried biomass in a ratio of 1:3:10. The mixture was sonicated (1 min) and
incubated (1 h, room temperature). Then, DI water (1.5 mL) was added (MeOH:MTBE:H,0O
ratio of 3:10:2.5 (v/v/v)) to induce the phase separation. Following centrifugation (10 min,
1000x g), the upper organic phase was collected, and the lower phase was re-extracted,
repeating the process listed above. The upper phase of the second extraction was collected
and combined with the upper phase from the first extraction. Yields were determined
gravimetrically. Determinations were performed in biological triplicate, and the results
were adjusted for the moisture content. The mean and standard deviation are reported on
a dry-weight (DW) basis for each sample.

2.2.6. Phenolic Content

Polyphenolic extractions and quantifications were performed on samples in triplicate
using aqueous acetone (60%) as the extracting solvent (solid-solvent ratio 1:200). The
extracts were incubated in a shaking incubator (New Brunswick Scientific, Innova®, Edison,
NJ, USA) (250 rpm, 1 h, 40 °C), then centrifuged (21,000x g, 4 °C, 20 min). The supernatant
was collected, and the extraction process was repeated on the pellet three more times.
Polyphenolic quantification was carried out at room temperature following a modified
protocol of the Folin-Ciocalteu (FC) method [29]. Briefly, Folin-Ciocalteu reagent (125 pL,
0.2 N) was added to the sample (250 pL, diluted with 375 uL deionised water). A total of
20% NayCOj3 (250 L) was added after 2 min of incubation. The absorbance was measured
at 750 nm (UV-visible spectrophotometer, Jenway 6305, Fisher Scientific, Loughborough,
UK) after incubation for 30 min in the dark. Phloroglucinol was used as the standard to
generate a calibration curve, and results are expressed as mg phloroglucinol equivalent

(PG eq).

2.2.7. Arsenic and Heavy Metals

Aluminium, arsenic, cadmium, chromium and lead content in the freeze-dried biomass
was determined by the UKAS laboratory, Premier Analytical Services (Lincoln Road, High
Wycombe, Bucks, HP12 3QS, UK) using the UKAS accredited methods previously described
by Milledge et al. [22]. Inorganic arsenic (the sum of As(Ill) and As(V)) content was deter-
mined by ICP-MS using a UKAS accredited method, also by Premier Analytical Services.

2.3. Methane Potential
2.3.1. Theoretical Methane Potential

The theoretical methane potential for the mixed samples was calculated from the
elemental analysis using the ‘Buswell equation’ [30,31], and gas volumes were normalised
(100 kPa, 0 °C, dry gas). The ratio of the MP to the theoretical methane yields, expressed as
a percentage, is referred to as the biodegradability index (BI) [32,33].

2.3.2. Methane Potential Determination

The methane potential (MP) of the freeze-dried mixed sargassum samples were anal-
ysed using an Automatic Methane Potential Test System II (AMPTS II, Bioprocess Control,
Lund, Sweden).

The inoculum was collected from the internal recirculation granular sludge anaerobic
digester of Smurfit Kappa Townsend Hook Paper Makers (Mill Street, Snodland, Kent,
UK) used to treat liquid waste from the paper industry. After collection, the inoculum was
purged with nitrogen gas and left for 24 h at 35 °C.

Three experimental replicates using the equivalent of 1 g of volatile solids at an
inoculum-to-substrate VS. ratio of 9:1 were carried out, together with three controls con-
taining no substrate but containing inoculum. Methane volume, pressure and temperature
data were recorded continuously, and gas volumes were normalised (100 kPa, 0°, dry gas).
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2.3.3. Statistical Analysis

Excel 2021 (Microsoft Office) was used for one-way ANOVAs, t-tests and other sta-
tistical analyses. One-way ANOVAs and ¢-tests were conducted to compare the effect of
season on methane potential (MP).

IBM SPSS Statistics 25 SPSS was used to determine the coefficient of correlation (R)
between phenolic content and MP; lipid content and MP; the interaction of phenolic and
lipid content on MP and lipid content; and theoretical methane yield.

3. Results
3.1. Composition

Proximate and ultimate analyses (October 2020 to May 2021) of sargassum samples
are shown in Table 1.

Proximate and ultimate analyses of sargassum samples for the for the sargassum
samples stored on the beach are shown in Table 2.

Table 1. Ash, volatile solids (VS), mean result of CHN analysis and higher heating value (HHV) of sargassum samples from

TClI, calculated using the ‘DuLong’ equation.

Ash %VS C H N (0] Elemental Ratios HHV
% Dry Weight (DW) C:N C:0 MJkg 1 DW MJkg 1VS

20 September

Mixed sargassum 41.75 5825 2768 272 1.64 26.21 16.88 1.06 9.7 16.7
S. natans VIII 41.63 5837 2355 208 193 30.81 12.2 0.76 7.2 12.3
S. natans I 41.08 5892 2396 188 196 31.12 12.22 0.77 7.1 12.1
S. fluitans 39.62 60.38 249 213 18 31.55 13.83 0.79 7.7 12.8
20 October

Mixed sargassum 39.85 60.15 2733 2,65 218 27.99 12.52 0.98 94 15.6
S. natans VIII 42.01 5799 2264 232 321 29.82 7.06 0.76 74 12.8
S. natans 1 39.88 60.12 2952 271 221 25.68 141 1.15 10.4 17.3
S. fluitans 41.05 5895 29.06 32 222 24.46 13.06 1.19 10.9 18.5
20 November

Mixed sargassum 40.95 59.05 2676 29 222 27.17 11.3 0.98 9.5 16.1
S. natans VIII 24.61 7539 2395 253 237 4655 9.92 0.51 6.3 8.4
S. natans I 41.36 58.64 254 219 18 29.25 14.11 0.87 8.1 13.8
S. fluitans 37.89 62.11 2895 341 199 27.77 14.89 1.04 10.7 17.2
20 December

Mixed Ssargassum 342 65.8 3099 3.68 342 27.71 8.19 1.12 11.8 17.9
S. natans VIII 38.51 6149 2867 386 245 26.51 11.69 1.08 11.3 18.4
S. natans 1 28.45 71.55 3353 444 201 31.58 16.73 1.06 13 18.2
S. fluitans 44.34 55.66 2567 287 252 24.6 10.19 1.04 94 16.9
21 January

Mixed sargassum 37.96 62.04 31.62 379 132 25.31 23.95 1.25 12.2 19.7
S. natans VIII 32.44 6756 2861 312 274 33.08 10.44 0.86 9.9 14.7
S. fluitans 51.1 489 26.87 3.02 193 17.07 13.92 1.57 10.7 21.9
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Table 1. Cont.
Ash %VS C H N (0] Elemental Ratios HHV
% Dry Weight (DW) C:N C:0 MJkg 1 DW MJkg 1VS

21 February
Mixed sargassum 32.73 6727 2411 231 202 3883 11.94 0.62 6.9 10.3
S. natans VIII 33.84 66.16 3033 37 143 3071 21.33 0.99 11.2 16.9
S. natans I 32.03 67.97 228 258 233 4027 9.76 0.57 6.6 9.7
S. fluitans 34.44 65.56 28.7 342 15 31.94 19.11 0.9 10.2 15.6
21 March
Mixed sargassum 40.03 5997 2718 392 245 2642 11.1 1 10.8 18.0
S. natans VIII 39.33 60.67 2632 266 259 29.1 10.16 0.9 9 14.8
S. natans 1 34.02 6598 2791 297 222 3287 12.57 0.85 94 14.2
S. fluitans 36.49 63.51 2697 285 232 3138 11.62 0.86 9.2 14.5
21 May
Mixed sargassum 38.1 61.9 2487 269 1.8 32.54 15.48 0.76 8.1 13.1
S. natans VIII 39.26 60.74 2455 246 226 3146 10.91 0.78 7.9 13.0
S. natans I 45.44 5456 2582 319 235 2319 11.02 1.11 9.9 18.1
S. fluitans 45.95 5405 2359 239 202 @ 26.06 11.65 091 8 14.8

Table 2. Ash, volatile solids (VS), mean result of CHN analysis, and higher heating value (HHV) of decaying (basket) mixed

sargassum samples from TCI, calculated using the ‘DuLong’ equation.

Ash %VS C H N o Elemental Ratios HHV
% Dry Weight C:N (e 0] MJ kg 1DW MJkg-1VS

Day 0 41.75 58.25 27.68 2.72 1.64 26.21 16.88 1.06 9.7 16.7
Day 26 28.87 71.13 37.5 5.6 2.33 25.7 16.19 1.26 16.1 22.7
Day 54 21.56 78.44 32.74 3.96 2.33 39.4 14.05 0.83 115 14.6
Day 116 30.05 69.95 32.3 3.22 2.36 32.07 13.69 1.01 11.3 16.1
Day 147 43.16 56.84 31.45 2.86 2.14 20.38 14.7 1.54 11.8 20.7

The ash content in the four seaweed samples ranged between 24.61 and 51.10% DW,
with the highest ash content for S. fluitans in January 2020. Ash content in the basket
samples did not change between day 0 and day 147; however, it was lower in the decaying
seaweed at days 26, 54 and 116. The calculated HHYV of the sargassum varied between 6.3
and 12.2 MJ kg ! DW. The HHYV of the basket residues appears to increase initially during
decay; they then drop back and remain stable.

3.1.1. Protein Content

The protein content of the sargassum samples is shown in Figure 3 and ranged, among
the species, from 5.2 to 12.7% over the 9 months.
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Figure 3. Protein content of sargassum samples collected from TCI between October 2020 and May 2021. SD represents 1 = 3.
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3.1.2. Lipid Content

The lipid content (Figure 4) over 9 months in the four sargassum samples remained
somewhat consistent, except for a statistically significant increase in the slightly colder
months of January and February for the mixed sample (p < 0.001) and both morphotypes
of S. natans (p < 0.001), as well as for S. fluitans between December and February (p < 0.001).

Lipid content

e=@== \ixed sargassum =S fluitans ==@==S.natans |

S.natans Vil

Jan-21 Feb-21 Mar-21 Apr-21 May-21

Figure 4. Lipid content of sargassum samples collected from TCI between October 2020 and May 2021. SD represent n = 3.

3.1.3. Phenolic Content

The phenolic content of the sargassum samples is shown in Figure 5. The content
ranges from 10.02 to 60.30 mg g~ ! PG Eq in the S. fluitans samples and from 5.90 to 74.16
and 3.80 to 62.46 mg g~ ! PG Eq in the two S. natans samples.
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Figure 5. Phenolic content of sargassum samples collected from TCI between October 2020 and May 2021. SD represents 1 = 3.

The changes in the phenolic, lipid and protein contents of the ‘decaying’ mixed
sargassum samples stored in a basket exposed to the elements are shown in Figure 6.
The levels of phenolics and lipid decline with storage time, whilst protein remains at a
somewhat constant level.
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Figure 6. The changes in the phenolic (secondary axis), lipid and protein contents of the ‘decaying” mixed sargassum
samples stored in a basket exposed to the elements. SD represents 1 = 3.
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3.1.4. Arsenic and Heavy Metals

The range of levels of aluminium, arsenic, cadmium, chromium and lead in sargassum
over 9 months of sampling are given in Table 3. Levels of cadmium, chromium and lead
are below or just above the detection limits (0.05-0.09 mg/kg). Aluminium and arsenic and
levels are substantially greater, and the seasonal variations are plotted in Figures 7 and 8.

The levels of aluminium, arsenic, cadmium, chromium and lead in sargassum in the
‘decaying’ mixed sargassum samples are shown in Table 4.

Aluminium content increased in the residual biomass, as it degraded on the beach
with a strong positive correlation (R = 0.98) between storage time and aluminium content
(Figure 9). Arsenic content decreased over the first 54 days, rising after that but not reaching
the initial levels.

Table 3. Heavy metal content (mg kg_1 DW) in sargassum samples collected from TCI between
October 2020 and May 2021. * ND = below detection limit (0.05-0.09 mg kg™1).

Aluminium Arsenic Cadmium Chromium Lead
Mixed sargassum  15.78-50.11 63.14-175.88 0.11-0.22 0.0043-1.04 ND*-0.52
S. fluitans 21.62-50.11 59.22-217.82 ND *-0.23 0.004-5.15 ND *-0.996
S. natans I 22.20-45.02  123.81-198.36 ND*-0.392 ND*-0.399  ND *-0.499

S. natans VIII 26.72-124.13  82.44-197.95 ND *-0.22 0.004-2.82 ND *-0.66

Table 4. Heavy metal (mg kg~' DW) content of decaying (basket) mixed sargassum samples

from TCIL.
Arsenic Aluminium Cadmium Chromium Lead
Basket Day 0 125.24 16.63 0.18 0.28 0.09
Basket Day 26 99.18 23.29 0.27 0.29 0.37
Basket Day 54 49.30 51.24 0.35 0.51 0.83
Basket Day 116 55.01 71.31 0.33 0.69 1.59
Basket Day 147 85.06 109.40 0.28 0.0098 1.69

Aluminum content

«=@== Mixed sargassum
S.fluitans
S.natans |

S.natans Vil

Sep-20  Oct-20 Nov-20 Dec-20 Jan-21 Feb-21 Mar-21 Apr-21 May-21

Figure 7. Aluminium content of sargassum samples collected from TCI between October 2020 and May 2021.
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Figure 8. Arsenic content of sargassum samples collected from TCI between October 2020 and May 2021.
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3.2. Methane Potential

The cumulative methane production from the mixed sargassum sample for the various
collection months is shown in Figure 10.

Cumulative methane production of the ‘decaying” mixed sargassum samples stored
in a basket exposed to the elements for 0, 26, 54, 116 and 147 days is shown in Figure 11.
Although there is some variation between the methane produced between samples stored
for various times in the basket, MP remains low (<54 mL CHy g ~1VS) and similar to the
mixed samples (16-119 mL CHy g ~! VS).

Table 5. Theoretical methane yields, measured methane potential (MP) and biodegradability index
(BI) for sargassum collected from TCIL.

Theoretical CHy Methane Potential (MP) BI

mL CHy g~1VS mL CHy g~1VS
Sep-20 451 54.66 12%
Oct-20 434 16.03 4%
Nov-20 429 33.90 8%
Dec-20 475 87.78 18%
Jan-21 517 47.13 9%
Feb-21 285 119.35 42%
Mar-21 432 81.13 19%
May-21 453 29.32 6%

Figure 10. Cumulative methane production from the mixed sargassum sample for the various collection months. The
theoretical methane yields, measured methane potential (MP) and biodegradability index (BI) for the various collection
months are given in Table 5.
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Figure 11. Cumulative methane production of the ‘decaying’ mixed sargassum samples stored in a basket exposed to the
elements for 0, 26, 54, 116 and 147 days. SD represents 1 = 3.

4. Discussion
4.1. Composition

Ash levels are in line with reported values in brown macroalgae of 15-45% [22,34-36]
and in Caribbean holopelagic sargassum (19-36% [21,22]). High ash content compared
to most vegetables resulting from the seawater environment and the ability of seaweed
to passively and actively take up heavy metals [37] could hamper the use of sargassum
in food and feed applications. In addition, high ash content is not only a significant
challenge for seaweed biorefineries, but the build-up of salts in an anaerobic digester
can inhibit microorganisms during anaerobic digestion, lowering methane yields [38].The
carbon content increased in the Dec-Feb samples, which could indicate an accumulation of
carbohydrate and lipid during this period. Carbohydrates have previously been reported
to accumulate in spring and summer to be consumed during the winter months [38]. The
C increase was also reflected in the C:N ratio over the 9 months; S. natans VIII ranged
from 7.06 in October 2020 to 21.33 February 2021 (an increase of a factor of 3). Lapointe
et al. [39] found that the C:N ratio varies greatly with available nutrients, and this could be
a major factor contributing to seasonal variation. The C:N ratios in this study were 7:1-23:9,
within the range found by previous studies of 7:1-47:1 [21,22,40,41]. C:N ratio can be vitally
important to the performance of an anaerobic digester. A low ratio (high nitrogen) can
result in the inhibition of methanogens by high ammonia concentrations [42-44], and the
optimum ratio for seaweed species varies between 14:1 and 30:1 [42,45-47].

4.1.1. Protein Content

Protein content in the pelagic samples was estimated from elemental N using a
conversion factor of 4.1, as suggested in an extensive review of the nitrogen conversion
factor and previous work on sargassum [22,25,48]. This conversion factor is lower than the
conventionally used factor of 6.25, which has long been known to overestimate protein
content [49-51]. The protein levels found in this study, 5.2-12.7%, are in line with previously
reported protein content from brown seaweeds (3-16%) [35,48] and other studies on pelagic
sargassum (3—-18%) [5,35,40,52]. However, it is considerably higher than protein content
found in a previous study of sargassum from TCI of 3-4% based on amino-acid analysis [22].
Most methods of protein analysis other than amino-acid analysis tend to overestimate
protein content [49]. Seaweed organic nitrogen is not only associated with amino acids
but with compounds such as DNA, pigments and non-protein nitrogen, and their relative
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contents are often higher in plants than in animals [49-51]. The N factor of 4.1 may still
overestimate protein content [22].

Interestingly, protein content did not decrease over the 147 days in the decaying
mixed sargassum samples but remained around 8.87% DW. This is encouraging, as this
content is on par with crude protein levels in various forages [53], and the long-term
storage of seaweed for feed could be explored. However, the high content of not only
ash but also arsenic in both the fresh (59.22-217.82 mg kg~ !) and the decaying samples
(55.01-125.24 mg kg ') poses a challenge if this biomass is to be considered for animal
feed purposes.

4.1.2. Higher Heating Values

The range of calculated HHV (6.3-12.2 MJ kg~! DW) is similar to that previously
reported for sargassum from Turks and Caicos [22] (9.4-10.3 M]J kg_l). Saldarriaga-
Hernandez et al. [52] found HHVs of 11-12 MJ kg ~!. However, these figures are lower than
those typical of brown seaweed (11-18 MJ kg’l) [54-56] and other species of sargassum
(11-16 MJ kg_l) [35] and could be due to the high ash content. The HHV of the volatile
solids (8.4-19.4 MJ kg 1) indicates that the biomass is primarily composed of carbohydrates
and fibre (15-17 MJ kg~ !) rather than highly calorific lipids (37-39 MJ kg~ !) [57,58], which
is in agreement with the gross compositional analyses. Storage of the biomass in the baskets
over 147 days kept HHV at around 11 M] kg~ ! beyond 54 days of storage.

Although the ‘DuLong equation’ is applicable for use with agricultural waste [59] and
in a study of S. muticum [60], it may not always be in agreement with bomb calorimetry
values for seaweed [22,55,61]. However, the ‘DulLong equation” generally gives a valid
HHYV approximation for various biomasses, including sargassum [22,59].

4.1.3. Lipid Content

The lipid content (7.24—25.87% with average values over the 9 months between 10.55%
and 13.12%) is higher than previously found in sargassum from TCI (3.58-4.56%) [22],
S. natans (1%) [62], sargassum from the Mexican coast [52] (2.6-3.8%) and floating sargas-
sum mats (2.5%) [41]. However, Kumari et al. [63] found high lipid contents (6-20%) in
Sargassum spp. from Gujarat, India. Although the lipid content of brown seaweeds is
typically low (0.3-6%) [64-66], brown seaweed in colder climates can have higher lipid
content [67], and this study also found higher lipid contents in the cooler months of January
and February. It appears there are temporal, spatial and species variations in the lipid
content of sargassum, and further work is required.

4.1.4. Phenol Content

The profile of the polyphenolic content in the samples shows a general increasing
trend over the sampling period. This appears to be concurrent with the general increase in
the number of sun hours in TCI from September 2020 to May 2021 [68]. Two-way ANOVA
showed that polyphenolic content was significantly influenced by the collection month and
the species (p < 0.05). Additionally, there was an interaction between month and species
(p < 0.05), indicating that the mean differences in polyphenolic content between different
species and the mixed sargassum are influenced by the month of collection. This could be
due to a combination of factors known to impact polyphenolic content in seaweeds, such
as temperature, UV exposure, salinity, location of harvest, availability of grazers and the
reproductive phase of the seaweed [69,70].

These recorded polyphenolic contents are within the range reported in literature,
with up to 6.4% DW in S. muticum [71]. Nonetheless, S. muticum can have widely vary-
ing phenolic contents, depending on season and location (0.7-6% DW) [72-74]. Higher
phenolic levels were found in this study than in the previous brief study of pelagic sar-
gassum from TCI (<2.95%) for S. fluitans < 0.1% phenolics [21] and sargassum from the
Mexican coast < 0.2 [52]. This may be due to seasonal variation and choice of extraction
method. Saldarriaga-Hernandez et al. [52] stated that “the most influential factor on the
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compositional content of sargassum biomass was the season of the year, followed by the
extraction method”. The highest polyphenolic content for each sample type over the
9 months was 69.89 mg PG eq g~ ! DW, 62.46 mg PG eq g~ ! DW, 79.79 mg PG eq g~ ! DW,
60.30 mg PG eq g~ ! DW for mixed sargassum, S. natans VII, S. natans I and S. fluitans, re-
spectively. The higher polyphenolic contents for these samples were obtained in February
and May 2021.

There was up to an 88% reduction in phenolic content, as the samples were left in
the basket over the 147 days. The reduction in phenolic content could be due to the
release of components from the macroalgae. Exudates of brown macroalgae can contain
phlorotannins and can also be released during tissue and cell damage [75].

4.1.5. Arsenic and Heavy Metals

For sargassum to be allowed for human consumption, it must fulfil the relevant food
product regulations, especially concerning heavy metals and arsenic. Whilst cadmium
content in Sargassum spp. is of less concern than arsenic, the maximum level obtained was
0.39 ppm, which is below regulatory levels (maximum level of 0.5 ppm recommended by
the French High Council for Public Health (CSHPF)) [76]. However, the amount observed
was higher than the value proposed by the French Agency for Food, Environmental and
Occupational Health & Safety (ANSES) of 0.35 ppm of dry matter in edible seaweed when
taking into account the overall cadmium intake from a normal diet [76,77]. Lead content
in Sargassum spp. around the world regularly exceeds 10 ppm, above the limits set in
most food regulations [78]; however, in this study, levels did not exceed 1 ppm (S. fluitans,
Oct 2020).

Aluminium concentrations in the Sargassum spp. samples ranged between 14.86
and 116.13 mg kg~ !. Rodriguez-Martinez et al. [79] also found that aluminium contents
varied widely in pelagic sargassum, from below the limit of detection of their apparatus
to 500 ppm. Sargassum muticum collected (spring 2019) on the Kent coast (UK) was found
to have an aluminium content of 432 mg kg ! (result not shown). This broad variation is
in line with data reported by Milinovic et al. [78], showing levels between 5.8 g g1 in
S. polyschides and 6.0 ug g~ ! in U. pinnatifida, as well as 627 ug g~ ! in G. gracilis collected in
Portugal (2019).

The arsenic levels (60-218 mg kg~!) were similar to those previously reported for
sargassum (20-172 mg kg_l) [21,22,52,79,80], although levels of up to 231 mg kg_1 have
been recorded for members of the sargassum genus [80]. The finding also confirms the
seasonal variability of arsenic [52,79]; nevertheless, total arsenic levels remain at concerning
levels in all seasons (>59 mg kg~ !) and after decay on the beach (>49 mg kg™).

Arsenic toxicity varies with its oxidation state: As(IlI) > As(v) > organoarsenic (MMA
and DMA). Inorganic species (arsenite, arsenate) are generally more toxic than organic
species (MMS, DMA (Figure 12), and arsenite (AslII) is 60 times more toxic than arsenate
(AsV), which is 70 times more toxic than methylated species, monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA) [80,81].

There is no general agreement on maximum allowable quantities of arsenic in seaweed,
the European Commission (through Regulation (EU) 2015/1006) has established maximum
permissible levels for inorganic arsenic in rice products of up to 3 mg kg ! [22,82,83].
Sargassum spp. can contain up to 80% of the more toxic inorganic arsenic as a proportion of
total arsenic [80,84]. S. fluitans samples from January 2021 were found to contain 32.67%
inorganic arsenic (19.35 mg kg~ 1), therefore exceeding these levels by more than 10 times
(unpublished data, Premier Analytical Services (Lincoln Road, High Wycombe, Bucks,
HP12 3QS, UK). Nonetheless, there remains a lack of information on arsenic speciation,
particularly in seaweed and pelagic sargassum [1,2,22,85].

The high metal sorption ability of seaweed is attributed to polysaccharide alginate,
which is found in the cell wall of brown algae [86]. Brown seaweed is also very porous and
easily permeable to small ionic species [77]. Industrial heavy-metal-bearing wastewaters
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require efficient and cost-effective treatment, and sargassum seaweed could perhaps offer
a feasible and economical approach.

O O 0

OH

Arsenite

(As')

OH OH CH;
Arsenate Monomethylarsonic acid ~ Dimethylarsinic acid
(AsY) (MMAY) (DMAY)

Figure 12. Inorganic species (arsenite, arsenate) are more toxic than the organic species s monomethylarsonic acid and
Dimethylarsinic acid (MMS, DMA).

4.2. Methane Potential

This study found that the MP of mixed pelagic sargassum is considerably below
the maximum potential, with Bls of 4-41%. This low digestibility is in agreement with a
previous study on sargassum from TCI (0-37%) and pelagic sargassum from St Lucia [21]
and Barbados [11], as well as for S. muticum < 27% [60,87,88].

There was a positive correlation between lipid content and MP (coefficient of correla-
tion (R) = 0.71, p < 0.01)). As lipids increased, MP increased. However, there was also a
positive correlation between Bl and lipid content (R = 0.88). A high degree of correlation
does not confirm causality. Nonetheless, these findings are in agreement with the published
literature. Lipids can produce considerably more methane in AD than from protein or
carbohydrate [27,89].

Several seaweed studies have shown that phenolics can inhibit the AD of
seaweed [22,34,38,89-93]. However, this study found only a weak negative correlation,
although statistically significant, between phenolic content and MP (R = —0.39, p < 0.05)
and BI (R = —0.49). There was a statistically significant correlation between the interaction
of phenolic and lipid content on MP (R = 0.906 p < 0.001). The effect of phenolics has been
shown to be reliant on the substrate [90,94-96].

Polyphenolic content has been correlated with antioxidant activity, and phenolics have
shown antimicrobial properties, suggesting their use as a potential source of high-value
products, such as in feeds or pharmaceutical products [29,97]. One strategy to improve the
yield of sargassum has been co-digestion with various other waste [1,11,20]. An alternative
strategy to co-digestion to improve methane would be a biorefinery strategy to remove
high-value bioactive phenolics prior to AD.

A one-way ANOVA found that collection month had a highly statistically significant
influence on MP (p < 0.001). The MP for February was statically higher than for other
months (p < 0.01). Although the methane yields may be highest in January and February,
it may be challenging to exploit this increased MP and favourable composition, as the
volume of beach strandings of sargassum tends to be considerably lower in January and
February than during the most problematic months of late summer [9,98,99].

Encouragingly, biodegradation of the stored samples appeared to be more efficient in
terms of initial methane production (a net negative production is seen in many of the mixed
samples during the initial 10 days, whereas this is not observed in the basket samples).
During the initial phase of AD, insoluble polymers are degraded into soluble monomers
by hydrolytic bacteria. Hydrolysis often acts as a bottleneck in the AD process, and pre-
treatment processes are often required [96]. Initial storage could act as a pre-treatment step,
where natural hydrolytic bacteria act on the complex substrates present in the cell wall of
brown seaweed.
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There is a need to examine the storage of sargassum for a year-round biorefinery, as
well as co-digestion with other waste for biofuel production. Ensilage may be a suitable
method; however, more research is required [1,100].

5. Conclusions

A recent study reported that a faunal mass-mortality event along the Mexican Caribbean
coast in 2018 was associated with a massive influx of pelagic sargassum. Its subsequent
decay resulted in hypoxia and deterioration of the water quality and was referred to
as “sargassum-brown-tides” [33]. The breakdown of this material on the beach can be
injurious to human health [9,14-17]. Management of beached sargassum is therefore vital.

The exploitation of sargassum for biogas, either fresh, as it arrives at the beach, or as
it decays on the beach, is challenging with low methane yields. Sargassum may need to
be pre-treated prior to AD or co-digested with other waste biomass in order to increase
yield. Extraction of high-value compounds as phenolic compounds could be explored.
However, the release of stored nutrients from decaying seaweed should be included in
nutrient budgets and models when seaweed standing stocks are significant.

Although the methane yields may be highest in February, it may be challenging to
exploit this increased MP and favourable composition, as the volume of beach stranding of
sargassum tends to be considerably lower in February than the most problematic months
of late summer.

Arsenic content exceeded the regulatory thresholds limits/recommendations both in
freshly harvested samples and decaying beach samples. Arsenic could severely hamper the
prospects of using the pelagic samples for food or feed. Pre-treatments and downstream
processing could lower the content but would affect the overall cost-effectiveness of any
biorefinery. Many heavy metals are part of the essential enzymes that drive numerous
anaerobic reactions. However, high levels of most metals are toxic and pose significant
challenges to bacterial communities within an anaerobic digester and could also cause
reactor failure. Mitigation of heavy-metal toxicity, such as by precipitation, sorption,
and chelation by organic and inorganic ligands can therefore be considered if deemed
cost-effective.
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