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The leverage of invasive macroalgae, which represent a serious threat for autochthonous biodiversity, may

smooth and mitigate their risk from an environmental point of view while providing an economic benefit.

This work proposes the suitability of a closed loop biorefinery employing sustainable technologies

(namely autohydrolysis, ultrasound assisted extraction, and microwave hydrodiffusion and gravity) for the

complete exploitation of the invasive brown macroalgae Sargassum muticum. In particular, sequential

extraction methods allowed recovery up to 85% of fucoidan in the form of sulfated fucooligosaccharides

in the liquid phase, besides increasing the phloroglucinol and Trolox equivalent antioxidant capacity
(TEAC) content up to 9.73 g per 100 g of extract and 31.1 g per 100 g of extract, respectively. Additionally,
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1. Introduction

Seaweed, also referred to as the third generation feedstock, is
considered a biomass with high potential to be used in a
marine-based biorefinery." Its rich and varied composition
makes it very suitable as a source for the production of bio-
molecules, platform chemicals, hydrocolloids, biofuels and/or
proteins, among others.>” In addition, macroalgae have some
advantages over first and second generation feedstock
(namely, lignocellulosic biomass), for instance: (i) being highly
ubiquitous, (ii) presenting a higher photosynthetic efficiency
(about 3.5-fold higher) compared to terrestrial biomass, (iii)
requiring scarce water consumption, (iv) representing the
highest annual CO, absorption and production of oxygen in
the planet, or (v) avoiding the competition for arable land.*”
In this context, Sargassum muticum (Sm) is a brown macro-
algae with great potential due to its interesting features, being
used as a biosorbent for the treatment of wastewaters,® as a
base for greener antifouling solutions,” as a source of alginate,
fucoidans and phlorotannins'® or for the production of
biofuels.""'* Moreover, since Sm is considered invasive as
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extract-free Sargassum muticum presented a high enzymatic susceptibility at a high solid loading, imply-
ing a production of 15.6 g ethanol per L (91.9% of ethanol yield) in SHF, while the resulting spent solid pro-
vided a calorific power of 10.0 MJ kg™. This work verified the cascade biorefinery employing sustainable
technologies as an appropriate strategy for the integral valorization of Sargassum muticum.

stated by the Spanish Catalog of Invasive Alien Species, it
alters and displaces local native groups with a subsequent
environmental impact on the ecosystem. Thus, its exploitation
provides a double environmental and economic
advantage.'"'?

However, the use of pretreatments able to fractionate these
kinds of renewable resources is essential to fully leverage
macroalgae features and compounds,'®"® emphasizing the use
of eco-friendly processes that follow the principles of Green
Chemistry, such as using harmless and safe solvents, renew-
able feedstocks or diminishing derivatives.'® In this context,
hydrothermal processing such as autohydrolysis is a sustain-
able technology based on the employment of high tempera-
tures in a pressurized reactor containing biomass and water."”
It is considered an economical non-toxic pretreatment for the
release of important biomolecules'®'® or as a first step for the
production of biofuels,"® also with great potential to be used
on a larger scale.”® Following this path, ultrasound assisted
extraction, using water as the solvent,>** and microwave
hydrodiffusion and gravity (MHG)**** have also been reported
as environmentally friendly and energy-efficient techniques of
extraction that facilitate the release of biomolecules with anti-
oxidant properties from seaweed biomass.

Within this framework, classic biorefineries are centered on
the manufacture of a single product, discarding the residual
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material.>® In order to avoid the environmental and economic
issues regarding this action, a complete valorization of the
biomass via sequential steps is highly encouraged following
the circular economy concept.”>>” The EU Waste Framework
Directive (2018/851) advocates these cascade biorefinery
schemes, giving priority to the extraction of high added value
biomolecules for chemical or pharmaceutical use and, after
that, to the production of biofuels employing residual
biomass.”® Consequently, the planning of an appropriate inte-
grated biorefinery with the aim to successfully obtain the
target compounds in a cascade approach following green
chemistry principles is still a challenge.>**°

Therefore, the aim of this work was the evaluation of sus-
tainable technologies (namely, ultrasound assisted extraction
and microwave hydrodiffusion and gravity, combined or not
with autohydrolysis) for the integral valorization of S. muticum
macroalgae following a biorefinery approach. Firstly, the use of
a single or combination of the abovementioned sustainable
technologies was evaluated for the extraction of bioactive com-
pounds. Secondly, the effect of different treatments on the
enzymatic saccharification of the remaining solid after extrac-
tion was also taken into account for the complete exploitation
of this brown macroalgae. A mixture of these extract-free sea-
weeds was blended for bioethanol production using several
saccharification and fermentation strategies. Lastly, the spent
solid after liquid fuel production was evaluated for heating
power by differential scanning calorimetry in order to deter-
mine its potential as a solid fuel. As far as the authors know,
this is the first work that explores a cascade biorefinery for the
production of bioactive compounds and liquid and solid bio-
fuels using Sargassum muticum.

2. Materials and methods
2.1. Raw material and chemical characterization

The renewable resource used in this work was Sargassum
muticum (Sm) and was collected at Praia da Mourisca
(Pontevedra, NW Spain) in August 2016. The macroalgae was
frozen until its use to avoid possible biological contami-
nations. After that, Sm was washed with tap water and
cleaned, cut to a particle size smaller than 8 mm, air dried
and stored in plastic bags in a dark, cool and dry place.

For the chemical characterization of Sm, the following pro-
cedures were used, with a prior mill to a particle size smaller
than 1 mm: moisture,®" extractives,** ash,*® and quantitative
acid hydrolysis (QAH).>* The protein content was quantified by
the Kjeldahl method, and the result was rectified by the con-
version factor 5.38 for brown algae.”

Firstly, Sm was subjected to sequential extractives as stated
by del Rio and collaborators."’ Subsequently, the proximal
composition of the resulting solid was determined by quanti-
tative hydrolysis (QAH) at 121 °C for 60 min and 4% H,SO,.
Afterwards, the solid and liquid phases were separated by fil-
tration. The solid insoluble fraction after QAH was gravimetri-
cally quantified and stated as the acid insoluble residue (AIR).
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The liquid phase was analyzed by HPLC (Agilent) to quantify
the concentrations of sugars (namely, glucose, fucose, xylose,
galactose, and mannose were quantified as sum, since the
retention time for these sugars in the column used is the
same), and acetic acid, under the following conditions: detec-
tor, refractive index at 40 °C; column, Rezex ROA-Organic Acid
H'; mobile phase, 0.03 M H,SO,; flow rate, 0.6 mL min™";
column temperature 60 °C. The liquid after QAH was also
employed to quantify the uronic acid concentration as equiva-
lents in galacturonic acid, via a colorimetric procedure.*® All
these analyses were performed in triplicate.

The chemical composition of Sargassum muticum measured
as g per 100 g Sm in oven dry basis + standard deviation is as
follows:'! glucan 10.2 + 0.23, xylan + galactan + mannan 6.75 +
0.19, fucoidan 6.00 + 0.11, acetyl groups 0.33 + 0.01, acid in-
soluble residue (AIR) 25.0 + 0.40, water extractives 11.3 + 0.09,
ethanol extractives 2.05 + 0.13, ashes 11.9 + 0.22, proteins 10.6
+ 0.42, and uronic acids (expressed as equivalents in galacturo-
nic acid) 19.3 + 0.56.

2.2. Sargassum muticum processing

Three technologies were employed in this work for the proces-
sing of S. muticum macroalgae, namely autohydrolysis (AH),
ultrasound assisted extraction (US) and microwave hydrodiffu-
sion and gravity (MHG), the combination of which resulted in
four biorefinery schemes. Fig. 1 shows a flowchart of seaweed
processing including the different cascading technologies pro-
posed in this work and the operational conditions used, which
were selected on the basis of previous studies.*” >’

2.2.1. Ultrasound assisted extraction. Briefly, S. muticum
was mixed with distilled water (LSR 20 g liquid per g solid) in
a Pyrex flask and processed in an ultrasonic water bath
(P-Selecta, Spain). The fixed operation conditions, power, fre-
quency and time, were 150 W, 40 Hz and 30 min, respect-
ively.*® After the ultrasound water extraction, the liquid and
solid phases were also separated by filtration. The solid phase
was gravimetrically determined for solid yield and chemically
analyzed as described above (section 2.1), and the liquid phase
was also chemically characterized for non-volatile solid
content (NVSC) determination, for oligomers by quantitative
posthydrolysis (121 °C for 20 min and 4% H,S0,4)"" via HPLC
(as described in section 2.1.), antiradical properties, sulfate
content, protein content, HPSEC and FTIR as will be described
in the following sections.

2.2.2. Microwave hydrodiffusion and gravity. Briefly, Sm
(100 g) was placed into the Pyrex extraction vessel (1.5 L) of an
open multimode microwave extractor (NEOS-GR, Milestone Srl,
Italy). The operation frequency was 2.45 GHz and the
irradiation power and time were set as follows: a single one-
step processing at 60 0 W for 7 min (denoted as MHG-1) and a
sequential two-step processing at 600 W for 5 min and at 300
W for 5 min (denoted as MHG-2).*” Liquid and solid phases
were characterized as described in section 2.2.1.

2.2.3. Non-isothermal autohydrolysis. The raw material (S.
muticum) and processed S. muticum by MHG and US were
mixed with distilled water at a liquid to solid ratio (LSR) of

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Flow chart of cascading sustainable technologies proposed in this work for Sargassum muticum valorization. Created with BioRender.com.

30 g water per g Sm. The mixtures were heated up to 170 °C
(under non-isothermal regime)®® in a stirred stainless steel
reactor model 4848 (Parr Instr., USA). When the selected temp-
erature was achieved, the reactor was quickly cooled until
room temperature. Afterwards, liquid and solid phases were
separated by filtration and characterized as described in
section 2.2.1.

2.3. Analysis of extracted liquid phases

2.3.1. Antiradical properties. ABTS radical cation (ABTS™)
[2,2-azinobis(3-ethyl-benzothiazoline-6-sulfonate)] scavenging
was determined according to Re and colleagues.*’ Briefly, the
Trolox equivalent antioxidant capacity (TEAC) value, at first,
was obtained for the mixture diluted with ABTS solution
(1 mL) and the sample (10 pL) and incubated at 37 °C for
6 minutes. The absorbance was measured in triplicate
(Evolution 201, Thermo Scientific, Germany). The standard
curve was performed with Trolox (Sigma-Aldrich, Denmark)
and blank with distilled water (Sigma, USA), also in triplicate.

The phloroglucinol content was determined according to
the protocol developed by Koivikko and collaborators.*! The
standard curve was done using phloroglucinol (Sigma-Aldrich,
USA) as a pattern, in triplicate, then the results were expressed
as phloroglucinol equivalents. Briefly, 1 mL of Folin-Ciocalteu
(1 N) solution and 2 mL of Na,CO; (20%) were added to the
sample. The mixture was incubated at room temperature in
darkness for 30 min. The absorbance was read at 730 nm
against a blank (with distilled water). All the measures were
performed in triplicate.

2.3.2. Sulfate content. In order to determine the sulfate
content, the gelatin-barium chloride method** was used. At

This journal is © The Royal Society of Chemistry 2021

first, gelatin-BaCl, reagent was prepared by mixing the powder
(Scharlau, Spain) in hot water (70-80 °C), and the solution was
kept overnight at 4 °C. Subsequently, BaCl, (Sigma-Aldrich,
Spain) was added, obtaining a cloudy solution. After 2-3 h, the
reactive is ready to use. Briefly, liquid samples were hydrolyzed
using trichloroacetic acid at 4% (Sigma-Aldrich, Spain) and the
gelatine-BaCl, reagent was mixed, and incubation at room
temperature for 15 minutes was necessary to complete the
reaction. Then, the absorbance was read at 500 nm, in tripli-
cate. The standard curve was obtained using K,SO, (Scharlau,
Spain) and distilled water as a blank.

2.3.3. Soluble protein content. The evaluation of soluble
protein was performed following the protocol explained by
Bradford®® and the guidelines from Panreac for the Bradford
reagent. Briefly, 100 pL of sample was added to a test tube, fol-
lowed by 1000 pL of Bradford reagent, and thoroughly mixed
in a vortex to favor the contact between the two liquids. The
standard curve was measured using bovine serum albumin
(BSA). The measurement of samples and BSA standards was
carried out, at least, in triplicate at 595 nm in a spectrophoto-
meter (Evolution 201 UV-vis, Thermo Scientific, USA).

2.3.4. High performance size exclusion chromatography
(HPSEC). The molar mass distribution of the extracts obtained
by the combination of MHG + AH, and US + AH was studied
and compared to those obtained previously.>”**** The proto-
col to determine the molar mass distribution was performed
using two columns in series TSKGel G2500PWy;, and
G3000PWy;, (300 x 7.8 mm, Tosoh Bioscience, Germany) and a
PWX-guard column (40 x 6 mm, Tosoh Bioscience, Germany)
fitted with a refractive index detector, using Milli-Q water as
the mobile phase at 0.4 mL min~"'. Standard calibration was

Green Chem., 2021, 23, 7001-7015 | 7003
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performed using dextrans from 1 to 80 g mmol " (Fluka, USA).
All measures were conducted, at least, in triplicate.

2.3.5. Fourier-transform infrared spectroscopy (FTIR). The
FTIR bands of the samples extracted after the combination of
technologies were analyzed and compared to those obtained
previously.’”?®** The liquid phases were freeze-dried and
blended with KBr to prepare the pellet. These measures were
performed using a Nicolet 6700 manufactured by Thermo-
Scientific (USA) the source used was IR with a detector: DTGS
KBr. The software used was OMNIC. The samples were
studied, the spectral range of study was from 400 to 4000 nm,
and the resolution was 4 cm™" and 32 scans min ‘. The
measures were performed, at least, in duplicate.

2.4. Enzymatic hydrolysis of extract-free Sargassum muticum

Enzymatic hydrolysis of different solid phases obtained from
Sm treatments (extracts-free Sm) proposed in this work was
performed in an orbital incubator (150 rpm) at 50 °C. These
assays were carried out at a LSR (liquid to solid ratio) of 20, 6
and 4 g of liquid per g of solid and an ESR (enzymatic to sub-
strate ratio) of 15 FPU g~ of Sm and VCR (Viscozyme to Cellic
CTec2 ratio) of 5 U FPU™". The pH was adjusted to 5 with 0.05
N citrate buffer, as explained by NREL.*> Assays were carried
out in duplicate.

The commercial enzymes employed, kindly provided by
Novozymes (Denmark), were “Viscozyme 1.5L” carbohydrases
and pectinases from Aspergillus aculeatus and the enzymatic
cocktail Cellic CTec2. The polygalacturonase activity for
Viscozyme was calculated from the total of p-galacturonic acid
formation from 0.5% w/v polygalacturonic acid in a pH 5 solu-
tion with 50 mM of sodium acetate buffer, using the DNS
method. The unit of enzymatic activity (U) is defined by the
quantity of enzymes that -catalyzes the formation of
p-galacturonic acid per minute at 37 °C and pH 5. The final
enzymatic activity was 4206 U mL™". The cellulase activity of
Cellic CTec2 was measured using the filter paper assay and
expressed in filter paper units (FPU).*® The final enzymatic
activity was 116 FPU mL™".

At scheduled times samples were taken, centrifuged at
12 000 rpm for 10 min, filtered using 0.45 pm pore acetate cell-
ulose membranes and analyzed by HPLC to obtain the glucose
concentration.

The results obtained from enzymatic hydrolysis assays were
expressed as glucose concentration (g L™') or as glucan to
glucose conversion (GGC, %), which was estimated using the
subsequent equation:

Gt — G
GGC=5n 180t = P (1)
100 <162

LSR+1 — AB

100
where the numerator represents the subtraction of the glucose
concentration at time ¢ (G, g L") and the glucose concen-
tration at time zero (G; - o, g L™'). On the other hand, the
denominator stands for the potential glucose concentration
(Gpor), where Gn is g of glucan per 100 g of processed Sm,

7004 | Green Chem., 2021, 23, 7001-7015
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180/162 describes the stoichiometric factor for glucan
hydration upon hydrolysis, p exemplifies the density of the
medium (employing an average 1005 g L"), LSR is g of liquid
per g of solid, and the AIR is g of acid insoluble residue per
100 g of processed Sm.

2.5. Yeast and growth conditions

Cells of the industrial Saccharomyces cerevisiae Ethanol Red®
strain were grown on yeast peptone dextrose (YPD) agar plates
containing 20 g L™ of glucose and peptone, 15 g L™ of agar,
and 10 g L' of yeast extract at 30 °C. Prior to the fermentation
assays, cells were incubated in sterilized liquid media of YPD
with glucose, peptone and yeast extract (20, 20 and 10 g L™",
respectively) for 15 hours at 30 °C and 200 rpm. Subsequently,
the cell suspension was centrifuged for 15 min at 4500 rpm
and then resuspended with 0.9% NacCl to achieve a concen-
tration of 200 g fresh yeast per L. The inoculum was added to
the fermentation experiments to achieve a final concentration
of 1.5 g dry yeast per L.

2.6. Saccharification and fermentation assays of processed
Sargassum muticum

Different strategies of saccharification and fermentation were
employed for the production of third generation bioethanol,
namely separated hydrolysis and fermentation (SHF), simul-
taneous saccharification and fermentation (SSF), and presac-
charification and simultaneous saccharification and fermenta-
tion (PSSF). The LSR of 6 and 4 g of liquid per g of processed
Sm, ESR of 15 FPU g of Sm and VCR of 5 U FPU™" were
employed in these experiments. The presaccharification time
was set at 12 hours for the PSSF assays, whereas for the SHF
assays it was set at 72 h. The saccharification stage was per-
formed at 50 °C and 150 rpm, while the fermentation stage
(either for SHF, SSF or PSSF) was set at 35 °C and 120 rpm, in
an orbital shaker with temperature control. After the presac-
charification stage, sterilized nutrients (20 g peptone per L,
10 g yeast extract per L) at 100, 50 and 0% concentration and
S. cerevisiae cells were added. Assays were carried out in
duplicate.

The saccharification and fermentation assays were sampled
at desired times, centrifuged and the supernatant was ana-
lyzed by means of HPLC for monosaccharides, acetic acid and
ethanol quantification (after filtration through 0.22 pL cell-
ulose acetate filters). The ethanol yield was calculated as
follows:

EtOH,

Ethanolyield = ————- x 100 (2)

Gror X 180
where EtOH, represents the concentration of ethanol in g L™"
at the desired time ¢, Gpor represents the potential glucose
concentration, that was calculated as expressed in eqn (1) from
section 2.4, and 92/180 represents the stoichiometric factor
which relates the conversion from glucose to ethanol.

This journal is © The Royal Society of Chemistry 2021
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2.7. Differential scanning calorimetry (DSC) of extract-free
Sm and spent solid after SHF

Differential scanning calorimetry (DSC) is a thermochemical
procedure to evaluate the heat flow features of a material
depending on the temperature variation, resulting in a DSC
curve that can indicate the reaction path of the assessed
biomass.”” The thermal behavior of processed Sm and spent
solid after SHF was evaluated in duplicate by differential scan-
ning calorimetry (DSC) assays in a Mettler Toledo thermoana-
lyzer. In brief, about 10 mg of the air-dried sample was heated
up to 600 °C with a constant rate of 10 °C min~". The resulting
data were subjected to further calculations to determine the
higher heating value (HHV) of the samples expressed in M]J
kg™ of sample.

3. Results and discussion

3.1. Effect of sustainable technologies for the extraction of
bioactive compounds

In this work, autohydrolysis, ultrasound and microwave hydro-
diffusion and gravity were selected and assessed as alternative,
novel, effective and sustainable processes for the extraction of
soluble high added value products (for instance, oligomers
with prebiotic proprieties) and bioactive compounds (total
phenolic compounds with biological activities) from invasive
S. muticum.

The use of a single extraction is often related to obtaining
one specific target compound, and may not contribute signifi-
cantly to the cell disruption, avoiding the liberation of other
interesting biomolecules.” In this sense, the combination of
different technologies was proposed in this work (as shown in
Fig. 1) as an alternative to a single extraction. This procedure
would allow to evaluate the potential enhancement of the
efficiency of the global process and the recovery of a wide
range of target compounds.*®*® To evaluate the effect of
different extraction processes, the soluble compounds were
separated by filtration for a complete characterization.

Therefore, Table 1 displays the non-volatile solid content
(NVSCQ), volatile solid content (VSC), carbohydrate and weak
acid content, phloroglucinol, TEAC, protein and sulfate of the
extracts after the extractions were accomplished via: autohydro-
lysis (AH), ultrasound (US), microwave hydrodiffusion and
gravity in a single step (MHG-1) and in two sequential steps
(MHG-2), and the combination of US + AH, MHG-1 + AH and
MHG-2 + AH.

Firstly, the sum of NVSC and VSC reflected the capacity of
solubilization (extraction yield) of different processes evalu-
ated. As seen, the extraction yields for the US (10.1%) and
MHG processing (0.50-0.96%) were fairly scarce. On the other
hand, the extraction values for AH and its combination with
US and MHG ranged from 47.0-53.2%. This fact is related to
harsher conditions (temperature and time) used for the AH
and its combination with US and MHG. By virtue of these
data, the combination of these sustainable technologies
allowed to improve the extraction yield when compared with

This journal is © The Royal Society of Chemistry 2021

Table 1 Characterization of the liquid fractions of Sm after extraction with different technologies: autohydrolysis (AH), ultrasounds (US), microwave hydrodiffusion and gravity in one step

(MHG-1) and two steps (MHG-2), and their combination with autohydrolysis (US + AH, MHG-1 + AH and MHG-2 + AH)

MHG-1 MHG-2 US + AH MHG-1 + AH MHG-2 + AH

us

AH

41.87
6.20¢

42.59
6.807

0.96 0.50 38.7¢
0.00 0.00 8.30¢

10.1

45.5

Non-volatile solid content (NVSC, g per 100 g Sm)

Volatile solid content (VSC, g per 100 g Sm)

0.00

7.70

0.85 + 0.07
5.70 £ 0.19
11.4 +£0.31
2.95 £ 0.09
1.00 £ 0.11
7.36 £0.05
19.9 + 0.05
3.06 £ 0.02
10.2 £ 0.04

1.62 + 0.09
6.06 + 0.08
10.7 £ 0.10
3.11 £ 0.09
1.13 £ 0.14
9.73 £ 0.02
31.1+£0.20
3.02 £ 0.03

1.20 + 0.24
7.43 £ 0.26
13.6 + 0.32
3.45 £ 0.09
1.04 £ 0.11
8.61 £ 0.05
26.6 + 0.22
4.05 £ 0.09

1.40 + 0.02
0.63 + 0.05
3.21 +0.27
0.00 + 0.00
0.00 + 0.00
8.72 + 0.15°
34.4 +0.23¢

3.94£0.20
0.57 £0.05
2.02 + 0.09
0.00 £ 0.00
0.04 + 0.08
3.52 +0.19°
13.2 +0.21°

3.77 + 0.257

3.66 + 0.20
5.80 + 0.20
5.61+0.16
0.00 + 0.00
1.68 + 0.09
2.26 +0.18"

0.97 + 0.08
5.79 +0.17
12.3 +0.34
3.66 + 0.11
1.54 + 0.06
3.22 +0.21¢
6.47 £ 0.17°
4.50 + 0.10%

Liquid phase composition (g per 100 g of extract) (sugars expressed as sum of monomeric and oligomeric compounds)

Glucose
Xylose + Galactose + Mannose

Fucose
Phloroglucinol

Formic acid
Acetic acid
TEAC
Protein
Sulfate

Green Chem., 2021, 23,
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12.7 £ 0.10

9.64 + 0.05

3.56 + 0.02°

3.28 + 0.13
“Data extracted from Alvarez-Vifas et al.** ¥ Data extracted from Florez-Fernandez et al.>® ¢ Data extracted from Florez-Fernandez et al.>” ¢ Unit of the fractionation data of US + AH, MHG-1 +

AH and MHG-2 + AH measured in g per 100 g Sm regarding the Sm resulting from the previous processing. Data represent mean + standard deviation (n >
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using only US and MHG. This is also related to the liberation
of sulfated compounds in the liquid phase, which acted as cat-
alysts of the reaction and resulted in the hydrolysis of com-
pounds from the raw material matrix, incrementing the extrac-
tion yield.*® Particularly, values between 9.64-12.7 g of sulfate
per 100 g of extract were accomplished when combining US
and MHG with AH, whereas 3.28 and 3.56 g of sulfate per
100 g of extract were released in the liquid phase after the
extraction of AH and US, respectively.

Regarding the sugar (mostly in the oligomeric form) and
weak acid content, their release in the extract seemed to be
greatly influenced by the harshness of the technique
employed. In general, AH and its combinations with US and
MHG resulted in a larger solubilization of these compounds,
yielding 21.9-26.7 g of sugars and weak acids per 100 g of
extract. Looking closely, fucose represented the major sugar
component in the extracts, achieving up to 13.6 g of fucose per
100 g of extract in the combination of US + AH. Slightly lower
values were achieved for AH and for the combination of
MHG-2 + AH and MHG-1 + AH (12.3, 11.4 and 10.7 g of fucose
per 100 g of extract, respectively). On the other hand, extrac-
tion techniques of US, MHG-1 and MHG-2 reached up to
5.61 g of fucose per 100 g of extract. Regarding the other
sugars and weak acids, a similar behavior was observed,
reflecting higher concentrations when autohydrolysis proces-
sing was involved.

The extraction of sulfated fucoidan, in this case mostly in
the form of fucooligosaccharides, is highly motivated due to
its interesting properties such as anti-inflammatory, anti-
tumoral, anti-viral, anti-thrombotic, anti-coagulant or
contraceptive.’”>! In particular, extracts of MHG at the con-
ditions employed in this work produced a powerful inhibitory
effect on the development of glioblastoma cells and pancreatic
cancer cells.”” Sm extracts after US also presented anti-prolif-
erative activity for some cancer cells, such as colon carcinoma
or pancreatic adenocarcinoma cells.*® Besides that, extracts
obtained after autohydrolysis at 170 °C, fractionated by mole-
cular weight via membranes (100-5 kDa), inhibited the growth
of cervix cancer cells (10-30 kDa) and ovarian cancer cells
(<5 kDa).**
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Alternatively, the phenolic compounds can be found in Sm
as phlorotannins (polymer of phloroglucinol)®® at different
degrees of polymerization, being mainly composed of fuhalols,
hydroxyfuhalols and phlorethols.>® In this sense, the total phe-
nolic content (TPC), 2.26-3.52 g of phloroglucinol equivalents
per 100 g of extract, was obtained when using AH, US and
MHG-1. Conversely, the combination with autohydrolysis or
the use of MHG in two steps (MHG-2) caused a rise in the
TPC, with values of 7.36-9.73 g of phloroglucinol equivalents
per 100 g of extract. Consequently, the antioxidant capacity of
the extracts (measured as TEAC) was also affected by the
number of steps of extraction, obtaining 3.77-13.20 g per
100 g of extract when using a simple extraction step (AH, US,
MHG-1) and 19.9-34.4 g per 100 g of extract when using more
than one extraction step. In this sense, these TEAC data can be
positively compared to those obtained for the non-isothermal
autohydrolysis of Himanthalia elongata at 160 and 180 °C,
reaching a value of 2.43-5.18 g eq. Trolox per 100 g of
extract.>® Similarly, non-isothermal autohydrolysis at 180 °C
was used for the extraction of bioactive compounds from
Laminaria ochroleuca, achieving around 1.80 g of Trolox per
100 g of extract.”® On the other hand, TEAC results from the
combined processing with autohydrolysis reached similar
values to those obtained for Himanthalia elongata by pressur-
ized liquid extraction with ethanol at 50-100 °C (25.9-26.7 g
Trolox per 100 g extract),”® which evinces the sequential use of
technologies as a suitable approach for the extraction of bio-
active compounds, even using water as the solvent.
Alternatively, the protein content was fairly similar regardless
of the technology employed in this work, ranging from
3.02-4.50 g of protein per 100 g of extract.

In order to complete the physicochemical characterization
of the extracts, Fig. 2a shows the molar mass distribution pro-
files of the samples obtained from the different technologies
autohydrolysis, ultrasound assisted extraction and microwave
hydrodiffusion and gravity and also with the combination of
technologies. This figure displays in all cases the elution
profile corresponding to compounds with a molecular mass
higher than dextran of 80 kDa, besides the profile obtained for
the AH sample in coherence with the profile attained for the
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Fig. 2 Profiles of (a) the molar mass distribution of the samples eluted by HPSEC, the pattern was represented by dashed lines, dextran (DX) of

80 000 Da and (b) FTIR spectra of the extracts.

7006 | Green Chem., 2021, 23, 7001-7015

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1gc01900g

Published on 13 August 2021. Downloaded on 10/25/2025 11:15:07 AM.

View Article Online

Green Chemistry Paper
combination of technologies US and MHG with AH. In this I 5 §2938388 ¢
context, this behavior could be explained according to the %8 S9SSSS f
harshness of the AH processing, being higher than those in %_ é E mRSS30 g
the other technologies. On the other hand, US and MHG-2 pro- 2o TTmomers g
files exhibit a first peak in the spectra that represent a bigger @2 E
molar mass. Similar results were found in other studies with _g g - g
results around and superior to 80 kDa for fractions obtained ‘EH:;} < R88828S 3)
from the brown seaweed Chnoospora minima.”” Other research- g g 3 . 7997393 £
ers analyzed the main polysaccharide present in brown sea- °5 | E 2233922 A
weeds (fucoidan) and the molecular weights were around iy = ST e n .%0
105-117 kDa.’® These results were in concordance with those '% < g
obtained in the present work. Es | o 2
On the other hand, Fig. 2b represents the FTIR spectra of £ g N 8318838 5
the extracts obtained by the different configurations of sustain- _GE)‘ E 5 . Vi é
able technologies evaluated. A peak associated with the sym- § o E E g E § f g g &,
metric and asymmetric deformation of sulfate O=S=O was °3 5
represented at 617 cm ™" for the spectra of the AH sample. The E % E
band related to sulfation on C2 galactose units (828 cm™") was g E— Tosaogn EQ
found for all the samples except for MHG-1 and MHG-2. It ?8' ; 5 3 f:l 3 i 3 i %
could be because the harshness of this extraction is lower than 3= ¥ S @ geaea 8
that of the other processes. The peaks associated with the RS | ° BEAHSRE ¢
sulfate ester (1027 and 1250 cm™ ') were also observed in all % kS E
the samples explored. Besides, the carboxylate group and E é Mmoo mo E“
Amide link type II associated with amino sugars and proteins 8 E o i i 5
were observed at 1410 and 1600 cm™'. These results were in %‘ F % coahbhany §°
agreement with other studies where similar bands were 25| 5 2332SsS =
obtained and represented in the FTIR spectra results.’®®! S S z
© o
3.2. Chemical characterization and enzymatic hydrolysis K 3 © SO Mo %
susceptibility of the processed S. muticum after the 8 g - $33333 &
biomolecule extraction _g z % = ;I g ; 5 :ol .t' _;D
. . . g+ | = R =
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its overall value, or owing to the adhesion of carbohydrates or
other compounds to the AIR as already observed for autohydro-
lyzed Sm™ or to the AIR (Klason lignin) of Paulownia wood
after autohydrolysis.®*

The second main component of the solid fraction is the
glucan, with values between 7.84 and 15.8 g per 100 g of pro-
cessed Sm. This component mainly remained in the solid
phase, with recoveries up to 100% in the case of MHG-1. The
selectivity of the technologies evaluated for the totally recovery
of glucan in the extract-free Sm is a remarkable result, since
this polysaccharide can be used for bioethanol production.

Additionally, other polymers (fucoidan, xylan, mannan and
galactan) are also greatly influenced by the harshness of the
processing. For instance, fucoidan remained almost quantitat-
ively in the solid fraction after US, MHG-1 and MHG-2 (4.51,
4.24, 4.02 g of fucoidan per 100 g of processed Sm, respect-
ively) with recoveries between 94 and 99% regarding the initial
fucoidan content of Sm. On the other hand, AH and its combi-
nation with US and MHG implied a recovery of 8-16% of fucoi-
dan regarding initial fucoidan in the solid fraction, represent-
ing the great solubilization of this fraction. Similar behavior
was observed for other polymers such as xylan, galactan and
mannan, with almost quantitative recoveries for US and MHG
and recoveries, regarding the initial composition, of about
11-14% in the solid phase for AH, US + AH, MHG-1 + AH, and
MHG-2 + AH. Finally, acetyl groups remained marginally in
the solid phase in all cases, whereas the protein content
remained almost quantitatively in the solid.

In order to evaluate the potential of the processed Sm to
obtain bioethanol, enzymatic hydrolysis under favorable con-
ditions (LSR of 20 g of liquid per g of solid, CSR of 15 FPU g™,
VCR of 5 U FPU™ ') was carried out. Fig. 3a shows the time
course of the glucose concentration while Table 3 displays the
maximum glucose concentration and GGC obtained from the
saccharification of different residue solids after extraction pro-
cesses employed in this work. As can be seen, autohydrolysis
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(and its combination with US and MHG) is the process that
enhanced significantly the susceptibility of Sm towards
enzymes. As a consequence, a glucan to glucose conversion of
(GGC) of 77-100 was achieved within the first 48 h.

Nonetheless, US, MHG-1 and MHG-2 achieved very limited
susceptibility towards enzymes, specifically 0.35, 1.47 and
1.30 g glucose per L (analogous to 7, 24 and 21% of GGC).
These experimental data illustrated that autohydrolysis was,
among the technologies employed, the one that allowed a
larger improvement of the enzymatic susceptibility of Sm.
Similar results were stated by Gomes-Dias and colleagues in
the saccharification of the autohydrolyzed macroalgae
Gelidium sesquipedale using non-isothermal autohydrolysis at
temperatures between 127.6 and 212.4 °C, reaching a GGC of
72.2-96.2%.> In addition, as revealed by its time course, the
enzymatic hydrolysis of autohydrolyzed Sm (AH, US + AH,
MHG-1 + AH, and MHG-2 + AH) was a fast hydrolysis, reaching
a GGC of 54-72% at 9 h. In this sense, the use of a sequential
subsequent autohydrolysis processing after the US and MHG
processing largely augmented the enzymatic susceptibility of
the solid residues.

Owing to the fact that the concentrations and GGC of all
the experiments after the autohydrolysis procedure were very
similar and taking into account the promising results obtained
for the all extracts, as bioactive molecules with interesting
health-beneficing proprieties (section 3.1), the resulting
extract-free Sm samples were mixed in equal quantities in
order to validate the suitability of the combination of tech-
niques with autohydrolysis to pretreat Sm for the production
of bioethanol.

3.3. Fermentation strategies for third generation bioethanol
production from the mixture of extract-free Sm

Firstly, the mixture of extract-free Sm (denominated Sm MIX)
was subjected to enzymatic hydrolysis to evaluate its suscepti-
bility. The time course of the Sm MIX saccharification can be
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Fig. 3 Glucose time course of the enzymatic susceptibility of (a) the solid residues from autohydrolysis (AH), ultrasound (US) and microwave hydro-
diffusion and gravity in one step (MHG-1) and two steps (MHG-2), and their combinations with autohydrolysis (US + AH, MHG-1 + AH and MHG-2 +
AH) at an LSR of 20 g g% (b) mixing the solid residues of AH, US + AH, MHG-1 + AH and MHG-2 + AH atan LSRof 6 and 4 g g~*.
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observed in Fig. 3b. The LSR was modified to 6 and 4 g g~" in
order to validate the suitability of the blending at more chal-
lenging conditions also known as high-solid loadings.®® The
data obtained at 72 h of saccharification reflected glucose con-
centrations up to 24.5 and 36.2 g of glucose per L for the LSR
of 6 g g7 and 4 g g7", respectively. Both cases achieved a prac-
tical GGC of 100%, which is suitable for subsequent bioetha-
nol production. Similar to what was observed in Fig. 3a, a fast
conversion of glucan to glucose can be observed within the
first 12 h of saccharification, reaching a GGC of 68% for the
LSRof4gg™™.

Three different strategies for the production of third gene-
ration bioethanol from Sm MIX were selected in order to vali-
date the most suitable one for the conversion of extract-free
Sm into ethanol: (i) simultaneous saccharification and fermen-
tation (SSF), (ii) pre-saccharification and simultaneous sac-
charification and fermentation (PSSF), and (iii) separate hydro-
lysis and fermentation (SHF). The pre-saccharification for PSSF
was set at 12 h because at that time the fast conversion of
glucan to glucose was already accomplished, as stated by pre-
vious data (see Fig. 3b). On the other hand, the enzymatic sac-
charification in the SHF was set at 72 h, when the glucan was
completely transformed into glucose (see Fig. 3b). Moreover,
due to the high protein content of Sm (that could be used as a
nutritional source by the yeast), the addition of different pro-
portions of nutrients (peptone and yeast extract) was tested: (i)
100% of nutrients, i.e. 20 g peptone per L and 10 g yeast
extract per L in the fermentation assays, (ii) 50% of nutrients,
i.e. 10 g peptone per L and 5 g yeast extract per L in the fer-
mentation assays, and (iii) 0% of nutrients, no commercial
supplementation was added. Table 4 displays the main results
of the different conditions of saccharification and fermenta-
tion evaluated in this study.

Table 4 Overview of the main data (Etyax — maximum ethanol con-
centration and Ety max — maximum ethanol yield) from the different
strategies employed for the production of third generation bioethanol
from Sm MIX

LSR Nutrient Etyax Ety max
Strategy (gg™ supplementation (%) (gL™) (%)
SSF 6 100 6.82 54.9
50 7.55 60.7
0 6.97 56.0
4 100 10.7 57.9
50 10.0 54.5
0 11.6 63.0
PSSF 6 100 8.69 75.8
50 8.22 71.7
0 6.93 60.5
4 100 13.4 79.1
50 14.5 85.2
0 11.2 65.7
SHF 6 50 9.77 78.6
0 10.4 83.6
4 50 13.9 81.8
0 15.6 91.9

Green Chem., 2021, 23, 7001-7015 | 7009


https://doi.org/10.1039/d1gc01900g

Published on 13 August 2021. Downloaded on 10/25/2025 11:15:07 AM.

Paper

Concentration (g/L)

time (hours)

G-nut100% ~-# - G-nut50% ~~k--G-nut0%

EtOH-nut100% —%— EtOH-nut50% —&— EtOH-nut0%

(9 30

N
[
L

53
(=3
L

Concentration (g/L)
5 o
.
w,

50

time (hours)

G-nut100% =8 --G-nut50% ==k =-- G-nut0%

EtOH-nut100% —%— EtOH-nut50% —A— EtOH-nut0%

(e) 40

35 4

w
o
L

N
[
L

\
\
\

Concentration (g/L)
— N
W (=]
\
\

>
-

w

o

0 20 40 60 80 100
time (hours)

=8 -- G-nut50% ~=h--G-nut0%
—#— EtOH-nut50% —#&— EtOH-nut0%

View Article Online

Green Chemistry

(b) 12
=
2
=
2
g
g
2
o
&)
time (hours)
G-nut100% - --G-nut50% ==k -- G-nut0%
EtOH-nutl00% —#—EtOH-nut50% —#A— EtOH-nut0%
(@ 30
25

)
=

Concentration (g/L)
= &

w
=

time (hours)

G-nut100% -8 --G-nut50% ~~k--G-nut0%

EtOH-nut100% —#— EtOH-nut50%  —A— EtOH-nut0%

® 40
35 4 =

W
A
AR
AN
AR
NS

N W
[ .Y
L s
\
\
\
\

Concentration (g/L)
—_ N
wn (=]
d J

0 20 40 60 80 100
time (hours)

-8 --G-nut50% ==&=-G-nut0%
—#— EtOH-nut50% —#&— EtOH-nut0%

Fig. 4 Glucose (G) and ethanol (EtOH) time courses in the fermentation strategies for the mixed solid of Sargassum muticum after autohydrolysis
(AH), and sequential processing with the autohydrolysis of ultrasounds (US + AH) and microwave hydrodiffusion and gravity in one step (MHG-1 +
AH) and two steps (MHG-2 + AH). (a) SSF at an LSR of 6 g g™, (b) SSF at an LSR of 4 g g™, (c) PSSF at an LSR of 6 g g%, (d) PSSF at an LSRof 4 g g7,
(e) SHF at an LSR of 6 g g%, and (f) SHF at an LSR of 4 g g~*. The concentration of nutrients in the assays was as follows: nutl00%, 20 g peptone per
L, 10 g yeast extract per L; nut50%, 10 g peptone per L, 5 g yeast extract per L; and nut0%, no supplementary nutrients were added.

Fig. 4 shows the glucose and ethanol time courses for SSF
(Fig. 4a and b), PSSF (Fig. 4c and d) and SHF (Fig. 4e and f).

The enzymes employed in this work were stored in a sugar
stock, containing glucose. In this sense, the enzymatic hydro-
lysis graphics only shows the production of glucose, subtract-
ing the initial glucose content (starting at 0 ¢ L™" at ¢ = 0 h),
while saccharification and fermentation assays start with the

7010 | Green Chem., 2021, 23, 7001-7015

glucose concentration provided by the sugar stock.®* Firstly, in
the case of SSF assays, similar values of ethanol concentration
are achieved regardless of the amount of nutrient sup-
plemented. In particular, SSF at a LSR of 6 g g~ allowed
obtained up to 7.55 g of ethanol per L, with an ethanol yield of
61%. In the same way, when employing a LSR of 4 g g”" the
concentration raised up to 11.61 g of ethanol per L, but with a
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similar ethanol yield (63%). Furthermore, the manufacture of
bioethanol is still fast enough to reach the peak of production
between 8 and 12 h.

However, PSSF assays exhibit a tendency where the use of
nutrients, either the total or the half of it, enhances the pro-
duction of bioethanol. In these cases, maximum ethanol con-
centrations are achieved at 16 h of PSSF (4 h of fermentation),
with values ranging from 6.97-8.69 g ethanol per L for the LSR
of 6 g ¢! and 11.16-14.48 g ethanol per L for the LSR of 4 g
g~ '. Besides the higher ethanol titer, the ethanol yield was also
higher, up to 76% and 85% for an LSR of 6 g ¢ ' and 4 g g,
respectively.

In the light of these results, SHF assays were performed at the
maximum glucose concentration (72 h) and with 50% and 0% of
nutrients to validate whether the final concentration of bioetha-
nol may be increased by a larger amount of glucose in the
medium, and whether the nutrients may affect its production.

Accordingly, time courses of glucose and ethanol when per-
forming SHF at an LSR of 6 g ¢~ " and 4 g g~' can be found in
Fig. 4e and f, respectively. In this case, slightly higher ethanol
concentrations are yielded without the use of supplementary
nutrients. As a consequence, 10.4 g of ethanol per L (ethanol
yield of 84%) at an LSR of 6 g g~ and 15.6 g of ethanol per L
(ethanol yield of 92%) at an LSR of 4 g g™ " are obtained at 80 h
of SHF (8 h of fermentation) when no nutrients were added. In
contrast, 9.77 and 13.9 g of ethanol per L with an ethanol yield
of 79 and 82% (LSR of 6 and 4 g g~ ", respectively) are acquired
when using 50% nutrient supplementation at 83 h of SHF
(11 h of fermentation).

Finally, small amounts of other monomeric sugars were
identified during the saccharification and fermentation. In
particular, in PSSF 0.94-1.83 g of X + Ga + Ma/L (corres-
ponding to yields of 26.8-40.2%) were detected at 12 h of sac-
charification, whereas for SHF, 1.37-2.69 g of X + Ga + Ma/L
(yield of 45.5-60.2%) were obtained at 72 h of saccharification.

As a summary, autohydrolysis was demonstrated to be an
interesting and sustainable processing to increase the digesti-
bility of raw Sm and Sm after US and MHG extractions, reach-
ing up to 15.6 g of ethanol per L with an ethanol yield of 92%
using SHF without nutrient supplementation.

Similar ethanol yields (about 89%) were obtained by
Borines and collaborators for acid pretreated (4% H,SO, w/v,
115 °C and 1.5 h) Sargassum spp., but reaching a maximal
ethanol concentration of 2.27 g L™".°®> Analogously, Baghel and
collaborators achieved ethanol efficiency up to 89% when
using the macroalgae Gelidiella acerosa after sequential
aqueous, solvent and agar extractions.’® On the other hand,
Aparicio and colleagues employed autohydrolyzed Sargassum
spp. at 190 °C and 50 minutes in PSSF (24 h of presaccharifica-
tion) with a solid loading of 13%, reaching 18.1 g of ethanol
per L and an ethanol yield of 76.2%.°”

3.4. Evaluation of heating power of spent solid after SHF

To evaluate the heating power of processed Sm (Sm MIX) and
the spent solid obtained after SHF, samples from those pro-
cesses were subjected to DSC. Since the solid yield from the

This journal is © The Royal Society of Chemistry 2021
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SHF was high (69.3 and 75.5 g after SHF per 100 g of Sm MIX
used in the SHF, for an LSR of 6 and 4 g g~ respectively),
these data were employed to calculate the higher heating value
(HHV) of the solid residues to know the degree of energy recov-
ery during these processes.

The DSC curves are shown in Fig. 5. Between 50 and 100 °C
(¢t = 0-5 min) the evaporation of the water in the biomass
occurred, represented by a slight fall in the DSC curve
(endothermic reaction). In addition, between 300 and 400 °C
(¢ = 25-35 min), there was an exothermic reaction peak owing
to the degradation of polysaccharides (such as cellulose or
hemicellulose in the lignocellulosic material), reflecting the
calorific power of the remaining fucoidan, xylan, galactan or
mannan from Sm. Eventually, the largest peak appeared
between 450 and 550 °C (¢ = 40-50 min), being more than
likely derived from the degradation of the acid insoluble
residue (AIR) from Sargassum muticum, and representing the
great majority of the heat flow released from the samples.

On this basis, the obtained results were subjected to
further calculation to determine the higher heating value

(a)
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.

2 3 P P o 6 mn

Fig. 5 DSC curves for (a) Sm MIX, (b) Sm MIX after SHF at LSR 6 g g2,
and (c) Sm MIX after SHF at LSR 4 g g%,
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(HHV). Fig. 6 displays the obtained HHV of Sm samples calcu-
lated from the DSC data (solid biofuel) and ethanol (liquid
biofuel), taking into account the HHV for ethanol (29.6 M]J
kg™"). The HHV was calculated using 1 kg of blended Sm after
the combined processes with autohydrolysis (Sm MIX). In this
context, a HHV of 10.8 MJ kg™ was achieved for the Sm MIX
solid residue. Regarding the spent solid after SHF, 1.71 and
1.87 MJ kg™ of Sm MIX were obtained from the ethanol,
whereas 8.76 and 10.0 MJ kg™ of Sm MIX were acquired from
the solid residues after SHF at LSR 6 and 4 g g, respectively.

10 1
3
6 4
4
2
0

Sm MIX SmMIXSHFLSR 6 SmMIXSHFLSR 4

Higher Heating Value (MJ/kg of Sm MIX)

¥ Solid biofuel ™ Liquid biofuel (bioethanol)

Fig. 6 Higher heating value (HHV) and standard deviations calculated
from differential scanning calorimetry (DSC) and from ethanol achieved
after SHF.

Sm after AH (117.0 kg)
Glucan 185 kg
Xn+Gan+Man 2.38kg
Fuen 2.37kg
AG 0.03kg
250 kg Sm ] AR 61.3kg
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Similar values were obtained by Dominguez et al for
Paulownia elongata x fortunei wood, recovering 14.9 MJ kg™" of
initial wood, calculated using cellulosic and hemicellulosic
ethanol and the combustion of residual lignin.®® Similarly,
values of 14.2 and 11.9 MJ kg™' were obtained from the
untreated algae P. palmata and L. digitata.*®

The results display a practical recovery of 100% of energy
concerning the solid residue from the extraction procedures
(Sm MIX), regardless of the LSR employed in the SHF process.

3.5. Overall mass balance of the cascading process

Finally, a mass balance provided a better comprehension of
the components obtained in the performed cascade biorefin-
ery of Sargassum muticum, as can be seen in Fig. 7. The com-
ponents were expressed on the basis of 1 ton of initial Sm.

The total amount of Sm (1 ton) is separated in the four bio-
refinery schemes studied in the current work (250 kg per bio-
refinery scheme).

This balance enabled to understand that the use of autohy-
drolysis allowed a higher recovery of compounds in the
extracts, compared with other technologies. However, MHG or
US allowed a recovery of other valuable compounds with bio-
logical activity, as was explained in a previous section, for
instance obtaining a concentrated extract with great inhibitory
effect against cancer cells.”” Conversely, autohydrolysis per-
mitted the solubilization of sugars, organic acids, phlorotan-
nins (measured as phloroglucinol) or proteins. In this sense,
10.5-12.6 kg of fucose-derived compounds (mainly sulfated

A extract
Fucose

Other sugars

Organic acids
Phioroglucinol
Protein

Sm after US (226.0 kg)
Glucan 17.7kg
Water Xn+Gan+Man 10.2kg

v
US extract*
0.64

Fucose Fucose

Sargassum muticum (Sm) (1 ton) Other sugars

Xn+GansMan 10.5kg
| | Fuen 14.9kg

v

MHG-1 extract”

| Fucose 0.04 kg
Other sugars 0.10kg

Fucose

. Organic acids 0.00 kg
| Phloroglucinol <0.01 kg
Protein 0.00 kg

Protein

5 Sm after MHG-2 (249.0 kg)

| Glucan 201 kg
Xn+GansMan 10.0kg

MHG-2 extract*
Fucose 0.04 Fucose
Other sugars
Organic acids
Phloroglucinol
Protein Protein

A4
US+AH extract®

Other sugars 7.64kg

AcG 0.21kg
AR 73.2kg
->| MHG-1+AH . i

MHG-2+AH extract®

Other sugars 6.27kg
Organic acids 273kg
Phloroglucinol 7.73kg

Sm after US+AH (119.8 kg)

Glucan 19.0 kg
wWiitsi Yn+Gan+Man 1.93 kg
1.38 kg

0.16 kg
67.8kg Liquid biofuel (bioethanol)
---------------- Ethanol 37.3kg

12.1 kg

Sm MIX (492.2 kg)

Organic acids Organic acids 2.85kg Glucan Tiakg
Phloroglucinol Phloroglucinol 7.52kg Xn+Gan+Man 8.19kg Separated
Glucan 101.8 kg Protein Protein 3.54 kg Fucn 664kg | Hydolysisand
Xn+Gan+Man 67.5kg AcG 0.56 kg Fermentation
Fucn 60.0 kg AR 279.6kg
AcG 3.33kg Y
AR 250.3 kg Sm after MHG-1 (248.3 kg) Sg} after MHG-1+AH (izgg Eo) !
Protein 105.5 kg Glucan 25.4kg lucan 18.3kg

| Spent solid

Water Fuen 1.21kg
after SHE [ Yeating iination: Solid biofuel ]

x

Xn+Gan+Man 1.78 kg :
I

—_

Spent solid 371.5kg

v

MHG-1+AH extract" |

105 kg

Other sugars 7.48kg :
Organic acids 2.98kg |
Phloroglucinol 10.3 kg

3.19kg

Glucan 15.
Xn+Gan+Man 210kg

Sm after MHG-2+AH (129.5 kg) |
.6 kg |

£ SR .. N P T
Fucose 47.2kg

Other sugars 29.4 kg
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Protein 149 kg
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Fig. 7 Overall mass balance of the cascading process performed in this study, measured in kg per 1 ton of Sargassum muticum on dry basis.
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fucooligosaccharides) were obtained after autohydrolysis in
the four schemes, summing up to 47.2 kg per 1 ton of Sm,
which corresponds to almost an 80% of recovery, regarding the
initial fucoidan content of the raw material.

Subsequently, the phloroglucinol content (performing a
high antioxidant capacity measured in Trolox equivalents,
TEAC) reached 29.4 kg per ton of Sm regarding all the schemes
accomplished. Other sugars, organic acids (acetic acid and
formic acid) and proteins were also interestingly recovered in
values of 29.4, 12.5 and 14.9 kg per ton of Sm.

Concerning the solid fraction, the solid yield from each
process is expressed in brackets, demonstrating the high solu-
bilization after autohydrolysis procedures. In this sense, Sm
MIX accounted for 492.2 kg per ton of initial Sm, being mainly
composed of glucan (71.4 kg) and AIR (279.6 kg). After SHF,
37.3 kg of ethanol and 371.5 kg of spent solid were obtained,
reaching an important HHV compared with other biomasses.

Hence, the developed closed loop biorefinery”® proposed in
this work using cascading sustainable technologies may
propose a new configuration for the sustainable and complete
use of Sargassum muticum for biomolecule extraction and for
the energy valorization of the resulting solid residue, obtaining
both liquid and solid fuels.

4. Conclusions

In summary, this work deals with the production of valuable
compounds with application in food and pharmaceutical
industries and biofuels following the principles of green chem-
istry. In this regard, the pretreatments employed are con-
sidered as eco-friendly technologies that implicate a non-
hazardous and safe solvent (water). In addition, the use of
Sargassum muticum as feedstock involves the leverage and reva-
lorization of a problematic and unserviceable material,
earning a double environmental and economic profit. Finally,
the suitable fractionation of Sm implied the exploitation of a
great variety of components: (i) liquid extracts rich in oligo-
mers (specially sulfated fucooligosaccharides), phenolics and
antioxidant compounds, (ii) a highly enzymatically susceptible
solid, which is key for the manufacture of bioethanol and (iii)
a spent solid, after saccharification and fermentation, with
high calorific power. However, further work is needed to
accomplished a zero-waste biorefinery of Sm, such as employ-
ing protease enzymes on the remaining proteins of the Sm
MIX to obtain assimilable peptides for the fermentation yeast
or performing in-depth characterization of the AIR with the
purpose of employing it for a high added value marketable
compound, maybe as a source for biomaterials. Additionally,
since Sm presents low amounts of glucan, its mixture with
other biomasses (as lignocellulosic materials) could provide an
interesting tandem to obtain high ethanol titers without the
addition of nutrient supplementation during the saccharifica-
tion and fermentation process. In light of the foregoing, this
strategy provides the reduction of derivatives by means of an
integral valorization of this invasive macroalgae.

This journal is © The Royal Society of Chemistry 2021
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