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ABSTRACT: Seaweeds are promising feedstocks; nevertheless,
the lack of systematic approaches to recover different high-value
fractions in a clean and sustainable mode hampers their
exploitation. Due to this necessity, an innovative environmentally
friendly strategy was proposed in this article for the development
of a sugar platform from Gelidium sesquipedale: for the first time,
autohydrolysis followed by enzymatic saccharification (with
cellulolytic and agarolytic cocktails) was applied to agarophyte
seaweeds. The wide range of severities (between 2.47 and 4.94)
studied in this work proved that the autohydrolysis-based process
can be tuned to selectively extract different target carbohydrate
fractions. Gelling agents (reaching 30 g/100 g DW) can be obtained by the application of low severity treatments, fermentable
sugars or oligosaccharides with the nutraceutical potential (reaching 14 g/100 g DW) are produced when severity is increased, and at
the highest severity, platform chemicals (reaching 4 g/100 g DW) are the final product. The reduction of processing times compared
to traditional extraction methodologies and the elimination of chemicals used in dilute acid treatments make this strategy a clean and
sustainable alternative for the valorization of both glucan and galactan fractions of G. sesquipedale.
KEYWORDS: Gelidium sesquipedale, hydrothermal pretreatment, sugar platform, macroalgae, sustainable processing, biorefinery

■ INTRODUCTION

Macroalgae, also commonly referred to as seaweeds, are
carbohydrate-rich organisms. They have the potential to
become the center of a marine-based biorefinery, associated
with the sustainable production of chemicals, biofuels,
biomaterials, or oligosaccharides with functional and nutra-
ceutical capabilities, alongside the valorization of bioactive
compounds such as pigments, proteins and peptides,
phycobiliproteins, and vitamins.1,2 Their advantages over
terrestrial biomass include (i) high photosynthetic efficiency,
(ii) high mass productivity, (iii) absence of land and fresh
water consumption during cultivation, (iv) diminished usage as
a primary food source, (v) low cost of collection, and (vi) lack
of lignin structures.3,4 Moreover, cultivation can be coupled
with bioremediation since it can remove heavy metals and
nutrients from integrated multitropWhic aquaculture systems
and urbanized coastal waters.5,6 Recent studies proved that the
appropriate cultivation technique combined with bioethanol
and biogas production can render the process near total
energetic sustainability, while performing bioremediation and
eutrophication prevention.7 Furthermore, the dewatering of
macroalgae at the collection/cultivation site not only reduces
the transportation and energy demands of storage but also
produces a useful plant biofertilizer.8 Thus, the use of this
marine resource has several environmental advantages when

compared to that of the traditional plant-based lignocellulosic
biomass.
Among the red macroalgae, Gelidium is the most associated

with high-quality agar for food and biological and pharma-
ceutical applications. Up to 50% of the macroalga’s cell wall is
composed of this structural polysaccharide followed by
cellulose (a structural component) and floridean starch (an
energetic reserve), making glucose and galactose the major
monosaccharides present in this seaweed.1 Despite its
potential, there are no reports of the integral valorization of
this resource in a biorefinery concept, and the majority of
treatments are performed using chemicals.9 This common
technology features operational simplicity, low cost, and short
reaction times, but the process is far from ideal due to the rapid
formation of known microbial growth inhibitors, alongside its
high environmental impact.10,11 An enzymatic approach
produces no undesired byproducts, but the technology requires
a pretreatment to increase the substrate’s accessibility to
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enzymes and solubility in water.10 Moreover, even though
some marine polysaccharide-degrading enzymes have been
identified and characterized structurally, there are no available
commercial mixtures optimized for marine biomass, and the
available purified enzymes still have a prohibitive price to allow
for large-scale applications.12

Thus, hydrothermal processing is a cost-effective and
environmentally friendly fractionating technology. At temper-
atures higher than its boiling point, water is maintained in the
liquid state due to the use of pressure superior to its saturated
vapor equilibrium pressure. In this state, the dielectric constant
increases, significantly increasing affinity toward nonpolar
organic hydrocarbons and, due to the higher degree of
autoionization, high concentrations of ions are achieved,
working as catalysts.3 This technology has proven to be
effective in the extraction of valuable compounds from several
matrixes but, despite its potential, its use in marine biomasses
is scarce, with no reports regarding agar-rich red sea-
weeds.3,4,13−16 Therefore, due to its possible operational,
environmental, and economic advantages and proven effi-
ciency, autohydrolysis has been considered as the best
alternative to fractionate the agarophyte red seaweed Gelidium
sesquipedale in an innovative approach.
The aim of this work is to develop hydrothermal

pretreatment as a clean technology to be applied as a first
step of a seaweed biorefinery through the valorization of the
major carbohydrate fraction. The effect of treatment
conditions (temperature, time, and seaweed loading) was
evaluated on the sugars’ recovery (as monosaccharides,
oligosaccharides, and polysaccharides) on the hydrolysate
(liquid fraction after pretreatment) and pretreated G.
sesquipedale (remaining solid fraction). Enzymatic saccharifi-
cation was also performed after pretreatment to obtain
fermentable sugars by commercial enzymatic cellulolytic and
agarolytic cocktails.

■ MATERIALS AND METHODS
Raw Material and Composition Analysis. G. sesquipedale raw

biomass used in this study was supplied by Iberagar-Sociedade Luso-
Espanhola de Coloídes Marinhos S.A. (Coina, Portugal). The

seaweeds were oven dried at 40 °C until a moisture content inferior
to 10% was obtained. The dried samples were stored in vacuum sealed
bags, at room temperature, in a dry and dark place until their use.
Prior to use, all coarse foreign materials were manually removed, and
the algae were cut into smaller pieces and washed several times with
distilled water to remove the remaining salt and smaller debris.

Raw biomass was analyzed for aqueous and ethanol extractives,17

ashes,18 structural carbohydrates,19,20 lipids,21 and proteins22

following the standard protocols.
The ash content was determined by calcination in a muffle furnace

at 575 °C until constant weight. Total nitrogen was measured by
Kjeldahl digestion, and the protein content was calculated using a
conversion factor of 4.59.23 The lipid content was determined by
extraction with chloroform and methanol. Sequential Soxhlet
extractions with (i) distilled water for 16 h and (ii) 80% v/v ethanol
for 8 h were carried out to remove water-soluble and fat-soluble
compounds, respectively. Aliquots from the extractions were
subjected to quantitative posthydrolysis (121 °C, 20 min, 4%
H2SO4) for oligosaccharide determination. The resulting liquid and
the extracted liquid were filtered through 0.22 μm membranes and
analyzed by high-performance liquid chromatography (HPLC) to
quantify the solubilized compounds such as glucose, galactose, and
hydroxymethylfurfural (HMF). The conditions used in the HPLC
analysis were as follows: refractive index detector; Aminex HPX-87H
column at 60 °C; and a mobile phase of 0.05 M H2SO4 at a flow rate
of 0.6 mL/min. Extract-free seaweed was subjected to a two-step
quantitative acid hydrolysis (QAH) with (i) 72% H2SO4, 60 min, 30
°C and (ii) 4% H2SO4, 60 min, 121 °C. The liquid from the QAH was
also analyzed by HPLC, using the same conditions as before. Glucan
and galactan were calculated from the concentrations of glucose and
galactose. The insoluble phase from the QAH was subjected to
gravimetric quantitation in number 3 Gooch crucibles and reported as
an acid-insoluble residue (AIR). The content of 3,6-anhydrogalactose
was determined calorimetrically based on the resorcinol reagent
method.24 All of the analyses were carried out in triplicate.

Autohydrolysis Pretreatment. The overall process workflow is
summarized in Figure 1.

The samples of seaweed (16 g) were mixed with distilled water
(400 g) in a 1.9 L 4520 Stirred Pressurized Bench Top Reactor (Parr
Instruments Company, Moline, Illinois, USA) and subjected to
hydrothermal pretreatment according to the experimental design
described below, in which temperature and time were chosen as
operational variables. The harshness of the hydrothermal treatments
(S0) is often expressed in relation to the severity factor (R0),
combining the effects of temperature and reaction time in a single

Figure 1. General process workflow.
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equation and allowing for an easy comparison between experiments
carried out under different conditions.3 The severity for an isothermal
treatment, including heating and cooling, can be calculated by the
expression:
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In the aforementioned expression, R0 is the severity factor, theating is
the time (in minutes) necessary to achieve the target temperature T
(°C), tcooling is the time (in minutes) necessary to achieve the final
temperature, T′(t) and T″(t) represent the temperature profiles in the
heating and cooling stages, respectively, Tref is the reference
temperature (100 °C), and ω is an empirical parameter related to
the activation energy (14.75 assuming pseudo-first-order kinetics).3,25

In addition to time and temperature, the effect of solid loading of
Gelidium under a selected condition of hydrothermal treatment
(central point, 170 °C, 40 min) was also evaluated in the range from 2
to 8% (w/w).
The medium in the reactor was cooled to 80 °C after the

treatment, and the samples were cloth filtered while hot to prevent the
gelling of the medium inside the bioreactor.26 The pretreated
Gelidium residues were washed, oven dried overnight, and weighed
for solubilization yield (SY) determination (g solid solubilized/100 g
raw material, on a dry basis) and analyzed for chemical composition
via QAH. When the gelling of the liquid fraction occurred at ambient
temperature (indicating the presence of agar), this liquid fraction was
subjected to a freeze and thaw cycle to separate the native agar from
the liquor, thus facilitating the operational processing of both fractions
and the recuperation of an economically valuable polysacharide.27

The former was quantified by weight after dehydration with 96%
ethanol and oven drying at 60 °C,26 while the latter was subjected to
filtration through 0.22 μm membranes and analysis in HPLC, directly
for glucose, galactose, and HMF and after QAH for glucooligosac-
charide and galactooligosaccharide determination. All of the analyses
were carried out, at least, in duplicate.
Experimental Design. The effects of the independent variables,

time (X1), ranging from 11.7 to 68.3 min, and temperature (X2),
ranging from 127.6 to 212.4 °C, on the fractionation of the red
seaweed Gelidium were evaluated through a 22 central composite
design with three replicates at the center point. Experimental runs
were randomized to minimize the effects of unexpected variability in
the responses.
Solubilization yield (SY, Y1), agar (Y2), glucan content in the

residue (glucanres, Y3), galactan content in the residue (galactanres, Y4),
AIR content in the residue (AIRres, Y5, glucan content in the liquor
(glucanliq, Y6), galactan content in the liquor (galactanliq, Y7), and
HMF in the liquor (HMFliq, Y8) were taken as dependent variables of
the experimental design. The correlation between dependent (Yn) and
independent variables (X1 and X2) was established by empirical
models following eq 2:

= + + + + +Y a a X a X a X a X a X Xn 0n 1n 1 2n 1
2

3n 2 4n 2
2

5n 1 2 (2)

where Yn is the dependent variable considered (with n ranging from 1
to 8), a0 is constant, a1 is the linear effect of time, a2 is the quadratic
effect of time, a3 is the linear effect of temperature, a4 is the quadratic
effect of temperature, and a5 is the interaction effects of time and
temperature. The regression coefficients were calculated from the
experimental data by multiple regression using the least-squares
method.
Statistical analysis was conducted to determine significant differ-

ences, based on the analysis of variance (ANOVA) using Statistica v.
10 (StatSoft, USA). All p-values <0.05 were considered as significant.
Values are reported as averages with standard deviation. Statistical

analyses were conducted between experiments for each parameter and
not across parameters.

Enzymatic Saccharification Assays of Pretreated Gelidium
Residue. Solids remaining after the autohydrolysis pretreatments
were milled and subjected to enzymatic saccharification assays. Tests
were performed at a solid loading of 5 g of pretreated solid to 100 mL
of 0.05 N citrate buffer (pH 4.8) and an enzyme to solid ratio of 15
FPU/g25 to evaluate the effect of pretreatments on enzymatic
susceptibility of cellulose. The samples containing the pretreated
solid, citrate buffer, and Cellic CTec2 (Novozymes, Denmark)
enzymatic cocktail were incubated in an orbital shaker at 50 °C and
150 rpm for 72 h,28 after which the samples were analyzed for glucose
and galactose by HPLC. Enzymatic saccharification yield (%) was
calculated based on the glucan to glucose conversion (GGC),
presented in eq 3:

=
Δ

×
GGC Glucose

Glucan
100

180
162

res
(3)

where ΔGlucose is the increase in the glucose concentration (g/100 g
pretreated Gelidium residue, dry weight basis) achieved at the end of
the experiment, and the denominator of this fraction represents the
potential glucose concentration, where Glucanres is the glucan content
of the pretreated biomass (g/100 g pretreated Gelidium residue, dry
weight basis) and 180/162 is the stoichiometric factor for glucan
hydration upon hydrolysis (which represents the molecular weights
for glucose in monomeric and polymeric forms, respectively).

Enzymatic Saccharification Assays of Recovered Liquid
Phase after Treatment. The assessment of enzymatic saccharifica-
tion of pretreated galactan was performed in the liquor resulting from
run 2 (140 °C, 60 min). The liquid phase recovered directly from the
reactor (containing dissolved agar and oligosaccharides) was
subjected to an enzymatic treatment with 50 U/g β-agarase
(SdAga50A) and 2.5 U/g NABH (BuAhg117A) (Nzytech, Portugal)
and incubated at pH 8, 42 °C, 180 rpm,29 either in combination or in
sequential steps (β-agarase followed by NABH at 48 h incubation).
Aliquots were taken over time for HPLC detection of released sugars.

■ RESULTS AND DISCUSSION
Raw Material Composition. There is not only a lack of

standard protocols optimized for seaweed analysis but also a
substantial discrepancy in composition among species,
sampling and cultivation sites, growth conditions (temperature,
salinity, depth), and cultivation time.4 Thus, the complete raw
material composition is essential to design processing
procedures that allow the full valorization of different biomass
types toward a circular economy. In this particular case, a
complete polysaccharide characterization is also critical for the
overall balance of seaweed fractionation to evaluate the effect
of different pretreatments on the recovery of main sugars and
to assess the need for further processing, following the
biorefinery concept.
As seen in Table 1, polysaccharides are the major

component present in G. sesquipedale biomass used in this
study. From these, galactan (comprising both galactose and
3,6-anhydrogalactose that constitute agar, averaging 40% of
total biomass) and cellulose (measured as glucan, averaging
15% of total biomass) were the major sugars detected, which
was expected as Gelidium is known as an important agarophyte
seaweed, being in concordance with previous values (of 52%
agar and 15% cellulose) reported.30

However, several other monomeric sugars such as rhamnose,
xylose, and mannan have been identified in Gelidium sp.
biomass and may also be present though always in residual
amounts.31 From water-extracted galactan, 30% were deter-
mined to be in the form of 3,6-anhydrogalactose. Unfortu-
nately, the majority of papers regarding seaweeds does not
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identify the polysaccharides present, reporting only the total
carbohydrate content (measured by mass difference), impair-
ing data comparison. Regarding the ash (14.8%) and protein
(14.5%) contents, the obtained results are in concordance with
the reported values for this red seaweed, ranging from 4.8 to
30.4% and 2.7 to 18.1%,31−34 respectively. Lipids are the minor
component detected, averaging 1.5% dry weight, and
correspond to the extractives obtained using ethanol.
Evaluation of Pretreatment Conditions on Fractiona-

tion. Effect of Time and Temperature. Table 2 shows the
chemical composition after pretreatment of liquid and solid
phases (expressed as g of component/100 g of seaweed).
SY (Y1) was chosen as a parameter since it represents the

pretreatment’s overall efficiency. Agar (Y2) depicts the
extraction of polysaccharides with a high polymerization
degree and gelling capacity (native agar). Glucanres (Y3),
galactanres (Y4), and AIRres (Y5) represent the main
constituents of the pretreated residue, thus indicating how
the treatments affect its composition. Similarly, glucanliq (Y6)
and galactanliq (Y7) represent the sum of their respective mono
and oligosaccharides, detailed in Table 3, thus permitting the
understanding of the sugar profiles in the liquid fraction, while
HMFliq (Y8) represents the sugar degradation compounds
(dehydration of hexoses) formed during the pretreatment.

The dependent variables were well interpreted by the
empirical model, as it can be verified from the fitting
parameters listed in Table 4.
The agar yield is inversely correlated with the severity of

autohydrolysis, in the experimental range tested, with a
maximum extraction yield of 30.9 g/100 g DW corresponding
to a severity of 2.47 (run 5, 127.6 °C, 40 min), resulting in an
extraction of more than 75% of galactan present in the
biomass. Supplementary experiments led to a yield of 27.9 ±
1.1 g/100 g DW (70% of the biomass’ galactan) and 34.2 ± 2.0
g/100 g DW (85% of the biomass’ galactan) using conven-
tional extractions (95 °C, 2 h, corresponding to an estimated
S0 of 1.9) and similar hydrothermal pretreatments (150 °C, 25
min, S0 of 2.9), respectively. This may indicate that an
optimum maximum exists and that the autohydrolysis
treatment can lead to higher agar extraction yields when
compared with the conventional extraction. A similar yield of
32.4 g/100 g DW was reported for Gelidium latifolium using
subcritical water (110 °C for 30 min), compared to a yield of
34.3 g/100 g DW for conventional hot water extraction (95 °C
for 6 h).35 However, direct comparisons are not feasible, as the
original seaweed may have different initial agar content. These
results show that a hydrothermal treatment can be an
interesting green alternative for the extraction of valuable
compounds from seaweeds such as agar, while also reducing
processing time. On the basis of the results obtained in this

Table 1. Raw Gelidium sesquipedale Composition

component g/100 g DW

ash 14.78 ± 0.73
crude protein 14.52 ± 0.09
crude lipid 1.47 ± 0.15
extractives
water 28.38 ± 4.20
glucan 0.35 ± 0.01
galactana 19.17 ± 3.72
ethanol/water 80:20 v/v 1.63 ± 0.27
extractive-free residue
glucan 14.64 ± 1.88
galactan 18.71 ± 5.59
AIR 1.59 ± 0.11

a≈30% of galactose-based extractives are in the form of 3,6-
anhydrogalactose.

Table 2. Operational Conditions of Autohydrolysis Pretreatment of G. sesquipedale and Corresponding Responses

operational conditions responses

run

time temperature severity SY agar glucanres galactanres AIRres glucanliq galactanliq HMFliq

X1 (min) X2 (°C) S0 Y1 (%)
Y2

(g/100 g)
Y3

(g/100 g)
Y4

(g/100 g)
Y5

(g/100 g)
Y6 (

g/100 g)
Y7

(g/100 g)
Y8

(g/100 g)

5 40.0 (0.00) 127.6 (−1.41) 2.47 64.05 30.93 9.54 4.24 2.46 1.25 3.62 0.00
1 20.0 (−1.00) 140.0 (−1.00) 2.55 63.59 28.35 11.03 3.96 2.65 1.26 2.64 0.00
2 60.0 (1.00) 140.0 (−1.00) 2.84 70.23 26.14 9.86 2.30 1.31 1.32 4.21 0.00
7 11.7 (−1.41) 170.0 (0.00) 3.23 74.49 15.27 8.71 1.46 10.85 2.44 6.64 0.00
9 40.0 (0.00) 170.0 (0.00) 3.71 77.16 0.00 8.68 1.06 11.24 3.13 11.63 0.60
10 40.0 (0.00) 170.0 (0.00) 3.71 75.16 0.00 9.14 1.18 13.11 3.65 11.26 1.04
11 40.0 (0.00) 170.0 (0.00) 3.71 76.62 0.00 8.75 0.98 12.42 3.03 11.76 1.04
8 68.3 (1.41) 170.0 (0.00) 3.94 76.40 0.00 7.82 0.76 10.55 3.01 9.24 2.29
3 20.0 (−1.00) 200.0 (1.00) 4.32 78.32 0.00 7.31 0.65 11.04 2.82 3.95 3.57
4 60.0 (1.00) 200.0 (1.00) 4.59 73.44 0.00 7.64 0.74 16.63 1.25 1.61 4.44
6 40.0 (0.00) 212.4 (1.41) 4.94 73.86 0.00 7.41 0.39 16.12 1.47 1.81 3.23

Table 3. Gelidium sesquipedale Liquor Composition
According to Autohydrolysis Severity

run

severity liquor composition

S0
glucose
(g/L)

galactose
(g/L)

gluco-OS
(g/L)

galacto-OS
(g/L)

HMF
(g/L)

5 2.47 0.10 0.26 0.35 1.04 0.00
1 2.55 0.11 0.09 0.34 0.87 0.00
2 2.84 0.11 0.12 0.36 1.41 0.00
7 3.23 0.13 0.22 0.74 2.16 0.00
9 3.71 0.19 0.96 0.92 3.14 0.22
10 3.71 0.15 1.08 1.15 2.87 0.37
11 3.71 0.13 0.96 0.95 3.18 0.38
8 3.94 0.17 1.73 0.89 1.41 0.83
3 4.32 0.33 1.28 0.65 0.00 1.29
4 4.59 0.26 0.28 0.16 0.27 1.60
6 4.94 0.15 0.15 0.36 0.49 1.16
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work, low severity (2−3) seems to be suitable for the
extraction of agar as a gelling agent, although a proper
experimental design should be made to assess the optimal
conditions for extracting agar while keeping or maximizing its
gelling functionality. Furthermore, algae aimed toward the
extraction of commercially available agar are often pretreated
under alkaline conditions before extraction, and the agar is
later submitted to purification steps (such as heat resolubiliza-
tion and redrying);36 hence, these parameters should also be
considered.
On the other hand, for S0 > 3.23, no agar was obtained.

Nevertheless, an increase in the concentration of mono-
saccharides and oligosaccharides in the liquid fraction was
achieved. Sugar yield (representing the sum of glucose,
galactose, oligosaccharides, and native agar dissolved in the
liquid phase) reached a maximum of 14.8 g/100 g DW in the
pretreatment at S0 of 3.71 (run 170 °C, 40 min, central point),
corresponding to the solubilization of more than a quarter of
initial polysaccharides. Similar results were obtained in the
subcritical water extraction of the brown seaweed Fucus
vesiculosus, with a maximum sugar yield of 14% w/w obtained
when using severities equal to or higher than 3.737 and a
maximum sugar yield of 10 mg/g DW Ulva sp. corresponding
to a severity of 3.9.38 However, an optimal severity of 2.15
regarding the fucoidan yield was reported for Himanthalia
elongata.39 Once again, these works (as the majority of the
literature) do not present the composition of the poly-
saccharide fractions extracted, focusing only on the hydrolysis
yield, making it difficult to establish relations between the
different treatments employed. The results presented here
show that due to the presence of simpler (thus more easily
fermentable) sugars and low concentrations of inhibitory
compounds, hydrothermal pretreatment with a severity in the
range of 3.2−3.7 is a valuable alternative to the production of
substrates for fermentative processes, substituting the tradi-
tional chemical route based on diluted acids.
Under hasher conditions of pretreament (S0 > 3.7), sugar

yield decreases significantly, coupled with an increase in sugar
degradation products (with HMF reaching a maximum of 4.4
g/100 g DW at the highest severity, corresponding with run 4
(200 °C, 60 min)). These results are supported by the data
published by Kim et al.,40 which reported a decrease in total
reducing sugars for pretreatments with a severity greater than
4.1 due to the overdegradation of polysaccharides extracted
from Enteromorpha intestinalis. However, this is a green
seaweed, with different main polysaccharides. Therefore, the
mechanism toward degradation products may be different and,
although the reasoning is valid, the final severity is not
comparable. Although HMF is typically considered as a major
inhibitor in fermentation processes, it is also considered as an

important building block. In fact, it is included in the top 12 of
value-added compounds obtained from biomass by the Energy
Department of United states, serving as a feedstock for the
production of polyesters, liquid alkanes, and other high-interest
compounds in fuel and medical fields.41,42 Thus, the
autohydrolysis treatment at severities higher than 3.7 could
be an alternative to chemical catalysis for HMF production.
Nevertheless, it is to be noted that in the treatment with the
highest severity (4.94), there is an apparent decrease in HMF
concentration. This can be explained by the possible
transformation of HMF into other degradation compounds
such as levulinic and formic acids and even insoluble
compounds such as humic-like substances42,43 that were
unaccounted for in this study. Again, if the final aim is the
production of HMF, further optimization would be needed, or
further downstream processing should be assessed.
The pretreatment conditions affect not only the overall

extraction yield and composition of the extracted fractions but
also the type and polymerization degree of the sugars present
(Table 3). Monomeric sugars such as galactose, 3,6-
anhydrogalactose, and glucose are decomposed into HMF at
different rates,42,44 suggesting that the optimal conditions for
maximizing sugar recovery and minimizing the formation of
inhibitory compounds depend not only on the pretreatment
conditions used but also on the biomass composition.
Regarding the glucan fraction, an increase in glucooligosac-
charides is observed until a severity of 3.71 is reached, while
maximal glucose concentration is reached at a severity of 4.32.
Under more severe conditions, there is a decrease in the overall
glucan quantified (measured as glucan present in liquid and
solid phases), suggesting a degradation of this compound into
HMF and other unidentified compounds accounted for in the
AIR, with galactan following the same pattern. Even though
monomeric sugars are preferential for fermentation, oligosac-
charides present advantages for prebiotic use.45 The general
process for biomass depolymerization in subcritical water
implies at least three different steps: conversion of poly-
saccharides into oligosaccharides, followed by their conversion
into monosaccharides, and posterior formation of degradation
products.3 Since the kinetic constants of the three reactions
may be different, with the first step being the rate-limiting step,
the simultaneous formation of monomeric sugars and
degradation of the already extracted ones is possible. This
explains why liquor’s contents in monosaccharide and
oligosaccharide were not linearly related with the pretreat-
ment’s severity.
In a study regarding the environmental impact of several

pretreatments for bioethanol production from a terrestrial
biomass, Prasad and co-workers concluded that hydrothermal
pretreatment had the smallest impact regarding climate change

Table 4. Correlation Coefficients for the Selected Responses and the Corresponding Significance Level

Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8

a0 76.31a 0.00 8.86a 1.08a 12.26a 3.27a 11.55a 0.89
a1 0.56 −2.98c −0.26 −0.32a 0.48 −0.09 0.36 0.51
a2 −0.63 4.34b −0.15 0.07 −1.30 −0.37 −2.36b 0.28
a3 3.98a −12.28a −1.12a −1.29a 5.38a 0.22 −0.48 1.57a

a4 −3.88a 8.25a −0.04 0.67a −2.00b −1.05a −4.98a 0.52
a5 −2.88a 0.55 0.37 0.44a 1.73 −0.41 −0.98 0.22
R2 0.978 0.960 0.855 0.990 0.945 0.846 0.923 0.884
F 45.397 24.374 5.910 96.420 17.613 5.515 12.311 7.743

a99%, significance level. b95%, significance level. c90% significance level.
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(based on carbon dioxide emissions), aquatic eutrophication,
and water depletion, performing globally better than dilute
acid, steam explosion, and organosolv.46 Thus, not only can it
reduce processing times and reagent demands, the process is
also environmentally friendlier.
Overall, hydrothermal pretreatment has proved to be an

efficient alternative to the conventional strategies for marine
biomass hydrolysis, allowing the extraction of (i) gelling agents
(S0 ≤ 3.2), (ii) fermentable sugars with the potential to serve
as substrate for fermentation processes (3.2 ≤ S0 ≤ 3.7), (iii)
oligosaccharides with potential nutraceutical use (3.2 ≤ S0 ≤
3.7), and (iv) platform chemicals (S0 ≥ 3.7).
Considering the condition with the highest sugar concen-

tration in the liquid fraction (170 °C, 40 min), nearly 30% of
total polysaccharides were solubilized while inhibitory
products reached 0.32 ± 0.09 g/L. Thus, this condition was
considered to be the most promising, being the one used to
evaluate the effect of solid loading.
Effect of Solid Loading. Apart from time and temperature,

solid loading is a parameter to consider when optimizing
autohydrolysis conditions, since it can lead to an uneven
treatment of biomass,3 e.g., due to hydrodynamic restrictions
inside the reactor. Thus, the effect of solid loading ranging
from 2 to 8% was assessed under the 170 °C, 40 min extraction
condition (Figure 2).
An increase in solid loading from 2 to 4% does not cause any

significant interference on the polysaccharide solubilization but
is sufficient to affect the composition of the remaining solid,
increasing its AIR content and possibly interfering with future
uses of this fraction. Moreover, doubling the solid load from 4
to 8% causes a significant decrease in polysaccharide
solubilization from 29 to 20%, linked to a decrease in extracted
glucose, galactose, and galactooligosaccharides. Thus, a solid
loading of 4% represents the ideal compromise between the

extraction efficiency and the need for further concentration
steps. Similar results in the decrease of extracted sugars with
the increase of solid loading during hydrothermal pretreat-
ments of marine biomass (green seaweed Ulva sp.) support
these findings.38,40

Enzymatic Susceptibility. Effect of Pretreatment Con-
ditions on the Enzymatic Saccharification of Residual
Biomass. To investigate the effect of the hydrothermal
pretreatment conditions on posterior processing steps, the
residual solid biomass was hydrolyzed with a cellulase cocktail
for 72 h (Table 5). Glucan enzymatic saccharification
efficiency was between 72% in severe pretreatments (200 °C,
60 min) and 96% in the milder condition (127.6 °C, 40 min),
while the galactan present in the residue was not hydrolyzed

Figure 2. Effect of solid loading on (a) residual macroalgae and (b) extracted liquor composition. Deviation bars correspond to standard deviation
(n = 3). For the same compound, different letters indicate a statistically significant difference (p < 0.05).

Table 5. Effect of Autohydrolysis Conditions on the
Enzymatic Saccharification of the Pretreated Gelidium
sesquipedale Residue

pretreatment enzymatic saccharification

run severity S0 glucan (g/100 g)a ΔGlucose (g/100 g)a GGC (%)

5 2.47 26.55 28.37 96.18
1 2.55 30.30 30.71 91.22
2 2.84 33.11 31.96 86.86
7 3.23 34.12 33.98 89.62
9 3.71 38.02 34.68 82.09
10 3.71 36.79 36.74 89.90
11 3.71 37.41 37.57 90.39
8 3.94 33.12 34.94 94.93
3 4.32 33.74 34.49 92.01
4 4.59 28.75 23.05 72.17
6 4.94 28.33 26.87 85.37

ag/100 g pretreated Gelidium residue.
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(galactose was not detected). These high conversion
efficiencies imply that almost all of the glucan present in the
pretreated Gelidium residue become solubilized (as glucose,
available for use as the fermentation substrate) using this
simple and cost-effective combination of hydrothermal
pretreatment and enzymatic saccharification. Regarding only
the cellulose-based fraction of the seaweed, this step increases
the glucan solubilization yield from 8 to 24% obtained in the
hydrothermal pretreatment to 54−92%.
Since it has been proved that enzymatic saccharification is a

significant contributor in the majority of impact categories
related to bioethanol production (mainly due to the impacts in
enzyme production), it is essential to guarantee that this step is
optimized so that enzyme loading can be minimized.47 Thus,
the relevance of an efficient pretreatment and the need for
cocktails tailored for marine biomasses are reinforced.
The combination of these strategies results in an overall

recovery of total polysaccharides present in the raw biomass of
up to 86% (considering the extracted agar in run 1), leaving
only the galactan base of the residue, which can be further
valued when enzymatic cocktails tailored for seaweeds become
easily available. These results are equal or superior to the ones
reported for acid treatment and autoclave pretreatments of the
same biomass,34 thus reinforcing that hydrothermal pretreat-
ments are a valid alternative to the traditional chemical route.
Feasibility of the Enzymatic Saccharification of Liquefied

Biomass. As reported in Table 2, it is not possible to extract
significant concentrations of oligomers and monomeric sugars
from agar without the degradation products associated. Thus,
the option of extracting polymers such as agar and further
hydrolyzing them into simpler sugars is as an alternative route,
if the final aim is to produce fermentable liquors with a high
monosaccharide content. The hydrothermal pretreatment to
study the feasibility of an enzymatic saccharification on the
extracted liquid fraction was selected based on (i) maximum
glucooligosacharides in the liquor, (ii) maximum agar
extraction, (iii) maximum solubilization yield, and (iv)
minimum formation of inhibitory compounds. Because it
presented the ideal compromise between all of the above, the
liquid fraction from run 2 (140 °C, 60 min) was hydrolyzed
with commercially available agarolytic enzymes (Figure 3).
The recombinant β-agarase employed is reported to

hydrolyze agarose into neoagarobiose, which is then further
cleaved into galactose and anhydrogalactose by anhydro-L-
galactosidase, implying the necessity of both enzymes for
obtaining monosaccharides.48 Nonetheless, the maximum
saccharification yield was obtained in the first 48 h of

incubation, a period where only β-agarase was present in the
sequential run. This occurrence had been previously reported
by other authors, with similar yields using Aga50A (68%), in
comparison with a mixture of Aga50A and NABH (76%).49

Overall, the sequential process resulted in a higher galactose
content than the simultaneous route, possibly due to the
formation of odd-numbered oligosaccharides during the
depolymerization of agar.50

Although the saccharification yield is far from ideal (only
10% of available galactan was converted to monomers), this
study proves that a solvent-free approach for the depolyme-
rization of agar is possible.

Overall Mass Balance. To highlight the optimization
results, Figure 4 presents the overall process and mass balance
for the most promising conditions. The top half is focused
toward the use of the liquid fraction in fermentative processes
(high concentration of simple sugars and low concentration of
inhibitors), while the bottom half of Figure 4 represents the
most promising condition regarding the use of the gelling
agents and potential prebiotic effect (high concentration of
complex sugars).
It is to be noted that, in the initial biomass composition, the

percentage of galactan corresponding to 3,6-anhydrogalactose
was dismissed due to its easy degradation, difficulty in
quantification and recuperation in the streams, and the
inability of most microorganisms in fermenting this mono-
mer.10

In this context, after the hydrothermal pretreatment (S0 of
3.7) followed by enzymatic saccharification, per 100 g of
seaweed 8.6 g of glucose was obtained in a monosaccharide-
rich HMF-free stream, which could serve as the ideal substrate
for fermentative processes. Alongside these, other 3.2 g of
monomeric sugars and 11.3 g of oligosaccharides were
obtained in the liquid fraction, making it suitable either for
the nutraceutical use or substrate for fermentation. The
integrated process allows for the overall recuperation of 88
and 40% initial glucan and galactan, respectively. The lack of
the recovery of the remaining sugars can be explained by the
impossibility to quantify the 3,6-anhydrogalactose present in all
of the biomass (due to the method’s ability, only the fraction
present in the water extractives of the initial biomass was
accounted for) and the possible production of additional
degradation compounds (such as levulinic and formic acid)
that were not quantified.
Similarly, after the hydrothermal pretreatment (S0 of 2.8), a

liquid fraction with 4.9 g of oligosaccharides was obtained,
making it suitable for the nutraceutical use. The gelling
fraction, corresponding to the native agar, adds another 18.1 g
of galactans with functional properties (that could be
ameliorated with a sodium hydroxide pretreatment of the
seaweed to improve the agar’s gelling strength and a
purification step to remove the impurities from the extracted
agar, thus augmenting its market potential). Once again,
enzymatic saccharification of the pretreated residue resulted in
9.6 g of glucose in a fermentable stream. Thus, this approach
makes it possible to conjugate the extraction of agar with the
production of nutraceuticals and fermentation products,
making the best use of the carbohydrate content of the
biomass.

Perspectives Regarding a Red Seaweed Biorefinery. With
this work, it was proven that autohydrolysis combined with
posterior enzymatic treatments can substitute the traditional
chemical-based strategy for the saccharification of biomass,

Figure 3. Effect of agarolytic enzymes in the saccharification of
liquefied galactan.
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resulting in several high-value products. This water-based and
acid-free approach is greener and thus is more adequate to be
employed in a biorefinery approach. Despite this, the work was
focused only on the carbohydrate fraction of the biomass, and
the minority compounds were not studied. To implement the
biorefinery, these fractions require further valorization steps
(Figure 5). According to the data presented in the literature,
this integral valorization can improve the process metrics in
terms of not only its economic value but also its environmental
impact. Thus, the use of the mineral-rich fractions is proposed
to be used as plant biostimulants, protein fractions can serve as
substitutes for animal feed, phenolic compounds and pigments
with biological activity can be used as nutraceutical supple-
ments and in cosmetics, and phycobiliproteins have strong
cosmetical and biomedical potential, among others.2,8,51,52

Furthermore, residual biomass, if significant, can be trans-
formed into biochar, to improve soil fertility, water holding
capacity, and remediate contamination.53 By combining the
biomass cultivation with wastewater treatment plants or fish
hatcheries, it is possible to improve the process even further
through the recycling of nutrients remaining in otherwise
discarded water.
Nevertheless, to fully understand the environmental and

economic impacts of the process, further studies need to be
conducted, considering all possible final products, cultivation,
and treatment conditions, to overcome the enormous
information gap regarding marine biomasses.

■ CONCLUSIONS

In accordance with the need to reduce the use of chemicals
and optimize operations (by reducing reagents and reaction
times), autohydrolysis was studied, for the first time, as a
pretreatment alternative for agarophyte red seaweeds. The
influence of the pretreatment conditions (time, temperature,
and solid loading) on the carbohydrate fraction of this marine
biomass and its overall impact on further processing steps were
described.
Innovatively, it was proven that, by tuning the hydrothermal

pretreatment conditions, several products can be obtained
from the macroalgae, using no added chemicals, without
compromising the overall process yield while guaranteeing the
application of a clean process. By making use of and integrating
clean technologies, this strategy is the ideal platform for the
sustainable production of bioenergy and bioproducts from red
macroalgae due to its efficiency, selectivity, and range of
outcomes (gelling agents, oligosaccharides, fermentable
monomers, and platform chemicals).
The valorization of noncarbohydrate fractions (salts, pig-

ments, lipids, and proteins) and the correct choice of
cultivation/harvesting strategies of the biomass can further
increase the environmental and economic advantages of the
process. Due to their advantages over terrestrial biomasses, the
development of protocols and enzymatic cocktails tailored for
marine biomasses is expected to be available in the future,
rendering their use more interesting from the economic point

Figure 4. Overall mass balance of the most promising pretreatment regarding fermentative processes (top) and gelling agents/prebiotic potential
(bottom).
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of view. Further research is recommended to fully understand
the industrial feasibility of seaweed usage and its environ-
mental, social, and economic implications.
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