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A B S T R A C T

Concerns about fossil fuels depletion has led to seek for new sources of energy. The use of marine biomass
(seaweed) to produce biofuels presents widely recognized advantages over terrestrial biomasses such as higher
production ratio, higher photosynthetic efficiency or carbon-neutral emissions. In here, interesting seaweed
sources as a whole or as a residue from seaweed processing industries for biofuel production were identified and
their diverse composition and availability compiled. In addition, the pretreatments used for seaweed fractio-
nation were thoroughly revised as this step is pivotal in a seaweed biorefinery for integral biomass valorization
and for enabling biomass-to-biofuel economic feasibility processes. Traditional and emerging technologies were
revised, with particular emphasis on green technologies, relating pretreatment not only with the type of biomass
but also with the final target product(s) and yields. Current hurdles of marine biomass-to-biofuel processes were
pinpointed and discussed and future perspectives on the development of these processes given.

1. Introduction

The growth in fossil fuel-based energy consumption has implied
many ecological and environmental issues related to global warming,
climate change or the unceasing emission of greenhouse gases, such as
carbon dioxide (Appiah-Nkansah et al., 2019). Furthermore, this non-
renewable type of energy is depleting at staggering speed, for example,
reserves of oil are estimated to disappear within the next 25–30 years

(Ong et al., 2019). Consequently, the search for renewable, economical
and eco-friendly energy sources is the main target of this century, being
one of the most important those based in biomass refinery, also known
as biorefinery (Amoah et al., 2019; Yang et al., 2019). The utilization of
biomass-based fuels not only would mitigate the global warming, but
also reduce the emission of carbon dioxide due to the prior consump-
tion of this gas by the biomass via photosynthesis, resulting in carbon-
neutral emission (Amoah et al., 2019).
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Biomass can be divided into several generations, depending on
different features. First generation feedstock consists of food or derived-
food crops such as barley, corn, palm oil, potato sugar beet, rice, soy-
bean oil or sugarcane, among others. These biomasses have a great
sugar or starch content, being optimal for the production of biofuels.
However, the employment of first generation feedstock could bring
about some socio-economic and environmental issues, for example, the
growth of the demand, hence the increase of the price, being cause of
depletion of the resources or provoking soil degradation due to over
fertilization (Robak and Balcerek, 2018).

Second generation feedstock comprise the lignocellulosic biomass,
including not only forest materials, but also grasses, energy crops,
agricultural residues and crop or municipal wastes. In this case, lig-
nocellulosic materials overcome the main disadvantage of the first
generation, diminishing the concern of food sustainability, while
maintaining a low and stable price with no extra demand of land
(Alalwan et al., 2019). Moreover, this biomass is characterized by its
ubiquity, sustainability, availability and high production capacity.
Nevertheless, the main restraint with second generation feedstocks re-
sides in the complex internal structures due to lignin presence, that may
hinder cellulose and hemicelluloses accessibility (Dave et al., 2019).
Eventually, algal biomass has been employed as third generation
feedstock, while fourth generation feedstock employs genetically
modified algal biomass in order to reach better hydrogen to carbon
yields and to produce an artificial carbon sink to remove or reduce
carbon emissions (Alalwan et al., 2019; Sudhakar et al., 2018).

In this way, algae are the third generation feedstock and currently
stand out as a potential biomass to obtain biofuels (Michalak, 2018) due
to some advantages such as: i) ubiquity, ii) low rate of biomass fluc-
tuation owing to overpopulation, iii) production of the majority of
oxygen in the planet with a high absorption of annual CO2, iv) higher
photosynthetic efficiency (6–8%) than terrestrial biomass (1.8–2.2%),
v) low consumption of water, vi) no alteration of human food supply,
vii) no competition for arable land, viii) capacity of growing in a wide
range of territories like saline water or wastewater, ix) absence or low
lignin content; x) potential to obtain high-added value products (cos-
metics, drugs, pigments, biofertilizers, food additives…) and xi) ability
to achieve larger production rates of biomass than land-based feedstock
(in terms of land surface employed) (Rodríguez-Jasso et al., 2013; Ruiz
et al., 2013; Sirajunnisa and Surendhiran, 2016). In a recent study, the
US Energy Department has estimated (under specific conditions) that
the biofuel productivity from seaweed is two and five-fold higher than
ethanol productivity obtained from sugarcane and corn, respectively
(Soliman et al., 2018).

Depending on the size, algae can be separated into two main groups:
macroalgae and microalgae. Macroalgae, known as well as seaweed,
consist of multicellular organisms composed of high quantities of car-
bohydrates. This property, besides the little or no lignin content, make
them interesting for bioethanol or biobutanol production (Dave et al.,
2019; Hong et al., 2017; Jin et al., 2013; Kostas et al., 2016). Moreover,
their size goes from a few millimeters to many tens of meters (Ganesh
Saratale et al., 2018). On the contrary, microalgae are unicellular or-
ganisms with sizes lower than 0.4 mm of diameter, and have a higher
content of lipids, making them ideal for biodiesel production (Jin et al.,
2013).

Oceans and seas occupy more than 70% of the planet’s surface,
which enable the sustainable cultivation and harvesting of a huge
quantity of this potential feedstock. In this sense, not only the pro-
duction and recollection of these seaweeds is feasible, but also the
employment and exploitation of invasive seaweed, which can be a
problem for native species due to the competition of light, space and
resources (Balboa et al., 2016; Ruiz et al., 2013), arises as a promising
biofuel resource.

Due to the growing scientific interest in macroalgae exploitation for
biofuels production, this topic is approached in several reviews (Chen
et al., 2015; Chow et al., 2013; Ghadiryanfar et al., 2016; Khoo et al.,

2019; Sirajunnisa and Surendhiran, 2016). More specifically, liquid
fuels (mainly bioethanol production) from macroalgae resource have
been reviewed by Jiang and co-workers (2016). Generally, these re-
views gather information only about pretreatment used for ethanol
production. Differently to other reviews, this one is focused on the
pretreatment for a suitable fractionation of marine biomass following a
biorefinery concept. The pretreatment not only should be used to obtain
fermentable sugars to produce biofuels, but also to recover other value-
added compounds (namely, protein, phenolic compounds, etc.) that
enable feasibility of marine biobased refinery. Moreover, these pro-
cesses should contribute to environmental sustainability. These issues
need to be integrated in the selection of pretreatment. In here, the main
interesting sources of macroalgae for biofuels production are identified
and the main pretreatments used for the seaweed biomass processing
are approached from an integrated perspective. Moreover, the main
drawbacks for a large-scale utilization of these renewable resources are
discussed.

2. Seaweed as feedstock

2.1. Available sources for biofuels

Algae biomass is readily available, either from wild harvest or from
aquaculture cultivation. From the more than 200 seaweed species with
commercial value, only about 10 are intensively cultivated.
Nevertheless, from the 30.4 million tons of seaweeds produced in 2015,
29.4 million tons corresponded to cultured seaweeds, according to data
from the Food and Agriculture Organisations (FAO) of the United
Nations (Ferdouse et al., 2018). Cultivation and harvesting are quite
straightforward, which is a significant advantage over microalgae.
Offshore cultivation in open water farms using longlines are the most
common systems, but near shore bottom cultivation, rock-based culti-
vation or on-land (onshore) cultivation are also used (Kim et al., 2017).
These farms are usually located in lagoons or sheltered bays, though the
presence of significant water motion is important (Sirajunnisa and
Surendhiran, 2016). Harvest can be made manually or mechanically
(Sudhakar et al., 2018).

Seaweeds have long been used mostly for food/feed applications
and in the hydrocolloids industry. Albeit the many available macro-
algae species (about 9 000), only a small fraction is commercially
exploited (Sirajunnisa and Surendhiran, 2016), leaving a significant
range of other underused macroalgae available for unexplored or un-
derexplored applications.

Selection of appropriate strains is a crucial step (John et al., 2011;
Sirajunnisa and Surendhiran, 2016). Factors such as growth rate, light
requirements, morphology, seasonality, behavior under adverse con-
ditions, nutrient needs, starch/cellulose content, ability to dominate
other wild strains or epiphytes, resistance/resilience to changes (in-
cluding temperature, salinity, light or location), carbon storage ability,
photosynthetic yield, biomass productivity, carbohydrate content,
possible high-value co-products, among others, are important to con-
sider. Furthermore, production, harvest season or pre-harvest treat-
ments can be tuned to maximize the potential amount of fermentable
sugars in order to get maximum productivity in biofuels.

Seasonal or occasional green, red or brown/golden tides can provide
huge amounts of seaweeds that rapidly degrade and may cause severe
environmental issues. In fact, invasive macroalgae have been con-
sidered as a great menace for autochthonous species and global marine
natural resources. The insertion of non-native species can alter the
current habitats owing to the shifts in communities and trophic chains,
which can cause a decrease of biodiversity and change in the ecological
stability of invaded ecosystems. This invasion may be caused naturally,
however, humans’ activities, for example heavy naval traffic, import of
shellfish products or aquaculture, can hasten this situation in both
terrestrial and marine ecosystems (Pérez-López et al., 2014).

Seasonal harvesting is proposed as a control strategy as no methods
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for prevention and removal of invasive seaweeds have been successful.
In this way, one of the most interesting ways of valorization of invasive
seaweed is the production of biofuels, turning a problem into a benefit,
i.e., finding a double environmental and economic advantage: the re-
moval of a hazardous material and the economical revalorization of the
marine biomass, which is actually useless and without value (De Ramon
N’Yeurt and Iese, 2015; del Río et al., 2019; Milledge et al., 2016).

On the other hand, the increasing interest and spreading of other
seaweed-based systems, such as wastewaters treatment (to decrease
nitrogen and phosphorus or heavy metals content) and nutrient
bioextraction from urbanized estuarine waters (Rocha et al., 2019) or
multitrophic aquaculture systems, IMTA (Alexander and Hughes,
2017), both onshore or offshore, can also provide a new, more sus-
tainable and significant source of seaweeds. These processes use sea-
weeds as biofilters, using solar energy and the excess of nutrients to
produce new biomass while purifying the effluents before they are
disposed into the environment. Huge amounts of biomass are produced
that have to be mechanically removed. This biomass can be used as by-
products for other industries, namely for biofuel production, in a
biorefinery/circular economy approach. In this case, the size of the
macroalgae simplifies and reduces costs of the cultivation and har-
vesting procedure (Parsa et al., 2019).

Besides the direct human consumption as food, the main seaweed
processing industry is the hydrocolloids extraction sector (alginate,
carrageenan and agar). In fact, seaweeds are the base for almost 40% of
the total world hydrocolloids market (Ferdouse et al., 2018). The esti-
mated value of the seaweed hydrocolloids (also known as phyco-
colloids) sales volume in 2015 was 93 000 metric tons corresponding to
ca 1000 million USD sales (Porse and Rudolph, 2017). Though hydro-
colloids extraction yields are generally high, a significant amount of
solid residues is still generated. For instance, for agar, these wastes can
represent up to 30% of the total seaweed biomass used (Meinita et al.,
2017; Shukla et al., 2016), with a significant content in carbohydrates.
These wastes can also be an interesting feedstock for biofuels.

2.2. Chemical composition

The multipart composition of seaweeds makes them broadly em-
ployed in different types of industry based on biorefinery, especially
due to their polysaccharides or hydrocolloids such as agars, carra-
geenan and alginates. Moreover, they contain carbohydrates, proteins,
lipids, vitamins and minerals, which content can vary depending on the
season and area of production (Torres et al., 2019).

Generally, seaweeds have a really high water content (70–90% fresh
weight) and are mostly composed by carbohydrates (25–77% dry
matter basis, dry matter), followed by proteins (5–43% dry matter),
minerals (with an ash content of 9–50% dry matter) and lipids (1–5%
dry matter) (Jung et al., 2013; Offei et al., 2018; Praveen et al., 2019).
The main carbohydrates found in seaweed are cellulose, starch, sucrose,
ulvan, carrageenan, agar, laminarin, mannitol, alginate, fucoidan.
Lignin is normally absent or present for a limited range of seaweeds in
low amount, which is an advantage over traditional lignocellulosic
biomass for biofuels’ applications. Furthermore, the low lipid and high
carbohydrate contents makes them good candidates for alcohol-based
fuels (Sirajunnisa and Surendhiran, 2016).

Seaweeds can be separated into three different groups depending on
their pigmentation: green, red and brown seaweeds and, in each spe-
cific group, the variation of carbohydrates is distinctive (Jung et al.,
2013; Michalak, 2018). Table 1 shows the chemical composition of the
three types of seaweed. Furthermore, external factors such as time and
location of sampling, salinity gradient, depth of cultivation site and
type and size of cultivation reactor can lead to significant variations in
seaweed composition (Kumar et al., 2013; Møller et al., 2016; Peña-
Rodríguez et al., 2011a; Robin et al., 2017; Sharma et al., 2018). The
methodology used for the determination of carbohydrate composition is
also a factor to consider, since different methods lead to different results

(Manns et al., 2014). In fact, there is no reliable standard protocol of
analysis and this is considered one challenge for the exploitation of
seaweeds (Van Hal et al., 2014). Thus, in order to employ seaweed as a
carbon source for biofuels, it is essential to collect reliable information
about their composition.

2.2.1. Green seaweeds
Green seaweeds, also known as Chlorophyceae (Li et al., 2014),

comprise the majority group with up to 1500 species. Bays, estuaries or
tide pools are the zones where it is more likely to find them. Regarding
the morphology, they have a simple thallus, and generally grow as fi-
lamentous spongy fingers or paper-thin sheets. Their photosynthetic
pigments are essentially chlorophyll A and B, and carotenoids (Jung
et al., 2013; Sudhakar et al., 2018). Moreover, green algae carbohy-
drate content varies between 40 and 60% dry matter, and it mainly
consists of polysaccharides as ulvan, starch and cellulose (Michalak,
2018; Praveen et al., 2019). Ulvan is mainly composed by α- and β-
(1,4)-linked units of rhamnose, xylose, galactose, glucuronic acid and
iduronic acid and several repeating disaccharides (such as β-D-glu-
curonic acid (1,4)-linked to α-L-rhamnose 3-sulfate) (Kidgell et al.,
2019), while both starch and cellulose are composed by glucose units,
but with different spatial configurations. Cellulose has a regular linear
chain with 1,4-β-glycosidic bonds in parallel, developing a stable
crystalline structure, also supported by hydrogen linkages and Van der
Waals forces, making them very unaffected by enzymatic and physical
breakdown. On the other hand, starch has an open and weakly linked
helical configuration, making it easier to breakdown with enzymes, via
chemical or physical action (Maneein et al., 2018; Offei et al., 2018).
Some of the main species of green algae are Halimeda, Ulva and Codium
(Sudhakar et al., 2018).

2.2.2. Red seaweeds
Red seaweeds, also known as Rhodophyceae, are the most abundant

and extensively spread, and are composed by about 4000 species. These
seaweeds tend to grow in deep cold waters or warm shallow waters,
forming filaments or sheets, tending to parasite other algae.
Furthermore, as photosynthetic pigments, they have chlorophyll A and
phycobilins (Sudhakar et al., 2018). The 40–70% of their dry weight is
constituted by carbohydrates, especially polysaccharides such as car-
rageenan, agar and cellulose (Offei et al., 2018; Praveen et al., 2019).
Carrageenan, the main carbohydrate in carrageenophytes, comprise a
polysaccharide of sulfated galactans joined by β-1,4- and α-1,3-glyco-
sidic linkages, which in turn is composed by units of galactose with
different ester-sulfate contents (15–40% w/w). Also, carrageenan is
classified as κ, ι and λ types, depending on their content in ester-sulfates
and galactose units, which determine their solubility in potassium
chloride and their gel-forming capacity (Yun et al., 2016; Zhang et al.,
2019). The chief component of agar, the main carbohydrate in agar-
ophytes, is agarose, followed by agaropectin. The former is a hetero-
polysaccharide formed by D-galactose and 3,6-anhydro-L-galactose
units linked by α-1,3- and β-1,4-glycosidic bonds, while the latter
consists of a polysaccharide also formed by galactose units, but very
likely to be substituted by ester-sulfates, methyl groups or pyruvates
(Yun et al., 2016). Cellulose is mainly composed of glucose units
bonded the same way than green seaweeds, however, some xylose and
mannose units can be found linked by 1,3 and 1,4-β-glycosidic bonds,
respectively, acting as substitute for glucose in some cases (Praveen
et al., 2019). Some of the chief species of red algae are Corallina, Gra-
cilaria, Palmaria and Asparaposis (Sudhakar et al., 2018).

2.2.3. Brown seaweeds
Brown seaweeds are classified as Phaeophyceae (Cardoso et al.,

2014) and their characteristic photosynthetic pigments are chlorophylls
(a and c) and carotenoids (mainly fucoxanthin). There are around 1500
different species. They can grow up to 100 m long, have a complex
thallus and grow preferably in shallow and cold waters (Sudhakar et al.,
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2018). Kelp is a traditional term used to designate a particular group of
brown seaweeds belonging to the Laminariales that includes Laminaria,
Alaria and Saccharina sp. Brown seaweeds’ composition is highly
complex and has a strong seasonal character. This complexity leads to
the presence of many different minor interesting compounds, including
polar lipids, phenolic compounds, pigments, essential minerals or pro-
teins (Rey et al., 2019). Brown seaweeds have a very heterogeneous and
unique carbohydrates’ composition (Manns et al., 2014). Carbohydrates
are usually present in high amounts (up to 65%), making them inter-
esting feedstock for biofuel applications. Typical structural cell wall
polysaccharides include alginates and/or fucoidans. Cellulose is also a
structural polysaccharide commonly present. Laminaran is a storage
polysaccharide that is found only in brown seaweeds. Alginates (or
uronates) are the most abundant polysaccharides in the structure of
marine brown seaweeds and can represent up to 50% of the total car-
bohydrate fraction (Offei et al., 2018). They provide the stability and
flexibility needed to resist currents in aquatic environments (Barbot
et al., 2016). Alginates (mainly calcium, sodium and potassium salts of
alginic acid) are mainly composed of β-D mannuronic acid (M) and α-L-
guluronic acid (G) units forming heteropolymeric (with M and G) or
homopolymeric blocks (only M or only G) bound with β-(1,4) glycosidic
bonds (or α -(1,4) in the case of G blocks) (Gomez et al., 2009). Fu-
coidans’ structure differs with the type of seaweed. They are mainly
composed of L-fucose and sulfates, albeit many other monosaccharides
may be present (mannose, glucose, galactose, xylose, uronic acids or
rhamnose). Despite not being completely known their role, they may
have a protective effect against drying (Cardoso et al., 2014) and they
have been extensively studied for its bioactive potential. Glucose is the
main sugar monomer of laminarins. They have two types of chains: one
is mainly composed of glucose, and the other has a glucose backbone
with mannitol residues attached to the reducing terminals. It can go up
to 35% (dry weight) of the seaweed (Jung et al., 2013).

3. Pretreatments for seaweed fractionation

Due to the complex composition of seaweeds, one of the crucial
steps in macroalgae biorefinery is the pretreatment, as a way to sepa-
rate the biomass into their main fractions, releasing the polysaccharides
and enhancing the hydrolysate’s accessibility for microorganisms and
enzymes. Therefore, the pretreatment plays a key role in the seaweed
biorefinery. Moreover, seaweeds have little or no lignin, consequently
the requirements for the pretreatments are less severe than for other

biomasses, resulting in shorter reaction times, lower temperature or
lower reagent concentrations compared to lignocellulosic biomass
(Dave et al., 2019; Ganesh Saratale et al., 2018; Thompson et al., 2019).

Seaweeds can be subjected to different type of pretreatments to
increase their susceptibility for the production of biofuels and/or che-
micals. The main pretreatments used for processing of seaweed can be
classified according to:

(i) The type of pretreatment: physical, physicochemical (hydro-
thermal treatment or supercritical CO2), chemical (dilute acid,
deep eutectic solvents or ionic liquids) or biological (enzymatic or
microbiological).

(ii) Emerging or traditional pretreatment.
(iii) Green pretreatments.

A possible classification, according to these three criteria, is pre-
sented in Table 2 (Dave et al., 2019; Hassan et al., 2018; Tu and Hallett,
2019).

Hereunder, recent advances in the processing of seaweed oriented to
the polysaccharide extraction are detailed. In addition, the pretreat-
ments employed for the obtainment of other compounds (such as
phenolic compounds, proteins, pigments) which cannot be used in the

Table 1
Chemical composition and monosaccharide profile of three representative seaweeds.

Red Seaweed Green Seaweed Brown Seaweed

Proximate compositiong/100 g dry
biomass

Gelidium amansii Ulva sp. Saccharina latissima

Ash 2.5–4.8 18.0–49.6 8.7–41.2
Lipid 0.7–7.4 1.0–3.5 0.6–3.4
Protein 10.2–18.7 10.7–25.9 1.1–19.8
Carbohydrate 53.2–75.8 53.0–69.9 33.9–76.0
Sugar compositiong/100 g

carbohydrate
3,6-Anhydrogalactose 28.9–43.5
Arabinose 0.0–0.8
Fucose 0.2–0.4 4.2–8.5
Galactose 33.6–57.0 7.2–8.5
Glucose 21.8–40.6 0.2–25.4 24.5–62.2
Mannitol 11.2–37.9
Mannose 0.0–0.8 0.0–4.2
Rhamnose 0.0–0.4 22.2–51.1
Ribose 0.1–2.7
Uronic acids 25.9–28.8 20.8–41.6
Xylose 0.0–1.3 5.6–14.4 6.0–12.0
References (Jeong et al., 2011; Kim et al., 2015; Malihan

et al., 2014; Park et al., 2011; Sukwong et al.,
2018)

(Mhatre et al., 2018; Peña-Rodríguez et al.,
2011b; Robin et al., 2017; Tabarsa et al.,
2012)

(Marinho et al., 2015; Møller et al.,
2016; Sharma et al., 2018)

Table 2
Classification of seaweed pretreatments.

Type of pretreatment Emerging
technology

Green pretreatment

Physical or mechanical
Milling and extrusion
Microwave + +
Sonication +
Electric fields +
Physicochemical
Hydrothermal +
Pressurized liquid extraction

(organic solvents)
+

Supercritical fluids +
Chemical
Dilute acid
Ionic liquids + +
Deep Eutectic Solvents + +
Biological
Enzymatic +
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biofuel production have also been considered, since the remaining solid
after the pretreatment step is mainly composed by cellulose or other
oligomers that may be employed for biofuel production. Furthermore,
most of the authors evaluate and optimize the pretreatment to extract a
single value-added product (such as hydrocolloids, proteins, bioactive
compounds, pigments, sugars for biofuel production, etc.) from the
whole seaweed. In this sense, Table 3 gathers the most recent works
published in the literature including the pretreatment used and the
main product produced.

3.1. Previous steps

Prior to pretreatment, some steps are proposed to prepare the sea-
weeds (Dave et al., 2019; Maneein et al., 2018; Michalak, 2018; Rigdon
et al., 2013), namely:

(i) Washing/cleaning: removing undesired objects such as stones,
sand, salts, other seaweeds, detritus material or garbage. It is
especially important in the case of seaweed collected from nature.

(ii) Drying or dewatering: to make the seaweed optimal for the con-
version procedure, which increases stability while decreasing the
volume during storage and processing. The drying process may be
carried out by a first step of mechanical dewatering, followed by a
sun-drying process or by the use of drying facilities (as greenhouse
or hot air oven) to get moisture values between 20 and 30%.

(iii) Chopping and/or milling to diminish the particle size of the mac-
roalgae to values in the order of millimeters, increasing the surface
area.

Occasionally, these steps, especially milling, can be considered as
physical or mechanical pretreatments. However, they are usually ne-
cessary steps before the processing or preparation stages for most type
of seaweeds biorefinery schemes and, generally, these preparation
seaweed steps have a small effect in the improvement of the process.

Regarding washing, this has not a clear effect in biofuels production
(and may even remove water soluble polysaccharides, decreasing the
final amount of biofuel), and its use implies the need to treat high
amounts of downstream water from the washing step. However, it may
be needed also to remove salts that can be inhibitory in posterior fer-
mentation stages. On the other hand, milling is an essential step in
order to reduce the particle size of macroalgae, similarly to the lig-
nocellulosic biomass pre-processing.

3.2. Physical pretreatments

3.2.1. Milling and extrusion
Milling and extrusion are considered physical pretreatments of

biomass that work by reducing the particle size or breaking the struc-
tures, allowing for an increased accessibility in posterior enzymatic
processes with low production of inhibitory compounds and by-pro-
ducts and capacity of operating at high solid loadings (Hassan et al.,
2018; Sun et al., 2016). In fact, these pretreatments were used in the
production of biofuels from seaweed (Amamou et al., 2018; Montingelli
et al., 2016). Ball milling was evaluated as pretreatment of Laminaria
spp. to enhance bioconversion of seaweed into biogas (Montingelli
et al., 2016). The effect of reduction size by two mechanical fractio-
nation methods using milling modes (vibro-ball and centrifugal milling)
was studied for the improvement of enzymatic saccharification of
polysaccharides from Ulva lactuca and G. sesquipedate (Amamou et al.,
2018). In general, this improvement is not very significant, hence me-
chanical pretreatments are combined with chemical treatments
(Vanegas et al., 2014). Moreover, physical treatments were also used
for the extraction of hydrocolloids such as agar. Recently, grinding
combined with HCl treatment was studied for the extraction of agar
from Gelidium amansii and their physicochemical properties were
compared with extracted agar from other unconventional extraction
methods (Chew et al., 2018b).

Table 3
Main products derived from the pretreatments.

Raw material Pretreatment Operational conditions Main products Yield* Refs.

Green seaweed
Ulva sp. Dilute acid H2SO4 (0.6%) Temperature (120 °C), time

(20 min)
Carbon (reducing sugars) for thermostable
cellulases, using a fungus (Aspergillus
fumigatus)

12% Ben Yahmed et al.,
2018

Ulva rigida Ionic liquids SIL, DIL, LVIL, solid loading (10 wt%)
Temperature (100–160 °C), time (6 h)

Carbohydrates for the production of
platform chemicals or biofuels

79% Pezoa-Conte et al.,
2015

Red seaweed
Gelidium amansii Ultrasonication US with diluted HCl Power (30 kHz), amplitude

(40%). Time (30 min)
Agarose 4.8% Chew et al., 2018b

Kappahycus alvarezii Ionic liquids Assisted with subcritical water extraction κ-carrageenan 79% Gereniu et al., 2018
Kappahycus alvarezii Deep eutectic solvents ChCl:Urea, Ch:Ethylene:Glycol, ChCl:Glycerol

Temperature (85–95 °C), time (1 h)
κ-carrageenan 54% Das et al., 2016

Brown seaweed
Ascophyllum nodosum Irradiation US with HCl (0.03 M), Power (750 W), frequency

(20 kHz) Amplitude (114 μm), Time (25 min)
Phenolics Fucose
Uronic Acids

14%
8.7%
12%

Kadam et al., 2015

Fucus spiralis Pressurized Liquid
Extraction

Acetone/water (80:20)
Temperature (60 °C), pressure (1000 psi)

Phenolic compounds 20% Tierney et al., 2013

Fucus vesiculosus Hydrothermal Temperature (180 °C), time (20 min) Fucoidan 18% Rodríguez-Jasso
et al., 2013

Himanthalia elongata Pressurized Liquid
Extraction

Hexane, ethanol, water
Temperature (100 °C), time (20 min)

Liquors with antioxidant bioactivity 7.3% Plaza et al., 2010b

Laminaria ochroleuca Hydrothermal Temperature (160 °C) Fucoidan 17% Flórez-Fernández
et al., 2019

Saccharina japonica Ionic liquids Imidazolium-based ILs
Assisted with subcritical water extraction
Temperature (175 °C)

Phenolic compounds 5.9% Vo Dinh et al., 2018

Sargassum muticum Hydrothermal Temperature (170 °C) Fucoidan 85% Balboa et al.,2013

US: Ultrasonication. SIL: Switchable ionic liquid (DBU–MEA–SO2). DIL: Distillable ionic liquid (TMG propionate). LVIL: protonated 1,8-diazabicyclo-[5.4.0]-undec-7-
ene 2,2,3,3,4,4,5,5-octafluoro-1-pentoxide. MW: microwave
*Yields measured in g of component per g of component in the raw material, were calculated from articles data.
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3.2.2. Microwave
Microwave extraction works due to the selective absorption of mi-

crowaves on different materials: when applied to the external layer of
the reactors (made of plastic, glass or porcelain) microwaves easily
penetrate the material, only being absorbed when reaching the solvent
or biomass, causing them to self-heat from the inside. Microwave has
been used as alternative heating to thermal treatment of biomass due to
the speed and selectivity of the method (Yuan and Macquarrie, 2015).
Nevertheless, the microwaves are usually coupled with acid or alkali
solvents or ionic liquids to increase efficiency (Li et al., 2016; Sun et al.,
2016). Microwave was combined with 0.4 M H2SO4 treatment (150 °C
for 1 min) of brown seaweed in order to obtain fermentable sugars for
bioethanol fermentation (Yuan and Macquarrie, 2015). In addition,
microwave assisted treatment was used for the extraction of agar and
other value-added compounds such as fucoxanthin (Sousa et al., 2010;
Xiao et al., 2012).

3.2.3. Ultrasonication
Ultrasounds (high frequency sound waves in the range of kHz) can

disrupt the integrity of structural biomass due to the formation of small
cavitation bubbles (Hassan et al., 2018). Biomass can be exposed to the
ultrasounds directly, using a probe, or indirectly, using an ultrasonic
bath; in the presence of several solvents and with low thermal effects,
preserving heat sensitive compounds. Ultrasound assisted hydrolysis
reduces the time of extraction and energy consumption and improves
the efficiency of the process. Sonication has been used for glucose re-
lease from Ulva to produce bioethanol (Korzen et al., 2015). Besides the
use of sonication for improvement of enzymatic saccharification of
seaweed, this pretreatment has been also used for the extraction of
value added compounds such as sulfated polysaccharides with anti-
oxidant activity from green seaweed (Navya and Khora, 2017), phy-
cobiliptotiens from Gelidium pusillum (Mittal et al., 2017) or, phenolic
compounds from the brown macroalgae (Kadam et al., 2015).

3.2.4. Electric fields
When applied to biomass, electric fields will cause a fast and

homogenous rise in its temperature due to the Joule effect, along with
the possibility of membrane electroporation, in several types of treat-
ments with different voltage ranges, operation modes (pulsed or con-
tinuous) and electrical flows (Rocha et al., 2018). Compared to con-
ventional heating, all these technologies have a faster heat transfer,
shorter reaction times, uniform heating and improved energy efficiency
(Hassan et al., 2018). Pulsed electric fields have a different way of
acting: very short but strong electric fields are applied to the samples
with the main purpose of causing significant electroporation, without
the heating effect. Combined technologies, such as pulsed ohmic
heating are also possible. This technology has been recently used for the
improvement of starch extraction from green macroalga Ulva ohnoi
(Prabhu et al., 2019). Proteins and carbohydrates were also extracted
from Ulva lactuca by pulsed electric fields (Postma et al., 2018).

3.3. Physicochemical pretreatments

3.3.1. Hydrothermal pretreatment
Hydrothermal processing is an environmentally friendly and cost-

effective pretreatment based on the use of liquid water at high tem-
peratures (between 100 °C and 374 °C) under pressure, and usually
linked to the fractioning of lignocellulosic materials. Its main ad-
vantages include the possibility of operating using only water, lessening
the corrosion of equipment; the simplicity of operational procedures;
and improved enzymatic digestibility of cellulose (Hu et al., 2011; Ruiz
et al., 2013). This pretreatment is one of the most used for the pro-
cessing of seaweeds for ethanol production and bioactive extraction
(del Río et al., 2019; Pérez-Larrán et al., 2019).

With the temperature increase (from 150 °C up to 300 °C), water’s
ionic product also increases, allowing autoionization of water into

acidic and basic ions, causing an enhancing effect on all ionic reactions
(such as the hydrolysis of cellobioses), at the same time as the dielectric
constant is reduced, aiding the solubilization of organic compounds
(Carr et al., 2011). Besides particle size, pH and solid to liquid ratio,
temperature and residence time are the most important operational
values when modeling hydrothermal processes (Ruiz et al., 2013).

When evaluating the effect of hydrothermal treatment on the ex-
traction of fucoidans from Sargassum muticum, Balboa and collaborators
(2013) observed that, by increasing the temperature in the range of 150
to 250 °C, the amount of solubilized products increased up to 62% for
whole algal biomass and 85% for alginate-depleted product. In another
study regarding brown seaweeds, Meillisa and co-workers (2015) con-
cluded that the sugar recovery for S. japonica at temperatures in the
range of 180 °C to 260 °C was higher in the absence of any catalyst, in
comparison with 1% formic acid. When studying the antioxidant ex-
traction from several macroalgae samples, Plaza and collaborators
(2010a) noticed that an increase from 100 to 200 °C lead to and in-
crement in extraction yield (up to a five-fold increase), with a beneficial
effect on the content of phenols and sugars in the extracts as well as its
antioxidant capacity. Regarding the brown seaweed Fucus vesiculosus,
(Rodríguez-Jasso et al., 2013) proved that autohydrolysis using distilled
water was capable of extracting sugars in all runs performed (tem-
peratures ranged from 160 °C to 200 °C and reaction time from 10 to
30 min).

Using a non-isothermal autohydrolysis with temperatures ranging
from 120 °C to 220 °C, Cernadas and co-workers (2019) studied the
fractioning of Himanthalia elongata. Even though the maximum ex-
traction yields were observed at 180 °C (with a solubilization of 70%
initial dry weight), 160 °C was the optimal condition for fucoidan ex-
traction and the liquor obtained at 220 °C was the one that showed the
most anti-tumoral activity. On a similar study regarding Laminaria
ochroleuca, Flórez-Fernández and collaborators (2019) determined that,
although 220 °C was the optimal temperature for maximizing the ex-
traction yield, with maximal sulphate, phenolic, protein content and
significant antioxidant capacity, 160 °C was the ideal operational con-
dition for fucoidan extraction. These results prove, once again, that the
choice of operational conditions depends not only on the biomass, but
also on the target final product.

3.3.2. Supercritical fluids
Supercritical fluids (such as CO2) are referred to a gas that is com-

pressed at temperature above its critical point to a liquid like density.
There is a lack of studies oriented to polysaccharide extraction and/or
biofuels production using this pretreatment. By analogy with lig-
nocellulosic biomass, supercritical fluid extraction could be applied as
previous step to polysaccharide recovery, in order to obtain value
added bioactive compounds (Alvira et al., 2010). In fact, CO2 super-
critical has been used for the extraction of high value-added compounds
such as antioxidants from seaweeds (Crampon et al., 2011).

3.3.3. Pressurized liquid extraction (organic solvents)
Pressurized Liquid Extraction (also known as pressurized solvent

extraction, accelerated solvent extraction and enhanced solvent ex-
traction) is a green technology that involves using liquid solvents at
elevated temperature and pressure for the recovery of bioactive com-
ponents from plants and foods (Mustafa and Turner, 2011). The main
difference with hydrothermal treatment is that hydrothermal treatment
is used for the improvement of saccharification of polysaccharide and to
obtain polysaccharides as oligosaccharides in the liquid phase. Fur-
thermore, pressures used are generally higher, mainly to guaranty that
all solvent is in the liquid phase. In pressurized liquid extraction, water
is also evaluated as solvent for extraction purposes (in this particular
case, it is also called sub-critical water extraction). However, other
solvents (usually organic solvents) or/and mixtures of different solvents
may also be considered and used for comparison with conventional
organic solvents extraction. For this reason, some authors include this
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comparison.
The effect of extraction temperature (ranging from 50 °C to 200 °C)

and type of solvent (hexane, ethanol and water) on the extraction of
bioactive compounds from macroalgae Himanthalia elongata using
pressurized liquid extraction for 20 min was evaluated by Plaza and co-
workers (2010a). For all temperatures tested, water was the solvent that
originated higher extraction yield and, for all solvents, yield improved
with temperature increase. Despite that, extracts obtained using ethanol
were the ones with higher antioxidant activity (reaching
1.067 ± 0.003 mmol of Trolox per gram of extract at 100 °C) and
inhibition capacity (with extracts produced at 200 °C proving to be
better than the reference antibiotic). On that extract, several com-
pounds with bioactive interest such as fucosterol, palmitic, oleic, lino-
leic and araquidonic acids, fucoxanthin, violaxanthin, zeaxanthin and
multiple chlorophylls and carotenoids were detected.

Moreover, Tierney and co-workers (2013) report that, pressurized
liquid extraction with food-friendly solvents like ethanol and water
does not provide any improvement to the conventional techniques re-
garding antioxidant-rich extracts, with the only advantages coming
along with the use of acetone. Using pressurized liquid extraction in
four different macroalgae (Ascophyllum nodosum, Pelvetia canaliculata,
Fucus spiralis and Ulva intestinali) at 120 °C and 1500 psi for hot water,
100 °C and 1000 psi for a mixture of ethanol/water 80:20 and 60 °C and
1000 psi for a mixture of acetone/water 80:20, authors report an in-
crease in extraction yield comparing to conventional methods for all
water-based extractions. Nevertheless, the increase in phenolic content
is only detected using acetone, reaching the highest discrepancy in
samples of P. caniculata (168.82 ± 11.47 μg/g versus
68.24 ± 3.36 μg/g for conventional extraction) and an absolute
maximum of 204.40 ± 9.45 μg/g in F. spiralis.

3.4. Chemical pretreatments

3.4.1. Dilute acid pretreatment
The use of catalysts such as acid reagent (combined with a high

temperature), allows to properly and economically pretreat macro-
algae. In lignocellulosic materials, the lack of complex structural com-
ponents enables the breakdown of the holocellulose to simple sugars
(hastening the hemicellulose solubilization), employed in subsequent
steps of saccharification and fermentation (Dave et al., 2019; Ganesh
Saratale et al., 2018; Thompson et al., 2019).

By comparison, this pretreatment has been also used for sugar ex-
traction from seaweeds. Acid pretreatment has been widely in-
vestigated in literature, commonly employing concentrations of 0.1–5%
w/v of acid (sulfuric acid above all, although other possibilities are
hydrochloric acid, nitric acid, sulfur dioxide or phosphoric acid) (Dave
et al., 2019; El Harchi et al., 2018; Lee et al., 2013). After the pre-
treatment, the substrate is normally neutralized with sodium hydroxide
or solid lime to eliminate fermentation inhibitors (Dave et al., 2019).

El Harchi and collaborators (2018) evaluated the dilute acid pre-
treatment on the green seaweed Ulva rigida in a wide range of con-
centrations (from 0 to 10% v/v), solid loadings (5–15% w/v) and time
(30–60 min) at 121 °C, employing sulfuric acid or hydrochloric acid.
The results showed that the production of total reducing sugars in-
creased when using low-medium concentrations of acid (either sulfuric
or hydrochloric acid, between 2 and 5 % v/v) and long residence time
(60 min), getting up to 60 and 30% of total reducing sugars for sulfuric
and hydrochloric acid, respectively. Moreover, the utilization of higher
acid concentrations led to a drop of the total reducing sugars, being
likely that this fact occurred due to the degradation of simple sugars
into furans, acids or other degradation compounds. Another work
performed by Borines et al., (2013), employed an experimental design
to evaluate Sargassum sp., at different sulfuric acid concentrations,
temperatures and residence times. Something similar happened in this
study, where the reducing sugars content improved with the longest
residence times, whereas the temperature was not a limiting factor. On

the other hand, the acid concentration of 3–5% allowed to reach higher
concentrations of both reducing sugars and glucose, with a maximum of
120 mg/ g seaweed and 42 mg/g seaweed, respectively. Ge and colla-
borators, (2011) pretreated Laminaria japonica wastes (from industrial
processes) for 0.5–1.5 h at 121 °C with a sulfuric acid concentration
between 0 and 1%. In this case, maximum glucose concentration was
achieved at 0.1%, 121 °C, 1.0 h at 277.5 mg/g. It was noticed that for
sulfuric acid concentrations higher than 0.1%, the glucose decreased,
until 156–189 mg/g at the concentration of 1%. Similarly, Eucheuma
cottonii cellulosic residue was utilized by Tan and Lee, (2015) with a
dilute acid (H2SO4) pretreatment, employing a concentration of 1%,
120 °C, 30 min and a solid loading of 10% w/v. After the pretreatment,
the 80 and 81% of glucose was recovered, increasing the opportunity of
getting higher enzymatic digestibility.

Another option would be the use of Extremely Low Acid pretreat-
ment, employing lower concentrations than 1%. Lee et al., (2013) no-
ticed that using concentrations of 0.02–0.14% sulfuric acid and higher
temperatures (150–180 °C) and residence times of 5–20 min, permitted
to recover the 21–32% of glucan in the solid phase. The maximum
glucan content was acquired at 0.10% sulfuric acid, 170 °C and 20 min,
while temperature of 180 °C provoked an intense decrease of the glucan
content. On the contrary, Karray and co-workers (2015) used a high
sulfuric acid concentration (98%), at 100 °C for 2 min as an acid cat-
alyst, obtaining 3.75 g reducing sugars per L. In contrast, Gelidium
amansii can be used to obtain galactose, as shown by Cho et al., (2014).
In this case, H2SO4 91 mM was employed at 121 °C, 45 min and a solid
loading of 8% w/v, resulting in 25.6 g galactose/L of hydrolysate.

3.4.2. Ionic liquid pretreatment (IL)
Last years, Ionic Liquids (ILs) have attracted much attention as

greener substitute to organic solvents for the sustainable processing of
seaweed biomass due to interesting physicochemical features (namely,
strong miscibility with aqueous solutions, negligible vapor pressure,
high thermal and electrochemical stability and wide solvating range
(Vo Dinh et al., 2018). ILs have been successfully used for the solubi-
lization of cellulose and chitin from lignocellulosic biomass and crus-
taceous wastes shells, respectively (Kerton et al., 2013). From this
perspective, the extraction of polysaccharides from seaweeds in ILs is
envisaged (Das et al., 2016).

In fact, ILs have been evaluated as alternative to conventional
methods for the extraction of hydrocolloids (such as agars, alginates
and carrageenan) (Chew et al., 2018a). The ionic liquid 1-ethyl-3-me-
thylinmidazolium acetate [Emim][OAc] has been used in the pre-
treatment of Gracilaria dura at 80 °C for 120 min by microwave irra-
diation for the 39 wt% of good-quality agarose extraction (Trivedi and
Kumar, 2014). Gereniu and co-workers (2018) reported a maximal
extraction of 78.75% k-carrageenan using subcritical water (150 °C and
5 MPa) catalyzed by 1% of 1-butyl-3-methylimidazolium acetate
(BMIMAc). Recently, ILs combined with supercritical water extraction
has been used for the recovery of bioactive compounds as phenolic
compounds (Vo Dinh et al., 2018). Vieira and co-workers (2018) also
evaluated the surface-active ionic liquid to recover carotenoids from
Sargassum muticum.

Moreover, ILs were used as pretreatment to improve the enzymatic
saccharification of agarose for galactose and anhydro-galactose pro-
duction from Gelidium amansii (Weldemhret et al., 2019) and for the
enzymatic saccharification of cellulose from alginate industrial waste
obtained from Laminaria japonica (Wang et al., 2013). ILs pretreatment
using 1-hexylpiridinium chloride ([Hpy][Cl]) was also combined with a
first step of peracetic acid pretreatment (80 °C for 3 h) to solubilise
saccharides and to improve the enzymatic sacacharification of waste
biomass from carrageenan industry (Uju et al., 2015).

3.4.3. Deep eutectic solvents (DES)
More recently, deep eutectic solvents (as Choline chloride urea)

have emerged as substitute to conventional imidazolium-based ionic
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liquids, since they are considered much cheaper, safer and easier to
prepare than ILs (Zdanowicz et al., 2018). Nevertheless, DES for the
biopolymer extraction from seaweed is not extensively explored so far
(Das et al., 2016). Few works reported the use of DES for processing of
macroalgae or residues from seaweed processing (Das et al., 2016;
Saravana et al., 2018), where 60.25% of K-carrageenan was extracted
from K. alvarezii using 10% of hydrated Choline-Cholirede-Glycerol 1:2
(Das et al., 2016).

3.5. Biological pretreatment

Biological pretreatment consists of the use of biological micro-
organisms (such as fungi or bacteria) and/or enzymes (enzyme-assisted
extraction) for the degradation of any component of the biomass
(Thompson et al., 2019). These pretreatments are cost-effective, eco-
logically friendly and can be used aerobically or anaerobically (Tapia-
Tussell et al., 2018). Regarding the enzymes, they are chosen depending
on the main components of biomass, such as cellulose, hemicelluloses,
glycoproteins, pectin or even lignin. The most employed microorgan-
isms for the production of enzymes are fungi, specially the white rot
fungi (Trametes sp.), which produces the enzymes manganese perox-
idase, lignin peroxidase and laccase, that can efficiently degrade the
lignin (Tapia-Tussell et al., 2018; Thompson et al., 2019). Other pro-
mising candidates for the production of enzymes are Trichoderma, Pe-
nicillium, Fusarium, Phanerochaete, Humicola and Schizophillum (Soliman
et al., 2018). Some studies, explored the use of biological pretreatment
on macroalgae. Tapia-Tussell et al., (2018) applied the Bm-2 strain of
Trametes hirsuta, resulting in a degradation of fibers and the creation of
gaps on the macroalgae surface. Although good results can be obtained,
the use of biological pretreatments usually implies long-time pretreat-
ments and/or its combination with other pretreatments, especially
chemical pretreatments with dilute-acid or mild-alkali hydrolysis
(Soliman et al., 2018; Thompson et al., 2019).

4. Saccharification of seaweed for production of fermentable
sugars

The hydrolysis of seaweed polysaccharides to monosaccharides is
carried out by chemical or enzymatic methods. Despite recent advances
in the processing of seaweed biomass, there are lack of studies in an
effective and environmentally friendly alternative to acid hydrolysis to
obtain monosaccharides. Recently, Yun and co-workers (2016) ap-
proached the main pretreatments used (namely, hydrothermal treat-
ment, chemical treatment, microwave-assisted extraction) for the im-
provement of saccharification of red macroalgae to produce
fermentable sugars. The authors identified a lack of established
methods for an effective saccharification system.

The most used method for the saccharification of seaweed poly-
saccharides is based on chemical catalysis using mineral acids such as
sulfuric, acetic, chloride, and acetic acid (Dave et al., 2019). Acid hy-
drolysis of macroalgae can be used as pretreatment to obtain directly
high concentration of fermentable monosaccharides in short time.
Nevertheless, these pretreatments require harsh reaction conditions
that lead to the production of degradation compounds such as hydro-
xymethylfurfural (HMF), inhibitor of fermentation processes. More-
over, the use of acid catalysts causes environmental problems (such as
toxicity, handling of neutralization sludge) and costly detoxification
processes are required.

Therefore, the use of specific enzymes to obtain fermentable sugars
emerges as a sustainable and greener alternative to chemical hydrolysis.
The enzymatic saccharification is applied after a previous treatment of
marine biomass. Table 4 shows operational conditions of typical pre-
treatments used to improve the enzymatic saccharification of seaweed
and the main results obtained (sugar concentration and sugar yield). In
comparison to lignocellulosic substrates, a wide range of enzymes are
required in these biomasses, due to varied spectrum of polysaccharides

depending of specie. Among advantages of enzymatic hydrolysis are
included: i) low input amount of acid and alkaline catalysts and ii) low
energy consumption.

Besides polysaccharides such as starch and cellulose (already
exploited from lignocellulosic biomass), the most interesting seaweed
polysaccharides to obtain fermentable sugars are β-glucans (such as
laminarin, and cellulose) and galactans (such as agarose and carra-
geenan), since alginate is composed by units of uronic acids (α-ʟ-gu-
luronate and β-D-mannuronate) that are not fermentable by common
microorganisms used for ethanol production such as the yeast
Saccharomyces cerevisiae or the bacteria Escherichia coli and Zymomonas
mobilis.

For the hydrolysis of laminarin four enzymes are necessary: namely,
endo- β (1→6) glucanases (EC 3.2.1.75) that hydrolysed the branched
chains, endo β (1→3) glucanases (EC 3.2.1.39) and exo-β (1→3) glu-
canases (EC 3.2.1.58), able to degrade linear laminarin into laminori-
triose and laminaribiose, and β-glucosidases (EC 3.2.1.21) that lyse
these laminarin oligosaccharides into glucose (Al Abdallah et al., 2016).
Kim and co-workers (2018) reported the saccharification of laminarin
with a single enzyme. In this work, a novel β-glucosidase enzyme
(Bgl1B) from marine bacterium (Sccharophagus degradans, 2–40T) was
cloned and expressed in E. coli to catalyze the laminarin to produce
glucose with a high conversion yield of 75%.

On the other hand, for the saccharification of agarose to obtain
galactose, α-agarases (EC 3.2.1.158) and β-agarases (EC 3.2.1.81) are
needed to hydrolyze the linkages of agarose α-1,3 and β-1,4 and pro-
duce neoagarobiose and agarobiose. These sugars can be hydrolyzed to
obtain D-galactose and anhydro-L-galactose by an β-agarobiose hy-
drolase and α-neoagarobiose hydrolase, respectively (Weldemhret
et al., 2019). Due to poor water solubility of agarose, the enzymatic
saccharification of this polysaccharaide is not completely efficient
without a previous chemical treatment (also known as chemical li-
quefaction) that yields soluble agaraoligosaccharides, more susceptible
to enzymatic hydrolysis (Al Abdallah et al., 2016; Kim et al., 2012). In
the study carried out by Kim and co-workers (2012), mild chemical
liquefaction with acetic acid followed by enzymatic saccharification
using a neoagarobiose hydrolase was proposed with a conversion of
agarose into monosaccharides of 79%. An interesting work was pub-
lished by Weldemhret and collaborators (2019), in which the genes
aga2, agaA7, aga50D, and ahgI were expressed in E. coli to obtain an
enzymatic cocktail (composed by β-agarase I, β -agarase II and α
-neoagarobiose), used for the effective saccharification of ionic liquids
pretreated Gelidium amansii.

Carrageenan polysaccharide is a sulfated linear galactan that com-
prises D-galactose residues united by linkages of α-1,2 and β-1,4 gly-
cosidic bonds. The enzymatic saccharification of carrageenan is not
widely approached, since carrageenolytic enzymes are not common. To
date, limited number of enzymes have been related to carrageenan
depolymerisation (Kang et al., 2014). Some marine bacteria (such as
Pseudoalteromonas carrageenovora) have been used as sources of these
enzymes (Chauhan and Saxena, 2016). On the other hand, a commer-
cial α-amylase was used for the saccharification of carrageenan yielding
92.6% (w/w) of carrageenan derived-oligosaccharides and 1% (w/w) of
galactose (Wu et al., 2010).

Available commercial enzymes (namely, Celluclast 1.5 L, Lactozym,
Spirizyme, Viscozyme and AMG-glucoamylase) have been evaluated for
the saccharification of non-cellulose polysaccharides yielding low
concentration of monosaccharides sugars (Huang et al., 2014). Con-
sidering the lack of commercial enzymes for an effective saccharifica-
tion of the whole seaweed polysaccharides, residues generated from the
hydrocolloid extraction industry, mainly composed by cellulose, arise
as an interesting substrate for bioethanol production. In this sense,
floating residue (obtained from the alginate extraction process) was
used for the saccharification of cellulose to obtain fermentable sugars
using a sulfuric acid pretreatment followed by enzymatic hydrolysis,
achieving a maximal glucose release of 277.5 mg/g of floating residue
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(Ge et al., 2011). Moreover, the seaweed solid waste obtained from k-
carregeenan extraction industry (containing 64% of cellulose) was hy-
drolyzed by commercial cellulases achieving > 90% of conversion (Tan
and Lee, 2014).

5. Biofuel production

Nowadays, the large-scale production of biofuels from seaweed are
not economically viable, but it is expected to be feasible in the near
future. The most relevant biofuels produced from seaweed are ethanol,
butanol, methane and biodiesel. Other biofuels include bio-oil, hy-
drogen and other hydrocarbon derivatives (Bharathiraja et al., 2015).
Taking into account the relatively low lipid content in comparison to
microalgae (Ghadiryanfar et al., 2016), diesel from macroalgae has not
been considered in this review. On the other hand, liquid biofuels (such
as bioethanol and biobutanol) are obtained by fermentation and me-
thane by anaerobic digestion (Wei et al., 2013). Therefore, the neces-
sary steps related to seaweed processing for bioethanol and biobutanol
production are common and considered further.

By analogy with lignocellulosic biofuels, the same three core steps
are necessary to obtain bioethanol or biobutanol from seaweed: i)
pretreatment of biomass; ii) saccharification of polysaccharides to ob-
tain monosaccharides and; iii) fermentation of sugars. The last two
stages can be carried out separately or simultaneously, known as SHF
and SSF, respectively, as happens with lignocellulosic biomass
(Sirajunnisa and Surendhiran, 2016). SSF shows advantages over SHF
process, such as: lower contamination due to consumption of sugars
simultaneously with the biofuel production, lower osmotic stress and

higher energy efficiency (Jung et al., 2013).
Although the most mature biochemical process for the obtainment

of liquid biofuels is the ethanol fermentation, biobutanol fermentation
is well-known because of different biobutanol benefits, such as better
blending to gasoline, low vapor pressure or higher specific energy
content (29 MJ/L, compared with 16 MJ/L for the ethanol), however it
has a lower yield compared to the production of ethanol under com-
parable conditions (Hou et al., 2017). In addition, acetone-butanol-
ethanol (ABE) fermentations at pilot and industrial scales have been
successfully carried out (Huesemann et al., 2012). The biobutanol
production is performed via the ABE fermentation pathway, from an
extensive diversity of sugars, both hexoses and pentoses (Hou et al.,
2017; van der Wal et al., 2013). The bacteria Clostridium is the most
commonly employed in this process, standing out the species: Clos-
tridium acetobutylicum, Clostridium beijerinckii and Clostridium aur-
antibutyricum (Huesemann et al., 2012; van der Wal et al., 2013). The
process is separated in two phases, acidogenic and solventogenic. The
former occurs during the grow of cells and the conversion of carbohy-
drates to acids and gas, such as butyrate (butyric acid) and acetate
(acetic acid), carbon dioxide and hydrogen. The latter comprehend a
stationary phase where the acids, originated in the previous step, are
transformed into organic solvents (ABE) (Hou et al., 2017). The green
algae Ulva lactuva, was employed by van der Wal et al., (2013) to
produce ABE after a hot-water treatment. In this case, Clostridium
acetobutylicum and Clostridium beijerinckii were used with no nutrient
supplementation, achieving an ABE yield of 0.35 g /g sugar consumed.
Similarly, Hou et al., (2017) employed Laminaria digitata and Clos-
tridium beijerinckii, reaching a butanol yield of 0.42 g/ substrates

Table 4
Seaweed pretreatments, conditions, raw material and chief results.

Pretreatment Conditions pretreatment Enzymatic concentr. Enzymatic yield References

Green seaweeds
Chaetomorpha linum Dilute acid NaOH (3%)

H2SO4 (0.6%)
Temperature (120 °C)
Time (20 min)

5.8–11.2 g glucose/L – Ben Yahmed et al.,
2016

Zostera marina Hydrothermal Temperatures (160–180 °C)
Time (60–300 s)
Oxalic acid (0–2 wt%)

– 30.1–52.9% glucose Viola et al., 2008

Red seaweeds
Gelidium amansii Dilute acid H2SO4 (91 mM)

Temperature (121 °C)
Time (45 min)
Solid loading 8% (w/v)

7.6 g glucose/L – Cho et al., 2014

Gelidium amansii Ionic liquids [EMIM]Cl, [BMIM]Cl, [EMIM]Ac or
[BMIM]Ac
Temperature (30–100 °C)
Time (1–24 h)

– 33–56.5% galactose Weldemhret et al.,
2019

Seaweed waste biomass from
carrageenan industry

Ionic liquids Paracetic acid + [Hpy][Cl], [EMIM][DEP] or
[EMIM][OAc])
Temperature (80–100 °C)
Time (0.5–3 h)

– 62–91% glucose Uju et al., 2015

Brown seaweeds
Eucheuma cottonii cellulosic residue Dilute acid H2SO4 (1% w/v)

Temperature (120 °C)
Time (30 min)
Solid loading (10% w/v)

– 80.2–99.8% glucose Tan and Lee, 2015

Laminaria japonica wastes Dilute acid H2SO4 (0–1% w/v)
Temperature (121 °C)
Time (0.5–1.5 h)

– 92.5% glucose Ge et al., 2011

Laminaria japonica Dilute acid H2SO4 (0.02–0.14%)
Temperature (150–180 °C)
Time (5–20 min)

– 83% glucose Lee et al., 2013

Sargassum muticum Hydrothermal Temperature (130–180 °C) 6.01–8.35 g glucose/
L

89–94% glucose del Río et al., 2019

Sargassum sp. Dilute acid H2SO4 (1–5% w/v)
Temperature (115–126 °C)
Time (0.5–1.5 h)
Solid loading 10% (w/w)

2.55–4.16 g glucose/
L

– Borines et al., 2013

EMIM: 1-Ethyl-3-methylimidazolium; BMIM: 1-n-butyl-3-methylimidazolium; Hpy: hexylpyridinium; AHG: 3, 6-Anhydro-L-Galactose.
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consumed, with a high ABE molar ratio of 0.85 (compared with a ty-
pical value of 0.6).

Bioethanol is the most important liquid biofuel produced worldwide
(Balat et al., 2008). Last two decades, research efforts have been de-
voted on bioethanol production from seaweeds (Jiang et al., 2016).
Table 5 collects the most relevant results in last years on ethanol pro-
duction using several pretreated seaweeds. As seen, the most common
microorganism was the yeast S. cerevisiae. Recently, an environmentally
friendly pretreatment, autohydrolysis, was used for ethanol production
from invasive macroalgae Sargassum muticum by SSF, achieving 14 g/L
(del Río et al., 2019). Similar ethanol concentration was also reported
from acid pretreated Gelidium amanssi by SHF (Kim et al., 2015). Re-
garding the most suitable pretreatment for fermentable sugars release
and biofuels production, both dilute acid treatment and hydrothermal
treatment followed by enzymatic saccharification showed a higher
product yield (higher than 80%) in comparison with other pretreat-
ments (Tables 4 and 5). In this way, the use of an acidic catalysts is
recommended to get higher yield and be cost-effective. However, it is
not completely eco-friendly, unlike the hydrothermal pretreatment.

The main obstacle of bioethanol production from seaweed is the
inability of common ethanologenic yeast and/or bacteria (as S. cerevi-
siae and Z. mobilis) to metabolize the wide-range of sugars generated
from seaweed processing. Taking this into account, other yeast species
(such as Bettanomyces custersi, Scheffersomyces stipites and Kluyveromyces
marxianus) have been used to produce ethanol from acid hydrolysis of
G. amansii, Ascophylum nodosum and Laminaria digitata, respectively
(Jung et al., 2013). Recently, a phenotypic microarray technique was
used to screen 25 yeast to metabolize typical monosaccharides from
seaweed (Kostas et al., 2016). This study revealed the potential of three
Saccharomyces spp, one Pichia spp and one Candida spp. Besides the
high utilization of glucose, these strains showed high metabolic outputs
in the galactose, mannitol, fucose, xylose and rhamnose consumption.
The highest ethanol concentration (13 g/L) from acid treated Chondrus
crispus hydrolysate was obtained using S. cerevisiae YPS128, showing
the ability to consume the majority of available monosaccharides pre-
sent in the hydrolysate. The use and engineer of robust S. cerevisiae
strains selected for their tolerance to hydrolysate’s inhibitors (Costa
et al., 2017; del Río et al., 2019; Pereira et al., 2011; Romaní et al.,
2015) is also recommended for effective bioethanol production.

In the fermentation of red seaweed hydrolysate, glucose causes

catabolic repression in the uptake of galactose and 3,6-anhydro-L-ga-
lactose is not fermented by industrial microorganisms, achieving poor
utilization of sugars from these seaweeds (Yun et al., 2016). In this
sense, metabolic and evolutionary engineering strategies have been
suggested to increase galactose consumption (Nguyen et al., 2017; Yun
et al., 2016).

In brown seaweeds, the uronic acid (main constituent of alginate) is
also not consumed by S. cerevisiae. On the other hand, mannitol is easily
extracted from these seaweeds with a simple pressing without addi-
tional pretreatment (Van Hal et al., 2014). For ethanol production from
mannitol, this sugar alcohol must be converted into fructose-6-phos-
phate Only some microorganisms are capable of this conversion pre-
senting distinct pathways for that purpose (Al Abdallah et al., 2016).
The development of Consolidated BioProcessing was approached in a
recent study that showed the direct production of ethanol from brown
algae by a thermophilic bacterium (Defluviitalea phaphyphila), achieving
high ethanol yields of 0.4 g/g mannitol, 0.44 g/g of glucose and 0.3 g/g
of alginate (Ji et al., 2016). A metabolic engineered S. cerevisiae for
mannitol and alginate bioconversion was able to ferment 83% of the-
oretical sugars (including mannitol, alginate and glucose) derived from
brown seaweed (Enquist-Newman et al., 2014).

In the last years, the scientific community is devoting great effort to
develop seaweed as raw material for biofuels production as an alter-
native of non-lignocellulosic feedstock due to several advantages above
described (Baghel et al., 2015). Nevertheless, the sustainability of
macroalgae biofuel production is not economic feasibility, being ne-
cessary the simultaneous production of other commodities under a
biorefinery concept (Sadhukhan et al., 2019).

6. Seaweed Biorefinery: Pretreatments for an integral valorization

Seaweed biorefinery concept (like as lignocellulose biorefinery
concept) emerges due to the need of achieving sustainable growth
based on a bioeconomy and circular economy with zero-waste gen-
eration. Moreover, the 17 Goals of the 2030 Agenda for Sustainable
Development are focused on the use of greener and more efficient
processes (Clarke et al., 2018). Therefore, the selected pretreatment for
the processing of biomass should be carried out not only with the goal
of recovering the maximum fractions as possible, but also to contribute
for environmental sustainability. As described above, the seaweeds are

Table 5
Fermentation results of seaweed hydrolysates (after pretreatment). Pretreatment, method, strains and main results.

Pretreatment Method Microbial species Ethanol conc. Ethanol yield Refs.

Green seaweed
Chaetomorpha linum Milling SSF S. cerevisiae ATCC 96,581 – 44 g /100 g C6 Schultz-Jensen et al., 2013
Chaetomorpha linum Dilute acid – S. cerevisiae – 9.3 g/100 g RM Ben Yahmed et al., 2016
Chaetomorpha linum Hydrothermal SSF S. cerevisiae ATCC 96,581 – 39–44 g /100 g C6 Schultz-Jensen et al., 2013
Chaetomorpha linum Hydrothermal SSF S. cerevisiae ATCC 96,581 – 38 g /100 g C6 Schultz-Jensen et al., 2013
Ulva rigida Dilute acid – Pachysolen tannophilus – 9.2–12 g /100 g RM El Harchi et al., 2018
Zostera marina Hydrothermal SHF

SSF
S. cerevisiae (Sigma, type II) – 70%

67%
Viola et al., 2008

Red seaweed
Eucheuma cottonii cellulosic residue Dilute acid SSF S. cerevisiae YSC2, type II 15–27 g/L 50–80% Tan and Lee, 2015
Gelidium amansii Hydrothermal SHF S. cerevisiae KCTC 7906 3.33 g/L 74.7% Kim et al., 2015

SSF 3.78 g/L 84.9%
Dilute acid SHF S. cerevisiae KCCM1129 6.9–14.6 g/L

Brown seaweed
Ascophyllum nodosum Irradiation (MW) – S. cerevisiae ATCC 200,062 5.57 g/L 60.7% Yuan and Macquarrie, 2015
Floating residue from Laminaria japonica Ionic liquids SSF S. cerevisiae – 47.8% Wang et al., 2013
Laminaria japonica wastes Dilute acid – S. cerevisiae 14 g/L 80.8% Ge et al., 2011
Sargassum muticum Hydrothermal SSF S. cerevisiae (PE2) 14.10 g/L 81% del Río et al., 2019
Sargassum sp. Dilute acid SSF S. cerevisiae 1.13–2.49 g/L 65–89% Borines et al., 2013

C6: hexoses; RM: raw material. MW: microwave.
Seaweeds are important sources of carbohydrates for the production of biofuels.
Pretreatment is the key step for the development of seaweed biorefinery.
Emerging and green technologies can contribute to feasibility of seaweed biorefinery.
Wastes from hydrocolloid industry are interesting alternative for biofuels production.
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a rich source in polysaccharides, proteins, amino acids, dietary fibers,
minerals, fatty acids, natural antioxidant compounds and pigments
which can be obtained/recovered by suitable fractionation process.
Therefore, the challenge is to use macroalgae great potential for the
production of sugars, proteins and inorganic platforms in a seaweed
biorefinery systems (Sadhukhan et al., 2019). A rational processing of
whole seaweed allows the development of this biorefinery based sea-
weed biomass, as shown in Fig. 1 (scheme of biorefinery proposed).

The use of a seaweed biorefinery cascade approach with the final
residue of phycocolloids industries being used for biofuels allows the
exploitation of high value seaweed compounds (when compared with
the value of biofuels) while generating an interesting low-cost by-pro-
duct, which is generally rich in cellulose and other seaweed poly-
saccharides, poor in lignin and that does not compete with human food
uses. Besides the sustainability, economic and environmental reasons
for a seaweed’s cascade biorefinery approach, there are also processing
advantages over the direct use of seaweeds for biofuels: industrial en-
zymes for hydrolyzing seaweeds’ hydrocolloids are hardly available and
those available have prohibitive prices; therefore, using wastes provide
a residue which is highly concentrated in cellulose (which has a com-
mercial viability and sustainability in saccharification procedures) is an

advantage; furthermore, a significant amount of salts, which may be
detrimental for the fermentation processes, are removed and lower
amounts of inhibitors (e.g. HMF or acids) are expected (when compared
to the whole seaweed).

Besides the residues from the phycocolloids industry, other bior-
efinery approaches may be considered. For instance, four different ex-
ploitable fractions were sequentially obtained from Ulva fasciata, in-
cluding one rich in minerals, one rich in lipids, one rich in ulvan and,
finally, the fraction rich in cellulose (Trivedi et al., 2016). Even within
the phycocolloids industry, other exploitable fractions, such as pig-
ments, proteins or lipids may also be considered (Jung et al., 2013;
Mensi, 2019).

In this sense, some authors have applied the pretreatment or com-
bined pretreatments for the integral valorization of whole seaweed.
Baghel and co-workers (2015) proposed an integrated process (com-
prised of sequential stages of extraction) to obtain several commodities
from red algal biomass (Gracilaria dura and Gelidiella acerosa). Firstly,
phycobilin pigments and protein were extracted using 0.1 M phosphate
buffer during 12 h at 4 °C. The free-pigments residue was subjected to
chloroform–methanol solvent mixture (2000 g 4 °C for 20 min) for li-
pids extraction. Afterward, the remained residue was treated by

Fig. 1. Scheme of seaweed biorefinery for biofuels production.
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hydrothermal treatment (120 °C for 1.5 h) to extract agar in the liquid
phase. Finally, solid residue after bleaching (60 °C for 8 h) was pro-
cessed by alkali treatment (0.5 M NaOH at 60 °C for 12 h) to obtain
cellulose that was subsequently hydrolyzed by cellulases enzymes to
obtain glucose and fermented to ethanol by the yeast S. cerevisiae. Other
integrated valorization alternative consisted on a simple and en-
vironmentally friendly process of autohydrolysis (at milder conditions
150 °C) for the fractionation of invasive algae (Sargassum) to produce
oligosaccharides in the liquid phase and the simultaneous sacchar-
ification and fermentation of the solid residue after treatment to pro-
duce ethanol (del Río et al., 2019). Under these conditions, 15.22 g/L of
oligomers (composed mainly by fucooligosaccharides), 90% of cellulose
recovery and 11.32 g/L of ethanol were achieved.

7. Future perspective

The high carbohydrate content in macroalgae makes it a very at-
tractive substrate for biofuels production. Considering the huge po-
tential of this biomass, a pretreatment that allows suitable fractionation
of whole seaweed should be proposed, not only for biofuels production
but also to be used as food ingredient, additive, cosmetic, fertilizer and
medicine, contributing to the economic feasibility of this biorefinery. In
this sense, innovative and environmentally sustainable processes are
necessary to fractionate the seaweed biomass. As shown from data
discussed in this review, the most efficient and cost-effective treatment
to obtain fermentable sugars is dilute acid pretreatment. Nevertheless,
the need for more environmentally friendly processes promotes the
research on pretreatments using green solvents (such as water, deep
eutectic solvents, etc.) that combined with efficient heating systems
might also contribute to the viability of these integrated seaweed
biorefineries. Moreover, there is a need for inexpensive and en-
vironmentally friendly solutions for the saccharification of non-cellu-
losic polysaccharides. The availability of enzyme cocktails for selective
hydrolysis of seaweed polysaccharides is one of the most significant
bottlenecks. In this sense, the use of residues from phycocolloids in-
dustries is presented as suitable alternative since cellulolytic enzymes
used for lignocellulosic biomass saccharification can be applied. On the
other hand, the isolation and characterization of novel enzymes from
marine microorganisms is a recent trend that can lead to the discovery
of effective enzymes for the saccharification of non-cellulosic seaweed
polysaccharides. Thus, it is expected that the advances in biotechnology
allow the development of microorganisms able to hydrolysate and
ferment these sugars in a consolidated bioprocessing, employing ge-
netic transformations and metabolic engineering tools. The suitable
fractionation pretreatment and consolidated bioprocessing could drive
the development of seaweed biomass-to-biofuels processes.

8. Conclusions

Seaweed is a readily available and interesting resource for biofuel
production and its appropriate fractionation is the main challenge for
the development of a marine biorefinery. For that, a rational processing
of whole seaweed based on (a) suitable pretreatment(s) that allows the
recovery and valorization of the main fractions in separated streams is
imperative. Therefore, research on cutting-edge environmentally
friendly technologies are required. In particular, aqueous treatments
stand up considering seaweed innate high-water content. Currently
developing alternatives (such as enzymatic treatment and the use of
deep eutectic solvents) could also play an important role in coming
years.
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