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Abstract

Aquatic plants are promising green energy feedstocks owing to their high rate of growth, photosynthesis, and CO,-fixing
efficiency. They possess a paramount advantage of non-competitiveness with food crops over the first or second generation
biofuel feedstocks. Specifically, low lignin content and higher concentrations of polysaccharides make these plants very
attractive for biogas and liquid biofuel production. However, a regular supply of biomass is a limitation that can be overcome
by employing harvesting techniques with sustainable measures, which ensure rapid regrowth of biomass for the next cycle.
Harvesting of both aquatic macrophytes (weeds) as well as macroalgae is achieved by either manual or mechanical means.
Following regular supply through effective harvesting, biofuel production can be further restricted due to their complex
structural make-up. In order to improve the biofuel production, various pretreatment methods have been explored to disrupt
the complex structure of aquatic weeds and macroalgae, thereby increasing the breakdown of biomass material more readily.
This review examines traditional and modern techniques for biofuel production using aquatic weeds and macroalgae. It also
discusses recent advancements in the harvesting and pretreatment techniques that improve overall efficiency. Choosing an
effective pretreatment method can greatly influence biofuel recovery and production.
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Introduction

The fast growth rate of aquatic plants creates a major prob-
lem for freshwater bodies that have high nutrient levels.
They form a thick canopy layer that can inhibit light pen-
etration for suspended phytoplankton. This can lead to lower
rates of photosynthesis, decreasing oxygen supply required
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by aquatic life. Uncontrolled growth of aquatic plants also
poses a threat to hydroelectric dams, irrigation projects and
aquaculture systems (Gusain and Suthar, 2017; Gupta et al.
2014). The major aquatic macrophytes around the world are
Eichhornia crassipes, Typha spp., Ipomea carnea, Hydrilla
verticillata, Salvinia spp. Alternanthera pheloxeroides,
Ulva sp., Boergesenia sp., Padina sp., Crystoseira sp., and
Grateloupia sp. (ICID 2002; Mantri et al. 2020). In case
of macroalgae which are generally located in coastal areas,
their accumulation poses environmental as well as aestheti-
cal issues. It has been reported that to maintain eco-labels
like Blue Flag Beach category for tourism, these macroalgae
have been removed and disposed off by dumping in landfills
(inan and Oz¢imen 2019). Generally, millions of tons of
macroalgae are discarded as waste throughout the world.
This is also the case with aquatic macrophytes since they
are often regarded as nuisance species when they become
invasive and take over aquatic habitats. They are sometimes
mechanically harvested and yield a massive amount of wet
biomass. They are either burned after drying or disposed
openly in wastelands, neither of which is an environmen-
tally healthy practice (Gusain and Suthar 2017). Aquatic
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macrophytes and macroalgae have high carbohydrate, lipid
and protein content, which makes them suitable for pro-
duction of biofuels (Zhao et al. 2014; Ansari et al. 2017).
Because of their fast growth rate, adaptability to adverse
conditions, better chemical composition suited for biofuel
production in comparison to lignocellulosic crops, and their
suitability to generate valuable co-products, aquatic macro-
phytes are considered a viable bioenergy feedstock (Kaur
et al. 2018). Macroalgae on the other hand, unlike micro-
algae and other lignocellulosic biomass, contain low lipid
content, and high carbohydrate content, thereby, simplifying
the stages of pretreatment (Daroch et al. 2013; John et al.
2011; Ozcimen et al. 2012). They also contain substances
like mannitol, carrageenan, laminarin and alginate, which
can be further utilized in different sectors (Inan and Ozgi-
men 2019).

The primary step in the application of aquatic weed and
macroalgae for the production of biofuel is ‘harvesting’.
Harvesting can also be regarded as the removal of biomass
from water body present in inland or coastland. The meth-
ods employed for the removal of biomass are mechanical,
biological or chemical. Among these, one of the most effi-
cient and effective method is mechanical harvesting which
is used for the removal of invasive weeds as well as mac-
roalgae (Gusain and Suthar 2017). Pretreatment is an essen-
tial process in biofuel production as it is necessary for the
conditioning of biomass for further downstream processes
of conversion like fermentation, enzymatic hydrolysis and
transesterification. Pretreatment plays a crucial role in the
overall cost as well as energy demand of biofuel production
process (Zhang et al. 2015). The conversion technologies
used for biofuel production from aquatic weed and macroal-
gae have been reported in the literature. However, scanty
information is available on harvesting and pretreatment tech-
niques used for the aquatic weeds and macroalgal biomass
prior to biofuel production. In this review, harvesting and
pretreatment techniques involved while producing biofuels
from aquatic weeds and macroalgae are critically evaluated.
Effect of these processing techniques on overall biofuel pro-
duction process is also discussed.

Aquatic weeds

Problem causing aquatic vegetation may be present in
both macroscopic and microscopic forms. Macroscopic
vegetation includes aquatic plants like water hyacinth and
macroalgae viz. Ulva spp., which are commonly called
‘aquatic weeds’ (Davis and Hirji 2003). Aquatic weeds are
known to be troublesome and fast growing vegetation that
grow and proliferate in water bodies (Aloo et al. 2013).
They might be the result of deliberate introduction or
simply through expansion by uncontrolled growth. These
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menace causing aquatic weeds have potential to create
problem for any kind of economic and recreational activi-
ties in water bodies (Mondal 2018). Introduced aquatic
plants can adapt very fast and can show uncontrollable
growth due to absence of any natural predator whereas
pre-existing or native weeds can suddenly become out of
control due to favorable changes in physicochemical char-
acteristics of water (Lembi 2009).

Aquatic weeds possess several exceptional qualities
which makes them one of the major concerns of the pre-
sent time, such as fast growth rate, exponential doubling
rate, etc. when favorable conditions are met. Some of the
aquatic weeds (e.g. water hyacinth) can have exceptional
reproduction and doubling time of just few days and can
double their biomass in just about 7-14 days through
propagative reproduction (Hoevers 2011). The main fac-
tors which support the outbreak of aquatic weeds are asso-
ciated with minimal requirements and adaptability. In the
case of terrestrial plants, visually attractive appearance
was the reason behind the wide spreading of weeds in
tropical and non-tropical parts of the world. Especially
during the nine-teenth and twentieth centuries, humans
aided in the proliferation of weeds from one continent to
another (Rooney et al. 2007; Aloo et al. 2013; Ogbaga et.
al. 2019). Most of these weeds are limited due to nutrient
availability and respond to increment in nutrients that are
previously short in supply with impulsive growth. Thus,
water bodies where large quantities of nutrients are being
dumped regularly stay susceptible to invasion of aquatic
weeds (Rey and Rutledge 2006). Availability of nutri-
ents in the water body coupled with higher growth rate
and stress helps aquatic weeds to effectively utilize these
nutrients and enrich the biomass with compounds such
as carbohydrates, lipids and proteins. Table 1 represents
biochemical composition of some aquatic weeds. The car-
bohydrates, lipids and protein content of aquatic weed bio-
mass makes them an attractive biofuel feedstock, as lipid
fraction makes it potential biodiesel resource, whereas,
sugar fraction can be used to produce other liquid bio-
fuels such as bioethanol, biobutanol and biomethanol by
fermentation. Aquatic weeds have also been proven effec-
tive in producing biomethane and biohydrogen (Mthethwa
et al. 2018; O’Sullivan et al. 2010; Reddy et al. 2017).

Particularly in freshwater, aquatic weeds are mostly
flowering plants (angiosperms) with ordinary leaves and
roots (Asogwa and Asogwa 2018). These aquatic weeds
can be grouped into various types based on varying hab-
its and habitats. Various types of aquatic macrophytes
include: i) emergent, ii) floating and iii) submerged (Fig. 1;
Table 2). The type of aquatic macrophytes dictates the
choice of harvesting and pretreatment technique during
its application as biofuel feedstock.
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Table 1 .l.?.iochemical . Aquatic weeds Protien (%) Lipid (%) Carbohydrate (%) References

composition of some aquatic

weeds Eichhornia crassipes 8.20 2.20 49.98 Suleiman et al. (2020)
Lemna minor 32.3 8.7 20.3 Ge et al. (2012)
Landoltia punctata 16.2 - 24.5 Chen et al. (2012)
Salvinia molesta 9.19 1.49 43.88 Syaichurrozi et al. (2019)
Nymphaea alba 17.23 - 34.92 Adelakun et al. (2016)
Azolla filiculuoides 20 - 41 Miranda et al. (2016)
‘~’ Not Reported

Types of Aquatic weeds

Emargent viceds

Fig. 1 Types of aquatic weeds shown pictorially

Emergent macrophytes

Emergent weeds, also known as ‘shoreline’ or ‘marginal
plants’ include grass-like and broad-leaved plants that
mostly grow in shallow water. These weeds are found per-
manently in the regions where maximum and minimum
water level is fixed due to seasonal rising and receding
of water (Basak et al. 2015). These types of weed can
have well developed root in the sediments with flowers and
other principle photosynthetic parts above surface water
(Mondal 2018). Emergent shoreline plants can effectively
reduce soil erosion and also help in stabilizing the shore
while supporting the fauna residing near shore with refuge,
food, attachment, nesting ground, etc. (Gettys 2014; Rozas
and Odum 1988; Stallings et al. 2015).

Float ing weeds

Floating weeds

Floating weeds grow and complete their whole life cycle
in water. Some of these weeds float freely, whereas, some
are rooted in the sediment of the water body and rest of
the foliage and flowering parts float above the surface
water. Therefore, floating weeds are further subdivided
into two parts: (i) free floating weeds and ii) rooted float-
ing weeds. The free floating weeds are mostly found in
deep water (depth > 1 m) with their foliage above water
and roots suspended underneath (Mondal 2018). These
plants continuously float throughout the surface and may
hinder the natural water flow. They are independent of
depth or of any kind of substratum requirement and there-
fore, floating weeds are considered as most dangerous
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Table 2 Types of aquatic weeds

Common name Botanical name Family
Emergent Weeds
Common Cattail Typha lotifolia Typhaceae
Common reed Phragmites australis  Poaceae
Umbrella plant Cyperus difformis Cyperaceae
Floating weeds
Free Floating
Water hyacinth Eichhornia crassipes Pontederiaceae
Duck weed Lemna minor Lemnaceae
Water fern Salvinia molesta Salviniaceae
Water velvet Azolla pinnata Salviniaceae
Rooted Floating
Lotus Nelumbo nucifera Nymphaceae
White water lily Nymphaea alba Nymphaceae
Submerged weeds
Rooted submerged
Hydrilla Hydrilla verticillata ~ Hydrocharitaceae
Bladderwort Utricularia flexuosa  Lentibulariaceae
Non rooted submerged
Eel weed Vallisneria spiralis Najadaceae
Brittle waternymph Najas minor Najadaceae
Broadleaved pond weed Potamogeton natans ~ Potamogetonaceae

aquatic weeds (Aloo et al. 2013). Some of the most com-
mon free floating aquatic weeds are water hyacinth and
water lettuce. The rooted floating weeds are similar to
emergent weeds in most characteristics except all the foli-
age and flowering parts float on the surface. Unlike free
floating weeds these are dominant in relatively shallow
water (Lembi 2009). Some of the most common rooted
floating weeds are water lily, lotus.

Submerged weeds

Submerged weeds germinate, grow and sprout with all
their plant parts beneath the water surface. These weeds
are mostly found in continuous flowing rivers and ditches.
These weeds can cause serious problems in the water
body as most of the time they are not visible inside the
water and significantly impede the flow of the water
(Asogwa and Asogwa, 2018). They can be further sub
grouped as either rooted or non-rooted submerged weeds.
Rooted submerged weeds are anchored weeds in the sedi-
ment and therefore are more efficient in nutrient exchange
from the water body, e.g. Hydrilla spp. Non-rooted sub-
merged weeds float freely beneath water surface. Some
of aquatic weeds under this class include Ceratophyllum
spp. and Utricularia spp. (Davis and Hirji 2003).
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Macroalgae

Macroalgae are a wide group of photosynthetic, eukar-
yotic organisms thay may be found in either marine or
freshwater. They are multicellular in nature possessing the
characteristics of a plant. In different taxa, the common
features and structures may vary. They may have forms
that are leafy, long bladed, branched, or may form mats.
They may be anchored with the help of a holdfast or may
possess air bladder enabling them to freely float on the
surface of water body. Macroalgae have a complex lifecy-
cle displaying annual and perennial life histories, alterna-
tion of generation as well as asexual and sexual strategies.
Macroalgae are classified on the basis of their pigment
color. The green algae are known as ‘Chlorophyta’ and
‘Charophyta’, red algae as ‘Rhodophyta’ and brown algae
as ‘Phaeophyta’ (Manilal et al. 2009). Green algae get its
color from the pigments chlorophyll a and b. They require
more light for undergoing the process of photosynthesis
due to which are situated in the shallow parts of the water
body. They contain starch, cellulose and pectin (Murdock
and Wetzel 2009). The most commonly found species of
green macroalgae belong to the genus Bryopsis, Chaeto-
morpha, Cladophora, Rhizoclonium, Ulva, Spirogyra,
Chara, Nitella, Zygnema and Pithophora among many
others (Caisova and Gabka 2009). Red algae get red or
pink color from pigments phycocyanin and phycoerythrin
allowing them to grow relatively deep in the water bod-
ies. The carbohydrate compositions of this type of mac-
roalgae are cellulose, glucan, and galactan (Samaraweera
et al. 2012). Species belonging to the genus Gelidium and
Polysiphonia are some of the most commonly found red
algae (Al-Yamani et al. 2014). The brown algae derive
color from the abundance of pigment fucoxanthin which
masks the green color of chlorophyll. They are composed
of carbohydrate laminarin, mannitol, fucoidan, alginate
and cellulose (Jang et al. 2012; Kim et al. 2011). Species
belonging to the genus Sargassum, Vaucheria and Sphace-
laria are some of the most commonly found brown algae
(Al-Yamani et al. 2014)). In macroalgae, the total polysac-
charide concentration in dry weight can range from 4 to
76% (Holdt and Kraan 2011). Protein content is found to
be higher in red (up to 47%) and green algae (up to 26%)
while brown seaweed usually has low protein content, the
highest ranging up to 10-15%. Table 3 represents bio-
chemical composition of some macroalgae (Lafarga et al.
2020). The major classes of lipid found in macroalgae are
phospholipids and glucolipids, which account for 1-5%
of cellular composition (Chojnacka et al. 2012). Another
important group of compound found in the macroalgae are
phenolic compounds which are present in varying quan-
tity in red, brown and green algae (Lordan et al. 2011).
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Table 3 Biochemical

- Species
composition of some

Protien (%) Lipid (%)

Carbohydrate (%) References

macroalgae Green algae
Ulva lactuca 8.44
Enteromorpha intestinalis  10.5
Spirogyra varians 16.7
Brown algae
Sargassum fulvellum 13.0
Laminaria japonica 14.8
Colpomenia sinuosa 9.2
Red algae
Gelidium amansii 12.2
Gelidium amansii 13.1
Palmaria palmata 15.1

4.36 35.27 Chakraborty and Santra (2008)
2.9 35.5 Rohani-Ghadikolaei et al. (2012)
18.1 55.7 Tipnee et al. (2015)
1.4 39.6 Jang et al. (2012)
1.9 59.5 Kim et al. (2011)
1.5 32.1 Rohani-Ghadikolaei et al. (2012)
0.9 83.6 Jang et al. (2012)
1.1 77.2 Kim et al. (2011)
12.9 59 Tibbetts et al. (2016)

Macroalgae are also rich in elements like Ca, Mg, Na, P
and K as well as trace elements like Zn, I and Mg (Lordan
et al. 2011). The compounds found in macroalgae can be
used as fodder, food as well as for biofuel production (Park
et al. 2012). The high content of carbohydrate in mac-
roalgae proves to be a good feedstock for the production
of bioethanol and biobutanol (Panahi et al. 2019). The
concentration of fatty acids in lipids vary considerably in
green, brown and red algae. Hence, the yield of biodiesel
is species dependent (Pereira et al. 2012).

Problems associated with aquatic weeds
and macroalgae

Aquatic plants are termed as nuisance for water bodies
when presence of these aquatic weeds or macroalgae starts
creating problem and conflicts against its intended purpose
like fishing, pisciculture and other recreational activities.
Rapid growth and reproduction rate of these aquatic plants
can severely affect the native species and if left unchecked
have potential to eradicate these ecological and economi-
cally important native species (Adeniji 1979; Clayton 1996).
Growth of aquatic plants can reach alarming stage especially
in the water bodies near tropic areas where warm water
favors their growth. Problems can even escalate further due
to nutrient addition due to effluent discharge and poor land
use practices (Aloo et al. 2013).

Excessive population of aquatic plants, especially free-
floating and emergent plants have the tendency to block out
sunlight, which severely affects the physical and chemical
characteristics of the water ecosystem through reduction of
photosynthesis (Kennish et al. 2008). Overpopulation and
decomposition of aquatic weeds and macroalgae biomass
also degrade the water quality by reducing dissolved oxygen,
which may suffocate the fauna present in the water (Lembi
2009). Some water weeds and algae also possess offensive

smell, color and foul taste causing water body to get pol-
luted, discolored and smell like rotten eggs, adversely affect-
ing fish population in the water (Asogwa and Asogwa 2018).
Several other problems caused in water bodies include
reduction in nutrient flux and effect on biodiversity, espe-
cially waterfowl population and obstruction to water flow
affecting economic activities such as power generation and
irrigation (Lembi 2009).

One of the most feasible solutions for management of
aquatic weeds and macroalgae is their application in produc-
tion of various biofuels. Biofuel production is a multistep
process which includes biomass harvesting, pretreatment
of biomass and conversion to biofuels. The harvesting and
pretreatment techniques are important preceding steps which
have influence on biofuel conversation in terms of yield,
product quality and economic feasibility.

Harvesting techniques for aquatic weeds
and macroalgae

Harvesting the aquatic plant biomass which is either grown
for a particular purpose such as for production of biofuels or
removing invasive aquatic plants are very similar activities,
which are fundamentally done through physical control or
physical harvesting methods. However, removing invasive
aquatic plants from water bodies can have slight differences,
as the natural water bodies face several uncontrolled condi-
tions in comparison to removing cultivated biomass, as the
latter are grown in strictly controlled conditions and cannot
afford complete eradication of the plants. Therefore, sus-
tainable production measures such as calculated cutting size
and cutting cycles are necessary to ensure rapid regrowth of
plants in case of cultivation. Harvesting of all aquatic plants
including aquatic weeds and macroalgae are much similar
however, some differences can be observed.
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Manual harvesting

Excavating both aquatic weed and macroalgae from water
bodies using machineries or manually has been a normal
practice since several years throughout the world. Using
manual harvesting methods is relatively cost efficient and
low energy demanding and can involve aid of nets, wires,
manual cutters, etc., and are mostly used in small water bod-
ies like canals, small ponds, coastal areas, narrow streams,
etc. (Gallagher and Haller 1990; Madsen 2000). Manual
removal of aquatic weeds as well as macroalgae is a usual
practice, but since macroalgae are mostly harvested from
oceans and cultivated ponds, and are required in large quan-
tities, mechanical harvesting is preferable (Datta 2009).
For effective manual removal, techniques can be divided
to excavate floating and emergent weeds separately. As float-
ing weeds can form dense mats, they can be harvested manu-
ally by cutting and separating into smaller parts, whereas,
emergent weeds have to be dealt more cautiously as they
are required for regrowth (Hoevers 2011). Generally, use of
cutting tools such as blades or handheld motorized cutters
can be employed, which can be then brought to shore by
manually operated boats. However, considerable care has to
be taken while performing these manual operations against
parasites, venomous organisms, etc. This method however
requires constant monitoring due to its temporary effect.

Mechanical harvesting

Mechanical harvesting employs the use of plant cutters/
harvesters developed especially for removing aquatic flora
more efficiently in deep and large water bodies and coastal
waters where manual cleaning can be tedious and nearly
impossible. Mechanical harvesting equipment can include
amphibious vehicles, boats, land based long armed vehicle
equipped with mechanical cutters, saws, choppers, mow-
ing bar, vacuum suction apparatus to suck and collect small
plants especially macroalgae, rake for collection, conveyer
belts, trailers, loading cranes, etc. Removal of aquatic weeds
using mechanical harvesting techniques is a common con-
duct when dealing with emergent and rooted submerged
weeds in larger water bodies as manual removal can be
inconvenient. However, in case of aquatic weeds, mechani-
cal harvesters are more commonly designed according to the
types of weeds and surroundings. In such an approach, ‘Ker-
ela Agricultural University’ in India developed a harvester
using conventional pump-sets as prime movers for harvest-
ing Pistia stratiotes with an aim to reduce the harvesting
cost. The harvester was equipped with a 10 HP engine and
high capacity check device which could suck and then pump
the weed to desired location to achieve a continuous harvest-
ing rate of 16 tons/ha (Jayan and Satyanathan 2012).
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Macroalgae are generally collected in large amount with
mechanized harvesters (Roesijadi et al. 2008). As the bio-
mass type of macroalgae is different from that of aquatic
weeds, these mechanized harvesters are primarily equipped
with suction apparatus, rotating mowers, dredgers etc. For a
greater efficiency, chemicals like herbicides and flocculants
are used for harvesting small sized biomass (Gupta et al.
2017, 2018; Sahoo et al. 2017). The mechanized harvesters
are mostly fitted onto boats which may be operated from
shores or in water body and once harvested, the macroalgae
are pumped through pipe directly into dredges or nets from
where they can be transported to the required locations (Potts
et al. 2012; Roesijadi et al. 2010). The choice of harvesting
method is directly related to the type of macroalgae in culti-
vation. The free-floating macroalgae harvesting may involve
cutting, suction and dredging. Whereas, the seaweed grown
attached to ropes, nets or lines are best harvested using rotat-
ing blades. Most of the times these attaching medium are
just collected using collection boats, dredgers, and nets are
transported to shore for processed harvesting (Peteiro and
Freire 2012; Roesijadi et al. 2010).

The removal of aquatic plant biomass for biofuel produc-
tion can have several beneficial effects such as reduction in
organic carbon load of water body. This results in decrease
in methane production from the water surface bodies (Dalal
et al. 2008). However, extensive care is required during the
mechanical harvesting as the process is non-selective and
can therefore remove important non-target species such as
economic plants, fish, frogs, snails, etc.

Pretreatment of aquatic weed
and macroalgae biomass for biofuel
production

One of the most crucial step in the production of biofuel
from any kind of lignocellulosic biomass, like that of
aquatic weed and macroalgae is the selection of pretreat-
ment method as it can largely effect the overall economic
cost of production. Selection process depends upon the kind
of biomass and the proportion of the polymers viz. lignin,
cellulose, hemicelluloses and others constituents. Pretreat-
ment basically helps in solubilizing and separation of these
compounds, thus, improving the decomposition of biomass
material more readily (Ansari et. al. 2017). A good pre-
treatment method should help improve the sugar recovery,
reduce the loss of valuable compounds and most importantly
reduce the cost and energy demand in the biofuel produc-
tion process. Pretreatment methods are classified as physical
pretreatment, chemical pretreatment and biological pretreat-
ment (Fig. 2). There are also combined pretreatment meth-
ods which employ more than one technique (Fig. 2).
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Fig. 2 Pretreatment methods for aquatic weed and macroalgae for biofuel production

Physical pretreatment

Like any other lignocellulosic biomass, aquatic weeds and
macroalgae are required to go through the preprocessing
steps before biofuel production. Physical pretreatment basi-
cally changes structure of the biomass through the applica-
tion of mechanical shear, without adding any kind of chemi-
cal or biological reagent (Harun et al. 2011). This can be
thoroughly done by employing physical pretreatment meth-
ods, which include coarse size reduction through copping
or blending, irradiation (gamma radiation, microwave radia-
tion), ultrasound, etc. This is a very important step as it may
determine the final particle size, cellulose crystallinity and
degree of polymerization (Sun and Cheng 2002).

Size reduction

Size reduction using methods like chopping, milling, grind-
ing, and beating, are used to enhance the conversion of car-
bohydrate to sugar by increasing the surface area to volume
ratio of the biomass (Wang et al. 2011; Wei et al. 2013).
Effectiveness of chopping in increasing the surface area of
the biomass feedstock was proven by Haug (2018) where
chopping of water hyacinth increased the biogas production.
This was attributed to enhancement of the access area for the
microbes to act upon the chopped water hyacinth. In another
instance, Amriani et al. (2016) pretreated water hyacinth
biomass through a combination of physical methods such
as chopping the biomass, drying it at 105 °C, and thereafter
grinding it to the size range of 0.1-1.0 mm. The researchers
also compared the physical pretreatment with biophysical
pretreatment done with Aspergillus niger and concluded that

physical pretreatment produced a higher cellulose content as
compared to biophysical pretreatment.

Mechanical size reduction for macroalgae, however,
depends upon the type of macroalgae. Researchers have
found that the same milling technique applied on different
lignocellulosic biomass might not have similar effect on
some macroalgae and might even have negative effect on
sugar extraction (Adams et al. 2017). Research has shown
that beneficial value of mechanical size reduction largely
depends on the macroalgal cell wall structure, as more
fibrous cell wall shows greater effect of mechanical treat-
ment on sugar production (Nielsen and Heiske 2011). Mill-
ing of Laminaria digitata, which is a large flat blade brown
algae had no effect on surface area or glucose release (Manns
et al. 2016). Similarly, Montingelli et al. (2016) showed that
milling of Laminaria sp. reduced methane yield. On the
other hand, Oliveira et al. (2014) showed that maceration of
Gracilaria vermiculophylla resulted in considerable increase
in methane production which was mainly attributed to the
increased surface area.

Thermal treatment

Thermal pretreatment is the application of heat on the bio-
mass to effectively disrupt the chemical bonds, resulting in
degradation of lignin and hemicellulose, cleavage of cell
walls and rupture of cell membrane (Kavitha et al. 2014).
The temperature application varies from 50 to 270 °C and
can be divided into three types: low temperature thermal
pretreatment, hydrothermal pretreatment and steam explo-
sion thermal pretreatment (Passos et al. 2014; Ananthi et al.
2019). Low temperature thermal pretreatment involves
heat below 100 °C. Hydrothermal pretreatment involves
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heat above 100 °C at subsequently higher pressure; and the
steam explosion thermal pretreatment involves explosion of
a high pressure steam (temperature more than 150 °C) on the
biomass and then reducing the pressure to let the biomass
undergo decompression (Rodriguez et al. 2015). Different
type of treatment can be chosen according to the type of
biomass. Schultz-Jensen et al. (2013) reported that auto-
claving of Chaetomorpha linum for 10 min at atmospheric
temperature increased the glucan yield by 25.7%. In another
study, Ruiz et al. (2013) investigated the effect of hydro-
thermal process on the extraction of agar and carragenaans
from red algae at temperature above 85 °C and reported
considerable increase in the agar yield. Vivekanand et al.
(2012) reported 20.2% increase in biogas production upon
pretreating Saccharina latissima by steam explosion method
at 130 °C. Similarly, efficacy of steam explosion for aquatic
weed E. crassipes was reported by Ganguly et al. (2018)
where the authors stated steam explosion to be effective in
lignin transformation and hemicellulose degradation, which
increases the cellulose hydrolysis potential. Thermal pre-
treatment is mostly classified as a simple method which can
be performed with general equipment, but can release toxic
compounds, such as levulinic acid, furfural, and 5-hydroxy-
methylfurfural (Martin et al. 2002).

Microwave pretreatment

Researchers consider microwave pretreatment to be one of
the most suitable pretreatment methods for macroalgae and
aquatic weeds due to high moisture content which helps
in rapid temperature and pressure rise, facilitating the cell
wall rupture, which further enhances the biofuel production
(Vazquez-Delfin et al. 2014; Ansari et al. 2018). In case
of macroalgae, microwave pretreatment is majorly used to
extract high-value products like agar, carageenan, fucoidan,
etc. Yuan and Macquarrie (2015) reported enhancement of
ethanol production from macroalgae Ascophyllum nodosum
employing microwave pretreatment by 60.7% in comparison
to the theoretical yield. Similar to this study, Romagnoli
et al. (2017) investigated microwave pretreatment of Fucus
vesiculosus and showed 92% increment in methane pro-
duction in comparison to untreated biomass. Quitain et al.
(2013) compared microwave pretreatment with other thermal
pretreatment methods on macroalgae Undaria pinnatifida
and reported that microwave pretreatment was more effective
in the extraction of polysaccharide and fucoidan compounds.

Microwave pretreatment for water hyacinth was investi-
gated by Liang et al. (2019), where they analyzed the effect
of microwave on the biomass structure for the production of
pyrolysis products. They reported that microwave pretreat-
ment was effective in changing and destroying the smooth
surface structure of the water hyacinth which positively
affected the pyrolysis behavior towards the weed biomass,
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thereby, increasing the pyrolysis product’s yield. In case
of aquatic weeds, microwave pretreatment is usually per-
formed in combination or in sequel to some other pretreat-
ment techniques. Similarly, Thi et al. (2017) investigated the
cellulose recovery of water hyacinth by comparing the three
physical pretreatment methods (waterbath, microwave and
ultrasound). The performances were compared on the basis
of yield of composition and structure of water hyacinth bio-
mass using Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and scanning electron
microscopy (SEM). The result showed that microwave pre-
treatment had highest yield of cellulose and hemicellulose
among the studied pretreatment methods. Microwave pre-
treatment method can also be effectively used for intensi-
fying the lipid extraction process using organic solvents.
Microwave pretreatment has the capacity to minimize the
sugar degradation due to its rapid heating and also reduces
the production of toxic inhibitory products such as levulinic
and (5-HMF) 5-hydroxymethylfurfural, usually formed dur-
ing thermal pretreatment methods.

Ultrasonication

Ultrasound pretreatment technique, commonly known as
sonication, is the supply of compression and depression
cycle of sonic waves at a very fast rate which results in con-
tinuous formation and collapse air cavities which causes
breaking of cell envelope (Kavitha et al. 2016). Sonication
improves the biofuel production by change in biomass mor-
phology increasing the access of microbes to the ferment-
able sugars (Passos et al. 2014). Researchers have reported
sonication to be an effective technique to extract compounds
such as fucoidan, laminarin and other phytochemicals
(Kadam et al. 2015). However, sonication pretreatment for
macroalgae was reported to be unfit by Karray et al. (2015),
where upon comparison with three other pretreatment meth-
ods, ultrasonication resulted in least amount of sugar yield.
Similarly, Mittal et al. (2017) reported ultrasonication to
be unsatisfactory when employed alone, and despite opti-
mization resulted in minimal phycobili proteins extraction,
whereas, ultrasonication in combination with different pri-
mary pretreatment methods resulted in higher extraction that
was mainly attributed to the synergistic effect.

Kist et al. (2018) studied the performance of sonication
pretreatment and its efficacy on removal of lag time along
with enhancement of methane production for three aquatic
weeds (E. crassipes, P. stratiotes and Salvinia molesta).
‘Biomethane potential’ test was conducted to analyze the
decomposition of aquatic weeds and was reported that ultra-
sonication could reduce the lag time and simultaneously
increased the methane production. However, the results
were not found to be similar for all the weeds since E. cras-
sipes and P. stratiotes showed greater methane production
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after the ultrasonication pretreatment but on the contrary S.
molesta showed better methane production for the untreated
biomass.

Physical methods are relatively costly and energy inten-
sive and therefore, they are not opted for large scale biofuel
production. On top of that several of the mentioned pre-
treatments are ineffective alone and require to be combined
with other forms of pretreatments which again requires
extra input cost and energy (Amriani et al. 2016; Kumari
and Singh 2018; Menon and Rao 2012).

Chemical pretreatment

Chemical pretreatment involves using various chemicals
such as alkali, organic solvents, acids, carbon dioxide and
other similar compounds. The basic motive of this pretreat-
ment is to improve the degradability of the compounds
present in the lignocellulosic biomass of aquatic weeds by
decreasing the degree of polymerization and crystallinity
of the cellulosic compound (Pirzadeh and Ghoreyshi 2014;
Swatloski et al. 2002). This is the most studied pretreat-
ment technique in comparison to other methods as there is
constant research going on to find a better and more suitable
compounds capable of degrading the weed biomass.

Alkali pretreatment

Pretreatment using alkali such as hydroxides of sodium,
potassium and calcium has been fairly popular in recent
times. Alkali reacts with biomass to cause salvanation and
saponification through increase in the surface area of the
biomass, degrading cell wall by disrupting the structure and
compounds of lignin and hemicellulose. Simultaneously, it
causes swelling of cellulosic compounds which results in
reduction of crystallinity and decrease in degree of polym-
erization (Banu et al. 2018; Chandra et al. 2007). Alkali pre-
treatment is known to enhance biofuel production by reduc-
ing pH during the acidogenesis process. Earlier studies have
shown that alkali pretreatment is usually considered unat-
tractive due to high processing cost. However, it has been
used in the pretreatment of high lignin biomass like aquatic
weed and macroalgae. Dilute NaOH (0.5%) and ammonia
are the most commonly used compounds for pretreatment of
water hyacinth and overall delignification is around 50-70%.
Similar to this, alkaline pretreatment of Gracilarial emanei-
Sformis with 5% (w/v) NaOH at 85 °C for 2 h increased the
gel strength by six times in comparison to control (Li et al.
2008). The major advantages of alkali pretreatment over acid
pretreatment is the requirement of comparatively lower tem-
perature and lower reactor cost. However, on the negative
side, the chemicals involved may be costlier and there are
higher chances of generation of toxic residual compounds
(Mosier et al. 2005).

Acid pretreatment

Acid pretreatment has been one of the major choices of
treatment and its efficiency has been fairly investigated
by several researchers using dilute and concentrated acids
such as sulphuric acid, nitric acid, hydrochloric acid, ace-
tic acid, and others. Sulfuric acid is most commonly used
among these. Satyanagalakshmi et al. (2011) studied the
effect of acid pretreatment using hydrochloric acid, sulfu-
ric acid, acetic acid and formic acid on the bioethanol pro-
duction through separate hydrolysis and fermentation. The
study showed that among all the organic and mineral acids
used for pretreatment, sulfuric acid resulted in highest
amount of sugar production. The performance of sulfuric
acid was followed by hydrochloric acid and it was further
concluded that mineral acids outperformed organic acids
in the production of bioethanol. Sarto et al. (2019) stud-
ied varying effect of different concentrations of sulfuric
acids on biogas production from water hyacinth. Different
concentrations ranging from 0-5% v/v with different time
(0, 30, 45, 60, 75, 90 min) were taken in the experiment.
The results showed that pretreatment successfully altered
the cellulose content along with glucose, chemical oxygen
demand (COD) and COD/Nitrogen ratio. This enhanced
the biogas production. The authors concluded that a 5%
(v/v) sulfuric acids with 60 min residence time increased
the biogas production by 131.45% in comparison to the
untreated biomass. Similarly, a brown algae Macrocystis
pyrifera was pretreated using 2 vol% sulfuric acid, water
and three different ionic liquids (Ravanal et al. 2016). Sul-
furic acid pretreatment strategy, which was followed by
saccharification of cellulose along with mixture of cel-
lulases at pH value 5.2 for 4 h showed better results in
comparison to other methods for glucose production.
Acid pretreatment has been preferred over alkali pretreat-
ment methods as the former is more effective in degrading
hemicellulose content and delignifying aquatic weeds and
macroalgal biomass. Dwivedi and Dwivedi (2018) pretreated
the samples of water hyacinth using different alkalis (sodium
hydroxide and potassium hydroxide) and compared them
with acids (hydrochloric acid, sulphuric acid and formic
acid) at different concentrations of 1, 2, 3, 4 and 5% v/v
each. The results showed that the sulphuric acid at the treat-
ment concentration of 4% v/v showed the best result for
sugar conversion. In similar kind of study, Bhetalu and Patil
(2012) studied the efficacy of different pretreatment methods
for three types of aquatic weeds (water hyacinth, cattail, and
duckweed) for bioethanol production. Pretreatment methods
included dilute acid pretreatment, concentrated acid pretreat-
ment, and alkali pretreatment at varying concentrations for
all three aquatic weeds. The result showed that among all
three methods, dilute sulfuric acid (3% v/v) produced maxi-
mum fermentable sugar for both water hyacinth and cattail,
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however, for duckweed, the maximum fermentable sugar
was produced by using nitric acid (3% v/v).

Although chemical mode of pretreatment are considered
to be one of the best pretreatment methods, certain negative
impact in the form of toxicity and corrosiveness cannot be
overlooked. Hence, there should be extra attention given to
acid concentration, reaction time, and other safety measures
to reduce formation of harmful inhibitor compounds (Ajayi
and Adefila 2012; Kumari and Singh 2018). Also, it is highly
advised to use the pretreatment in combination of more than
one mode as this improves the enzymatic hydrolysis and
biofuel production considerably (Sindhu et al. 2016). Mood
et al. (2013) suggested that alkali pretreatment can be effec-
tively used with acid pretreatment or even with other physi-
cal pretreatment methods for better delignification.

Biological pretreatment

Biological pretreatment is safest and an environment friendly
processing step. This mostly involves the use of microor-
ganisms and biological enzymes that possess the ability to
degrade various compounds like lignin, hemicellulose, and
other polyphenols in order to extract energy easily. Most
commonly used biological pretreatment methods include
usage of fungi, bacteria, or enzymes.

Fungal pretreatment of lignocellulosic biomass viz.
aquatic weeds is a relatively new process to improve the
digestibility of the biomass (Sinegani et al. 2005). White-,
soft- and brown-rot fungi are most commonly used in
degrading lignocellulosic compounds present in aquatic
weeds. Out of these, brown-rots mainly degrade cellulosic
compounds, whereas, white- and soft- rot fungi degrade both
lignin and cellulosic compounds by production of several
enzymes such as lignin peroxidases, laccases, maganesse-
dependent peroxidases, and polyphenol oxidases (Agbor
etal. 2011). Upon comparison, white-rot has been reported
to be most effective for the biological pretreatment of lig-
nocellulosic biomass (Sun and Cheng 2002). Fungi species
such as Trichoderma sp. (Pérez et al. 2002), Pichiastipis
sp. (Pothiraj et al. 2014), Aspergillus terreus (Emtiazi et al.
2001), Penicillium camemberti (Taseli 2008) are commonly
used in biological pretreatment. Barua et al. (2018) studied
biological pretreatment using three bacterial lignocellulose
degrading strains which were isolated from soil (Bordetella
muralis), from the gut of silverfish (Citrobacter werkmanii)
and from millipede (Paenibacillus sp.) to enhance the pro-
duction of biogas from water hyacinth. The study concluded
that microbial pretreatment efficiently enhanced the bio-
degradability of the water hyacinth biomass. Among all the
three strains, pretreatment of C. werkmanii was more effec-
tive in comparison to other two and successfully increased
the biogas production. Whereas, biological pretreatment of
Mexican Caribbean macroalgae consortiums using Bm-2
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strain of Trametes hirsuta, isolated from decaying wood
was investigated by Tussell et al. (2018) and it showed 20%
increment in the methane production. The authors suggested
that application of fungal strains which are easily available
in nature can be a solution to problems of sustainable energy.
Similarly, Singh et. al. (2021) corroborated the biological
pretreatment of water hyacinth with white-rot fungus Alfer-
naria alternata strain AKJK-2 for large scale utilization in
bioenergy production.

Enzymatic pretreatment involves addition of cellulose,
hemicellulose, and starch degrading enzymes or mixture of
enzymes to enhance the degradation of biomass. Some of
these enzymes are already present in the digester, especially
during anaerobic digestion produced by the added micro-
organisms (Bohutskyi and Bouwer 2013). Enzymatic pre-
treatment can be used as an alternative to mechanical and
chemical methods which are much more energy demanding
and costly. Perez et al. (2018) studied the enzymatic pretreat-
ment of Sargassum spp. using laminarinase and cellulase.
The result showed that solo treatment with either enzyme
resulted in low yield of ethanol implied to poor saccharifica-
tion, whereas, the pretreatment using combination of both
resulted in subsequent higher ethanol production which was
attributed to the synergistic effect between both enzymes.
The main disadvantage of enzymatic pretreatment is related
to the long reaction and residence time in comparison to
other pretreatment methods, which usually requires 10-14
days (Agbor et al. 2011).

Biological pretreatment for lignocellulosic biomass is
a very promising technique with various advantages viz.
low energy input, no or minimal chemical requirement and
environment friendly working procedures (Salvachta et al.
2011). There are several disadvantages of biological pre-
treatment as well which make them less attractive for large
scale and commercial production of bioenergy (Rodriguez
et al. 2015). These include slow process, making it unsuit-
able for industrial purpose, requirement of large place, high
enzyme cost, and low enzyme-substrate specificity. Apart
from this, biological pretreatment may produce some
inhibitory enzymes and some part of the carbohydrate is
consumed by microorganisms itself resulting in a low bio-
fuel yield (Agbor et al. 2011; Chandra et al. 2007; Shi et al.
2008). Due to these, biological pretreatment faces barriers
to be used at commercial scale. To overcome these difficul-
ties, biological pretreatment can be used in combination with
other pretreatment methods, efficiency of which has been
proven at several instances. Ma et al. (2010) evaluated the
effect of combinations of biological pretreatment with mild
acid pretreatment. Biological pretreatment was carried out
with a white-rot fungus specie Echinodontium taxodii and
brown rot fungus Antrodia sp. and 0.25% v/v sulfuric acid
was used in chemical pretreatment. The result concluded that
the white-rot fungus E. taxodii in combination with sulfuric
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acid was more effective in boosting the enzymatic hydrolysis
process and production of ethanol from water hyacinth bio-
mass. The combination enhanced the bioethanol production
to 1.13-2.11 times than that with the chemical or biological
pretreatment alone (Ma et al. 2010).

Combined pretreatment method

Combined pretreatment is complex but has been proven to
be highly effective in enhancing the productivity of ligno-
cellulosic biomass. Several pretreatment combinations are
vastly being explored as alternative for conventional pre-
treatment techniques such as combinations of ball milling
and microwave irradiation (Peng et al. 2013), alkali pre-
treatment with high pressure homogenization (Fang et al.
2014), washing with torrefication (Zhang et al. 2018), acid
treatment with ionization radiation (Yang and Wang, 2018),
combined thermo-chemo-ozone pretreatment (Kannah et al.
2017), ozonation with ultrasonication (Dastpak et al. 2020)
and others. Effectiveness of combined pretreatment meth-
ods was investigated by Patil et al. (2011), where perfor-
mance of different pretreatment methods and some along
with combinations viz. water hyacinth in four forms as (i)
chopped, dried, and ground (ii) NaOH, dried, and ground
(iii) ground, water hyacinth combined with poultry waste
(iv) ground, water hyacinth combined with primary sludge
while using only water hyacinth as control. Water hyacinth
combined with primary sludge showed better biogas pro-
duction potential than any other mode of pretreatment. Fol-
lowing this pretreatment method, NaOH treated dried and
grounded water hyacinth had better results in comparison to
dried and grounded alone. Several other combined methods
for aquatic weeds and macroalgae are mentioned in Table 4.

Influence of harvesting and pretreatment
on biofuel production

The manual harvesting of cultivated as well as naturally
grown macroalgae is very common. However, manual
harvesting is a time taking and labor intensive process
and its use for the production of biofuel is inefficient. The
manpower requirement gets reduced by the mechanization
of harvesting technique. Ships and boats are required for
the operation of these mechanical harvesters which are
equipped with cutters, movers as well as pumps (Burton
et al. 2009; Ugarte and Sharp 2001). The bulk harvest
derived by the application of mechanical harvesters unlike
manual harvesting is apt for biofuel generation. The har-
vesting of macroalgae is more economical than harvesting
of microalgae. The issue with cultivating macroalgae or
aquatic weeds is that, these are frequently damaged by

yachts and commercial ships which reduce total biomass
collection. Macroalgae and aquatic weeds need to be pre-
pared and transported after harvest to convert to target
fuel. They need to be dried as it prevents the growth of
microorganisms as well as inhibits enzymatic reactions
leading to deterioration. Sun drying is the most conven-
tional and least expensive method used for drying which
is a volume and weather dependent process (Valderrama
et al. 2014). Dewatering of the algal and weed biomass
by pressing or centrifugation increases its shelf life and
reduces the water content in biomass by 20-30%, thereby
reducing transportation cost (Burton et al. 2009). An alter-
native method of preservation is ensiling, which converts
water-soluble carbohydrate to organic acids, which in turn
decreases the pH of moist biomass (Ashbell and Wein-
berg 2005). Ensiling is done by bacteria present on the
crop, which enables anaerobic lactic acid fermentation. It
has been reported by FAO that this method can preserve
the harvested energy by >90% of the original biomass
(Kreuger et al. 2011). The biomass after harvest consists
of impurities which need to be removed. This is done by
washing which removes debris, salt and other minerals.
In the chemical and thermochemical processes, the algal
biomass gets affected by the effluent production, water
usage and energy input requirements, thus influencing the
biofuel production.

Aquatic weeds and macroalgae contain high carbohy-
drate, cellulose and hemicellulose with low lignin con-
tent. However, due to complex and recalcitrant structure
of these biomass, digestion for any kind of biofuel produc-
tion is rather difficult. Recalcitrant structure hinders the
hydrolysis and inhibits enzymatic action on the biomass.
Hence, additional process of pretreatment is essential in
increasing the biofuel production from these biomass by
breaking of cellulose, hemicellulose and lignin to facili-
tate hydrolysis (Sindhu et al. 2017). As mentioned earlier,
various pretreatment techniques have been investigated
for different types and structure of aquatic weeds and
macroalgae biomass for an efficient and low-cost biofuel
extraction (Barua and Kalamdhad 2017). Alkali or acid
pretreatment, which are rather effective in hydrolysing
polymer and swelling biomass fibers may produce inhibi-
tory compounds. Washing, which is termed effective in
removing inhibitory salts may have varying or no effect
on some of the biomass. Hence, effectiveness of these
pretreatment methods and techniques strictly depends
upon the chemical composition and physical structure of
biomass and therefore, one pretreatment technique may
be highly efficient on one type and may have a negative
effect on another (Sindhu et al. 2016). Efficacy of different
pretreatment methods on biogas and bioethanol production
from different types of aquatic weeds and macroalgae are
mentioned in Table 5.
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Table 5 Effect of different pretreatment methods on biogas and bioethanol yield

Biomass

Pretreatment method

Biogass yield (mL/g VS)

References

Effect of pretreatment on biogas production

Macrolgae
Chaetomorpha linum Maceration 195 Nielsen and Heiske (2011)
Fucus vesiculosus Microwave 146.9 Romagnoli et al. (2017)
Gracilaria vermiculophylla Maceration 338 Oliveira et al. (2014)
Washed 481
Washed and dried 349
Laminaria spp. Hollander beater 335 Montingelli et al. (2016)
Laminaria digitata Thermochemical 237 Vanegas et al. (2015)
2.5% Citric Acid
Nizimuddinia zanardini Thermal 143 Yazdani et al. (2015)
Palmaria palmata Thermal 362-365 Jard et al. (2013)
Saccharina latissima Steam explosion: 268 Vivekanand et al. (2012)
130°C
160° C 260
Ulva spp. Thermal pretreatment at 90° C: No chemical 293.0 Jung et al. (2016)
0.1 M HCI 284.8
Ulva lactuca Maceration 255 Nielsen and Heiske (2011)
Aquatic weeds
Alternanthera philoxeroides ~ Acid pretreatment (1% v/v H,SO,) 62.2 mL/gVS Song et al. (2020)
Salvinia molesta Acid pretreatment (H,SO,) 113.71 mL/g Syaichurrozi et al. (2019)
(Saccharomyces cerevisiae addition at pH 7)
Commelina diffusa Alkali pretreatment (1% NaOH) 270 L/kg Sinbuathong (2019)
Pistia stratiotes Alkali pretreatment (1% NaOH) 265 L/kg
Eichhornia crassipes Acid pretreatment 136.8 ml/g Tantayotai et al. (2019)
1.41% HCl
11.38% Oxalic acid 203.8
7.90% Citric acid 221.1 ml/g
Biomass Pretreatment method Ethanol yield References
(mg/g DW)
Effect of pretreatment on ethanol production
Macroalgae
Chaetomorpha linum Ball milling 180 Schultz-Jensen et al. (2013)
Plasma assisted 150
Steam explosion 130
Thermal 150
Wet oxidation 170
Gelidium sesquipedale Mechanical milling (Cutting and centrifugation) 351 Amamou et al. (2018)
Ulva rigida Sonication 64.7 Korzen et al. (2015)
Aquatic weeds
E. crassipes Acid pretreatment (1% v/v H,SO,) 0.45 g/g Guragain et al. (2011)
Ionic liquid pretreatment 0.40 g/g

E. crassipes

E. crassipes

E. crassipes

E. crassipes

Alkali pretreatment (2.75% NaOH and 1 h pretreat-
ment)

Wet oxidation

Phosphoric acid and acetone

Ammonia fibre explosion

Microwave treatment with 1% dilute H,SO,,

Acid treatment
1.5% viv H,0,
3% w/v NaOH

4.3,6.2,and 9.8 g/

1.23 g/L
131 g/L
1.52 g/L
22 glg

7.34 g/

Singh and Bishnoi (2013)

Das et al. (2014)

Cheng et al. (2013)
Yan et al. (2015)
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Table 5 (continued)

Biomass Pretreatment method Ethanol yield References
(mg/g DW)
Cyprus difformis Alkaline pretreatment 12.36 g/ Ramaraj and Unpaprom

(1% NaOH and 1% H,0,)

(2019)

Future prospects and conclusion

Currently, there is growing renewable energy demand which
can be fulfilled by biofuels. Aquatic weeds and macroalgal
biomass being third generational feedstock have the poten-
tial to meet these demands and therefore are being stud-
ied extensively. For aquatic weeds and macroalgae based
biofuel to compete with the crude oil in present times, the
major bottleneck is processing and production econom-
ics, harvesting, pretreatment, hydrolysis, and fermentation.
Aquatic weeds and macroalgae based biorefinery is antici-
pated to rise considerably in coming future, attributed to
its economic and ecological advantages. There is a need to
investigate and develop new technologies for more efficient
and eco-friendly harvesting, pretreatment and fermentation
techniques. Since the harvesting location and time greatly
influence the chemical composition of the aquatic plants,
an extensive research is required to extend the knowledge
of distribution of these resources, designing of superior
harvesting techniques, and choice of pretreatment to bridge
the economic gap between aquatic plant biomass and other
conventional biofuel feedstock. Mechanical harvesting tech-
niques need to be developed while avoiding their disruptive
effect on ecology because of nonselective nature. Use of a
bioflocculant instead of harmful chemical based flocculants
should be encouraged. Biological pretreatments are eco-
friendly over conventional chemical and physical pretreat-
ment of biomass. Emphasis should be given on development
and advancement of biological pretreatment methods for
cell disruption and extraction of constituents from biomass.
From the techno-economic evaluation, various combined
pretreatment techniques seem to have the potential to show
synergistic effect cancelling each other’s drawbacks and
negative environmental impacts. Life cycle assessment and
environmental risk assessment studies should be carried out
for developed processing techniques before implementation
at commercial scale. In conclusion, aquatic plant biomass
possess the potential to outclass first and second generation
biofuel feedstocks in the future and therefore, a major effort
is required to develop efficient, environmentally friendly and
cost effective processing steps for producing advanced bio-
fuels as sustainable energy source.
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