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Abstract

The present era is witnessing a rise in research and development activities, focused on the conversion of
waste, biomass, and various residues into energy, fuels, and other useful materials. Environmental distress
with the recent economic crunch, and political insecurity has urged for industrial innovation, aiding new
job opportunities, enhanced competitiveness, and improved economic growth. Large quantities of both
liquid and solid waste are produced every year by the agar processing industries. These waste materials
contain biodegradable organic and inorganic matter, and disposal of such waste eventually creates serious
environmental problems. The waste loads of the processing plant can be reduced significantly through
the use of new or modified processing methods or in-plant treatment. Many opportunities exist for better
utilization of agar processing industrial wastes. This review has included the effective utilization of agar
wastage and switched to the preparation of fertilizer, bio-fillers, feed, protein hydrolysis, flavor enhancer
and other valorized food products.
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Introduction

Utilization of any resource at its full scale is the need of present global situation
considering the ever-growing population. The utilization at its maximum level is possible
when zero waste is achieved in any of the processes. Seaweed is a type of aquatic vegetation
that consists of an enormous amount of natural substances Which are highly beneficial to
human life. Seaweed is being explored as the basic material for product development with
specified functions and used in various industries, including food and medicines. The well-
known industrial products derived from seaweed are agar, carrageenan and alginates. In 2018,
the estimated world seaweed production was 30.4 million tons whereas the culture and wild
collection contributed 29.4 million tonnes and 1.1 million tonnes, respectively. According to
Food and Agriculture Organization [1], Gracilaria spp. one of the major raw materials for agar
production contributes about 12.8% (3.9mmt) of global seaweed production. Other species
include kappaphycus (5.92%), Euchemia (33.55%), Laminaria (26.31%), Undaria (7.56%),
Porphyra (3.94%), Sargassum (0.6%), Spirulina (0.3%) and other aquatic plants (0.5%)
(Figure 1). The leading producers of seaweeds are China, Japan, Norway, Chile, Indonesia and
Philippines etc. According to FAO [2], in more than 50 countries, seaweed farming is practiced.
It has gained a growth rate of 2.8% in the last decade (from 6 to 8.8%). Globally, around 37
species contribute to seaweed production including both wild and farming.
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are China, Chile, Spain, Indonesia and Morocco etc. In 2015, India
secured 10" rank in agar production (Figure 2). The total production
of agar-agar in the world (export-wise) is 15,406 tonnes and had a
value of USD 247,006. China exported the largest quantity of agar-
agar i.e., 5846 tons in the year 2016 with a valued of 86,024 USD
whereas India contributed 166 tonnes of agar-agar with a valued of
USD 2909 [2]. Food grade agar production significantly increased
(300 tonnes) during 2014-2015 and contributed two-thirds of total
agar production whereas bacteriological grade agar decreased (80
tonnes) in the same year [3]. In India, 100 tonnes of bacteriological
grade and food grade agar are produced annually using 1000 tons
of macrophytes. The cost of one ton of raw material varies from Rs
42,000-45,000 tons in India [4]. Agar production practices generate
large quantities of raw material as refuse which is rich in organic

= Prophyra = Sargassum
= Spirulina = Other aquatic plant
= kappaphycus

Figure 1: Contribution of different seaweeds to global
seaweed production (%).
Source: FAO, 2016.

The global seaweed industry is worth more than USD 6 billion
per annum. In terms of volumes, it accounts for 12 million tonnes/
year and out of which 85% (10.2 million tonnes) has been used for
human consumption. Seaweed derived extracts like carrageenan,
agar and alginates make up almost 40% of the world hydrocolloid
market in terms of food [2]. The major agar producing countries
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and inorganic matters such as proteins, fibers and minerals like
iodine, phosphorus and other trace elements etc. Considering the
growth of the human population and resource depletion, there is a
necessity for effective/maximum utilization of seaweed processing
by-products to benefit both humans and other life on the earth.
In this review, an attempt has been made to review the literature
and identify the gaps between recent research/technology and the
utilization of seaweed waste from the agar industry. This would
help the academician, research scholar and industries to take off
the agar industrial waste towards improved utilization.
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Figure 2: Distribution of agar processing industries in India and world top 10 exporters of Agar-Agar.
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Sources of raw material for agar production

Raw materials like Gelidiella acerosa, Gracilaria edulis, G.
verrucosa and species of Gelidium amansi, Pterocladia capillacea
and Ahenfeltia plicata are mostly used for the production of agar
in industries. Globally, the production of Gracilaria species is
comparatively higher than Gelidium species (Figure 3). Gracilaria
acerosa yielding food grade agar with a gel strength of 600g.cm?
whereas for Gracilaria edulis, it is 120-150g.cm? [5,6]. Seaweed
(Gracilaria sp.) by-product after agar extraction contained 27.84%
of protein, 0.6% of fat, 20.65% of fibre, 9.07% of ash and 41.83%
of carbohydrate on a dry weight basis [7]. G. gracilis contained
moisture (19.04%), protein (10.86%), ash (6.78%), fat (0.18%) and
carbohydrates (63.13%) on a dry weight basis [8]. The proximate
composition of Gellidium sp. contributed 13.23% protein, 1.16%
lipid, 5.5% fiber, 26.45% ash and 53.66% carbohydrate [9]. In India,
states like Tamil Nadu, Gujarat, Kerala and Maharashtra involves in
the production of agar on an industrial scale basis.

Method of extraction: The industrial process of agar
production follows the steps like washing and soaking of raw
material, heat extraction in dilute acid (CH,COOH) / alkali solution
(NaOH), filtration, freezing and thawing, bleaching and then drying.
During washing, the dried raw materials are cleaned from debris,
sand and shells and other extraneous material using running water.
Then they are soaked in fresh water and dried under the sun. The
soaking and drying are repeated till the seaweeds are bleached.
The dried seaweed is boiled with dilute acid/alkali with continuous
stirring. The boiled slurry is subjected to filtration using filter
paper or nylon mesh. The filtrate is allowed to form a gel at room
temperature. Repeated freezing-thawing of the agar gel is practiced
to remove the impurities and reduce the moisture content. Further,
the jelly material is bleached in the bleaching agent for improving
the colour and further dried to get the agar strips (Figure 4). Before
marketing, the agar strip is pulverized into powder and packed in
a suitable container [10,11]. Different authors described different
temperatures and times for extraction of agar (Table 1).

Table 1: Process parameter available in literature for agar
extraction.

Sl. No Raw Material Temperature and Time | References
1 Melanothamnus 70 °C for 2hrs [11]
somalensis
2| conforvtdes thrs )
3 Gellidiella acerosa 85-90 °C for 30min [10]
4 Gracillaria cliftonii 30 °C for 1hr [55]
5 Gracilaria arcuate 95 °C for 90min [13]
6 Gellidiela acerosa 100 °C for 1hr [56]
7 Gracilaria debilis 90 °C for 2hrs [57]
8 Gracilaria dura 110 °C for 1hr [42]
9 Gracilaria dura 85 °C for 2hrs [58]
10 Gracilaria fisheri 80 °C for 2hrs [52]
11 G. tenuistipitata 75 °C for 1.5hr [59]

Chemistry of agar and its uses: Agar is composed of two
polysaccharides i.e., agarose which is a linear polymer of agarobiose
and present at the level of 70% in agar preparation (Figure 3).
Another polysaccharide is agaropectin composed of D-glucuronic
acid, ester of sulphate and pyruvic acid and contributes around
30% on the wet composition of agar. Agarose built up, on the basis
of an alternative unit like 1, 3 linked g-D-glucopyranose units and
1, 4 linked 3, 6 anhydro- q-L-glucopyranose (Figure 4) [12]. Agar
is used predominantly for its stabilizing and gelling characteristics.
It has the unique ability to hold a massive amount of moisture. It is
mainly employed as a stabilizer in, piping gels, pie fillings, cookies,
icings, cream shells etc. Agar is also used in forensic medicine,
prosthetic dentistry pharmaceutical, photographic stripping
films, electrophoresis, cosmetics, papers, and lotions as well as
biodegradable thin films for various application [13].

B GRACILARIA

LT

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year (2006-15)

=GELUDIUM

Production ternds (tones)

Figure 3: Contribution of Gracilaria sp and Gellidium sp
to global seaweed production (2006-2018).

Washing and cleaning of seaweed with water

!

Pre-treatment (with acid or alkali)

!

Pressure extraction of the seaweed

!

Filtration of the hot extractive

!

Clarification of the hot extractive

1

Gelling of the agar extractive at ambient temperature

!

Freezing thawing of the agar gel for punfic ation.!
Bleaching
Drying and pulverizing the agar

Figure 4: Process flow for extraction of agar from
seaweed.
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Specification of agar: The common name of agar is Agar agar
or Gelées. Specification of food grade agar has been prescribed
under IS 5707: 1996. The International Numbering System for food
additives (INS) for agar is 406 [14]. The specification of agar is
presented in Table 2.

Table 2: Specification of agar [14].

Sl.no Characteristics Requirement
1 Appearance Yellowish
2 Particle size 100 mesh
3 Gel strength 700-1000g/cm?
4 Water absorption Shall pass the test as per BIS
standards
5 Moisture, percent. by mass, Max 20
6 Total ash, per cent. by mass, Max 6.5
Acid insoluble ash, per cent. by
7 0.5
mass, Max
Insoluble matter, per cent. by
8 1
mass, Max
9 Arsenic, mg/kg, Max 3
10 Lead, mg/kg, Max 5
11 Viscosity 10-100cps
12 pH 6.8-7

Waste generation during agar processing: Seaweed
processing industries discharge huge amounts of wastewater

during washing that contains residual chemicals like NaOH, H,0,,
KOH, and KCl which pollute the environment and natural water
bodies upon discharging untreated [15]. Two types of seaweed
wastage are found in the agar industry i.e., solid waste (Figure 5) and
liquid waste. Most of the time, the liquid waste is used for irrigation
purpose whereas the solid waste is directly incorporated in feed
formulation and agricultural fertilizer. The highest application in
the food and medical industry involves the extraction of a specified
bioactive compounds, some purification and characterization
as shown from solid waste which can be incorporated into food
products, medicinal usages for health benefits, feed material for
animals etc., as shown in Table 3.

Agar
Agarose Agaropectin
(Neutral polymer) (Charged sulphate polymer)
1,4 linked 3, 6 Composition of ester
1,3 linked p-D- anhydro- a-L- sulphate, glucuronic acid
galactopyranose galactopyranose
(Neoagarobiose)

Figure 5: Compositional classification of agar.

Table 3: Industrial application of waste generated during agar processing.

Sl. No Seaweed Used for Agar Preparation Industrial Application of Waste Generation References

1 Gracilaria spp. & Gellidium spp. Animal feed (Solid waste) [3]

2 Gracilaria spp. along with other seaweed Used in aquaponics system (Liquid waste) [19]
3 Both brown seaweed and red seaweed Biosystems treatment (Liquid waste) [21]
4 Gracilaria spp. & Gellidium spp. Manure (solid waste) [30]
5 Brown seaweed Extraction of cellulose (Solid waste) [24]
6 Gracilaria spp. & Gellidium spp. Seaweed protein hydrolysate (Solid waste) [16]
7 Not reported Fertilizer (Solid waste) [27]
8 L. digitata and S. latissima Biogas production (Solid waste) [60]
9 Gracilaria spp. & Gellidium spp. Production of biofuel/bio ethanol (Solid waste) [43,61]
10 Gracilaria spp. & Gellidium spp. Fuel cake (solid waste) [30]
11 Hydropuntia cornea Biofillers [62]
12 Gracilaria spp. Bioactive /Nutraceuticals [63]
13 Gracillaria fischeri Extraction of volatile compound as natural flavours (Solid waste) [7]

Utilization of waste: Valorization of agar processing industrial
waste for food and non-food uses has been discussed as follows.

A. Non-food uses
a) Usesinanimal feed
b)  Uses in the aquaponics system

c¢) Usesin Biosystems

d) Usesin the extraction of cellulose assisted by cellulase
e) Usesin Fertilizer/Manure

f)  Usesin Biogas/Bio-methane production

g) Usesin bio fillers as bio composites

B. Food uses

a) Protein from agar processing waste and its hydrolysate
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b) Bioactive /Nutraceuticals
c¢)  Extraction of the volatile compound as flavor enhancers

Non-food uses

Uses in animal feed: Seaweed waste can be used to produce
animal feed for livestock. The dried seaweed waste generated
from the agar processing industry contains 40-50% of organic
compounds, mainly cellulose (raw fibers), 4-5% proteins, 50-60%
ofinorganic compounds, including about 55% of inorganic insoluble
salt and many micro and macro elements [3]. It can be used directly
as a feed supplement otherwise can be fermented using micro-
organisms. Liu etal. [16] have reported the fermentative conversion
of seaweed processing waste from algin, mannitol, iodine, fucoid
and other products within 15 days to use as animal feed upon
adding corn powder (0.5%) and microbial agent (1%). Hence it is
proposed that agar processing waste can be converted into animal
feed through fermentation. This area requires extensive research
to optimize fermentation parameters and suitable microbial agents
in the near future to realize the full utilization of the resources of
Gellidium Spp. and Gracilaria Spp. The better shelf life of the feed
obtained in fermentative conversion would be achieved by drying
at the ambient temperature (37 °C) or the temperature of 65 °C in
the blast drier. So far, the available reports indicate whole seaweed
as feed ingredients. On the same line by-products from seaweed
processing industries are also a promising source of feed stuff.

Uses in the aquaponics system: The aquaponics system is a
form of bio integration which correlates with aquaculture patterns
using the principle of recirculation with hydroponic plants and
vegetable production [17]. It is a time and space-saving cultivation
where plants serve as a filter of vegetation that decomposes the
toxins into harmless substances released by fish. On the other
hand, it increases the supply of oxygen in the water which is
indirectly used to conserve the fish [18]. Alamsjah [19] has used
the crude wastage of Gracilaria sp. along with Kappaphycus sp. and
Sargassum sp. in an aquaponics system. The wastage is fermented
using probiotic bacteria, Lactobacillus sp. where the microbes
perform the fermentation process by converting complex organic
matter into a simpler molecule in the aquaponics system. Liquid
waste of Gracilaria sp. was found to increase the growth of plants
and vegetables in the aquaponics system. This system is having
advantages of improving the host immune response to disease as
well as improving the environmental quality of the aquatic system
[20].

Uses in biosystems: A biosystem is a set of processes which
treat the wastewater (domestic, industrial, agricultural activities,
surface runoff water) using biological life like micro-organisms
and plants. Micro-organism (cellulolytic bacteria and Bacillus
spp.) helps /involved in the degradation of organic matter whereas
the root system of plants (Ipomea crassicaulisor) functions as a
biofilter [21]. After treatment, the treated water obtained from
the biosystem can be reused in plantation and other industrial
sectors. There is no record available for the utilization of seaweed
processing waste-water after treatment. To the best of the author’s

knowledge, the literature available on the utilization of liquid waste
from the agar processing industry is scarce.
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Figure 6: Chemical structure of agar.

Uses in the extraction of cellulose assisted by cellulase:
Cellulose (C,H,,0.)-n is an organic compound, a polysaccharide,
consisting of a linear chain of several hundred to many thousands
of B (1—4) linked D-glucose units. The raw materials such as
cotton, recycled paper, wood cellulose, and sugarcane are used in
making cellulose. Cellulose is an important structural component
of the primary cell wall of green plants, many forms of algae and
oomycetes. Cellulose is mainly used in the paper industry, textile
industry, pharmaceutical sector, building material, and laboratory
and also used as an emulsifier and thickener in the food processing
industry. The worldwide demand for cellulose each year is
estimated at around 1.6 million tonnes [22]. Increasing demand for
derivatives of plant cellulose causes several detrimental effects like
deforestation and global environmental issues [23]. So seaweed
is an alternative source for the production of cellulose and can be
useful raw material. Cellulose was first extracted from seaweed of
the class valonia, helicities, cladophora and also from some brown
seaweed. After the agar preparation, the leftover pulp (refuse) is
found to contain 62-68% holocellulose, which is enzymatically
extracted using commercial cellulase. The Solid Waste of the Agar
processing industry (SWA) can be used as an alternative source for
cellulose production. Bacterial strain, Bacillus poilus LA4P, isolated
from decaying industrial solid seaweed processing wastage of G.
Verrucosa (agar) has been used to degrade the solid waste and
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produce a valuable product in the processing industry (Figure 6)
[24]. The solid wastage of the agar seaweed processing industry
can be utilized as a source of indigenous cellulolytic enzymes
and as their substrate for the production of cellulase enzymes in
turn, the cellulase enzyme can be used to extract the cellulose in
oligosaccharide form.

Uses in fertilizer/manure: The present utilization practice
of seaweed waste from the agar industry is mainly converted into
fertilizer through decomposition at an atmospheric condition
which tends to obtain fertilizer over the land. Fertilizer made
from seaweed waste has macro-elements such as Nitrogen (N),
Phosphorus (P), and Potassium (K) and microelements such as B,
Cu, Ca, Mg and Fe which are expected to meet the needs in most of
the agricultural crops. The drift-seaweed washed up on beaches has
been used for centuries as a natural fertilizer in many coastal regions
throughout the world [25]. Seaweed improves soil structure and
provides it with trace elements and growth activators particularly
potassium, nitrogen, calcium and magnesium [26]. Mosquera et al.
[27] studied that the co-composting of fish offal with drift-seaweed
and pine bark allows to reduce greatly the volume of fisheries by-
products. This product might be used as a fertilizer in agriculture
systems, as it is of natural origin and has the potential to be widely
adopted. Seaweed waste from Cystoseira spp. and Laminaria spp.
fish processing waste and pine bark were used as a fertilizer for
the horticultural crop without any addition of chemical fertilizer
ingredients [28]. The seaweed fertilizer has also been used as the
nutrient uptake and growth promoter for soybean (Glycine max)
under rainfed conditions [29]. Fresh Agar factory discharge (AFD)
has been used as a manure for the seedling of cowpea. AFD can be
processed and marketed to use as the manure for field crops [30].

The composting of seaweed fertilizer is an easy process. A
compost pile is created using fish waste, seaweed waste and pine
bark to increase the C/N ratio with different proportions. To
avoid nutrient leaching, the pile is set on an impermeable base
and sheltered above. The total duration of composting process
lasts four months. The compost pile is turned weekly during the
first two months and every 15 days during the last two months.
The temperature and O, levels are tested weekly to monitor the
progressive development of the process. Water should not be
added throughout the procedure. Once the compost is considered
mature, it is sieved using a 20mm mesh screen before storage [31].
In the Indian market, few companies are manufacturing seaweed
fertilizer in both solid and liquid forms. The cost of powder form of
fertilizer varies from 200-500 rupees/kg whereas the cost of liquid
fertilizer is about 50-200 rupees/ liter. Seaweed sap is a liquid
fertilizer which is organic and biodegradable and applied to crops
as root dips, soil drenches or foliar sprays [32]. Seaweed sap acts
as an effective bio-stimulant in many crops including vegetables,
trees, flowering plants, and grain crops. Sap contained plant growth
regulators such as auxins and Cytokinins in varying amounts [33].
Seaweed sap from Gracilaria spp., popularly known as G-sap has
been effectively used in the crop field of maize, wheat and rice etc.
and has proven to positively influence [34].

Uses in biogas/biomethane production: Recently different
energy types have been appraised and are already in use to replace
fossil fuels-e.g., solar, wind, tidal, nuclear, geothermal, biofuel,
hydroelectric, etc. However, these alternative energy resources
often possess specific disadvantages, like high cost, dependency
on environmental conditions, damage to ecosystems, need for
a lot of space and viability considerations. Biogas is a renewable
energy source produced by the breakdown of organic matter such
as agricultural waste, plant waste, municipal waste and manure and
plant material in the absence of oxygen. The biogas digester system
used to produce bio-energy can greatly contribute to reducing not
only greenhouse gases but also the usage of fossil fuels [35].

Figure 7: Waste generated from agar processing
industry, Madurai, Tamil Nadu, India. Original photo
of agar processing waste captured at agar processing

industry, Tamil Nadu, India.

Marine macro-algae (seaweed) conventionally have been used
for environmental and commercial purposes. Recently a growing
interest has been focused on seaweed detritus as a sustainable
and cost-efficient feedstock for the anaerobic production of
biogas (bio-ethane). Seaweed contributed a large proportion of
carbohydrates, mainly polysaccharides, such as alginate, agar
and cellulose. The monomeric sugars of these components,
released through saccharification, are glucose, galactose (agar),
glucuronic and mannuronic acid (alginate) etc. which are all
suitable for the microbial metabolic pathway. The high proportion
of carbohydrates and a low fraction of lignocellulosic compounds
in macro-algae bodies (1:8) favors the microbial digestion or
decomposition and conversion of algal biomass to methane-rich
biogas (50-85% CH; 20-35% CO,; H,, N, and H,S) [36]. In the
process of converting seaweed biomass into biogas, the feedstock
undergoes anaerobic digestion in biogas plants (Figure 7). During
anaerobic digestion, four
namely hydrolysis (breaking saccharide bonds and addition of
water molecule), acidogenesis (simple monomers are converted
into volatile fatty acid), acetogenesis (acetate is produced by the
reduction of CO, or organic acid) and methanogenesis (formation of
methane by microbes) transform the organic matter into methane

successive biochemical reactions
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(CH,) and carbon dioxide (CO,). The efficiency of conversion is
largely dependent on hydrolysis. Easily degradable organic matter
will undergo almost complete degradation, unlike complex and
crystalline polymers, which are known to resist the breakdown
in the presence of anaerobic bacteria and CO, and accelerate the
production of methane gas.

Uses in biofuel/bioethanol production: Energy production
from biomass has emerged as one of the more attractive and
promising alternatives to fossil fuels. In this connection, solid waste
from the agar processing industry shows a potential feedstock
for the production of bioethanol due to the presence of cellulose
and hemicellulose in considerable quantity. The use of enzymatic

hydrolysis to convert cellulose and hemicellulose into fermentable
sugars has been studied extensively. The enzymatic process
improves the economic feasibility of bioethanol production. Thus,
much importance has been given to studying various enzymes and
process parameters employed in the conversion of cellulose and
hemicellulose to form of fermentable sugars [37]. A feasible way
of bioethanol production from solid seaweed waste is to use the
method of dilute sulphury acid pre-treatment to find out the total
sugar and total reducing sugar content followed by semi-continuous
saccharification using cellulolytic enzyme and fermentation (Figure
8) [38]. It is an innovative step towards minimizing seaweed waste
disposal and such process adds value to the industry.

Isolation of bacterial strain from seaweed processing waste

!

Pre-treatment (ground-sieving-storing in 2°C)

1% stage

Bacterial strain is grown in CMC broth (120 rpm at 37°C)

!

Preparation of starter culture (By transferring cell from SWA agar plate to 100 ml of 2.5%

agar medium)

Incubation and shaking (37°C for 4 days)

Aliquots of 2ml starter culture are seeding by 200ml of SWA liquid mediunj

Incubation and shaking (150 rpm, 37°C for 4 days)

2md Stage

Supernatant is collected and assayed for cellulolytic enzyme

Figure 8: Flow chart of extraction of cellulolytic enzyme (cellulase) from agar processing industry.

Fuel cake: A part of Agar Factory Discharge (AFD) is used as
fuel in the form of fuel cake with an equal proportion of rice husk or
sawdust which is a cost-effective source of fuel for cooking or boiling

seaweed in the agar factory (Table 4) [30]. AFD can be incorporated
into fuel cake and such a unit should be established in nearby agar
processing factories for maximum utilization of wastage.

Table 4: Energy and ash content and combustibility of AFD fuel cakes and their ingredients [30].

Sample Energy Content (Calories/g) Time Taken by Water to Attain 100 °C Ash (%)
Agar factory discharge 2758+39.50 6 min, 25 sec 14.15
Firewood pieces 2865+36.43 6 min, 15 sec 20.17
Fuel cake made with rice husk 3345+31.02 5 min, 20 sec 22.36
Fuel cake made with saw dust 3238+34.24 5 min, 30 sec 21.04

Uses in bio-fillers as bio-composites: Bio-composite is a
material formed by a matrix (resin) and a reinforcement of natural
fibers. It can act as an artificial structure of living materials having
strengthening properties providing better biocompatibility [39].
The matrix is formed by polymers derived from renewable and
non-renewable resources. The matrix is important to protect the
fibers from environmental degradation and mechanical damage.
Bio-fillers are the principal components of bio-composites that are

derived from biological origins such as fibers from crops (cotton,
flax or hemp), recycled wood, waste paper, crop processing by-
products etc . Though it is renewable, cheap, biodegradable and
recyclable, it has several applications like automobiles, railway
coaches, aerospace, military applications, construction,
packaging [40]. In the agar processing industry, large quantities
of solid seaweed waste are generated during the filtration step
which is usually discarded. The seaweed waste is mainly enriched

and
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with cellulose and hemicellulose and contains small amounts of
Floridian starch, diatomite earth [41]. Therefore, the solid seaweed
waste is a material enriched with different polysaccharides that
can be used as an inexpensive hybrid fillers in bio-composites.
The seaweed waste reinforcement with Poly-Lactic Acid (PLA) as

Seaweed

Agar processing
industries

" Fertilizer |

a bio-composite can be used as bio-fillers in a packaging industry
(Figure 9) [42]. The use of seaweed waste as a filler in PLA provides
an interesting alternative for the production of low-cost and

eco-friendly bio-composites with good thermal and mechanical
properties [43].

Electricity

Gas grid

Figure 9: A schematic diagram of biogas/bio methane production from agar processing industrial waste.

Food uses

Agar processing industry

Residues

Fermentation

urification Sorage

—y

tank Lthanol

=
gl

Hydrolysis+Fermentation
Distillation

Cattle feed

Figure 10: A schematic diagram of bio-ethanol production from seaweed waste.

Food Uses Proteins from agar processing waste and its
hydrolysate: There are two groups of functionally active proteins
found in seaweed, such as lectin and phycobiliproteins [44]. Lectins
are glycoproteins, which bind with carbohydrates and participate in
biological processes like intercellular communication. Lectins are

generally divided into four main categories, namely, legume lectins,
chitin-binding lectins, monocot mannose-binding lectins, and
type-2 ribosome inactivating proteins. Lectins are used for blood
grouping as an anti-viral and antibacterial agent, cancer biomarkers
etc. [45]. Phycobiliproteins are highly soluble fluorescent proteins
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found in red seaweed. These proteins contain covalently linked
tetrapyrrole groups (Figure 10) that play a biological role in
collecting light through fluorescence resonance energy transfer and
help in photosynthetic reaction. There are three major categories
of phycobiliproteins such as phycocyanin’s, allophycocyanin’s and
phycoerythrin’s where phycoerythrin’s work as a major light-
harvesting pigment in red seaweeds and allophycocyanin’s and
phycoerythrin’s absorb more light where chlorophyll absorbs
poorly. Phycocyanin is used as a blue pigment manufacturing in
some products such as ice-cream, chewing gum, confectionery,
dairy products, soft drinks, and other cosmetic products [46].

Protein hydrolysates are derived from proteins through
hydrolysis (acid/alkali),
fermentation (Figure 11). It consists of peptides with different

chemical enzymatic hydrolysis and

molecular weights and free amino acids. Smaller peptides (less
than 6kDa) present in hydrolysis have gained great interest due to
their bioactive potential. In this context, the enzymatic hydrolysis
is preferred industrially due to the advantages it offers over the
control of the process. Some commercially important enzymes
prepared from the bacterial origin, including alcalase [47,48],
neutrase [49] and flavorzyme [16,50] as well as from animals and
plants, including trypsin [51,52] pepsin and papain are used in
hydrolysis of protein at a large scale. After the hydrolysis, bioactive
peptides are extracted for pharmaceutical and nutraceutical uses.
The hydrolyzed protein products from agar waste will have better
utilities as functional ingredients, especially in bakery products and
beverages. A general list of by-products obtained from seaweed
protein hydrolysate is shown in Table 5.

Washing and cleaning of seaweed with water

!

Pre-treatment (with acid or alkali)

!

Pressure extraction of the seaweed

|

Filtration of the hot extractive = Agar extraction

!

Dried solid seaweed waste (Fillers)

!

Mix with poly lactic acid (PLA) in different ration (matrix)

Process using a single screw extruder (145°C, 60 rpm)

!

Collect the sheets with a stainless-steel idler roll

!

Storage in plastic bags

Figure 11: Extraction of bio-fillers as a bio-composites from agar processing industry.
Structure of tetrapyrrole groups.

Table 5: A general list of by-products obtaining from seaweed protein hydrolysate.

Raw Material Enzyme By-Product Mol. wt References
G. fisheri by-product Bromelain Artificial seaweed flavour 2kDa [7]
Gracilaria verrucosa Agarase Bio-ethanol 24kDa [64]
C.vulgaris Pepsin Screening of ACE inhibitory peptide and bio-active peptide | = ---------- [65]
Brown seaweed Pancreatin Extraction of iodine [66]
Gracilaria spp Agarolytic enzyme Agarase oligosaccharide 180kDa [67]
Thalassomonas sp. Agarolytic enzyme « -agarase 180kDa [68]
Hijikia fusiformis Neutrase, Flavourzyme
Kojizyme, Protamex Bioactive compound 10-30kDa [69]
Prophyra columbina Trypsin, alcalase Bioactive peptide | seeeeeeeee- [70]
E. cottoni Novozyme, Celluclast Bio-ethanol | e [61]
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Bioactive/nutraceuticals:  Food
and bioactive peptides from macro-algae are given priority
because of their organic nature [53,54]. It has antioxidant,

protein  hydrolysates

antimicrobial, antitumor and antidiabetic activities which have
been well established and already tested [54]. It can be used in the
pharmaceutical and food processing industry. In the global market,
no commercial products of nutraceutical interest from seaweed
processing waste (by-product) are available. So more attention
should be given towards the extraction of nutraceuticals and
bioactive compounds from agar processing industrial waste. Such
ingredients having health beneficial value can be introduced in the
formulation of novel food products with specified health beneficial

effects and pharmaceutical value [55-60].

Extraction of volatile compound as a flavor enhancer: For
centuries, seaweed has been used in the preparation of soup and
foods in East Asia, South East Asia and the South African regions
due to its unique flavor, especially in countries like Japan, Korea,
Malaysia, Thailand and Ireland. Seaweed by-product after agar
extraction is a good source of plant protein and it contains taste
active amino acids like glutamic acid, aspartic acid, and arginine
etc. (Table 6) [7]. The researcher found umami components
like glutamic acid and aspartic acid in agar by-product which is
responsible for savory with a meaty or broth-like taste [7].

Table 6: Amino acid composition of Gracillaria fisheri by- products [7].

Amino acids

‘ Amino Acid Content of G. Fisheri by-Products (mg/100g of Protein)

Essential amino acid

Histidine 752+7.07
Threonine 3371+49.5
Cystine 915+28.3
Tyrosine 1576+51.6
Valine 2600+£56.6
Methionine 744+9.90
Lysine 3371+99.0
Isoleucine 2000£21.2
Leucine 4482+53.7
Phenylalanine 3256+35.4
Non-essential amino acid

Aspartic acid 8108+31.1
Serine 3932+14.1
Glutamic acid 7973+120
Glycine 4011141
Arginine 5091+212
Proline 3002+106
Alanine 5109+70.7

Conclusion

Large quantities of liquid and solid residuals are produced
every year by the seaweed processing industry. Seaweed wastage
contains principally biodegradable organic matter that can be
harmful to the environment if untreated or recovered [61-65]. The
utilization of agar processing by-products for recovery of various
food and non-food uses can be a management strategy for yielding
the greatest benefit to the industry, society and environment.
The pollution loads at the processing plant can be reduced
significantly by switching towards valorization to the development
of by- products or food product. Many opportunities exist for the
recovery of agar wastage for human and animal uses. A variety of
processes have been developed for converting waste into fuels, food
ingredients, nutraceuticals and pharmaceutical based products
[66-70]. Progress in research and development is expected in
the near future to improve the method of utilization, commercial

manufacture and public awareness with immediate effect in this
sector.
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