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Abstract: This article is an overview of a biosystem of food-industry wastewater (WW) treatment
using microalgae towards circular bioeconomy through biosynthesis of compounds of added-value.
Focusing on circular bioeconomy with concern to environmental pollution, the management of
water-resource and energy-crisis could be combined; by upgrading conventional WW treatment and
simultaneously producing a renewable and sustainable source of energy algal-lipids for biodiesel
production. Phyco-remediation of food WW using microalgae has revealed many advantages that
can fulfill new demands for the WW treatment. WWSs can be valuable resources of micronutrients
and organic content (carbon source) for algal cultivation. In this review, prospective routes for the
production of value-added compounds (polysaccharides, amino acids, biofuels, and biopigments)
along with the bioremediation of food industry WW have been discussed. Furthermore, limitations
and issues of phyco-remediation of WW using microalgae have also been reviewed with perspectives
for further research and development.

Keywords: food; agriculture; environment; biofuel; biodiesel; Algae; wastewater; lipid; circular
bioeconomy

1. Introduction

Currently urbanization, industrialization and modernization are three key factors,
which are responsible for increasing the demand for energy for the development of the
world’s economy. Fossil fuel and WW are two substantial concerns across the world
due to increasing population, climate change and modern lifestyle. It cannot be denied
that energy is one of the significant elementary and essential factors for the survival and
development of human society [1-3]. Worldwide consumption of primary energy in 2018
was 13,864.9 MTOE (million tonnes oil equivalent), which was 1.4% higher than that in
2017 [4]. It has been predicted that world energy consumption will grow by 56% between
2010 and 2040 [5]. The limited reserve of fossil fuels has been a matter of global concern as
these are under threat of extinction due to overexploitation. According to the prediction
of the World Energy Forum fossil fuel, coal and gas reserves will be depleted in less than
another 10 decades [6]. Currently, the combustion of fossil fuels is the dominant global
source of CO, emission and efforts are going on around the world to save the environment
from further deterioration. Factors, such as the energy crisis associated with irreversible
depletion of traditional sources of fossil fuels, coupled with the atmospheric accumulation
of greenhouse gases have led to an innovative global search for renewable sources of
energy [7]. It is estimated that total energy consumption by developing countries will
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exceed the consumption by developed countries by 2030 dramatically. In this review article,
information is presented on the use of different food processing wastewater for microalgae
biomass cultivation. Food industry wastewater is rich in both macro and micronutrients,
which could support the growth of microalgae. This approach would tremendously reduce
the cost and chemical expenditure consumed on the culture medium and make the process
economically viable.

2. Prospects of Renewable Energy Sources

Renewable energy derived from regenerative natural resources does not diminish
over time and emits fewer emissions as compared to fossil fuels. Fuel cell technology,
biomass energy, ocean energy, solar energy and geothermal energy are some sources of
renewable energy that can be utilized to overcome energy shortages with lesser emission
of greenhouse gases.

Renewable energy represents an area of tremendous opportunity globally for circular
bioeconomy. In addition, renewable energy has the potential to create many employment
opportunities, accelerate economic development, decrease local air pollution, improve
public health, and reduce carbon emissions.

2.1. Biofuel for Energy Sustainability

Biomass could satisfy future energy requirements and play a crucial role in reducing
environmental pollution by lowering greenhouse gas emissions (GHG). It has been esti-
mated that bioenergy produced using biomass-based sources would fulfill about 15-25%
of the total world’s energy demand in 2050. Presently about 40% of the world’s population
depends on biomass for its energy requirements. Instead of direct combustion of biomass,
it can be converted into biofuels through different biochemical, chemical and thermal
methodologies. Biofuels can be classified into different generations based on their biomass
feedstock. First generation biofuels are being produced from animal fats, rapeseed oil,
sunflower oil, soybean oil, sugarcane, corn, traditional food crops and other edible oils.
The main drawbacks of the first generation of biofuels are food security, sustainability
and lower yield [7]. To overcome these constraints second generation biofuels have been
established, which are being produced from wastes (organic components of municipal solid
wastes), non-edible oils (Karanj, Mahua, Calophyllum, Jatropha, etc.) and lignocellulosic
biomass (cereal straw, forest residues and bagasse) [8-11].

However, the sustainability of biodiesel production from these crops is a major tailback
for commercialization. Third generation biofuels have been derived from microalgae,
bacteria and yeast biomass [8]. Biofuels can be produced in the form of bioethanol, biogas,
biohydrogen and biodiesel (Figure 1). At an industrial scale, only two attractive forms of
biofuels, biodiesel and bioethanol are being produced. Wheat, maize (corn), sorghum and
sugarcane are the most typical feedstocks used for the production of bioethanol. Currently,
biodiesel has been recognized as an alternative form of renewable and clean diesel fuel
with its advantages, such as biodegradability, non-toxicity and lower emission of GHG.
Moreover, without any engine modification, it can be used in existing diesel vehicles.
Biodiesel is free from aromatics and other chemical substances, which are dangerous to the
environment and mankind. Recent research on microalgal biofuel production showed new
ways for sustainable feedstock for biodiesel production.

2.2. Potential of Microalgae for Bioeconomy

Biodiesel is an alternative to diesel fuel used in transportation [12]. Currently, jatropha
is the most appropriate and emerging crop for biodiesel production. Microalgae are fast-
growing microorganisms by doubling in biomass within 24 h. It has 2-to-5-fold higher
mass productivity as compared to traditional crops. Microalgae may contain more than
80% oil on a dry biomass weight basis. Hossain et al. [13] have reported 7 to 31% higher oil
yields of microalgae as compared to palm oil.
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2.2.1. Phyco-Remediation of Food Industry WW

The food industry is one of the most resource-demanding industries due to the diverse
range of functional food products, which establishes a significant problem of compositions
of WW generated in the food industry. Large amounts of water are consumed for different
stages starting from raw materials to finished products. Meat based products require
large amounts of water as compared to vegetables, for example, around 112 L, 31 L,
and 29 L of water are needed to make 1 g of animal protein from meat, milk, and egg,
respectively [14]. Food industry WW contains a high amount of organic matter, nitrogen,
phosphorus, and chlorides, which can be the potential source for microalgae cultivation
(Figure 1). Biological WW treatment using microorganisms got the attention of the scientific
community due to the easy operation in a basic bioreactor, environment-friendly, and
efficient WW purification. Microorganisms use the nutrition present in WW as nitrogen
and carbon sources during the metabolism process. Bacteria (aerobic and anaerobic) and
microalgae are two biological treatment technologies that have been researched for WW
purification and also for high value products, such as biodiesel production [15]. Table 1
shows biomass and lipid productivity in different food processing WW.
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Figure 1. Overview of types of wastewater generated from food processing [16].

Microalgae require the micronutrients (iron, magnesium, and calcium), and macronu-
trients (nitrogen and phosphorus) for their growth, which are present in food processing
WW. Along with the remediation, several potential value-added products such as biofuel,
protein, amino acid, polysaccharide, and functional pigment, can also be produced (a
representative pictorial diagram has been provided in Figure 2. Previous research works
demonstrated that microalgae could grow in different WWs leading to simultaneous treat-
ment and biomass production. Thus, microalgae may be the most promising feedstock for
producing biodiesel to replace conventional diesel fuel.
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Figure 2. Utilization of food industry WW for value-added products using microalgae.
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Table 1. Biomass and lipid yield by algal strains cultivated in food industry wastewater.

Lipid Content (%)/
Sources of Wastewater Algal Strains Biomass Yield Lipid Productivity References
gL-1d-1)

Dairy farm Consortium of native strains 0213gL-1d! 13% [17]
Dairy industry Chlorella vulgaris 0175gL1d! - [18]
Raw dairy Chlorella sp. 026gL"1d! - [19]
Cheese whey Cryptococcus curvatus 720gL1d! 4.68 [20]
Dairy brauni ant a e gl ultue 0518/1 0030g/L e
Soybean processing Chlorella pyrenoidosa 064gL-1d! 0.40 [22]
Anaefrg(liécgiguiiﬁested Scenedesmus bijuga 149 g/L 1559 mg L=l d~! [23]
Dairy Chlorella vulgari 123 ¢g L1 - [18]
Dairy 14gL™! - [24]
Dairy Chlorella iﬁ’lz;ﬂfalfﬂyd"mms 33gL1 016gL 1d"1 [25]
Dairy Consortium of microorganisms 1454 ¢ L1 - [26]
Dairy Chlorella sorokiniana 035gL"! - [27]

2.2.2. Microalgae: An Emerging Feedstock for Biodiesel Production

Microalgae are photosynthetic microorganisms with chlorophyll-a as a primary pigment,
have no sterile covering cells over reproductive cells [28]. Microalgae structures are
primarily for energy conversion and their simple cellular development allows them to
adapt to prevailing environmental conditions and prosper in the long term. While the
photosynthesis mechanism in microalgae is similar to other plants, they are sunlight-driven
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cell factories that convert carbon dioxide to various types of renewable biofuels. Microalgae
have the following advantages as a feedstock of biodiesel:

Need less area as compared to other feedstock.

Higher growth rate and lesser doubling time.

Can be cultivated in saline water, freshwater, and WW.

Can synthesize and accumulate lipids up to 10-70% on a dry cell weight basis.

Have higher photosynthesis efficiency (3—-8%) than terrestrial plants (0.5%).

Can reduce GHG and sequestrate CO; produced from power plants, combustion of

fossil fuels and other sources as 1 kg of microalgal biomass needs more than 1.8 kg of

CO; for their respiration.

e  Can cultivate in both closed (photobioreactor) and open systems (raceway pond) with
higher biomass growth rate throughout the year.

e  After extraction of biodiesel the remaining biomass can be further used for bioethanol
or biogas production.

e  Microalgal biomass can also be used to produce other value-added products such as
protein, fertilizer, etc.

e  Apart from biodiesel production, simultaneous WW remediation is possible as mi-

croalgae can grow in different WWs, especially nitrogen and phosphorus rich.

Microalgae have the potential for rapid growth with less incubation period.

Cultivation of microalgae does not require the application of pesticides and herbicides.

2.2.3. Techno-Economy Analysis of Biodiesel

Techno-economic analysis (TEA) is a powerful and useful tool, it should be integrated
along with another tool termed life cycle assessment (LCA) since both the economic perfor-
mance and the environmental impact of the process require to be optimized. In this way,
the development of critical processes for biodiesel production might be developed within
the framework of sustainability, which also takes into account social and ethical aspects.
The main factors to consider are raw materials, energy use and environmental, social and
ethical impacts. Consequently, the process should be not only economically viable but also
energetic and ecological, with good social acceptance, to achieve sustainability.

The economic analysis of microalgae biodiesel production is depending on the earn-
ings or sales, operating costs, and estimation of capital investment [29]. Additionally, for
the sale of biodiesel, the two by-products of the process (glycerol and residual biomass)
should also be considered. A study carried out by Branco-Vieira et al. [29] aimed at evalu-
ating the technical and economic feasibility of biodiesel production from Phaeodactylum
tricornutum. A total of 1811 tons of microalgae biomass was produced at 2.01 EUR kg~! and
171,705 L of biodiesel per year at the production cost of 0.33 EUR L. In a different study,
Heo et al. [30] studied three transesterification technologies, catalytic, enzymatic, and in
situ transesterification and compared them for the production of microalgal-biodiesel
through a comprehensive techno-economic analysis. Results showed that the lowest
biodiesel production cost was achieved by catalytic transesterification ($4.77/kg), followed
by the in situ ($9.92/kg), and enzymatic transesterification ($12.53/kg). However, numer-
ous authors advocated that the cost of biofuels production remains higher compared to
conventional fuel sources unless greater technological maturity is achieved to make the
process more economical.

3. Biochemistry of Microalgae

Microalgae are primitive plants (thallophytes) having no roots, leaves and stems. It
has been reported that around 30,000 out of more than 50,000 existing microalgal species
have been studied and analyzed. Biosynthesis of microalgal lipid is a three-step process
(1) fatty acid biosynthesis, (2) formation of glycerol-lipid into the cytoplasm of the cell, (3)
packaging into the lipid droplets. For the synthesis of biomass, microalgae utilize sunlight,
water and CO,; through photosynthesis. Both CO, and solar energy are absorbed from
the environment by chloroplasts present in algal-cells and are converted into oxygen and
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adenosine triphosphate (ATP). This generated energy is utilized in respiration and assists in
cell development. Following Equation (1) shows the overall process of photosynthesis [31].

6 CO, + 12 HyO + Photons — C¢H1,04 + 6 O, + 6 H,O )

Photosynthesis consists of light phase and dark phase reactions. Light phase reactions
supply energy molecules ATP and reducing NADPH. In this phase, chlorophyll absorbs
photons from sunlight and it is used to drive the process of electron stripping from water.
Firstly, electrons pass to quinone and pheophytin molecules and finally, electron transport
occurs through the electron transport chain (ETC) till reduced NADPH is produced. Mean-
while, protons generated during water photolysis produce chemiosmosis potential which
is being utilized by ATPase for ATP generation. CO; captured by RuBisCO (ribulose-1,5-
bisphosphate carboxylase oxygenase) in the presence of ATP and NADPH are directly
used in the dark reactions to produce three-carbon sugars (glycerate-3-phosphate) which
subsequently convert to carbohydrates. Pyruvate is a vital compound in biochemistry and
is produced in glycolysis, an important intermediary in the conversion of carbohydrates
into fatty acids. Decarboxylation of pyruvate occurs in presence of the pyruvate dehy-
drogenase (PDH) enzyme to form acetyl coenzyme A, which is an important precursor
molecule for the synthesis of fatty acids in the chloroplast of the cell [32]. In the presence
of acetyl-CoA carboxylase (a multifunctional enzyme), malonyl-CoA is produced by the
reaction of acetyl-CoA with bicarbonate, during the synthesis of fatty acid. The obtained
malonyl-CoA further converted into malonyl-acetyl carrier protein (malonyl-ACP) by
acyl carrier protein (malonyltransferase). Malonyl-ACP plays an important role during
the fatty acid synthesis in desaturation and lengthening to obtain C16 and C18 carbon
chains. These fatty acids are available in organelle membranes, synthetic and TGA [32-34].
TGA is a vital molecule for microalgal-based biodiesel production and attained by the
enzyme catalyzed sequential acylation of glycerol-3-phosphate (G3P) backbone with three
acyl-CoA molecules.

Biochemical Composition of Microalgae

Microalgae constitute proteins, carbohydrates and lipids at varying compositions
depending upon the type of species used. They may have a balanced composition of lipids,
proteins and carbohydrates, and can be rich in lipids or in proteins.

Protein: Another important component of microalgae cell walls is protein as high as
60% of algal biomass. Proteins containing essential amino acids are necessary for human
beings, as such amino acids cannot be synthesized by our body. In the past few decades,
more than 75% of the annual microalgae biomass has been used by the health and food
market for the formulation of powders, tablets, and capsules. Spirulina, a filamentous
blue-green alga is used worldwide as a food supplement in the form of tablets, flakes or
powder. Derivation of biofuel from protei4ns is not a feasible process due to problems
associated with the diminution of protein hydrolysate.

Carbohydrates: During nitrogen fixation by microalgae carbohydrates are produced.
Cellulose is the main component of the microalgae cell wall, whereas starch is mainly
present as a reserve material. It has been observed that different types of polysaccha-
rides are produced by different species of microalgae. Starch containing amylose and
amylopectin are produced as energy stock by green microalgae. Under nutrient deplete
and replete conditions, green alga Tetraselmis suecica stores 47% and 11% starch on dry
biomass weight, respectively. It has been reported that microalgae strains like Tetraselmis,
chlorella, Chlamydomonas, Scenedesmus and Dunaliella store more than 40% carbohydrate
on dry weight biomass. The algal carbohydrate can be easily converted into ethanol and
sugars [35].

Lipids: Lipid content of microalgal species varies from species to species such as
Neochloris oleoabundans, Botryococcus braunii, Porphyridium cruentum, Nannochloropsis sp.,
Dunaliella tertiolecta, Chlorella emersonii, Chlorella sp., accumulating lipid content up to 60%
on a dry weight biomass basis [36]. Signaling and energy storage are the main biological
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functions of lipid molecules. Triacylglycerol (TAGs) is a storage lipid that is made up of
three fatty acid molecules bound to a glycerol backbone and is used in the synthesis of the
biological parts of plant species [37]. Biological synthesis of lipid is a three-step process i.e.,
(1) fatty acids synthesis in plastids, (2) accumulation of glycerolipid in the cytoplasm of
the cells, and (3) finally wrapping into the oil bodies [32]. The algal lipids including TAG
transform into biofuel [38].

The selection of microalgae is a crucial step in biodiesel production. Our ecosystem is
composed of diverse range of microalgae such as Chlorella vulgaris, Chlorella Minutissima,
Chlorella sp., Chlorella protothecoides, Crypthecodinium cohnii, Dunaliella salina, Isochrysis
galbana, Nannochloropsis oculate, Nannochloris sp., Nitzschia sp., Phaeodactylum tricornutum,
Scenedesmus dimorphus, Scenedesmus obliquus, Schizochytrium sp. and Skeletonema costatum,
etc., with lipid content in the range of 40-60%. However, in some microalgal strains, low
lipid content of less than 40% on dry weight biomass can also be seen. On a color basis, the
order of lipid content is algae green > algae yellow-green > algae red > algae blood-red >
algae blue-green [39].

4. Cultivation of Microalgae

A suitably designed setup for the cultivation of microalgae is very important to
enhance the biomass yield of the selected microalgal strain. It is important to know recent
methodologies employed for the cultivation and harvesting of microalgae so that further
production can be maximized at a low cost. Optimization of experimental conditions is
important for achieving enhanced biomass production [40].

Microalgae cultivation generally employs both semi-continuous and continuous cul-
ture systems and follows a similar growth pattern [41]. However, batch culture systems
have a limited supply of nutrients as no supplements can be added or removed during mi-
croalgae cultivation, whereas feeding of fresh medium for increased microalgae cultivation
and harvesting is done continuously.

Continuous culture can be operated in three modes: cyclostat, chemostat and turbido-
stat. Cyclostat shows steady cyclical illumination allowing microalgae cultivation under
intermittent light illumination for 24 h. Chemostat signifies the process where culture
removal is performed at a rate similar to the addition rate of the medium so that the
volume remains constant. A turbidostat is an extended chemostat in which microalgal
culture suspension is maintained at the same turbidity. Semi continuous culture, also
known as fed-batch culture, where the medium is added continuously or intermittently,
and the biomass is periodically removed. Thus, the volume of culture is not constant in
semi-continuous mode.

4.1. Culture Conditions

There are four types of cultivation conditions: heterotrophic, photoautotrophic, photo-
heterotrophic and mixotrophic. In photoautotrophic cultivation, microalgae utilize sunlight
as an energy source and inorganic carbon in the form of CO; to produce chemical energy
via photosynthesis. This cultivation condition is generally used for microalgal growth. It
has been found that under phototrophic cultivation conditions, there is a huge difference in
lipid content ranging between 5 to 68% depending on microalgal species. In literature, the
maximum lipid productivity of 179 mg/L-d using 2% CO, by Chlorella sp. was achieved
under phototrophic cultivation conditions [42].

Heterotrophic cultivation occurs when microalgae utilize organic carbon both as
carbon and energy source in the dark cycle [43]. Such a cultivation condition is ideal
for large scale microalgae production in a photobioreactor, as problems related to partial
light exposure leading to obstruction of high cell density can be avoided [44]. It has
been reported that some microalgae strains showed higher biomass production as well
as higher lipid content under heterotrophic cultivation conditions. For example, Chlorella
protothecoides revealed a 40% increment in lipid content when cultivation conditions were
changed from phototrophic to heterotrophic [45].
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In mixotrophic cultivation, the microalgal cell utilizes both the inorganic (CO,) and
organic carbon source and undergoes photosynthesis for growth. This means that microal-
gae followed either heterotrophic or phototrophic conditions or both. CO, released in this
process is captured and reused under phototrophic cultivation conditions.

Photoheterotrophic cultivation conditions refer to the condition where microalgal cells
need both light and organic carbon as light and carbon sources for their growth.

The major difference between the photoheterotrophic and mixotrophic cultivation con-
ditions is energy source; while in mixotrophic cultivation organic compounds are used as
an energy source, both light and organic compounds are needed in phototrophic cultivation.
However, the production of several light-regulated metabolites can be enhanced under
photoheterotrophic cultivation conditions [46]. Table 2 shows types of cultivation modes,
which are suitable for different strains of algae, giving optimum productivity of lipid.

Table 2. Types of algal-cultivation modes.

Microalgae Cultivation Mode Source of Wastewater Lipid Content Reference
Mixed culture Heterotrophic Acid-rich efﬂuepts from 26.4% [47]
hydrogen-producing reactor
Mixed culture Mixotrophic Domestic WW 23.4% [48]
. . Agro-industrial co-products, o

Chlorella vulgaris Heterotrophic ethanol thin stillage and soy whey 43% [49]

. Secondary effluent from a o
Scenedesmus sp. Heterotrophic domestic WW Treatment 31-33% [50]
Chlorococcum sp. Heterotrophic Dairy effluent 42% [51]
Scenedesmus sp. Heterotrophic Fructose, glucose and acetate 52.6% [52]
Auxenochlorella Mixotrophic WW and BG11 20.8% (53]

protothecoides

Scenedesmus sp. Mixotrophic Artificial WW 12% [54]
Chlorella pyrenoidosa Mixotrophic Soybean process WW 37% [22]
Chlorella pyrenoidosa Mixotrophic Piggery WW 63mgL~1d! [55]
Scenedesmus obliquus Mixotrophic Chey whey permeate 37.8 mg L1d-! [56]

Chlorella protothecoides, . .
Chlorella sorokiniana, and Mixotrophic Cultivation medium 2-10 times higher of [57]

Chlorella vulgaris

lipid

4.2. Cultivation Parameters

Specific environmental conditions are necessary to achieve efficient microalgae growth.
Factors affecting the growth of microalgae include biotic, abiotic and operational. Biotic
factors are fungi, viruses, bacteria and abiotic factors include nutrients (P, N, K), pH, salinity,
light intensity, O,, CO, and toxins. Operational factors refer to the experimental parameters
of stirring or mixing rate, depth and width of cultivation vessel, dilution rate, harvesting
frequency and addition of bicarbonate. Table 3 highlights the typical composition of the
food processing industry.

Light: Light is the main source of energy for the photosynthesis process of microalgal
species. Intensity and accessibility of light are some of the crucial parameters affecting the
growth of microalgae. There are two types of light sources used for microalgae cultivation
such as natural and artificial light. The site location of the photobioreactor (PBR) in respect
of the availability of light affects biomass productivity. To minimize the capital cost, freely
available sunlight is the most suitable option for the cultivation of microalgae. For example,
Chlorella pyrenoidosa shows autotrophic and heterotrophic growth in daylight and in the
dark, respectively which is a cost-effective technique as compared to only autotrophic
growth which demands a continuous supply of light [42].

Variation in light intensity on a daily or seasonal basis affects algal growth. In the
autotrophic mode, sunlight is given in daytime only. However, to prevent the settling
down of biomass generated during daylight hours, the biomass culture should be mixed
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unceasingly in the dark period. During the dark period to sustain cell growth, more than
25% of biomass is self-utilized [58].

Artificial light is provided in the indoor system for the cultivation of microalgae, and
it is also used to compensate for the short supply of sunlight due to seasonal changes
in some countries. Sunlight is harvested using light collectors and transferred through a
bundle of fibers to decrease the use of artificial light [44]. It has been reported that the use
of light intensity can be different for different microalgal species. For example, 120 and
30 umol m~2 s~ ! light intensity was used for Chlorella kessleri and Chlorella protothecoides,
respectively when concentrated WW was used as a growth medium [59]. Under the
exposure of 100 umol m~2 s~! light intensity, Nannochloropsis sp. achieved the highest
growth rate with maximum cell concentration for 18 h/6 h light/dark period. The variation
in illumination from 215 to 330 pmol m~2 s~! increased the starch content of Chlorella
vulgaris from 8.5 to 40% on a dry weight basis [60]. The presence of UVB in the sunlight
radiation affects the composition and lipid content of algal cells.

Table 3. Typical composition of wastewater generated in large-scale food industries **.

- . . Olive Oil Soyabean Agro-Industrial
Composition Dairy Brewery Winery Processing Pro};essing g(Breweries)
pH 7.8 3-11 2.5-12.9 3.5-6.6 6.1 -

COD/mg-L™! 2000-6000 320-49,105 800-135,000 13,215 -
BOD/mg-L~! - - - - - 12,000
T-P/mg-L~! 20-70 0.5-216 2-280 107.7-120.2 56.3 9000/500
NH4*-N/mg-L~! 300 5-21.6 - - 52.1 -
TOC/mg-L~! 120 - 41-7363 78848759 - -
SS/mg-L~! 1125 540 20.9 8000-18,000 1125 -
Co/mg-L~! 0.65 0.08 - - - -
Mg/mg-L~! 28.45 30.55 24.9 12.2 173.5 -
Zn/mg-L~1 0.3 0.17 - - 6.91 -
Cu/mg-L~! 0.3 0.03 - - 0.55 -
Fe/mg-L~! 1.10 0.08 - 0.45-20 5.16 -
Ca/mgL! 38.10 16.12 20.9 5.46 51.47 -
Na/mg-L~! 345.65 - 4247 5.9 1387 -

** Sources: Tejedor et al. [61]; loannou et al. [62]; Zhang et al. [63]; Alver et al. [64], Fernandez et al. [65].

Temperature: A crucial cultivation parameter regulating metabolic and photosynthesis
processes of microalgae is temperature. It has been reported that the optimal growth of
microalgae can be achieved at 20-35 °C [58]. The efficiency of photosynthesis and the
specific growth rate of C. sorokiniana decreased at 20 °C drastically than at 38 °C its optimal
growth temperature [66]. Temperature also influences the composition and lipid content
of microalgae. Cultivation temperature can be easily maintained in a closed system for
achieving optimum microalgae growth. However, in the open system, maintaining the
optimal temperature for microalgae growth is not very easy due to changes in seasonal
daylight periods. Studies also revealed that abrupt changes in temperature may cause
declination in microalgae growth [67]. Temperature also governs the mass transfer of gas
and solubility of micro or macro nutrients in water. Only a few microalgae, like Chlorella,
are thermo tolerant species that can grow at 42 °C.

Mixing: Another important parameter controlling the growth of microalgae is mixing.
It can be achieved effectively by sparging, mechanical stirring or pumping [68]. Proper
mixing avoids sedimentation and aggregation of microalgae cells and facilitates uniform
mass transfer for a higher uptake of CO; and nutrients. Mixing also favors the uniform
distribution of light to microalgal cells. Effective mixing plays a crucial role in removing
excess oxygen from the cultivation medium.
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4.3. Culture Cultivation Systems

Open or closed ponds and well-designed photobioreactors are commonly used for
phyco-remediation of WW and biodiesel production using microalgae open pond cultiva-
tion includes raceway ponds, circular ponds, natural ponds, and inclined systems. It is
the most common culture system for large scale production of microalgae biomass. These
systems are generally made up of concrete or clay coated with porcelain tiles or polyvinyl
chloride to avoid loss of nutrients and media. Depths of these systems are maintained in the
range of 0.15 to 0.45 m to facilitate maximum penetration of sunlight [69]. Paddlewheel and
air pumps are used for mixing and circulation of growth medium. However, an open pond
system also has some drawbacks such as low mass transfer rate, insufficient mixing, low
biomass productivity, water loss due to evaporation and difficulty in achieving microalgae
monoculture due to occurrence of contamination of bacteria, and other microalgae culture
in the medium. It is also not suitable in frequently changing environmental conditions.

Photobioreactors (PBRs) are used as closed pond systems permitting the exchange of
light as well as energy but do not allow the exchange of any material with the surroundings.
They are generally employed for bulk production of microalgae biomass. PBRs generally
allow the production of monoculture of microalgae species for the elongated duration
with a low possibility of any contamination. PBRs are designed for higher productivity of
microalgae as flat panel, column and tubular. PBRs are usually more versatile than open
ponds as they can utilize sunlight, artificial light or numerous combinations of light sources.
Increased photoperiod and constant light intensity provided by the artificial light source
improved yearly total oil yields up to 25-42% [70,71].

4.4. Nutrients for Microalgae Growth

The cultivation medium must contain macronutrients, micronutrients and other in-
organic salts necessary for algal growth. The demand of the constituents required in the
cultivation medium varies from species to species.

Algal cells may be classified into autotrophs or heterotrophs based on the carbon
source they are consuming. Effects of CO, concentration on the growth of various mi-
croalgal strains and accumulation of metabolites have been reported by Kim et al. [72].
A higher concentration of NaHCOj3 leads to increased algal biomass productivity and
specific growth rate. Both heterotrophic and mixotrophic modes utilize organic carbon in
the form of acetic acid, fructose, glucose and sucrose [73]. Different pathways to capture
and internalize CO, by algae are (i) through the atmosphere (ii) feeding on industrial flue
gases (iii) by solubilizing carbonates (NaHCOs3 or Na,COs3) and (iv) uptake of organic
carbon sources [74].

Microalgae consume nitrogen in the form of nitrate, urea, ammonia or their appro-
priate combination. It has been observed that high-lipid cells are grown under nitrogen
stress conditions. Some of the microalgae strains use ammonium instead of nitrate which
causes microalgae cells to multiply rapidly and grow fast. Moreover, cyanobacteria have
the potential to convert atmospheric nitrogen into ammonia by the means of fixation.

Phosphorus is an essential macronutrient needed for microalgae growth as it helps
in the synthesis of functional and structural components of microalgal cells. For balanced
growth of microalgal cells, the N/P ratio in the medium is very crucial and plays an
important role in WW treatment. Phosphorus is commonly provided in the form of
orthophosphate (PO437) in the culture medium. H,PO*~ and HPO,%~ both are present
in synthetic medium and act as a buffer to maintain the pH of the medium within the
range. Microalgae store the excess amounts of phosphorus within its cell as polyphosphate
granules. This reserve can be used by microalgae during phosphate starvation conditions
for cell growth [75].

Micronutrients are important for the growth of microalgae and play a vital role in the
activation of various metabolic pathways [76]. Different micronutrients such as Mg, S, Fe,
Mn, Zn, Co, Mo and Cu are required in the synthetic medium for healthy microalgal growth.
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Magnesium promotes the activity of enzyme acetyl-CoA carboxylase which regulates the
first performing step of microalgae lipid synthesis.

4.5. Harvesting of Microalgae

Microalgae biomass is separate from the medium, which is a key step for large scale
biodiesel production contributing 20-30% of total biodiesel production cost [77-80]. Due to
their microscopic size (1-10 pm diameter), the separation of microalgal biomass from the
medium is the most challenging step [81]. Many harvesting techniques like coagulation,
centrifugation, filtration, electro-flotation, electrophoresis, flocculation flotation and ultra-
sound have been employed [82]. In lab-scale experiments, centrifugation is the commonly
used technique for harvesting. However, it is not practical to centrifuge large volumes
of algal culture in pilot-scale or large-scale cultivations. Traditional filtration is not much
effective for microalgae separation [76]. Fouling is the major issue during the filtration
process which causes deposition of extracellular polymer substance (present in microalgae
culture media) on the surface of filters. Due to fouling, replacement of membrane and
backwashing is required which increases the overall process cost. Microfiltration and
ultrafiltration are some improved techniques for microalgae harvesting [83].

Flocculation is an efficient harvesting method with lower capital costs. Microalgae
cells are negatively charged in the growth medium and repel each other due to electrostatic
force. This helps microalgae cells to make a stable system. When flocculants are added
into the microalgae culture medium, the surface charge is blocked so that microalgae
cells can adhere to form stable flocs. The flocculants utilized must be low-cost, nontoxic,
and effective in low application doses [84]. Several chemicals are identified to be utilized
as flocculants for this purpose. Inorganic salts containing metal ions (A1** and Fe3*)
are generally used as flocculants. A high concentration of metal flocculants for biomass
harvesting results in toxicity and affects the biodiesel production process. However, some
organic polymers such as chitosan, cationic starch and grafted starch are being studied to
replace inorganic flocculants [85].

In the flocculation process pH also plays a crucial role. Microalgae cells have a
natural tendency to flocculate at pH 9 or above. Matos et al. [86] achieved 97% harvesting
efficiency of marine Nannochloropsis sp. by using electro-coagulation. Bio-flocculation is also
induced by utilizing one flocculating microalga to concentrate non-flocculating microalgae
of interest, or by using microalgae-associated bacteria to enhance algal flocculation.

5. Extraction of Lipid and Biodiesel Production

The method used for oil extraction dried algal biomass should be effective, fast and
scalable and at the same time, it should not cause any harm to the lipid cells. Physical,
chemical and mechanical methods have been tested for the extraction of oil from microalgal
biomass [87-90]. For large scale biodiesel production from microalgae, a mechanical
pressing method may be used, however, the single cell nature of microalgae and stiff cell
walls of some microalgae strains are the main drawbacks of mechanical pressing [91]. The
choice of the best extraction technology greatly depends on the microalgae strain [92].

A chemical method is the most common method used for microalgal oil extraction.
Both polar (ethanol, acetone, methanol, ethyl acetate) and non-polar (benzene, chloroform,
toluene, hexane, diethyl ether) solvents can be used for the oil extraction from microalgae.
Non-polar solvent helps in disrupting microalgal cell wall which has hydrophobic interac-
tion between the natural and non-polar lipids. The mixture of chloroform and methanol in
the ratio of 2:1; v/v is used for the extraction of lipid from animal tissues [93]. However, a
1:2 v/v volume ratio of chloroform and methanol may also be used for total lipid extraction
and purification [94].

Lipid extraction from marine microalgae is highly influenced by the factors like
biomass drying, moisture content and solvent systems like chloroform:methanol (2:1) and
hexane:methanol (3:2). Lipids were categorized into three classes, e.g., neutral lipids, free
fatty acids (FFA) and polar lipids using solid-phase extraction column [95].
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Physical methods like ultrasonication, microwaves, osmotic shocks, autoclave, etc.,
are used to disrupt the cell wall of microalgae. Supercritical fluid extraction is a trending
green technology that has the ability to extract nearly 100% of oil from biomass.

The microalgal crude oil is further processed for biodiesel production using a transes-
terification reaction. Due to its highly viscous nature, there is a need to convert extracted
crude oil into lower molecular weight compounds in the form of fatty acid methyl esters.
In this process, extracted lipids (triglyceride) are converted into renewable, biodegradable
and nontoxic compounds. Lipid to alcohol ratio, type of catalyst, free fatty acids (FFA),
temperature and time are some of the crucial factors which can influence the efficiency of
transesterification [96,97]. Direct esterification only gives better results in laboratory scale
experiments [98] and still has many challenges to scale up.

6. Biodiesel Quality

Suitability of microalgal biodiesel as an alternative to diesel fuel strongly depends
on compliance with known standards such as EN 14214:2008, 1S:15607 and ASTM D6751.
Mostly the properties of biodiesel depend on fatty acid compositions [99]. Typical fatty
acids present in biodiesel are palmitic, stearic, oleic, linoleic, and linolenic acid. Proportion
of these fatty acids varies from feedstock to feedstock of microalgae. However, esters are
rich in saturated fatty acids, which have high viscosity with high probability of clogging the
nozzle of the engine and high cloud point. On the other hand, esters rich in polyunsaturated
fatty acids lead to better cloud point and poor oxidation stability [100]. Miao and Wu [101]
reported cold filter plugging point (CFPP), kinematic viscosity and density as, —13 °C,
4.43 ¢St and 882 g/cm?, respectively. Amin, [102] reported 0.864 g/cm3 density, 5.2 cSt,
kinematic viscosity, and —11 °C CFPP in microalgae oil biodiesel.

7. Algal Cultivation for Circular Bioeconomy

Discharge of wastewater from food industries can cause serious water and environ-
mental pollution due to fouling. In the current scenario, this nutrient load can be utilized
by developing biological systems of actively growing algae. Effluents from a variety of
food-processing industries, summarized in Tables 1-4 of this review, could be an alternative
source of both organic and inorganic nutrients for the cultivation of microalgae [103]. Algae
can reduce the pollution load providing a bioresource for the economy with improved
CO; balance [104,105]. Table 4 shows the biomass yield of microalgae on effluents from
different food processing industries. The use of WWs from industries is a cheaper option as
compared to the cost of the synthetic medium, to reduce the operating cost of microalgae
cultivation [106] for biodiesel production.

Table 4. Cultivation of microalgae on wastewaters generated globally in food industries.

F&;; (: tIen&l;:g_y Microalgae Biomass (mg/L)  Reference

Meat Processing Chlorella oulgaris, Chlorella 967.6-1113.6 [107]
sorokiniana, Scenedesmus obliquus

Tofu Arthrospira platensis 1715 [108]
Sugarcane vinasse Chlamydomonas bioconvexa 222.22 [108]
Dairy Chlamydomonas debaryana 193 [108]
Olive oil mill Chlorella pyrenoidosa 2400 [108]
Agroindustrial Phormidium autumnale - [108]
Acidic food industry Rhodopseudomonas palustris 2719.3 [108]
Fermented swine Scenesdesmus sp. 197 [108]
Piggery Chlorella pyrenoidosa 100-280 [55]
Soybean process Chlorella pyrenoidosa 640 [22]
Cheese whey permeate Scenedesmus obliquus 3600 [56]
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8. Conclusions

In this review, the remediation of food processing WW has been analyzed for multiple
aspects, such as 1. water resource management, 2. environmental protection, and 3. recov-
ery of valuable material; an approach for contribution in circular bioeconomy. Microalgal
based biofuels are being considered as an alternative sustainable renewable bioenergy to
fossil fuels. Microalgae has the potential to accumulate the nutrients present in the WW
for growth and their biomass can be used as a prospective source of biofuel production.
Biofuel is a clean and sustainable alternative to fossil fuel and is becoming a true opponent
of fossil fuel. Employment of microalgae for WW treatment and simultaneous biodiesel
production can contribute to a circular bioeconomy.
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