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Abstract: Global demand for plastics has increased steadily alongside industrial development.
Despite their versatility and convenience, environmental pollution caused by plastics are a major
issue. With a reduction in the market size of plastics being seemingly impossible, bioplastics may
become key to tackle this issue. Among a wide range of sources of bioplastics, microalgae have come
into the limelight. While abundant and valuable components in microalgae have the potential to
replace preexisting plastics, complex processes and low cost performances have prevented them from
entering the market. In this study, we examined techniques for biocomposites in which polymers are
blended with microalgae. We focused on microalgae-based biocomposite blending processed from
the perspective of functionality and cost performance.
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1. Introduction

Microalgae are photosynthetic organisms that are widely distributed across the planet
thanks to their ability to survive under various environmental conditions (salt water,
brackish water, and fresh water). Microalgae have an ability to use carbon dioxide (CO2),
a primary greenhouse gas, in addition to their use as resources, such as ingredients in
foods, biofuels, biochemicals and bioplastics. Many research groups have been attracted
to the study of microalgae, actively spurred by the value of research and development in
this industry [1].

Microalgae only require small spaces for their cultivation and utilize CO2 10–100 times
faster than terrestrial plants [2]. Algae contain the photosynthetic pigment chlorophyll a,
which converts solar irradiation to chemical energy through photosynthesis and is catego-
rized into prokaryotic microalgae (cyanobacteria Chloroxybacteria), eukaryotic microalgae
(green algae Chlorophyta), red algae (Rhodophyta) and diatoms (Bacillariophyta) [3,4].
Approximately, half the amount of photosynthesis on Earth is estimated to result from
microalgae, in part due to their extremely large quantities. Thus, microalgae are a key
player in the control of the concentration of CO2 in the earth atmosphere [5].

Microalgae have a variety of shapes (rods and spheres) with average sizes of 2–200 µm
and are mainly composed of polymeric compounds, such as proteins, lipids, and carbohy-
drates [3]. Microalgae were initially the focus of the search for renewable energy sources for
the production of biofuels (biodiesel, bioethanol, bio-hydrogen, and methane). As a result,
their application fields have been expanded to other products, such as pharmaceuticals,
cosmetics, and nutrient supplements [6–9]. The size of the food-grade seaweed (algae)
product market in 2017 was 216,000 tons and valued at US$568 million per year. In contrast,
the value of microalgae trade in the same year was only US$40 million per year, despite
their potential application in many industries [10]. Arthrospira (formerly Spirulina), Chlorella,
and Dunaliella are the microalgae that are primarily traded in this market [11].
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Various attempts have been made to obtain biofuels, as an alternative to fossil fuels,
from biomasses. These technologies are divided into 1st generation production technology
using grains, 2nd generation production technology using lignocellulosic biomass, and
3rd generation production technology using microalgae. The 1st generation production
techniques have resulted in excessive competition for food supplies and a sharp rise in the
price of grains. Although the 2nd generation production technique has been suggested,
it has another problems due to the complex processes and difficulties associated with the
utilization of lignin [12]. In the 3rd generation production technology, the utilization of
microalgae has much greater potential compared to other types of biomass. The biofuel
production process using microalgae does not use food resources as raw materials, and the
process of converting it into energy is relatively simple and low-cost.

Occasionally, valuable components in microalgae are found in the outer part of the
cell membranes. However, the majority of the practical ingredients in microalgae that
have industrial applications are found inside cells, so complex processes are required for
their valorization. Figure 1 depicts the structure of typical microalgae [13]. In general,
the requirements for the downstream process after microalgae cultivation are as follows:
harvesting (separation), thickening, dehydration, drying, cell disruption, extraction, and
purification [14]. Harvesting involves the coagulation, flocculation, and solid-liquid separa-
tion (sedimentation, floatation, filtration, and centrifugation) of microalgae biomass [15–17],
as well as a variety of harvesting methods [18].

Figure 1. The structure of inner part of microalgae. Reproduced with permission from [13].

To obtain a high value product from the inner parts of microalgal cells, additional
processes, such as cell disruption, extraction, and purification, are required after drying.
Cell disruption can be categorized into mechanical and non-mechanical methods, which
are used to breakdown the surface of the cell wall to acquire metabolites from the within
the cell. Bead mills [19], homogenizers [20], high-pressure presses [21], ultrasound [22], and
autoclaving have been suggested as mechanical methods. As the non-mechanical methods,
organic solvents [23], osmotic shock [24], supercritical fluid [25], and enzyme-assisted meth-
ods [26] have been developed. Extraction is a separation method used for the extraction of
valuable metabolites, such as lipids, fatty acids, pigments, proteins, and polysaccharides,
from disrupted microalgal biomass. Recently, the trend of extraction method has shifted
to economically beneficial and efficient methods, such as supercritical fluid extraction,
pressurized liquid extraction, microwave-assisted extraction, ultrasound-assisted extrac-
tion, surfactant-assisted extraction, and pulse electric field extraction [27]. The additional
downstream processes (e.g., cell disruption, extraction, and purification) obtaining the
valuable components from microalgae is complex and costly, so a method that is able to
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exploit entire microalgae without additional complex processes is required. Microalgae
are composed of polymeric materials (proteins, lipids, polysaccharides), and the primary
content is protein. Methods for blending dried microalgae biomass with other polymeric
materials for producing bioplastics have been developed to utilize these polymeric com-
pounds. The amount of bioplastic produced in 2020 is estimated to reach 2.111 million tons
per year, and that of bioplastics in 2025 is expected to reach 2.871 million tons per year [28].
Microalgae-based bioplastics are microalgal biomass and polymer blended products, which
are processed to final products through molding and extruding. The bioplastics are pri-
marily used in the packaging industry, recording 0.998 million tons per year. Packaging
materials from bioplastics account for 47.3% of the entire bioplastics industry, followed
by consumer goods, textiles, agriculture and horticulture, automotive, and transport [28].
Spirulina and Chlorella are the main microalgae used to produce bioplastics because complex
treatments are not required [29]. To effectively exploit microalgal biomass as ingredients of
bioplastic, plasticization, which is a process to improve flexibility and durability by adding
non-volatile organic compounds, such as glycerol, triethylene, and glycol, is essential. In
addition, the blending of microalgal biomass with compatible polymers, such as poly(vinyl
alcohol), polyethylene, and ethylene-vinyl acetate, to improve the stability of blended
polymers through changes in the interfacial properties is also necessary [30].

In this review, we discuss recent studies on composite technologies for the production
of microalgae-based bioplastics.

2. Major Components in Microalgae

Although the ratio of main components, such as proteins, carbohydrates, and lipids,
of microalgae depends on the cultivation conditions as well as microalgal species, the
major component is usually protein. The production characteristics of these components in
different microalgae are summarized in Table 1.

Table 1. Composition of microalgal species (all data are % on a basis of dried biomass).

Species
Composition (%)

Ref.
Proteins Carbohydrates Lipids

Chlorella vulgaris 41.51 20.99 15.67 [31]

Chlorella vulgaris 29.0 49.5 19.7 [32]

Spirulina platensis 49.23 31.20 11.20 [33]

Chlorella sorokiniana 18.81 35.67 9.90 [34]

Scenedesmus obliquus 30.38 13.41 4.66 [35]

Dunaliella tertiolecta 61.32 21.69 2.87 [36]

Chlamydomonas reinhardtii 64.76 22.64 12.60 [37]

Nannocloropsis oculata 39 20 17 [38]

Nannochloropsis oceanica 19.1 22.7 24.8 [39]

2.1. Proteins

Protein is the major content in microalgae compared to lipid and carbohydrate. For
example, Spirulina and Chlorella, major microalgae used for bioplastics, take up 30–75 wt%
of proteins under nutrient-rich conditions [40]. The specific protein contents depend on the
species of microalgae (Table 1). In addition, different cultivation environments and nutrient
conditions result in different amounts of protein in the same species. Nitrogen is the main
factor involved in protein production. Thus, the supply of high levels of nitrogen leads
to the accumulation of protein. Microalgae are able to produce all types of amino acids.
Due to their abundance and diversity of amino acids, microalgae have drawn attention as a
major protein resource [41,42]. The amount of amino acids depends on the species, and the
amount determines the type of protein [43,44].
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2.2. Carbohydrates

Carbohydrates are essential biocomponents, acting as energy carriers in metabolism.
The amount of carbohydrates in microalgae depends on the cultivation and nutrient
conditions, as well as the microalgal species (Table 1). Generally, carbohydrate content
accounts for 20–60 wt% [10,44,45]. Microalgae that contain high levels of carbohydrates
can be used to produce bio-alcohols, such as ethanol, and high value-added metabolites,
such as alginates [46].

2.3. Lipids

Microalgal lipids are intracellularly accumulated in fatty acid complex forms during
microalgae growth. The amount of lipids produced by microalgae accounts for 5–30%
of the total mass of dried microalgae (Table 1). The specific amount of lipids depends
on the species, cultivation conditions, and nutrient composition [10,44]. Lipids consist of
storage lipids (triacylglycerides as a major component) and membrane lipids. In general,
the amount of lipid (especially, storage lipids) produced from microalgae is not high under
optimized growth conditions [47].

3. Microalgal Biomass-polymer Blends

Since the invention of plastics and the development of mass production, plastic de-
mand has increased exponentially annually [48]. Despite their easy processability and
economically viable merits, the management of plastic waste has always been a contentious
issue due to their non-biodegradable properties, resulting in significant damage to the envi-
ronment. Although the share of bioplastics in the plastic market remains low, eco-friendly
and abundant amounts of bioplastics are considered to be sufficient alternatives to replace
preexisting plastics [49]. Chlorella and Spirulina are the primary sources for bioplastics
from microalgae due to their easy processability [29,50,51]. Although the replacement of
artificially synthesized existing plastics with 100% microalgal bioplastics could be ideal
when it comes to environmentally friendly plastics, the physical and mechanical properties,
such as tensile strength, glass transition temperature, and elongation at break, of 100%
bioplastics are inferior to those of commercially available plastics. Another option to tackle
these issues is to blend microalgae with polymers, namely microalgal biomass-polymer
composites [52,53]. These blended composites are hybrid-type plastics that have both
properties of each component. The general properties of these blends depend on the ratio
between the amount of microalgae biomass and those of the polymer. In general, a higher
polymer content in biomass-polymer composites results in better performance, especially
in terms of tensile strength and elongation at break [54]. The required level of biomass
contents in authorized bioplastics depends on individual national regulations. Korean
government suggest that the percent of biomass in biomass-polymer composites should
be over 30 wt% to be considered as an eco-friendly bioplastic. According to our investi-
gation, the contents of microalgae in most composites remain less than 30 wt%, implying
that further studies to increase the proportion of microalgae in the composites should be
conducted to boost the commercialization of microalgae-based biocomposites.

Another important factor is whether valuable refined biocomponents, such as proteins
or lipids, extracted from microalgae by several processes, or whole microalgal biomass
are used to make the blended composites. Although the physical properties of compos-
ites are easily improved by relatively pure components from microalgae using special
extraction methods blended with polymers, high costs devalue the development of bio-
composites [54,55]. From an economical point of view, whole microalgae without any
extraction process blended with polymers has a lower overall cost; however, the relatively
lower quality of the final products has hindered its commercialization. Here, we address
microalgal biomass-based composite products using dried whole microalgae without any
processes and valuable components-extracted microalgae.
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3.1. Composites with Poly(vinyl alcohol)

Lipids, one of the most valuable components in microalgae, can be extracted using sim-
ple methods that induce direct physical forces, such as microwaves and sonication [56–58].
Despite their simplicity, small amounts of lipids from microalgae hinder their utilization in
industry. Lipids extracted from the microalgae of Nannochloropsis salina lead to the mass
production of oil from algal biomass [59,60]. In this method, lipid-extracted microalgae
are often used as the filler to make composites with polymers. Tran et al. attempted
to blend lipid-extracted microalgae with poly(vinyl alcohol) (PVA). PVA is one of rare
water-soluble synthesized polymers. In contrast to the direct blending method, which
involves blending microalgae with a heated polymer by increasing the temperature to
the glass transition temperature of the polymer, PVA can be dissolved in water to mix
microalgae. PVA is easily dissolved in protic solvent at 90◦C. The characterization of
functional groups for microalgae is essential to check whether microalgae is compatible
with petroleum polymer. The measurement of infrared [IR] spectrum in Figure 2 reveals
that lipid-extracted microalgae have strong peaks at 3285 cm−1, 2919 cm−1, and 2851 cm−1,
which are assigned to O–H, CH2, and CH stretching vibration, respectively [54]. The use of
PVA, which has exactly same functional groups, leads to relatively homogeneous mixing
with lipid-extracted microalgae by chemical interaction between polymeric metrices. The
resulting biocomposites displayed enhanced thermal stability and mechanical properties
when the portion of lipid-extracted microalgal biomass to PVA was 20%. However, the
relatively high cost of extracting specific components from N. salina may not be adequate
for the ultimate commercialization of these biocomposites.

Figure 2. IR spectrum of lipid-extracted microalgae. Reproduced with permission from [54].

The Dianursanti group also reported on blends of microalgae with PVA. They focused
on using whole microalgae (Spirulina platensis) to mix with PVA. S. platensis, which contains
a large portion of protein (approximately 60 wt%), has a positive effect on elongation
at break when it forms biocomposites with PVA. They used 56% of microalgae to make
composite and added glycerol as a plasticizer, which led to further improvements in the
tensile strength [61]. The use of whole microalgae with PVA resulted in enhanced plastic
properties of composite and cost performance, minimizing the processing costs. In addition,
the limitations of conspicuous enhancement of properties prevents them from competing
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with preexisting plastics in markets. In addition, they treated PVA with maleic anhydrate
as compatibilizer to make maleic anhydrate-grafted PVA (PVA-g-MAH), and PVA-g-MAH
was blended with Chlorella vulgaris for fabricating biocomposite to overcome the above
mentioned drawbacks [62]. PVA-g-MAH was synthesized using a simple and economical
method by mixing maleic anhydrates, dimethyl sulfoxide, and potassium persulfate with
PVA. The biocomposites composed of C. vulgaris with PVA-g-MAH increased the elongation
at break and tensile strength. Furthermore, elasticity was also improved, in contrast with
that achieved using other methods. Another simple method to form biocomposites is
the sonication of Chlorella, followed by mixing with PVA [63]. However, despite slight
improvements in tensile strength and elongation at break, the degree of improvements
compared to other methods was marginal.

3.2. Composites with Polyethylene or Polypropylene

Polyethylene (PE) and polypropylene (PP) are poly(olefins) used in a variety of prod-
ucts owing to their rigidity, easy processability, and low cost. The application of these
polymers to microalgae to form biocomposites has been attempted at the very beginning of
research on biocomposites. The use of whole microalgae rather than extracted components
from microalgal biomass was dominant to blend with PE and PP [29,64]. Despite their easy
accessibility and viable processes, the intrinsic structural differences of these polymers lead
to incompatibilities, in particular for Chlorella. Further studies on enhancing compatibility
will be needed.

So far, the purpose of using microalgae blended with polymers has mainly focused
on mechanical properties improvement. However, a recent report regarding the use of
microalgae in PP has emphasized the stabilization effects [65]. They reported that the
stabilization effects by adding Chlorella vulgaris and Spirulina platensis in PP. Microalgal
biomass acted as agents to protect the degradation of PP, primarily caused by polyphenols
in microalgae. Tafreshi et al. also reported that polyethylene glycol (PEG), which is
chemically different from PE, combined with C. vulgaris significantly improved the stress
against gamma irradiation [66]. These recent studies have demonstrated the potential of
biocomposites with simple polymers (such as PE and PP), with a focus on stability issue.

3.3. Composites with Poly(vinyl chloride)

Poly(vinyl chloride) (PVC), which has a high density, hardness, and durability, has
also been used to fabricate biocomposites with microalgae. A simple method to blend PVC
with microalgae involves pressurized heating by increasing the temperature to 190◦C [67].
However, the application of relatively high temperatures to PVC blended with Chlorella
may have negative effects, leading to weight loss of Chlorella due to the volatilization and
degradation of chlorophyll in microalgal biomass. Despite these drawbacks, by handling
with care, the addition of Chlorella to PVC enhances the tensile strength. In their study, the
weight ratio of Chlorella, as filler, to PVC was less than 20% to meet the requirements for
rigid PVC products.

3.4. Composites with Polyurethane

Polyurethane (PU) is a polymer synthesized by reacting isocyanate and polyol groups.
Despite their superior flexibility, their relatively low hardness and strength serve as a
barrier to their use with microalgae. The applications of PU in biocomposites have focused
on biomass with high lignin content because of the limited properties of PU [68]. The actual
use of PU blended with microalgae has recently been studied [69]. A mixture of PU and
Chlorella treated with sonication improved the mechanical properties of the biocomposites.
The increase in the ratio of Chlorella to PU enhanced the tensile strength and elongation at
break, similar to those of other polymer blends. Large amounts of Chlorella (up to 70 wt%)
were used with the help of PEG as a model polyol, which is the highest content compared
to other reports regarding biocomposites. The optimization of biocomposites using PU and
microalgae as biofillers will be needed to further improve their applications.
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The further characteristics of biocomposites mentioned-above are summarized with
respect to pros and cos in Table 2.

Table 2. Summary of various microalgae-based biocomposites.

Microalgae Blended Polymer Pros Cons Ref.

Lipid extracted
Nannochloropsis salina PVA

- Enhanced thermal stability
- High tensile strength

- Extraction process required
- Plasticizer needed [54]

Chlorella vulgaris PVA-g-MAH - Enhanced tensile strength and
elongation properties - Complex compatibilizer required [62]

Chlorella vulgaris and
Spirulina platensis PP, PE

- High cost perforances
- Easy processability

- Incompatibility especially
with Chlorella [29]

Chlorella PVC - High tensile strength due to
rigidity of PVC

- High sensitivity to water content
in microalgae [67]

Chlorella PU
- Superior mechanical properties
due to interactions with
isocyanate group

- Complex process requiring a
coupling reagent [69]

3.5. Biodegradable Bioplastics

In terms of biodegradability of polymers, poly(butylene succinate) (PBS) is considered
as eco-friendly polymer. Although its thermoplastic properties are similar to those of PE,
allowing for blending with microalgae using high temperatures, studies on composite with
PBS have rarely been conducted, presumably due to technical issues [53]. They attempted
to form maleic anhydride-grafted PBS (PBS-g-MAH), similar to PVA-g-MAH conducted by
Dianursanti and Khalis [62]. As a compatibilizer, PBS-g-MAH was found to improve the
mechanical properties of eco-friendly composites when blended with Spirulina.

Polyhydroxyalkanoate (PHA) is a polyester that is widely known as a biodegradable
plastic. Poly-3-hydroxybutyrate (PHB) is a type of PHA with properties similar to those of
PP and PE with self-degradable effects. Recently, it has been reported to the extraction of
PHB from microalgal biomass [70–72]. In addition to Chlorella and Spirulina, other types
of microalgae, such as Chlorogloea fritschii, have been used to extract PHB [70]. In general,
valuable components extracted from microalgae are not used unilaterally but are blended
with other materials (mainly polymer). As PHB can solely be utilized as a plastic because
of its similarity to commonly used plastics, the extraction of PHB from microalgae has been
an important focus of the production of biodegradable polymers.

4. Conclusions

Biocomposites consisting of various types of microalgae blended with different poly-
mers have been comprehensively investigated in this study. Especially, the methodologies
regarding fabrication of biocomposites have been extensively reviewed. Through recent
investigations on efficient blending methods, the mechanical properties of biocomposites
consisting of microalgae and petroleum polymers have been gradually enhanced. The me-
chanical properties of final bioplastics are generally improved by enhancing tensile strength
and thermal stability by blending with most petroleum polymers introduced above. Thus,
it is reasonable to choose polymer for bioplastic based on processing conditions. For manu-
facturers that only require low temperature processing, water-soluble PVA could be good
option as it can be processed under boiling temperature of water. Though poly(olefins),
such as PP and PE, are melted at relatively high temperature, simple fabrication condition
without liquid water is possible. The use of PU with microalgae can take advantage of
superior mechanical properties while it requires complex process, which possibly increases
costs. Bioplastics using microalgae could be good alternative to following the trend of
eco-friendly materials.
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Despite its progress, commercialization and industrialization still lag behind due
to immature technologies related to scale up. In addition, as most high performance
biocomposites mentioned-above still need additives, the application of biocomposites to
food and pharmaceutical packaging is still restricted. In this regard, the direction of research
should be focused on more broad usage of biocomposites by optimizing mass production
system and reducing additives, which will boost them to enter eco-friendly market.
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