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ABSTRACT

The accumulation of non-biodegradable plastic debris in the environment raises serious concerns about potential
long-term effects on the environment, the economy, and waste management. To assess the feasibility of substitut-
ing commercial plastics for a biodegradable renewable polymer for many applications, low-density polyethylene
(LDPE) was mixed with varying concentrations of algal biomass (AB). Algae are considered a clean, renewable
energy source because they don’t harm the environment and can be used to create bioplastics. Algal biomass
grown in a high rate algal pond (HRAP) used for wastewater treatment used at 12.5–50 weight percent. Mechan-
ical, thermal, and morphological characteristics of the LDPE/AB mixes were studied. Improved compatibility and
uniformity between the LDPE matrix and algal biomass phase were evident in the morphology of LDPE/AB
blends. Tensile strength (TS) and elastic modulus (EM) of the prepared LDPE/AB blends significantly decreased
to 4.63 and 255 MPa, respectively. Nevertheless, by increasing the concentration of AB up to 25% and 37.5%, the
mechanical properties enhanced and raised to (TS = 6.75 MPa, EM = 426 MPa) and (TS = 7 MPa, EM = 494 MPa),
respectively. Using 25% and 37.5% of AB significantly enhanced the miscibility and interaction between algal bio-
mass and LDPE polymer. However, increasing the percentage of AB led to a reduction in the thermal stability of
the LDPE/AB. In contrast, compatibilized blends demonstrated better thermal stability compared to un-compa-
tibilized blends. These findings indicate that it is possible to develop a blend with improved structural, thermal,
and mechanical properties by partially replacing LDPE with biodegradable algal biomass.
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1 Introduction

Plastic demand has expanded significantly every year since the discovery of polymers and the
emergence of mass production [1]. These synthetic materials are characterized by their stability,
transparency, lightweight nature, versatility, durability, affordability, and resistance to corrosion, along
with high strength [2,3]. However, despite these significant advantages, the excessive use of fossil-based
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polymers leads to severe environmental consequences, including pollution, global warming, and depletion of
fossil fuels. This is largely due to their hydrophobic properties and high resistance to biodegradation [4,5].
Furthermore, synthetic plastics are inherently persistent and can release toxic chemicals into the
environment, particularly when improperly disposed of, which contaminates water bodies and negatively
impacts ecosystems [6–8].

Conventional plastics are manufactured by mixing refined petroleum fuels with synthetic polymers
made of carbon-carbon bonds. Covalent bonds connect this inert, hydrophobic, high molecular weight
long chain of monomers, resulting in strong, durable, and elastic polymers [9]. Because conventional
plastics are created from crude oil, they contribute to the depletion of natural resources as well as the
generation of greenhouse gases, in addition to the environmental impact caused by conventional plastics’
non-biodegradability.

To address the challenges mentioned earlier, it is essential to develop plastics derived from natural
renewable biomass sources. This shift is crucial for creating sustainable alternatives that can mitigate the
environmental impact associated with conventional plastic production and disposal. By utilizing
renewable resources, we can reduce reliance on fossil fuels and lower greenhouse gas emissions,
contributing to a more sustainable future for materials science and environmental health [10]. The term
“bioplastics” on the other hand refers to a broad category that encompasses “biodegradable,” “bio-based,”
“renewable-based,” “compostable-based,” and “green bioplastics.” [11–13].

When it comes to sustainable development, bioplastics outperform synthetic plastics in several ways.
They provide benefits such as utilizing bio-based materials instead of those derived from fossil fuels, and
being environmentally friendly [14]. Additionally, they protect the environment by cutting back on
greenhouse gas emissions. For instance, replacing PLA with PET (polyethylene terephthalate) results in a
60% reduction in emissions of greenhouse gas. Similar to that, replacing PE reduces harmful petrol
emissions by 35% [15].

Nowadays, the creation of bioplastics frequently uses microorganisms and food crops including
sugarcane, maize, potatoes, and wheat. The plants are utilized as a feedstock to extract starch, sugars, and
enzymes that are then combined with plasticizers like sorbitol, and other chemicals to produce bioplastics
[15]. Despite producing bioplastic with excellent chemical and mechanical qualities, plants pose a threat
to the sustainability of the future because they increase competition for human consumption of feedstock.
Additionally, the processes used to extract bioplastic from plants are difficult and have drawbacks such as
low mechanical qualities and water resistance [16]. Recently, research has focused on developing
methods to create bioplastic from algae [17,18].

In our ecosystem, microalgae are often numerous, and their polysaccharides can be processed and used
to create biopolymers. Additionally, these species have a rapid rate of growth and are simple to cultivate in
wastewater streams [1]. Algae is gaining attention as a possible source for the synthesis of biodegradable
polymers since it is affordable, does not require the use of additional nutrients or bioreactor, unlike
bacteria, produces a large amount of biomass, and is readily available all year round [18]. Algae also
don’t compete with food sources, can withstand extreme conditions, can clean up wastewater, and can
help remove carbon dioxide by using it as a source of nutrients for the formation of biomass [19].

Microalgae have shown promise as an effective approach for bio-valorization of wastewater treatment.
This strategy promotes the cultivation of microalgae to produce products with added value, primarily
proteins, carbohydrates, and lipids, while also enabling the production of bioplastics. Furthermore, it has
been demonstrated that microalgae may successfully remove a considerable amount of organic pollutants
from wastewater before it is released into the environment. The new technology of cultivating microalgae
in wastewater greatly reduced the cost of wastewater treatment when compared to the standard approach
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by producing microalgae biomass that can be utilized for bioplastic applications. This was accomplished by
reducing carbon emissions, energy consumption, and chemical use [20].

Currently, there is still room for improvement in the technology and production efficiency of bioplastics,
which is why algae-based plastics are not currently being manufactured on an industrial scale [21,22].
However, combining algal biomass with biopolymers or plastics leads to bioplastic production from
algae. The most commonly used polymers employed as matrices in these composites at the moment are
polyethylene and polypropylene [23].

Low-density polyethylene (LDPE) is an important thermoplastic for its advantageous mix of qualities,
including flexibility, fluidity, transparency, and a glossy surface. In general, it is becoming more appealing to
use lignocellulosic material to create plastic composites, especially for applications that require great volume
and low cost [24]. LDPE is the most widely used material for packaging a variety of goods. These plastic
materials are not easily degradable and have negative effects on the environment.

The production of bioplastics from microalgae holds great promise and is considered eco-friendly.
However, several limitations hinder its commercialization, including: high production costs, technical
challenges in extracting bioplastic from microalgae, limited market acceptance and biomass sources that
may be more cost-effective or easier to process for bioplastic production.

This research aims to reduce dependency on fossil fuels to improve environmental sustainability. To
evaluate the viability of replacing conventional nondegradable polymers with algal biomass, low-density
polyethylene (LDPE) was mixed with varied volumes of dried algal biomass (12.5% to 50%).
Additionally, the study focuses on using microalgal biomass grown in high-rate algal ponds (HRAP) used
for wastewater treatment, which helps reduce costs by utilizing nutrient-rich wastewater for algal growth.
Additionally, cost analysis is essential for successful commercialization compared to conventional plastic.
This research presents a preliminary economic assessment to evaluate the proposed bioplastic production
system.

2 Materials and Methods

2.1 Growing Algal Biomass Grown in HRAP
Microalgae were harvested from a high-rate algal pond specifically constructed for wastewater

treatment. This pond is exposed to natural sunlight and experiences seasonal temperatures ranging from
15°C to 40°C, meanwhile, the temperature of the culture grown in the pond ranges between 23°C and
28°C. The pH level of the pond is between 8 and 9. The pilot facility occupies a land area of 90 m2

(17 m × 14 m).

2.2 Microalgal Community Structure
For the microscopic identification of microalgae, samples were placed in sterile glass containers and

fixed with Legol’s solution. A volume of 0.2 mL of this solution was spread onto glass slides for
examination. The dominant genera were identified by analyzing five slides per sample, with each slide
being examined twice using an Olympus X3 microscope (Olympus Corporation, Tokyo, Japan), in
accordance with the key to freshwater algae [25,26].

2.3 Harvesting and Drying Algal Biomass
Algal biomass was collected and allowed to settle down in order to reduce water content. Water then was

discarded. The algal biomass was spread out on Several trays inside the solar dryer constructed at the field
where the temperature exceeded 40°C.
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2.4 Grinding Dried Algal Biomass in a Planetary Ball Mill
A planetary ball mill (Retsch GmbH, Haan, Germany) equipped with a grinding jar and 1 mm beads

made of yttrium-stabilized zirconium oxide was used to ground the algal biomass. The grinding process
was interrupted every 10 min to allow the jar to cool to ensure optimal performance and prevent
overheating. After grinding, the beads were removed from the algal biomass using a sieve. The aim of
grinding algal biomass to fine powder was performed to increase the surface area, which can enhance the
efficiency of subsequent processing steps.

2.5 Ecotoxicological Evaluation
The ecotoxicity of microalgal biomass was assessed using the Microtox analyzer 500 (Modern Water,

USA), as previously described [27].

2.6 Particle Size Measurements
A particle size analyzer (Nano-ZS, Malvern Instruments Ltd., Great Malvern, UK) was used to

determine the average diameter, size distribution, and zeta potential of the samples. Before the
assessment, the sample was sonicated for 10–20 min to determine the size distribution and zeta potential.

2.7 Blending Algal Biomass with LDPE
To make algal biomass/LDPE films, a HAAkETM Rheomex TW100 Twin-Screw Extruder with 40 cm

intermeshing screws was employed. Melt mixing at 220°C for 5 min was followed by sheet creation at
120 bar and 200°C utilizing two heated plates and a hydraulic press (Bucher plastics press KHL 100) [28].

The composition details of the bioplastic sheets for your convenience with details found in Table 1.

2.8 Characterization of Algal Bioplastic

2.8.1 FT-IR (Fourier Transforms Infrared) Spectroscopy
A Shimadzu 8400S FT-IR spectrophotometer was used to measure the FT-IR spectra of blends with

various algal biomass ratios (0.0%, 12.5%, 25%, and 50%). Where the sample is introduced using a KBr
disc, then placed in the sample holder and run a spectrum [29].

2.8.2 Diffraction of X-Rays (XRD)
The bioplastic films were evaluated using two different X-ray diffractometers. The first device was a

Diano X-ray diffractometer with a CoK radiation source operating at 45 kV. Meanwhile, the second
device was a Philips X-ray diffractometer with a Cu K source (45 kV, 40 mA, and = 0.15418 nm), a PW
1820 goniometer, and evaluated the samples throughout a 5 to 80° range. The device had a 0.02 step size
and a 1 s step time [30].

Table 1: Chemical composition of algal biomass/LDPE films

Sample code LDPE weight/gm Algal weight Algal biomass % TiO2 % Stearic acid %

LDPE 200 0.0 0.0 – 4

LDPE/AB-12.5% 175 25 12.5 2 4

LDPE/AB-25% 150 50 25 2 4

LDPE/AB-37.5% 125 75 37.5 2 4

LDPE/AB-50% 100 100 50 2 8
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2.8.3 SEM Stands for Scanning Electron Microscopy
A scanning electron microscope (JSM 6360LV, JEOL/Noran) with an accelerating voltage of 10–15 kV

was used to analyze the morphology of the synthesized films. A thin layer of gold was placed on the surface
at a low rate to prepare the samples for analysis. The collected photos were then analysed for further
research [31].

2.8.4 Mechanical Characteristics of Bioplastic Films Manufactured
Tests were carried out in line with the ASTM standard D638-91 to evaluate the mechanical properties of

our bioplastic films. LDPE/algal bomass films were kept in the conditioned room (temperature = 20�C) to
evaluate the machine tests were performed at a controlled speed of 10 mm/min on an LK10k universal
testing machine outfitted with a 5 KN load cell [28]. To accomplish more reliable results, three samples
from each PU films sample were tested, and their average was measured as the test result.

2.8.5 Barrier Properties
The GBPI W303 (B) Water Vapour Permeability Analyzer was used to determine the rate of water

vapour moving through a specified area with controlled humidity (4%–10%) and temperature (38°C). The
water vapour transfer rate (WVTR) was calculated using the cup technique in accordance with JIS
Z0208, 53,122-1, TAPPI T464, ASTM D1653, ISO 2528, and ASTM E96 standards. Furthermore, the
rate of gas transfer (GTR) for oxygen was determined using a N530 B Gas Permeability Analyzer
(China) in accordance with ASTM D1434-82 (2003) standard [28].

2.8.6 Biodegradability Study
Soil burial test

Fabricated bioplastic films undergo soil burial tests. The bioplastic films were kept under soil for
different time intervals of 7, 15, and 30 days to measure the weight loss [31]. To measure the weight loss
of the samples the following equation was used:

Biodegradability %ð Þ ¼ W1�W2

W1
� 100 (1)

where, W1 = weight of the bioplastic sample at the beginning of the experiment.

W2 = weight of the bioplastic sample at different time intervals.

3 Results and Discussion

3.1 Algal Dynamics and Predominance
Since 2019, our team has been researching microalgal-based bioplastics [32]. We identified several

microalgal strains capable of producing polyhydroxybutyrate (PHB), which we extracted from algal
biomass. Microcystis sp. was the dominant species in the biomass collected from our high-rate algal
ponds. We successfully incorporated this biomass into polyurethane, demonstrating its effectiveness [33].
Our current research focuses on using the entire microalgal biomass in bioplastic production, eliminating
the need for organic solvent extraction. This approach aims to reduce environmental impact and expand
the potential applications of our bioplastic films. Microcystis aeruginosa and Microcystis flos-aquae, both
types of blue-green algae, were the dominant species in the algal biomass collected from the high-rate
algal pond. The upper layer of the pond primarily consists of various Microcystis species, while a mix of
green algae and diatom species can be found nearer the bottom. Among the detected species were
Nitzschia linearis (from the diatom group) and Oscillatoria limnetica (a blue-green algae). Additionally,
several green algae species were identified, including Scenedesmus quadricauda, Scenedesmus obliquus,
Coelastrum microporum, Ankistrodesmus, Micractinium pusillum, and Selenastrum sp. As mentioned in
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previous work microalgal extract of microalgal biomass selected from HRAP with the same species was
nontoxic and safe to be used [33]. Dominant microalgal species present in HRAP were similar to those
found in the study of Park and Craggs 2010, where the species in their ponds included the green
microalgae Scenedesmus sp., Pediastrum sp, Microactinium sp., and Ankistrodesmus sp. The majority of
micro algae are unicellular and low intensity, ranging in size from 0.2 to 2 µm up to filamentous forms
sizes 100 μm or higher.

Microalgae display a remarkable diversity of species, each with distinct biochemical compositions and
growth traits, which are essential for bioplastic production. Key factors in selecting microalgal biomass
include the levels of proteins, lipids, and carbohydrates; for instance, species like Scenedesmus and
Chlorella are favored for their high carbohydrate content, which easily converts into biopolymers.
Rapidly growing species, such as Microcystis and Chlorella, are preferred for their higher biomass yields.
Additionally, specific environmental conditions can impact biomass yield and composition, making it
essential to understand these requirements for optimal cultivation. Diverse algal communities can enhance
the functional properties of bioplastics, improve metabolic pathways, and increase resilience to
environmental changes. Utilizing a variety of species optimizes resource use and supports sustainable
production processes. In summary, microalgal diversity is crucial for enhancing the quality and
sustainability of bioplastic production, and ongoing research in this area will be vital for future
advancements [10,29].

3.2 In Virto Toxicity Assay
From the results obtained, it can be recognized that no bioluminescence inhibition of V. fischeri was

recorded. The EC50 values for algal biomass after 5, 15, and 30 min of exposure were itemized in
Table 2. The results showed that the EC50 values for algal biomass were higher than 100 after 5, 15, and
30 min. Furthermore, the EC50 values of algal biomass were almost similar to those observed in the
control. It means that algal biomass is biocompatible and non-toxic. Therefore, it may be suitable for
environmental applications [27].

After collecting microalgal biomass, it was dried and ground into small particles as shown in Fig. 1.
After drying, the average particle size of algal biomass was assessed using dynamic light scattering. It
was observed that microalgal biomass was prepared in small sizes attributable to the potential effect of
the ball milling device. The majority of particle size is 107 nm with a polydispersity index (PdI: 0.2450)
affirming the homogeneity of the ground powder. Wang in 2014 [34] showed that to prepare bioplastic
films from spirulina sp. microalgae the samples were then milled into particles which had at least one
dimension less than 850 μm.

Table 2: The values of effective concentrations EC50 (mg/L) after 5, 15, and 30 min of exposure to studied
YOUR MATERIAL

Studied material Exposure time Results Standard values

EC50 conc. EC50% degree Toxicity level

Algal biomass After 5 min 195 0–19 Extremely toxic

After 15 min 186 20–39 Very toxic

After 30 min 171 40–59 Toxic

60–79 Moderately toxic

≥100 Non-toxic and safe
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As mentioned before, 4 concentrations were used in addition to blank samples to evaluate bioplastic
properties. Since microalgae have a high concentration of chlorophyll in their biomass, bioplastic films
produced have a slightly green color according to algal biomass concentration in films. Fig. 2 shows the
difference between a blank having a white color and a sample of bioplastic films containing algal
biomass having green colored films.

3.3 SEM Characterization
SEM analysis was used to evaluate the algal bioplastic films’ surface microstructure. The results in Fig. 3

revealed flaws and grooves in the bioplastic composite indicating sporadic character [33]. The properties of
the bioplastic when it is pulled are influenced by the surface structure [35,36]. The surface has good
interfacial attachment and is compatible except for having fewer cavities and cracks. The micrographs
show some micropores, which could interact with soil-based microorganisms to speed up the
biodegradation process [37]. However, it is obvious that algal biomass concentration in bioplastic films
decreases voids and cracks in biofilms. The control film (Fig. 3A) shows no cracks. The addition of algal
biomass created some cracks as seen in figure (Figs. 3B, 3C) using the orange arrow. However,
increasing the algal biomass concentration decreases voids and cracks in biofilms (Figs. 3D, 3E). That is
attributed to insufficient distribution of microalgal biomass at low concentrations, but raising the
concentration enables the microalgal biomass to form more physical bonds, such as hydrogen bonds, with
the film components, therefore improving their compatibility and homogeneity.

Thus, micropore occurrence can be an important factor both for biodegradation and for the mechanical
strength of bioplastics. Micropores in bioplastics may offer an additional surface area to microbial
colonization and, by supporting the penetration of enzymes and microorganisms responsible for
degradation, promote material decomposition. The occurrence of micropores can increase the rate of
biodegradation by facilitating easier access by microbes to the inner layers of the material. If micropores
give rise to faster degradation of the bioplastic, then its environmental impact will be much lower than
that of conventional plastics. On the other hand, micropores will initiate many weak points in the
material, which could reduce the overall mechanical strength. The micropores would probably lower the
tensile strength and impact resistance by making it more vulnerable to damage. Therefore, a compromise

Figure 1: Ground algal biomass

Figure 2: (a) Blank biofilm of LDPE, (b) algal bioplastic film blended with LDPE
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might be made between mechanical strength and biodegradability. Higher porosity has indeed shown an
enhancement of degradability but compromises on the material’s structural integrity. Thus, while
micropores may help improve the biodegradability of bioplastics by offering an entry for microorganisms,
they shall also be weakening mechanical strength. Such are the trade-offs in the formulation of bioplastics
for the balance between environmental concerns and structural properties.

3.4 X-Ray Diffraction (XRD) Analysis of Algal Biomass/LDPE Films
The XRD spectra of LDPE film and their blends with different concentrations of algal biomass (12.5%–

50%) are shown in Fig. 4 to evaluate the algal biomass effect (AB) on the morphology and crystallinity of
blended films. Pure LDPE exhibited two characteristic peaks at 2θ = 21.49° and 23.84° that attributed to
(110) and (200) planes of crystal lattice orthorhombic. Blending algal biomass changed the peaks
positions and intensity. Where, the peak at 2θ = 21.49° (in pure LDPE) shifted to higher 2 theta (21.73°,
21.84°, 22.3°, and 21.95° for LDPE/AB-12.5%, LDPE/AB-25%, LDPE/AB-37.5%, and LDPE/AB-50%,
respectively). The peak intensity (2θ = 21.49°) decreased gradually with increased concentrations of algal
biomass. Also, the peak at 2θ = 23.84° is completely disappeared in the blended films [38,39]. This
revealed that the interaction and dispersion of AB with LDPE components caused a change in the
morphological and crystalline structure of LDPE. Moreover, XRD spectra of blended films displayed
other diffraction peaks appeared at 2θ = 14.4°, 17°, and 24°. The 14.4° and 17° related to (110) and (110)
planes of the cellulosic parts that are present in algal biomass [40,41]. The 2θ = 24° is indicative of the
scattering peak of TiO2 (101) that used as mentioned in Table 1.

Figure 3: SEM photograph for bioplastic films (8000×); (A) LDPE, (B) LDPE/AB-12.5%, (C) LDPE/AB-
25%, (D) LDPE/AB 37.5%, (E) LDPE/AB-50%
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3.5 The Prepared Algal Biomass/LDPE Films’ FT-IR Spectroscopy
Fourier transform infrared spectra of an AB/LDPE blend with various ratios (0.0%, 12.5%, 25%, 37.5%,

and 50%) were collected in the 500–3000 cm-1 range. This shows potential intermolecular bonds between
ingredients in the bioplastic films. According to Fig. 5, the spectrum of the AB/LDPE films exposed no
differences in the structure of the LDPE film or the created AB/LDPE blend. The identical spectra of all
the samples show that the functional groups in them have comparable chemical structures.

Figure 4: X-ray diffraction pattern of LDPE, LDPE/AB-12.5%, LDPE/AB-25%, LDPE/AB 37.5%, LDPE/
AB-50%

Figure 5: FT-IR spectra of (A) LDPE, (B) LDPE/AB-12.5%, (C) LDPE/AB-25%, (D) LDPE/AB 37.5%,
(E) LDPE/AB-50%
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3.6 Mechanical Properties
The films used as bioplastics should possess good mechanical properties, such as high strength,

toughness, and durability. This is crucial because the films will be subjected to harsh environmental
conditions. The mechanical properties of pure LDPE and their biocomposite films that arose from their
blending with different concentrations of algal biomass (12.5%–50%) were evaluated through the
determination of strength parameters such as tensile strength (TS) and elastic modulus (EM). The stress-
strain curves of the films are illustrated in Fig. 6. It is clear from the stress-strain curve that the addition
of algal biomass (AB) significantly re-rated the mechanical properties of the biocomposite films. Because
the algal biomass has sporadic character and formed flaws and grooves on the surface of biocomposite
films as seen in SEM images. Which causes the discontinuities and loss of cohesion of LDPE polymer.
As shown, the pure LDPE film has a better tensile strength (15.5 MPa) and elastic modulus (304 MPa)
compared to biocomposite films. When small amount of AB (12.5%) was added, the TS and EM
significantly decreased to 4.63 and 255 MPa, respectively. That may be due to the bad distribution of AB
between the chains of LDPE which restricted their ordering. However, by increasing the concentration of
AB up to 25% and 37.5%, the mechanical properties enhanced and raised to (TS = 6.75 MPa,
EM = 426 MPa) and (TS = 7 MPa, EM = 494 MPa), respectively. The 25% and 37.5% of AB were
suitable for improving the miscibility and interaction between algal biomass and LDPE polymer. Finally,
at a high concentration of AB (50%), the microalgal biomass particles aggregated, so retardation in
tensile strength and young modulus was observed. These findings were convenient with SEM and TGA
measurements. kinds of literature exhibited a similar trend. Where, Mohamed et al. [41] explained that
the dispersion of CNTs or graphene to Polyethersulfone film reduces the rigidity and stiffness properties
of the prepared nanocomposites. Also, thermoplastic corn starch films incorporating microalgae had lower
mechanical properties as illustrated by Febra et al. [42]. Tensile strength increased with increasing algal
biomass in the composite due to effective interfacial interaction between the algal biomass and LDPE,
which improved the film’s compatibility and tensile strength.

Biomass from microalgae can be used to produce the blending materials, such as PLA, cellulose, starch,
PHA, and protein. The creation of biocomposite using microalgal biomass left over from the biodiesel
production process according to a study by Torres et al. [43], demonstrated the creation of biocomposites
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using microalgal biomass left over from the biodiesel production process. With the use of 20% leftover
microalgae biomass and PBAT (poly (butyleneadipate-co-terephthalate)), plasticization in this study
enhanced the tensile modulus, mechanical characteristics, and elongation of the biocomposites. The end
products were proposed for use as agricultural films and will disintegrate in the soil [44].

With specific biomass concentrations, mechanical properties in bioplastics are enhanced; however, the
optimal balance has to be realized to avoid mechanical performance compromise. This optimum would
depend on many factors, including the application, processing considerations, and the desired properties
of the final product. Testing and experimentation will be required to determine the ideal concentration of
biomass that could result in optimum mechanical properties with the maintenance of biodegradability and
other important features.

3.7 Permeability Results
Studying the barrier properties of LDPE and algal biomass/LDPE films is considered to be very

significant. Several parameters, such as filler dispersion, material crystallinity, and compatibility, may
have an impact on barrier properties. The data in Table 3 reveal water vapour transmission rate (WVTR)
values; the WVTR of LDPE was also 1.95 g/m2.day, and the WVTR values of algal biomass/LDPE films
were 2.24, 4.85, 8.1, and 70.86 g/m2.day as the amount of raw algal biomass was increased. The values
increased substantially, particularly in the case of algal biomass/LDPE films comprising 50% raw algal
biomass. This rise was recognized as good miscibility (i.e., a smooth surface) and the blend’s high
crystallinity, which resulted in an increase in tortuosity in the matrix, limiting water vapor movement.
This discovery also demonstrates that algal biomass/LDPE films are extremely promising for packaging
applications.

This would mean that the relative permeability of microalgae-based LDPE, in comparison with other
bioplastics, must be equated with issues such as material composition and structure, processing methods,
and the use of additives. Each feedstock material type-from corn to sugarcane and from cellulose to
starch-has its particular properties, further affecting its permeability. Bioplastics from different feedstocks
could have different gas permeability properties. PLA is one of the most well-known bioplastics and has
relatively high gas permeability. Depending on the specific formulation and processing, microalgae-based
LDPE may offer an improved gas or moisture barrier compared with a few other bioplastics sourced from
different feedstocks. Because of renewable feedstock and possible biodegradability, microalgae-based
LDPE and its some fellow bioplastics will be more compatible with ecological environments than regular
plastics. Requirements for permeability differ according to the application. For some specific applications,
either microalgae-based LDPE or some particular types of bioplastics will be quite useful with regard to
their permeability characteristics. Furthermore, a variety of factors, such as material composition,

Table 3: Water vapor transmission rate and the O2 transmission rate of LDPE and algal biomass/LDPE films
containing different ratios of algal biomass

Sample name O2TR, (cc/m
2.day) WVTR, (g/m2.day)

Blank 232.68 1.95

LDPE/AB-12.5 0.0 2.24

LDPE/AB-25.0 0.0 4.85

LDPE/AB-37.5 .00 8.1

LDPE/AB-50.0 0.0 70.86
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processing method, and surrounding environmental considerations, goes to play a major role in the
permeability characteristics of microalgae-based LDPE bioplastics when compared to other feedstocks.
Every material class has its permeability properties with respective advantages and challenges, and their
choice would depend upon application requirements and the environmental impact caused by an
application. In fact, most materials used in a wide variety of applications require further research and
development for the enhancement of permeability characteristics.

3.8 Biodegradability Study
Any chemical or physical alteration to a substance brought on by biological activity is referred to as

biodegradation. Biological agents frequently use organic polymers as a substrate for their energy and
growth, with microbial biomass emerging as a byproduct of complete biodegradation [8]. The
biodegradability of bioplastic films was done by burying films in the soil and measuring mass loss
according to time (Fig. 7). The degradation of bioplastic films in the soil was measured at intervals. The
results showed that the decomposition rate was somewhat weak, as the decomposition rate after a week
ranged between 1%–2%. The degradation rate after one month reached 8%. This percentage is low, but
compared to industrial plastics, these films are considered good, even if the degradation rate is weak.
Some bioplastic examples have been created by the designers or researchers [16]. A bioplastic product
created by Dutch designers Eric Klarenbeek and Maartje Dros made from algae may totally replace
traditional plastics. They also set up the Algae Lab for algal cultivation and starch production as a source
of raw materials for the bioplastic. A biodegradable product from algae was also developed [12,45], such
as agar made from algae and coated calcium carbonate, to replace petroleum-based plastics. The products
were strong light, durable, and long-lasting. To help keep the soil moist, the bioplastics can also be
composted or utilized as fertilizer. Similarly, Ari J. combined water and red algae powder to make a
substitute for the conventional plastic bottle [46]. In addition, Low-Density Polyethylene (LDPE) is one
of the most widely used packaging materials for a variety of products. However, the efficient disposal of
LDPE poses significant challenges due to its resistance to degradation, which can have harmful effects on
the environment. A viable solution is to degrade LDPE into simpler compounds that can be disposed of
safely. Among the various degradation techniques available, biodegradation is increasingly favored as it is
a more cost-effective method.

Biodegradation can be conducted in specially designed aqueous media that optimize the degradation
process for maximum efficiency. This approach not only helps in breaking down LDPE but also
minimizes the environmental impact associated with traditional disposal methods such as landfilling and
incineration [47]. In summary, while LDPE is a prevalent packaging material, its disposal requires
innovative solutions like biodegradation to mitigate environmental harm effectively.

Figure 7: Biodegradation rate of LDPE films (Blank) and LDPE + Algal biomass at different concentrations
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3.9 Feasibility Study
Bioplastics are an emerging trend, with global production capacity reaching 2.4 million tons (MT) in

2021 [48]. This figure is projected to increase to 7.5 MT by 2026 [49]. The economic assessment of the
presented process is based on a daily production rate of 66 kg of bioplastic films. As detailed in Table 4,
the equipment is designed for an annual production of 19.8 tons of bioplastic sheets, the facility operates
300 days per year and employs four laborers and a supervisor to process AB and LDPE as raw materials.
Costs are calculated in Egyptian pounds EGP.

The capital investment required for the installed process equipment, along with all necessary auxiliaries
for complete operation, is detailed in Table 5. The manufacturing cost encompasses direct production costs,
fixed charges, and plant overhead costs. Direct production costs include expenses for raw materials, clerical
and operating labor, maintenance, and utilities. Fixed charges account for equipment depreciation over
15 years and insurance costs. Plant overhead costs cover payroll overhead, storage facilities, packaging,
and medical services. Administration costs which include executive salaries, legal fees, and
communications represents the general expenses. The operating cost is calculated based on the following
considerations; the utility charge constitutes 9.4% of the total product cost, laboratory charges are
estimated as 10% of the labor cost, maintenance and repairs are considered as 5% of the fixed capital
investment, operating suppliers are 10% of the maintenance cost, insurance is set at 0.5% of the fixed
capital cost, and general expenses and plant overhead account for 13.3% of the total production cost. The
operating expenses are summarized in Table 6.

Table 4: Specifications of equipment

Equipment Number of
equipment

Specifications

Mill 1 Ball mill, 200 nm output size

Sieving machine 1 The diameter of screening is 350 mm, sieving precision of
≤80 mesh or ≥177 microns

Mixing tank 1 Stainless steel, 4 L volume

Plastic pelletizing
machine

1 Capacity 10 kg, Material Compatibility: PP, PE, PET

Reactor 1 CSTR of capacity 10 L

Molding/Extrusion
machine

1 Capacity: 100 rolls per day

- Sheet Dimensions: 1 m width × 30 m length per roll

- Thickness Range: 0.5 to 2 mm (adjustable)

- Material Compatibility: Various plastics (e.g., PP, PE, PET)

Dryer 1 Air dryer

Table 5: Total capital investment

Items Cost L.E.

Direct cost

Purchased equipment cost 310,000

Installation 77,500
(Continued)
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Table 5 (continued)

Items Cost L.E.

Instrumentation 18,600

Piping 31,000

Electrical 31,000

Building 93,000

Yard improvement 124,000

Land 24,800

Total direct cost 709,900

Indirect cost

Engineering and supervision 62,000

Contractor’s fee 62,000

Contingency 46,500

Total indirect cost 170,500

Fixed capital investment 880,400

working capital 88,040

Total capital investment 968,440

Table 6: Annual operating cost of the system

Item Cost, EGP

A. Direct cost

Raw material 2,520,750

Operating labor 288,000

Direct supervisory 72,000

Utilities 378,113

Maintenance and repairs 44,020

Operating supplies 4402

Laboratory charges 28,800

Patents and royalties 88,040

Direct production cost 3,424,120

B. Fixed charges

Depreciation 32,860

Insurance 8804

Local taxes 8804

Manufacturing cost 3,474,590

Plant overhead and general expenses 535,190

Total product cost 4,009,780
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The payout period is the shortest length of time required to recover the original capital investment
through cash flow generated by the project [50,51]. The total annual income of this project is
4,455,000 EGP with an annual profit of 445,220 EGP. Based on Eq. (2), the payout period is estimated to
be one year and ten months. The return on investment (ROI) of the project is 46.0%, as calculated in
Eq. (3), indicating that this project is promising for investment.

Minimum payout period ¼ depreciable fixed capital investment

average profit=yr þ avg: depreciation=yr
(2)

ROI ¼ annual profit

depreciable fixed capital investment
� 100% (3)

The market price for bioplastics generally ranges from $2 to $7 per kg. Market commercialization relies
heavily on public awareness of the benefits of bioplastic compared to petroleum-based plastics. A
commitment to green thinking is essential for the sustainability and growth of this industry.

4 Conclusion

Mixing ground microalgal biomass with low-density polyethylene (LDPE) has proven to be effective in
manufacturing bioplastic films. Utilizing microalgal biomass sourced from high-rate algal ponds has
demonstrated its efficiency for bioplastic production. However, one of the challenges in commercializing
bioplastics is the cultivation of microalgae. Growing microalgae on wastewater presents an economical
solution, as they thrive on the nutrients found in such environments.

Mechanical property tests indicated that the tensile strength of the composite increased with higher
amounts of microalgal biomass. This improvement is due to effective interfacial interaction between the
microalgal biomass and LDPE, enhancing the compatibility and tensile strength of the films. Permeability
results showed a significant increase in films containing 50% raw microalgal biomass, attributed to the
blend’s excellent crystallinity and good miscibility, resulting in a smoother surface.

Despite the current impracticality of commercializing microalgae-based bioplastics on an industrial
scale, advancements in technology and ongoing research and development in this field are crucial. With
continued research, it is anticipated that a substantial number of bioplastics could be sustainably produced
from microalgal biomass shortly, including investigations into the role of microalgae in the degradation of
bioplastics.
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