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ABSTRACT

Polyhydroxybutyrate (PHB) is a biodegradable polymer that naturally
stores carbon and is produced by a variety of microorganisms, including
certain algal species. It presents a viable alternative to conventional plastics
due to its ability to degrade without leaving toxic residues. In this study,
Chlorella vulgaris was used to optimize PHB production under varying
light intensities and sodium acetate supplementation. The highest PHB yield
was observed in the PHB-T3 treatment (1364ug/ g), compared to 850ug/ ¢
in PHB-T1, indicating that the addition of sodium acetate significantly
enhanced PHB synthesis. Following PHB extraction, three types of
bioplastic films were produced: two from PHB extracts (PHB-T1 and PHB-
T3) and one directly from C. vulgaris biomass. Among these, the C.
vulgaris-based film exhibited superior physical characteristics—it was
thicker, structurally more uniform, and free from surface cracks when
compared to the PHB-derived films. All films demonstrated high solvent
solubility at 60°C, suggesting enhanced thermal performance. Moisture
absorption tests revealed that the C. vulgaris film had the highest absorption
rate (25%), followed by PHB-T3 (15%) and PHB-T1 (10%), suggesting
potential applications where water interaction is beneficial. Mechanical
testing further highlighted the advantages of the C. vulgaris film, which
exhibited greater tensile strength and elongation, making it more suitable for
applications requiring both flexibility and durability. Biodegradability tests
conducted in clay soil showed rapid degradation for all film types,
confirming their environmental compatibility. Overall, the findings
demonstrate the potential of PHB and C. vulgaris-based films in the
development of sustainable materials. Each film type offers distinct
advantages depending on the specific application, with C. vulgaris-derived
films excelling in mechanical integrity and moisture responsiveness.

INTRODUCTION
Plastics derived from fossil fuels offer several advantages, including long shelf

life and high resistance to environmental degradation (Chong et al., 2022). However, the
global surge in the demand for synthetic plastics has led to severe environmental
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consequences, particularly in marine ecosystems. In response, the global market has
increasingly shifted toward the use of bioplastics—sustainable and environmentally
friendly alternatives to conventional plastics (Formela et al., 2022). The bioplastics
market is projected to grow rapidly in the coming years, driven by rising public
awareness about environmental protection, stricter regulations on waste management, and
the emphasis on sustainable use of natural resources (Mohamed et al., 2024).

Among the most promising resources for bioplastic production are microalgae due
to their remarkable adaptability to various environmental conditions, high productivity,
and efficient water use. Unlike terrestrial crops, microalgae do not compete with food
production and can thrive on nutrient-rich wastewater, making them an ideal raw material
for sustainable bioplastic production (Kaparapu, 2018). Numerous reviews have
investigated microalgae-based bioplastics (Zhang et al., 2019; Onen Cinar et al., 2020;
Kartik et al., 2021; Madadi et al., 2021; Dang et al., 2022; Park & Lee, 2022; Arora
et al, 2023), focusing on naturally occurring algal polymers such as
polyhydroxyalkanoates (PHAS), polysaccharides, and proteins, as well as blends of
microalgal biomass with other polymers.

Microalgae can be used directly in bioplastic production as whole biomass or
indirectly by extracting specific biopolymers like polyhydroxybutyrate (PHB). PHB, a
type of PHA, is composed mainly of 3-hydroxybutyrate (3HB) and, to a lesser extent, 3-
hydroxyvalerate (3HV) and 3-hydroxyhexanoate (3HH). It exists in an amorphous form
inside algal cells but crystallizes upon extraction (Nanda & Bharadvaja, 2022). In
recent years, PHB from microalgae has attracted attention as a cost-effective and
sustainable alternative to petrochemical plastics (Costa et al., 2018).

One of the most promising algal species for this purpose is Chlorella vulgaris, a
green microalga characterized by its small cell size, rapid growth rate, and high protein
(50.20%) and carbohydrate (41.92%) content (Zainan et al., 2018). According to
Sabathini et al. (2018), Chlorella-based films exhibit strong tensile strength (up to 35.1
kg/cm?) and improved surface properties when blended with polyvinyl alcohol (PVA)
using ultrasonic homogenization. Additionally, Robert and lyer (2018) successfully
used C. vulgaris to optimize PHB production for bioplastic synthesis.

Numerous studies have explored different strategies to enhance PHB yield and
modify its properties through optimization of culture conditions (e.g., pH, temperature,
nutrient levels, and carbon source), as well as various extraction methods—chemical
(e.g., solvent-based), physical (e.g., bead milling, ultrasonication), and biological (e.g.,
enzymatic digestion) (Costa et al., 2018; Garcia et al., 2020; Hassan et al., 2024).

This study aimed to enhance the production of PHB from Chlorella vulgaris
under optimized culture conditions and to develop bioplastic films from both the
extracted PHB and whole algal biomass. The ultimate goal is to offer an environmentally
sustainable alternative to conventional plastics, thereby reducing ecological risks and
contributing to the development of biodegradable materials.
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MATERIALS AND METHODS
1. Cultivation of microalgae

Chlorella vulgaris was obtained from the National Institute of Oceanography and
Fisheries, El-Kanater El-Khiria, Qalyubia, Egypt. Cultivation was conducted using BG-
11 medium, which was sterilized by autoclaving for 20 minutes prior to inoculation
(Stanier et al., 1971).

2. Optimization of PHB production
2.1 Experimental treatments

C. vulgaris was grown under four different conditions to determine optimal
growth for PHB production. Treatments were evaluated based on chlorophyll a content
and optical density (OD), indicators of algal biomass. Cultures were incubated at 25 £
2°C, pH 7.5, under sterile conditions for 30 days. Each treatment was replicated. The
treatments included:

e T1 (Control): Cultures exposed to natural sunlight through a window with a
photoperiod of 16/8 h (light/dark).

o T2 (Artificial Light): Cultures exposed to artificial lighting using three white
LEDs (20W, 2000 lumens) placed 40cm above the bench (Abou-EI-Souod et al.,
2016).

e T3 (Sodium Acetate + Natural Light): Cultures supplemented with 1g/ L
sodium acetate and exposed to natural sunlight (Robert & lyer, 2018).

e T4 (Sodium Acetate + Artificial Light): Cultures supplemented with 1g/ L
sodium acetate and exposed to artificial lighting using white LEDs (20w, 2000
lumens) (Maheswari & Ahilandeswari, 2011).

2.2 Growth parameters

Growth was monitored by measuring chlorophyll a and optical density (OD) every two
days over 30 days:

e Chlorophyll a was extracted and quantified using absorbance at 644 and 663nm.
The concentration was calculated using the equation of Metzner et al. (1965):

Chlorophyll (a) = 10.3 OD 663 -0.918 OD 644 pg/ml
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o Optical Density (OD) was measured at 680nm using a spectrophotometer (EI-
Sheekh et al., 2021).

3. Large-scale cultivation, harvesting, and drying

Based on the results, T3 was identified as the optimal condition for large-scale
cultivation. Cultures for T1 and T3 were scaled up in 20L transparent polyethylene
bottles containing BG-11 medium. Cultures were maintained at 25 + 2°C, pH 7.5, and
continuously aerated for 26 days (T1) and 14 days (T3). Harvesting was carried out via
centrifugation at 4000 rpm for 20 minutes, followed by rinsing with distilled water, air-
drying, oven-drying, and grinding into fine powder.

4. PHB extraction

PHB was extracted from the dried biomass of T1 and T3 cultures following the
method of Robert and lyer (2018). Biomass was centrifuged at 2000 rpm for 20
minutes, and PHB concentration was quantified using a standard curve. Extracts were
labeled PHB-T1 and PHB-TS3.

5. FTIR characterization of PHB

Fourier-transform infrared spectroscopy (FTIR) was performed at the National
Center for Radiation Research and Technology (NCRRT), Atomic Energy Authority
(AEA), Egypt. The PHB polymers from PHB-T1 and PHB-T3 were analyzed with a
resolution of 4cm™ over the wavelength range 400— 4000cm .

6. Bioplastic film formation
6.1 From C. vulgaris Biomass

Bioplastic films were prepared using C. vulgaris biomass following Sabathini et
al. (2018). The biomass was mixed with distilled water, poured into silicone molds, and
air-dried for 24 hours at room temperature before being peeled off to obtain dried films.

6.2 From PHB extracts

Bioplastics from PHB-T1 and PHB-T3 were prepared following the method of
Wau et al. (2009). The extracted PHBs were processed and cast into bioplastic films.
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7. Bioplastic characterization
7.1 Physical properties
7.1.1 Color and texture

Visual inspection was used to assess the color uniformity and texture consistency
of the films.

7.1.2 Solubility in solvents

Film solubility was tested by placing 0.3g of each bioplastic film in test tubes
containing 3mL of solvents (acetone, ethanol, and chloroform). Samples were incubated
under two conditions:

e Room temperature (25 £ 2°C)
e Heated to 60°C. Solubility was assessed after 1 hour (Tun & Mar, 2020).

7.1.3 Moisture absorption

Dried bioplastic samples were weighed (W) after storage in a desiccator, then
exposed to ambient air for 24 hours and reweighed (W2). Moisture absorption was
calculated as a percentage increase in weight (Tun & Mar, 2020). The moisture
absorption percentage was determined by using the formula:

Moisture absorption (%) = % x 100

7.2. Mechanical properties
Tensile strength (TS) and elongation at break (EAB %) were analyzed using Tinius
Olsen H10KS and performed at NCRRT, AEA, Egypt.

7.3. Morphological properties

The morphological characteristics of the bioplastic films surfaces were determined
using scanning electron microscopy (SEM) at the NCRRT, AEA, Egypt, at 500x
magnification.

7.4. Chemical properties

7.4.1. Fourier transform infrared spectroscopy (FTIR)
FTIR analysis was performed with the same equipment and procedures mentioned
above.
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7.4.2. X-Ray diffraction (XRD)

XRD analysis was also performed at NCRRT, AEA, Egypt using X-ray diffraction
with a scanning range of 100 - 90° at a scanning speed of 8.0000 (°/min) with a sampling
pitch 0.02.

7.5. Biological properties

7.5.1. Biodegradation by soil

Fixed weights from all bioplastic films were buried under the clay and sandy soil
surface for 30 days and then the weights were recorded again (Nguyen et al., 2016). Then
the weight loss percentage was calculated using the following equation:

WL% = initial wt.of the film — wt.of the film after degradation x 100

initial wt.ofthe film

7.5.2. Biodegradation by water
According to Naesa et al. (2019), a constant weight of all bioplastic films is placed in
different water media (distilled water, acidic water and alkaline water). Degradation

measured after 7 and 14 days using the following equation:
WL % = initial wt.of the film — wt.of the film after degradation x 100

initial wt.ofthe film

8. Statistical analysis

All data were statistically analyzed using one-way analysis of variance ANOVA.
Significant differences among variable treatments were identified using Duncan’s
Multiple Range Test (DMRT) conducted with SPSS software (version 16) (SPSS, 2012).

RESULTS

Estimation of photosynthetic pigment (chlorophyll a) and optical density (OD) as
growth parameters

The results presented in Table (1) show significant differences (P< 0.001) in
chlorophyll a content across the four treatments. The highest chlorophyll a concentration
was recorded in T1 (43.95 £ 1.40 pg/mL) after 28 days, corresponding to a daily
accumulation rate of 1.57 pg/mL/day. This was followed by T2, which reached 23.54 +
1.70pg/ mL after 22 days (1.07 pg/mL/day). T3 reached a maximum of 19.94 + 0.50
pug/mL after only 13 days, with a comparable accumulation rate of 1.53 pg/mL/day,
indicating a faster growth cycle. The lowest chlorophyll a content was observed in T4,
with 16.13 + 0.35 pg/mL after 19 days, corresponding to 0.85 pg/mL/day.

These findings indicate that while T1 achieved the highest overall chlorophyll a
concentration, T3 offered a favorable balance between growth rate and productivity over
a shorter cultivation period.
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Table 1. The chlorophyll-a content (ug/ml) of C. vulgaris at T1, T2, T3 and T4

treatments

ws Chlorophyll-a (pg/ml)

Day's

number T1 (control) T2 T3 T4
0 0.65+0.10" | 065+0.10" | 065+0.10" | 0.65+0.10"
2 236+050" | 1.87+1.60" | 2.34+1.00"" | 1.57 +0.60 %"
4 3.60+040" | 2.06+1.00" | 5.60+1.00%% | 2.23+0.23"9
6 5.35+0.90% | 3.65+050" | 8.39+0.90%¢ | 587+2.00¢
8 7.01+2.00° | 6.05+0509 |11.16+1.50°¢| 7.26 +0.20%¢
10 7.06+060° | 9.11+0.70°%" | 13.02+1.20°¢ | 10.85+0.80 ¢
12 10.61+1.209 | 9.44 + 1.50 %¢f | 15.08 + 0.45"° | 13.18 + 0.45°
14 13.89+250° | 9.93+0.90 % | 19.94+0.50°% | 10.68+1.40°
16 1464+150°¢|11.03+1.00% | 9.61+2.00° | 12.89+0.80°¢
18 15.84+0.80°| 11.21+0.90% | 8.94+1.90°¢ | 15.08 +0.45%
20 21.19+0.19° | 15.83+1.30°¢ | 7.12+1.80%% | 16.13+0.35%
22 2128 +1.40° | 20.22+0.70° | 473+1.60™ | 8.64+0.60¢
24 20.76 +0.70° | 2354 +1.70% | 45+150%" | 6.46+055°
26 4395+1.40°% | 15.83+0.50°¢ | 3.22+0.459% | 322+1.20f
28 15.86+2.00¢| 8.85+1.00° 2.37+029 |2.044+0.70 "N
30 13.21+1.50° | 6.75+1.50° | 2.29+029" | 1.22+0.60°

F value 190.95%** 110.86%*** 33.85%** 110.58%**

Values are presented as mean + standard deviation. Significant at P< 0.001. The values of identical letters
within the same column are not significantly different based on Duncan’s Multiple Range Test.

The optical density of C. vulgaris, as shown in Table (2), reached its highest value of
1.93 £ 1.20 at T1 on day 26 followed by T2 (1.72 + 0.78) on day 24. T3 recorded an OD
of 1.55 £+ 0.88 on day 14, while T4 reached the value of 1.51 + 0.65 on day 20. The
results suggest that T3 is the best condition, as it achieved the highest algal growth rate
within the shortest time. Therefore, T3 was cultivated on a large scale compared to the

control (T1).

Table 2. Optical density (OD) of C. vulgaris at T1, T2, T3 and T4 treatments

Optical density (OD)

T1 (control) T2 T3 T4
0.04+0.02 | 0.04+0.02 | 0.04+0.02 | 0.04+0.02
0.09+ 0.03* | 0.08+0.01° | 0.11+0.16% | 0.09+ 0.13<
0.10+ 0.05° | 0.13+0.05° | 0.22+0.15% | 0.14+ 0.05¢
0.13+0.11° | 0.14+0.08° | 0.31+0.15% | 0.22+ 0.12°
0.22+ 0.15% | 0.21+0.02% | 0.56+ 0.28°¢ | 0.24+ 0.15
10 0.49+ 0.25%° | 0.39+ 0.15%® | 0.77+ 0.40%% | 0.70+ 0.582>
12 0.56+ 0.45% | 0.98+ 0.54 | 1.29+0.70® | 0.87+ 0.55%
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14 0.73+ 0.58%° | 1.00+ 0.40% | 1.55+ 0.88% | 1.10+ 0.50°
16 0.75+ 0.15%° | 1.24+ 0.60% | 1.35+0.88% | 1.16+ 0.79%¢
18 1.04+ 0.95%° | 1.32+ 1.10%° | 1.28+ 0.65®° | 1.32+0.80°
20 1.05+ 0.75%° | 1.49+0.89% | 1.11+0.45% | 1.51+ 0.65°
22 1.22+ 0.89%¢ | 1.62+1.20% | 0.97+0.46%% | 1.49+0.76°
24 1.32+1.10° | 1.72+0.78* | 0.95+0.22° | 1.38+ 0.44°
26 1.93+1.20* | 1.61+1.20° | 0.76+0.33% | 1.19+ 0.54%
28 1.01+ 0.95® | 1.23+0.57%*¢ | 0.56+ 0.22°@ | 0.98+ 0.25%0<¢
30 0.99+ 0.32%¢ | 1.0+0.14%® | 0.44+0.07° | 0.77+0.26°*
F value 1.99* 2.41%* 2.89** 2.88**

Values are presented as mean + standard deviation. Significant at P< 0.001. The values of identical letters
within the same column are not significantly different based on Duncan’s Multiple Range Test.

Large-scale cultivation, harvesting and drying

The biomass of T1 and T3 were harvested every 28 and 14 days, respectively, until the
required quantities were obtained.

Photo 1. Large-scale cultivation of C. vulgaris using T1 and T3 treatments

PHB biopolymer extraction
The results of PHB extraction showed that its quantity in T3 has the highest value

of 1364ug/ g followed by a value of 850ug/ g extracted from T1, as demonstrated in Fig.
1.

Characterization of the extracted PHB biopolymer by FTIR analysis

The FTIR spectra of PHB-T1 and PHB-T3 are presented in Fig. (3a, b),
respectively, and are compared to the spectrum of commercial PHB, used as a standard,
shown in Fig. (2). Both extracted samples exhibit characteristic absorption bands
consistent with PHB functional groups.
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A prominent absorption band is observed around 1029c¢m™, attributed to C—O stretching
vibrations. A sharp peak at 1650cm™ corresponds to C=O stretching, indicative of ester
carbonyl groups. Additionally, a band is present between 1243 and 1155cm™, associated
with C—O—C asymmetric stretching. A broader range of bands is evident between 1029
and 1457cm™, reflecting complex vibrational modes involving CH: bending and C-H
stretching.

The absorption bands at 2925 and 2857cm™! represent asymmetric and symmetric
stretching vibrations of —CH> groups. Furthermore, a broad band near 3000cm™ is
observed, which may be associated with overlapping C—H stretches.

While the FTIR profiles of PHB-T1 and PHB-T3 closely resemble that of
commercial PHB, minor spectral differences suggest slight structural variations,
potentially due to impurities, residual biomass components, or differences in crystallinity
of the extracted polymers from C. vulgaris.
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Bioplastic formation from C. vulgaris and PHB

The results confirm that bioplastic films were successfully produced from dried
Chlorella vulgaris biomass, as well as from PHB-T1 and PHB-T3 extracts. The
characteristics of the resulting films are summarized below.
Bioplastic characterization
1. Physical properties
Color and texture

The visual evaluation of color and surface texture for all bioplastic films—those

derived from dried C. vulgaris, PHB-T1, and PHB-T3—is presented in Table (3). These
assessments were based on observable attributes such as surface uniformity, presence of
cracks, film thickness, and color consistency.

Table 3. Color and texture properties of different bioplastic films

o
2
L
o
- The film is soft, | The film is dry with | The film is dry with
.g free of cracks, cracks and thick. cracks and thick.
g thicker with a The surface is The surface is
L smooth surface smooth and smooth and
'8 and regular shape irregular shape irregular shape
Film C. vulgaris PHB-T1 PHB-T3

Solubility by solvent

The solubility of the bioplastic films in various solvents—acetone, ethanol, and
chloroform—was evaluated at room temperature (25 +2°C) and 60°C after one hour of
incubation. As shown in Fig. (4), significant differences in solubility were observed
among the films and conditions (P< 0.001).

The C. vulgaris-based bioplastic film exhibited the highest solubility in both
acetone and ethanol at 60 °C, with values of 68.8 £ 5.00% and 59.5 + 0.50%,
respectively. At room temperature, solubility values were slightly lower, recorded at 40.5
+ 1.53% for acetone and 53.3 = 0.50% for ethanol. In contrast, the solubility in
chloroform was consistently the lowest for the C. vulgaris film at both temperatures.

The PHB-T3 bioplastic film demonstrated moderate solubility, lower than the C.
vulgaris film across all solvents, but slightly higher than that of PHB-T1, indicating
intermediate solvent interaction properties. These results suggest that the bioplastic's
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solubility behavior is strongly influenced by its composition, with C. vulgaris-based films
showing greater solvent permeability, especially at elevated temperatures.

W C.wigaris MPHB-T1 WPHB-T3

Solubility by solvent (%)

i alll

b a
RT 60°C RT 60°C RT 60°C
Acetone Ethanol Choroform

Solvents

[ Figure 4: The solubility of the bioplastic films in solvents. ]

Moisture absorption

The moisture absorption capacity of the bioplastic films is presented in Fig. (5).
The film made from C. vulgaris biomass exhibited the highest moisture absorption ratio,
approximately 25%, which was significantly higher (P< 0.05) than those recorded for
PHB-T1 and PHB-T3 films.

Among the PHB-based films, PHB-T1 showed the lowest moisture absorption,
around 10%, while PHB-T3 demonstrated an intermediate absorption rate of
approximately 15%. These results suggest that C. vulgaris-based films are more
hydrophilic, likely due to the presence of residual algal components such as
polysaccharides and proteins, which enhance water uptake compared to the more
hydrophobic PHB films.
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C. vulgaris PHBE-T1 PHB-T3

Bioplastic films

Figure 5: Moisture absorption of bioplastic films
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Mechanical properties

The highest tensile strength (Fig. 6) was observed in C. vulgaris film at 9.5 MPa,
while the lowest values recorded in PHB-T1 and PHB-T3 films were at 0.35 MPa. In
contrast, the highest elongation break occurred in C. vulgaris film at 550% and the lowest
value was in PHB-T3 film at 63%.

10 b
5

Tensile strngth
(MPa)

C pHBTI

Bioplastic films

a8 NiN-

vulgaris PHB-T3

Elongation break
%

600 a
400 ’
=200

= WL

C.
vulgaris

- [a

HB-TT phpTs

Bioplastic films

a: Tensile strength

b: Elongation break

Fig. 6. Mechanical properties of different bioplastic Imfis

Morphological properties: Scanning electron microscopy (SEM)

SEM images showed that the bioplastic C. vulgaris film had a surface with
variations in distribution (Fig. 7a). Black spots or lumps distributed on the surface can be
observed and the surface shows some roughness. The SEM image in Fig. (7b) shows that
the bioplastic PHB-T1 film had a cracked and fissured surface compared to the previous
sample. There are scattered white spots throughout the image, which may represent
heterogeneous residues or impurities within the material. The surface appears rougher
and has obvious cracks. Fig. (7c) shows that the surface of the bioplastic PHB-T3 film

was irregular with scattered small cavities and pits.
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(b) PHB-T1 film

(c) PHB-T3 film

Fig. 7. SEM images of different bioplastic film

FTIR analysis

The data in Fig. (8) show peaks at 3283cm™, 2165 to 1935cm™. Additionally, the
peaks were observed between 1624 and 1243cm™ and between the ranges 1243 to
1037cm. In Fig. (9a, b), the FTIR analysis of PHB-T1 and PHB-T3 films reveals several
key peaks. The peaks were observed at 3280 and 3272cm™ as well as 2927 and 2925cm™.
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A peak was observed only in PHB-T1 at 1647cm™. There was a great similarity between
both PHB-T1 and PHB-T3 films in FTIR analysis.
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Fig. 9a. FTIR spectra of bioplastic film obtained
from PHB-T1

Fig. 9b. FTIR spectra of bioplastic film
obtained from PHB-T3

XRD analysis

The XRD patterns for C. vulgaris bioplastic reveal strong reflections at 19.267°,
19.867°, 21.057°, and 22.300°, corresponding to intensities of 9615, 9137, 7858, and
5999, respectively, as shown in Fig. (10a). The XRD patterns of PHB-T1 and PHB-T3
samples were analyzed. Fig. (10b & c) shows the peaks in the XRD for PHB-T1 are
approximately: 19.557° (9150), 21.649° (7447), 17.263° (5226), and 36.012° (1770). The
peaks for PHB-T3 are approximately: 19.412° (5741), 21.278° (4350), 21.483° (3704),

and 23.369° (2132).
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Fig. 10a. The XRD spectra of
bioplastic obtained from C.
vulgaris

Fig. b. The XRD spectra of
bioplastic film obtained from
PHB-T1

Fig. 10c. The XRD spectra of
bioplastic film obtained from
PHB-T3

Biological properties Claysoil mSandysoil
* Biodegradation by soil
The results showed that all bioplastic films biodegraded more in clay soil than in
sandy soil after films being buried for 30 days. In clay soil, the biodegradation rates
were 23.9% for C. vulgaris film, 15.0% for PHB-T1 film and 17.9% for PHB-T3 film,
while in sandy soil, the biodegradation rates were 9.6% for C. vulgaris film, 6.8% for
PHB-T1 film and 13.5% for PHB-T3 film, as shown in Fig. (11).
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Figure 11: The degradation of bioplastic films
by soil after 30 days

* Biodegradation by water
All bioplastic films were evaluated for solubility and biodegradation in acidic,
distilled, and alkaline water over 7-day and 14-day intervals. Significant differences in
solubility and degradation behavior were observed across the different media and film
types (P< 0.001), as illustrated in Fig. (12a, b).

In acidic and distilled water, the PHB-T3 film exhibited the highest solubility,
followed by the C. vulgaris film, with PHB-T1 showing the lowest solubility in both
media. In alkaline water, this trend differed slightly—C. vulgaris film demonstrated the
highest solubility, followed by PHB-T3, while PHB-T1 again recorded the lowest
solubility.
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After 14 days, biodegradation rates in acidic water reached 87.5% for both PHB-
T1 and PHB-T3 films, which were higher than the C. vulgaris film (67.2%). In distilled
water, PHB-T3 again showed the highest degradation (87.5%), followed by PHB-T1
(85.2%) and C. vulgaris (50%). However, in alkaline water, the degradation trend was
reversed, with C. vulgaris film degrading the most, followed by PHB-T1, and the lowest
degradation observed in PHB-TS3.

These results demonstrate that the degradation and solubility behavior of the
bioplastic films are strongly influenced by both the film composition and the chemical
nature of the surrounding environment.
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DISCUSSION

Modern life has been severely impacted by the rapid production and
disposal of plastic waste. The accumulation of this waste in marine environments has
been linked to numerous human health issues (Campanale et al., 2020). Consequently,
extensive research has been conducted on alternatives to these plastics, such as PHB,
which serves as an excellent substitute for traditional petroleum-based plastics due to its
similar properties to synthetic polymers and its biodegradability (Costa et al., 2018;
Silva & Houllou, 2022).

Most studies on various microalgae strains focus on modifying growth conditions
to optimize PHB production (Pezzolesi et al., 2023). The addition of sodium acetate to C.
vulgaris media increased both growth and PHB production. This finding aligns with
earlier research, which showed that supplementing phototrophic cultures with suitable
organic carbon enhanced cellular productivity (Lowrey et al., 2015). Similarly, Abdo
and Ali (2019) reported that sodium acetate boosted PHB production in Microcystis
flosaquae. Additionally, Heifetz et al. (2000) demonstrated that microalgal growth is
influenced by carbon source concentration. These findings are supported by Li et al.
(2020), who observed maximum cell counts with sodium acetate and higher light
intensities. Studies also confirmed that acetate uptake and its conversion to acetyl-CoA
enhance the acetyl-CoA pool, thereby stimulating the PHB pathway (Wu et al., 2002;
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Liu et al., 2019). This was further verified when PHB levels increased by 81% in the
presence of acetate compared to its absence (Koch et al., 2020).

FTIR analysis of PHB-T1 and PHB-T3 (Figure 3; a & b) revealed spectra very
similar to that of commercial PHB (Figure 2). Additional peaks at 1654 cm™ and 1521
1527 ecm™, which were not observed in commercial PHB, indicate the presence of
residual proteins or amide bonds. A distinct peak at 1647 cm™, found only in PHB-T1,
suggests a weak C=0O bond linked to conjugated carbonyl or amide groups. O-H
stretching at 3242 cm™ in PHB-T1 and PHB-T3—absent in commercial PHB—may
point to structural modifications or incomplete/wet polymerization. FTIR results are
consistent with those of Kavitha et al. (2016), who identified absorption bands at
2933cm™ (—CHs), 1728cm™ (C=0 extension), and 1232c¢cm™! (C—O—C stretching).

The solubility of these films indicates the presence of hydrophilic compounds,
contributing to their classification as effective biodegradable materials (Arham et al.,
2016). In this study, PHB-T1 and PHB-T3 were more chemically stable. Acetone proved
more effective than ethanol or chloroform as a solvent. The incorporation of PVA in the
films may enhance the overall bioplastic properties (EI-Sheekh et al., 2024). Acetone’s
polar carbonyl and non-polar methyl groups enable interactions with both polar and non-
polar substances, strengthening its solvent capacity.

Moisture content in bioplastic films reflects their ability to retain water vapor
(Singh et al., 2014). The C. vulgaris film absorbed Jmore moisture, likely due to the
algae's high hydroxyl and polar group content, which may limit its suitability for water-
resistant applications. Conversely, PHB-T1 and PHB-T3 exhibited improved water
resistance, potentially due to chemical changes during extraction or variations in polymer
composition. Nasir and Othman (2021) found that increased glycerol content raised
water content in bioplastics due to water—glycerol interaction. Rahmadiawan et al.
(2022) further attributed moisture resistance to strong adhesion between algae and PVA,
which reduces O—H groups and limits water diffusion.

The tensile strength of the C. vulgaris film was the highest (~9.5 MPa),
significantly outperforming PHB-T1 and PHB-T3 (~1 MPa). This difference (P< 0.05)
suggests that the structural composition of the algae film enhances molecular bonding
and mechanical resistance. This improvement may stem from a higher concentration of
polymeric components or a more uniform distribution in the film matrix. Dianursanti et
al. (2019) explained that stronger PVA-algae adhesion results in a more homogeneous
mix, increasing tensile strength. Likewise, Ciapponi et al. (2019) reported greater tensile
strength with increased biomass concentration. Meanwhile, the lower strength in PHB-T1
and PHB-T3 may be due to voids or cracks formed during preparation. These results
align with Tsuji and Suzuyoshi (2002), who linked decreased tensile strength to cracks
and pores in PHB films during biodegradation. Though PHB fibers are strong and elastic,
their low elongation at break has been documented (Kamravamanesh et al., 2018;
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Saratale et al., 2020). In contrast, Otsuki et al. (2004) found that increasing biomass
reduced both tensile strength and elongation.

Statistical analysis confirmed that the elongation at break differed significantly
across the three films (P< 0.05). C. vulgaris exhibited the highest elongation (~550%),
while PHB-T1 and PHB-T3 showed much lower values (~70% and ~50%, respectively),
indicating reduced cohesion and greater brittleness. These results are consistent with
Abdo and Ali (2019), who found that microalgae-derived bioplastics had high elongation
(~530%). According to Amin et al. (2019), this may be due to increased polymer chain
mobility, which enhances elasticity. The elongation of C. vulgaris films surpasses that of
LDPE plastic (400%) and meets the UK ASTM D5336 standard (>500%). These results
align with Avérous (2008) but exceed those reported by Dianursanti et al. (2019).

SEM images at 500x magnification (Fig. 7a, b, and c) showed that PHB-T1 and
PHB-T3 films had cracked, fissured surfaces with lumps, suggesting compositional
changes or environmental effects on material integrity. According to Gu and Wang
(2013), such cracks may result from poor water retention by the polymer, causing rapid
solvent evaporation and subsequent cracking. The white spots observed in SEM images,
as noted by Asif et al. (2021), likely indicate undissolved polymer particles or impurities
caused by mechanical stress or partial biodegradation.

FTIR spectroscopy helps reveal chemical bonds and identify changes due to
processing. It’s widely used to detect key functional groups and molecular interactions in
films (Shen et al., 2021). Figs. 8 and 9 (a & b) present FTIR spectra of bioplastics made
from C. vulgaris, PHB-T1, and PHB-T3. All films displayed a peak at 3283 cm!,
indicating free hydroxyl groups, consistent with findings by Nesi¢ et al. (2017) and Feng
et al. (2022), and suggesting water solubility as noted by Sabathini et al. (2018). A peak
at 2934 cm™! was associated with C—H bond stretching in polymer molecules (Feng et
al., 2022). According to Trakunjae et al. (2021), bands at 1716cm™ (in C. vulgaris
only), 1243cm™!, and between 1000— 1300cm™ correspond to C=0 ester, —CH, and C-O
groups, respectively. Silva et al. (2020) explained that the carbonyl peak at 1716cm™ in
C. vulgaris may show slight shifts or reduced intensity due to water or impurities. The
1057cm™ peak corresponds to C—O and C=C bonds, while the 1600— 1300cm™ range
indicates the presence of amide groups and unbound proteins in C. vulgaris (Reis et al.,
2006). Peaks between 1300 & 1000cm™! reflect C—O and C-O-C bonds from both PVA
and C. vulgaris.

XRD analysis helps determine the chemical structure and degree of crystallinity, a
key factor influencing a polymer’s mechanical strength, brittleness, density, and
transparency (Shrivastava, 2018; Zhang et al., 2019; McAdam et al., 2020). The XRD
spectrum for C. vulgaris (Fig. 10) differed notably from those of PHB-T1 and PHB-TS3.
The C. vulgaris film showed broader and more prominent peaks than the typical
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crystalline peaks at 20 = 19° and 22° found in PHB, suggesting a more complex and
varied structure due to the nature of algal biomass.

Biodegradation involves the breakdown of bioplastics into simpler organic
compounds by microorganisms such as bacteria and fungi. In soil, these organisms
secrete enzymes that degrade polymers into monomers, which are then metabolized into
CO., water, and other byproducts (Adhikari et al., 2016; Chamas et al., 2020). The
process starts with microbial colonization and biofilm formation on the plastic surface
(Tosin et al., 2019). Both bacterial and fungal communities—especially those in the
Ascomycota phylum—play key roles in this degradation (Muroi et al., 2016). Fungi
physically interact with plastic surfaces, creating grooves and pits, often working in
tandem with bacteria and actinomycetes.

Current findings showed that bioplastic films degraded faster in clay than sandy
soil, with C. vulgaris films showing the highest degradation. This is supported by Singh
et al. (2025), who attributed high biodegradability to the presence of carbon and oxygen
functional groups. Clay soil, rich in nutrients, supports faster degradation through both
microbial action and environmental factors (Kyrikou & Briassoulis, 2007).
Additionally, Sudesh et al. (2000) highlighted that microbial depolymerases and various
environmental variables drive PHB degradation.

The degradation of films exposed to different water types for 7 and 14 days (Fig.
12a, b) showed that C. vulgaris films were more soluble in alkaline water, while PHB
films degraded more in acidic water. This may result from the strong attraction between
glycerol and water molecules within the polymer matrix, allowing for rapid dissolution
(Sanyang et al., 2015). These findings align with Singh et al. (2025), who emphasized
the variability in water-based degradation depending on glycerol levels. Other influencing
factors include film morphology, the presence of free hydroxyl groups, and relative
crystallinity. Li et al. (2018) noted that hydroxyl group interactions with water affect film
hydrophilicity, while Sudheesh et al. (2020) stated that higher crystallinity reduces water
penetration and degradability.

CONCLUSION

The production of polyhydroxybutyrate (PHB) from photosynthetic microorganisms
represents a promising strategy for developing biodegradable plastic alternatives due to
their cost-effectiveness and minimal environmental impact. Studies have shown that the
addition of sodium acetate enhances PHB accumulation by increasing its intracellular
concentration, which in turn promotes biofilm formation. The common alga Chlorella
vulgaris has demonstrated great potential in the biosynthesis of biopolymers such as
PHB. Furthermore, PHB production can be improved through specific nutrient
supplementation strategies. Algal-based bioplastics, therefore, offer a sustainable and
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environmentally friendly alternative to conventional plastics, with significant potential
for industrial applications.
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