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In the framework of a circular economy, bioplastics derived from renewable natural resources are gaining
attention as sustainable alternatives to conventional plastics. This study reports the synthesis of bioplastic films
from brown seaweed (Sargassum oligocystum) and red seaweed (Eucheuma spinosum) via alginate extraction,
followed by structural and thermal characterization. Fourier-transform infrared spectroscopy, X-ray diffraction,
thermogravimetric analysis, and differential scanning calorimetry results confirmed that Sargassum oligocystum-
based bioplastic exhibited properties comparable to the commercial sodium alginate-derived bioplastic. Addi-
tionally, thermogravimetric analysis results revealed that Sargassum oligocystum decomposed in a single step near
220 °C, whereas Eucheuma spinosum degraded in two steps at ~ 280 °C and 330 °C. The corresponding bioplastic
films showed decomposition at ~ 225 °C (Sargassum oligocystum) and 250 °C (Eucheuma spinosum). Kinetic
studies indicated nucleation-controlled thermal degradation, with activation energies of 20.0 to 26.8 kJ/mol for
Eucheuma spinosum and 43.8 to 49.5 kJ/mol for Sargassum oligocystum bioplastics. These findings demonstrate
the potential of seaweed-derived bioplastics as renewable, thermally stable materials and provide insights into
their degradation mechanisms for future material optimization and practical applications.

1. Introduction

The escalating challenges of plastic pollution and the imminent
depletion of fossil resources have created an urgent demand for sus-
tainable alternatives to petroleum-based plastics. Bioplastics derived
from renewable sources such as plants and algae are emerging as
promising substitutes, with potential applications in packaging,
biomedical devices, and other sectors [1,2]. Within the framework of a
circular economy, these materials are particularly attractive as they can
be produced from renewable or recycled feedstocks, thereby reducing
reliance on finite fossil resources and mitigating the environmental
impacts of persistent plastic waste, including landfill accumulation,
marine pollution, and extended degradation times [3,4].

Seaweeds have recently gained attention as a sustainable feedstock
for bioplastic production due to their abundance, biodegradability, and
rich polysaccharide content [5,6]. Unlike terrestrial biomass, seaweeds
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do not require arable land, freshwater, or pesticides, which makes them
especially advantageous from an environmental perspective [7-9].
Among various species, Sargassum oligocystum (S. oligocystum, brown
seaweed) and Eucheuma spinosum (E. spinosum, red seaweed) have been
recognized as potential candidates for bioplastic synthesis, as their
polysaccharides can be extracted to produce biodegradable films [6].
Conventional plastics such as polyethylene (PE), polypropylene (PP),
and polyethylene terephthalate (PET), in contrast, are typically derived
from fossil fuels and are non-biodegradable, contributing to severe
ecological risks [10-13]. Bioplastics from seaweeds, owing to their
biodegradability and reduced ecological footprint, are increasingly
viewed as promising substitutes [5,6].

Despite this potential, there remains a significant knowledge gap
regarding the thermal degradation behavior and decomposition kinetics
of seaweed-derived bioplastics. Thermal stability is a critical property,
as it affects material performance during processing and determines its
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applicability in higher-temperature environments. While previous
studies have explored general properties of seaweed-based bioplastics,
comprehensive investigations into their thermal degradation pathways
and kinetic mechanisms remain limited, particularly for S. oligocystum
and E. spinosum [14-18]. Some preliminary studies have reported partial
thermal or mechanical data for S. oligocystum [19,20] and E. spinosum
[21,22], but these are fragmented and do not provide a full comparative
analysis of their degradation behaviors or derived bioplastic films. Such
understanding is essential for optimizing processing conditions,
improving material performance, and facilitating commercial adoption.

Moreover, thermal degradation characteristics can vary considerably
across seaweed species due to differences in biochemical composition
and extraction methods. Some seaweeds undergo single-step decompo-
sition, whereas others degrade through multiple stages [23-25]. Kinetic
studies further provide insights into activation energies (E,), reaction
mechanisms, and degradation rates, all of which are vital for
industrial-scale development [26,27]. However, comparative data on
the degradation behaviors of S. oligocystum and E. spinosum, as well as
their corresponding bioplastic films, remain scarce. This highlights the
novelty of the present study, which systematically compares the thermal
degradation and kinetics of these two seaweed species and their bio-
plastic films under controlled conditions.

This work aims to address this research gap by synthesizing bio-
plastic films from S. oligocystum and E. spinosum, evaluating their ther-
mal degradation behavior using TGA, and analyzing their degradation
kinetics. By comparing the thermal stability of raw seaweeds with their
derived bioplastic films, this work provides new insights into their
degradation mechanisms and stability profiles. Overall, the study con-
tributes to the growing body of knowledge on seaweed-derived bio-
plastics and supports their potential as renewable, sustainable
alternatives to conventional plastics, aligning with broader efforts to-
ward a circular economy.

2. Experimental
2.1. Materials and preparation of dried and ground seaweeds

The S. oligocystum samples were obtained from Mwani Seaweed
Centre, Zanzibar, Tanzania, while E. spinosum was obtained from Kelpy
Biotechnology Research, Jervis Bay, NSW, Australia. The raw seaweeds
were manually inspected to remove visible impurities such as stones and
sand, then washed three times with distilled water to reduce residual
salt. Following washing, the samples were freeze-dried until constant
weight (=~ three days) and subsequently air-dried for five days. The dried
seaweeds were ground into fine powder using a household grinder and
sieved through a 60-mesh sieve (250 uym) to ensure uniformity. More-
over, all chemicals used were of analytical grade and purchased from
Sigma-Aldrich Merck (Merck KGaA, Darmstadt, Germany): ethanol (99
%, ACS reagent grade) and acetone (> 99 %, ACS reagent grade),
glycerol (> 99 %, ACS reagent grade), concentrated hydrochloric acid
(HCI, 37 %, ACS reagent grade), anhydrous calcium chloride (CaCly, >
99 %, ACS reagent grade), and sodium carbonate (Na3COs, > 99 %, ACS
reagent grade). They were used in the preparation, extraction, and
processing of the seaweed samples, as well as in the synthesis of bio-
plastic films.

2.2. Alginate extraction and film synthesis

Solutions of CaCly and NapCO3 were prepared separately. Anhydrous
CaCl; (6 g; 0.216 M) was dissolved in 250 mL of distilled water, and
NayCOs3 (19 g; 0.716 M) was dissolved in the same volume of distilled
water. Because both salts are hygroscopic, they were weighed in a
sealable container to prevent moisture uptake. The preparation method
followed the procedure described by Bojorges et al. [28]. For alginate
extraction, 20 g of dried and ground seaweed sample was placed in a 500
mL Erlenmeyer flask containing 250 mL of a 2 % (w/v; 0.18 M) CaCl,
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solution. The mixture was stirred at 150 rpm for 24 h. The samples were
then filtered and washed three times with an excess of distilled water.
Each sample was subsequently immersed in 20 mL of 0.2 M HCl for 1 h,
followed by filtration and three washes with 300 mL of distilled water.
The samples were then transferred to 500 mL Erlenmeyer flasks con-
taining 250 mL of a 2 % (w/v; 0.19 M) NayCOj3 solution and incubated
overnight at ambient temperature. After incubation, the mixtures were
centrifuged at 100 rpm for 2 min to separate the solid residues from the
solution. The supernatant was collected, washed three times with a 1:1
ethanol-distilled water solution, and air-dried for 2 h. Finally, the ex-
tracts were oven-dried in an air-circulating oven at 50 °C for 24 h to
ensure complete drying. These extraction steps (CaCly pre-treatment,
acidic washing, and Na;COs solubilisation) also facilitate the removal
of mineral matter from the alginate matrix. The subsequent triple
washing with distilled water and the ethanol-water purification step
further reduced inorganic residues, ensuring that the final extracts
contained minimal mineral contaminants. This purification was essen-
tial to avoid interference with thermal behaviour and degradation ki-
netics, as residual minerals may act as inorganic fillers or catalytic sites
during decomposition.

Films were synthesized separately from the S. oligocystum and
E. spinosum extracts. Each extract (10 g; 1:15 w/v) was transferred to a
250 mL Erlenmeyer flask containing 150 mL of distilled water and
heated to 80 °C with continuous stirring (150 rpm) for 30 min to ensure
complete dissolution. Upon reaching 80 °C, glycerol (20 % w/w of the
extract) was added as a plasticizer, and stirring continued until gelati-
nization occurred. The solutions were further heated to 90 °C for 3 min,
then poured into petri dishes and dried in an air-circulating oven at 50
°C for five days to ensure complete moisture removal and uniform film
formation. The resultant bioplastic films were carefully peeled from the
petri dishes and stored for subsequent analyses. All film synthesis and
extraction procedures were performed in triplicate to ensure reproduc-
ibility, and representative mean values were reported for subsequent
analyses. A control experiment was conducted using commercial-grade
sodium alginate, following the same procedure. The samples used in
this study were labelled as RSW, BSW, RSWE, BSWE, SA, RSWBP,
BSWBP, and CEBP, corresponding to red seaweed (dried and ground raw
material), brown seaweed (dried and ground raw material), red seaweed
extract, brown seaweed extract, sodium alginate, red seaweed bio-
plastic, brown seaweed bioplastic, and control experiment bioplastic,
respectively.

2.3. Characterization

2.3.1. Determination of organic and mineral content

Proximate analysis was performed using a muffle furnace following
the procedures outlined in the standard methods ASTM E871 [29] and
ASTM E872 [30]. Each proximate analysis parameter (moisture, volatile
matter, fixed carbon, and ash content) was determined in triplicate (n =
3) to ensure analytical reproducibility, and the reported values represent
the mean of replicate measurements. The analysis was used to determine
the fixed carbon, volatile matter, and ash of the raw materials. Ash
content represents the total mineral content. High ash may indicate
excessive sand, salt, or inorganic impurities, which can lower alginate
yield or quality. The ash content of the raw seaweeds was also used to
estimate the mineral load prior to extraction, enabling assessment of the
extent of mineral removal after alginate purification. Fixed carbon and
volatiles aid in estimating the proportion of organic matter available for
conversion into alginate and other products.

2.3.2. Identification of functional groups

The Fourier-transform infrared (FT-IR) spectroscopy was conducted
using an Alpha Bruker FT-IR spectrometer to assess the functional
groups present in the samples. FT-IR spectra of the samples were
recorded using Opus software over a wavenumber range of 4000-400
em™!, with 32 scans per sample at a resolution of 4 cm™!. Background
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measurements were used to standardize each spectrum.

2.3.3. Crystallinity and particle size analysis

X-ray diffraction (XRD) analysis was performed using a powder XRD
(PXRD) instrument (Bruker 2D 2nd Gen diffractometer) using Cu Ka-
radiation (A = 1.5406 [o\) at ambient temperature. The samples were
placed onto a zero-background sample holder and scanned over a 20
range of 4 to 90° with a step of 0.300 increments. X-rays were generated
with a current flow of 10 mA and a voltage of 30 kV. The Scherrer
equation (Eq. (1)) was used to estimate the crystalline size of the
seaweed bioplastics:

K2

b= Bcos[d] )

The average particle size (nm) of the bioplastic samples is repre-
sented by D, 1 is the X-ray wavelength (nm), K is a constant, ¢ is the
Bragg angle in radians, and f is the excess line broadening expressed in
radians.

2.3.4. Thermal stability and degradation behavior

The thermal behavior of the samples was studied using a Perkin
Elmer (STA 6000) simultaneous thermal analyzer instrument. The
analysis was performed on samples weighing between ~ 4 and 5 mg
placed in a thermobalance pan of the instrument, where inert conditions
were achieved by maintaining a constant flow of Ny at 20 mL/min. The
heating rates used for the analyses were 10, 15, and 20 °C/min, and the
temperature range was between ~ 40 °C and 600 °C. Mass-loss (TG) and
heat flow (DSC) data were extracted, analysed, and presented using the
Start Pyris and MS Excel software packages. Because inorganic residues
can influence thermal degradation by promoting catalytic cracking or
altering char formation, the low mineral content achieved after extrac-
tion ensured that the thermal degradation profiles reflected primarily
the polymeric behaviour of the bioplastics rather than mineral-catalysed
processes.

2.4. Kinetic analysis of thermal degradation

Thermal decomposition of most biomass materials is a complex
process; as such, care is generally taken in the selection of the decom-
position kinetics analysis methods. It is advisable to explore both model-
fitting and model-free methods. The Kissinger and Coats-Redfern (CR)
methods are the most popular model-fitting methods, whereas various
model-free methods have been used by researchers in the field. In this
work, the CR method and two model-free methods, i.e., the Kissinger-
Akahira-Sunose (KAS) and Ozawa-Flynn-Wall (OFW), were used to
analyse the mass-loss data generated from the TGA experiments. Using
model-fitting and model-free methods will present an opportunity to
compare the results generated. This will help improve the understanding
of the thermal decomposition behaviour and kinetics of the process
because model-free methods give reliable kinetic parameters, while
model-fitting provides mechanistic insight.

The Kissinger method estimates a single apparent E, for the reaction
based on the temperature at which the maximum rate of decomposition
occurs (Tpy). It is assumed that the reaction is single-step and follows a
simple first-order kinetic model. The peak temperature corresponds to
the maximum reaction rate and represents the reaction as a whole. The
equation (Eq. (2)) derived from the Arrhenius equation is as follows
[31]:

B AR E,
In( )| =In[= ) — 2
n(T; "\ E ) RT, 2
A is the pre-exponent factor in the Arrhenius equation, R is the
universal gas constant (0.0083 kJ/mol.K), f is the heating rate (K/min),

and E, is the activation energy (kJ/mol). A straight line fit of In (Tiz) Vs.
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ﬁ will give a slope equivalent to — Z.
For the CR method, model fitting can be done for several available
kinetic model functions, g(X), following Eq. (3) and Eq. (4), the deri-

vation of these equations is found in the literature [31,32].

‘ART? —E,
g(X):(Eaﬂ )exp(RT> 3
g(X)] . AR 2RT| E,
In{?} = InﬁEa {1 “E } ~RT (€))

In these equations, T is the temperature (K) at a conversion ratio of X,
and n is the order of reaction. For the pyrolysis temperature range used
in this study, the first term on the right-hand side of Eq. (4) can be
regarded as a constant because %T is very small [33]. Eq. (4) can be

plotted as a straight line fit with In {%—X)} taking the y-values and  taking

the x-values. The slope and y-intercept of the straight line are used to
evaluate the E, and the pre-exponential factor.

The KAS and OFW methods depend on a series of TGA mass-loss data
that is obtained from at least three different heating rates. The kinetic
parameters are determined by recording the reaction exothermic peak
temperature at each heating rate. Model-free methods do not require a
specific kinetic model (e.g., reaction order, rate equation) to be assumed
in advance. This makes them particularly useful when the underlying
reaction mechanism is unknown or complex. These methods can help
identify whether a process involves multiple reaction steps or mecha-
nisms. The simplified linear equations for the KAS and OFW methods are
given in Egs. (6) and (7) [32,34,35].

B\ . (AR\ E,
In (ﬁ> ~In (E_) - ©
- Ea ) _ - E
log(p) = log (A Rg(X)) 2.315 0.4567RT @)

whereby f(X) is a function of the conversion and g(X) is the integral form
of f(X). Similarly, Egs. (6) and (7) can be plotted as a straight line of

In (%) and In(p) respectively, vs. 1 . The slope and y-intercept of the

lines are used to evaluate the E, and the pre-exponential factor.
3. Results and discussion
3.1. Proximate analysis of seaweed

Knowing proximate composition provides insight into the avail-
ability of film-forming polysaccharides and the balance of other con-
stituents that affect processing, mechanical strength, biodegradability,
and overall performance of seaweed-based bioplastics. Table 1 presents
the proximate composition of the two seaweed samples analyzed. Since
the analyses were performed in triplicate and the variation among
replicates was within 5 %, only the mean values are reported in Table 1
for clarity. Although the samples were obtained from different locations,
their compositions are comparable and fall within the typical ranges
reported for seaweeds in previous studies. For instance, the
S. oligocystum and E. spinosum composition results are in agreement with
the works of Chowdhury et al. [36] and Premarathna et al. [37], who
reported ash composition of Sargassum spp. to be in the range 8 to 20 %.

Table 1
Proximate analysis of the seaweeds (mean values from triplicate measurements,
n=3).

Seaweed Moisture ( %) Volatiles ( %) Fixed carbon ( %) Ash (%)

S. oligocystum 13 33 34.6 19.4
E. spinosum 17 43 21.8 18.2
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The high fixed carbon and volatile matter content of the two seaweeds
indicates their richness in polysaccharides (e.g., alginate, carrageenan,
agar, and cellulose), which serve as the primary film-forming agents in
bioplastics, suggesting that these seaweeds have significant potential as
raw materials for bioplastic synthesis. Even so, further processing pro-
cedures like drying and mineral removal are necessary to optimize their
use in bioplastic synthesis due to their significantly high ash and mois-
ture content [38]. The ash content is a result of their cell wall poly-
saccharides and protein containing anionic carboxyl, sulphate, and
phosphate groups [36].

3.2. Crystallinity and structural

XRD analysis was conducted to examine the crystallinity and particle
sizes of the bioplastic films, CEBP, RSWBP, and BSWBP. As illustrated in
Fig. 1, the diffraction patterns of all samples exhibit features typical of
bioplastics, marked by peaks corresponding to amorphous regions. A
prominent peak was observed at 19.39° for both CEBP and BSWBP,
which shifted slightly to 21.81° in the case of RSWBP. Additionally, all
three films displayed a broad peak near 62.29°, showing their amor-
phous nature. Notably, RSWBP exhibited distinct sharp peaks at 28.68°
and 40.85°, indicative of a higher degree of crystallinity, which suggests
lower biodegradability [39,40]. Among the samples, BSWBP showed a
more amorphous structure compared to CEBP and RSWBP, implying it
may decompose more readily [41]. The crystalline size of the bioplastics
CEBP, RSWBP, and BSWBP was found to be 1.419, 0.9709, and 1.5532,
respectively. The prepared BP films were cast in circular molds of ca. 5
cm diameter, with an average thickness of ca. 0.2 mm, typical for
lab-scale seaweed-derived bioplastics. These dimensions allowed for
consistent handling and characterization across all analyses.

3.3. Synthesis pathway and thermal-structural properties

Fig. 2 shows the TG, DTG, and FT-IR results of the seaweed raw
materials, the corresponding bioplastic films, and the commercial so-
dium alginate-derived extract, highlighting their thermal degradation
behavior and compositional features. The TG and DTG curves for the
seaweed raw materials revealed that, apart from inherent moisture, BSW
has one major constituent that decomposes at ~ 275 °C, whilst RSW is
composed of two major constituents that decompose at 275 and 350 °C.
These constituents are carbohydrates and proteins, which are known to
be the major building blocks for seaweed and other biomass materials,
and they decompose in the temperature range of 160 to 300 °C and 320
to 450 °C, respectively [42]. The thermal degradation characteristic
parameters of seaweeds, extracts, and bioplastics are given in Table 2. It
can be seen that the thermal decomposition characteristic parameters, i.
e., degradation onset temperature (T,), peak degradation temperature
(T,), final degradation temperature (Tf) and peak reactivity (R,) are
different for the raw materials (BSW and RSW) and their respective

—— CEBP
2004 —— RSWBP
[ BSWBP

1504

1004

Intensity (a.u)

50

T T T T

20 40 60 80

2 Theta (degree)

Fig. 1. XRD patterns of bioplastic films showing their structural characteristics.
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extracts (BSWE and RSWE). From the DTG curves, it can be inferred that
BSW (Fig. 2d) is a more suitable raw material for bioplastic synthesis,
owing to its higher reactivity, which is an indicator of higher carbohy-
drate and polysaccharide content. These polysaccharides, which may
include alginate, carrageenan, agar, or cellulose, depending on the
seaweed species, function as the principal film-forming agents in bio-
plastic production. Furthermore, the shape of the DTG curves of BSWE
and RSWE, when overlaid with that of commercial-grade alginate (SA)
(Fig. 2e), confirms that the extraction procedure employed successfully
isolated alginate from the seaweed samples. However, the difference in
the reactivity of the alginate extracts, i.e., 0.33 and 0.34 mg/min for
RSWE and BSWE, respectively, compared to 0.16 mg/min for
commercial-grade alginate (see Table 2), could be an indicator that the
isolated alginates were not pure. These residual impurities, including
proteins, fatty acids, and other non-polysaccharide constituents, can
influence the properties of the resulting bioplastics. For instance, they
may reduce mechanical strength, alter thermal stability, and affect
film-forming efficiency, potentially leading to decreased homogeneity
or increased brittleness in the final films. The DTG curves for the films
(Fig. 2f) indicate that the material synthesized from BSW closely re-
sembles the bioplastic synthesized via a control experiment where a
commercial-grade alginate was used (CEBP). This is evidenced by the
similarity between the DTG curve of BSWBP and that of CEBP. The
relative purity of the bioplastic films, estimated from the areas under the
DTG curves, was ca. 87 % for BSWBP and 47 % for RSWBP. Furthermore,
the thermal degradation characteristic parameters for BSWBP and CEBP
presented in Table 2 are comparable. In contrast, the DTG curve and
thermal degradation characteristic parameters of RSWBP exhibit a
markedly different profile from that of CEBP. This divergence suggests
that the proteins and other constituents detected in the original RSW
sample adversely influenced the quality of the resulting film. A rough
estimate of the relative purity of the synthesised bioplastics can be
determined from the areas under the DTG curves, where it is clear that
BSWBP had higher purity compared to RSWBP. This observation in-
dicates that the bioplastic derived from BSW contained fewer impurities
and a higher proportion of polysaccharides, resulting in a material more
comparable in quality to the control alginate-based film. In contrast, the
lower purity of RSWBP suggests the presence of residual proteins and
other non-polysaccharide constituents, which likely compromised its
structural and thermal properties [43,44].

FT-IR results for the seaweed samples (Fig. 2g) reveal the presence of
polysaccharides, amino acids, aliphatic compounds, and inherent
moisture as evidenced by broad peaks at 3300 cm ™" which are a result
of O—H and N—H bond stretching. Because the cellulose and lignin in
seaweed contain sulphates and phenols, peaks at 1200 cm ™' and 650
cm~! are as a result of S=0, C—0, C—S, and C=S bond stretching.
Strong absorption peaks at 1025 and 1030 cm ™! indicate S=O stretch-
ing or C—O elongation, which suggests the presence of polysaccharides
and starch. Absorption peaks observed around 1600 to 1800 cm™!
indicate the presence of C—=0 and N—O stretching, suggesting the
presence of esters and amides. The peaks ranging from 400 to 900 cm ™!
indicate the presence of C—S and C=S stretching within sulphates and
disulphides. Following the extraction process, the FT-IR spectra (Fig. 2h)
of the seaweed extracts (BSWE and RSWE) displayed characteristic
peaks at 800, 1025, and 1030 cm_l, confirming the presence of poly-
saccharides and starch. The overlaid spectrum of SA exhibited similar
peaks, supporting the successful extraction of alginate. The character-
istic SA peaks reported by Pereira et al. [45] and Rao et al. [46] were
observed at ca. 3427, 2934, 1635, 1400, 1300, 1256, and 1079 cm™ %,
corresponding to O—H stretching (3427 cm™!), C—H stretching (2934
em™1), asymmetric and symmetric stretching of carboxylate groups
(1635 and 1400 em™!), C—O—C glycosidic linkages (1300 and 1079
cm_l), and C—O stretching of uronic acid units (1256 cm ). However,
the spectra do not completely overlap, as the extracts exhibit additional
peaks that are indicative of residual impurities. These peaks are likely
associated with functional groups from proteins and other constituents



A. Ngonyamana et al.

Polymer Degradation and Stability 245 (2026) 111873

100 100 100
! BSW s ——BSWE 280
g S N
80 RSW S 80 ——RSWE <
g = . 560
260 860 SA S
Q 34 Q
£ 40 £ 40 £40
” o
820 Z 20 820 | (¢
= (a) s (b) s (©)
0 0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C) Temperature (°C)
-1 - ! ) 1
= d g (e e
Eos | @ E 08 gos | O
& &b &
E06 E 06 E06
) )
Z £04 2
:20,4 z £ 0.4
50.2 § 0.2 ; % i; 502
& 0 &0 )
0 100 200 300 400 500 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C) Temperature (°C)
1
1 1 A4
0.98 0.96 00.8
[} o g
£0.96 20.92 06
= £ g
£094 20.88 20.4
g & 5]
£0.92 8 = .
&= () =084 (h) 02 |
0.9 0.8 0
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000 500 1000 {500 2000 2500 30QQ 3500 4000
Wavenumber (cm™) Wavenumber (cm™) avenumber cm's)

Fig. 2. TG, DTG, and FT-IR characterization of seaweed-derived bioplastics and their precursors.

Table 2

Thermal degradation characteristic parameters of seaweeds, extracts, and resultant bioplastics.

Parameter Sample code

BSW RSW BSWE RSWE SA BSWBP RSWBP CEBP
T, (°C) 225 200 225 200 225 150 150 150
T, (°C) 275 275 275 275 250 250 225 250
T; (°C) 350 400 325 350 325 275 325 275
R, (mg/min) 0.51 0.31 0.34 0.33 0.16 0.70 0.33 0.84

that were not fully eliminated during the extraction process. The FT-IR
spectra (Fig. 2i) for the synthesised bioplastics show good correspon-
dence with the control bioplastic, especially for the BSWBP. For the
BSWBP spectrum, there are a few peaks that do not appear on the control
spectrum, namely, the peak at 1220 cm ™!, which corresponds to C—O
bond stretching most probably from phenolic O—H groups found in
lignin. For the RSWBP spectrum, the presence of several additional
peaks that do not conform to the control further supports the conclusion
drawn from the DTG analysis, i.e., the bioplastic synthesized exhibited
lower relative purity. To improve extract purity and enhance bioplastic
quality, additional purification steps could be considered. Methods such
as repeated precipitation, dialysis, enzymatic treatment, or
column-based separation may help remove residual proteins and other
impurities, resulting in films with more uniform structure, better me-
chanical properties, and improved thermal performance. The prominent
impurity peaks appear at 730, 795, 1500, and 1520 em ™}, corresponding
to N—H, C—S, and C—C vibrations typically associated with proteins,
fatty acids, lignin, and sulphates.

3.4. Thermal degradation behaviour

TGA curves showing the mass-loss due to thermal degradation at
different heating rates for the three bioplastic films are shown in Fig. 3.
As can be seen, the temperature of maximum degradation rate increases

with the increase of heating rate, i.e., the peak shifts to the right along
the horizontal axis. The resistance to heat and mass transfer inside the
sample structure implies that degradation reactions do not have enough
time to reach completion at lower temperatures. At higher heating rates,
the biomass reaches a given temperature faster, requiring the degrada-
tion processes to occur at a higher temperature to achieve the same
degree of mass loss, resulting in a shift of the peaks to the right. Two
main reasons can be attributed to this phenomenon. Firstly, the tem-
perature variation changes between the instrument furnace and the
samples with the increasing heating rate. Secondly, thermal decompo-
sition is a kinetic process that depends on both temperature and time
[45,46]. The DSC curves in Fig. 3 show heat flow within the sample
during the thermal degradation process. Endothermic peaks appear at a
temperature range of ~ 220 to 260 °C; also, the DTG curves reveal that
there is a significant thermal degradation event that occurs at the same
temperature range, as evidenced by the DTG peaks. At this temperature
range, the main chain of the bioplastic films begins to break down into
polymer fragments, then further produces small molecules that escape
as volatile matter, resulting in a mass loss of the sample. At higher
heating rates, i.e., 15 and 20 °C/min, the endothermic peaks are more
pronounced, which is consistent with the DTG curves, whereby it is clear
that the reactivity of the bioplastic samples increases. The maximum
degradation rate of the bioplastic films occurs at a temperature of 250 °C
and a heating rate of 20 °C/min and is in the range 0.92 to 1.00 mg/min.
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Fig. 3. Thermograms of RSWBP (a), BSWBP (b), and CEBP (c), each showing TG, DTG, and DSC results obtained at different heating rates.

In general, biomass pyrolysis reactivity increases with higher heating
rates because thermal decomposition is a kinetic process that depends on
both temperature and time. Also, at high heating rates, there are reduced
heat and mass transfer limitations within the biomass particle, allowing
for more efficient and rapid decomposition and higher rates of mass loss.
Furthermore, when the heating rate is sufficiently low during pyrolysis,
most of the individual constituents tend to decompose separately and
give individual peaks on the DTG curve. However, at high heating rates,
the constituents tend to decompose simultaneously; therefore, on the
DTG curve, several adjacent peaks are united to form overlapped,
broader, and higher peaks [47]. Approximate glass transition tempera-
ture (T) can be determined via DSC thermograms when the heat flow is
reported per unit mass change. As it can be seen on Fig. 4, the Tgs of the
bioplastic films were determined to be in the range 50 — 60 °C at a
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Fig. 4. DSC thermograms indicating the glass transition temperatures of the
synthesized bioplastic films.

heating rate of 15 °C/min. This value is consistent with T, values that
have been reported elsewhere [48]. It is worth noting that the DSC
curves in Fig. 3 do not display clear T, peaks unless the axis scale is
enlarged, as shown in Fig. 4. This behaviour is common in DSC analyses
of bioplastics, as also reported by Zhang et al. [49], and is generally
attributed to their high crystallinity and low amorphous content, which
result in very weak or undetectable T, and cold crystallization peaks.

3.5. Degradation kinetics analysis

3.5.1. Model-free methods

The variation of activation energies with conversion, as evaluated by
the KAS and OFW methods, is given in Table 3. The two methods are
reliable in the kinetic analysis of the thermal degradation of RSWBP, as
evidenced by high R? values which are close to unity. In general, model-
free methods are primarily used to determine the E, as a function of
conversion without assuming a reaction model. However, these methods
are not used to directly deduce other reaction parameters, such as the
rate constant (k), because they depend not only on E, but also on the pre-
exponential factor (A) and the reaction model function f(X) in the
Arrhenius expression [31,50]. The average activation energies of the
three bioplastic samples, as determined by the KAS method, were 20.0,
43.8, and 44.7 kJ/mol for RSWBP, BSWBP, and CEBP, respectively.
Using the OFW method, the corresponding values were evaluated at
slightly higher values of 26.8, 49.5, and 50.4 kJ/mol. These results
indicate that the thermal degradation behavior of BSWBP closely re-
sembles that of CEBP, thereby reinforcing the earlier conclusions drawn
from the TGA and FT-IR analyses. Generally, these results are in
agreement with the works of Wahyuningtiyas et al. [51], who reported
an E, of cassava starch bioplastic of 22 kJ/mol, and Oliver et al. [52],
who reported an E, of 65 kJ/mol for thermoplastic starch made from
potatoes.

The variation of activation energies around the mean is expressed in
terms of the relative standard deviation (Table 3). In our previous work,
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Table 3
Thermal degradation activation energies evaluated via the KAS and OFW methods.
KAS OFW
BSWBP RSWBP CEBP BSWBP RSWBP CEBP
R? E, (kJ/mol) R? Eq (kJ/mol) R? E, (kJ/mol) R? E, (kJ/mol) R? E, (kJ/mol) R? E, (kJ/mol)
Conversion
0.1 0.78 37.0 0.98 18.7 0.78 37.1 0.84 42.9 0.99 25.3 0.84 43.0
0.2 0.81 39.4 0.98 19.2 0.79 39.3 0.86 45.2 0.99 25.8 0.84 45.1
0.3 0.83 41.3 0.98 19.4 0.79 41.1 0.87 47.0 0.99 26.2 0.85 46.9
0.4 0.85 43.2 0.97 19.7 0.81 43.3 0.89 48.9 0.99 26.4 0.85 49.0
0.5 0.87 44.9 0.97 19.8 0.82 45.3 0.90 50.5 0.99 26.6 0.86 51.0
0.6 0.88 46.4 0.97 20.1 0.84 47.8 0.91 52.1 0.99 26.9 0.88 53.4
0.7 0.89 47.7 0.97 20.2 0.82 49.5 0.92 53.3 0.99 27.1 0.86 55.0
0.8 0.89 48.1 0.98 20.8 0.87 49.9 0.92 53.7 0.99 27.8 0.90 55.5
0.9 0.87 46.2 0.98 22.2 0.88 49.1 0.90 52.0 0.99 29.2 0.91 54.8
Average - 43.8 - 20.0 - 44.7 - 49.5 - 26.8 - 50.4
SD - 3.9 1.0 4.8 3.8 - 1.1 4.7
RSD (%) - 8.8 5.1 10.6 7.6 - 4.3 9.2
a deviation of + 5 % from the mean was considered negligible [31]. ble 4
However, in the present study, the results from both methods are at the Ta 3 € ; X X X . e
.. . A . Activation energies for thermal degradation determined using the Kissinger
limit or exceed this threshold. This discrepancy can be attributed to the method
inherent assumptions of the methods, whereby a simplified reaction - ~
scheme is assumed, whereas in reality, bioplastic decomposition in- Sample R Eq (kJ/mol)
volves a complex, multi-step, and multi-component degradation RSWBP 1.00 20.2
pathway [31]. Additional sources of variation, such as experimental BSWBP 0.87 46.2
CEBP 0.87 48.8

noise, baseline shifts, and heating rate sensitivity, may also contribute.
Nevertheless, the observed deviations likely reflect the true multi-step
nature of the bioplastic thermal degradation process.

3.5.2. Model-fitting methods

Fig. 5 presents the linear plots obtained using the Kissinger method,
where the slopes were used to determine the pyrolysis activation en-
ergies from the experimental mass loss data. The results are presented in
Table 4.

From Table 4, it can be seen that the results of the Kissinger model-
fitting method are in agreement with the KAS and OFW methods. The
Kissinger method often agrees with KAS and OFW when the decompo-
sition is dominated by a single-step mechanism with little variation in E,
across conversion, meaning the process behaves close to a first-order
reaction without significant multi-step overlapping effects. However,
in this case, the activation energies evaluated by the KAS and OFW
methods show some significant variation as the conversion increases.
This indicates that the Kissinger method fails to detect the inherent
complexity of the degradation processes [53].

Prior to the application of the CR method, the most suitable models

were searched via the master-plots method [54-56]. The experimental
data were tested against several models, namely, Oth order (R1), con-
tracting cylinder (R2), contracting sphere (R3), 1st order reaction (F1),
one-dimensional diffusion (D1), two-dimensional diffusion (D2), and
nucleation (N1, N2, and N3) models. The results of the master plots
method are presented in Fig. 6. It can be seen that the experimental data
do not fit perfectly into one kinetic model; however, most of the
experimental points are close to 1st order reaction and nucleation
models. As such, the CR model-fitting method will be applied for the
nucleation models whose mathematical functions for G(X) are presented
in the works of Ceylan [57]. The Johnson-Mehl-Avrami-Kolmogorov
model, or simply the Avrami equation, was originally designed to
describe phase transformations in materials. However, its
nucleation-and-growth framework has since been widely applied to
model diverse phenomena across the life, physical, and social sciences,
even beyond strictly thermodynamic systems [58]. The activation en-
ergies evaluated via the CR method are presented in Table 5.

The four nucleation models fitted to the experimental data produced
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Fig. 5. Linear plots for the Kissinger method.
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Table 5
Activation energies for thermal degradation determined using the Coat-
s-Redfern method.

10 °C/min 15 °C/min 20 °C/min Average

R? Eq R? Eq R? Eq R? Eq
(kJ/ kJ/ kJ/ (kJ/
mol) mol) mol) mol)

F1, N1
RSWBP 097 128.6 0.96 134.6 098 1574 0.97  140.2
BSWBP  0.92 144.6 0.76  169.9 0.83 195.5 0.84 170.0

CEBP 0.95 130.4 092 76.6 0.93 129.0 0.93 112.0
N2

RSWBP 0.97 60.4 0.96 63.1 098 743 0.97  65.9
BSWBP  0.91 68.1 0.74  80.6 0.82 93.4 0.82  80.7
CEBP 0.94 61.0 0.91 60.0 0.92  60.2 0.92  60.4
N3

RSWBP  0.97 37.2 0.95 389 0.98 46.1 0.97  40.7
BSWBP 0.9 42.1 0.72 491 0.8 58.2 0.81 49.8
CEBP 0.93 375 0.9 36.7 0.91 36.7 0.91 37.0
N4

RSWBP 0.96  26.2 096 27.4 0.97 328 0.96 288
BSWBP  0.88 29.9 0.78 233 0.86 29.5 0.84 27.6
CEBP 0.92 26.4 0.88 25.7 0.9 25.7 0.9 25.9

high R? values (0.81 to 0.97) with apparent E, ranges of 28.8 to 140.2,
27.6 t0 170.0, and 25.9 to 112.0 kJ/mol for RSWBP, BSWBP, and CEBP,
respectively. When compared with the activation energies obtained
through model-free methods, the decomposition kinetics of RSWBP most
closely follow the N4 nucleation mechanism, whereas BSWBP and CEBP
align with the N3 nucleation model. This difference can be attributed to
structural and compositional variations among the samples. RSWBP
likely possesses a more uniform polymer matrix and smaller particle
size, which facilitates simultaneous multi-site nucleation consistent with
the N4 model. In contrast, BSWBP and CEBP exhibit more heterogeneous
structures, with varying crystallinity and thermal stability, favoring
sequential nucleation and growth processes captured by the N3 model.
These distinctions indicate that the intrinsic heterogeneity and
complexity of the bioplastics strongly influence the preferential nucle-
ation mechanism during thermal decomposition. Using the CR method,
activation energies of 28.8, 49.8, and 37.0 kJ/mol were calculated for
RSWBP, BSWBP, and CEBP, respectively, which are in good agreement
with values from the Kissinger, KAS, and OFW methods. Interestingly,
while the KAS and OFW model-free analyses suggest that decomposition
does not proceed through a uniform set of first-order reactions because
of the high variation of the activation energies around the mean and
therefore cannot be captured by a single kinetic model, the Kissinger
method, which is based on a single-step first-order assumption, still
yields comparable activation energies at high R%. By contrast, the CR
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method indicates that higher-order nucleation models, rather than the
simple N1 model, which is in essence a first-order reaction kinetics
model, dominate the decomposition process, as the N1 model produces
anomalously high E, values. Furthermore, the suitability of the N3 and
N4 models reflects the multi-step, overlapping nature of decomposition
in these bioplastics. The higher-order nucleation models account for
simultaneous or sequential growth of multiple degradation sites, which
cannot be captured by the simpler N1 (first-order) model. This mecha-
nistic perspective aligns with typical differences in particle morphology,
polymer chain arrangement, and thermal heterogeneity, providing a
more accurate description of the decomposition kinetics. This discrep-
ancy can plausibly be attributed to the inherent complexity of bioplastic
decomposition, which involves overlapping multi-step reactions and
heterogeneous components. The simplifying assumptions of the Kis-
singer and the first-order CR models may artificially lower or raise E,
estimates, whereas the higher-order nucleation fits better capture the
multi-phase nature of the process. Essentially, the selection of the N3
and N4 nucleation models is consistent with the complex, multi-phase
decomposition pathways of bioplastics, where structural heterogeneity
dictates the predominance of specific nucleation mechanisms. As it has
been mentioned before, experimental factors such as baseline shifts,
heat transfer limitations, and compositional variability may also
contribute to these variations.

4. Conclusion and future outlook

This study demonstrated the successful synthesis of bioplastic films
from S. oligocystum and E. spinosum seaweeds and provided a significant
analysis of their structural and thermal degradation behavior. Proximate
and extraction analyses, together with FT-IR spectral features—includ-
ing characteristic O-H, C-O, and glycosidic bond vibrations observed in
the extracts and bioplastics—indicate that both seaweeds are rich in
polysaccharides, mainly alginates and carrageenans, which serve as the
primary film-forming agents. XRD and thermal analyses revealed that
BSW-derived bioplastics exhibit higher amorphous content, superior
thermal stability, and higher polysaccharide purity compared to RSW-
based films, aligning closely with commercial alginate-based controls.
Thermal degradation kinetics analyses using model-free (KAS, OFW)
and model-fitting (Kissinger, Coats—Redfern) methods highlighted the
complex, multi-step nature of thermal degradation, with higher-order
nucleation mechanisms dominating for BSWBP and CEBP, whereas
RSWBP displayed lower activation energies and structural heterogene-
ity. These findings establish S. oligocystum as a relatively more promising
feedstock for producing bioplastics that are both thermally stable and
biodegradable. Moving forward, optimizing extraction methods to
enhance polysaccharide purity, reducing residual ash and protein con-
tent, and tailoring processing conditions will be critical for scaling up
production. Future studies should also explore the mechanical, barrier,
and biodegradability properties of these bioplastics under different
natural environmental conditions (e.g., soil, compost, and marine
water), as well as their performance in composite formulations or as
coatings, to further unlock the potential of seaweed-derived materials in
sustainable packaging and circular economy applications. In addition,
future investigations should incorporate quantitative determination of
protein content, for example, through colorimetric assays such as the
Bradford method, to complement proximate analysis and provide a
deeper understanding of how residual proteins influence the structural
integrity and thermal behavior of seaweed-based bioplastics. Further
studies should also include complementary elemental characterization,
such as CHNOS or related analyses, to validate the presence of S-bearing
functional groups and strengthen the interpretation of FT-IR spectral
features associated with sulfate or C-S vibrations.
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