Journal of King Saud University — Science 34 (2022) 102268

Contents lists available at ScienceDirect
Journal of King Saud University - Science =
journal homepage: www.sciencedirect.com
Original article
A sustainable approach to green algal bioplastics production from brown )
seaweeds of Sabah, Malaysia ey

Karthiani Kanagesan ¢, Rahmath Abdulla **, Eryati Derman ¢, Mohd Khalizan Sabullah®,
Natanamurugaraj Govindan”, Jualang Azlan Gansau*

@ Faculty of Science and Natural Resources, Universiti Malaysia Sabah, Jalan UMS, 88400 Kota Kinabalu, Sabah, Malaysia
b Faculty of Industrial Sciences and Technology, Universiti Malaysia Pahang, Lebuhraya Tun Razak, 26300 Gambang, Kuantan, Pahang, Malaysia

ARTICLE INFO

Article history:

Received 16 January 2022
Revised 21 July 2022

Accepted 2 August 2022
Available online 5 August 2022

Keywords:
Bioplastics
Sargassum
Alginate

Tensile strength
Bioplasticizer
Biodegradability

ABSTRACT

A significant concern in generating ecologically friendly plastics has paved a way for use of algae-based
green bioplastics as a substitute for conventional plastics. This study signifies the production and char-
acterization of biodegradable algae-based bioplastics using alginate extracted from brown seaweeds of
Sargassum sp. found abundantly in coastal waters of Sabah, Malaysia. During the extraction of alginate
from Sargassum sp., process variables such as the alkali (Na,CO3) concentration, temperature (°C), and
time (hours) were optimized by employing ethanol method of extraction. The maximum yield of alginate
(20.85 %) was obtained with the following conditions of 3 % of Na,COs, at 95 °C and 3 h. Then, the
extracted alginate was used to synthesize seven bioplastics with different formulations, one in the
absence of invert sugar (green plasticizer) as control while the others were blended with 5 %, 10 % and
15 % of invert sugar (IS) respectively. The synthesized bioplastics were further characterized via mechan-
ical test through tensile-strength (TS) and elongation at break (E) while its degradability was evaluated
using soil burial test. The results reveal that bioplastics incorporated with IS enhanced the features of the
bioplastics as they were more flexible, unlike the control bioplastics which were brittle. Among the for-
mulations used, the bioplastics that comprised of alginate (Alg) 6 % with 5 % IS exhibited the highest TS
and were able to degrade completely within 4 days. Thus, this study brings in an insight into the impor-
tance of Sargassum sp. as a potential feedstock for the development of green algae-based bioplastics to
counter the plastic pollution problems as it can surpass the sustainability matter and environmental chal-
lenges caused by disposal of conventional plastics.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

2021; Bellasi et al., 2020). Moreover, chemicals from the plastics
create additional recycling problems as they are known to be toxic

Plastics are carbon-based polymers discovered almost 100 years
ago. About 99 % of feedstocks for plastic production are from non-
renewable resources (Nielsen et al., 2020). Nowadays, concerns
about the sustainability of these petroleum-derived plastics have
arisen because of their poor degradability, which makes them the
most dangerous pollutants for the environment (Cucina et al.,

* Corresponding author.
E-mail address: rahmath@ums.edu.my (R. Abdulla).
Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.jksus.2022.102268

(Zanchetta et al., 2021). Fossil fuel-based synthetic plastics are also
resistant to the microbial attack. Thus, it takes a longer time for
them to decompose in nature which eventually causes serious
environmental pollution to the earth. Hence, a sustainable alterna-
tive for the conventional plastic is by producing bioplastics which
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can reduce the pollution to a greater extent (Ghernaout and
Elboughdiri, 2021).

The term bioplastic is defined as either the bio-based origin of
plastic or to the biodegradable character of a plastic which have
evolved as a promising candidate that hold potential as substitute
for petroleum-based plastics due to their biodegradability (Verma
and Fortunati, 2019). Bioplastics biodegradability depends on the
rate and route of the degradation (Narancic et al., 2020). Among
them, polysaccharide is the one that has been often extensively
investigated in terms of its characteristics.

Phycocolloids are polysaccharides of high molecular weight
that are made up of simple sugars which are able to form viscous
dispersion and/or gels when dispersed in water (Abdul Khalil
et al, 2017; Venkatesan et al., 2017). There are three major phy-
cocolloids from seaweeds namely agars, carrageenans, and algi-
nates (Abdul Kadar et al., 2021). Seaweeds are highly valued
due to their phycocolloid contents (Sudhakar et al., 2016). Algal
biomass can be utilized to produce composites that are
biodegradable and have strong mechanical properties (Katiyar
et al., 2017; Zhu et al., 2017). Thus, in this research, the bioplas-
tics production from the natural polysaccharides of Sargassum sp.
of brown seaweeds of Sabah is studied. These species are often
found attached or free floating on the rocky coasts of Sabah
waters. It was selected due to its readily availability as a feed-
stock and one of its active compounds being alginate which is
vital for synthesis of bioplastics (Rashedy et al., 2021). Moreover,
so far there has been no reported research on bioplastics from
Sargassum sp. of brown seaweeds of Sabah, Malaysia. The most
similar study was Lim et al. (2018) which used brown algae Sar-
gassum siliquosum ]. Agardh fom Port Dickson, Malaysia as a raw
material for the bioplastic film. Meanwhile, Hii et al. (2016) stud-
ied the potential of red seaweeds, Gracilaria salicornia for bioplas-
tic film synthesis. A very limited amount of research exists on
algae bioplastics as most are focused on using the algae for biofu-
els production (Zanchetta et al., 2021).

Seaweed is a promising and valuable feedstock for bioplastic
production. However, as Chong et al. (2021) mentioned, an effi-
cient, reliable and feasible process is essential to produce bioplas-
tics in a low-cost manner in order to substitute synthetic plastics in
the future. Technologies supporting development of bioplastics are
still lacking and a challenge that are yet realized (Pessoa et al.
2021). Therefore, this research is hoped to provide new insights
for further development of bioplastic production. This study aims
to optimize the extraction process of alginate from brown sea-
weeds of Sargassum sp. by exploring the effect of three key vari-
ables such as alkali concentration (Na,COs), temperature and
time. Later the alginate was incorporated with green plasticizer,
IS at different formulations to synthesize the bioplastics using
film-casting technique. The synthesized green bioplastics were fur-
ther characterized via mechanical and soil burial test to evaluate
the potential of bioplastics made from brown seaweeds of Sabah,
Malaysia.
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. Materials and methods

Brown seaweed

Sargassum sp. obtained from Sepanggar Bay, Sabah,
Malaysia was washed to remove impurities. Then, it was
dried under sunlight before further drying in the laboratory
oven at 70 °C. The dried seaweeds were then grounded to
fine powder and stored in airtight containers until further use.

Alginate extraction

The alginate was extracted using baseline parameters
according to the procedure reported by (Mazumder et al.,
2016) with some modifications.

Invert sugar preparation
The IS was prepared using the procedure reported by
Bratu and Al Dumitru (2015) with some modifications.

Bioplastics

The bioplastics was prepared as described by Costa et al.
(2018) with some modifications. Bioplastics formed were
characterized based on mechanical and soil burial test. For
mechanical test, the TS and E of the bioplastics were deter-
mined using Universal Testing Machine (GOTECH Al-
7000M). The soil burial test was determined as described by
Chee et al. (2011) with a slight modification.
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3. Results and discussion
3.1. Extraction of alginate

The dried Sargassum sp. was grounded to provide a larger sur-
face area for those reagents involved in the pretreatment as well
as in acid and alkali treatment to infiltrate the Sargassum sp.
quickly (Chee et al., 2011). The powdered Sargassum sp. was pre-
treated with 0.2 % of formaldehyde to alleviate the tissue, promote
discolouration by binding and eliminating the coloured pigments
(Mazumder et al., 2016). The sodium alginate obtained in this
study was light brown in colour due to the pretreatment with
formaldehyde. Lim et al. (2018) reported that, the colour of the
sodium alginate appeared darker for those extracted without using
formaldehyde.

The pretreated Sargassum sp. was further treated with HCI to
allow alginate to be more readily soluble in an alkaline solution
and to enable the removal of external salts, leftover formaldehyde,
unwanted compounds as well as to prepare acidic environment for
the conversion of alginate salts (Labowska et al., 2019). Upon being
treated with Na,CO3 under heat, the alginic acid was converted
into sodium alginate. The mixture was then centrifuged to retrieve
sodium alginate followed by precipitation of the supernatant with
three volumes of 90 % of ethanol since sodium alginate was unable
to be dissolved in the mixture of alcohol and water (Aguanza et al.,
2018).

3.2. Effect of alkali (NayCO3) concentration on alginate yield

Extraction at alkaline pH produces alginate with high concen-
tration efficiency, while acidic extraction produces insoluble algi-
nic acids from alginate salts which disrupt the extraction of
alginate (Kartik et al., 2021). In the extraction of alginate from Sar-
gassum sp, Na,CO3 was used as it converts the alginic acid into sol-
uble sodium alginate which seems like a viscous gel (Labowska
et al., 2019). The concentrations of alkali were varied between
1.0 % and 5.0 % while other process variables remain constant at
95 °C and for a period of 3 h. Based on Fig. 1, the yield of crude algi-
nate increased gradually from 9.55 % to 18.55 % as the Na,COs con-
centration increased from 1 % to 3 %. However, the yield started to
decrease after that level. The yield of crude alginate was maximum
at 3 % of Na,CO3 and the lowest was found at 1 %. This is due to the
depolymerization of alginate conformation. The yield of sodium
alginate extracted decreased upon a rise in alkali concentration
because the mean molecular weight started to deteriorate due to
a change in pH of the media which eventually affected the viscosity
of the solution. However, study conducted by Yudiati et al. (2018)
extracted the highest yield of Sargassum polycystum sodium algi-
nate at 7 % and 9 % Na,CO3 concentration. This result is obtained
because the process used 96 % ethanol for precipitation, which
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Fig. 1. Effect of Na,CO5 concentrations on alginate yield (%).
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influenced the yield because of its ability to bind water from algi-
nate solution separating the sodium alginate.

3.3. Effect of temperature (°C) on alginate yield

To extract alginate, Sargassum sp. with Na,CO5; was heated to
elevated temperature. Effect of various extraction temperature on
alginate yield was done at different temperature ranges from
55 °C to 95 °C. The other process variables were kept constant at
3 % Na,yCOs3 concentration and 3 h time. From Fig. 2, the alginate
yield obtained between temperature 55 °C to 65 °C was smaller
which was about 11.65 % to 12.80 %. However, the alginate yield
started to increase from 16.75 % to 19.70 % at temperature of
75 °C to 85 °C. The highest alginate yield was extracted with
20.20 % at 95 °C. High temperature is said to be in favor of increas-
ing the extraction yield of alginate (Fertah et al., 2017). In the work
performed by Sugiono and Ferdiansyah (2019), highest alginate
yield of 40.6 % produced at 90 °C, 2 h and 5 % Na,CO3 concentra-
tion. Mazumder et al. (2016) also reported that maximum yield
of alginate extraction was obtained when the temperature ranges
from 90 °C to 100 °C throughout the alginate extraction from Sar-
gassum muticum. Although the temperature of extraction directly
proportional to the yield of alginate extraction, yet at extremely
high temperatures, degradation of alginate conformation results
in a decrease of yield of alginate extracted (Kasim et al., 2013).

3.4. Effect of extraction time (hours) on alginate yield

The yield of alginate is also influenced by the extraction time.
The extraction time range was varied from 1.5 h to 3.5 h keeping
the other parameters fixed at 3 % Na,COs and a temperature of
95 °C. The alginate yield was 13.10 % during the first 1.5 h and con-
tinued to increase gradually until it reached 20.85 % at 3 h which
shows a direct correlation between extraction time and yield of
crude alginate obtained. The maximum amount of alginate yield
was achieved at 3.0 h of extraction time as shown in Fig. 3. The
result obtained was similar to study by Mazumder et al. (2016)
in which the maximum yield of alginate for Sargassum sp. was
achieved in 3 h time. Hambali et al. (2018) exhibited positive effect
to the alginate yield at 2.5 h extraction times of alginate by 1 % to
3 % Na,COs5 concentration. Alginate extraction was facilitated due
to the more seaweed cell walls broken at longer extraction time
during the study which was done from 90 min-150 min (Silva
et al., 2015).

However, longer extraction time will decrease the viscosity of
alginate because of the depolymerization of the polymer chain of
alginate (Labowska et al., 2019; Sugiono and Ferdiansyah, 2019).
In this study, there was a sudden decrease in the yield of crude
alginate after 3 h because longer exposure of solvent to the Sargas-
sum sp. promotes the liquid penetration into the Sargassum sp. and
dissolves the alginate and eventually freeing it into the extraction
medium. Fertah et al. (2017) states that at higher extraction pro-
cess time, the yield obtained will be higher until it reaches their
optimal point as the yield will decrease after that.

3.5. Bioplastics preparation and properties

The formulations of bioplastics are described with the following
abbreviations: Alginate (Alg) and Invert Sugar (IS) and presented in
Fig. 4. The formulation of bioplastics with a low concentration of
Alg 2 % appeared light brown as compared to the formulation of
bioplastics with a high concentration of Alg 6 %. The control film
without the addition of IS (plasticizer) was stiff and slightly brittle
while the other bioplastics samples incorporated with IS were flex-
ible. However, bioplastics with higher concentration of IS were
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sticky (Pereira et al., 2011). Due to its hygroscopic properties, IS
was used as a green plasticizer substituting glycerol in this study.

3.6. Characterization of bioplastics

3.6.1. Mechanical test

One of the most important variables for plastic films are
mechanical properties (Harunsyah et al., 2017). Tensile strength
or TS is defined as the maximum load that a film can withstand
without being fractured when tested (Fabra et al., 2018).

Based on Fig. 5, the existence of IS at a lower concentration of
5 % indicated higher TS value of 2.13 MPa for bioplastics with
6 % of Alg as compared to TS value of 0.78 MPa for bioplastics with
2 % of Alg. This is because bioplastic with Alg 6 % has more inter-
molecular hydrogen bonds as compared to bioplastic with Alg
2 %. When IS was incorporated into the bioplastics, overpower of
strong hydrogen bonds were generated by Alg-Alg intermolecular
interaction over Alg-IS interaction in bioplastic with Alg 6 % com-
pared to bioplastic with Alg 2 %. However, the addition of IS con-
centration from 10 % to 15 % resulted in a significant reduction
in the TS of bioplastics, regardless of the Alg concentration. The
TS of bioplastics with Alg 2 % particularly declined from
0.780 MPa to 0.268 MPa and that of bioplastics with Alg 6 %
dropped from 2.130 MPa to 0.284 MPa as plasticizer concentration
increased to 15 % because IS destroyed the strong hydrogen bonds
generated by Alg-Alg intermolecular interaction and encourages
the development of hydrogen bonds between IS and Alg molecule.
Hence, the TS reduced due to the ensuing weakening of the hydro-
gen bonds between Alg chains (Sanyang et al., 2015).

As for the control film without the incorporation of IS exhibited
the highest TS value of 14.96 MPa. The control film was hard and
stiff due to stronger hydrogen bonds generated by Alg-Alg inter-
molecular interaction. Previous studies also reported similar situa-
tion where a higher concentration of IS causes the matrix of the
bioplastics to be less compact, ease the motion of alginate chains
under stress, which eventually decrease the resistance of the bio-
plastics (Syaubari et al, 2018). Study by Krishnamurthy and
Amritkumar (2019) reported that PV (polylactic acid and crude
palm oil) film have the best TS of 5.24 MPa and least E of 3.49 %
as compared to its other film because the palm oil that acted as a
filler providing strength and toughness to the film, but the E was
lower due to low ductility of PLA.
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Elongation at break or E is defined as the extendibility of film
length from initial length to the point of the break. The effect of
IS concentrations on the elongation of bioplastics with different
Alg concentration exhibits an opposite action as compared with
their correspondent TS. The rise in IS concentration from 10 % to
15 % results in the increase of film elongation for bioplastics with
Alg 6 % from 10.83 % to 17.44 % because the IS reduced the rigidity
of the intermolecular bond between Alg chains and encourages the
flexibility of films by permitting more chain movement. The result
obtained was presented in Fig. 6 notably bioplastics with Alg 6 %
proved that film elongation increased when the concentration of
IS is high. However, film elongation for bioplastics with Alg 2 %
decrease drastically from 33.85 % to 21.06 % when 15 % of IS was
used. This phenomenon occurred due to anti-plasticization behav-
ior or phase separation of highly plasticized alginate bioplastics.
Similar condition was reported by Sanyang et al. (2015) in his
study. However, the anti-plasticization effect was not observed in
bioplastic with Alg 6 %. On the other hand, the control film exhibits
the lowest film elongation due to the absence of IS. In short, the TS
of bioplastics decreased when incorporated with a greater concen-
tration of IS. This similar pattern was noticed in the work of various
authors in evaluating the mechanical properties of bioplastics
(Syaubari et al., 2018). In another study conducted by Lim et al.
(2018) bioplastic film produced from Sargassum siliquosum have a
E of 3.58 % and TS of 33.90 MPa.

3.6.2. Biodegradability by soil burial test

Biodegradability is defined as the ability of the polymer to be
broken down by biological process which involves the reduction
of molecular weight of macromolecules (Hii et al., 2016). Soil burial
test was performed to identify the biodegradability of the synthetic
plastic (control) and the bioplastics with the best formulation
which was the Alg 6 %-IS 5 % as it possesses the satisfactory
mechanical properties. The evolution of the degradation in the soil
of the forementioned bioplastics during the experimental period
was shown in Fig. 7. It can be deduced that synthetic plastic was
resistant to degradation unlike bioplastics with Alg 6 %-IS 5 % that
showed a rapid degradation within 4 days. This is because, degra-
dation of synthetic plastics involves a complicated occurrence.
Biodegradability is the ability of polymers to undergo structural
alteration that resulted from the action of naturally occuring
microorganisms such as fungi and bacteria (Shravya et al., 2021).
However, synthetic plastics are extremely resistant to the micro-
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bial degradation. Therefore, it takes a longer time for them to
decompose in soil which leads to a serious negative impacts on
ecosystems (Bellasi et al., 2020). Petroleum-based plastic has lower
degradation rate as compared to seaweed-based plastic.

It was observed that the degradation rate of bioplastic increased
continuously with the increase in the number of days. However,
results acquired from Wahyuningtyas and Suryanto (2017) which
developed bioplastic made from Cassava flour with glycerol had
a complete degradation around day 9 to 12 because of the moisture
uptake. If the soil is dry, degradability rate is reduced because of
less microbial activity that occur in the soil (Shravya et al., 2021).
In general, the microorganisms present in the soil will degrade
and transform the carbon in the alginate polymer chains into CO,
and H,O0 as the microorganisms consume the blends starting with
alginate particles which leads to loss of the structural feature (Lim
et al., 2018).

4. Conclusion
Sargassum sp. was used to extract Alg through a series of pro-

cesses. To identify the influence of the different variables on the
yield of extraction, each of the parameters was varied while keep-

ing others constant. As a result, the maximum yield of Alg was
obtained when the alkali concentration, temperature and time of
extraction were 3 %, 95 °C, 3 h respectively. Different formulations
of Alg with IS as green plasticizer blend films were constructed via
the solvent-casting method. Bioplastics with Alg 6 % regardless of
the concentration of IS, appeared as dark brown compared to the
bioplastic with Alg 2 %. The control film without the addition of
IS was stiff and slightly brittle compared to bioplastics samples
with IS which were reported flexible. However, bioplastics with a
higher concentration of IS were sticky. The existence of IS at a
lower concentration of 5 % indicated a higher TS value of
2.13 MPa for bioplastics with Alg 6 % as compared to TS value of
0.78 MPa for bioplastics with Alg 2 %. However, the addition of IS
concentration from 10 % to 15 % resulted in a significant reduction
in the TS. Hence, bioplastics with Alg 6 %-IS 5 % was used to per-
form soil burial test. The bioplastics started to degrade by 25 %
on Day 1 and achieved 100 % degradation on Day 4 unlike synthetic
plastic (control) that was resistant to degradation. This study pro-
vides a clearer overview regarding the production of green bioplas-
tics from brown seaweeds of Sabah to the researchers and
academicians. However, deeper studies are necessary to enhance
the performance and efficiency of seaweed in producing
biodegradable bioplastics at low cost. Therefore, this research is
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hoped to pave way for development of good quality green bioplas-
tics from alginate, natural polysaccharide from brown seaweeds of
Sabah, Malaysia.
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