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A B S T R A C T   

Biodegradable plastics are actively studied to address the environmental issues caused by petroleum-based 
plastics. Sodium-alginate-based biodegradable materials containing crosslinking agents and stearic acid have 
been developed. A sodium alginate-based bag was fabricated by immersing a film composed of sodium alginate 
and stearic acid into a calcium lactic acid solution, to induce transformation through calcium bonding. These 
bags exhibited variations in tensile strength (TS), breaking height (E), moisture absorption, swelling, and contact 
angle depending on the percentage of stearic acid (1, 3, 5, 8, and 10 %); additionally, stearic acid showed a rough 
surface in morphological measurements. The rough surface facilitated effective integration with stearic acid, 
ultimately improving hydrophobicity. This was confirmed by a water absorption experiment. In addition, the 
combination of stearic acid and sodium alginate resulted in an increased breaking height, demonstrating com
parable performance to conventional plastic bag. The interaction between sodium alginate and stearic acid shows 
that the generated biodegradable bags exhibit physical properties similar to those of the conventional plastic 
bags.   

Introduction 

Plastic products, such as disposable items, packaging materials, and 
toys, are encountered almost on a daily basis across a multitude of in
dustries, ranging from construction to automotive sectors [1–3]. The 
rapid increase in the production and consumption of plastics has raised 
global concerns regarding plastic waste management. Current plastic 
waste disposal methods such as incineration and landfilling have 
adverse environmental impacts [4]. Among disposable plastics, garbage 
bags are typically processed in treatment facilities, where they are 
removed via a process that may not always ensure complete removal, 
potentially resulting in fine plastic residues [5]. Consequently, biode
gradable polymers with properties similar to those of conventional 
plastics have been proposed as alternatives. Anaerobic digestion (AD) of 
bags and bioplastics has garnered significant interest because AD can 
potentially generate methane (CH4), a source of renewable energy [6]. 

Biodegradable bags, which exhibit properties similar to those of 
conventional plastics, are used for garbage management. These bags can 
be used to transport organic garbage and can be left in soil or com
posting pits with adequate aeration. Such bags do not leave harmful 

toxic residues in the environment and can biodegrade within several 
months [7–9]. Natural polymers are naturally extracted, biodegradable, 
and are in the spotlight as fossil fuel-based plastic alternatives [9]. So
dium alginate, which is a natural polymer, is extracted from brown algae 
and consists of a chain of β-D-mannuronic acid (M) and α-L-guluronic 
acid (G) units linked by glycosidic (1–4) bonds. Sodium alginate is used 
in various industries because of its biodegradability and renewability 
[10]. Given the inherent characteristics of natural polymers, improving 
their mechanical properties and tensile strength is essential, often 
necessitating the use of plasticizers or cross-linkers [11,12]. 

Cross-linkers such as acids, amines, epoxy resins, and metal salts are 
used to enhance the mechanical properties of polymers [13]. Sodium 
alginate can react with divalent and trivalent cations, especially calcium 
ions. Gelling by Ca 2+ occurs due to the specific and powerful interaction 
between the G block of sodium alginate and Ca 2+, resulting in the 
formation of an egg box structure [14–16]. The crosslinking of sodium 
alginate and Ca 2+ could improve the mechanical properties of sodium 
alginate[17]. Volatile fatty acids can be used as crosslinking agents and 
can be used to generate biopolymers with mechanical and thermal 
properties comparable to fossil fuel-based plastics [18]. 
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In this study, stearic acid was used to improve the mechanical 
strength because of its biodegradability and its capability to enhance the 
moisture barrier properties of starch films [19]. Moreover, many com
posite films fabricated by combining hydrophobic lipid compounds with 
hydrophilic structural matrices have exhibited improved moisture 
resistance [14]. Plasticizers, which are low-molecular-weight substances 
used to fill the gaps between polymer chains, enhance flexibility, tensile 
strength, and ductility. Glycerol, xylitol, and sugars are commonly used 
as plasticizers owing to their compatibility with polymers. Among these, 
glycerol has been reported as the most effective plasticizer for improving 
the moisture content and mechanical properties in numerous studies 
[20,21]. 

In previous studies, many studies have been conducted to replace 
fossil fuel-based plastics using sodium alginate. However, due to the 
limitations of mechanical and chemical properties of sodium alginate, it 
was not suitable for practical application. In this experiment, an 
improved bags material was produced by crosslinking sodium alginate 
and stearic acid in a simple way, and the experiment was conducted by 
measuring the physical properties and compared with commercially 
used bags. An aqueous solution of sodium alginate with an appropriate 
solid content was crosslinked with stearic acid and plasticized with 
glycerol to effectively enhance its properties. Furthermore, calcium ions 
were introduced through immersion in a calcium lactate solution to 
improve the weak properties of sodium alginate and render it suitable 
for use as a bag material. 

The effects of these components were confirmed through FT-IR 
(Fourier transform infrared) spectroscopy, morphology, mechanical 
properties, water properties including moisture content and contact 
angle measurement, thermal properties, and BOD (Biological Oxygen 
Demand) measurement. 

Materials and methods 

Chemicals and reagents 

The reagents and chemicals used in this study are as follows. Sodium 
alginate, the primary precursor used in the bags, was purchased from 
Junsei (Tokyo, Japan). Stearic acid was obtained from Samchun 
(Gangnam-gu, Seoul, South Korea). Ethanol was purchased from Dajung 
Chemical Co., Ltd. Distilled water was used as received, without further 
purification. 

Preparation of sodium alginate bag samples 

In this chapter, the proper crosslinking of stearic acid with sodium 
alginate has been to investigated to improve the film formed by the ionic 
bonding of sodium alginate and calcium via the previous experiment, 
which was characterized as too weak to be used as SAB. Stearic acid, 
being a fatty acid, has a limited ability to interact with water and ex
hibits limited solubility in water because of its low water solubility 
[22,23]. Therefore, crosslinking stearic acid with sodium alginate can 
protect other materials from moisture. 

A sodium alginate bag (SAB) was prepared using the solution-casting 
method. First, the crosslinking agent, stearic acid, was introduced into 
ethanol, and the concentration of stearic acid was adjusted to 0, 1, 3, 5, 
8, and 10 %. After complete dissolution, the solution was mixed with 
distilled water to obtain the solvent. It was then heated to 60 ◦C using an 
SMHS-3 hotplate stirrer (DAIHAN Scientific Co., Ltd., South Korea). 
Subsequently, 3 % (w/v) of sodium alginate was added, and the mixture 
was stirred for 3 h at a constant temperature. The solution was cast into a 
plastic tray (300 ⨯ 225 ⨯ h 42 mm) at a thickness of 30 mm and dried for 
8 h in a convection oven, at 50 ◦C. Subsequently, the dried sodium 
alginate film was immersed in a 5 % (w/v) calcium lactate solution, 
prepared by dissolving calcium lactate in distilled water, for 2 min. The 
film was removed and air-dried at room temperature for 8 h. The dried 
SAB was cut into appropriate sizes and sealed in bags for storage. 

Formulations used in this study are listed in Table 1. 

Fourier transform infrared (FT-IR) spectroscopy 

A Fourier transform infrared (FT-IR) spectrometer (Vertex70 spec
trometer; Bruker, Germany) was used to confirm the variations in the 
physical and chemical properties and interactions of SAS according to 
the components. Each SAS spectrum was analyzed within the range of 
3500 to 800 cm− 1 at a resolution of 4 cm− 1, with each scan comprising 
32 scans. 

Morphology 

The microstructure of SAS was observed using a field-emission 
scanning electron microscope (JEOL-7800F) (JEOL Ltd., USA). The 
surface and cross-section of each sample were affixed to a support, 
coated with platinum 60 s prior to image observation, and measured at 
an acceleration voltage of 2.00–10.00 kV. The surface was measured at 
10,000× magnification, and the cross-section was measured at 5,000×
magnification. 

Mechanical property 

The elongation and tensile strength were measured using a universal 
testing machine (UTM, LR10K, Lloyd Instruments, Ltd., UK). The SAS 
thickness was measured using a Mitutoyo absolute digital caliper 
(Mitutoyo Corp, Kanogawa, Japan), and the thickness of the prepared 
SAS at five points was averaged. The test was based on the American 
Society of Testing Materials (ASTM) D882, and the test was repeated 
more than five times for each sample, at a rate of 50 mm/min at room 
temperature. 

Moisture properties 

Moisture absorption and swelling are important indicators for the 
use of plastic Bags. Each SAS was randomly selected, and the weight 
(Wd) of the initial dry state was measured. 

The samples were then immersed in distilled water at room tem
perature for 10 min. Subsequently, excess water was wiped off the 
surface using Kimtech to prevent it from flowing, and the weight (Ws) 
was measured. The degree of absorption and swelling were calculated 
according to formulas 1 and 2. For each sample, we used the average 
value of at least three iterations. 

Waterabsorption =
Ws − Wd

Ws
× 100 (1)  

Waterswellingratio =
Ws − Wd

Wd
× 100 (2) 

The contact angle was measured using the session drop mode of a 
contact angle analyzer (Attension-Biolin Scientific AB, Sweden). A 2*2 
cm SAS was placed on a horizontal Teflon plate, and 10 uL of distilled 
water was dropped onto the surface using a micro cylinder. Each sample 
was evaluated more than three times, and the average value was 
calculated using a contact angle analyzer. 

Thermal property 

Thermal property was measured using a TA instrument Q50 (TA 

Table 1 
Codes used in the formulations of SA and stearic acid.  

SA content 
(% w/w) 

Stearic acid (%) 
0 1 3 5 8 10 

3 0 SAS 1 SAS 3 SAS 5 SAS 8 SAS 10 SAS  
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Instruments, New Castle, DE, USA). 10 mg of each sample was charged 
and heated to 40–600 ◦C, at a rate of 10 ◦C/min under an oxygen flow. 

Biodegradability 

BOD measurements were conducted to confirm biodegradability. 
The prepared sample was stirred in a phosphate-buffered saline (PBS) 
solution for 7 days in an incubator at a temperature of 50 ◦C and hu
midity of 55 %. The degree of biodegradation was identified by 
analyzing the amount of carbon dioxide generated. BOD was measured 
with reference to ISO 14851. A sample was cultured in a sealed bottle 
after preparing a solution by collecting the soil under the Yonsei Uni
versity tree. The amount of carbon dioxide generated over time between 
cellulose and SAS, which are representative biodegradable materials, 
was measured. 

Results and discussion 

Fourier transform infrared (FT-IR) spectroscopy 

The FT-IR spectra for each SA additive ratio are shown in Fig. 1. The 
FT-IR spectra as a function of stearic acid content in SA are shown in the 
regions of 3500–2400 cm− 1 (Fig. 1 a) and 2400–800 cm− 1 (Fig. 1 b). The 
changes were mainly due to stearic acid addition; a broad band around 
3000 bands was attributed to hydroxyl groups (–OH) and free water 
content [12,24,25]. This peak was attributed to the interaction between 
hydroxide groups and sodium alginate [26]. From previous results, the 
O–H stretching vibration of sodium alginate, aliphatic C–H stretching 
vibration, and aliphatic C–H stretching vibration were observed at ~ 
3200, 2900, and 2925 cm− 1, respectively, and COO stretching was 
observed at 1600 and 1400 cm− 1. The sharp peak at 1100 cm− 1 is 
associated with C–O, C–C, and CO–C stretching vibrations. 

Sodium alginate ionized by calcium lactate showed peaks similar to 
that in the FT-IR spectrum of sodium alginate, where the stretching vi
bration absorption region of the hydroxyl bond was broader than that of 
calcium alginate because of the formation of a chelate structure on the 
calcium ion by the carboxyl group. This confirmed that the calcium in 
calcium lactate was properly ionized with sodium alginate. When 
comparing 0 SAO with 1, 3, 5, 8, and 10 SAO, a new peak was observed 
at 1740 cm− 1, which confirmed that the stearate group of stearic acid 
was bound to the sodium alginate polymer. In addition, the band of the 
hydroxyl group (OH) at 3200 cm− 1 weakened with an increase in the 
amount of stearic acid, indicating the enhancement in moisture 
sensitivity. 

Morphology 

The SAS surface shown in Fig. 2 exhibits a uniform, continuous, and 
dense structure, formed by the interfacial adhesion between the com
ponents. 0 SAS exhibited a smooth and dense structure, confirming the 
irrelevancy of the surface modification of the SA films due to ionic 
bonding. In addition, the surface roughness of 1, 3, 5, 8, and 10 SAS 
increased with increasing stearic acid content. This is because the film 
morphology changed significantly upon the addition of fatty acids, 
resulting in a rough, uneven, and spotty white surface [27]. A rough 
surface can reduce the interaction with polar substances, such as water, 
and the change in surface energy can also increase hydrophobicity. 

In conclusion, an increase in stearic acid content led to an increase in 
surface roughness owing to the fatty acids on the surface, which in turn 
reduced the interaction with water, resulting in an increase in 
hydrophobicity. 

Mechanical property 

Table 2 lists the tensile strengths, elongations, and thicknesses of the 
SAS samples. Fig. 3 shows that the strength increased depending on 

whether stearic acid was added; however, elongation tended to decrease 
as the stearic acid content increased, owing to the interaction between 
stearic acid and sodium alginate caused by a decrease in the hydrogen 
bonds present in sodium alginate; similar results have been reported. 

The increase in the tensile strength of stearic acid can be confirmed 
by the effective uniform integration of stearic acid into the polymer 
matrix of sodium alginate. In addition, when comparing the tensile 
strength and elongation of the SA sample in which only sodium alginate 

Fig. 1. FT-IR spectra of SAS (a) from 2400 to 800 cm− 1 and (b) from 3500 to 
2400 cm− 1 ((A) 0 SAS, (B) 1 SAS, (C) 3 SAS, (D) 5 SAS, (E) 8 SAS, and (F) 
10 SAS). 
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and calcium are combined, the tensile strength and elongation of the 
SAS sample are higher. It was confirmed that the physical properties 
were improved due to the crosslinking of stearic acid [17]. This resulted 
in an increased network resistance, as confirmed by the decrease in 
flexibility owing to the formation of a strong matrix on the matrix of 
stearic acid and sodium alginate. This confirms the increase in tensile 
strength due to the uniform binding of sodium alginate and stearic acid 
[27]. 

In comparative analysis of the mechanical properties between the SA 
sample, consisting solely of sodium alginate and calcium, and the SAS 
sample, which incorporates sodium alginate, calcium, and stearic acid, 
we observed a marked enhancement in both tensile strength and elon
gation for the SAS sample. This improvement can be attributed to the 
crosslinking effects introduced by the incorporation of stearic acid, 
which significantly bolster the sample’s mechanical properties. 

The tensile strength of the 10SAS bags, reaching a maximum of 
38.18 MPa, aligns with or surpasses that of commercial fossil fuel-based 
polyethylene bags, where high-density polyethylene (HDPE) generally 
exhibits tensile strengths ranging from 20 to 40 MPa, and low-density 
polyethylene (LDPE) shows values between 10 and 30 MPa. Neverthe
less, the elongation at break for the 10SAS bags, recorded at 12.38 %, 
falls significantly short of the typical ranges of 100 % to 700 % for LDPE 
and 100 % to 300 % for HDPE bags, underscoring a notable deficit in 
flexibility. 

This comparison demonstrates that while the 10SAS bags can match 
or exceed the mechanical strength of conventional plastic bags, their 
lower elongation rate confirms a reduced capacity for deformation, 
highlighting a diminished adaptability for certain applications due to 
their lower elongation. 

Moisture properties 

Table 3 shows the contact angles of SAS according to the stearic acid 
ratio. The contact angle is a basic wetting property that indicates the 
degree of hydrophilicity and hydrophobicity. When the contact angle of 
a surface is 65◦ or less, it is generally considered hydrophilic. The in
teractions between the substances after blending were analyzed based 
on the contact angles. The contact angle was lowest for 0 SAS (25.44◦) 

Fig. 2. Microstructure and surface morphology of the formulated SAS by SEM: (a) 0 SAS, (b) 1 SAS, (c) 3 SAS, (d) 5 SAS, (e) 8 SAS, and (f) 10 SAS.  

Table 2 
Thickness, strength, and elongation of SAS.  

Formulation Thickness(mm) Strength (Mpa) Elongation (%) 

0 SAS 0.041 ± 0.003 20.01 ± 5.00 16.08 ± 3.02 
1 SAS 0.045 ± 0.004 21.77 ± 8.06 15.04 ± 2.48 
3 SAS 0.067 ± 0.006 25.84 ± 4.26 13.19 ± 3.47 
5 SAS 0.096 ± 0.004 26.06 ± 1.64 13.56 ± 5.13 
8 SAS 1.04 ± 0.002 30.95 ± 7.19 12.67 ± 3.76 
10 SAS 1.16 ± 0.003 38.18 ± 4.59 12.38 ± 0.86  

Fig. 3. Tensile strength (Mpa) and elongation (%) of SAS.  
Table 3 
Moisture properties of SAS.  

Film Water absorption 
(%) 

Water swelling 
(%) 

Water contact angle 
(◦) 

0 SAS 68.61 ± 8.48 218.53 ± 14.82 25.44 ± 5.53 
1 SAS 65.89 ± 9.06 193.18 ± 12.17 28.87 ± 3.61 
3 SAS 63.74 ± 6.53 175.75 ± 14.64 40.55 ± 6.11 
5 SAS 59.63 ± 6.59 147.67 ± 10.87 65.41 ± 5.34 
8 SAS 55.56 ± 3.62 125.22 ± 11.25 72.19 ± 1.26 
10 SAS 50.86 ± 6.68 103.50 ± 10.28 87.73 ± 7.88  
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and highest for 10 SAS (87.73◦). Table 3 shows that the SAB films of 0, 1, 
and 3 SAS had contact angles of less than 65◦, and the SAB films of 5, 8, 
and 10 SAS had contact angles greater than 65◦, indicating the increase 
in hydrophobicity owing to the addition of stearic acid. 

The results of previous experiments confirmed that the surface of 
SAB became uneven and rough with increasing stearic acid content. This 
occurrence can be attributed to the formation of a cohesive network 
between the sodium alginate polymer and stearic acid. This phenome
non is closely associated with the observed increase in contact angle 
(which changes with roughness), owing to the changes in the wetness 
model governing the interaction between the water droplets and surface 
[26–30]. The rough surface resulting from the increase in the stearic 
acid content reduces the contact area between solids and liquids, ulti
mately resulting in an increase in the water contact angle. 

Thermal property 

Fig. 4 shows the decomposition behavior and thermal stability of the 
SAB film using a thermogravimetric (TG) curve. The reduction in the 
sample mass was related to the thermal decomposition of the compo
nents. This caused the SAS graphs to differ from each other. All raw 
materials and complexes exhibited varying stages of reduction and 
thermally decomposed in the presence or absence of stearic acid, with 
decomposition occurring within a range of temperatures rather than at a 
specific temperature. The first degradation was due to the dehydration 
of water and low molecular weight materials that were loosely bound at 
30–180 ◦C. The second decomposition occurred at 200–230 ◦C and 
contributed to a weight reduction of 36 % for 0 SAS, with approximately 
20 % due to the addition of stearic acid formed by the decomposition of 
sodium alginate [22]. 

Decomposition temperatures varied in the range of 211–235 ◦C, 
based on the stearic acid content. Furthermore, a gentle reduction curve, 
due to the stearic acid content, was observed at 240–510 ◦C. The gentle 
curve confirmed that the thermal stability increased because of the 
binding with stearic acid [31–35]. 

Finally, complete combustion by oxygen occurred around 580 ◦C 
[27]. The analysis showed that the decomposition temperature of SAS 
increased as the stearic acid content increased. Furthermore, weight loss 
exhibited a gradual reduction curve after the first reduction, compared 
with the 0 SAS sample. This suggests that stearic acid mixed well with 
sodium alginate and slowed oxidation. 

Biodegradability 

The amount of carbon dioxide generated over time between cellulose 
and SAS, which are representative biodegradable materials, was 

measured. Fig. 5 shows the amount of carbon dioxide generated over 
time between cellulose and 10 SAS. The cultured SAS sample was not 
visible because of decomposition, which was later confirmed to be 
hydrolysis. 

Cellulose exhibited a constant increase in the carbon dioxide content 
over time, and 10 SAS produced more carbon dioxide than cellulose 
after 24 h. Thus, 10 SAS, which was produced by cross-linking with 
stearic acid, was confirmed to biodegrade faster than cellulose, with 100 
% biodegradability. 

Conclusions 

A SAB was successfully fabricated by forming a film via solution 
casting and calcium ion bonding with calcium lactate. To compensate 
for its weak mechanical properties, the chemical structure, mechanical 
properties, shape, thermal properties, and water resistance of films, 
manufactured by crosslinking with stearic acid, were evaluated. 

Tensile strength increased proportional to the amount of stearic acid 
added, and the formation of a cohesive network of sodium alginate and 
stearic acid was confirmed by a decrease in elongation. FT-IR spec
troscopy confirmed the effect of the presence or absence of binding with 
stearic acid and reduction of carbonyl groups on the improvement of the 
moisture-weak properties. The surface change and contact angle 
confirmed the improvement in hydrophobicity owing to the increase in 
the contact angle as the surface became rough. Furthermore, the man
ufactured SAB material completely burned under oxygen conditions, 
resulting in different results depending on the components. Moreover, 
the material exhibited 100 % natural decomposition potential owing to 
its thermal properties. 

As the concentration of stearic acid combined with sodium alginate 
increased, the weight loss due to free moisture decreased. Additionally, 
an increase in the stearic acid concentration prevented oxidation. In 
conclusion, a bag that can be placed in an envelope and discarded 
without any separate removal process was developed. 

Furthermore, the properties of stearic acid dissolved in organic sol
vents presents a promising avenue for addressing the issue of biodeg
radation time control, often encountered with existing biodegradable 
plastics. This study suggests that this 100 % naturally decomposable 
material hold significant potential for use in various applications, 
beyond bags. 
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Fig. 4. TGA curves of the SAB formulated with different stearic acid contents.  Fig. 5. Measurement of the BOD of cellulose and 10 SAS film.  
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