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Abstract
The adverse environmental effects of petroleum-based packaging plastics have necessitated the need for eco-friendly 
bioplastics. Most bioplastics are starch-based and are not without drawbacks, hence there is the need for their properties 
to be improved. In this study, the effect of varying concentrations of dialdehyde starch and silica solutions on the physical, 
mechanical, biodegradable, surface topology, and thermal properties of the bioplastic films was examined. The additive 
concentrations were varied from 60 to 100%. The bioplastic films produced with dialdehyde starch solution recorded 
better moisture content (6.62–11.85%), bioplastic film solubility (4.23–7.90%), and tensile strength (1.63–3.06 MPa), 
against (11.24–14.26%), (7.77–19.27%) and (0.53–0.73 MPa) respectively for bioplastic films produced with silica solution. 
The atomic force microscopy analysis; root-mean-square roughness, kurtosis, and skewness revealed better miscibility 
and compatibility between the starch matrix and the dialdehyde solution than between the starch matrix and the silica 
solution. Bioplastic with added dialdehyde starch solution has better tensile strength and long biodegradability than 
that with silica solution. The research has demonstrated that bioplastic film produced with starch and dialdehyde starch 
solution has better properties than the one produced with starch and silica solution. The properties evaluation results 
of the bioplastic films thus demonstrated their aptness for food packaging applications.

 * Olugbenga O. Oluwasina, oooluwasina@futa.edu.ng | 1Department of Chemistry, Federal University of Technology, Akure, 
Nigeria. 2Laboratório de Materiais Nanoestruturados, Departamento de Química, Universidade Federal de Minas Gerais, Belo Horizonte, 
Brazil. 3School of Chemistry and Physics, University of KwaZulu-Natal, Westville Campus, Private Bag X54001, Durban 4000, South Africa.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04433-7&domain=pdf
http://orcid.org/0000-0001-9441-3911


Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:421 | https://doi.org/10.1007/s42452-021-04433-7

Graphic abstract 

Keywords Bioplastic · Starch · Dialdehyde-starch · Silica · Packaging-film

1 Introduction

The new trend in the preparation, consumption, and 
packaging of food materials has led to an unprecedented 
increase in the production of synthetic food packing plas-
tics [1], making them dominate the synthetic plastic mar-
ket [2]. The dominance effects can be attributed to their 
excellent properties such as the ability to extend food 
shelf-life, prevention of external contaminants, low cost, 
durability, and lightweight. However, the non-decompos-
ability of these plastics is a serious environmental menace, 
causing landfill and aquatic challenges [3].

The need for a cleaner environment has triggered 
research on the utilization of biomaterials for the produc-
tion of bioplastic packaging materials. Starch, because of 
its affordability, ease of processing, and filmogenic ability, 
is the most researched of the polysaccharide [4], and vari-
ous starches from pea, yam, agar, banana, corn, cassava, 
and wheat have been used for bioplastic preparation [5].

Most bioplastic starches have poor water-related prop-
erties such as high-water absorption, swelling, moisture 
content, and poor mechanical properties [6]. To overcome 

these problems, starch derivatives such as starch nano-
crystals have been used as fillers during starch-bioplastic 
packaging production [7]. The inclusion of the nano-starch 
caused an increment in the tensile strength of the pro-
duced bioplastic, but the water barrier and elongation at 
break properties experienced some decrease. Also, phys-
ico-mechanical and thermal properties of starch-based 
bioplastic have been improved using oxidized starch as 
an additive [8]

The continued search for good and low-cost materials 
as an additive for the improvement of native starch bio-
plastic packaging has also made silica a candidate of focus. 
For example, rice husk ash-rich silica was used as a filler 
in starch-silica bioplastic preparation. The results revealed 
a reduction in the mechanical properties as the amount 
of the added filler increased [9], due to the agglomera-
tion of the silica particles [10]. Sodium silicate solution 
has also been used as an additive for the improvement 
of the mechanical and thermal properties of bioplastics 
from corn and potato starches [11]. Likewise, nano-silica 
was used for the improvement of the functional properties 



Vol.:(0123456789)

SN Applied Sciences (2021) 3:421 | https://doi.org/10.1007/s42452-021-04433-7 Research Article

of potato starch-based bioplastic packaging, but this was 
not without the challenge of particle agglomeration [12].

Although, silica exists naturally as quartz sand, the envi-
ronmental pollution, with its attendant consequences and 
the energy expended in its exploration, has encouraged 
alternative sources from plant materials [13]. Bamboo 
leaves, due to their non-utilization, often cause environ-
mental pollution. Unfortunately, silica of up to 75% yield 
can be obtained from bamboo leaves with simple extrac-
tion methods [14].

This research, therefore, seeks to prepare starch-based 
bioplastic packaging, using silica extracted from bamboo 
leaves and modified dialdehyde starch solutions as addi-
tives to improve the bioplastics properties. The research 
will also compare the physicochemical properties, tensile 
strength, morphology, and thermal characteristics of the 
produced bioplastic films to unravel the consequences of 
added filler solutions.

2  Materials and methods

2.1  Materials

Bamboo leaves were obtained from Atiki Farm in Ile-Ife, 
Osun State, Nigeria. Sodium hydroxide (NaOH), sulphuric 
acid  (H2SO4), hydrochloric acid (HCl), glycerol, potassium 
periodate  (KIO4), anhydrous sodium carbonate  (Na2CO3), 
and hydroxylamine in hydrochloric acid  (NH2OH.HCl) were 
all analytical Grade Sigma Aldrich products. The starch 
used in this study was extracted from Discorea dumento-
rum (bitter yam) tuber and was modified to dialdehyde 
starch. The starch extraction and preparation of the dial-
dehyde starch have already been described [15].

2.2  Silica extraction

The leaves harvested from bamboo trees were taken to the 
laboratory, where foreign materials such as stones and dirt 
were removed. Decayed leaves were also removed, and 
the remaining leaves were washed with deionized water 
and dried. The leaves were heated at 600 °C in a muffle 
furnace (S30 2RR, Carbonite, Sheffield, England) and the 
ash obtained was stored in a desiccator. The ash (400 g) 
was heated (80 °C) in 4000 mL of 3 M NaOH under stir-
ring for 4 h. After cooling the solution, the filtrate obtained 
from the solution was neutralized with 3 M HCl with stir-
ring. The neutralized solution was further stirred intermit-
tently for 24 h before allowing it to stand for 48 h for the 
extracted silica to precipitate [16]. The extracted silica was 
filtered, washed with deionized water until filtrate pH was 
7, dried at 60 °C for 8 h, and the percentage yield calcu-
lated (50.20%).

2.3  Bioplastic film formulation

Two different types of bioplastics were produced, one 
with a dialdehyde starch solution and the other with 
silica solution. A modified method of Oluwasina et al. 
[15] was employed for the bioplastic preparation. Briefly, 
a solution of 20% (w/v) silica was prepared by refluxing 
amorphous silica in 2:1 of 5% NaOH and 5% urea solutions 
at 100 °C (2 h). The solution was allowed to cool (25 °C), 
before adjusting the pH to 8.5 using a 5% HCl solution. 
Dialdehyde starch and a suitable amount of deionized 
water were used for the preparation of a 20% solution at 
pH 8 at 50 °C (30 min). Then different percentages (60, 80, 
and 100% w/v based on the 5 g weight of cassava starch) 
of 20% dialdehyde starch or 20% silica solution, 1 g glyc-
erol, 5 g starch were added to 95 g deionized water and 
stirred at room temperature for 20 min. The mixture was 
then heated (80 °C) until gelation, after which heating 
was continued for another 20 min. The viscous solution 
formed was gently poured into a 15 × 15 cm Teflon mold 
and left on the bench for 1 h, before drying at 60 °C for 
3 h, and finally at 80 °C for 1 h. The different bioplastic 
films produced were named as filmdi60 (60% dialdehyde 
starch,) filmdi80 (80% dialdehyde starch), filmdi100 (100% 
dialdehyde starch), while those with silica solution were 
named as filmsi60 (60% silica solution), filmsi80 (80% silica 
solution),  filmsi100 (100% silica solution). Table 1 presents 
the composition of the dry mass of each bioplastic film. 
Before the evaluation of the bioplastic film properties, the 
materials were kept in a desiccator containing silica gel at 
25 °C and 75% relative humidity.

2.4  Determination of bioplastic properties

2.4.1  Thickness

Bioplastic film (2 cm × 2 cm) thickness determination was 
taken fifteen measurements at different points on the 

Table 1  Composition of prepared bioplastic films

Bioplastic film Composition (g)

Starch Glycerol Dialdehyde 
starch solution

Silica 
solu-
tion

Filmdi60 5 1 3 0
Filmdi80 5 1 4 0
Filmdi100 5 1 5 0
Filmsi60 5 1 0 3
Filmsi80 5 1 0 4
Filmsi100 5 1 0 5
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bioplastic film using a digital Vernier caliper [15] and cal-
culated using Eq. 1.

2.4.2  Moisture content

Moisture content was calculated using Eq. 2. The initial 
weight ( W1 ) of the bioplastic film (2 cm × 2 cm) was noted 
and the final weight ( W2) was determined after a 3 h oven-
dry period at 105 °C [15].

2.4.3  Density

The density (g  cm−3) of bioplastic film (2 cm × 2 cm) was 
determined by measuring the mass (M) and area (A) of 
known bioplastic film thickness (d) using Eq. 3 [17].

2.4.4  Water solubility

Bioplastic film solubility in water was calculated to ascer-
tain the amount of the bioplastic components that could 
be leached by water. The initial weight (wi ) of bioplastic 
film (2 cm × 2 cm) was obtained through the oven drying 
method (105 °C, 3 h). The material was cooled and then 
soaked in 40 mL deionized water under constant shaking 
for 24 h at 27 ℃. The bioplastic was removed and dried for 
3 h at 105 °C and the final weight ( wf) was recorded [18]. 
Bioplastic film solubility was calculated using Eq. 4.

2.4.5  Water uptake

A known weight ( W0 ) of a bioplastic (already dried for 
3 h, 105 ℃) was subjected to 24 h water immersion with 
continuous agitation. After the experimental time, it was 
removed from the water, cleaned of adhered water, and its 
weight ( Wt ) was determined [19]. The percentage of water 
absorbed was calculated using Eq. 5.

(1)Thickness =
sum of measured values

15

(2)MC (%) =
w1−W2

w1

x 100

(3)Density =
M

A x d

(4)Water Soluble Matter (%) =
wi − wf

wi

× 100

(5)Water uptake (Wt%) =
Wt −W0

W0

X 100

2.4.6  Biodegradability

The biodegradability test was determined as follows: a 
plastic container with ten holes by the side and bottom 
was filled with 200 g moist soil, a bioplastic of known 
weight (Wo) was buried for 24 h to the depth of 3.5 cm. 
After the set duration, the sample was unburied, cleaned, 
and weighed ( Wt ) after it was oven-dried for 3 h at 105 °C. 
Then the soil in the container was damped with deionized 
water (10 mL) to maintain the moist state, and the sample 
was buried again for 24 h. It was then removed, cleaned, 
and weighed after drying for 3 h at 105 °C. The experiment 
continued until about 70% weight of the material was lost 
[15]. The biodegradability as a function of bioplastic film 
weight loss was calculated as stated in Eq. 6.

2.4.7  Tensile strength

Mechanical properties were determined by the American 
Society for Testing and Materials [20] method with 50 KN 
load cell capacity using Instron Machine-Series 3369, and 
0–550 nm extensometer. Dumbbell shape bioplastic film 
was used.

2.4.8  Atomic force microscopy and thermal properties

Topographic 3D of the samples was obtained using atomic 
force microscopy (AFM; Asylum Research Cypher ES), and 
the thermal study was done with a thermogravimetric ana-
lyzer (TGA/DSC1—STAR, METTLER TOLEDO).

2.5  Statistical analysis

Data obtained were analyzed with SPSS (version 16). A 
significant difference in level was measured by one-way 
analysis of variance (ANOVA) at 0.05 and Duncan’s Multiple 
Range Test (DMRT) (p < 0.05) was used to determine the 
differences among treated mean values.

3  Results and discussion

3.1  Bioplastic film thickness and density

Bioplastic packaging material needs some toughness to 
withstand load-bearing pressure. This toughness may be 
evaluated by the physico-tensile properties of bioplastic 
such as thickness and tensile strength. The results (Table 1) 
show that there is a progressive increment in the thickness 

(6)WL (%) =
wo−Wt

Wo

x 100
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of all the bioplastic films as the concentration of the added 
additives increased. Silica-based bioplastic has relatively 
higher thickness values than starch-based bioplastic films. 
This might be connected to the large particle size of the 
amorphous silica used as the additive. It has been con-
firmed that bioplastic thickness could increase due to the 
larger particle size of the added materials [21], thus an 
increase in the thickness of the produced bioplastic was 
caused by the addition of the silica and dialdehyde starch. 
An increase in bioplastic thickness with an increase in the 
concentration of various additives has been reported 
[22]. Observed thicknesses in this study were higher 
than 0.087–0.091 mm reported by Zhang et al. [23] in the 
preparation of potato starch-nanosilica bioplastic, using 
different concentrations of silica additives. Zhang et al. 
[23] also reported an increment in bioplastic thickness 
as the concentration of added nano-silica was increased. 
The differences in the thickness value recorded in this 
study and that of Zhang et al. [23] may be linked to the 
starch sources, the type of silica used, and the percentage 
concentration of the added fillers. The thickness values 
obtained in this study suggest that the bioplastic films 
have the stress-bearing strength needed for good pack-
aging material. Bioplastic films produced with the added 
silica solution, due to their higher thickness values would 
be better packaging materials than those prepared with 
added dialdehyde starch solution.

The results (Table 2) revealed direct proportionality 
between the bioplastic film thickness and the density; 
the density increases as the thickness increases. The high 
densities (1.62–1.69 g  cm−3) of silica-based bioplastic films 
may not be unconnected with the research findings that 
material with larger particle size would have higher thick-
ness [21]. Other researchers have reported an increase in 
density as the concentration of added additives increased 
[24, 25]. The density results could be an attestation to the 
fact that silica-based bioplastic films would be superior 
packaging materials to dialdehyde based bioplastic films.

3.2  Moisture content

Food spoilage could be accelerated by integral moisture 
of the food or the external incoming moisture into the 
packaging material. Thus, it is expected that good packag-
ing material does not increase the moisture content of its 
packaged substances. The moisture content results (Fig. 1) 
revealed that bioplastic films produced with the addition 
of a dialdehyde starch solution have lesser moisture con-
tents (6.62–11.85%) than bioplastic with the addition of 
silica solution (14.26–11.24%). Although, the moisture 
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Fig.1  Percentage moisture content of  Filmdi60 (a),  Filmdi80 (b), 
 Filmdi100 (c),  Filmsi60 (d),  Filmsi80 (e), and  Filmsi100 (f) 
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Fig. 2  Percentage water solubility of  Filmdi60 (a),  Filmdi80 (b), 
 Filmdi100 (c),  Filmsi60 (d),  Filmsi80 (e), and  Filmsi100 (f) 

Table 2  Thickness and density of bioplastic films

Means values of replicates (3), the significant differences at p < 0.05 
represented by superscript letters (a,b,c,) and the Errors are stand-
ard deviation are presented

Bioplastic film Thickness (mm) Density (g  cm−3)

Filmdi60 0.28a, b ± 0.01 1.56a ± 0.07
Filmdi80 0.29a, b ± 0.03 1.58a, b ± 0.07
Filmdi100 0.30a, b ± 0.04 1.66b ± 0.02
Filmsi60 0.26a ± 0.03 1.62a, b ± 0.05
Filmsi80 0.31a, b ± 0.03 1.63a, b ± 0.03
Filmsi100 0.32b ± 0.02 1.69c ± 0.02
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content of all the bioplastic films witnessed gradual 
reduction as the concentrations of the added silica and 
dialdehyde solutions increased, which was in agreement 
with Pagno et al. [26] findings, the chemical state of the 
two additives might have played a major role in the mois-
ture content of the bioplastics. The amorphous nature of 
the silica could have caused an increase in the moisture 
content of the silica-based bioplastic films. Higher mois-
ture contents than those reported in this study have been 
recorded by other authors: 11.8–41.1% and 15.3–24.8% 
[27] and 13.21–17.59% [28]. It could be inferred that bio-
plastic films produced with the addition of dialdehyde 
starch solution (because of the low moisture content) 
would protect food integrity better than bioplastic films 
produced with silica solution.

3.3  Water solubility

The end-user of a bioplastic film would desire to have an 
idea of its properties for proper utilization. This is because 
bioplastic film that is susceptible to moisture/water may 
not be good for the package of materials such as vegeta-
bles, meat, and fruits. A good bioplastic film is expected to 
bear humidity conditions for a few hours, depending on 
the moisture it is being exposed to. Therefore, the deter-
mination of the water solubility of bioplastic is very impor-
tant. The solubility results (Fig. 2) indicated a better per-
formance on the part of the bioplastics produced with the 
addition of a dialdehyde starch solution having recorded 
lower values than the corresponding bioplastics produced 
with the addition of silica solution. For example, while the 
filmdi60 (produced with 60% solution of dialdehyde starch) 
recorded 7.9% solubility, filmsi60 recorded 19.27%. It was 
also noticed that an increase in the added additives led 

to a reduction in the solubility; filmdi100 (with added 100% 
dialdehyde starch solution) recorded solubility of 4.23% 
compared to 7.90% for filmdi60 , also filmdi100 (with added 
100% silica solution) had 7.77% solubility while 19.27% 
was recorded for filmsi60 . The presence of different func-
tional groups in the starch, dialdehyde starch, silica, and 
glycerol would ultimately affect the interfacial reaction 
between those components. The presence of carbonyl 
and the unconverted hydroxyl groups on the dialdehyde 
starch, with the hydroxyl group on the starch matrix, could 
have caused the bioplastic films produced with dialdehyde 
starch solution to have a stronger interfacial covalent bond 
than the bioplastics produced with added silica solution. It 
is likely that during the formation of the covalent bonding, 
the hydroxyl group of the starch might have been used up, 
causing a hydrophilicity reduction of the bioplastic; thus, 
reducing the water solubility of the bioplastic produced 
with dialdehyde starch solution. Probably, there might 
have been a low interfacial bonding between the starch 
matrix and the added silica solution, which might have 
allowed the absorption of water by the bioplastic film and 
causing its component to be dissolved. The result obtained 
in this study agreed with that reported in the literature [29] 
in which solubility reduced as the amount of added silica 
increases. The solubility of 63.75% and 51.29% for bioplas-
tics produced with the addition of natural and modified 
clay have also been reported [30], though the results are 
higher than those reported in this study. The variations in 
those results can be linked to the differences in the chemi-
cal nature of the additives and the method for the prepara-
tion of the additives.

3.4  Water adsorption

Water absorption can be reduced or prevented by adding 
additives or by using a chemical modified starch matrix 
during the preparation of the bioplastic. Bioplastic film 
prepared with dialdehyde starch solution had a water 
uptake of 75.73% for filmdi60 , 60. 57% for filmdi80 , 58.10% 
for filmd100 , and their corresponding bioplastic produced 
with added silica solution had 78.40% for filmsi60 , 74.57% 
for filmsi80 , and 69. 93% for filmdi100 . The results (Fig. 3) 
revealed a reduction in water uptake as the amount of 
added dialdehyde starch and silica solutions increase. 
Those results compare favorably with the results of Jimé-
nez-Rosado et al. [5]. The results are also in agreement with 
that of other authors, for example, a decrease in water 
uptake with an increase in the added microcrystalline cel-
lulose has been previously observed [31]. A decrease in 
water absorption when silica was added during bioplas-
tic production has also been reported [29]. It was noticed 
that the progressive increment in the concentration of 
the added fillers (silica and dialdehyde starch solutions) 
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causes a decrease in bioplastic water absorption. Probably 
an increase in the additive concentration might have insti-
gated a resultant increase in bioplastic pores blockage by 
those additives, preventing the interaction between the 
free water molecules and the bioplastic film components 

[29], triggering a decrease in water absorption. The hydro-
phobicity of the dialdehyde starch also has a direct link to 
the better performance of the bioplastic prepared with a 
dialdehyde starch solution.
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Fig. 4  Thermograms of the produced bioplastics
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3.5  Thermographic analysis

The thermograms obtained (TG and DTG) are presented 
in Fig. 4. The TG curves have a continuous degradation 

pattern with several steps evidenced by the DTG curves. 
All the samples have different TG and DTG patterns, which 
implies that all the samples responded differently to the 
thermal effect. Filmdi60 presented three peaks at 297 °C, 

Fig. 5  AFM 3D topography of  Filmdi60 (a),  Filmdi80 (b),  Filmdi100 (c),  Filmsi60 (d),  Filmsi80 (e), and  Filmsi100 (f) 
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436 °C, and 488 °C. Filmdi80 and filmdi100 show degrada-
tion temperature peaks at 295 °C and 292 °C respectively, 
others at 455  °C and 457  °C. Filmsi60  and filmsi80 have 
degradation temperature at 270 °C and 246 °C, others at 
455 °C and 537 °C ( filmsi60 ), and 499 °C and 574 °C ( filmsi80 ), 
while filmsi100 has maximum degradation temperature at 
253 °C and the other at 505 °C. The maximum degrada-
tion temperatures of all the bioplastic films produced 
with added dialdehyde starch solution are higher than 
their correspondent bioplastic films produced with added 
silica solution. The higher degradation temperatures of 
bioplastic films produced with added dialdehyde starch 
solution suggest that these bioplastic films would be able 
to withstand greater thermal stress than bioplastic films 
produced with added silica solution. Information on the 
compatibility and chemical bond formation between 
matrix and filler could be inferred from the thermal analy-
sis, thus it could be that there are a better bond forma-
tion and compatibility between starch and dialdehyde 
starch solution than between starch and silica solution. It 
is noticed that the degradation temperature of bioplastic 
produced with added dialdehyde starch solution reduced 
with an increase in concentration, suggesting that com-
patibility reduces with an increase in the aldehyde solu-
tion. The silica amorphous nature and dissolution method 
could have affected the thermal stability of the bioplastic 
film produced with it. But the silica effect was noticed in 

the residue after the thermal analysis.Filmsi60,filmsi80 and 
filmsi100 recorded 11.69%, 16.25%, and 17 0.38% residue 
respectively, which could be attributed to the silica, while 
2.35%, 0.01%, and 0.21% respectively were obtained for 
filmdi60 , filmdi80 and filmdi100 all at 600 °C.

3.6  Surface roughness and skewness analyses 
by AFM

Root mean square roughness (Sq) and skewness (Ssk) of 
the samples were determined using AFM. The 3D topog-
raphies of these samples are presented in Fig. 5, while 
extracted data are listed in Table 2. From the Sq results, 
it was evident that all the samples presented different 
surface roughness, attributed to different fillers (starch 
and silica) [32]. It was also noted that the Sq of all bioplas-
tic film produced with added silica solution was higher 
than the Sq of their corresponding dialdehyde solutions 
produced. The Sq value of bioplastic film produced with 
the added dialdehyde starch solution increases with the 
increase of its concentration, indicating a decrease in the 
crosslinking and miscibility of the material. The Sq value 
of the bioplastic produced with silica solution increases 
from filmsi60 to filmsi80 but decreases in filmsi100 . indicating 
the uneven distribution of the silica in the starch matrix. 
Variations in Sq values observed in this study agree with 
the observation of Kumari et al. [32] in which all their sam-
ples had various Sq values. The skew values for both the 
bioplastics made with the addition of silica and dialde-
hyde starch were discovered to change from positive to 
negative as the amount of added material got to a hun-
dred percent (100%). This could be as a result of the filler 
materials having higher concentrations near the surface of 
the bioplastics [33]. It was deduced from the AFM results 
that there is better crosslinking and miscibility between 
the starch matrix and the dialdehyde starch solution than 
between the starch matrix and the silica solution (Table 3).

Table 3  AFM parameters of the bioplastic film

Samples Height
(nm)

Sq
(nm)

Ssk Dimension
(µm)

����
��60 90 8.39 0.94 1 × 1

����
��80 80 14.67 0.59 2 × 2

����
��100 100 14.95 −0.17 2 × 2

����
��60 250 34.08 1.07 2 × 2

����
��80 200 43.00 0.37 5 × 5

����
��100 150 27.84 −0.02 5 × 5

Table 4  Mechanical properties 
of the bioplastics

Means values are replicates (3), while the significant differences at p < 0.05 represented by superscript 
letters (a,b,c,d) and the standard deviation are presented

Samples

Filmdi60 Filmdi80 Filmdi100 Filmsi60 Filmsi80 Filmsi100

Tensile 
strength 
at break 
(MPa)

1.63b ± 0.73 1.81b ± 0.04 3.06c ± 0.12 0.75a ± 0.05 0.60a ± 0.01 0.53a ± 0.01

Elongation 
at break 
(%)

1.10e ± 0.04 0.97d ± 0.02 0.85c ± 0.01 0.28b ± 0.06 0.22b ± 0.05 0.16a ± 0.07
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3.7  Mechanical properties of the bioplastics

The tensile strength at break of bioplastic prepared with 
the addition of dialdehyde starch solution ranged from 
1.63 to 3.06 MPa, while that of those prepared with silica 
solution ranged from 0.53 to 0.75 MPa. This is an indica-
tion that bioplastic with dialdehyde starch solution had 
a better tensile strength than those of silica counterpart. 
The results of the elongation at break of the bioplastics 
(0.85–1.10% for dialdehyde starch solution-based bioplas-
tics and 0.16–0.28% for silica solution-based bioplastics) 
revealed that additives addition increases their resist-
ance to elongation (Table 4). The presence of hydroxyl in 
the starch and aldehyde/hydroxyl groups in the dialde-
hyde starch solution filler may have triggered inter and 
intra hydrogen molecular bonds and better crosslinking 
between the filler and the matrix [34]. This could have 
occasioned compactness between the components of the 
bioplastic, leading to its stiffness. The need for a stronger 
force to break this bioplastic resulted in it recording 
higher tensile strength than the bioplastic produced with 
the silica solution. An increase in tensile strength with an 
increase in nanocellulose in PVA–nanocellulose composite 
systems have been reported [35]. The reduction and lower 
tensile strength of silica solution-based bioplastic may be 
due to low crosslink between its components. Nordin et al. 
[36] also reported a reduction in tensile strength of bio-
plastic film as the amount of added filler increased, which 
was attributed to phase separation, poor particle distribu-
tion, and agglomeration of particles. The tensile strength 
reported in this study for silica-based bioplastic film was 
lower than that reported by Aji et al. [37]. The difference 
in the results could be due to the method of bioplastic 
preparation, nature of filler, and matrix used.

3.8  Biodegradability

The biodegradation experiments revealed that the rate 
of degradation of those bioplastics produced with added 
dialdehyde starch was slower whereas the addition of 

silica solution causes an increase in the degradation rate. 
The slow degradation rate of all bioplastic films produced 
with dialdehyde starch solution could be linked to the 
low moisture content and solubility. This is because bio-
plastic needs a certain amount of moisture to swell and 
then burst before degradation takes place [38]. Besides, 
the increase in degradation as the amount of silica solu-
tion added increases could be due to the formation of 
agglomerates of particle creating pores that permit the 
passage of air and water, leading to swelling and burst-
ing of the bioplastics. The biodegradation experiment 
was stopped when half of the bioplastics have lost their 
integrity (Table 5).

4  Conclusion

This study showed that dialdehyde starch and silica have 
remarkable influences on the physico-mechanical and 
topographic properties of the bioplastics. The addition of 
a dialdehyde starch solution retarded the biodegradation 
of the bioplastic better than that of the bioplastic with the 
added starch solution. The dialdehyde starch solution was 
able to produce bioplastics with a better tensile strength 
of 3.06 (MPa)  (filmdi100) against 0.53 (MPa)  (filmsi100) of the 
silica-based bioplastics. The AFM analysis revealed that 
there was better miscibility and cross-linking between the 
starch matrix and the dialdehyde starch solution than that 
with a silica solution. This miscibility was probably the driv-
ing force that influenced the better physical properties of 
the bioplastic produced with a dialdehyde solution. There-
fore, this research has demonstrated the ability of starch 
and silica in the production of bioplastics that could serve 
as food packaging materials to replace synthetic plastic, 
thus preventing environmental pollution. This research 
also established the ability of dialdehyde starch solution 
to produce better bioplastics than the silica solution.
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Table 5  Biodegradation of the 
bioplastic films

Means values of replicates (3), the significant differences at P < 0.05 represented by superscript letters 
(a,b,c,d), and the standard deviation are presented

Days Samples

Filmdi60 Filmdi80 Filmdi100 Filmsi60 Filmsi80 Filmsi100

1 13.38b ± 1.53 9.73a ± 0.82 6.93a ± 0.74 14.23b ± 1.25 15.57b ± 2.99 19.37c ± 1.23
2 23.15b ± 3.66 17.14a ± 1.20 12.48a ± 0.81 26.79b,c ± 2.10 29.27c ± 5.06 36.67d ± 2.98
3 29.10b ± 5.24 22.71a,b ± 3.31 16.18a ± 1.08 37.87c ± 4.66 41.39c ± 6.67 50.93d ± 3.80
4 31.98b ± 5.90 25.31a,b ± 4.38 19.19a ± 1.44 47.64c ± 6.24 51.64c ± 7.13 63.53d ± 4.26
5 46.81c ± 7.35 39.72a,b ± 4.18 33.62a ± 1.15 63.24c ± 4.01 66.64c ± 4.01 77.86d ± 2.91
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